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FACTORS DETERMINING THE THERMOLUMINESCENCE OF

CHRONOLOGICALLY STIGNIFICANT MATERIALS

ABSTRACT

Thermoluminescence has been successfully applied to the dating of
pottery from archaeological sites and the good agreement obtained between
the TL dates and the archaeologically known dates suggested that the basic
assumptions concerning the build up and release of trapped charges were
correct. In this thesis I report the results of a test programme I carried
out on recent volcanic lava of known age: the TL ages were all far too
young and hence it was apparent that at least one of the assumptions used
in the dating of pottery was invalid when applied to lava.

The most obvious differences between pottery and lava dating were
studied, such as the effect of crushing such a hard material to obtain
fine grains and the influence of the known occurrence of radioactive dis-
equilibrium in recent lavas, but thé cause of the low ages was found to be
the breakdown of a far more basic assumption. The assumption that electrons
in deep traps are capable of remaining in the traps over archaeological time
is the basic tenet upon which the whole of TL dating is based. 1In the
case of lava it is shown in this thesis that this does not hold; there
was a loss of high temperature TL during storage at room‘temperature for
a few hours. This effect was called 'anomalous fading' as it is in

disagreement with thermal untrapping of electrons predicted by kinetic



theory and widely accepted in the 1iterafure.

The third part of this thesis describes the experiments carried out
in an attempt to elucidate this phenomenon which was found to be exhibited
by a variety of minerals that would normally be considered suitable for
the application of TL dating. The same phenomenén has since been reported
in the study of the TL of iunar samples and similar effects in other materials
are also reported in the final chapter. Two models are suggested which are
consistent with the experimental evidence accumulated. They both involve
the tunnelling of an electron at low temperatures but differ in their
explanation of the thermal dependence observed in experiments at room
temperature. The implications of these models with regard to testing for
anomalous fading are discussed and it is concluded that, when contemplating
the application of TL dating to a new material, a test programme should be
carried out on samples of known age and, furthermore, the agreement of the
archaeological stability of electrons with that predicted by kinetic analysis
of the TL peaks should also be demonstratéd.

Kinetic analysis carried out on one of the high temperature peaks in
limestone agreed with the stability suggested by the geological age of the
sample. This confirmed the absence of anomalous fading in this mineral as
had been suggested by short-term fading tests. In similar studies on
quartz the archaeological stability was found to be greater than that pre-
dicted by kinetic analysis using the initial rise method. This discrepency
is shown to be due to the inapplicability of the initial rise method to
samples in which thermal quenching is occur;ing- In the past the initial
rise~has been the most frequently used method of trap depth determination
because of its independence of the untrapping kinetics; what has been

completely overlooked is that in thermoluminescence the signal will also



be affected by any temperature dependence of the luminescence centres.
Once this had been allowed for the predicted stability again confirmed

the absence of anomalous fading in quartz and hence its suitability for

dating.
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PART T

This section outlines the basic principles of TL dating as developed
for pottery. The problems of radioactive disequilibrium are discussed and
the methods of kinetic analysis used in Part IT are explained. A dating
programme on recent lava is reported; the failure to obtain meaningful
dates led to the discovery of 'anomalous fading' which was investigated

in detail as described in Part ITT.



CHAPTER 1 TNTRODUCTION

1.1 THERVOLUMINGSCENT DATTNG OF POTTERY

The property of thermoluminescence (T1) exhibited by certain minerals
vhich arc cormmonly found in pottery has enabled a dating technique to bhe
established (Aitken and Fleming, 197%). The TL process can be thought of
in paive terms as due to the production of charge carriers (electrons or
roles) by nzlurally occurring ionizing rediation, their subszguent trapping

at defects in the crystal and their eventual recombination at luminescent
) .

centras in the crystal after thermzl activation out of the traps by the
application of heat. The traps that have been filled during geological
time are empticd, in the case of pottery, by man firing the pot and they
then start to {ill again at a rate that is'pr0portional to the radiation
dése rate evp-rienced. When the sauple is subsequently heated in the
laborstory = plot of light emission measured with a photomultiplier vorsus
tomperaturs is obtained and this is termed a TL glow curve. The deeper
the trep the more resistant it is %o thermal activation and hence the churg:s
carriers that ars most stable over archaeological time are also those that
are associnted with the TL occurring at a higher temperature during = glow
curve. The intensity of the 1ight a2t any given temperature and hesting
rate is proportioral to the absorbed dese of ionizing radiation.

The natural dose rate is of the order of one rad per ycar. It is
made up of:
(2) an internal dose rate due to the radioactive impurities in the pottery,

typiczlly a few parts p-r million of uranium and thorium and a few

parts per hundred of potassium;



(b) an environmental dose rate du: to the same impurities but in the
surrounding soil, and
(¢) a small cosmic dos« rate.

The basic equation used for dating is

Accumulated TL
Age =

(TL per rad) x (rads per year) (1.1

where the accumulated TL is obtained from the first glow curve, the (TL
per rad) is the sensitivity determined by measuring the TL induced by a
known absorb-d dose of radiation and the (rads per year) is the absorbed
dose rate as calculated from radibactivity measurements of the pottery and
the surrounding soil. The accumulated TL as described above is that light
which is associated with the emptying of deep traps i.e. those which are
considered to retain their charges over archaeological time as implied by
the kinetic equations discussed in Chapter 3. In general, for a heating
rate of about 1OOC/second theée traps empty at glow curve temperatures of
aﬁﬁut BSOOC and above. Measurement of traps emptying above 45OOC is not
usually possible due to the dominancs of thermal emission from the sample:

this is commonly termed 'black body radiation'.

1.2 GRAIN SIZE DOSTMAETRY AND ASSOCTATRD TT,

“Two methods of dating pottery have been developed using grain sizes
- that are particularly suited to the microdosimetry applicable to TL
sensitive grains in pottery.

(a) Fine Grain Dating

Grains of 1-8 i diameter in an homogenous radioactive matrix are fully
irradiated by the o radiation from the uranium and thorium chains as well

as the b and ¥ radiation from the sherd and the environmental radiation.



One important festure that must be taken into account is that although for
typical pottery the & dose makes up the majority of the dose it has been
found that. the relative effectivencss of & radiation in producing TL is
down by about an order of magnitude when compared with B and Y radiation.
This effectiveness is conveniently expressed for a given sample as the
'k value?'.

TL sensitivity measurements are made by depositing the grains on
aluminium discs 1 cm in diameter and irradiating them with a 9OSr/9OY

oLl

B source and a Cm @ source (Zimmerman, 1971la). It is convenient to

rewrite equation (1.1) as

Age = (ED)pg (1.2)
k D + DB + Dy + Dc

where _ | Accumulated TL
(ED)FG =

(TL per rad) p
and is termed the 'equivalent dose! and where

(TL per rad) o
k = as defined above.
(TL per rad) B

Doy, DB, DY and Dc are the annual dose rates of alpha, beta, gamma and
cosmic radiations.

(b) Inclusion Dating

Quartz grains found in pottery have negligible self radioactivity and
hence quartz grains of 90-105 1k diameter receive the full Yy dose, a slightly
attenuated B dose and a severely attenuated @ dose. If the outer @ irra-
diated layer is removed by etching with hydrofluoric acid, the @ ray con-
tribution to the TL observed becomes negligible (Fleming, 1970).

In this case the age equation becomes



(ED) Incl
Age = (1.3)
DB + Dy + Dc

where the ‘equivalent dose has been obtained from measurements on such

etched inclusions.

1.5 DOSE RATE EVALUATTION

238

The major contributors to the dose rate are the U and

Lo 238 23

and K. The routine measurement of U and 2Th is done by the technique

232Th chains

of thick source alpha counting (Tite and Waine) using a ZnS screen and
photomultiplier; about 1 gramme of material is needed and a typical measure-
ment time is 12 hours. This method has the advantage that it is far less
éuscepthble to disequilibrium effects than chemical analysis and is rela-
tively simple to set up; the major disadvantage is due to the effect of
emanation of the gaseous decay product 222.3. The extent of its emanation
during burial is also a likely source of error in determining the appro-
pfiate dose rate.

The AOK dose rate (B and Yy only) is deduced from the total potassium
content, determined by the standard technique of flame photometry. Mrs.
G. Huxtable carried out such measurements fdr the work in this thesis.

The environmental dose rate can be determined by similar measurements
on a sample of the surrounding soil, but is best measured by leaving a

capsule containing a suitable TL phosphor (e.g. natural CaF, or CaSOM : Dy)

2
in the same archaeological context as the pottery for about a year. This
makes allcwance for seasonal fluctuations as may be caused by changes in ¥
attenuation by water and radon migration.

A discussion of the problems involved in TL dating and the method of

assessment of the error limits in dating pottery has been presented by

4



Aitken and Alldred and these considerations are borne in mind throughout

the thesis (Aitken and Alldred).

1.4 EXTENSION OF TL DATING TO MATERIAL OTHER THAN POTTERY

There is a very great need for an absolute dating method which would
cover the Pleistocene period i.e. the last million years. Figure 1.1 shows
some of the various dating methods that have been used to date events in
the last million years; the broken lines indicate where the methods have
been applied in exceptional circumstances. In the case of potassium-argon
dating the youngest rocks that can be satisfactorily dated are usually
within the age range 50,000 - 500,000 years BP.H< In exceptional circumstances,
large pure samples of potassium rich minerals have yielded reproducible ages
as young as 10,000 years BP (Dalrymple), but material suitable for such an
analysis is very rare. The youngest age that can be measured by the fission
‘track method depends upon the uranium content of the material for study;
much younger zircon, with high uranium content, than mica can be dated
(Fleischer and Hart). The sources of error in the radiocarbon and uranium
series disequilibrium dating have been extensively discussed, particularly
when more than one method has been used to date the same sample (Broecker
and Bender). A method that is not dependent on a radioactive decay constant
would do much to alleviate present dating problems (Vita-Finzi).

When the use of TL as a tool for dating was first suggested, two of the
- possible fields of application were volcanic lava and carbonate formations.
But the lack of knowledge about such effects as the low @ efficiency and
non-radiation induced light due to heatiné in air (termed 'spurious TL')
led to errors in experimental attempts to obtain meaningful dates.

However, with ten years experience of overcoming such problems in

pottery dating, the time seemed ripe for moving TL dating into new fields;

T BP = bofore present



in particuiar there was a need for dating vol€anic lava which retains
information about the Earth's magnetic field at the time of formation of
the lava-and a stimulus for the initial direction of this thesis was the
need for more precise dating of the so-called Laschamp volarity event

bracketed between 8,000 and 20,000 years BP by radiocarbon and potassium-

argon dating (Bonhommet and Zahringer).
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CHAPTER 2  SPECIAL PROBLEMS IN DATING NON-POTTERY MATERTALS

2.1 INTRODUCTION

Thermoluminescent (TL) dating of archaeological ceramics has been
developed over the past ten years to the extent that a dating éccuracy of
about + 7% is now possible for pottery fragments collected from satisfac-
tory burial contexts. The good agreement obtained for samples of known
archaeological age (Zimmerman, 1971(a); Fleming, 1970) confirmed the basic

assumptions of the dating method -

(a) that the electrons in deep traps that give rise to the high temperature
part of the glow curve are stable over archaeological time;
(b) that the calculated radiation dosimetry for the two grain sizes (1-8 p
and 90-105 p) used for the dating techniqués is correct;
(c) that the dose rate received by the pottery over archaeological time
is not significantly different from that calculated from laboratory measure-
ments of the present day radiocactivity.

In considering the extension of the TL dating method to non-pottery
samples, both geological and archaeological, the validity and applicability
of these tenets has to be studied in theory and by experiment. Other

problems connected with the individual materials are also considered.

2.2 SAMPLE PREPARATION

(a) Effect of crushing sample for alpha cbunting

When using fine grains from the ground mass for TL measurement, one

needs to know whether the uranium and thorium is distributed uniformly in



the ground mass or whether there are any radioactive inclusions with a
diameter of the order of the @ particle ranges because if so, the dose
received by the fine grains will be attenuated. Zimmerman found few such
inclusions; using induced fission track studies of 6 pieces of pottery and
by considering @ counts on viced and powdered samples he decided that in the
sherds studied there was on average only a 6% increase for the powdered
sample. This might however be affected by the change in counting geometry
as in the viced sample most of it is still large compared to the alpha
particle rangeAC” 25 microns); if so, the effect of radioactive inclusions
would have been even less.

Only two lava samples have been studied for this effect and the results
are shown in Table 2.1. Because there was little difference between the
viced and powdered @ counts for these two lavas (22 hl from Etna; 132 al
from the Messif Central), -the efféct of any radioactive inclusions was
considered negligible compared to the errors suggested in Chapter 4 and
no further work was done. The results quoted are all within the statistical
error of the unsealed alpha counts.

(b) Effect of crushing on the TL measurement

In the extraction from pottery of 1-8 b and 90-150 pb grains for TL
measurements, various methods of breaking up the piece of pot were considered
and vicing was found to be the best method to retain the grain size distri-
bution. This is important as the addition to the naturally occurring fine
grains of crystals broken off large grains wili reduce the equivalent dose
obtained; the larger grains have a smaller equivalent dose because they
have received far less alpha radiation fr;m the clay matrix.

Lava ground mass is very much harder than the relatively weak fired

clay matrix. It is very difficult to crush in a vice and other more violent



TABLE 2.1

ALPHA COUNTS OBTAINED FOR LAVAS

(a) viced and immediately sealed
(b) viced, sealed and left 10 days counts / k sec

(c) powdered and immediately sealed

lava a b c
22 h4 14.7 14.9 14.5

132 al 6.46  6.56  6.45



methods of crushing were tried; a hydraulic jack and a roller mill in the
Department of Mineralogy, Oxford, were used. Fine grains (1-8 k) were
collected after the sample had been fed into the mill once, 4-6 times and
6-8 times. The 'equivalent beta dose' obtained for each set of fine grain
discs is shown in Table 2.2 along with those obtained by extracting fine
grains after vicing two pieces from the same lump of lava. The equivalent
dose for fine grains if the sample is 35,000 years old should be 11.5 krads.
Apart from the general level being altogether too low, it can be seen from
the variation that preparation of fine grain samples from lava must be given
further thought. -

Severe crushing could give rise to a reduced equivalent dose for several
reasons other than the above radiation dosimetry problem -

(i) Lava flows that are covered by more recent flows or sediments
sometimes contain secondary minerals which are either washed in as fine
grains or are redeposited e.g. quartz and calcium carbonate respectively.

A thin section was made of the lava and no evidence for secondary minerals
was seen under the microscope. Also, as both of the minerals have distinc-
tive glow curves their presence would be noticed in the TL measurements;
neither were considered present in the fine grain measurements.

(ii) The crushing might produce new traps, which would give rise to an
incréase in the TL scnsitivity as measured by a subsequent laboratory irradi-
ation, Fig. 2.1. To study this, a piece of the same lava was thermally
drained for an hour at SOOOC, cooled and given a 3.9 krad Y dose. Various
sets of fine grain discs were prepared from the sample over the fortnight
following the irradiation by vicing and by crushing in the roller mill.

They all gave an equivalent dose between 1.1 and 1.9 krads. This suggested

that the sensitivity to the monitor irradiations might have been increased



TABLE 2.2

THE VARTIATION OFF "EQUIVALENT DOSE BETA" FOR FINE GRAIN DISCS

AS A RESULT OF CRUSHING LAVA 132 a1 BY VICING

AND USING A ROLLER MILL

Sample number method ED beta/krad
1.2 mill x 1 6.9 + .2
1.3 mill x 4-6 2.0
1.5 mill x 4-6 2.0
1.6 mill x 6-8 2.0
1.7 viced 0.6

1.9 viced 1.5



compared with its sensitivity prior to crushing. However subsequent work

showed the explanation to be due to 'anomalous fading', Chapter 7.

2.3 LAVA RADIOACTIVITY MEASUREMENTS

(a) Disequilibrium due to gaseous radionuclides

The uranium and thorium activity are measured by the technique of thick
source ®-counting (Cherry): the pot is crushed in a vice and spread uni-
formly on a zinc sulphide screen which is placed on a photomultiplier tube;
this method is used in preference to chemical analysis or activation analysis
because it minimises the effect of any disequilibrium in the uranium or
thorium decay chains. Table 2.3 shows the major aspects of the two decay
chains.

In pottery the major source of disequilibrium that must be taken into
account in TL dating is the escape of the gas 22Rn (radon) (Desai and Aitken).
Radon has a half life of 3.8 days and is capable of moving through soil
(Tanner), about 200 cm if the soil is dry but only 2 cm if the soil is
saturated. The rate of escape of radon is thought to depend on three factors -

26

(i) the concentration of 2 Ra in the soil,

(ii) the fraction of the total number of 226Ra atoms that are located
on or near the surface of mineral grains and soil particles in a position
that favours the escape of the newly formed daughter atoms into the soil gas;

(iii) the physical characteristics of the near surface soil which
determine the rate of diffusion of radon within the soil gas and the rate
of transport of radon across the earth-airiinterface.

In a study of 222Rn exhalation on the island of Hawaii the lava was

found to have an emanating power about 3% that of the deep, agricultural

soils on the island which had originated from volcanic ash. This indicated

- 10 -



TABLE 2.3

238U series
Isotope Classical name half life Primary decay mode
zggU Uranium 1 4.5 x 109 yr. o
234 . -
20 Th Uranium X1 24.1 days B
234 . . -
91 Pa Uranium X2 1.17 min B
23? Pa Uranium Z 6.75 hrs. :
23; U Uranium 11 2.47 x 105 yr. o4
230 Th Tonium 8 x 104 yre. o
90
232 Ra Radium 1,602 yr. o
222 Rn Radon 3.82 days o
Zéipo Radium A 3.05 min o
214 o) Radium B 26.8 min ' 8~
82
- %
2;; Bi Radium C 19.7 min o, B
! -
2 Po Radium € 1.64 x 10 sec &
[ -
2;2 T1 Radium C 1.32 min 8
2;0 Pb Radium D 22 yr. B~
2
210 4. Radium E 5.01 days B~
83
2;2 Po Radium F 138.4 days o
206 Pb Radium G stable

82



TABLE 2.3 continued

232Th series

Isotope Classical name Half life Primary decay mode
233 Th Thorium 1.41 x 1010 yre (o7
222 Ra Mesothorium 1 6.7 yr. R~
2;8 Ac Mesothorium 2 6.13 hrs. B~
233 Th Radiothorium 1.91 yr. o
22; Ra Thorium X 3.64 days a
220 Rn Thoron 95.3 sec o

86

2;2 Po Thorium A 0.145 sec o
R Thorium B 10.64 hrs. p”
212 Bi Thorium C 60.6 mins @, B *
2;2 Po Thorium 01 3.0 x 10_7 secs o
2g§ T1 Thorium ¢ 11 3.10 mins 8-
zgg Pb Thorium D Stable

* The decay branches here.



that although 226Ra was present in the volcanic materials the 222Rn atems

were trapped in the crystalline and glassy minerals (Wilkening). This was
confirm=d for the lavas studied in Chapter 4; there was no significant
increase in the @-count made on a sample that had been stored for 14 days

in a sealed container to allow 222Rn to reach equilibrium compared with an
d-count immediately after sealing. Also, in spite of their porous appearance,
the lava samples studied had saturation water contents of less than 5% and
hence diffusion was not thought to be a problem in lava.

The thorium 232 series does not present a problem in disequilibrium;
all the decay products have short half lives, the longest being that of
228Ra which is 6.7 years. The gaseous radionuclide 22ORn, thoron, has a
mean life less than 1 minute and hence its diffusion is unimportant.

Escape of gaseous radionuclides, at formation or subsequently, was not

thought to be a problem in TL dating of lava.

(b) Diseguilibrium at formation

Recent volcanic rocks have been found to exhibit considerable dis-

238

equilibrium of the

238 230 226

ratios of U, Th, Ra and 21OPb were found to vary according to

U series (Nishimura; Oversby and Gast). Disequilibrium

the geographical location of the samples and type, viz. acid,

intermediate or basic, and were attributed to chemical fractionation during
magmatic processes. An earlier study of historic basalts from Hawaii

ZBth content of between 10% and 50% and amounts of 21OPb

showed excess
that varied from 60% to 220% of their equilibrium value (Somayajulu et al);
some of their measurements are shown in Table 2.4. The variation of these
results suggesté that the disequilibrium was created in the magma prior to
eruption.

226

Within a very limited vclcanic area, e.g. Vesuvius, the excess Ra

seems to be a constant for each eruption and its decay has been used for
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2G°1 00°%t 8¢°0 ¥S°0 06°1 Tefeteny 1081

0350 ¥1°C 9¢°0 6L °0 ¢G°0 eOT eunep 2061
174" cLt0 Ge°o 1472V ¥S°1 neumnews fey 1261
1G6°1 20°T Ge°o 120 09°0 BOT eunep 9¢6L
6c°1T 99°0 Ge°o0 ov-0 174" Jd931ed) 9Ty €961
(sotyed A3TAT)OR) (udd) (wdd)
uorjdraosap o 1dureg
i
8¢C 1_8&£¢S UL
UL ad n i Al
0£e 01¢

(Te 32 ninfefeuwog aoyje poonpoadaa)

SY20Y DINVIIOA NVIIVMVH DIYdOLSIH d0d SHILIAILOV

AAITOOAN JAIHOAVA JTITHL ANV WATJOHL ANV WNINVIA J0 NOILVYINAONOD

2

V¢ UIdVL



dating lava samples less than 2,500 years old (Rapolla and Vitozzi).

Local }ractionation of uranium and thorium, between minerals within a
sample of igneous rock at the time of crystallization has been used to
date its sq}idification using the ionium disequilibrium (Kigoshi).

(c) Disequilibrium due to leaching

23k

Fractionation of U does not occur during magmatic processes but is
seen as a result of weathering (Thurber;- Somayajulu et al). Uranium is
relatively soluble in water and ground water leaching is responsible for
its mobility in surface rocks (Talibudeen). 1In the dense, crystallized,
ground mass of volcanic rock 107 years old, up to 80% loss of total

uranium was found compared with that in the non-hydrated volcanic glass from
the same rocks by Rosholt and Noble, who surmised from their measurements of
239Th/234U ratios that most of the loss took place soon after the rocks
cooled but that leaching could be continuing at a much slower rate over a

238 23L

longer time (Rosholt and Noble). If there is loss of U and U due to

their leaching soon after cooling, then the radiocactive decay will take place
as if EBOTh was the parent and hence would proceed with a half life of

81»{10L+ years.

(d) Effect of such disequilibrium on dating by TL

Let us consider the effect of disequiltrium of 226Ra occurring at the

formation of the lava. I will assume that the earlier radionuclides are in

238 226

U. Ra is of particular interest because

238U decay chain;

equilibrium with the parent
(1) it is the last long lived member of the
(ii) its half life (1,602 years) is comparable with the ages being
observed;
(iii) it is often found to be in disequilibrium in young lava.
If there is disequilibrium at the time of laboratory measurement and

this is defined in terms of the activity ratio

F(t) = %%%>

-12 -



then thefractionalerror, E, in the total dose rate obtained using the
activity (U) determined by @ counting can be calculated (Appendix A).
Fig. 2.1 shows a plot of E versus t for a present day activity ratio

F(t) = 1.1. TFor example, if a sample is 4,800 years old, E = 0.37 if
F(t) = 1.1 and this gives an age that is 18% too old if the uranium chain

is responsiblce for half the dose.

If the initial disequilibrium, F(O), is known and if we let F(0)-1 = m,
then the observed @ count = 8(U) + 5m(U) exp (-A/T) where A is the age of
7~
the sample and T is the mean life of 220Ra. The dose received by the sample

in time A is however proportional to
T AT}
(U) + 5m(U) n {l—e@ [— -q-_-] }

Hence the ratio of T/A, where T is the age determined using the observed @

count, is given by

T 8 T/AJ1 - - A
z +5mT/a exp ( /T)} (2.1)
8 + 5 m exp(- A/T)
and hence the error in the fractional error in the age is given by
T-A _ 5 m{T/A - T/ exp(= A/T) - exp(~ A/T)}
A 8 + 5 m exp(- A/T) (2.2)

This function is shown plotted as a function of (A/T) in Fig. 2.2 for various
values of m. It must be noted that the errors are obtained assuming
(1) that the total dose is due only to the decay of the uranium chain;
(ii) that the dose is due purely to the alpha particles.
Using the above equations one is able to draw a few simple conclusions

about the effecct of disequilibrium of 226Ra:-

- 13 -



(i) if all the 226Ra is missing at t = 0, the maximum error that

could occur is a -22% error in the age‘for A = 2,000 years;

(ii) .if the initial values of F(0), the activity ratiocs are 1.5 and 2.5,
as found by Oversby and Gast for recent lava from Tristan da Cunha and the
Azores respectively,; the maximum errors in the TL ages that could be obtained
are + 9% and + 25% respectively;

(iii) if the initial value is F(0) = 11, as found for a recent lava from
Vesuvius (Oversby and Gast), the maximum value of the fractional error Eié
is 1.28; this means that the TL age will be 128% too large. This is the
largest reported excess of 226Ra (Nishimura) and hence the TL age should
never be more than 2.3 x the true age.

At this point it should be pointed out that in the course of the test
programme carried out on lava in Chapter L, the TL ages of the lava samples
were up to an order of magnitude too young and were never too old. Hence
it is.impossible for an initial depletion of 226Ra to account for the error
in the TL dating. Further theoretical considerations of disequilibrium, e.g.

23OTh and 23h

for U depletion, were stopped when experimental work on lava
showed a more basic problem connected with the TL itself to be the cause of

the dates being too young.

2.4 RADIOACTIVE DISEQUILIBRIUM IN CALCIUM CARBONATE

(a) Marine strand lines

Living corals incorporate about 3 parts per million uranium and negli-
gible amounts of post 234U daughters. When the system becomes closed the

build up of the daughter products of 238U and 225

U begins and this is the
basis of the uranium series method for dating fossil corals (Mesolella,

Mathews, Broecker and Thurber). Marine fossil molluscs have also been



studied bu£ have been found to be less suitable for uranium series dating
(Thurber); during this study it was noted that aragonitic molluscs had a
higher uranium content than calcitic molluscs and that molluscs take in only
about 2% of the uranium taken in by coral.

(b) Ocean sediments

In relatiﬁely young deep sea sediments, formed by the deposition of
calcareous foraminifera, 230Th is known to be in excess and dating methods
based on its decay have been developed (Volchok and Kulp; Rosholt et al,
1961). In considering the TL dating of such sediments it is obvious that
accurate knowledge of the state of disequilibrium must be obtained; deter-
mination by alpha spectrometry is feasible, but the TL properties of the
sediments must be shown to be satisfactory before the radioactive disequili-
brium is studied and TL dating attempted.

(¢c) Dripstones

Similar disequilibrium studies have also been carried out on stalactites
2jo’l‘h is present at formation but

230Th/234

and stalagmites (Duplessy et al). No

errors are introduced in the dating by the Th method if particles

of clay were deposited during precipitation of the calcite (Fornaca-Rinaldi).

234U/238

Also the U ratio for water from limestone regions was not found to

be 1.15 as in the oceans but anywhere between 1.0 and 3.0 times this value
(Ford, Thompson and Schwarcz). This means that the present day 23LFU/238U
ratio must be measured for each sample as well as determining the build up

' of 250

Th as in the case of ocean sediments. There is also the worry that
radium, being an alkaline earth element, will be precipitated at the same

time as calcium carbonate. This would be extremely important if one was

considering a recent dripstone.

- 15 -



2.5 THERMOLUMINESCENT RESPONSE OF CALCIUM CARBONATE

(a) Limestone

»

Much of the early work done on geological TL was carried out on carbonates.
They were more TL sensitive than most other minerals but were also susceptible
to misinterpretation due to spurious (i.e. non-radiation induced) TL. The
method of sample preparation has been studied in conjunction with the effects
of pressure (d'Albissin and Fornaca - Rinaldi), but the most important source
of spurious TL was that induced by glowing in air. Aitken et al (1968(b))
showed that most of the spurious signal could be removed by using large grains
to lessen the surface area, washing the grains in Calgon and glowing in oxy-fres
nitrogen; glowing the sample under vacuum was suggested by Bettinali and
Ferraresso, but this is not practical f&r heating rates greater than about
1OC/second because of bad thermal contact with the heating plate.

Other problems encountered have been -

(a) sensitivity changes on heating.(Hutchison), which was overcome by
use of UV drainage to obtain the dose growth curve;

(b) érap creation by alpha particles during the first 100 million years
(Medlin, 1968(b));

(c) the observation of TL in a freshly precipitated calcium carbonate
that has not been exposed to radioactivity (Zeller, Wray and Daniels);

(d) recrystallization can take place and has been shown in radiocarbon
studies of calcium carbonate nodules (Williams and Polach).

(b) Shells

Johnson (1960) studied the TL propcrties of biogenic CaCO3 in recent and
fossil shells; he found that the aragonitic shells had very low intrinsic
TL sensitivity compared to the calcitic shells (Table 2.5). Aragonite and

calcite are the two principal polymorrhs of CaCO the form:r is metastable

35
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TABLE 2.5

CHARACTERISTIC POLYMORPHIC CONSTITUTION

OF CALCAREOUS SKELETAL MATERIAL (FROM JOHNSON, 1960)

Calcite

Algae
Corallinaceae

Protozoa
Foraminifera
Mollusca
Pelecypoda
Anomiacea
Ostreacea
Bryozoa
Brachiopoda
Articulata
Echinodermata

Calcite-aragonite mixture

Mollusca
Gastropoda (rare cases)
Cephlopoda
Pelecypoda
Pectinacea

Aragonite

Algae
Chlorophyceae

Coelenterata
Zoantharia
Mollusca
Gastropoda
Scaphopoda
Pelecypoda



and can become calcite whenever sufficient activation energy is available
(Jamieson). Johnson also found light emission connected with the phase
transition*of aragonite into calcite at temperatures above 400°C. For

reliable measurements original calcitic shells must be used.

/ years old had a peak

at ZBOOC but because of its relatively short mean life at ZOOC, ~ lO5 years,

Further work suggested that shells less than 10

it could only be used for very recent age determinations unless the ambient
temperature was well known (Johnson and Blanchard; Bothner and Johnson).
A higher temperature peak at BOOOC was seen in older shells.

(c) Bone

Much effort has been put into attempting to date bone; the main problem
has been found to be the difficulty in removing the organic matter which

gives rise to a spurious TL signal (Christodoulides and Fremlin).
2.6 SUMMARY

The first non-pottery material to be considered experimentally was
volcanic lava. The major sources of concern were the likelihood of radio-
active disequilibrium and the effect of sample preparation on radiation
dosimetry. The TL dates obtained for lavas of known age were found to be
far too young, Chapter 4, but the reason was found to be an entirely
unexpected phenomenon, the loss of electrons from deep traps on storage at
ambient temperature, now termed ‘'anomalous fading' (Wintle). Because of its
obvious importance in TL age determinations, most of the rest of the thesis
concentrates on this factor.

Limestone and quartz were found to be free of anomalous fading. In
Chapter 6 dates are obtained for archaeologically and geologically heated

limestone samples where discquilibrium is not a problem because the limestone

- 17 -



was old enough before heating for the dose rate during the period of interest
to be the same as that measured in the laboratory. Spurious TL was not found
to be a problem even though fine grain sampnles were used; this is because

measurements were carried out in oxy-free nitrogen.

- 18 -
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CHAPTER % THE THERMOLUMINESCENT PROCESS

5.1 INTRODUCTION

Thermoluminescent (TL) dating is based on the measurement of trapped
electrons that have accumulated in pottery over archaeological time or,
in the caseiof 1ava.énd limestone, since their formation. Free electrons
(or holes) are produced in the mineral constituents of the sample by
naturally occurring ionizing radiation and these electrons become trapped
at defects in the crystal. Electrons in shallow traps which are close to
the conduction band, are thermally unstable and an electron trapped at
such a trap will be ejected into the conduction band and may then recombine
at a luminescence centre with subsequent emission of a photon, whose wave-
length is characteristic of the luminescence centre.

Deeper traps retain their electrons for longer at ambient temperatures
but if the sample is heated sufficiently the electrons are ejected at a
temperature characteristic of the trap. Luminescence measurements made at
elevated temperatures on artificially irradiated samples enable one to
obtain values for two characteristic parameters, the trap depth E and an
associated frequency factor s. 1In this chapter I shall discuss first the
various methods of determination of E and s and the implied stability of
an electron in such a trap at ambient temperature. I shall then discuss
the recombination centres and the probabilities of radiative and non-

v

radiative recombination.

3.2 MODELS FOR THE THERMOLUMINESCENT PROCESS

(a) Recombination dominant

- 19 -



The cimplest model for TL is that using first order kinetic theory
which was first discussed by Randall and Wilkins. It assumes that once
an electron has been ejected from its trap it has negligible probability of
being retrapped. The probability per unit time p (sec—l) of an electron
in a trap of depth B (eV) escaping at a temperature T (K) and undergoing

a radiative recombination is given by the equation
p = s exp (- E/KT) (3.1)

. . . -1 .
where s 1s a constant in units of seconds and is commonly known as the

frequency factor.
If n i1s the number of filled traps at a time t, then the rate of

emptying of electrons from traps is

- _g_% = ns exp (- B/kT) (3.2)

This represents an exponential decay with a half life

T, = 1n2 s T exp (E/KT) (3.3)

l
Hence, once E and s have been obtained for a particular trap, the half

life at any temperature T can be obtained. Two points to be noted about
equation (3.3) are

(i)  the strong temperature dependencé of T for given E and s
as shown in Fig. 3.1, e.g. a factor of X 4 between storage
at 10°C and 20°¢;

(ii) any small error in determination of B will give rise to a large
error in T, which is made worse by the fact that s is usually
determined from that value of E also.

Such first order kinetics are applicable in systems where recombination

dominates over retrapping; this can happen both for localized systems wherz

the trap and centre are spatially rclated and vhere the untrapped electron

- 20 -



moves via the conduction band to an unassociatced recombination centre.

(b) Retrapping and Recombination sllowed

If therc is a finite probability of retrapping then the monomolecular
kinetics described above is no longer valid. The kinetics of the process
is characterized by the retrapping factor R = B/y, where B is the coefficien£
for retrapping and Y that for recombination (Fig. 3.2). The monomolecular
kinetics described earlier is the limiting case when R = O.

When R = 1 and the electron is ejected via the conduction band we
obtain a second order kinetic process such that the rate of trap emptying

is given by

_%fc}. NI . {"E‘f} (3.1)

This model was developed by Garlick and Gibson. The same kinetics are
obtained for a localized process if retrapping is dominant (Halperin and
Braner). Conduction band processes can be differentiated from localized
prbcesses as the former give a decrease in the temperature of the glow
peak maximum with increasing dose.

More complicated systems have been analysed mathematically with
particular regard to the methods of determining trap depth from TL data
(Braunlich, 1968) but they are not4considered here as, except in a few
instances, naturally oécurring TL minerals do not have well defined single

glow peaks.

5.2 DETERMINATION OF TRAP DEPTHS

Several recent papers have given comprehensive reviews on the various
methods that have been developed to determine trap depths from the study

of TL glow curves (Braunlich, 1968; Nicholas and Woods; Shalgaonkar and



Narlikar). The methods vary from rough estimates based on the tempcratvre
of the peak maximum Tm to more complex.methods utilizing the peak shapes,
but I shall consider here only those methods I actually use in subsequent

chapters.

(a) The initial rise method

The most widely used technicue is the initial rise method developed by
Garlick and Gibson. Its advantage is that, provided the density of unoccu-
pied recombination centres is very much greater than the density of trapped
electrons, the method is independent of the recombination kinetics (Braunlich,
1967).

The reason that this method is independent of the kinetics is because
at the start of the glow curve the intensity of luminescence I is given by

I = - C-%% = C f(n) exp (- B/KT) (3.5)

where C is a constant connected with the luminescence efficlency. For

n - n << n, i.e. where there has been pegligible loss of electrons, f(n)
may be treated as a constant and hence a plot of log I versus T_l yields a
straight line with a slope of (- E/k).

If there are overlapping peaks on the lower edge of the peak under study,
they may be removed by thermal washing similar to that advocated by Hoogen-
straaten. If a distribution of traps is expected the fractional glow
technique used by Gobrecht and Hofmann for ZnS and by Halperin, Braner,
Ben-Zvi and Kristianpoller for NaCl can be used. By subsquent heatings
and coolings following irradiation initial rise curves can be obtained and
the various activation energies can be plotted against the average tempera-
ture of the range used for finding the energy. This was used by Halperin,

Chu, Haber and Dropkin for determining trap depths in ZnS (ErF NHMF).

3’



(b) Hoogenstraaten's method

For a glow peak obeying first order kinetics the trap depth may be
determined from its relationship to the peak temperature and the heating
rate (Hoogenstraaten). During a glow curve when n is the initial number
of trapped electrons and P is the heating rate (OC/secdnd), the number of

electrons remaining trapped is obtained from equation (3.2) to be

s T E
n = n_ exp [—E- exp{—-l—{-,f}dT] | (3.6)
To

The intensity of the glow curve is given by

B S B
I = Cnosexp{—ﬁ}exp[—g-f exp{—ﬁ}dT] (3.7)
o
dl
At the glow curve peak T = Tm and ?E? = 0; differentiation of equation
(3.7) yields
B S 5
- exp{- } (3.8)
k T 2 i k Tm
- m
and hence
Tng E sk
log )b = B _ 10g 5K (3.9)
By T kT B

T 2
Thus a plot of 1og3-§—£ versus Tm—l is linear and has a slope E/k.

Such a method is also useful when the peak is not 'clean' as only quantities
at the peak are measured (Tm, Im). It is more advantageous for low ihtensity
peaks than the initial rise method as the latter involves intensity measure--
ments which can only go up to about 5% of the maximum intensity (Chen and

Haber). This method has been generalised for higher order peaks (Chen and

Winer).



(¢) Isothermal decay method

For a/first order peak the decay of TL at a temperature T is

exponential with a mean life

A

T - sT exp (B/KT) (3.10)

If the mean lives at various temperatures are experimentally determined,
a plot of log T versus 1 will yield a straight line of slope E/k and
having an intercept of log s_l.

(d) Phosphorescent decay method

Phosphorescent decay curves are obtained by irradiating a sample at
a given temperature and observing the light emitted at that temperature
as a function of time. The phosphorescent intensity I¢ for a first order

peak is given by the equation

dn ¢ "o t ‘
I¢ = C el =—— eXp {- T‘} (3.11)
where n is the number of trapped electrons at the end of the irradiation.
Hence a plot of 1n I¢ versus t will yield a straight line of slope - T.

This method is thus similar to the isothermal decay method, but has the
advantage that T can be obtained from a single experiment. Its disadvantage
is that it can only be used for high levels .of luminescence.

If there are several trap depths present, then a plot of log I, versus

t will yield a curve which can be analysed as a sum of exponentials

I = 2.1 exp (- t./T) (3.12)
1

This analysis can be done provided that the traps are not too close together,
i.e. at a given temperature the mean lives differ from each other by an
order of magnitude. This method has been used to determine E and s for

traps in CaF. with peaks between - 20°C and 100°C (Rao and Bose).

2



Medlih found that the general decay of phosphorescence could be

expressed as

m

b
' I = Io{’BIE} (3.13)

where b and m are constants for the trap under consideration and are
related to the excitation time (Medlin, 1961) but not to E and s. He found

a similar power law for the phosphorescence of a distribution (Medlin, 1968a).

3.4 DETERMINATION OF KINETTC ORDER

For a first order peak the phosphorescence decay is exponential whereas
second order decay is hyperbolic. A second order peak shifts to a lower
temperature as the dose is increased whereas the position of a first order
peak is independent of dose.

Another method of determining whether the peak obeys first or second
order kinetics involves plotting log I/n and log I/n2 versus T—l, vhere T
is the intensity of the TL glow curve at a given temperatureczbSCisga,)
and n is ?he number of trapped electrons remaining and is proportional to
the area beneath the glow curve beyond T. Before obtaining the glow curve
the irradiated sample must be held at a temperature well below its peak to
empty any shallower traps present; allowance must also be made for any
overlap from a highe£ temperature glow peak. If the peak is first order
then a plot of log I/n (versus T_l) will be linear right through the
temperature range of the glow curve; log I/n2 will be parallel to log 1/n
until f(n) in equation (3.5) deviates significantly from f(no), see
Fig. 3.3. Also shown is log I versus T_l; the initial rise plot, which
deviates at the same ordinate.

In fact no pure second order peak has been observed in TL studies of

- - . L - i o
naturally occurring minerals. Slight downward shifts (™~ 8°C) were observed



for the 37500 peak in quartz when the concentration of filled traps was
changed from 5% to complete saturation, whereas a BOOC shift would be
predicted theoretically for a pure second order peak at that temperature
(Aitken and Fleming, 1973). Because of the dominance of first order kine-
tics for isolated peaks the following scctions in this chapter are concerncd

with first order kinetic theory only.

5.5 DETERMINATION OF s

The frequency factor s can be obtained for a first order peak from
extrapolation of the plots used in 3.3(b) and 3.3(c). It can also be

calculated directly from equation (3.8)

B

k T:
m

S 1 B
= exp { -
2 3 U kT }

once E has been determined. A useful graphical approximation is given in

Fig. 3.h4.

3.6 ELECTRONIC STABILITY PREDICTED FROM E AND s VALUES

In thermoluminescent dating the assumption is made that electrons in
traps giving rise to the high temperature TL are stable over archaeological

time i.e. negligible drainage of the traps has taken place, n(t) ~ n  and

e—t/T ~¥ 1. For example if it is assumed that nr?electrons were trapped at

n (t)

time t = O then by the time t = T/20, = 0.95 i.e. 5% of the electrons

o
initially trapped have been thermally activated out of the traps. The

dependence of T upon E, s and T has been studied theoretically (Christodoulides
and Bttinger) and graphs such as they obtained may be used to judge whether

a peak is suitable for dating studies. Figure 3.5 is a plot of mean lives

at 20°C versus trap depths that give rise to Tm = BOOOC at a heating rate

of 10°C/second.

-~ 26 -



As gléw curves from pottery do not contain well defined peaks that
can be analysed as described in sections 3.5 and 3.5, a method was developed
to determine the region of thermal stability suitable for dating (Aitken,
Tite and Reid). This plateau technique involves plotting against glow curve
temperature ordinates the ratio of the natural TL glow for one sample divided
by the TL for a second sample that was given an artificial irradiation before
glowing. This method assumes that a constant ratio is a sufficient criterion
for a thermally stable region. Figure 3.6 gives an example for fine grains
extracted from pdttery and shows that for this sample only electrons in
traps that give rise to TL above 250°C (for this heating rate of 10°¢/second)
are thermally stable over archaeological time and can be used for dating.

The sharp edge on the plot is caused by the rapid variation of mean
life with TL emission temperature. This can be seen in Fig. 3.7 where the
fraction of trapped electrons remaining in a trap of depth E after storage

at a temperature T for a time t is given in first order kinetics as

= exp [— s exp {— %}tJ (3.14)

I
n
o
. : 15 -1
The graph is plotted assuming s = 10 sec for all E and the storage
temperature is taken as 27OC.
From the graph it can be seen that a peak of depth 1.6 eV and having
1 -1 '
a frequency factor 10 3 sec can be used for dating archaeological material

< 10,000 years old, but a trap deeper than 1.7 eV is needed to date material

up to a million years old if it has the same frequency factor.

5.7 LUMINESCENCE CENTRES

v

The emission centres in calcite, anhydrite and quartz have been studied
in natural and doped samples and the activating and quenching impurities

have to some extent been identified (Chapters 5 and 6). In calcite Mn++
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ions are résponsible for most of the luminescence; it has been shown that
the Mn'" is excited by a non-radiative energy transfer from a recombination
event at a nearby colour centre (Medlin, 1968a). Medlin has also been able
to establiéh the observed emission spectrum in calcite in terms of the
configurational coordinate diagram.

A simple configuration coordinate diagram as drawn in Fig. 3.8 enables
us to explain qualitatively various characteristics of the luminescence
centres. After recombination has taken place the luminescence centre is
left in an excited state; the length of time it remains there depends upon
the probability of the optical transition which gives rise to a photon of
energy BE = hV. One can see that an increase in temperature would give rise
to an increase in ampiitude of oscillation of the centre with a corresponding
broadening of the emission band. This has been shown for quartz emission

in the ultraviolet which is thought to be due to de-excitation of a lattice

defect luminescence centre (Medlin, 1963%b).

3.8 'THERMAL QUENCHING

The configurational coordinate diagram also shows how a radiationless
transition can take place from the excited state to the ground state. The
curves for these two states approach each other closely at T.and if suffi-
cient energy U is provided the centre can make this transition without
emitting radiation; all the energy is dissipated non-radiatively as the
centre relaxes to the minimum of the ground state curve. The increased
probability of such a transition with increasing temperature gives rise to
a decrease in luminescence efficiency known as 'thermal quenching'! (Curie).

The luminescence efficiency 7l of a phosphor may be written as the

ratio
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where Pr is the probability of radiative emission, assumed independent of
temperature, and Pnr is the probability of a non-radiative transition,
rising with increasing temperature. If there is only one luminescence

centre, equation (3.15) simplifies to

1
1 + K exp (- WKkT)

n =

where W is the characteristic energy and K is a dimensionless constant.
Such thermal quenching has been observed in K C1 : Tl (Johnson and

Williams) and in ZnS : Cu (Curie).
3.9 SUMMARY

At the beginning of this chapter techniques to determine E and s
for particular traps were discussed. In circumstances where the values of
these parameters indicated short lifetimes, these predictions have been
confirmed by laboratory experiments lasting for weeks and even months.

But no experiments have been sought to confirm their validity in the case
of much longer lifetimes spanning centuries or millenia. In Chapters 5 and
6 such studies have been carried out on quartz and limestone which have
suitable peaks.

I have also mentioned the plateau test which has been considered the
sole criterion for stability of trapped electrons; if there was a plateau
within £ 5% then the sample could be included in a dating programme. In
Chapters 4 and 7 it will be shown that the long term stability suggested
by the plategu test on minerals commonly encountered in lava and some types

of pottery is not valid.
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CHAPTER 4 THERMOLUMINESCENT DATING STUDY OF VOLCANIC LAVA

k.1 GEOLOGICAI INTRODUCTION

There is a serious gap in the dating of lava flows between those for
which dates are written in historical records and those whose age is at
least 1O5 years, the minimum for which suitable isotope ratio dating (i.e.
K/Ar and Rb/Sr) can successfully be applied. The intervening period has
seen volcanic activity in a variety of coﬁntries, notably Iceland, France,
New Zealand and Italy. During this time the Earth's magnetic field has
changed considerably in direction and intensity and palaeomagnetic studies
have been carried out on many flows, particularly in France from which a
geomagnetic reversal within the last 20,000 years has been inferred
(Bonhommet and Zahringer). Radiocarbon dating has been applied to carbon
fragments found beneath flows when they have been exposed by a stream or
by quarrying, but these examples are not common. The extension of TL dating
to lava would span the gap and be directly applicable to the flow itself
and hence enable the changes in the Earth's magnetic field to be charted

over the past 10,000 years.

4.2 EBARLY WORK ON TAVA

The earliest application of TL to feldspars in lava was made by Sabels
in 1962; he was able to establish rough agés for the basalts he studied
in spite of the simplicity of the dating method at that time. A more recent
study was undertaken by Aitken, Fleming, Doell and Tanguy on historically
dated flows from Mount Etna. ‘lhe results were not very encouraging;

measurcment of whole rock samples gave equivalent doses that were far too
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low and mineral separates, that had been ground in mechanical pulverizers
and split on the basis of magnetic susceptebility differences using a Franz-
type magnetic separator, had equivalent doses that ranged from O.1 to 9 x
the expected values. The anomalously high values were shown to be due to
the crushing giving rise to spurious TL i.e. triboluminescence (Aitken,
Fleming, Reid and Tite); the low values for the whole rock measurements
could not however be explained.

More encouraging results have been reported using {ine grains on a piece
of lava from Thera (Aitken and Fleming, 1971) and using single crystals
1 mm in diameter on a single sample of lava from Pompeii (Hwang); however
the experience obtained during the present reseazrch suggests these are
exceptions to the general rule and were encountered by chance.

In the most recently reported study of TL in volcanic lava, Berry showed

that in general the ‘'specific TL' defined to be

natural TL
artificial TL

//’annual dose rate,

was proportional to age (Berry). It is significant to note that although
all the information was available, no actual dates were given and out of

eight samples studied only four showed linearity of specific TL with known

age.

L.3 LAVA SAMPLES STUDIED

Lava samples were collected from Iceland by the author with the help
of Professor Sigugeirsson of the Geology D?partment, Reykjavik University,
and from the Central Massif region of France by Dr. M.J. Aitken with the
help of Dr. N. Bonhommet of the University of Strasbourg. The Italian
samples were collected by Dr. G. Walker of Imperial College, London and

Dr. G.W. Grindley from New Zealand.
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The French and Icelandic flows werc basalts containing plagioclase
feldspar (andesine/labradorite/bytownite) as the major TL minerals. The
Ttalian flows from near Naples were trachytic flows containing the alkali

feldspar sanidine, and a little quartz.

L. L  SAMPLE PREPARATION

The whole of the handling process was conducted under subdued red
light to prevent bleaching or generation of TL. Each sample was crushed
in a vice and sieved - no further mechanical crushing was used. The 50 -
150 & grains were washed in acetone to remove fine grains adhering to them
and dried in an oven below BOOC. A Franz magnetic separator was then used,
the sample being vibrated along a chute between the pole pieces of an
electro-magnet of variable strength. The non-mggnetic grains were collected
and found to be mainly feldspar and/or quartz. In the case of the trachytic
flows containing both quartz and sanidine, bromoform (< 2.6 gm/cc) was used
to try and separate the grains but this was difficult as the quartz was
less than 1% of the non-magnetic separate and the quartz grains were often
intergrown with the feldspar.

To show the presence of feldspar in a separate various staining tech-
niques were used (Van der Plas; Allman and Lawrence). The alkali feldspar
grains were stained yellow after immersing in HF and then washing in sodium
cobaltinitrite solution. Plagioclase feldspars were stained red by washing
in BaCl2 and potassium rhodizonate after etching. More detailed mineral
identification was carried out if necessary using X-ray diffraction with a
Debye-Scherrer powder camera.

Besides using the 100 p feldspar grains for TL analysis, the fine grains

(2 - 8 1) were also collected by sedimentation in acetone and deposited

]
\H
N
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on 1 cm diameter aluminium discs for TL analysis.
Radioactive analysis for U and Th was done by thick source @-counting
of the crushed whole rock and potassium analysis by flame photometry was

done on the ground rock and also on some of the alkali feldspar inclusions.

L. 5 RESULTS

Seven lava samples were studied in detail, three from France, three
from Italy and one from Iceland. The detailed results are given here and
summarized in the following section. 132 al - this sample was taken from
a basalt flow at Prenal in the Massif Central and had an associated radio~
carbon date of 35,000 years (Gif - 1408)(Delibrias, Guillier and Labeyrie).

Table 4.1 contains the results of six separate sets of fine grain discs
made from the sample. The equivalent doses, obtained by plotting the first
and second glow growth curves, vary from 0.6 to 6.9 krad and hence are well
below the value expected. A typical glow curve and plateau are shown in
Fig. 4.1 along with the first and second'glow growth curves. There is a
plateau to within 10% above ' BOOOC 1 : the beta dose response
curves are linear and parallel up to a dose that is 3 x natural equivalent
dose. Similar behaviour was obtained for the‘other fine grain measurements
with the exception of 1.7.

The results of the radioactive analysis, assuming equilibrium in the
uranium and thorium chains, are shown in Table 4.2. The total dose rate

per year for fine grains, using the experimentally determined ke = 0.11,

ff
is 0.34 rad/year and for inclusions of 100 p diameter the total dose rate
is 0.23 rad/year (allowing for 5% beta attenuation). Given an age of

35,000 years the equivalent doses for the fine grains should be about 12 krads

and that for inclusions about 8 krads.
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TABLE 4.1

FINE GRAIN RESULTS FOR 132 a1l

sample equivalent plateau
dose/krads

1.2 6.9 yes, above 300 °c
1.3 2.2 yes
1.5 2.7 | yes, above 400 °c
1.6 © 2.3 yes, 350-450 °C
1.7 0.6 no
1.9 1.5 - yes, after thermal

washing at 250 °C

Notes

(1) The equivalent dose is obtained at 450 °C

ordinate if there is no plateau.

(2) Supralinearity was not significant in the

equivalent dose determinations.



The non-magnetic 100 p separate was small and hence cquivalent dos=
determination by additional doses was not possible. The equivalent doses
obtained by comparison of the natural glow intensity at 400°C with that
after a laboratory irradiation of the same portion varied from 8 to 14 krads
but sensitivity changes could not be checked and there was no plateau.

132 il - this sample was taken from the St. Saturnin flow in the same region
which has an associated radiocarbon date of 7,700 + 180 years (Gif - 1625).
The radioactive analésis is shown in Table 4.3 and hence the fine grain dose
rate (using the experimentally determined keff = 0.22) is calculated to be
0.35 rad/year; thus the total dose received should be about 2.6 krad.

The inclusions exhibited spurious TL and gave no plateau but the twe
sets of fine grain discs had plateaux above " L400°C
and gave equivalent doses of 2.1 krad and 1.48 krad. There appeared to be
a sensitivity increase after glowing but the second glow growth curve was
1ineaf and passed through the origin, Fig. h.2(c).

132 hl - this sample was taken from a layer of domite from the Puy de Dome
and it had an associated radiocarbon date of 8,400 + 300 (Gif - 1498). The
rock differs from samples 132 al and 1%2 il in that it contains alkali feld-
spar and is much more radioactive. The radicactive znalysis is given in
Table 4.4 and hence the fine grain dose rate is 1.09 rad/year, using the
experimentally determined keff = 0.114, and this suggests an equivalent
dose of 9.2 krads.

The TL glow curves for the fine grains gave a plateau above 3 32500

5 ¢ ‘ , Fig. 4.3(b), and the first and second beta growth
curves obtained for the plateau region are linear but not parallei,

Fig. 4.3(c). The equivalent dose is 3.0 krad.

129 e7 - this sample is a lava inclusion from a tephra deposit near Naples
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TABLE 4.2

RADIOACTIVE ANALYSIS OF LAVA 132 a1l

% K2 0 1.30
immediately sealed o -count (42 mm ring)

counts time/ksec count r'a1:e/'ksec_1

background 5 25 0.20

total count 2265 340 6.66
+ background

pairs count 37 340 0.109

counts due to Th = 2.35 counts/ksec

" " " U =6.46 - 2.35 = 4.11 c/ksec
/
0

Uranium gives 63% of the o-count

delayed sealed o -count

total count 1530 227 6.74
pairs count 25 227 0.110

only 1% increase in total counts on delaying measurement

for 14 days.

Dose rates obtained from above analysis in millirads/year

o g Y oeff cosmic
U 612 28 27 67
Th 327 11 31 36
0 - 93 28 -

Total 132 86 103 15



TABLE 4.3

RADIOACTIVE ANALYSIS OF LAVA 132 i1

% K2O 1.26

immediately sealed o -count (42 mm ring)
counts time/ksec count r'ate/ksec“1
background 6 49 0.12
total count + 1487 317 4.69
background
pairs count 22 317 0.069

counts due to Th = 1.51 c/ksec
" "woonm U= 3.06 c/ksec

Uranium gives 67% of the o -count

delayed sealed o -count

total count 1057 261 4.05
pairs count 27 261 . 103

There has been an apparent decrease of 14%

in the total count.

Dose rate (m rad yr—i) obtained from immediately sealed count

o R Y «woeff cosmic
U 456 21 20 100
Th 210 % 20 46
1% - %0 27 -

Total 118 67 146 15



TABLE 4.4

RADIOACTIVE ANALYSIS OF DOMITE 132 hi

%, K0 4.65
2
immediately sealed o -count (42 mm ring)
counts time/ksec count rate/ksec—i
background 9 70 0.13
total count +
background 1759 87 20.22
pairs count 42 87 0.483

9.2 c/ksec

counts due to Th
" "o U= 10.9 c/ksec

Uranium gives 54% of the o-count

Dose rate obtained from immediately sealed count

o B Y aeff cosmic
U 1624 74 71 185
Th 1279 42 121 146
4% - 332 100 -

Total 448 292 331 15



TABLE 4.5

RADIOACTIVE ANALYSIS OF LAVA 129 e7

% K0 powdered whole rock 8.2

non-magnetic crystals 14

immediately sealed o ~count (42 mm ring)
counts time/ksec count r'ate/ksec_1
background 60 76 0.79
total count 8444 234 36.1
+ background
pairs count 212 234 0.91

counts due to Th = 14.6 c/ksec

" " " U

20.7 c/ksec

Uranium gives 59% of the @ -count

delayed sealed o-count

total count 3072 87 35.3
pairs count 95 87 1.1
There is no significant change in the total count rate.

Dose rates obtained from above analysis in millirads/year.

& B Y aeff* cosmic
U 3084 141 135 308
Th 2029 67 191 203
40K - 586 177 -
Total ;;Z 503 .E;I 15

*(keff = 0.1 is assumed)



TABLE 4.6

RADIOACTIVE ANALYSIS OIF LAVA 129 e14

% K2 0 powdercd whole rock 8.7

immediately sealed o -count (42 mm ring)
counts time/ksec count rate/ksec—i
background 4 30 0.13
total counts + 2580 69 37.4
background
pairs 76 69 1.10

16.0 c/ksec

Il

counts due to Th

" " " U 21.3 c¢/ksec

uranium gives 57% of the ¢ -count

Dose rate obtained from immediately sealed count

o B Y Qeff* cosmic
U 3174 145 138 317
Th 2224 73 210 222
0 -, 622 188 -
Total 840 536 539 15

(keff = 0.1 is assumed)



TABLE 4.7

RADIOACTIVE ANALYSIS OF.LAVA 129 e15

% K, 0 powdered whole rock 9.5

immediately sealed @-count (42 mm ring)
counts time/ksec count rate/ksec_1
background 3 20 0.15
total counts 3324 78 42.6

+ background
pairs count 78 78 1.0

counts due to Th = 13.9 c/ksec
" " nw Uy =28.5 c/ksec

uranium gives 67% of the o-count.

Dose rate obtained from immediately sealed count

o4 B Y @ ep cCOsmic
U 4246 194 185 603
Th 1932 64 ) 182 274
4OK - 679 205 R

Total 937 572 877 15



TABLE 4.8

RADIOACTIVITY ANALYSIS ON LAVA 129 a4

% K2 0 0.16

immediately sealed @ -count (42 mm ring)

counts time/ksec count rate/ksec-i
background 1 12 0.08
total counts 110 125 0.88
+ background
pairs count 3 125 0.024

The pairs count is not statistically meaningful and a

50% U activity is assumed in determination of the dose rate.

Dose rate

using above measurements obtained for 100

inclusions.
B Y cosnmic
U+Th 4.3 8.0
40K 11.4 3.4

Total 15.7 11.4 22



and the tephra has :n associated radiocarbon date of 4,000 years. It was
described by the geologist as a quartz bearing trachyte containing sanidine
and hornblende. The radioactive analysis is given in Table 4.5; the fine
grains are likely to have a dose rate of about 1.8 rad/year but the @ sensi-
tivity was not determined; the inclusions which are rich in potassium will
have a correspondingly high dose rate, about 1.3 rad/year. The fine grain
equivalent dose for this 4,000 year old sample is likely to be about 7 krads.

The fine grain TL did not give a plateau, Fig. 4.4, and was therefore
considered unsuitable for dating. Comparing the natural glow curve with the
second glow it can be seen that the lack of plateau above Lo0°C
is due to non-radiation induced TL in the natural glow curve above L400°¢.
Tn the temperature region 27500 - 400°C the TL intensity ratio is changing
slowly with temperature and the equivalent dose obtained for the various
ordinates varies from 0.3 to 1.1 krads; these are well below the estimated
7 krad.

The 100 p non-magnetic grains also failed to exhibit a plateau.
Etching with HF for 20 mins did not remove the alkali feldspar and no
improvement in the plateau was obtained after this treatment.
129 ell - this sample is also from the Naples area and is between. 50,000
and 10,000 years old. The radioactive analysis is given in Table 4.6 and
hence the equivalent dose should be between 19.3 krad and 96.5 krad. The
TL from the fine grain discs did not give a plateau, Fig. 4.5(b), but at
the 4OOOC‘£bScLssa,the equivalent dose was found to be only 0.3 krad.
129 el5 - this sample from Mount Olibano near Naples is 4,000 to 10,000
years old. The radioactive analysis given in Table 4.7 suggests the

equivalent dose of the fine grains, using the experimental value ke = 0.142,

ff
should be between 9.6 krad and 24 krad.

2



The fine grain TL gave a plateau above 300°C , Fig. L.7(b),
and the first and second glow beta growth curves were parallel and gave an
equivalent "dose of 1.25 krads, Fig. 4.7(c).

129 alt - this sample was collected in Iceland and was saia‘to be at least
60,000 years 0ld by Professor Sigugeirsson but no precise date was available.
The TL sensitivity was about 2 orders of magnitude less than for the other
lavas studied above. The fine grain TL was spurious and could not be used
for dating but it was possible to extract sufficient 100 p non-magnetic
crystals to make measurements with 10 milligramme samples. A typical
natural glow curve and associated plateau are shown in Fig. 4.8(a) and (b).
The beta growth curves for the 400°C =bsciss« are shown in Fig. 4.8(c). The
eduivalent dose is 0.33 krad.

The radioactive analysis is given in Table 4.8 and for 100 p inclusions
the total dose rate is only 0.05 rad/year. (The cosmic dose is 22 mrad/year
because the sample was 5—5% inches from the surface of the lava flow.) This

gives an age of about 6,700 years.

L.6 DISCUSSION OF LAVA DATING RESULTS

The results of dating seven different lava flows are shown in Table k.o,
where the equivalent doses obtained from TL measurements using fine grains
(except for 129 alt) are compared with those calculated from the radioactivity
measurements and the known age. There is no agreement even though satis-
factory plateaux were obtained for samples 132 al, 132 il, 132 hl and
129 el5 and the equivalent doses for the o?her samples were obtained using
the TL at the L00°C abscassa,Being able to obtain a plateau implies that
there has been no thermal untrapping of electrons from the deep traps which

give rise to the high temperature TL (see Chapter 3.6). A bad plateau may



Jood

S9A

ou

ou

S

ST

S9A

nesajerd

T >

£1°0 03} G0°0
G10°0 03 200°0

91°0 03 ¥0°0

€eo
18°0 03 8S°0

8G°0 031 C0°0

o3e umouwy Juisn
qd pejeindTe)
qd paJnsesy

€20

GS°1
£°0

1°F 03 ¢°0

0°¢
1°C 03} gv°1

6°9 03 970

pexy/qqd poJansesy

SI'INSdY DNILVA VAV1T

6°v A'I4VL

000°09 <« ¥® 62T

AWGOMW$HOGMV

000 ‘0T -%
000 ‘0S-01T

000 ‘¥

00S*¢Q
00S°2

000°¢ce

sak /a8y Tes1So71oar

ANVTIOI

Gl° G6cl

YT @ 62T

L9 6¢l

AIVII

I ¢¢1

1T ¢¢1

1e 2¢l

HONVIA



result from the presence of non-radiation induced TL in the natural glow
curve, but this usually gives rise to an overestimate of the natural dose
and could not account for the low equivalent doses in Table 4.9. A bad
plateau can also be caused by sensitivity changes at the different glow
curve ordinates, but again this could not give rise to such large discrepan-
cies.

Initially the disagreement was thought likely to be connected with
radioactive disequilibrium at the formation of the lava as discussed in
Chapter 2, but a factor of x 20 between the results as in 132 al, 129 e7
and 129 el5 is too large to be accounted for in this way as it would imply
gross disequilibrium many times greater than any so far reported. However,
during the experiment described in Chapter 2.3, it was noticed that samples
from the same set of fine grain discs yielded higher doses glowed immediately
after preparation than thcse glowed a few days later.

The far reaching implications of this observation were followed up
using beta irradiations on the same set of disc samples, the following
experimental procedure being carried out after thermal drainage to BOOOC
to remove the TL due to the gamma dose,

(i) irradiate

(ii) store in darkness at room temperature

(iii) measure TL

(iv) irradiate

(v) measure TL immediately

A check was made that there was no change in sensitivity between
measurements. Two of the same set of disc'samples were subjected to the

following repetitive procedure -
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(i) irradiate

(ii) measure TL immediately

(iii)* irradiate

(iv) measure TL immediately

The result of the storage experiment for lava 132 al is shown in Fig.
k.9, Above BSOOC the % loss of TL was independent of the glow
curve ngth503 such loss of TL, which is a complete contradiction of the

kinetic theory of TL as discussed in Chapter 3, is termed ‘'anomalous fading'.

L.7 ANOMALOUS FADING OF LAVA TL~

As a result of the ciscovery of 45% loss of TL at %he L00°¢c 2R3¢5 el
in sample 132 al after storage for three days at room temperature, other
lavas were studied using the same procedure and Table L4.10 summarizes the
results for five different lavas. Sone of the TL intensity ratio plots are
shown in Fig. 4.10(a)(b)(c) and (d). The samples were given doses of about
1 krad and the delayed curve was compared with the mcan of the monitor glow
curves taken before storage and immediately after the delayed readout. This
procedure also makes allowance for a change of sensitivity in the TL response
which was not more than 5% between measurements for any of these samples.

A1l the lavas studied show a loss of high temperature TL on storsge
at room tempefature and hence the assumption that TL occurring above the
4OOOC QbSCng&iﬁ stable is invalid. The ratio curves for 132 al and
129 alt ere of particular interest because they show how samples that
exhibit anomalous fading can still pass th? plateau test as noted in Table
4.9, Similarly 129 e7 and 129 ellt showed greater fading at lower glow curve
a55cissqﬂyin the laboratory experiments and these samples did not pass the

plateau test as applied to the natural TL. However, such agreement of long
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term and short term fading as shown by the ratio tests may not always ﬁold
true; 132 il had a good plateau above the 400°¢ ordinate, Fig. 4.2(b), but
this could mot have been predicted by the delayed ratio test, Fig. 4.10(a).

In an attempt to predict the fading that might have occurred in a
geological sample, long term fading experiments were carried out on four
lavas, 129 e7, 129 ellt, 129 el5 and 129 alt and the results are shown in
Figs. 4.11(a)(b)(c) and (d); the error bars represent the error on the
two measurements made‘for each point. It can be seen that even if room

r ,

temperature storage experiments are carried out over several months then the
age could still be only obtained‘@ithin an order of magnitude, always assuming
that such extrapolation is valid. For the three fine grain ITtalian samples
the extrapolated log (% TL left) versus log t plots were in agreement with
the age data given and the range of equivalent doses obtained, Table 4.11.
These results indicate for these lavas that although there is rapid .initial
fadiné, there is no long term 'levelling-off' of the fading as suggested

by Fleming (Fleming, 1974). Possible mechanisms that could give rise to

decays as shown in Figs. 4.11(a)(b) and (c) are discussed in Chapter 8.

4L.8 SINGLE GRAIN TL

In view of the results of the previous section the practical conclusion
seems to be that anomalous fading is an insurmountable barrier to the dating
of lava by conventional fine grain or inclusion techniques. One attempt to
get round the problem that was considered however was the study of single
grains. In the study of the TL of lunar material it has been reported that
the natural TL is due mainly to feldspars but that for a given sample of
feldspar grains the natural TL is produced by about 1 grain in 15 (Hoyt,

Walker, Zimmerman and Zimmerman). There were also grains that gave very
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little natural TL but that gave a considerable amount of TL when given a
subsequent artificial irradiation. Although Hoyt et al (1972) do not

study anomalous fading, one interpretation is that the grains that have

little natural TL are grains that could be shown to exhibit anomalous fading,
whereas the remaining grains may not have fad=d at all. If this is the corre;t

interpretation and if the same situation pertains in lavas then bj separating
out these non—fading‘grains dating might be possible.

To be able to study single grains the signal-to-noise ratio and the
signal-to-thermal radiation ratio had to be improved. To increase the
signal-to-noise ratio the optical system was modified; an annular magnet
(EMI.6121/6) was placed against the face of the photomultiplier to reduce
the active area and by this means the dark.current was reduced from 150
counts/second to less than 10 counts/second. The efficiency of the light
collection was maintained by using a miniature pyrex light guide 7 mm in
diameter; this together.with a 7 mm Chance-Pilkington (HA-3) filter and
a 7 mm Corning colour filter were held in position with an aluminium tube
as shown in Fig. 4.12. Using this system the limitation was due to statis-
tical fluctuation in the TL signal; for a TL intensity of 600 counts/second
and with a rate meter time constant of 0.15 seconds, there was a noise level
of + 50 counts/second, i.e. much gfeater than the dark count of 4/second.
Observations on the 110°¢C peak in quartz showed this optical system to be
only four times less sensitive than one without an annular magnet but with
LL ym diameter filters of the same thickness.

When observing TL above BSOOC there is considerable thermal radiation
from both the sample and the nichrome heating strip.s When using this type
of heating for a single grain, the heating plate emission must be masked

from the photomultiplicr. The best mask was found to be a piece of mica
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0.1 mm thick which had been silvered on both sides and had a 0.5 mm diamcter
hole drilled through the centre to expése the crystal sample which was
placed in a depression in the heater plate. Good thermal contact was
ensured by a small drop of silicon o0il in the depression. Using a 7 mm
diameter Corning (5-60) colour filter the thermal radiation at 45000 was
50 + 20 counts/second.

Colourless, non-magnetic crystals 150 - 400 p diameter were separated
from lava 129 el5 after crushing and were subsequently handled using a
vacuum pick-up (model No. VP-50, Henes Manufacturing Co., Arizona) connected
to a square ended hypodermic needle with an inside diameter of 50 p. A
Grey Five-Forty binocular microscope was used in sorting the crystals.

Typical smoothed glow curves are shown in Fig. 4.13; when compared
with the second glow TL-induced by a 10 minute beta irradiation, the natural
equivalent dose at the 400°C ordinate is less than O.h4 krad, whereas the
equivélent dose calculated from the known age and radioactivity measurements
should be in the range 6-15 krad. Only fwenty crystals were looked at;
the mean equivalent dose obtained was 0.5 + 0.3 krad. This result agrees
with the fine grain results reported in section 4.5, see Table 4.12. /

Although a good statistical survey was not carried cut, it was thought
unlikely that further work would show up grains that did not show anomalous
fading. For the lunar sample reported by Hoyt et al it must be emphasised
that bulk samples of lunar fines were.being studied and hence the initial
sources of the tWo types of feldspar grains found are likely to be quite
different. In the case of lava, the crystgls come from the same piece of
rock and are likely to have cooled at the same rate and contain the same

. impurities; it is therefore unlikely that any one grain should have com-

pletely different fading properties.
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There is however one possible refinement of the study of single crystals
that could permit dating of certain lavas. When the magma erupts it can
pick up crystals, e.g. quartz, from the surrounding older rock; subject to

their lack of anomalous fading, such crystals could be dated.
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PART TI1

Yollowing this discovery of instability of the high temperature TL in
lava and its serious effect on the dating of lava, the question as to
whether any mineral has gﬁe expected stability has to be answered. The
stability is predicted using measured values of the trap depth E and the
pre-exponential (frequency) factor s, and since all previous work in checking
such predictions involved time periods not exceeding a year, it seemed
possible that the kinetic theory on which the predictions are based may
not be adequate when extended to time periods of thousands of years; this
is quite apart from its failure for time periods of a few days in the case
of particular minerals present in volcanic lava.

A variety of TL sensitive minerals were tested for fading, see Chapter
7; only two of those tested did not show any loss in high temperatufe 7L,
quartz and limestone. The kinetic parameters for these two minerals were
then studied and the mean lives 6f electrons in the various TL glow peaks
were calculated. To see how well these predicted values agreed with the
archaecological stability, case studies were made of archaecologically heated
quartz and a geologically heated limestone; they both had high temperature
peaks in their natural glow curves, the upper one being completely thermally
stable over the periods of interest and the lower one having a mean life
only slightly larger than the time that had elepsed since the sample had
been heated. The mean lives determined for these lower peaks were consis-

tent with the mean lives predicted from the kinetic parameters, thereby

justifying the terminology 'anomalous' in describing the fading observed in

volcanic lava.



CHAPTER 5 KINETIC STUDIES ON QUARTZ

5.1 INTRODUCTION

In using the quartz inclusion technique of TL dating, it is assumed
that the relevant traps are deep enough to retain all their trapped electrons
over the archaeological period. A typical TL glow curve of quartz grains
that have been irradiated after heating to BOOOC to remove their natural
TL is shown in Fig.5.1; the main peaks that occur when heating at 20°¢c/
second are at about llOoC, 17000, 23000, 32500 and 37500. Various studies
have been made of these and other peaks (Fleming, 1969; Hwang and Goksu;
Kaul, Ganguli and Hess) by the initial rise and isothermal decay methods,
but no attempt has been made to check that the predicted mean lives are
meaningful by comparing them with those obtained from archaeological samples
of quartz of known age- This chapter is concerned with comparisons carried
out for the 2lOOC and 32500 peaks; several different methods of trap depth
determination were used and it was found that the commonly used initial rise
method was highly unsatisfactory.

THE %75°C PEAK

5.2 THE 375°C PEAK

The 3750C peak has been studied extensively by Fleming and is thought
5

satisfactory for dating up to 107 years as its trap depth was determined as

1.66 eV and the mean life at 20°C was calculated to be Lix107 years (Fleming,
1969; Aitken and Fleming, 1973). The limiting factor is more likely to be

the deviation from linearity of the TL growth curve due to saturation; the
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actual dose at which the onset of saturation occurs varies and samples must
be considered individually. As an example this peak was used in the dating
of a piece of burnt rock crystal (Wintle and Oakley). The growth curve
started to saturate at a total dose of 2 krad but, as the equivalent dose
was less than 1 krad because of the low internal activity of the sample, it
was possible to evaluate an age (6,500 + 700 years BP).

Later in the chapter this peak is reported as having been used for
dating quartz inclusions from aboriginal hearths in Australia that are
about 30,000 years old. The dates obtained are consistent with the stabi-
lity of the trapped electrons as quoted above and reinforce the absence of

'anomalous fading'! in quartz.

THE 325°C PEAK

5.5 INTRODUCTION

In some pottery the 32500 peak dominates the glow curve above the BOOOC
ordinate. In his Romano-British dating programme, Fleming has shown that
for these samples the naturally acquired TL dose obtained for the 325OC
peak was within 5% of that obtained at higher glow curve absrigsp.o (Fleming,
1970). This suggests that negligible emptying of the traps which give rise
to the 325°C peak has taken place during archgedogical time i.e. about
2,000 years. However, deterﬁination of the trap depth and associated fre-
quency factor for this peak suggested a mean life at 20°C of only 3,000
years (Aitken and Fleming, 1973), suggesting that for quartz the predictions
of the E and s values were again in error but, in this case, contrary to
the situation in feldspars in the previous chapter, the actual wmeanlife was
at least an order of magnitude greater than predicted. To study this

anomaly, quartz was extracted from a Romano-British sherd, 51 a2, that

_ bl



had been studied by Fleming; its high temperature glow curve is down in

Fig.5.2.

5.4 DETERMINATION OF E AND PREDICTED STABILITY

(a) Isothermal decay

A typical isothermal decay curve is shown in Fig.5.3; the sample
was held at 202°C for various lengths of time and the % TL left at the peak
was plotted as a function of time. The simple exponential decay suggests
that the peak obeys first order kinetics. Table 5.1 gives the half life,
experimentally determined for va?&ous storage temperatures. Fig. 5.4 shows

a plot of log T% versus T—l; the slope (= E/k) gives B = 1.7 + .1 eV.

(b) Hoogenstraaten's method

The variation of peak temperature Tm with heating rate B is shown in
Table 5.2 and a plot of log Tma/B versus Tm_l is given in Fig. 5.5. This
has a slope = E/k and the value of E obtained is 1'69.i .02 eV.

(¢) Initial rise

For the initial rise measurements the quartz was given a 15 kilorad
dose, held for five minutes at a temperature below the peak to remove over-
lapping low temperature TL peaks and then glowed with an expanded tempera-
ture axis on the chart recorder. A typical plot of log I(T) versus T_l
is shown in Fig. 5.6; the slope is - E/k and hence E = 1.05 + .03 eV. The
values obtained from 12 measurements varied from 1.02 to 1.10 eV and were
independent of the heating rates used or the doses received by the samples
prior to measurement; the temperature range was from 210°C to 265OC.

(d) Discussion

The two methods of trap determination based on first order kinetics

yield a trap depth of 1.69 eV, quite different to that obtained by the



TABLE 5.1

EXPERIMENTALLY DETERMINED HALF LIVES AT VARIOUS TEMPERATURES

FOR THE 325 °C PEAK IN QUARTZ (51 a2)

holding temperature/°C

240

217

202

182

half life/mins

3¢5

40

145

880

TABLE 5.2

EXPERIMENTALLY DETERMINED VARIATION OF PEAK TEMPERATURE Tm

WITH HEATING RATE R FOR THE 325 °C PEAK IN QUARTZ (51 a2)

r/%C sec” ! EEZSQ Tm/K
1.35 287 560
3.38 302 975
DO 310 o83

10.8 321 594

21.8 335 606



initial rise method 1.05 eV; neither agree with the value of 1.26 eV
determined by Aitken and Fleming, who also used the initial rise method.

(e) Determination of kinetic order

Plots of log I, log I/n and log I/n2 versus T—l in Fig. 5.7 show the
first order kinetic nature of the peak as discussed theoretically in
section 3.4; I is the TL intensity at the glow curve abs- ;.- T and n
is the area under the glow curve above T and is proportional to the number
of electrons still trapped. Log I/n is linear with T_l up to the peak
temperature, whereas log I/n2 deviates from linearity at the same value of
Tnl as the initial rise log I versus 'I'—:L plot. The deviation of log I/n
above the peak is partly due to error in the assumed shape of the glow peak
after subtraction of overlapping higher temperature TL peaks; the curve
used is shown in Fig. 5.8. Another cause is the effect of the thermal
guenching on the value of n i.e. the glow curve area.

-

(f) Predicted stabilities for various values of E

Using the previously derived equation

2 Se _-—.E.—..
KT 3 Xp{ KT
m m

values of s were determined for the three values of E; they are shown in
Table 5.3(a) along with themean lives at EOOC that are predicted. The mean
lives connected with the two lower values of E,; both determined by the
initiél rise method, are in disagreement with the known stability over
archaeological time as shown in section 5.3. This suggests that the initial
rise method should not be applied to this material; in the following

sections the cause of the disagreement is studied. Table 5.3(b) shows

the variation of T over the error range of E.
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TABLE 5.3

(a) CALCULATED VALUES OF s AND t AT 20 °C

FOR THE DIFFERENT TRAP DEPTHS OBTAINED THAT

WOULD GIVE RISE TO THE 325 °C PEAK

-1
E/eV s/sec Tzo/years
1.69 ~ 1014 3 x 10°
8
1.05 ~ 10 200
1.26 ~ 101 3,000

(b) VARTATION IN MEAN LIFE AT 20 °C

DU TO ERROR IN DETERMINATION OF E

E/eV s/sec Tzo/years
1.67 §.5 x 101 5 x 107
1.69 1.3 x 1014 3 x 107

1.71 1.9 x 1014 4 x 10°



5.5 LUMINESCENCE EFFICILNCY

(a) Suggested temperature dependence of intensity

The fact that the first order kinetic plot, log I/n versus T—l has
the same slope as log I versus T—l measured during the initial rise suggests
that the kinetics of the trap emptying are indeed first order but the lumi-
nescence efficiency is décreasing with increasing temperature during an
initial rise measurement. Since the plot of log I versus T—l is linear,

the luminescence efficiency "l would have to be of the form

M = A exp (B/kT) (5.1)
where A is a dimensionless constant and B is the characteristic energy (eV);
comparing the values of E obtained experimentally suggests that B = 0.64 + 0.03
eV.

A temperature dependent luminescence efficiency does not affect the iso-
thermal decay method because, although intensities are being measured, inten-
sity ratios are plotted. For Hoogenstraaten's peak shift method it can be

shown that the appropriate equation is

B

sk E
108{"—2‘} = 10%{ E-B}‘ KT (5.2)
T m
m
instead of B - 1og'{§E}~ o B
— B kT
m

and hence a plot of 1og(B/Tm2) versus Th-l gives the trap depth = E; only
the intercept is affected by the temperature dependent luminescence efficiency
as given in equation (5.1).

(b) Confirmation of temperature dependence

Another way of observing a temperature dependent luminescence efficiency

using TL is to study the peak intensity I as a function of (5/Tm2) for

- L4y -



constant nm i.e. when the initial radiation is constant. When N is con-
stant, the intensity at the peak Im is given by the equation

To= ™ o (5.3)
2

m ———
K T
m
when Tl is of the form given in equation (5.1) then the observed intensity is

given by the equation

" B \ B

Iy = T{Ae"p{kT J{E‘B} 5 (5.4
m T
m

Figure 5.9 shows that a plot of log I, versus (B/ng) is not linear, but
when the values of Im are multiplied by exp (- B/kTm), where B = 0.64 eV
as determined in the previous section, and plotted against (B/Tmz) there is
agreement with equation (5.4) as shown in Fig. 5.10. This confirms expo-
nential luminescence efficiency in this temperature range, 286°C to 334°C.
This does not cover the temperature region of the initial rise method, but
as will be seen later there is evidence that the exponential dependence does

extend into that region.

(¢) Temperature dependence due to thermal quenching

A similar approach was used by Gorbics et al to show the presence of
thermal quenching in various TL phosphors, but not quartz (Gorbics, Nash and
Attix, 1968(b)). They had already attempted to study the luminescence
centres alone by observing the prompt luminescence, RL, at various tempera-
tures during continuous X-ray exposure, but discontinuities in the vicinity
of the TL glow peak temperatures made it impossible to study the thermal
quenching (Gorbics, Nash and Attix, 1968(a)). However RL studies by
Aitken et al suggest that in the case of q;artz there were no such discon-

tinuities and hence for this substance RL studies were in fact a useful

tool for studying thermal quenching (Aitken, Thompson and Fleming, 1968).
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5.6 RADIO LUMINESCENCE (RL)

(a) Equipment

Prompt luminescence, RL, during irradiation with a 40 millicurie
9OSr/9OY beta source (dose rate ¥ 10 rad/minute) was observed using an
EMI 6256 photomultiplier tube in conjunction with several different broad
band interference filters; this is shown séhematically in Fig. 5.11. The
RL intensity was recorded continuously whilst heating at a steady rate,
5.500/second, and also whilst cooling; this ensures that the RL is due to
the recombination of conduction band electrons at the luminescence centres.
Corrections were necessary for scintillations in the photomultiplier tube
caused by the source, even though the latter was encased in thick brass.

(b) RL using optical system centred on 465 nm

A typical RL curve is shown in Fig. 5.12(a); the intensity starts to
drop just below 100°C and levels off above 27500. In the simple thérmal
quenching equation discussed earlier Tl decreases exponentially with T and
hence the emission above 275OC was thought to be due to the presence of
different luminescence centres which are not affected by thermal quenching;
in Fig. 5.12(b) the steady component has been subtracted. It must be
remembered that this subtraction ig only valid if more than one luminescence
centre is involved; in the case of some single emission centres Tl does not
fall fo a very small value at high T and the " value becomes constant = A_l.
However in the example shown in Fig. 5.12, the ratio of M(T)/M(T—0) = 0.2;
the value of A is determined to be 2.8 x 107 at the temperature where the RL
curve has half its initial intensity i.e. when A exp (-B/kT) = 1. Since A_l

= 3.6 x 10-8 is much less than N(T)M(T—0) = 0.2, we may deduce that we

are not dealing with a single emission centre and that subtracting the steady

component of the RL is valid.



Fig. 5.13% shows a theoretical curve for log "l versus T_l for

1
1 + A exp (-B/kT)

m

a

where B = 0.64 eV, obtained from the difference between the initial rise
determination of E and that obtained for first order kinetic analysis, and

A=2.8x 1O7

as determined above. The experimental points are those obtained
by replotting curve (b) from Fig. 5.12 after normalizing with respect to the

initial intensity.

(¢) RL at other wavelengths

RL measurements were also made using broad band interference filters
centred at 310, 370, 410 and 495 nm; the results are shown in Fig. 5.1k.
Thermal quenching can be seen in all the curves but Fig. 5.12(e) suggests
that the steady component luminescence is dominant at longer wavelengths. This
suggests that if the initial rise trap depth determination was carried out
using an optical system with a longer wavelength response then the value
of E obtained would be greater than 1.05 eV.

Thermal quenching znalyses similar to those carried out in the previous
section for the U465 nm emission were also carried out for the 370 nm and
410 nm RL emission curves. The values of B obtained are given in Table 5.k4.

The RL measurements also enable us to compasre the luminescence spectra
of the two RL components. Table 5.5 shows the results for the RL at 5OOC
for the thermally quenched emission and for the steady emission; Fig. 5.15
shows the relative intensities of the two components and Fig. 5.16(a) shows
the spectra after normalizing to the highest intensity measured. (It must be
remembered that using broad band filters loses all the fine structure of the
spectra and only broad comparisons may be drawn.)

(d) Further initial rise measurements

As a result of the RL study initial rise measurements were carried out
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TABLE 5.4

WAVELENGTH DEPENDENCE OF THE ACTIVATION ENERGY

OBTAINED FROM RL

A /nm B/eV
370 0.70 + .03
410 0.64 i_.03

465 0.65 + .05



TABLE 5.5

MEASURIFMENTS OF RL EMISSION SPECTRA AT 50 °c

RL relative to

Filter k/nﬁ intgﬁsity efgiiigﬂcy norm;iized max imum
as 100
(a) component that shows thermal quenching
310 1.45 26 9.5 23
370 5.7 33 17.3 74
410 23.5 100 23.5 100
465 4.5 64 7 30
495 .35 65 .54 2.3
(b) steady component
310 .1 26 .39 22
370 .25 33 .76 43
416 1.35 100 1.35 77
‘465 1.12 64 1.75 100

495 .65 65 1.0 97



using an EMI 9558 photomultiplier tube in conjunction with a Corning (4-96)
blue/green filter and a Corning (3-70) sharp cut filter. The characteristics
of this tube and filters and those used for the earlier measurements are shown
in Figs. 5.17(a) and 5.17(b). The initial rise curves gave a trap depth of
1.25 + .02 eV for the 32500 peak which was greater than the earlier value of
1.05 eV; it was still less than the value obtained by first order kinetics
of 1.69 eV, and hence some thermal quenching was still occurring.

Looking at the RL curves of Fig. 5.14, one would expect the steady
luminescence component to dominate in all experiments above 25OOC, il.e.
those involving the peak maximum intensity. But this is not so, as is demon-
strated in Fig. 5.9 and this suggests that in the TL process a smaller
fféction of the electrons that undergo radiative recombination go to these
luminescence centres than during RL measurements. This is also suggested
by the fact that there is still a considerable discrepancy in the value of E
obtained using the luminescence which the RL suggested was predominantly
unaffected by thermal quenching. This is certainly likely if the traps
and luminescence centres are spatially related for the TL process; in the
RL measurements the electrons in the conduction band have a choice of

recombination centres.

5.7 IMPLICATIONS

(a) For TL dating

If thermal quenching is occurring in the region of a peak in a mineral
that is being considered for dating, or inia phosphor that is being con-
sidered for on-site monitor measurements, the mean life of trapped electrons
giving rise to that peak will be grossly underestimated. For the 32500 peak

in quartz the difference in mean lives for the two values of E, one deter-
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mined by initial rise analysis and the‘other determined by first order

kinetic methods, was at least a factor of '_LOL+ (see Table 5.3). It is therefore
suggested that the suitability of a peak should not be based on its trap

depth as determined by the initial rise method unless RL measurements have
been done to confirm the absence of thermal quenching. In the case of the
32500 peak in quartz the initial rise method erroneously indicates a mean life-
that is too short for archaeological dating; the true value is more than
adequate.

Although it was not checked by studying peak shift with temperature,
thermal quenching is also likely to extend into the region of the 37500 peak
discussed in section 5.2. Here the trap depth may be increased from 1.66 eV
to 2.1 eV (using the value of Aitken and Fleming) and thus the 37500 peak
mean 1life will also be increased, by as much as 4 orders of magnitude.

(b) For sensitivity changes

In his paper on the quartz inclusion dating method, Fleming describes
the behaviour of the 32500 peak as 'malién' because there is an increase
in the sensitivity of the linear response region after heating to SOOOC to
obtain the natural TL (Fleming, 1970). This gives rise to uncertainty in
the determination of the supralinearity correction. An incidental obser-
vation of spectra during the RL measurements combined with other observations
(Zimmermann, 1971(b)) suggested that this sensitivity change might be removed
by suitable treatment.

In Fig. 5.15(b) the normalized TL emission spectra of the 110°C and
32500 peak are given and they may be compared with the two RL spectra in
Fig. 5.16(a). If the similarities between the curves are taken to imply
that the luminescence centres used in the llOOC glow peak exhibit thermal

quenching and that the higher peak uses a mixture of the two types of



luminescence centres, then the TL properties of the 110°%¢ peak that are due
to the recombination centres should also occur but to a lesser extent in the
32500 peak: One of the most important properties of the 110°¢C peak is the
radiation induced TL sensitivity, which has been shown to be due primarily

to an increase in the number of activated luminescence centres (Zimmerman,
1971(b)); a related sensitivity increase would therefore be expected for

the 32500 peak and it should also be possible to reduce the sensitivity of
these centres by the method used for the 110°¢ peak i.e. 240 nm UV
irradiation. A more thorough experimental study is needed however to confirm
the initial comparison and to test the predictions and this suggestion

should be regarded as tentative.

(¢) For thermal quenching theories as applied to quartz

In Chapter 3 thermal quenching was described in terms of the probability
of.a radiationless transition to the ground state for an excited luminescence
centré and it was shown schematically in a configurational coordinate diagram.
This approach was used by Johnson and Williams who were able to obtain
theoretically the configurational coordinate diagram for KCl:Tl and found
that the activation energy thus derived was in agreement with that'obtained
experimentally.

Another explanation of thermal quenching has been put forward by Klasens
with particular reference to ZnS phosphors (Klasens). He considers the
luminescence centre to be W eV above the valence band and hence if the
temperature of the phosphor is high enough then electrons may be raised from
the valence band into the empty ground staﬁes of these luminescence centres;
the resulting holes migrate through the lattice until they are trapped at
aefects and create competing non-radiative recombination centres. This theory

also gives rise to a similar expression for the temperature dependence of
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the Juminescence efficiency, but W, the activation energy, has a completely
different significance.

In the experimental study of quartz reported in the previous s:ctions,
the activation energy was determined as about 0.64 eV. Zimmerman suggested
however that the luminescence centres responsible for the 110°¢ peak were
about 2.7 eV above the valence band and that clectrons could be excited from
the valence band into these centres by UV irradiation of 2LO nm (Zimmerman,
1971(b)). If these are considered to be the same luminescence centres, as
is implied by the TL and RL emission spectra reported in section 5.7(b), then
the second theory for thermal quenching is invalid in the case of quartz i.e.
the thermal quenching observed is due to radiationless transitions to the

ground state at the excited luminescence centre.

5.8 ARCHAEOIOGICAL STABILITY

In section 5.3 it was mentioned that negligible emptying of the traps
giving rise to the 32500 peak had occurred in sample 51 a2 which had an
archaeologically known age of l900_i.1O years. Confirmation of the much
longer stability suggested by the trap depth of 1.69 eV, Table 5.6, was
looked for in samples obtained from early hearths in Australia; a fireplace

from Lake Mungo had an associated radiocarbon age of

30,750 + 520 years BP (ANU 680)

Inclusion dating was carried out by Mrs. G. Huxtable and ages of

37,600 + 3,000 BP
38,900 + 4,000 BP
35,200 + 3,000 BP

were obtained on samples from the same hearth giving an average age of

37,200 x 2,700 BP



TABLE 5.6

VARTATION OF MEAN LIFE WITH STORAGE TIIPERATURE

FFOR A TRAP OF DEPTH 1.69 eV AND WITH s = 1014 secn1

T/°C mean-1life/million years
10 300
15 100
20 30
25 - 10

NB The mean life at 20 Od’storage temperature
for a trap of depth E = 1.05 eV and having
its peak at 325 °C is 200 years (Table 5.3a).



The discrepancy between this age gnd the radiocarbon ages is thought
to be due to a high atmospheric C-14 concentration due to the effect of the
reduced intensity of the Earth's magnetic field at that time.

The above ¥L dating was carried out on the 37500 peak using optical
filters which discriminated against the 32500 peak. However, before this
optimization was carried out, the equivalent doses were obtained by the
method:of additional doses for both the peaks; the equivalent dose for the
lower peak was shown to be not less than 10% that of the higher peak witﬁ an
experimental uncertainty in the equivalent doses of + 10% (personal communi-
cation, M.J. Aitken).

If the number of electrons built up In the 36500 peak as a function of

time is
n (£) = ot (5.5)
and those built up in the 325°C peak, which has a mean life T = B™1, is
: n(t) = g -eTH (5.6)

then the ratio of the two peaks is

——(—nl ) - Pt (1 - e ) (5.7)

This function is shown in Fig. 5.18 for small values of Bt i.e. when the mean
life is a few orders of magnitude greater than the archaeological age of the
sample. This graph emphasises the impossibility of obtaining a mean life

even within a few orders of magnitude when the value of fﬁ(t)?> 0.95.

nzrf)
For the above archaeological example the maximum value of Bt is O.h4h
and hence, given the average TL age of 37,200 years, the least possible value
of the mean life of the 225°¢ peak at the archaeological storage temperature
is 85,000 years. This result is not incompatible with the laboratory deter-

minations of the trap depth E = 1.69 eV, see Table 5.6; it confirms that

|
\J1
\1
!



the value of 1.05 eV obtained by the initial rise method is invalid.

THE 210°C PEAK

5.9 Trap depth determinations and predicted stability

The depth of the traps giving rise to the 210°¢ peak in quartz was
determined for sample 51 a2 by the initial rise method to be E = 1.10 + .05 eV
and from a plot of log (Tmz/B) versus Tm_1 to be E =1.79 + .03 eV. Presumably
the difference between the values of E is again due to thermal quenching and

evidence that E = 1.79 eV is the correct value is provided by
(a) the RL curves of Fig. 5.1k
(b) the evidence of the archaeological stability given in the next

section.
The values of s and the half lives at 2OOC for the various values of B are

are given in Table 5.7.

5.10 ARCHAEOLOGICAL, STABILITY

The low temperature natural TL of sample 51 a2 had been affected by pre-
heating to 15OOC for other reasons but natural TL glow curves were available
for another sample, 71 a2, which had a similar archaeologically known age,
185O.i 30 years. The quartz extract had a similar glow curve and gave the
same value of trap depth for the 210°¢C peak as 51 a2. The natural TL glow
curve and N/(N + B) plateau are shown in Figs. 5.19(a) and 5.19(b)(1);

Fig. 5.19(b)(ii) shows the plot of N/{(N + B) - N} and the ratio of the

n, (t)

two plateaux gives-éarg) -~ 0.89; this gives Bt = 0.24. The archaeological
n, o

age being 1850 years gives T =8 = 7,700 years. Comparing this value

with the calculated variation of mean life with temperature for a trap of
1.79 eV, Table 5.8, suggests an effective archaeological storage temperature
of 2700. As sample 71 a2 was from a British site an effective temperature

of 1500 is more likely and this would predict a mean life of 130,000 years



TABLE 5.7

CALCULATED VALUES OF s AND 7 AT 20 °C FOR THE TRAP DEPTHS

OBTAINED FOR THE PEAK THAT OCCURS AT 202 °C AT A HEATING RATE

OF 5.5 °C/SECOND

E/eV §£§gg:1 Tzo/years
1.76 2 x 108 25 x 10°
1.79 5 x 108 38 x 10°
1.82 10%° 60 x 10°
1.05 4 x 1010 1
1.10 1011 2

11

1.15 5 x 10 4



TABLE 5.8

VARTATION OF MEAN LIFE WITH STORAGE TEMPERATURE

FOR A TRAP OF DEPTH E = 1.79 eV

AND WITH s = 5 x 1018 gec™d

T/OC mean-life/millenia
10 467
15 131
20 38
21 30
23 19
25 ' 12

27 7



and a loss gf less than 1% in the equivalent dose obtained for the 210°¢C
peak.

Howevgr this analysis does not take supralinearity into account and also
the growth curves obtained for the 210°¢ peak were subject to interference.

However the evidence of Fig. 5.19 does show the mean life derived from the

initial rise method to be invalid.

THE 110°C PEAK

5.11 Trap depth determination

To conclude the study of the validity of T as predicted by laboratory
measurements of E in quartz, similar experiments were carried out on the
110°¢C peak. The initial rise method yielded a trap depth E = 0.99 + .02 eV,
in agreement with that reported by Aitken and Fleming and in agreement with
the value obtained from a plot of log Tm2/5 versus Tm_l, E=1.0 + .1 eV.

A plot of I  versus B/Tm2 is linear for this peak, Fig. 5.20. This confirms

the RL results which imply only slight thermal quenching below 100°¢.

5.12 PHOSPHORESCENCE

The high sensitivity of the 110°¢ peak and its first order kinetics as
shown by a plot of log I/n versus T~1 (Fleming, 1969) make it suitable for
study by phosphorescence as described in Chapter %.3(d). A typical phos-
phorescent decay is shown in Fig. 5.21; the sample has been irradiated for
a minute at 57°C (B dose rate ~ 500 rad/minute) and the photomultiplier
dark current has been subtracted before plotting the intensity as a function
of the time after the end of the irradiation. Phosphorescent decay curves
were obtained at various temperatures for periods of up to 15 minutes.

Table 5.9 gives the experimental half lives of the. decays at various
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TABLE 5.9

EXPERIMENTALLY DETERMINED HALI" ILIVES OF THE

PHOSPHORESCENT DECAY OF THE 110 °C PEAK

T/°C T 4/min
—_——

13 180.0
25 35.0
36 10.5
40 7.0
43 4.1
51 2.0

57 1.07



temperatures and in Fig. 5.22 the plot of 1n T, versus T_l gives E =
2

0.99 + .02 eV, in agreement with the results quoted in section 5.11 above;

. . ~ 13 _1
s 1s given ~ 2 x 1077 sec ~. These results are also in agreement with those

quoted by Hwang and Goksu who used the isothermal decay method (Hwang and

Goksu) .

5.135 CONCLUSTIONS

In this chapter two peaks have been studied in detail and the stability
of their trapped electrons as predicted by kinetic analysis has been com-
pared with the stability of these electrons in samples of known age. In
the few papers published on natural quartz the trap depths obtained by the
initial rise method seemed to indicate that the peaks were fairly shallow
and that the associated TL would have relatively short mean lives when
compared to traps giving rise to peaks at the same temperature in other
materials (Aitken and Fleming, 197%; Kaul, Ganguli and Hess), but no
comment had been made concerning this.

In this study initial rise trap depth determinations also gave low
values of E; other methods relying on the first order kinetic nature of
the peaks, as established experimentally for -the 32500 peak, gave higher
values however. This discrepancy was confirmed by studies of the prompt
luminescence, RL, as a function of temperature, to be due to thermal
quenching. The higher value of E for the 325°C peak was consistent with
its presence in samples over 30,000 years old and the value for the 2lOOC
peak with its'presence in a sample 1,850 years old, but it was not
possible to obtain a more precise correlation of the mean lives. However,
these studies do show, in agreement with the one year storage check

reported in Chapter 7, that there is at least one mineral in which the



deep traps exhibit mean lives that are not inconsistent with laboratory
determinations of E and s.

The study of the 110°C peak showed that, as predicted by the RL studies,
thermal quenching was not occurring below about 100°C and hence the initial
rise measurement agreed with the other methods used. It is also the only
peak in naturally occurring minerals for which trap characteristics have

been obtained by means of measurement of phosphorescence.
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CHAPTER 6 KINETIC STUDIES ON LIMESTONE

6.1 INTRODUCTION

In order to investigate the possibility of abnormal fading in limestone
on a much longer timescale than that of the experiments desgribed in Chapter
7, samples of limestone were obtained that had been heated at some known
time in antiquity, either by man or by volcanic activity. The date of
heating of the archaeological samples had been established by the radio-
carbon dating of associated charcoal. The much earlier heating dates for
the geological samples were ascertained by TL dating using a peak already
shown to be stable for the archaeological samples. The electronic
stability inferred from the fading characteristics of the samples was com-

pared‘with that derived from laboratory measurements of E and s values.

6.2 TRAPS AND EMISSION CENTRES IN LIMESTONE

The emission centres in calcite have been studied by doping
synthetic samples during precipitation; the most important activator in
all carbonates was found to be Mh2+ and the presence of Fe2+ was found to
have a quenching action on the luminescent emission (Medlin, 1968a). This
was true for all the glow peaks studied including the 23000 and the 32000
peaks. After studying samples with different eoucentrations of dopants,
Medlin concluded that, though the emission of luminescence occurs at the Mn2+
ion, it is not itself the recombination centre; the site of recombination
is more likely to be a lattice defect and luminescent recombination will

only take place if the defect is within one or two nearest neighbour dis-

tances of a Mn2+ ion. This accounts for the large variations in luminescence
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efficiencf and such variations have been used to study the infilling of
secondary calcite and carbonate rocks ‘(Sippel and Glover). The infilled
mineral often gives banded luminescence due to the variations in concen-

»

tration of the activator ions or quenching ions in the circulating ground
water.

Medlin's study of the luminescent emission enabled him to construct
a configurational coordinate diagram for Mn2+ in calcite. In this diagram
the curves for the ground state and lowest excited state do not cross or
approach each other closely and hence a radiative transition from this
excited state to the ground state is much more likely than a non-radiative
one.

Such a system predicts that thermal quenching of the observed lumi-
nescence will not occur. The curves for the higher excited levels are
shallow however and intersect the curve of the lowest excited state near
their minima; hence non-radiative transitions to the lowest state occur

before the subsequent radiative transition to the ground state.

6.3 COLOUR OF LUMINESCENT EMISSION

The colour of the luminescence was observed using a filtrometer with
band pass filters (see appendix B for filter characteristics). The
luminescent emission spectrum of the 32000 TL glow peak is shown in Fig.
6.1(a) where the TL intensity is plotted logarithmically. In spite of
the emission being predominantly yellow/green, in measuring low levels of
TL it was nevertheless beneficial to use blue filters to cut down the effect

of thermal radiation; the best was found to be a Corning (7-59) filter,

Fig. 6.1(b).
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6.4 DETERMINATION OF 32000 PEAK TRAP DEPTH

(a) The initial rise method

The initial rise method, as described in Chapter 3.3, was used to
study the 52OOC peak in a piece of archaeologically burnt limestone, 501 m
11. A typical glow curve for the sample is shown in Fig. 6.2; the peak of
interest occurs at just above 350°C when the heating rate is 6°C/second.

To determine the trap depth 5 mg of 90-125 micron grains were spread
on the plate and given a 5 krad B dose after the sample had been heated to
remove the natural TL. It was then heated to ZSOOC and held at that tem-
perature for 1 minute to remove the peak that forms a shoulder on the low
temperature side of the peak. The sample was then heated (at 6°C/second)
and cooled repeatedly through a temperature range of about 20°C so that a
series of initial rise curves were obtained between 27500 and 42500; to
improve the accuracy of the measurements, the X-axis of the chart recorder
was used on an expanded range. The resulting plots of log I versus T_l are
shown in Fig. 6.3 and the curves on the iower side of the peak and within
60°C of it give the trap depth to be 1.94 0.0k eV, the 2% error being that
in measuring the slope of the plots which have error bars allowing for an
error of = 1°C in temperature measurement.

(b) Hoogenstraaten's method

To check the validity of the initial rise determination and confirm

. 2
that no significant thermal quenching was present, a plot of log B/Tm

versus T-l was obtained. Only three different heating rates were available
experimentally, Fig. 6.4, but these were sufficient to yield a trap depth

of 2.0 ¥ 0.2 eV. The error in T is estimated to be t 2°c. This confirms

the more accurately determined initial rise value.
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(¢) Johnson's study of the 320°C peak

In 1965 Johnson studied the isothermal decay of the natural TL of a
piece of %imestoné at various temperatures (Johnson, 1965). He found that
the decays, observed for four different temperatures, could be split into
two exponential components and from them he derived two sets of values of

E and s which are given in Table 6.1(a), along with those values of E

obtained in the previous section.

6.5 PREDICTED ELECTRONIC STABILITY

Using the equation

z = p &P - 2

k T k T
m

m

and the fact that Tm = 35200 for B = 5.7OC, s was determined and Table
6.1(b) shows the predicted mean lives at 20°C for Johnson's data and for
the value of E determined by the initial rise method. The table emphasises
the effect of only a 0.04 eV error in the determination - the mean life is
doubled.

The large difference between the initial rise results and the isothermal
decay results of Johnson needs to be explained. Because the BEOOC peak is
common to nearly all limestones it is likely to be due to the same defect
and is therefore likely to have the same trap depth in different limestones.
A more likely source of the discrepancy is the interpretation of the iso-
thermal decay curves Johnson obtained. From his glow curves the peak can
be seen to be composite and the isothermal decay curves show a peak shift
to higher temperatures with longer storagé time. This was found to happen

experimentally in sample 501 m 11 and for this reason I did not use this

method for trap depth determination.



TABLE 6.1

(a) VALUES OF E AND S DETERMINED FOR

THE 320 °C PEAK IN LIMESTONE

Johnson's results obtained from isothermal

decay of natural TL

E/eV s/secei
1.68 2.4 x 1012
1.66 7.3 x 1012

Initial rise method on limestone 501 m 11

1.4 x 1015 sec—1

E=1.94 + .04 eV s

Hoogenstraaten's method

15 -1
sec

E=2.0 1_0.2 eV S 4.5 x 10

(b) MEAN LIVES AT 20 °C CONNECTED

WITH THE ABOVE VALUES OF E

Johnson's data

720 = 200 + 50 x 106 years

Initial rise data

E/ev Tzo/years

9
1.90 22 x 10

9
1.94 50 x 10

9

1.98 113 x 10

v



6.6 DOSE RESPONSE OF THE 320°C PEAK

Having checked the theoretical stability of the 32000 glow peak in
limestone,ethe linearity of the growth response curve was then investigated.
A set of fine grain discs were deposited and their natural TL was removed
by heating to 5OOOC; they were then given P irradiations of between 50 rads .
and 105 rads. The growth curve for the peak is shown on a log-log plot in
Figure 6.5 along with that of the 415OC ordinate, which was found to be non-
linear. The linearify of the 320°C peak up to at least 10° rads and its
long half life make it a very useful peak for dating purposes and it is used
in the following section to date archaeologically fired limestone and to
compare the result with radiocarbon dates of the same archaeological level.

In the course of these experiments it was noted that there was no
shift in peak temperature with increasing dose, i.e. the peak obeys first

order kinetics.

6.7 DATING OF ARCHAEOLOGICALLY FIRED LIMESTONE USING THE 32000 PEAK

A}

Small pieces of limestone, about 3 cm in diameter, were collected
from a Mesolithic occupation site on Portland Bill, Dorset. The site con-
tained two hearths of burnt limestone, parts of which were removed for
archaeomagnetic studies. There was no pottery on the site, but fragments
of charcoal had been recovered for‘radiocarbon dating. A capsule containing
natural CaF2 (MBLE type S) was buried on the site and left for a year enabling
the total environmental dose rate (cosmic + radiogenic) to be determined,
averaging the seasonal fluctuations (Aitken).

The samples 501 b3, 501 m 11 and 501 ml were prepared by scraping off
the ovter 2 mm and crushing gently in a vice. The grains were sieved and
the 8-50 b, 50-150 p and 150-300 K grains were extracted, as well as the

1-8 p fine grains which were deposited on Al discs.
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When 4sing a heating rate of 6°C/second a plateau was obtained between
the 300°C and 375°C ordinates for the fine grain for the sample 501 b3
but the intensity ratio curve dropped above 375°C, Fig. 6.6. This can be
explained %y the non-linearity of the TL above the 37500 ordinate, as was
shown in the growth curve in Fig. 6.5 for the 41500 ordinate, giving rise
to an underestimate of the natural dose.

The method of additional doses (Aitken and Fleming, 1973) was used to
calculate the equivalent dose for the TL at the 320°C peak, Fig. 6.7. The
alpha sensitivity of the peak was obtained by additional alpha doses with

22

a Cm source and the effective k value was thus calculated. Similar

measurements were carried out on the fine grains of two other pieces of

limestone and the results are summarised in Table 6.2.

An estimate of the natural TL of the other grain sizes was obtained
by comparing the natural TL at the 52000 peak with that of a second glow
monitor dose. The ratios of these two measurements are shown in Table 6.3
along with the equivalent doses for the 1-8 micron grains and the 50-150
micron grains; the ratio of the slopes of the lst and 2nd growth curves
for these two samples is also shown.

The results suggest that the fine grains do receive a larger dose rate
than the larger grain sizes and therefore the distribution of radioactivity
is not uniform as might be thought because of the apparent homogeneity of
limegtone. It was therefore decided that the fine grains would be used for
dating.

The uranium and thorium activity was measured by thick source alpha
counting and the potassium content measurgd by flame photometry. The
vranium and thorium activities were assumed constant over archaecological
time as the limestone had been formed about 200 million years ago. Because

limestone has such a low radioactivity the effect of the environmental



TABLE 6.2

TL DATING ANALYSIS OF THREE PIECES OF LIMESTONE FROM PORTLAND BILL

501 b3 501 mi1 501 m1
% K20 * 0.08 < .03 0.53
o counts/ksec
1. background .05 + .05 .02 + .02 .04 + .04
2 immediately sealed
total count 3.19 + .09 1.72 + .06 6.30 + .19
pairs .030 + .008 not significant 0.062 + .019
3. delayed 14 days
total count 3.37 + .13 1.74 + .08 6.32 + .25
TL -data in rads
Equivalent dose 1710 + 100 1100 + 50 3390 + 120
k 0.35 0.25 0.31

eff

internal dose rates in mrad/year

aeff 155 96 276
total B 24 11 73
total ¥ 28 14 N 91

environmental dose rates in mrad/year

dose rate allowing
for attenuation 73 72 77

and internal dose rate

TL Age/years 6780 + 540 7870 + 660 7950 + 810



TABLE 6.3

GRAIN SIZE VARIATION OF EQUIVALENT
DOSE IN LIMESTONE, 501 m11

grain size Natural/ ED by 51/52
/microns 2nd glow B add B/Krad
150 - 300 1.00 + .03 - -
50 - 150 0.97 + .03 0.955 .96
8- 50  0.95 + .03 - -
1 -8 1.55 + .05 1.10 1.27

-

Second glow R dose = 0.90 Krad



dose rate Es far more important than it is in most pottery dating when soil
and pottery often have similar activities. As mentioned earlier 50 mg of
natural f%uorite was buried in a black nylon capsule in a related layer on
site for about a year. The dose rate for this site was found to be

77 + 2 mrad/year, of which 15 mrad/ycar will be due to the cosmic ray flux.
Because the pieces of the limestone are 3 cm in diameter a small correction
was applied for attenuation of the environmental dose; Table 6.2 shows

the correction to be less than 3% even for samples 501 b3 and 501 mll which
have very low self activity. If one considers a sphere of radius r of non-
radiocactive but attenuating medium surrounded by an infinite uniformly
emitting and similarly attenuating medium, then the % Y dose at the centre
of the sphere is e4&r where ¢ 1s the total linear attenuation coefficient.
This function is plotted in Fig. 6.8, where the value of B used is that

for a 1.2 MeV ¥ ray in aluminium; the calculated average attenuation

coefficients for the Y rays of the 258U and 232

Th series are within 1% of
this value (Fleming, 1969) and the density of aluminium is close to that
of both quartz and limestone.

The age of the context was given as

7,170 years BP T 390 * 6Lo
where the two error limits represent the standard error on the average age
and the standard error obtained by including the individual error terms
respectively (Aitken and Alldred). The uncalibrated radiocarbon dates

obtained from charcoal from the same level are

7,150 ¥ 135 BP (BM 473%)

1+

7,101 97 BP (BM 960)
These have been obtained using the Libby half life (5568 years) and ignoring

the long term variation of radiocarbon production. Damon, Long and Wallick
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suggest thét the long term error varies sinusoidally with a peak amplitude
of about 370 years for their data, which only goes back to 6542 BP,
(conventiqpal radiocarbon date using the Libby half life), and with a period
of about 10,000 years. Extending their sine wave back another 600 years
indicates a correction of 500 + 100 years. Combining this term and the
correction due to the revised half life (5730 + 4O years), the corrected
ages in years before 1970 are

7,877 + 178
and 7,827 + 148

The error on the revised radiocarbon age is given as

where t is the conventional age,

*
T

-

is the ratio of the revised half life over the Libby half life,

]
o= ol

. * )
O (T, ) is the error on the conventional age (personal communication,

2
*

M.F. Barbetti). The error quoted is that obtained by combining tl and
the uncertainty in the extrapolation of the sine wave.

. The TL dates for samples 501 mll and 501 ml agree well with the
corrected radiocarbon dates. The mean age was brought down by that for

sample 501 b3 which was about 14% low; there is no immediate explanation

for this.

Only three samples could be dated even though many more were collected.
Some were found to be unburnt and gave a geological equivalent dose;
others were found to have been burnt but had little TL sensitivity. As
the weak response to a laboratory test dose was similar to that of the

unburnt limestone, experiments involving the heating of limestone at 500°C



(i.e. above the aragonite/calcite transition temperature), at 77000 and
1,OOOOC (i.e. above the temperature at which 002 is driven off to leave

quick lime) for 24 hours were carried out, but the 32000 TL peak could

not be induced.

An X-ray diffraction study, using a Guinea camera with Cu K, radiation
was kindly carried out by Dr. Whittaker, Mineralogy Department, Oxford on

two of the dated samples, two burnt but insensitive samples and two unburnt

[y =2

very

small amount of quartz. ©No correlation was found with the TL properties,

samples. All the samples were found to be predominantly calcite with

which could not therefore be attributed to the presence of different minerals.

Minor element analysis by optical emission spectroscopy was carried
out by F. Schweitzer. Manganese and iron were studied because of their
well documented effect on the luminescence of calcite as discussed in
section 6.2. Magnesium was included as it can also replace calcium ions
in the hexagonal calcite lattice (Deer, Howie and Zussman). The results
are given in Table 6.4 and again there is no apparent correlation with
the TL properties.

The most likely explanation is that the sensitive samples originally
came from a different limestone bed to the others and perhaps had a different
geological stress history. These samples emphasise the point that each
carbonate sample must have its TL sensitivity checked individually before
dating can be considered.

The TL dating carried out on the three sensitive samples is the first
application of TL to archaeologically burnt limestone. The agreement with
the radiocarbon dates is considered satisféétory and it gives confirmation

of the laboratory observations that limestone is not subject to abnormal

fading. It is therefore to be expected that themean lives predicted from
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TABLE 6.4

MINOR ELEMENT ANALYSES OF LIMESTONE SAMPLES
IFROM PORTLAND BILL

R 9
Sample Mg O Feﬁ O3 Mn O
burnt, with good TL
501 m11 .670 . 0285 .052
501 b3 . 950 .750 . 058

burnt, with low TL sensitivity
501 b2 .700 . 170 .051
501 b7 1.10 - 1.20 . 094

unburnt, with low TL sensitivity
501 b5 1.07 1.14 .066
501 b6 .910 .470 . 110



the B and s values will be valid and in a later section direct confirmation

of thisis obtained for the 23000 peak.

6.8 DETERMINATION OF THE 230°C PEAK TRAP DEPTH

In Fig.6.2 a small peak can be seen at about 285°C; this peak is
identified as that designated the 23000 peak by Johnson (Johnson, 1965).
In a piece of geologically heated limestone 126 el on which TL analysis
was done, this peak was more prominent, Fig.6.9, and its luminescent
emission, Fig.6.10, was similar to that of th§ 32000 peak in 501 mll
shown in Fig.6.1. ~

(a) The initial rise method

5 mg of the sample was spread on the heater plate, thermally drained of
its natural TL and given a 25 krad P dose. It was then heated to 200°¢C
and held at that temperature for 5 minutes to remove the low temperature
TL. Three of the plots of log I versus T_l obtained from the subséquent
initial rise curves are shown in Fig.6.11. Given that the temperature of
the, peak occurs at 28300 for the heating rate used, the three curves in
the temperature range ZBOOC to 27500 give a trap depth E = 1.52 + .03 eV.

The error bars on the points are the grror in temperature measurement

of + 1°C.

(b) Hoogenstraaten's method

The sample was drained of its natural TL and recpeatedly given a
1 krad B dose which was glowed at different heating rates; a plot of
log B/Tm2 versus T T was thus obtained which give a value of

v

E=1.6 +.] eV, Fig.6.12. The errors indicate an uncertainty of + 2°¢c

in the measurement of Tm.

(¢c) Johnson's study of the 230°C peak

By studying the isothermal decay of the natural TL in the 230°C peak
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Johnson obtained two exponential decays and hence two values of E and s.

These are shown in Table 6.5(a) along with those determined in sections

6.8(a) and 6.8(b).

6.9 PREDICTED ELECTRONIC STABILITY

The mean lives assuming lst order kinetics predicted by the various
values of E and s are given in Table 6.5(b); there is a two orders of
magnitude difference between Johnson's results and those obtained for
limestone 126 el. Table 6.6 gives the variation of mean 1life with

-

temperature.

6.10 JOHNSON'S DATING OF A CONTACT-METAMORPHOSED LIMESTONE

Where a lava dyke has penetrated an older sedimentary limestone,
the TL of the surrounding limestone will have been affected by the loca-
lized heating to an extent depending on the temperature of the magma and
the thermal conductivity of the limestone. Johns<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>