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Improved detection of EPR signals used in quartz dating

W. Jack Rink? and Yuhei Shimoyama¥
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Vector electron paramagnetic resonance spectroscopy has been successfully applied to the quartz phase of granites and
rhyolites. The E’ centre signal has been selectively detected by complete suppression of the OHC signal, thereby
resulting in a well defined isolated spectrum for spin concentration determination. This is achieved by variation of the
phase of the magnetic field modulation, and takes advantage of saturation transfer which occurs during the relaxation

process of the E’ centre.

Introduction

EPR dating (usually referred to as ESR dating) has
found wide application in Quaternary geochronology and
archaeometry (Griin, 1989) and more recently has shown
potential for dating back to the Precambrian using quartz
(Odom et al, 1989). EPR dating of quartz is presently in
a development stage, with efforts underway to date
volcanic, plutonic and hydrothermal crystallization of
quartz as well as to date faults, cementation in sandstone
and ancient heating of flint. The physical basis of EPR
dating has been reviewed by Griin (Griin, 1989).

Two types of radiation-induced defect centres which are
important to dating quartz are the E' centre (Griin, 1989)
and the so called OHC (peroxy radical) centre (Rink and
Odom, 1991). The E' centre signal has primarily been
used in efforts to date faults (Fukuchi et al, 1986; Ikeya
et al, 1982). The E' centre signal, which may be due to
one or more types of similar defects, involves oxygen
vacancies containing unpaired electrons (Yip and
Fowler, 1975; Weil, 1984). In fused silica, two different
types of OHC centres are attributed to trapped holes on
non-bridging peroxy sites (Friebele et al, 1979). Similar
paramagnetic defects apparently occur in crystalline
quartz, evidenced by the similarity of the OHC signals
in fused quartz to certain signals in crystalline quartz.
The precise nature of the OHC centres in quartz is still a
source of controversy (Rink and Odom, 1991).

The E' centre in quartz is usually detected by using a
microwave power level between 0.01 and 0.1 (mW)
(Odom et al, 1989). However, this procedure may only
partially suppress the OHC signal. Complete
suppression of the OHC signal is important to dating
quartz with EPR because in some cases it interferes with
determination of the signal intensity of the E' centre.
The primary aim of this paper is to describe how
improved selective detection of the E' signal can be
achieved by the Vector EPR Method.

The Vector EPR Method has been developed firstly in
the systems of nitroxide radicals in solution
(Shimoyama and Watari, 1986) and later applied to other
paramagnetic species (Shimoyama et al, 1990,Watari et
al, 1989). The non-linear response of electron spins
under saturating conditions is found to be useful,
because it promotes a drastic phase change. This phase
change then allows the detection of a signal component
whose phase shift away from the in-phase position
depends upon the relaxation rate of the electron spins
(Shimoyama and Watari, 1985). o

Experimental Methods

The quartz was separated from the granites using
standard methods described elsewhere (Rink and Odom,
1991), and from the rhyolite using H,;SiFg acid
treatment of the <50 um fraction to remove feldspars.
EPR measurements have been made using a JEOL X-
band spectrometer (RE-1X). All spectra were observed
with the first harmonic absorption mode (first derivative
display), and modulated/demodulated at 100 kHz/100kHz
frequencies. The sample was placed at the centre of the
cylindrical cavity (TE011 mode) in an unsealed fused
quartz sample tube.

The phase of magnetic field modulation was varied over
the entire available 360° range at intervals of 30°. Two
important phase positions of field modulation were
identified in the present study: the null phase (also
termed out-of-phase or quadrature) and the in-phase of
filed modulation. In order to determine these specific
values of field modulation, first the OHC signal was
observed using 10 mW microwave power and arbitrary
phase of field modulation. Then the phase was adjusted
to obtain zero intensity of the OHC signal, which is
defined as the null phase (Shimoyama and Watari,
1989). At the null phase position, only the E' centre
signal was obtained. Then the in-phase value was
obtained by simply adjusting the phase of field
modulation to a position 90° away from the null phase
position.

Results

Figure 1 shows the results of variation between the null
phase and the in-phase of field modulation on the
spectrum of quartz from the Libyan Addaba Mohamed
Salah granite (El-Makhrouf, 1988). fig. 1A shows the
in-phase OHC signal, extending from g = 2.010 to
2.003. In contrast, the spectrum when measured under
null phase conditions (fig. 1B) shows only the E' centre
at g = 2.001. Importantly, note also that the OHC
signal is completely suppressed. Selective detection of
the E’ signal has therefore been achieved. Less complete
suppression of the OHC signal can be achieved using a
microwave power level ca. 0.1 mW or less, as shown in
fig. 1C. Selective detection of the E' centre was also
achieved using quartz from the Overflow Pond Granite
(Dallmeyer et al, 1983) from Newfoundland. Figs. 1D
and 1E show similar results obtained for quartz from the
Castell Grug Intrusive Rhyolite (Fitch, 1967) from
North Wales.
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Figure 1. EPR spectrum of quartz isolated from the Addaba Mohamed Salah granite (A, B, C) and Castell Crug
intrusive rhyolite (D.E) under various experimental conditions. A and D) in-phase spectrum showing OHC signal
between g = 2.010 and 2.003 obtained at 10 mW microwave power. B and E) null phase spectrum showing only E’
centre signal obtained at 10 mW power. C) in-phase spectrum showing E’ signal and OHC signal obtained at 0.1 mW

power. All spectra obtained using 0.2 mT modulation amplitude.
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Figure 2 shows the variation of the peak-to-peak
amplitude of the first harmonic absorption of the E' and
OHC signals as a function of the phase of field
modulation. It is seen in fig. 2B that at 0.05 mW
microwave power, where little saturation is involved,
both the E' and OHC signals behave similarly. This
clearly shows that neither signal can be selectively
detected using this approach. On the other hand, fig, 2A
shows that at 10 mW microwave power, a phase offset
appears, which displaces the E' centre about 90° away
from the OHC signal. Trow at 90° in fig. 2A indicates
the null phase position used to record the spectrum in
fig. 1B, whereas the arrow at 0° indicates the in-phase
position for obtaining the spectra of fig. 1A and 1C.

Discussion

Previous attempts at selective detection of the E' signal
obtained only the type of spectrum shown in fig. 1C, in
which the OHC signal may still be a significant
component of the spectrum. Complete suppression of
the OHC signal yields the E' signal on a flat baseline
(fig. 1B). This is extremely useful when integration of
the E' signal is employed in spin concentration
determinations. E' centre spin concentration determin-
ations are used in the development of a quartz dating
method that involves Schottky-Frenkel radiation defects
(Rink and Odom, 1991; Rink, 1990).

£
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The saturation transfer phenomenon that promotes
signal suppression during quadrature detection can be
induced by two different mechanisms. They are spectral
diffusion and saturation recovery (Shimoyama and
Watari, 1986). Since the quartz system involves only
hindered molecular motion, spectral diffusion is not
expected. Therefore, saturation recovery is mainly
responsible for saturation transfer in the quartz system.
The process of saturation recovery depends upon the
relaxation times of the various paramagnetic species in
the quartz. The saturation transfer due to the saturation
recovery modulates the inherent phase of the resonance
line with respect to the reference wave of field
modulation. The other words, the passage or velocity of
field change associated with 100 kHz field modulation at
certain applied fields detects phase differences due to
different relaxation times of the OHC and E' centres in
the quartz.

It is clear that application of this technique will have
considerable value in selective detection of signals
embedded within complex spectra of other minerals
suitable for EPR dating. This is because microwave
power saturation is often used to remove undesirable
signals in minerals used for dating.
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Figure 2. Variation of normalized peak-to-peak amplitudes of the first harmonic absorption of the E’ (squares) and OHC
(circles) signals versus phase of magnetic field modulation. A) 10 mW microwave power, B) 0.05 mW microwave
power. The arrows indicate the null phase position (dark arrow) and the in-phase position (open arrow) used to obtain

the spectra of figs. 1B and 1A respectively.
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The effect of optical absorption on luminescence dating

A.G. Wintle and G.A.T. Duller

Institute of Earth Studies, University College of Wales, Aberystwyth, SY23 3DB. UK

Introduction

Knowledge of the thermoluminescence emission spectra
of minerals has led to the choice of particular optical
filters when trying to enhance the response of a
particular mineral relative to another. This approach has
been used particularly for fine grained sediments, which
cannot be separated by mineralogical techniques
(Debenham and Walton, 1983). Although emission
spectra for some samples of quartz and feldspar are now
available (Huntley et al, 1988), no parallel studies of the
optical absorption properties of the minerals have been
published. In this paper we discuss the importance of
such properties for luminescence dating studies.

Published absorption data for feldspars

Most absorption spectra result from electronic
transitions relating to the presence of elements such as
iron and manganese in the crystals. These result in
characteristic absorption bands in the visible and near
infrared region and relate to the colour of the crystal
(Rossman, 1988). Electronic transitions between the top
of the valence band and the bottom of the conduction
band will result in absorption in the W, as well as the
production of a luminescence signal as a result of
ionization. Spectral measurements indicate absorption in
the near UV at wavelengths of less than 320 nm.

Hofmeister and Rossman (1983) consider this
absorption to be caused by charge transfer from oxygen
to a cation (probably Fe3+). It is characterized by a very
steeply rising absorption edge. In their review
Hofmeister and Rossman gave several examples of
feldspars exhibiting this response (orthoclase, labradorite
and amazonite). Figure la reproduces their graph of data
from Speit and Lehmann (1976) for a sanidine from the
Eifel area of Germany, where the effect of heating the
crystal results in the shift of the apparent absorption
edge from about 380 nm back to 320 nm. Comparison
of these spectra with the absorption spectra of X-ray
irradiated crystals shows that irradiated grains have an
intense absorption band at about 360 nm.

Effects of absorption in the mear UV

i) Because of the need for quartz optics to observe the
near UV and because of the difficulty in calibrating
the spectrometer response below 350 nm, most
emission spectra are only obtained for wavelengths
greater than 350 nm. For example, Huntley et al
(1988) demonstrated that K feldspar TL is dominated
by emission around 400 nm (fig. Ib). However, it is
possible that the peak at 400 nm is caused by the
effect of absorption on an emission peak further into
the UV. If selective absorption is occurring, then the
relative spectra will differ if the measurements are

made on grains of different sizes; less absorption
will occur for the signal from fine grain samples
than for the <1 mm crushed grains used by Huntley
et al. The spectrum will also be affected by past
radiation or heat treatments.

ii) A more direct effect of optical absorption may be
expected when luminescence dating is carried out
using an optical filter which spans the absorption
edge, e.g. the Schott UGll whose transmission
characteristics are shown in figure Ic. The UGII has
been used alone and in combination with heat
absorbing filters (e.g. Chance-Pilkington HA-3)
which restrict its transmission to wavelengths
greater than 280 nm. For fine grain sediments, no
difference in the EDs obtained using either blue or
UV filters have been reported. However, problems
with apparent underestimation of ED have been
reported when the luminescence of coarse-grained K
feldspars has been observed with a UGII filter
(Balescu et al, 1991; Dijkmans and Wintle, 1991).
Detailed examination of the response of a particular
Danish feldspar by Griin et al (1989) suggested that
a higher ED was obtained when using a
predominantly blue transmitting filter combination
(Corning 7-59 and HA3) and they suggested that this
could be related to a more stable luminescence
signal. More recently Balescu and Lamothe (1991)
demonstrated a consistent difference between EDs
obtained with ultraviolet filters (Schott UGl or
Hoya U340) and with a blue filter (Corning 7-59)
for K feldspars from beach deposits in northwest
Europe. On the other hand, no difference was
observed by the same authors for K feldspars from
southern Italy. The magnitude of the discrepancy in
the ED values was found to be equivalent to that
which would be calculated as being due to the
internal dose rate within K feldspar grains - about
40% for the grains in the above study.

The grains involved in the study were relatively coarse
(150 - 250 or 250 - 300 um) and so if the etched grains
were effectively only emitting UV light from the surface
because of strong absorption, then the ED obtained
would relate to that surface layer. The dose to this layer
due to the internal potassium of the grain will be
smaller than the average to the whole grain.

Comparing the absorption spectrum of natural smoky
sanidine (fig la) and the filter combinations that have
been used in the dating of potassium feldspars (fig Ic) it
is clear that the TL signal observed with the UG11 filter
(with or without a heat-absorbing filter) will be
absorbed within the crystal. Even with the 7-59 filter
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Figure 1. (a) Absorption spectra for smoky sanidine taken from Hofmeister and Rossman (1983); (b) emission spectrum
for potassium feldspar (K3 orthoclase) from Huntley et al (1988); c) transmission characteristics of filters commonly
used in TL dating studies. The vertical dashed line at 400 nm indicates the wavelength below which absorption is likely
to affect luminescence measurements.
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some absorption is likely and this was suggested by the s

results presented by Griin et al (1989). However,
Mejdahl's use of a Corning 5-60 filter (Kolstrup et al,
1990) would result in little absorption of the signal
from 300 pum grains. This is demonstrated by the
agreement between the ages that he obtains for quartz
and feldspar separates from the same sample. ..
Obviously different feldspars will show individual
absorption characteristics and some examples are given
by Hofmeister and Rossman (1983). The absorption
properties of individual feldspar grains used in dating
studies could be studied with a microscope uv-visible
spectrophotometer, but the exact position of the
absorption edge also depends upon crystal orientation. A
simpler solution is to use filters which transmit above
400 nm.
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PI Reviewer's Comments (Helen Rendell) -
The absorption of UV TL emissions by feldspars, as
discussed in this paper, represents at least a partial
explanation of the age underestimates obtained from
large grain potassium feldspars. The dosimetry
implications are likely to be strongly dependent on grain
size. Other explanations of underestimation relating to
long-term signal instability or the methods used for the
calculation of the new internal beta dose distribution
still need to be explored more fully.
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On the selection of dose points for saturating exponential

ESR/TL dose response curves

«

Rainer Griin and Edward J. Rhodes T
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Subdept. of Quaternary Research, Cambridge University, Free School Lane, Cambridge CB2 3RS, UK.

Introduction

During the past few years, it has been suggested that
linear extrapolation of the ESR/TL dose response may
not be an appropriate procedure for determining the
equivalent dose, Dg, when using the additional dose
method (Apers et al., 1981; Berger et al., 1987;
Poljakov and Hiitt, 1990; Griin and Macdonald, 1989).
In this paper we have performed numerical simulations
of exponential dose response curves using random
numbers which are more fashionably called Monte
Carlo simulations. We wanted to investigate the
influence of the applied dose distribution, the precision
of the ESR/TL intensity measurement, and the number
of data points on error in the Dg determination.

Franklin (1986) examined this question of optimization
for linear fitting and concluded that, from a
mathematical point of view, the minimum error in Dg
determination might be attained from repeated
measurements of the lowest and highest dose points.
He suggested that the measurement of a dose point in
the middle may be used to demonstrate linearity of the
dose response. This may be directly applicable to
single exponential fitting, when the dose response is
converted into a straight line by fitting -In(1 - Ylyax)
versus the artificial dose, where 1 is the measured ESR
signal intensity and I,y is the maximum ESR signal
intensity when all traps are filled (Apers et al., 1981).

Barabas (1989) carried out some Monte-Carlo
simulations on saturating exponential functions and
came to the conclusion that at least 12-15
measurements with a maximum gamma irradiation
dose, Dyimax), of 1500 Gy ought to be carried out in
order to achieve an error in Dg determination of about
10% for a Dg of 500 Gy and where the characteristic
saturation dose, Do, (see figure 1) is about 1500 Gy.
However, as far as we are aware, no systematic
numerical simulations have been carried out in order to
determine the influence of the number of measurements
and the placing of the radiation dose steps on the
uncertainty in Dz determination. In many ESR or TL
dating studies, the number of dose points and their
placing seems very random.

Experimental Procedures

The basic assumptions and procedures for our
computational experiments are as follows: the dose
response is described by a single saturation function of
the type: I = Imay {1- exp(- (Dy+ Dg)/Do)} where Dyis
the additional artificial gamma dose and Dy is defined in

iy EY

figure 1. In order to reduce computation time, the data
points were converted into a straight line function by
rearranging the above equation so that we could plot
-In(1 - I/I;max) versus (Dy + DE)/Do. The iteration
process followed the following procedure: after
inserting an initial value for I, ,, into the above
equation, Do and Dy are readily calculated by applying
the method of least squares (LSQ) to the straight line
(sec eg Berger and Huntley, 1986). I, was then
iteratively optimized using the method of least squares
to the original saturating exponential function and the
whole process was repeated until changes in I ;.4 were
smaller than 0.1%. All data points were given the same
precision. Although this straight line conversion may
not always give the best fit when compared to a three
parameter optimizing procedure (see Griin and
Macdonald, 1989), the differences of the calculated
values compared to the latter approach (where 1,4, Do,
and D are optimized at the same time) are usually
smaller than 1% for all determined parameters. We used
a random number generator to create a Gaussian
distribution with a preset precision around a given
mean value. The model assumes that the uncertainty in
the dose can be neglected (see also Berger and Huntley,
1986; Berger et al., 1987).

Our calculations are based on a typical experimental
ESR dose response curve of the paramagnetic centre at
g=2.0018 of tooth enamel with Do = 3333 Gy. Since
the results are generally valid for any I;,,x value and
Dg/Dy ratio, we also give the latter value.

Three basic different dose distributions were
investigated:

model 1: even dose spacing, (¢.2.0,2,4,6,8 ... );

model 2: doubling of an initial dose step (e.g. 0, 1, 2,
4,8....)

model 3: exponential dose distributions
[Dy = 10 {exp(bN) - 1} ], where b is a
constant (in the range 0.1 to 0.9) and N
ranges from 0 to 9.

We have performed our simulations for various preset
D values of 10, 50, 100, 500, 1000 and 5000 Gy
(which correspond to De/Do ratios of 0.003, 0.015,
0.03, 0.15, 0.3 and 1.5, respectively). The basic
computational procedure was as follows: first a
saturating exponential function was defined by
selecting preset values for Do and I« followed by the
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Figure 1. The dose response curve that was used in the computer simulation. I: measured ESR/TL intensity; Ipay:
maximum intensity when all traps are filled; Do: characteristic saturation dose.

selection of the preset Dg and the number of different
dose points. Then, the precision of the intensity
measurements was defined and a dose distribution
model with a particular Dy,,; value was chosen. The
random number generator then produced successively
1000 sets of ESR/TL intensity values within the preset
precision. These sets were used to determine 1000 Dg
values.

We have checked the mean and the standard deviation of
the randomly produced intensities and observed that the
mean of the generated intensities differed less than
0.1% from the intensity values of the defined function,
and the standard deviation showed variations in the
range of 5% from the preset value. The computations
were carried out on a computer with a 25 MHz 80486
CPU. The program was written in Microsoft Quick
Basic.

Results v P

Effect of the maximum irradiation dose, D ymay).

In the first experiment, the precision (lo - standard
deviation) of each ESR/TL intensity is 2% (which is
probably smaller than in most routine dating analyses)
and 10 data points per dose response curve were used
(most ESR dating results are based on fewer points).

Figures 2a and 2b show the standard deviation (s.d.) in
the determination of DE, and the systematic deviation
of the computed mean Dg value from the preset DE.
The exponential dose step models 2 and 3 result in
smaller errors than the even dose distribution (model
1). Additionally, the minimum error for models 2 and 3
is far less dependent on the applied maximum dose,
Dy(max), than model 1.

" In the Dg range from 10 to 1000 Gy (0.003 to 0.3 Do),

the optimum Dy,x) value for model 1 is about 4 to 6
times DEg, whereas the optimum Dy(yax) value for
models 2 and 3 is about 10 times Dg. For the optimum
Dy(max), the s.d. of the Dg determination is in the 5-7%
range. Above 1000 Gy (0.3Dyg), the calculated error
becomes more critically dependent on the selection of
Dy(max) and an Dg determination of 1.5 Do has a s.d. in
the range of at least 25%. This error rapidly increases
with a change in Dymax). Figure 2b seems to imply
that Doymax) should not exceed about 3 times Do when
Dk 2 Do.

In the Dg range 10 to 100 Gy (0.003 to 0.03 Do), a
low Dy(mex) value seems to lead to a systematic
underestimation in Dg. However, if Dymax) > 5 times
Dg, this underestimation is less than 3%. In the Dg
range of 500 to 1000 Gy (0.15 to 0.3 Dg), high
Dymax) values lead to systematic overestimation of DE.
Again, if Dy(max) is 10 times Dg or smaller, the
overestimation is below 3%. Dg estimations in the
5000 Gy (1.5 Do) range seem to be associated with
severe overestimation (>15%).

The determination of I,y is also strongly dependent on
the choice of Dymax): @ close approximation to the
preset values of I, and Do is possible only when
Dy(max) is in the range of Do. However, the correct
estimation of I,,x and Do do not necessarily influence
the precision and accuracy of the Dg determination. The
Dk determinations with the smallest uncertainties in the
low dose range (10 to 100 Gy or 0.003 to 0.03 Dg)
may be associated with errors of many hundred percent
in the determination of Iy, and Do.
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10, 50 and 100 Gy (0.003, 0.015 and 0.03 D), and a precision in ESR/TL intensity of 2%. Dose spacing according
model 1 (circles), model 2 (triangles) and model 3 (squares).
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Figure 3. Standard deviation, s.d., (left) and systematic deviations (right) in Dg determination for D (max) = 0.9 DEt

using model 1. X-axis: preset DE.
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Some publications (for examples see the Proceedings
of the TL/ESR seminars in Quaternary Science
Reviews vol. 7 (1988) or Nuclear Tracks and Radiation
Measurements vols 10(1985), 14(1988) and 18(1991))
show dose response curves where Dymax) i smaller
than the determined Dxg value. Figure 3 shows the errors
that are involved in these cases (10 dose points). This
selection causes a s.d. in Dg of at least 10% (with the
same conditions as for the above simulation). Both the
s.d. and the systematic deviation in D determination
increase rapidly with lower precision of the data points
(see also figures 4 and 5).

Effect of the precision of the ESRITL intensity.
Figure 4 shows the Dy estimations for different
precisions of the generated ESR/TL intensities (10 dose
points, model 1, Dymax) selected to produce minimum
errors in Dg). For the s.d. in Dg to be smaller than
10%, the precision of the measured ESR/TL intensities
must be better than 5% (in the Dg range of 10 to 1000
Gy [0.003 to 0.3 Do]). A precision of 1% still causes a
s.d. of > 10% for an Dg determination of 5000 Gy (1.5
Do). Simulations with precisions of 5% and less are
also associated with large systematic underestimations
(10 to 100 Gy [0.003 to 0.03 Do]) and over-
estimations (>500 Gy [0.15 Dg]).

Effect of the number of dose points.
Figure 5 shows that the error in the Dg determination
cannot be significantly improved by additional
measurements within the same dose range. In all cases,
an Dy determination from 10 dose points with a 1%
precision has a smaller s.d. and a smaller systematic
deviation in Dg than from 40 dose points with a 2%
precision. In the Dg range of 10 to 1000 Gy (0.003 to
0.3 Do), Dg estimations based on 4 different dose
points with a precision of 1% lead to better results than
D¢ estimations derived from 40 different dose points
with a precision of 2%. This result parallels for
exponential fitting the predictions of Franklin {1986)
for linear fitting. It therefore seems advisable to put
any spare energy into decreasing the uncertainty of the
measured ESR/TL intensities (see also Berger and
Huntley, 1989).

R
Discussion
Our simulation shows that significant deviations in Dy
determination occur only at relatively small
DymaxyDe ratios (<3-5) where all dose points are
relatively closely spaced or when the ESR/TL
intensities have low precision and are dependent on the
computational procedures that we have selected for our
calculations: the largest possible Dg for a given data set
is determined by a linear function (i.e. Iy,x approaches
infinity). While this determines the maximum possible
Dg, there is basically no restriction for the
determination of the minimum possible Dg and the
resulting Dy values do not show a Gaussian
distribution around the mean value. As soon as the
curvature of the dose response curve is strong enough
that no fitting effectively results in a straight line, the
D¢ distribution becomes symmetrical.

Ancient TL, vol. 9 No. 3 1991

Since an exponential distribution of dose steps is less
affected by the correct selection of Dymax) and leads to
slightly smaller errors in Dy than equally spaced dose
distribution, it seems to be optimal to select a suitable
maximum irradiation dose and to use an exponential
distribution of the dose points (models 2 and 3). Our
simulations show that any effort in minimizing the
error in the Dg determination ought to go into
minimizing the deviation of the ESR/TL measurement
by repeated measurements at one dose, rather than
measuring additional dose points. Figure 5 implies that
4 dose points with a 1% precision in the ESR/TL
intensity lead to better results than 40 different dose
points with 2% precision (the former can be achieved
by measuring 4 different dose points with 4 aliquots
with 2% precision resulting in a 1% standard error of
the mean). However, we do not generally recommend
the measurement of three or four additional dose steps
only, because it will not allow the recognition of
systematic deviations from the assumed mathematical
model of the dose response curve. Additionally, see
Berger's comments for restrictions in TL..

Our simulations suggest that in order to assess the
errors that are involved in the Dg estimation, it is
necessary t estimate the precision of a routine
ESR/TL measurement (see also Berger and Huntley
1989). This precision may vary strongly from mineral
to mineral and is generally larger in TL than in ESR
(partly because the latter technique can measure much
larger samples). Berger and Huntley (1986, 1989) and
Berger et al (1987) point out that the intrinsic error of a
TL measurement is not known. Little is known about
the intrinsic error of an ESR measurement; repeated
measurements of ESR intensities of speleothems varied
between 2-5% (Griin, 1985), the reproducibility of the
measurement of the OHC and E' centres in quartz are in
the range of 1.5% (Rhodes, unpublished data) and the
precision of ESR measurements in mollusc shells was
assumed to be in the range of 3% (Barabas, 1989).

One way of estimating the precision of intensity
measurements of a particular material is to calculate the
scatter of the data points around the regression line for
a large number of similar samples. ESR measurements
of tooth enamel lie normally within less than 1%
around the exponential regression line (using both
equal weights and weights inverse proportional to the
square of the intensity) and ESR measurements of
corals lie in the range of 1 to 2% around the regression
line (Griin, unpublished data).

We wish to emphasize that the reported results are valid
only if the ESR/TL dose response curve is precisely
described by a single saturation function. In cases
where this assumption is violated, for example by
supralinearity, the occurrence of several overlaying
saturation functions (Katzenberger and Willems, 1988),
trap production (Griin, 1990; Berger, 1990), or
occurrence of a "dose pit" (see Shlukov and
Shakhovets, 1987; Griin, 1991), all errors and
deviations that result from applying an incorrect
mathematical function are much larger.

- ‘ﬁ P

.

“ G b R

'
Copd



Ancient TL, vol. 9 No. 3 1991 45
S [sd(I)=2%:N:o4 o N T e )
; 40 237 a1l ;40'

. tal o e20 0B °
YA,
ls.ar.{I) = 1%;N: *4 a T
20 w0 4 20{ R g
M 9 & =
i ) ’
10+ ' O------u- -8-2- -
° . a ;;;?;
p b2} a o ’ é e
[u] a J
o o 9o °
@ § L8
O———— ———— ) -10+— —————
10 100 1000 (Gy) Le 10 100 1000 (Gy)
00! 01 T Ok 7Dy ao1r a1 1

Figure 5. Standard deviation, s.d., (left) and systematic deviations (right) in D determination for different number of
data points, N, and optimum D, (max) according Figure 2 using dose spacing model 1. X-axis: preset DE.

Initial simulations using weights of the ESR/TL
intensity that are proportional to the ESR/TL intensity
(as suggested by Berger and Huntley, 1989) show that
the results reported above are qualitatively correct,
however, this approach leads to smaller overall errors.
These results will be reported in a forthcoming paper.

Conclusion

The size of the Dy error in our simulation is critically
dependent on the precision of the measured ESR/TL
intensity. Additionally, the uncertainty in the Dg
estimation is dependent on the selected Dy(max) and the
dose step distribution. This suggests that the samples
should be monitored before irradiation in order to
estimate the approximate Dg. Additional effort should
go into increasing the precision of the data points.
Measurements of less than 7 dose points can be
recommended only if the dose response curve is known
to follow a single saturation function.

The curve fitting procedure used in this paper is
routinely applied in our laboratory; however, without
further systematic simulations, the results cannot
directly be generalized for other fitting procedures (e.g.
using different weighting of the data points: see Berger
and Huntley, 1986 and 1989; Berger et al., 1987) and
methods of error assessment.
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PR Reviewer's Comment (Glenn Berger)

This is a welcome addition to the published discussions
on error analysis in TL/ESR dating studies. Monte
Carlo simulations can provide powerful discrimination
among the effects of the various inputs (assumptions
and parameters) to regression and error models.
Hopefully, such simulations will continue to be carried
out in this area. However, as the authors point out,
there are limitations to the conclusions one can draw
from this first such detailed simulations in TL/ESR
studies.

The assumption of egqual weights to all data points
(rather than weighting by inverse variance such as in
Berger et al.,, 1987) may invalidate the author's
conclusion for situations where the extrapolation from
the range of artificial doses is relatively large (e.g.,
De/Dg > 0.1 here, or relative extrapolations of >40%
in the terminology of Berger et al., 1987). It would be
instructive to test this possible invalidation by
simulations with models that use unequal weighting.

The authors' results also re-emphasize the importance
of acquiring a firmer knowledge of the "intrinsic"”
variance or precision in each measurement of TL/ESR
intensity. As discussed elsewhere (Berger et al., 1987;
Berger and Huntley, 1989), there may be serious
difficulties with attempting to measure reliably this
variance for TL signals. However, it seems likely that
the intrinsic variance of ESR signals can be measured
reliably, though different values may be needed for
each type of material. In this context ESR has an
advantage over TL because signal intensities can be
replicated on the same subsample, thus factoring out
the disc-to-disc and related effects associated with
replication of TL signals. Therefore, if reliable
estimates of intrinsic variance in ESR signals can be
obtained, then it would be straightforward to apply a
Chi-squared goodness-of-fit test routinely to ESR
growth curve data, and thereby provide an objective
criterion for the recognition of spurious (outlier) data
points (see e.g., Brooks et al., 1972). Of course,
application of such a test depends for its validity on our
confidence in the particular regression model that we
choose (e.g., Berger 1990).

There is a further point to note. Although the authors
qualify their results as applicable only to their curve-
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fitting procedure, their discussion of the effects of the
number of dose points (second paragraph in

Discussion) could be misinterpreted as relevant to other

"procedures” (error models), which it is not. That is,
their model shows that increasing the number of data
points at one dose point has a greater effect than if the
same increase were distributed among several dose
points. In contrast, equations 4 and 10 of Berger et al.
(1987) show that with that error model (constant
percent error, weighting inversely proportional to
variance) the error in Dg can be reduced by any increase
in the number of data points, without regard to how
these data points are distributed among the chosen dose
points, or whether new dose points are added. Of
course, the low-dose (low TL intensity) data points
have greater weight in this error reduction. The
distinction of this behaviour from that of the authors'
procedure may lie in their operational definition of
precision. These comments are meant to draw further
attention to the continued need for comparison of
different error analysis models using common data sets
(eg Berger and Huntley, 1989).

The above additional comments thus re-emphasize the
importance of "model awareness" when interpreting
computed regression errors, and the importance of
acquiring a firmer knowledge of “intrinsic" TL/ESR
errors, as discussed above.

Brooks, C., Hart, SR. and Wendt, I. (1972) Realistic
use of two-error regression trestments as applied
to rubidium-strontium data. Rev. Geophys.
Space Phys. 10, 5510577.
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Introduction RN R

The very nature of optically stimulated luminescence
(OSL) ensures that samples are liable to bleaching by
even short exposure to laboratory illumination during
preparation. The results are reported here of tests on
quartz and feldspar samples exposed to 1200 mm long
40 W fluorescent tubes at a distance of 1 m, Three
colours of fluorescent light were investigated, red which
has a long history of use in the preparation of samples
for thermoluminescence measurement, gold which was
the subject of a recent report in relation to
thermoluminescence (Galloway and Napier, 1991) and
white which served to indicate the extent of any benefit
from the use of coloured light. The red tube emits a
continuous distribution of wavelengths from 600-800
nm peaked at 640 nm and provides 20 mW m-2 at a
distance of 1 m, the gold tube emits a continuous
distribution of wavelengths from 510-750 nm peaked at
580 nm and provides 100 mW m-2 at a distance of 1 m,
while the white tube emits over the wavelength range
310-720 nm with emission lines particularly noticeable
at 610, 550, 440, 405 and 360 nm and provides 500
mW m-2, Thorn EMI Lighting (1987). Fine grain
samples of quartz were prepared from 'acid washed sand'
(BDH Ltd., Broom Road, Poole BH12 4NN, England)
and fine grain felspar samples from Norwegian
microcline material. They were drained of natural
luminescence either by heating to 500 °C or by
exposure in a SOL-2 solar simulator for 30 minutes.
Each sample was exposed to a 99Sr/90Y beta source to
provide a radiation dose of 240 Gy and then pre-heated at
200 °C for 60 s to empty thermally unstable traps. An
OSL measurement of 1s duration (which released less
than 1% of the latent signal) was made on each sample
for normalisation prior to exposure of the sample to
light. Similarly normalised samples were measured
without light exposure for reference before each sequence
of exposures while samples were stored in the dark for
the duration of the sequence and measured subsequently
to ensure that no fading occurred which was unrelated to
light exposure.

For the infra red stimulated luminescence of feldspar the
LED system described by Galloway (1991) was used,
providing an estimated S0 mW cm-2 at the sample and
with luminescence detection being by EMI 9635QA
photomultiplier preceded by 2 mm Schott BG 39,4 mm
Corning 7-59 and 4 mm Chance HA3 filters, providing
a transmittance peak around 370 nm. For the green light
stimulated luminescence of both quartz and feldspar a
similar arrangement was used but of green LEDs, type
TLMP 7513 manufactured by III-V, with a maximum in
their emission spectrum at 565 nm and providing about
0.2 mW cm-2 at the sample. In this case the filters used
were Schott 0.5 mm BG39, 4 mm UG 11, Comning 4

et
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mm 7-59, 4 mm 7-60 and Chance 4 mm HA3 which
provided a sharper transmittance peak at 360 nm,

Quartz

Preliminary measurements with the green LED system
on quartz samples showed that the samples zeroed by
heating to 500 °C had a much greater sensitivity to the
beta dose than the samples zeroed in the solar
stimulator, table 1. Because of this substantial difference
in behaviour bleaching tests were carried out on samples
zeroed in both ways. The percentage reduction in OSL
intensity is plotted against duration of light exposure in
fig.1 which however shows no distinction between
method of zeroing despite the difference in sensitivity.
Fig. 1 does show that there is a marked dependence of
rate bleaching on the colour of the light even when
allowance is made for the different intensities from the
three colours of fluorescent tube used, as noted above.
That comparison of the red and gold light data indicates
greater bleaching for a given energy absorbed by the
sample as the wavelength is reduced suggests that the
short wavelength components in the white light are
responsible for its rapid bleaching. The reduction in
bleaching effect with increasing wavelength in fig. 1 is
similar to the wavelength dependence of the bleaching of
the 325 °C thermoluminescence peak in quartz reported
by Spooner et al. (1988).

Feldspar x

The sensitivity of the feldspar samples as measured with
the green LEDs was less dependent on the method of
zeroing than in the case of quartz, table 1, the heated
feldspar being only about 30% more sensitive than the
optically zeroed feldspar. Nevertheless for completeness
bleaching tests were carried out on samples zeroed in
both ways, with the results displayed in fig. 2. As was
the case with quartz, the rate of bleaching is not
significantly dependent on the method of zeroing.
However in marked contrast to the quartz results the
energy required form the bleaching light to produce a
particular reduction in OSL intensity is not significantly
dependent on the colour of the light.

Similar measurements were made on the bleaching of
the infra red stimulated luminescence of feldspar
samples, fig. 3. In this case the material zeroed by
heating showed about 40% greater sensitivity than the
optically zeroed material although again the method of
zeroing did not influence the rate of bleaching. As with
the green OSL, the degree of bleaching is not obviously
dependent on the colour of the bleaching light but only
on the energy absorbed. Indeed the dependence of degree
of bleaching on energy from the fluorescent light is
essentially the same in figs. 2 and 3, i.e. for both green
and infra red stimulated luminescence from feldspar.
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Table 1.
Relative OSL intensity for samples of comparable mass and given the same beta dose (240 Gy) and pre-heat (60s at
200°C).

sample quartz feldspar feldspar quartz
zeroing SOL-2 SOL-2 500 °C 500 °C
rel.int. 1 29 37 77
Table 2.
Best estimate from the data of the energy per unit area and exposure times for a 1 % reduction in OSL intensity. The
exposure times refer to a 40 W 1200 mm fluorescent tube at a distance of 1 m from the sample. . .
am iy im
93
Green LEDs Infrared LEDs ' A
fluorescent light colour ~ quartz feldspar feldspar
Jm-2 Jm-2 JTm-2 3,
3
red 350 SHrs 7  6min 10 8 min 3
gold 60 10 min 7 1 min 10 2 min iﬁ?
white 5 10s 7 15s 10 20s
st} %v
RS H . - U s G R L R .
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of exposure). The corresponding duration of exposure to white, red and gold fluorescent tubes (40 W 1200 mm long) at
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Figure 2. Data on the bleaching of feldspar luminescence stimulated by green LEDs in the same format as figure 1.
Squares refer to white light, triangles to red light and circles to gold light, solid symbols to samples zeroed by heating
to 500°C and open symbols to samples optically zeroed.
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per unit area delivered by the fluorescent tubes to the sample (upper axis, based on the manufacturer’s data and duration
' previous figures. g
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colluvial sediments after different bleaching procedures
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In a luminescence study of colluvial sediment samples we compared the Equivalent Doses (EDs) obtained by infrared
stimulated luminescence (IRSL) and by thermoluminescence (TL) on the identical sample discs. For the youngest
sample the IRSL ED was considerably smaller than the ED obtained by TL, thus demonstrating the advantage of this
methodology. For the older samples there was a similar overestimation (about 60 Gy) of the ED by TL.

During this study the sensitivity of the IRSL signal was observed after bleaching with a solar simulator and with
infrared radiation. The experiments suggested that the sensitivity change is related to the degree of sunlight exposure

prior to deposition.

Introduction

In optical dating methods the stimulated luminescence
signals are bleached quickly by sunlight (Huntley et al.,
1985). It has been suggested that these methods can be
used to date materials which have not received prolonged
sunlight exposure prior to deposition. For such
materials optical dating methods might be expected to
have a considerable advantage over TL methods where
the residual signal must be considered. In this study we
set out to demonstrate this advantage by looking at
colluvial deposits from Natal, South Africa (Botha et al.
1990). These sheet wash deposits lie on a low slope and
transport distances from source are of the order of 1 km.
Previous TL results indicate zeroing problems (Wintle
et al. 1992).

Considerable thought has been given to the possibility
of TL sensitivity changes induced in the laboratory by
artificial light sources and experiments have been carried
out using such light sources and sunlight (Wintle
1985). A sensitivity increase has also been reported for
the optically stimulated luminescence (OSL) signal
from quartz when measured with an argon ion laser
(Rhodes, 1990; Smith et al., 1990). Such sensitivity
changes would result in incorrect EDs being obtained
when using the regeneration method for TL or OSL.

In this paper we examine the implications of sensitivity
changes resulting from different illumination histories.
The results of IRSL measurements on colluvial deposits
after different laboratory light exposures are used to draw
conclusions about the effects of the natural light
exposure on subsequent ED determinations.

Samples and experimental details

Four colluvial samples (AF-1, AF-2, AF-3 and AF4)
were collected from the St.Paul section at Nqutu, Kwa
Zulu, South Africa. Fine grains 4-11 pm were deposited
on Al discs using routine preparation methods and were
split into four groups for ED determination by additive
dose and regeneration methods. Different bleaching
treatments were applied to three of the groups prior to
using the regeneration method to obtain the ED (a)
infrared bleaching for 1600 seconds by the Risg IR/TL
system (Bgtter-Jensen et al. 1991). The infrared power at
the disc is about 40 mW cm2, (b) bleaching for 1600

b

seconds by a Honle SOL2 solar simulator. (c) bleaching
for 15 hours by the Honle SOL2. After each bleaching
treatment, the IRSL had been reduced to a negligible
level, close to the background level measured for a blank
disc.

Irradiation was performed with a Daybreak irradiator. To
remove the unstable component in the IRSL signal,
preheating for 16 hours at 140 °C was performed for all
discs and there was at least 24 hours delay after
irradiation and after preheating. The IRSL measurements
were carried out using an infrared LED array mounted
above a Daybreak TL oven. The LEDs were TEMT 484
and the power on the sample disc was about
20 mW cm2 for a current of 20 mA. The IR
wavelength (880 + 80 nm) used for stimulation was the
same as that used for the IR bleaching in the Risg
IR/TL system. The only optical filter in front of the
EMI 9635QB photo-multiplier tube was a 2 mm thick
Schott BG 39. The data was taken with an Ortec ACE-
MCS card. An integrated photon count for 0.1 seconds
(within a 0.12 second exposure) was used, which gives a
negligible reduction of the TL signal after each
measurement. Subsequent TL measurements were carried
out in the Riso reader with two optical filters, one
Corning 7-59 and one HAS3, in front of the EMI
9635QB photomultiplier tube. The heating rate was
5°C s up to 450 °C.

Growth curves were constructed for both regeneration
and additive dose methods. Because the IRSL response
was not linear for the three older samples, an
exponential curve fitting programme developed for TL
growth curves (Smith, 1983) was used.

Results

Typical IRSL growth curves obtained after the different
bleaching procedures are shown in fig ure 1a. Each data
point represents the mean of 4 measurements. The
initial slope (X,) of the growth curve represents the
sensitivity of IRSL after bleaching, and was calculated
with the parameters from the fitting curves. For

IRSL =k - aexp(-bD)
D is the dose. k, a and b are the fitting parameters.
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The initial slopes were given by
X, =ab exp(-bED) and X, = ab (ED=0)

for the additive dose method and the regeneration method
respectively. The results are summarised in fig ure 2a in
which the sensitivity for the additive dose method is
plotted against the sensitivity after bleaching for the
three different treatments.

o e

. . d R
Discussion :

The sensitivity of the IRSL signal for the 3 oldest
samples decreases with bleaching time when using the
SOL2 solar simulator. A short bleach (1600 s) with IR
gives a higher sensitivity than for either SOL2 bleach

e - N H -

EE &

f‘igure 1. Growth curves for sample AF-1. a) Regeneration after exposure to IR and SOL2. b) additive dose and

(figs. 1a and 2a). Significantly different EDs for the
regeneration method were thus obtained using these
-~ bleaching procedures (table 1 and fig. 2b). In each case
the IRSL was bleached to a negligible level before
regeneration, and hence the ED differences cannot be
explained by the presence of different residual levels.

A comparison of the regenerated IRSL. ED values with
those given by the additive dose method for the
remaining group of discs suggests that only the ED
determined after IR bleaching is apparently similar to
the additive dose ED for all four samples (fig. 2b; table
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Figure 2. a) Sensitivity of initial IRSL signal measured after bleaching versus the initial sensitivity as obtained by
extrapolation for the additive growth data sets. b) IRSL EDs obtained by the regeneration method using different
bleachings versus that obtained by the additive dose method for 4 colluvial sediments. The line has a slope of 1.

Table 1. Equivalent dose given by IRSL and TL methods

samples

method AF-4 AF-3 AF-2 AF-1
ADD.Dose IRSL ED 301 233+10 248+21 240 + 22

TL ED 90+3 264 +15 319 +14 424 + 53
Regen. IRSL ED 23+3 212+ 6 243 + 23 238 + 23
(IR bleach)
Regen. IRSL ED - 245+14 297+ 25 277+ 23
(SOL2 1600s) TL ED - 218+ 3 291 £ 36 295 + 30
Regen. IRSL ED 35+4 293+11 371+32 328 +23
(SOL2 1600s) TL ED 104 £ 1 342+20 453 +53 451 42

Note. TL residual after 15 hours SOL2 bleaching was used in the ED calculation of the additive dose method.
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The ED values given by routine TL. measurement were
higher than those given by any of the IRSL
measurements (table 1). This difference is most clearly
demonstrated for the youngest sample AF-4, for which
the TL ED was 3 times larger than the IRSL ED. The
age derived from the IRSL additive dose ED
(5.2 £ 0.3 ka) still gives an overestimate when
compared with the 14C date (1.5 ka) from an underlying
soil horizon. In spite of this discrepancy the IRSL
method is more appropriate for these colluvial samples
than TL.

Previous studies on aeolian sediments suggest that the
sensitivity of TL signals (Wintle 1985; Rendell and
Townsend, 1988) and OSL signals (Smith et al., 1990)
changes after laboratory bleaching, with the sensitivity
increase being negligible for young samples but
significant for old samples (Zhou and Wintle, 1989).
These findings contrast with those observed in this
study since the IRSL sensitivity decreased rather than
increased after bleaching with the SOL2. Not only was
this decrease in sensitivity found in older samples, but
also in the young sample AF-4. The general difference
between aeolian and colluvial sediments is the degree of
sunlight exposure prior to deposition. Given the results
of the above bleaching experiments, it is possible that
the nature of the exposure before deposition could alter
the post-depositional IRSL sensitivity of the sample.

Conclusions

The choice of bleaching time and wavelengths to reduce
the IRSL signal to a negligible level affects the
subsequent response to laboratory dose. This would lead
to significantly different EDs being obtained.
Comparison of the additive dose ED and EDs obtained
by regeneration, suggests that IR bleaching should be
used for methods using the regeneration concept,
including a single disc approach. That laboratory light
exposures can affect IRSL sensitivity suggests that the
extent of light exposure prior to incorporation in a
sediment deposit will have an effect on subsequent ED
determinations. This is confirmed by measurements
which show that the decrease in sensitivity of the IRSL
signal after SOL2 bleaching found for colluvial samples
is not found for loess (Li and Wintle, in preparation).
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Notices

°Change of address Yy
From January 1992, Dr. Rainer Griin's address will be: ., A

Radiocarbon Research Unit

Australian National University

GPO Box 4 e d
Canberra 2601

Australia.

ok et Y o Y
° Photomultiplier tubes
Nigel Spooner has written to Ancient TL on behalf of the Research Laboratory for Archaeology, Oxford, regarding the
availability of photomultiplier tubes surplus to their requirements. The available quantities and types are:

1, EMI 6255; 1, EMI 9594 QB; 2, EMI 6256

The only charge payable is for postage of the PMT. Interested laboratories should write to Nigel Spooner at:
The Research Laboratory for Archaeology, 6 Keble Road Oxford OX1 3QJ.
tel. 0865 -515211 Fax. 0865-273932.

W

°Conferences

REMINDER i

10th Solid State Dosimetry Conference
Georgetown University Conference Centre, Washington D.C., July 13-17 1992
Those requiring details of the conference should contact without delay: i
Dr SWS McKeever
Department of Physics
. . Oklahoma State University
b A Stillwater
OK 74078, USA 5
tel. USA-405-744-5802 H
fax. USA-405-744-7673 ‘ '

(The deadline for abstracts was 15 November.)
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Section A, TL Measurements

1. min.([mineral ]) tech.( [techniquel; [grain size range, gsr ] um)

Data tabulated for each sample: R T ; .
2. P=[value] +se. Gy 2a. I/P = [value] 3. Slopes [2nd/1st: [value] + se. ]

4. [Type of plateau ] Plateau [ £ [value] %; [T;-T,1]
4a. Peak [ @ [value] °C ; [heating ratel®fs; [pre-heat details if applicable] ]
Stability[ [interval, Ty - T7 1; [period ]; [storage T °C 1; [result ; [value] * [valuel%] ]
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a value = [value] orb value = [value] % A 5 .
Section B. Dose-rate Measurements
Data tabulated for each sample:
1. Total Effective Dose-rate = [value] * s.e. mGy/a [ a = [value]% [method ];
B = [valuel% [method 1; Y= [value] % [method 1; cos(mic) = [value] % [method ] ]
2. Radon [ % [value 1 % [method 1]
3. Water [ Sample ( [value] £ s.e. %); (Burial) Environment ( [value] £ s.e. %) ] —
"h“hi’—ig
Section C. Error [ [Procedure : eA76 or specify other] ]
. . . . b1 o
Section D. TL Age Special Remarks: [Details of entries
with * or any other additional information]
Data tabulated for each sample:
TL Age[ + [random error 1; + [overall accuracy ] ]
isaxV]
=z 3 '
i- st UH :
KEY TO ABBREVIATIONS i
S psimae )t Teag e OV
STANDARD METHODS/TECHNIQUES/PROCEDURES
i Inclusion pd Pre-dose aPlat  Age plateau
fg Fine-grain Lo MA Multiple activation dPlat  Dose plateau
mmi  Multi-mineral ADD Additive dose proc. s Plat  TL Signal plateau
e T YRRCI AR o Sensitivity baseline
a-c Alpha counting FPh Flame Photometry TLD TL dosimetry
AAS Atomic absorption NAA Neutron Activation Analysis XRF X-ray fluorescence
B-c Beta counting PXE PIXIE
CAP Capsule SPEC Spectrometer (SpEC = portable)
Non-standard AutoR  Auto regeneration PTTL Photo-transferred TL

MINERALS & ETC.

cal Calcite Nf Sodium feldspar * Other
ft Flint P Polymineral - Not applicable
f Feldspar q Quartz e Equivalent to
Af Unsep. alkali feldspar z Zircon (used as prefix)
Kf Potassium feldspar por Porcelain a Year

Terms: I, P, a,b, A, SN, So, TAC:  as defined in the literature.

B&C-EEV0 AR pid ol OV ik 100§ aigh el
Copyright © 1991 Ancient TL Date List ISSN 0735-1348
Date List entries may be reproduced on the understanding that the source is acknowledged




e

pedpajmowpoe st 9amos oy 18 3

H ¥

oyl uo p

P

dox aq Aews sawqus 1517 e

e et s,

ko it x

padpormotpoe 1 221n0s a1 18Yy; Buipuwisiopun a3 uo peonpoidoar aq Aew salnuw 15T 2B
SYEI-GELO NSSI 1817 9mQ  nowapddng 7 marouy 1661 @ Wiukdop

. L 44t

[ 8YET-SEL0 NSSI IS1T 918 swawapddng I matouy 1661 @ wduddop
e $h
- - x.rltrll\.u
’ P& E v _
R 8L0 - 886 119897
! 0€'0 - or1'¢ $9892
8L°0 - $9°8 4897
. 0£°0 - or'¢ €989
e oot ¢ oo ey ot o - ] 0£0 - 08T 79897
ey L3 | ey KL
e o - 1184240 wopusy | a8y 1| 9dwmeg
H st04ag
§ L g .
. ! I Y 1L ‘A uondRg
w i
[,
S [9Ly3 ] J0aag D uonIy
Jdds 0ads 0ads  ydd
>0 >0 -0 PoIa
; - M " £T 34 oz 8 | 800 F 850 | 11°89Z
" - . € L 06 - | y0F L1v $9897
. N M . 81 Iv 114 - | oroFoLo 4897
, B . N S It £ - | 60 F 6vT £98927
9F¥ TFO|01FO € 9 16 - | oro Fssw 72892
% % % % % % % v/Aow
-auy adweg |uopey| -soo A d 0 MU-350(] PEN |
1B sjuduodwmo)) ?IjeI-aso(q ‘339 |ejol |ejdwueg
SJUIWIAINSEIJ] IJBI-ISO(] g UOIIIS

LO°0 | %EF 001681 ‘8 S0 'oGLE -STE | S/oS ‘oSLE oSLESTE ‘%S F - 0] OL0 FOLS| T11°89T
= | *S/eS “oSLE 007-00€ ‘%€ F | SO0 F 080| 0] 090 F 061 $989C
= | s/ ‘o00€ 0SV-00€ ‘%E F | §0°0 F 0TI 0| 0t0 F S09 14897
- | s/e§ “00SE oSLE-STE ‘%E F | 00 F 801 0| OF0O ¥ OL°L £2897
- | ts/leS toSLE 00P0SE %€ F | SO0 F ¢80 0 $90 F $921 ZB897
(£9) ‘Jod
ea ® fmaess yeag neaje|q s sdig | a/1| ‘s ¥ 4 |[ordueg
(ui g - )3y “(wri 6Z1 - 06) W pue 1b)yoa (yuiyy 1wmq pue sozuenb Jwng) SUIN “|
SJUAWAINSEIA 11, °V UOIPAS
NOLLVDIAIDAdS "1VOINHOA L,
II 1avd
F gy :L1uy PI0IX() :Aiojesoqey

vl - ey .&..M
. oF * N
- : g
. y
ﬂ\q
o . Vg
IPETE Y !
. s e s o syt .
. . s ok, RY TSI
E - “ , ek A
A A
‘uoneredoxd uy :sjaodoy
*Aueunan Jo onqndey Texspag

*] RAOUUBH 000 *S Wedyoseiy WY ‘WINISNWSIPUTT SIYOSISYIBSIIPILN ‘SOISTHGQ ‘[RA S I J0JIIIN( IS

‘suBW TeI1F0j0oRYOIE
£q 91qeatep 10u Yiresy JO HOS & * [*ON aumonas Sunep 10 ajqerdeode are

Ay 98y szuoug 91e1 o) 01 puodsoLI0d (EBg9T 7eS9Z)SaNep J0FUNOA ) Jo oM T :DUIPIAY _aumwo_oo«__o._<

TS/YS ‘€11 wmyiumng (19897 (BYLLO6X0) BABLOTF: 886
IS/LS “T01 w  $9897  (ILL06X0) EAQOEO0F: OI'€
05/vS ‘881 . 1897  (LL06X0) EABLOF: §98
1S/€S ‘v6 . ge897  (LL06X0) EAQLOF: OI'¢
I6/€S ‘ve  zmmembjumq  zegoz  (FLLO6XO) EAQELOF: 08T :sIep o[durs 1,
2Juas3yay [BddojodBydIY LIEN Py g1 sjed

‘SPIeAmUO JIPIOSI]A pue onpijooered soddn

218 5 woy ‘suonednado suosyo102d pue -axd [RIGASS Yum ‘ats, e uado, uesisiyy,  suonljdriosa(q 911§

S91LTYESS H “L6'8Y9S8SE A "} PLIDH
"Kueunan) ‘is0quapaag £ z¢¢ dey oyderdodo] ~Kuoxes Jomor ‘IR O JEIN 1UOHEI0]
[2150quapRy 3G

op Aauy PI0JXO :K10)er0qe]




pafparmowyor st 90Inos iy je Furpuwisiapun 9y uo paonpoxder aq Aew sergua IsTY ARG
SYEI-SELO NSSI 111 a1eq  swawapddng 71 maouy 1661 © WBukdo)

padpormowior st 20mos 3 1B SurpuwIsIspun Ay uo paonpolrder oq Aew satnuR IST] Neq ~.
8YEI-SEL0 NSSI V] 18Q suawjddng 1 mua1uy 1661 © 14Bukdo)

A H ..

i & ‘ . Ry
y . e i
T e 91 - 191 oLz
B 1 - Lt 20LT
'l - &4 9J0LT
z - €61 sjoLT -
) ..w? o e 1 ok 801 vIoLT L
¢ 1 B (A8 eoLT
13 z1 - L ToLT
' 1 - 911 uoLT
Y 2
bor ey ey ey Jod .
i , i} o 4
I DA o jle1aaQ wopusy| a3V 1L ajdumeg ¥
ot e e 3 s e }!JM EQ-—.—” | w
T 23y 1L "@ uouxng o
s ¢ Iy
H
w ; ) [9Lv? ] 1041 *D) U01}IIg
' e
0dds 0ads DEds  udd e
4 ¢ >0 avo -0 -0 poyIapy = )
4 ] o e B2 i
4 ! - . . 1 s (44 TS | 280 F S¥'S 6J0LT
* - - - I 3 SE 6§ | LLO FOI'S 8J0LT 3
- - . “ 1 L LY S¥ | LSO Fe8E 930LT
” . - N z €1 9%  6¢ | 0£0 F 20T $I0LT . .
. . . 1 » 9€ 65 | 060 F 665 | wioLT paysgnd auoN  :sproday
. . N i s 8€ 95 | vLO F V6V oLT
- - - 1 9 LT 99 | OL'0 F €LY oLT ‘uredg ‘BuO[ROIRYg §TOS0 ‘OBXIAY LIpreq ‘A3ojoseyory
Y¥y t¥0|s¥0 ! 9 Ve 65 | SO0 FEVY | UOLL pue K101STY21d Jo 1doQ BUO[R0IEY JO AISIFATUN 1001 1 BIONIN BN °f “I(J “Jouid $3039311 M
% % % % % % % v/Apm
; N - - *SOLNISNPUIL NI JEJIUAS 1M SIS JIYI0 JO SANep .
aug odues Juopey | csod A d ©  smseq | pd ¥1-0 9 i [om S113 98 “LL 941 10q *dH B ST 01 OF PUNOIE NS o pooerd
1NBAL sjuduodwo) ajes-asoQq ‘4d 1eol |srdmes suoneoiput 1811, *A30j0dA1 awes oy Jo sI ¢ [9a9] “odK) onirjooered yoddny
0 Agsnpur o1 e pue saoed-an SUTBIUOD YIIYM ‘7 [IAI] WIOI] Ie SIUI} 9 . 1A 1 eYId
SJUIWIAINSBIP 9)BI-3SO(] ‘g UOIIIIS ¥ PUEOTI] € PUE SSOBIC-3I SUIEIUOD YOHIM °Z [9A3] WOy WAL :3UIPIAY [EI130[09EYIIY
06LT/68 M &JOLT “ B9IF: 191
- 61£5/68 . 8J0LT N > QERA
vL0°0 u *o0SY - 0SE - o0ST0SE “%E F - “ v F 88 6J0LT LY9T/68 “ 9JOLT " > BN E A
€01°0 « $00% - 0S€ . o00F-0S€ ‘BT F - .| 81 F 668 8J0LT -
850°0 « %00¥ - 0S€ . o00F0SE ‘%S F - N R EFAT] 930LT MWM““MW . wwmm " M Wu m.w“
T50°0 . S00P - STE - 0001-STE ‘%E F - " TF6¢ sJoLT 615/38 . £30L2 " MMt
01°0 » ‘00F - STE . 00F-STE ‘BE F - " STFS9 vI0LT 88p1/88 . ZoL . B
60°0 i v Lo08¥ - 0SE . 20S1-05€ ‘%S F - .| 9T F oS €oLT . “ . BTIF: LT <o%6 ordurs
9p1°0 . %08V - 0SE “ o0S-0SE *%T F - “ € F 709 uoLT : EELT/6B " oLz “ B IF: 91l E WS L
STLI'0 [t F 00T 81 ® $0 *.00¥ - 00E 8066 WSLE | S00P-00€ ‘%S F - ol sTFgIS 3oLz ¥ .
g0l 'z° wigong oLz GrL06X0) L IF: 0gl dy 1xaquoe) 1L
(£9) LR
‘lea © £nnqers xeq neegs | sdis|{ /1| ‘os ¥ 4 |admeg PDUIIRPRY  |Bd130[03BYdIY LB A ] seq
(wrl g - § ¢ 35)'yos (uny Iwng) Uy 1
"OM) [9A3] JO 95Bq Y 1B UOZLIOY [10S JuInq
SjudUIRINSEIN 1], 'V Uon3Ig oY) woy ore SuLY Sy, ‘PUOFELIR], JO BITE JUESUOJN 9P BUIDIS oy UL IA[ays Yoo stansaul  :uondridsag ang
0T S¥ 0 “NLOULLLIY 7} P
NOILVII3AIDAdS TVIINHOA ], ureds ‘euoFerre], 1u0IBI0]
II Lavd SIeD SI3 IS
Ly Knuyg PIOIXQ) :Ad0jeI0qET] Ly Anuy PI0IXQ %..8«5:«4_

y



g . e ¢t e« e e Ao [ -y
£ ' ¢ Wb oorin

| S— -

PBp3rmolniov 51 s0mos A Y Bupumsiapun AR uo paonpoidal oq Aew saLIUS 18T AW
SYEI-SELO NSSI 1971 98Q  mwowmpddng 71 muarouy 1661 @ 1yduidon

peBpapmowyow s1 921n0s A wp Fnpuersiopun a1 uo paonpodas aq Aeuwl salnuL IST] Aeq
8YE1-SELO NSSI IS 918Qq  nuawapddng 1L mayouy 1661 @ 1y3uddo)

s AT Faps g, o e P -+
Wt} it s mmalbe Yt et e . PR SOt nl...?l " s f&e L 4 v . s L
., o oy o P A pre— 4 .
b wiifi! . e et " l«
e e ) v e o
§ ¥ £ eaE . ; m
Feuy § |
i ’
. i { e o . <
Bt mam oo AR b 4mn b s .
| e, . b3l ek
F P B
| S ¥
3 Luuhus ; . . @y il BRI T B LT Y
w - .w - Pt Bt #¥ £
wkw ey . . . et 2t g
1 - 1 '
m ) m . »
‘ P
Uit b = o matin - 008 - 0EY6 1753
‘ ‘e L] o
L VS 11823940 wopuey |8y L | adues
[3LYEC
33V 1L '@ uoyng
(oLv? } J04ag D uonRng
08ds 0mds Ddds  udd
>0 avo gl <] >0 POIA “XLT 060906 N4SI
STOl zF0|c7Fo 0z T 61 61 | 600 F €90 JELT ‘PIaYIayS Jo Ansroaun) ‘Kioisigald pue A3ojoseyary Jo 1daq Aq paystqng *1'[OA ‘SOLIIS SPUAIL, JUSO9Y
Py oy py .& - % % wiou (WNON0D "N 'S "PH) SPuaL] Ju223Y :S.mOqy8iau iSaipu 5,31 pup uipnLg Jo InyioavInd L Ul ‘G861
-8L6T $5213014 J0 Ma1ARY v 100f01q YAIRISIY SO[E M JO IRWAMIAS ONPIoTeed UL (9861) 'S'H ‘woan  :sjaoday
*auy o|dmes |uopey | ‘sod A d 0 IRI-250(] JE): |
IEM sjuauodwo) Ijea-asoq ‘BA B0l |sjdweg dNE 13D “BIpIeD “Yreq skeye)
‘SIlEM JO WNasny [euoneN ‘sonewsiwnN pue A3ojoseqary Jo rdady ‘usin uaydals "H'Id 40P NIS
SJUIWIINSBIJA] IJBI-ISOJ °f UOIIS
“{o0Ipaq pareneys 1souj Juikjroao ‘ssao] sjqeqoud Jurkiroao are
pue 98¢ [e10e)0 e Kjodrer poumsad are 9591, "SI0195 JO UOISSIOONS € JO aseyd
18981 9 ur payyrens adA)  SUPIOSIA,, JO 10D IPE[] LS B SBA JUl[) IWINg 9 130UIPIA eo130[09BYdd
¥81°0 |%E F 001 *o81 ‘B £0 ‘.00¥ - 0SE 3/0§ 'oSLE | 00V-0SE ‘BE F - 01870 F ¥v6'S J e OSN3 1an v o0t PIAd 1eorol iV
(£D) gLt 06 H - . ;
‘[BA © Lqers Nead neaeld s | sdis | d/1| s ¥ 4 [2idwmeg 6¥01 AN ‘06 'H "1 gy JELT  (BY1L06X0) B O08T: OLh6 e 913urs 1L
(wrl g - 1 33) 4091 (I Iumg) U T dua13j3yx [endojoreysay 11BN ‘PYH ‘@] sIjeq
SIUAUIAINSBIN "L 'V U0LIIg *9I[BA JOAL1 341 33O Ao[[EA IPIS J[EWS B Ul oaB0 Sucwsowr] uonydidseq IS
- 29y PHUD
NOILLVDIJIDAdS TVDINHOAL PuE|uz ‘SAEMPRJAQ ‘Alfeuad :uoNIBI07]
11 Lavd 9AED) JA0H 2MI] IS
ﬁ 8y Anujgy p103XQ %..oe«._oa«w—_ _ 8y Anuyg pP10IXQ %._8«.-33_

e e e




PaSpojmotpoe ST 20mos Y eI Suip Jopun a1 uo paonpoudarx 9q Aewr sornus IsTT 2R e poSpoimoinioe st 2amos 211 18 Suipusysiopun a1 uo pasnpoidsr 3q Aewr satnud 15T e
8YE1-SELO NSSI V1 9Q  MMowmyddng 71 uziouy 1661 @ 1YBukdo) . h ; 8VET-SELO NSSI 1511 18 suawiddng 7 1ua1ouy 1661 @ yBukdo)
E I B
A0 ¥ 4
i ; TR wad BB ‘
T v erhembr e o e - B
D S T OUU . -
RO —— . SR EPE g ’ © :
I P k:‘..i.:s_!! A~ .ll.{...l,.l.:..\i.v ~ y— pow——
4 | : : | ¢ N
. o AN . R e T R :lla. L it e B )
SBEBIBE 1 i, v 2 B0 A 6 AT ..
. L i kptsss i e oo
D, [E™
g
i .
——— e R 30y i wi{E
’ i ' i »
00L - 08¥L sIvLe Y R . g arrsusf
' 0$8 - 00L8 #1724 -
R 00L - [ 1973 uvLe
T! 00L . 065L uyLz
m\ ‘. 1] ] 1y
S rdasn {1e33aQ wopuey |23y 1L | dweg
sJoi1y
38V 1L ‘d uonddg
[9L V3] J011F ) UOTIIRSG
Jads  oads  ads udd .
20 avo >0 -0 PO
“ . " St LS 148 148 €10 ¥ 880 SIvLT
“ " " 14 €S 91 L1 | ¥1°0 ¥ §6°0 arLe
“ u “ 91 £9 [ 2 L 10 ¥ 6L0 are
0CF09 TFO|SFO 14 149 [34 Lt v10 F 260 1817X4 g
- - = - % Pra— wipm poystigndouoNy  :s3a0day
rauyg djdweg |uopey | ‘soo A d 0 e1-Iso(q “jod N NXETAD JPIeD ‘606 ¥0d Od ‘A30100eyary jo 1daq ‘sofem JO ANSIvALU() ‘sueaq "D uyof I 103931 S
REIL YN syjuduoduio) ger-asoq ‘33 1eol [sdweg
RULERIUY] '
SIUDUIIINSEBIA I)BI-3S0(] g UONIIS A1 ueY) PIJNRDS [JoM SSI] ST 11 30q ‘ST OO0y INOQE JO ANIS JIOSIN 2le]
1uddelpe Ue ST 2191 ] 'S9pe|q U] PIIBIOOSSE oif1 YIim sajenbo orep oiinjosay s8] v QUIPIAY —«u_uo_owu-_u._<
L81°0 w 000V - STE | /oS 'oSLE | 200V STE 1%L F - 0| 8z0 F 869 uvLe :
SS1°0 w 'o00P - 0SE | 'S/oS foSLE | o00V0SE ‘%E F - o|ovo ¥ 099 [237k4 N N SIPLT " B OOLT  O8YL
LYL0 w 'oSTP = 0SE | *S/eS 'oSLE | oSTYOSE ‘%S F - o|9vo Foes | €wee 4 . . LT . € 0S8F ¢ 00L8
880°0 [%€ F 00T ‘081 '® STO 0S¥ - SLE | 'S/oS 'oSLE | OSKSLE ‘BT F - o LroFsys | wwe 4 R . TYLT . € QOLF ¢ OSIL ’
(49) -390y £ youarL'g Mg wigoumg  Upz @FLL06X0) B OOLF * 06SL :s97ep 93uis 1),
‘lea © £fynqers p LR | neajeld s sdis |a/| 'os ¥ 4 |odweg dualepy [ed1dojodvydly LIS Py ‘@] sajeq
(wri g - 1 8)'yoar (uIy) UIA 1
R B “eJn) £Q UTB[I9A0 WM Ul ‘POOM [1im Jead st Aepaao
SUAUIRINSBIN LL 'V uong Y YIBAUIIPU() “SIPEI] IUT[ YIIM PIIBIOOSSE ‘90BNS josooeled [e1ouTw € Uo are SHufjy jwng Eo_u...__.:vmvn— NS

80ELEE NS °J9YW PHD
‘puer3ug “siuey ‘93pugyoms ‘uo)y3noH 1B IS L, 1AL Y JO WON0q A3f[eA I UL ST S YL 1UOIIBIOT]

NOILVOIAIDAdS TVIINHOA L
uo1Buissog 91§

II Lavd

6p :Anuy P103X0O %._8«..3_3_ _ 6v Anuyg pI0JIX0O i..ou«._on«‘__

y




