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Abstract For a given excitation photon energy, the rate of charge detrapping in quartz increases with sample
temperature. This phenomenon is termed ‘thermal assistance’ and has been documented in a number of studies (see
for example Spooner, 1994; Huntley et al., 1996, Bailey et al. 1997; Bailey 1998). An obvious consequence of this
effect is that low photon energies can stimulate luminescence when sample temperature is sufficiently high. The
work reported below assesses whether the signal observed from one particular quartz sample during low photon
energy stimulation (at raised temperature) relates to the signal observed under blue+green stimulation. The
possibility of inadvertent signal depletion due to laboratory ‘safe lighting’ is also discussed.

Bleaching of quartz OSL using low energy
photons

Since the appearance of the first published account
of possible long wavelength stimulated luminescence
from quartz, by Godfrey-Smith et al. in 1988
(measured at room temperature using combined 753
and 799 nm stimulation), a number of subsequent
studies have produced a range of results. On the
basis of emission spectra observations Huntley and
Short (1992) attributed the IRSL measured in their
sample (at ambient temperatures using diode
stimulation centred on 950nm) not to quartz but to
feldspar micro-inclusions.  This conclusion is
supported by the detailed bleaching spectra of
Spooner (1994; ~400-900nm) where the bleaching
rate of quartz was shown to be inversely related to
illumination wavelength. Spooner (1994) showed
that IR stimulation (~860nm) induced extremely low
depletion rates, producing measurable luminescence
only at temperatures greater than 70°C. Neither in
this study nor in that of Bgtter-Jensen et al (1994;
~430-650nm) is there evidence of a long wavelength
resonance, as exists in some feldspar samples at near
infra-red wavelengths (Hiitt ef al., 1988). In contrast
to these findings Godfrey-Smith and Cada (1996)
report the presence of an excitation resonance in
quartz at similar wavelengths to the feldspar
resonance (although there is the possibility,
discounted by the authors, that this is indicative of
significant feldspar microinclusions, as found by
Huntley and Short in 1992).

In the present study, IR stimulation (using the IR-
diodes mounted in a Risg-set, model TL-DA-12,
emitting 875A80nm [1.30-1.56 eV] light at
40mW.cm? (Duller and Bgiter-Jensen, 1996))
yielded significant amounts of measurable
luminescence from quartz only when the sample
temperature was greater than 200°C. In light of the
findings of Huntley and Short (1992), attempts were
made to assess both sample purity (with respect to
feldspar contamination) and the extent to which the
luminescence observed under IR stimulation (at
220°C) related to the OSL signal measured when
stimulating with the broad band blue+green light of
the Risg-set (420-560nm [2.21-2.95 eV] at
approximately 16 mW.cm? Better-Jensen and
Duller, 1992).

For improved signal-to-noise ratios, a thermally
sensitized sample was used (sample 317, a raised
beach deposit from Tunisia - see Bailey 1998 for
further details); annealing was at 650°C for 10
minutes in air. Preliminary experiments showed no
significant difference between the results of annealed
and non-annealed samples, with better precision
achieved using thermally sensitised material. Two
aliquots of the annealed quartz (‘a’ and ‘b’
respectively) were each given a B-dose of ~40Gy and
preheated at 220°C for 300s. IRSL measurements of
each aliquot (at 20°C), made immediately following
preheating, yielded signals no higher than
background levels, indicating an absence of
significant feldspar contaminants. Aliquot ‘a’ was
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subjected to seven repeated cycles, each consisting
of a 0.1s OSL measurement at 20°C (blue+green
stimulation) followed by 500s of IR stimulation at
220°C. Aliquot ‘b’ (the ‘control’) also went through
seven cycles, each consisting of a similar 0.1s OSL
measurement (20°C) and storage at 220°C for 500s
(with no IR illumination). Aliquot ‘b’ was used to
correct aliquot ‘a’ for thermal effects (thermal
erosion of the signal and any sensitivity changes) and
the loss of OSL due to repeated 0.1s measurements.
The results of these measurements are shown in
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Figure 1.

Data set ‘a’: Raw OSL (minus background)
remaining as a function of cumulative infra-red
illumination at 220°C. Each data point represents
the OSL observed during a 0.1s blue+green
stimulation at 20°C (normalised to unity at t=0).
The IRSL observed during each cycle is shown in
Figure 3. Data set ‘b’: control aliquot for thermal
effects. Standard errors are smaller than the size of
the symbols in all cases. See main text for further
details.

Successive 0.1s OSL measurements (blue+green
excitation) suggest that IR stimulation at 220°C does
indeed reduce the blue+green light stimulated signal
(though at a much lower rate compared to the
standard blue+green stimulation). Figure 2 shows
the depletion after correction for measurement
cycling and thermal effects. The data points are well
fitted to a single exponential over the early part of
the decay, to ~25 % of initial intensity, with a half-
life of ~1,400s (A=0.0005s"). The initial rise in the
correction data (aliquot ‘b’) is attributed to thermal
sensitisation not completed by the end of the initial
preheat (following dosing).  Further supporting
evidence for the interpretation that IR stimulation at

Ratio (a/b)

Ancient TL vol 16 No.2 1998

220°C removes the OSL signal as monitored by the
0.1s measurements is illustrated in Figure 3, where
the IRSL decay curves measured during each cycle
are presented in series. Fitting an exponential decay
yields a  half-life for the IRSL decay
indistinguishable from that obtained from the
corrected 0.1s OSL measurements (Figure 2). Both
the IRSL and the interposed 0.1s OSL (blue+green
stimulation) both appear therefore to be measuring
the same depletion of charge (recall that no IRSL
was observed during 20°C measurements, indicating
absence of feldspar contamination).
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Figure 2. :

Bleaching of the OSL signal (as monitored by 0.1s
blue+green stimulated luminescence measurements)
using IR-excitation at 220°C (data are corrected for
thermal effects). ‘a’ and ‘b’ are as defined in
Figure 1 and in the main text. The half-life of the
fitted exponential decay is shown. Inset are the
same data shown on a logarithmic vertical axis.

Relevance to laboratory safe-lighting

In order to minimise optical depletion of the dating
signal during sample preparation, low photon energy
lighting, typically in the ~600nm (~2 eV) region of
the visible spectrum (orange, as listed by Aitken,
1998: Pg. ix ) is commonly used for handling quartz.
The observation reported above, that at raised
temperature  significantly less energetic IR
stimulation (1.30-1.56 eV) substantially depletes
quartz OSL, has a particular practical relevance to
laboratory procedures. If samples exposed to
laboratory ‘safe-light’ are at room temperature
(~20°C) then depletion of the (blue+green
stimulated) signal, over a period equal to the time
needed for sample preparation and measurement is
negligible (as observed in laboratory tests).
However, in circumstances where sample
temperature is considerably elevated (such as when
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samples are taken from a preheat oven), exposure to
the same lighting conditions may have detrimental
effects (due to thermal assistance in the detrapping
process).
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Figure 3.

Composite IRSL decay curve. Successive IRSL
measurements (made at 220°C) are displayed in
series against cumulative bleaching time, the
beginning of each individual measurement marked
by an arrow. Note that the half-life of the signal is
indistinguishable from that shown in Figure 2.

An experiment was performed under what might be
regarded as extreme conditions in order to gauge the
likely maximum effect of ‘safe-light-bleaching’, as
discussed above. Aliquots of naturally irradiated
quartz (ca.120ka in age) were exposed to laboratory
lighting for 10s at 220°C and cooled naturally to
room temperature. For the purpose of this
experiment, the laboratory was lit from a single 65W
fluorescent tube filtered with two layers of ‘Lee
filters 158 Deep orange’ celluloid (passing
wavelengths greater than 540nm: 10% at ~560nm,
50% at ~605nm - information derived from spectral
measurements), positioned approximately 1.5m
vertically above the sample. Short (0.1s) OSL
measurements were made both before and after
‘safe-light’ exposure. Once corrected for thermal
effects and depletion due to measurement (using a
separate aliquot that was not illuminated during
heating), the signal depletion was approximately 3%,
in each of two successive cycles. Clearly the
induced depletion is not substantial but appears
nonetheless to be present.  For this reason,
preheating in light-tight vessels and allowance of
sufficient cooling time prior to exposure to ‘safe-
lighting’ is advised.
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Abstract : Dose-rate conversion factors relevant to luminescence and electron spin resonance dating have been
derived from values for the energy carried by radiations emitted during nuclear transformations given in the current
ENSDF (Evaluated Nuclear Structure Data File). For beta and gamma radiation the factors are a few percent
lower than previously used. For the effective alpha dose-rate it is more appropriate to use an approach based on

particle ranges and resultant values are given.

Introduction
In trapped charge dating evaluation of dose-rate is of
equal importance to that of palaeodose. In most
approaches the dose-rate is derived from
measurement of radioelement concentration (or
activity) by means of conversion factors, and because
these factors are outside the ken of the dating
specialist there is a tendency to take them for granted
as written in stone. In fact they are based on nuclear
data tables and these are in an on-going process of
refinement. The tables are dauntingly complex and
fortunately for the dating communities a formulation
is available in which values for the radiation
components of the energy release are given
specifically from the dosimetry point of view. The
overall tables are known as the Evaluated Nuclear
Structure Data File (ENSDF) and the dosimetry-
orientated formulation known as the Medical Internal
Radiation Dose (MIRD) format. These are available
on the Brookhaven National Laboratory Web site
(http://www.nndc.bnl.gov.) and the International
Atomic Energy Authority Web site (http://www-
nds.iaea.or.at); except for Table 7 and part of Table
8, the values of the present paper are based on MIRD
downloaded on 22nd June 1998. Details about
ENSDF has been given by Martin & Blickert-Toft
(1970) and by Burrows (1998).

Earlier use of ENSDF was made by Nambi
& Aitken (1986) through the dosimetry-orientated
format published by the International Commission on
Radiation Protection as ICRP-38. Comparison with
the values of Nambi & Aitken (1986) is summarized
in Tables 4 and 8; since ICRP-38 was based on
ENSDF as of 1978 it is not surprizing that there are

differences. Prior use of nuclear data tables has been
made by Aitken (1974), Aitken & Bowman (1975),
Bell (1976, 1977, and 1979), Carriveau & Troka
(1978). Subsequent to Nambi & Aitken (1986), re-
assessments have been made by Liritzis & Kokkoris
(1992) and by Ogoh et al. (1993), as discussed in
Appendix A.

The paper is primarily written with
luminescence dating in mind but it is largely
applicable to dating by electron spin resonance as
well.

The data

Tables 1, 2 & 3 show the energy emission values and
half-lives obtained from the Brookhaven Web site
mentioned above for the three radioactive series;
Table 4 gives comparison between these data and
those presented by Nambi & Aitken (1986). As will
be seen there are appreciable decreases in the totals
for beta radiation and gamma radiation from the Th-
232 series, the principal contributor to these
decreases being Ac-228. It is not easy to pinpoint
particular measurements that are responsible for
decreases; this is because the values are usually based
on comprehensive schemes of nuclear energy levels
incorporating a number of relevant measurements
rather than on single direct measurements.

In Table 5 the emission values have been
converted into dose-rate. This is on the usual infinite
matrix assumption that the dose-rate is equal to the
rate of energy emission per unit mass, implying that
there is homogeneity both in radioactive content and
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in absorption coefficient. The value given for ‘full
series’ is for the case of radioactive equilibrium, i.e.
the disintegration rate of each daughter is equal to
that of the parent, except where modified by
branching; the value labelled ‘pre-Rn’ corresponds to
100% escape of radon from the two principal series.
This and other types of disequilibrium have been
discussed by Krbetschek ef al. (1994) and Olley et al.
(1996), among others.

Data for potassium and rubidium are given
in Table 6. For potassium, the value for gamma
radiation is unchanged from that of Nambi & Aitken
(1986) but the value for beta radiation is lower by
4%. For rubidium the beta value is lower by a factor
of 1.26; however, except for the internal dose-rate in
coarse grains of potassium feldspar, the change is
unimportant. The concentration ratio of 200:1
between potassium and rubidium used in Table 6 is
an arbitrary choice that is within the range of ratios
encountered in samples.

The alpha particle contribution

The luminescence induced by alpha particles per gray
of deposited energy is dependent on particle energy,
decreasing as the particle energy decreases; this is in
contrast to the case for the lightly-ionizing radiations,
beta and gamma, for which the effectiveness is
independent of energy. Thus in the k-value system,
developed by Zimmerman (1971), it is necessary to
know the precise energy of the alpha particles used
for measuring k (the ratio of alpha effectiveness
compared to that of beta or gamma radiation,
effectiveness being the luminescence induced per
gray) and also to make allowance for that fact that the
alpha particles received during burial have a spectrum
that spreads from zero to 8.8 MeV. To do this
Zimmerman (1971) introduced k(effective) which for
quartz he calculated, on the basis of range-energy
data then available, as being less than k(3.7 MeV) by
a factor of 0.86 for the thorium series and 0.80 for the
uranium series.

It was implicit in the results of Zimmerman
(1971) that, to a first approximation, the
luminescence induced per unit length of alpha particle
track is independent of particle energy. This was
confirmed by Bowman (1976) using the alpha beam
from a Van de Graaff generator and in respect of ESR
by Lyons & Brennan (1989). This approximation is
the basis of the three track-length approaches: the a-
value system (Aitken & Bowman 1975), the b-value
system (Bowman & Huntley 1984), and the
omnidirectional flux system (Valladas & Valladas
1982). Because the alpha count-rate from a thick
layer of sample is proportional to the length of track
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generated in the sample by its constituent thorium and
uranium series this count-rate can be used to give
direct determination of the alpha dose-rate during
burial. Also required is measurement, for the sample
concerned, of the luminescence induced by unit
length of track from an artificial source. By
comparing this luminescence with that induced per
gray of beta (or gamma) radiation, alpha count-rate
can be converted to effective alpha dose-rate (see
Appendix B). It is ‘effective’ in the sense of being
appropriate for use in the usual age equation in which
the palaeodose is expressed in terms of grays of beta
(or gamma) radiation.

Although the track-length approaches are
conceptually more difficult than the k-value system,
the latter has the basic disadvantage that there is a
need to have an accurate knowledge of the particle
energy used in measurement of sample sensitivity. It
is not just a matter of energy of the particles emerging
from the alpha source; strictly, allowance should also
be made for the degradation in energy as the particles
penetrate the sample. Hence the preferred values for
the effective alpha contribution are those based on
track-length as given in Table 7.

Concluding remarks

Although the 8% decrease in the gamma dose-rate
from the thorium series is substantial, - there is
considerable dilution when an actual context is
considered, as illustrated in the example of Table 8.
For fine-grain dating the total dose-rate is 2.11
according to the present paper compared to 2.18
according to Nambi and Aitken (1986), a decrease of
3%. For coarse-grain dating the values are 1.60 and
1.65 respectively, a decrease of 3% as well. For
contexts in which there is dominance by thorium or
potassium, the decreases will be greater.

A Thistorical survey of some published
conversion factors is given in Appendix A. It will be
seen that, for the specimen context of Table 8 at any
rate, the totals of the present paper are a few percent
lower than all previous ones. However there is no
case for diluting the present factors by averaging
because the earlier assessments are essentially based
on the progenitors of the present ENSDF and these
are now superceded. It is reassuring to note that, at
any rate for contexts not too dissimilar to the
specimen one considered, no dramatic revision is
needed in respect of ages based on earlier conversion
factors: the highest fine-grain totals, those of Aitken
(1974) and Bell (1979), are some 4% higher than that
for the present paper; the highest coarse-grain total,
that of Aitken (1974) is some 6% higher.
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Of course, there are other influences on
dose-rate accuracy besides the basic conversion
factors, such as related to moisture content, grain-
size, radioactive disequilibrium etc. These tend to
introduce an uncertainty that is dominant and so the
shifts consequent on changing to the factors of the
present paper will usually be contained within error
limits. Nevertheless, the case for utilization of these
factors is just as strong as the case for using state-of-
the-art refinements in palacodose determination. To
do otherwise runs the risk of drifting into a situation
where there will be two ages for a sample, one based
on ‘set in stone’ factors and another based on the best
available data from nuclear physics.
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Table I: Energy release in the Th-232 decay series

Ancient TL vol 16 No.2 1998

Isotope Half-life Alpha Beta Gamma
Th-232 14.05 Ga 4.00 - <5x10™
Ra-228 575a - 0.01 0.001
Ac-228 6.15h - 0.413 0.854
Th-228 1.91d 5.31 0.019 0.003
Ra-224 3.66 d 5.57 0.002 0.010]
Rn-220 55.6 s 6.28 - 0.001
Po-216 0.145 s 6.77 - <5x107
Pb-212 10.6 h - 0.173 0.144
Bi-212 60.6 m 2.14 0.502 0.103
Po-212 (0.641) 0.299 ms 5.63 - -
T1-208 (0.359) 3.05m - 0.209 1.205
Total 35.7 1.33 2.32
Pre-Rn total 14.9 0.444 0.868

Notes for Table 1

1. Energies are given in MeV and represent the energy emitted per disintegration.

2. Non-SI units used in half-lives: 1a=1 year; 1d=1 day; | h=1 hour; 1 m=1 minute

3. Branching ratios are shown in parenthesis against the radioelements in the branches; associated values given for
energy release are after adjustment for branching. Note that the branching also affects the energy release of the
radioelement at which the bifurcation occurs; thus the value given for the alpha release by Bi-212 is 35.9% of the
full energy --- because T1-208 is formed by alpha emission from Bi-212.

4. Internal conversion and Auger electrons are included with the beta component (which is the average beta energy
rather than the maximum). X-rays and annihilation radiation are included with the gamma component. Alpha recoil
energies have not been included; this is on the basis that the contribution to luminescence will be negligible on
account of the resultant ionization density being even higher than for the alpha particles themselves; the total recoil
energy does not exceed 2% of the alpha total for any series. Neutrinos have been ignored because of their very low
absorption in matter.

5. A dash indicates that no radiations of that type are listed in MIRD.

6. At-216 has been omitted since its contribution to the total energy is insignificant.
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Table 2: Energy release in the U-238 decay series.

Isotope Half-life Alpha Beta Gamma
U-238 4,468 Ga 4,19 0.007 0.0011
Th-234 24.1d - 0.060 0.0093
Pa-234m 1.17m - 0.818 0.0161
Pa-234 (0.0016) 6.75h - 0.001 0.0023
U-234 246 ka 4.68 0.012 0.0015
Th-230 75.4ka 4,58 0.013 0.0014
Ra-226 1600 a 4.77 0.0038 0.0074
Rn-222 3.82d 5.49 - 0.0004
Po-218 3.11m 6.00 - -
Pb-214 26.8 m - 0.294 0.2521
Bi-214 199 m <0.005 0.652 1.4814
Po-214 164 ms 7.68]  <5x10™ 0.0001
Pb-210 223 a 0.033 0.0047
Bi-210 5.01d <0.005 0.389 -
Po-210 138.4d 531  <5x10°  <5x107
Total 42.7 2.28 1.78
Pre-Rn total 18.2 0.906 0.037
Notes for Table 2

1. See notes 1-5 of Table 1.

2. At-218, Rn-218, T1-210 and T1-206 have been omitted since their contribution to the total is insignificant

41
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Table 3: Energy release in the U-235 decay series.

Isotope Half-life Alpha Beta Gamma
U-235 704 Ma 4.27 0.037 0.180
Th-231 25.5h - 0.1506 0.028
Pa-231 32.8 ka 4.84 0.032 0.040
Ac-227 21.8a 0.07] <5x10%  <5x10™
Th-227 (0.986) 18.7d 5.70 0.028 0.108
Fr-223 (0.014) 21.8m - 0.006 0.001
Ra-223 11.4d 5.67 0.066 0.137
Rn-219 3.96s 6.63 0.007 0.058
Po-215 1.78 ms 7.39 - <5x10™
Pb-211 36.1 m <0.005 0.455 0.064
Bi-211 2.14m 6.54 0.001 0.047
T1-207 (0.997) 477 m - 0.494 0.002
Total 41.1 1.27 0.665
Pre-Rn total 20.6 0.319 0.493
Notes for Table 3

1. See notes 1-5 of Table 1.
2. At-215 and Po-211 have been omitted since their contribution to the total is insignificant.

Table 4: Main differences between the current energy per disintegration values and the data presented by Nambi &
Aitken (1986). ‘

Isotope | Alpha | Beta | Gamma
Th-232 series:
Th-232 . -0.9%
Ra-228 . -0.5% .
Ac-228 . -4.5% -4.6%
Bi-212 . +2.2% -3.3%
Total -0.7% -4.4 -8.3%
U-238 series:
Bi-214 . . -1.5%
Total -0.4% -1.2% -1.2%
U-235 series:
Total | -1.2% | -8.6% |  +5.6%
Notes for Table 4

1. Percentages are with respect to the total for the radiation type concerned of the series using Nambi & Aitken
(1986) values as base. All are decreases except for the beta emission from Bi-212, and the gamma from the U-235
series

2. The only individual isotopes shown are those which contribute more than 0.5% change in the total for the
radiation type of the series.
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Table 5: Dose-rate data for the thorium and uranium series

Th-232 U-238 U-235 Nat. U
1. Abundance by weight 100% 99.29% 0.71% -
2. Half-life [Ga] 14.05 4.468 0.704 -
3. Parent activity [Bq mg''] 4.06 12.4 80 12.9
4. Activity share in nat. U - 95.6% 4.4% -
Dose-rate [Gy ka’] per ppm
5. alpha, full series 0.732 2.685 16.6 2.78
6. alpha, pre-Rn 0.305 1.146 (16.6) 1.26
7. beta, full series 0.0273 0.143 0.515 0.146
8. beta, pre-Rn 0.0091 0.057 (0.515) 0.060
9. gamma, full series 0.0476 0.112 0.269 0.113
10. gamma, pre-Rn 0.0178 0.0025 (0.269) 0.0044
To obtain dose-rate [Gy ka'] per unit specific activity of parent [Bq kg'l ]
11. Divide lines 5-10by | 4.06 | 12.4 | 80 12.9

Notes for Table 5

1. The rows labelled ‘pre-Rn’ give the values for 100% escape of radon in the case of the Th-232 and U-238 series,
but because of the short half-life of Rn-219 the values given for U-235 and natural U include contributions of that

gas and its daughters.

2. Dose-rate values are based on Table 1, 2 and 3.

3. ‘ppm’ equals mg of parent per kg of sample.

4. The weight abundances given in row 1 for U-238 and U-235 correspond to the natural atomic abundances of

99.28% and 0.72% respectively.
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Table 6: Dose-rate data for potassium and rubidium

K-40 Rb-87
1. Natural abundance [mg/g] 0.119 283
2. Half-life [Ga] 1.277 47.5
3. Average energy per disintegration [MeV] B: 0.501 B: 0.082
v: 0.156
4. Specific activity [Bq kg'] for concentration of B:270 | PB:45.29
1% natural K and 50 ppm natural Rb v 32.5
5. Dose-rate [Gy ka™'] for concentrations as in 4 B:0.782| B:0.019
v 0.243
6. As in 5 but for 1% K,O and 50 ppm Rb,0O B:0.649 [ PB:0.017
v: 0.202
Notes for Table 6

1. The energy given is that released per disintegration, i.e. after allowance for branching between beta and gamma
(89.3% and 10.7% respectively).
2. The contents given in row 1 correspond to natural atomic abundances of 116.7 ppm and 27.8%.
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Table 7: Alpha particle data and effective dose-rates

| Th-232| U-238] U235 nat.U
Average alpha ranges [1ig mm™]:
1. Full series 67.4 56.7 65.9 -
2. pre-Rn 51.2 44.6 (65.9) -
Effective number of full alpha emissions per parent disintegration:
3. Full series 6 8 7 -
4. pre-Rn 3 4 @) -
Count-rate [ks”] per [Bg kg'l | of parent, 42-mm diameter scintillator:
5. Full series 0.119 0.129 0.136 0.129
6. pre-Rn 0.0426 0.0482 (0.136) 0.0521
Count-rate [ ks! | for 1 ppm of parent, 42-mm diameter scintillator:
7. Full series 0.483 1.60 10.9 1.67
8. pre-Rn 0.173 0.599 (10.9) 0.672
Share of counts in natural uranium
9. Full series 95.4% 4.6%
10. pre-Rn 88.5% 11.5%
Dose-rate [Gy ka'l] Jor count-rate = 10 ks, 42-mm diameter scintillator:
11. Effective «, a=0.1, full series 1.26 1.31 1.26 1.31
12. Effective «, a=0.1, pre-Rn 1.31 1.35 (1.26) 1.34
13. beta, full series 0.565 0.893 0.475 0.874
14. beta, pre-Rn 0.528 0.951 (0.475) 0.896
15. gamma, full series 0.986 0.697 0.248 0.676
16. gamma, pre-Rn 1.03 0.0387 (0.248) 0.0627
Effective alpha dose-rate [Gy ka’’] per 1 ppm of parent, a = 0.1:
17. Full series 0.0611 0.210 1.37 0.218
18. pre-Rn 0.0227 0.0808 (1.37) 0.090
Notes for Table 7
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1. The ranges were obtained by adding 2% to the ranges evaluated for quartz by Brennan & Lyons (1989) using the
data of Ziegler et al. (1985); the extra 2% makes allowance for the higher average atomic weight to be expected in
typical sediment. For the pottery composition considered by Brennan & Lyons (1989) the ranges were 5% greater
than for quartz. No adjustment in range has been made on account of the slightly different alpha energies noted in

Table 4.

2. The range values given by Aitken (1998) are between 6% and 7% higher than those given in the Table. This is on
account of use by that author of the values given by Valladas (1988) which were based on Zeigler (1977) rather than
Zeigler et al. (1985). There are corresponding differences in subsequent count-rates and dose-rates but the effective

alpha dose-rates per unit count-rate are not affected because both are proportional to range.

3. The count-rates are for a sample that is alpha-thick and for a scintillator with an area of 13.85 cm?. It is assumed
that the efficiency of the scintillator is 100%, i.e.that every incident particle gives rise to an output pulse from the
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photomultiplier; however it should be noted that studies by Woithe & Prescott (1995) indicate that the efficiency of
a typical ZnS screen may be only about 90%.

4. The assumed electronic threshhold setting is such that for a sample containing only the Th-232 series, 85% of the
pulses from the photomultiplier are recorded; with this setting the corresponding values are 82% for U-238 and 85%
for U-235; for the pre-Rn parts of the first two series the values are 80% and 78% respectively.

5. Rows 13-16 utilize the data of rows 7 and 8 together with the data of Table 5, but rows 11, 12, 17, and 18 are
based on the a-value system; for the b-value system, note that b = 13a when the units of b are Gy pm®. Values of
0.90 and 0.88, for the full series and for the pre-Rn parts respectively, have been used for 7, the efficiency factor
(see Appendix B).

Table 8 Comparative dose-rates [Gy ka™'] for a specimen context

Dose-rates

Concentration | effective alpha beta gamma Fine-grain Coarse grain

total total
K 1% - 0.782 0.243 1.025 0.947
(0.814) | (0.243) (1.058) (0.976)
Rb 50 ppm -1 0.019 - 0.019 0.014
(0.023) (0023) (0.018)
Th 3 ppm 0.183 0.082 0.143 0.408 0.217
(0.190) | (0.086) | (0.156) (0.433) (0.234)
Nat. U 1 ppm 0.218 0.146 0.113 0.477 0.244
' (0.222) | (0.147) } (0.114) (0.489) (0.246)
Cosmic -1 | - -1 0.8 0.18 0.18
Totals - 0.401 1.029 | 0.679 2.11 1.60
(0.413) | (1.071) | (0.693) (2.18) (1.65)

Notes for Table 8

1. The values are those from Tables 5, 6, and 7 of the present paper and from Tables 4 and 5 of Nambi & Aitken
(1986), the latter being in parenthesis. The effective alpha dose-rates for the former are for @ = 0.1 (as in Table 7)
and those for the latter are derived using k¥ = 0.1 and conversion factors to k(effective) of 0.86 and 0.80 for Th and U
respectively.

2. Since it is highly penetrating it is convenient to list cosmic radiation under 'gamma'. The value quoted is
appropriate to a depth of a metre.

3. In the totals for coarse-grain dating an attenuation factor of 0.90 has been used for the beta contributions except in
the case of Rb for which the factor has been arbitrarily taken to be 0.75 on account of the lower penetration
(appropriate evaluation of this factor is not available).

4. The moisture content is assumed to be zero.
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Appendix A : Historical survey

Table A.1 gives values for the specimen context of Table 8 based on conversion factors published from 1974
onwards; the publications listed have been restricted to those that embody a primary assessment of nuclear data
tables.

It should be noted that the date of the publication is often somewhat later than that of the nuclear data tables on
which the factors are based; thus the source data for Aitken (1974) were from tables of 1967, those for Nambi &
Aitken (1986) were from ENSDF as at 1978, and the sources used by Liritzis & Kokkoris (1992) have publication
dates of 1983 and 1986. As noted earlier the source data for the present paper are from ENSDF as at mid-1998;
hence the source data span three decades and the consistency is remarkable.

Table A.1: Annual dose-rates in [Gy ka™'] for a specimen context: historical summary

K:1% Rb: 50 ppm Th: 3ppm U: 1ppm Total fine Total coarse
Aitken (1974)

1.122 - 0.445 0.456 2.20

1.035 - 0.259 0.225 1.70
Aitken & Bowman (1975) ) -
1.106 - 0.412 0.470 2.17

1.019 - 0.216 0.232 1.65
Bell (1976)

1.069 - 0.428 0.501 2.18

0.986 - 0.228 0.259 1.65
Bell (1977)

1.069 - 0.430 0.489 2.17

0.986 - 0.231° 0.246 1.64
Bell (1979) :

1.080 0.025 0.430 0.489 2.21

0.997 0.019 0.231 0.246 1.67
Carriveau & Troka (1978)

1.050 0.019 0.407 0.498 2.16

0.970 0.014 0.209 0.255 1.63
Nambi & Aitken (1986)

1.058 0.023 0.433 0.489 2.18

0.976 0.018 0.234 0.246 1.65
Liritzis & Kokkoris (1992)

1.068 0.025 0.422 0.490 2.19

0.986 0.019 0.226 0.243 1.65
Adamiec & Aitken (1998)

1.025 0.019 0.408 0.477 2.11

0.947 0.014 0.217 0.244 1.60

Notes for Table A.1

1. The values are for the same specimen context as for those of Table 8, with the same parameters. As in that table
the totals include a cosmic-ray contribution of 0.18 Gy/ka.

2. The first row under each publication is for fine-grain dating and the second for coarse-grain dating.

3. Conversion factors have also been derived by Ogoh et al. (1993) using the basic data of Liritzis & Kokkoris
(1992). The factors derived are within 1% of those of the latter except that the alpha dose-rate from uranium is lower
by 1.4% and the beta dose-rate from rubidium is higher by 1.7%. The resultant values appropriate to Table A.1 are
all within 1% of those of Liritzis & Kokkoris (1992) except in respect of rubidium.
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Appendix B : Conversion of various entities

Below we give the expressions which were used to calculate and convert various values used in this paper.
1) Conversion of oxide content to elemental content

Table B.1: Conversion of weight content: oxide to element

Oxide Element Atomic Equivalent
weight element
content
K>0 K 39.10 0.8301
Rb,O Rb 85.5 0.9144
ThO, Th 232.0 0.8788
UO; U 238.0 0.8322

2) Conversion of atomic to weight abundance
Atomic abundance gives the percentage of atoms of different isotopes in the natural sample. If the atomic abundance
of i-th isotope is r;, the average atomic weight is M,, and the atomic weight of the isotope is m; then the weight
abundance of this isotope will be

R = Ml Xr, B.1)

ayv

3) Parent activity Ap in units of [Bq mg'l] :

AN,

A, = x107 B2
M

where N, is the Avogadro number (6.022 x 10%), M is the atomic weight of the parent and 4 is the decay constant
(A =1n2/7, , 1, is the half-life in seconds, 1 year = 31.56 x 10°s, 1 Bg=1 disintegration per second)

4) Dose rate [Gy ka™] per ppm by weight of parent element

D =5056x A E, x107 (B.3)
where Ep is energy release in the series per parent disintegration expressed in [MeV]. The numerical factor is based
on 1 [MeV]=1.602x10"3[J]

5) Dose rate in [Gy ka™] when parent activity is given:
D =5056x E,cx107 (B.4)

where c is the specific activity of parent in the sample in [Bq kg''].

6) Alpha count-rate when parent activity is given
If C Bq kg is the activity of parent, the thick-source alpha count-rate [ks™'] is equal to

a= % fARpnCx10™ (B.5)
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2
where fis the electronic threshold fraction, A cm is the area of the scintillator, Rp is the average (projected) range
expressed in [pg mm™], and » is the effective number of alpha emissions.

7) Effective alpha dose-rate
As explained in various sources, such as Aitken & Bowman (1975), Bowman & Huntley (1984) or Aitken (1985),
the effective alpha dose-rate is given by

D'=3156xnbR'pncx107° (B.6)

where 7 is the efficiency factor that makes allowance for the lower average energy of the natural spectrum
experienced during burial compared to the particle energy used for measurement of alpha sensitivity (see note 5 of
Table 7), b[Gy pm’] is the dose of beta (or gamma) radiation required to induce the same luminescence, in the
sample concerned, as an alpha track density of 1 [pm’z], and R'p is the average total range which is taken as

1.008 X Rp on the basis that the difference is approximately 0.4 [pg mm™] (Brennan & Lyons 1989).

Hence from (B.5), and changing to the a-value system by putting b = 13a,

D'=1654 % -n—ax a B.7)
fA

For measurement of either a or b it is necessary to have an alpha source calibrated in terms of track-length delivered
and to have sufficient separation between source and sample that appreciably oblique particles are avoided; both
source and sample must be in vacuum; the energy of the incident particles needs to be in the range 4-6 MeV and the
layer of sample needs to be thin enough for emergent particles io have an energy of not less than 2 MeV.
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Dose determination on fossil tooth enamel using ESR
spectrum deconvolution with Gaussian and Lorentzian peak
shapes
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Abstract. ESR spectrum decomposition was carried out with the commercial PeakFit program using Gaussian and
Lorentzian peak shapes. The results show that there is at least one component in the ESR spectrum that yields
significantly lower dose values than the central peak region which is used for conventional peak-to-peak dose
determinations. Both deconvolution methods yield closely similar results to simple plateaux dose assessments,

which are presently much faster to perform.

Introduction

Recent publications have shown that the central
region around g=2 of ESR spectra of tooth enamel
consists of a number of separate peaks (e.g. Jonas et
al. 1994, Jonas & Griin 1997). Jonas (1997)
concluded that probably all published dose values on
enamel may be erroneous. He used a fitting program
developed for mainframes which required extremely
long calculation times. Fortunately, commercial
programs do pretty much the same, although some
restrictions such as constant peak ratios or line
widening cannot be implemented. In this study, the
program PeakFit v4.0 (AISN Software 1995,
distributed by Jandel Scientific) was used, which
applies the same fitting optimisation strategies as the
Jonas program.

Jonas (1997) used Gaussian line shapes for spectrum
deconvolution and observed four main peaks with the
following parameters (g-value; line width): #1
(2.0023; 3.8 G); #2 (1.9995; 5.1 G); #3 (2.0068; 23.4
G) and #4 (2.0034; 12.1 G - note that all line widths
here and in the tables are in 2-0). Peaks #1 and #2
may constitute an axial peak which has been

attributed to the CO,- radical. In principle, this
radical ought to have three principle g-values (see
Table 1) and deconvolution of ESR spectra of
powdered fossil tooth enamel using Lorentzian
functions results in three distinctive peaks (Callens,
pers. comm.).

Radical 2« gy g line width
(&)
COy 2.0033 1.9972{ 2.0021 4.8
CO;> 2.0044] 2.0033 2.0018 1.3
CO 2.0061 2.0033 2.0018 1.6

Table 1: Line parameters for various radicals in
hydroxyapatite (Callens et al. 1995)

The rationale of this paper was to check whether
spectrum  deconvolution using Gaussian and
Lorentzian peak shapes gives different results in dose
estimation and whether these are different from peak-
to-peak or plateau dose assessments. Fitting was
applied on sample 1047 (a bovid tooth from
Florisbad) for which extensive reproducibility tests
have been carried out (Griln & Clapp 1996; Griin
1998). Forty powdered aliquots of a sample 1047
were irradiated in ten irradiation steps and each
aliquot was measured ten times, resulting in 400 D,
estimations. The peak-to-peak dose value of this
sample is 75.842.1 Gy, the rising dose plateau of the
absorption spectrum ranges between 76.1+3.9 and
81.944.1 Gy and the dose value derived from the
maximum of the absorption spectrum is 77.9+3.4 Gy.
All of these results are statistically indistinguishable,
but the somewhat higher dose values obtained from
the absorption spectra (i.e. resulting form integration
of a conventional derivative spectrum) was
interpreted that some non-radiation sensitive peaks
may interfere with the radiation sensitive.

The reason for using a fossil rather than an artificially




52

irradiated, recent sample lies in the fact that due to
the long mean life of the signals involved, nearly all
components of the irradiated sample will give the
same, artificial dose. This may be useful for source
calibration and inter-laboratory tests but cannot be
used for identifying problems in the dose estimation
of fossil samples (see also Griin 1998). Unfortunately,
it is not possible to assess which dose value is correct
on the basis of its independent assessment, because it
is neither possible to date teeth precisely by
independent means (radiocarbon dating is strongly
influenced by rapid exchange of secondary carbonate;
see Griin et al. 1997 and U-series dating is dependent
on U-uptake; see Grin & McDermott 1994) nor to
estimate the dose rate accurately (due to variations in
water content in the sediment and dentine as well as
uranium uptake in enamel and dentine).

Experimental

For details of experimental setup, measurement
parameters and spectrum manipulation see Griin
(1998). PeakFit runs on IBM compatible computers
and a typical deconvolution calculation (once the
peak parameters are defined) takes between 20 and
60 seconds on a PC with a 150 MHz Pentium
processor. In this study, I used the averaged spectra
from the ten repeated measurements of each dose step
of the first aliquot. Firstly, the ten averaged ESR
spectra of the ten dose steps were integrated (without
baseline corrections), aligned on the maximum
intensity and normalised on maximum peak intensity.
This ensured that the influence of each spectrum on
the averaged spectrum was more or less the same.
Then the spectra were added and averaged. This
averaged spectrum was used for deconvolution and
estimation of the peak parameters. Peak width and
position were then locked for the fitting of the
individual spectra representing the different dose
steps. Gaussian curves are described by:

ESR Intensity = Amplitude exp(-0.5 (Magnetic Field
- Line Centre)/1-0 Line Width)?)

and Lorentzian by:

ESR Intensity = Amplitude / (1 + (Magnetic Field
-Line Centre)/1- o Line Width)?)

Ancient TL vol 16 No.2 1998

The differences between Gaussian and Lorentzian
line shapes are relatively small, Lorentzian peaks
have longer tail ends (see Figure 1). Figure 1A shows
the derivative averaged ESR spectrum of sample
1047. It is dominated by an apparently axial peak

which has been attributed to CO, (e.g. Callens et al.
1995). The quintet which is centred on the top of the
large central signal at g = 2.0032 (*) has been
attributed to alanine (Ikeya 1982) or a dimethyl
radical (Bouchez et al. 1988), the line at g=2.0056 (+)
may be due to CO" (see Fig. 3b of Callens et al. 1995)
or a free radical (Bouchez et al. 1988) which could be

SO, (Barabas 1992, Ikeya 1993). The isotropic line at

g =2.0114 (#) is a rotating CO;-radical (Moens et al.
1993).

Results and discussion

Following the experiments of Jonas (1997), the ESR
spectra were firstly deconvoluted using 4 Gaussian
and 4 Lorentzian peaks. For a reasonable fit of the
Lorentzian peaks it was necessary to introduce a
further line at high magnetic fields (L5). The resulting
parameters are shown in Table 1 and Figures 1B and
1C.

The g-values were calculated by using a DPPH
standard. There seems to be an offset of 0.0005
between these values and those of Jonas (1997) who
used a Mn?* standard. The Gaussian lines attributed to

CO, (#1 and #2 of Jonas and lines G3 and G4 in this
study) agree fairly well whilst the other two lines have
considerably different line widths and central
positions. However, this is not surprising, because
Jonas (1997) used scans over about 80 G whereas this
study uses 120 G wide scans.

As can be seen in Figure 1B-D, the integrated
spectrum shows already significant ESR-intensity at +
40 G around the main peak. Thus, the deconvolution
results in the much wider line G2. Both studies have
in common that the central peak is represented by two
Gaussian peaks (which may combine into an axial
line shape) which are overlapped by two wider lines.
The three Lorentzian lines representing the central
peak are only interfered by one other line.
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A: Averaged derivative spectrum of sample 1047. It is dominated by an apparently axial peak which has been

attributed to CO; . The quintet which is centred on the top of the large central signal at g = 2.0032 (*)
has been attributed to alanine or a dimethyl radical; the line at g=2.0056 (+) may be due to CO or a

free radical which could be SO,. The isotropic line at g = 2.0114 (#) is a rotating CO;-radical.
B: Fitting of the integrated spectrum with 4 Gaussian peaks, for peak parameters see Table 2.
C: Fitting of the integrated spectrum with five Lorentzian peaks.
D: Fitting of the integrated spectrum with seven Gaussian peaks.
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It can be seen that the ESR spectrum is not 100%
fitted by the four Gaussian lines, particularly around

3333 G, the location of the isotropic COs- radical (#)
and at 3490 G. Therefore, a second Gaussian
deconvolution experiment was carried out, using
seven peaks (r? = .9998). As can be seen in Figure
1D, the two central peaks (G3: g=2.0019; width: 4.4
G and G4: g=1.9990; width: 5.1G) change little, but
the position, width and relative intensity of Gl
(g=2.0043; width: 10.6 G) and G2 (g=2.0041; width
35 G) change substantially

Using the integrated areas of the four and seven
Gaussian and five Lorentzian lines, the dose values
given in Table 3 were obtained.

The fitting of the ESR spectra with Gaussian line
shapes with either 4 or 7 peaks yielded more robust
results than the Lorentzian line shapes and were
accompanied with better correlation coefficients. This
may be an indication that Lorentzian peak shapes are
not as appropriate for this sample as the Gaussian.
The dose response of the total integral yields 88+10
Gy and its fitting is considerably worse than the
fitting of any of the above components.

All three experiments have in common that the first
line (G1 and L1), which strongly interferes with G3,
yields significantly lower dose values than the central
peaks. The wide line G2 yields the same dose value
as the central peak region. Furthermore, those lines
which are less influenced by the first line (G4,

L4) give somewhat higher dose values than G3 or L2,
L3. This may be taken as indication that the different
components are not completely separated by the
deconvolution process. On the other hand, the
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derivative spectrum shows various interferences of
the central peak region (see Figure 1A) which are not
resolved in the integrated spectrum. These peaks may
well influence the dose value of G3 and L2, L3.

The dose values derived from the central peak region

(G3&4, L2-4) are all slightly higher than the peak-to-
peak dose value of the derivative spectra of 75.8+2.1
G. The dose results of G3 and G4 agree very well
with the two ends of the “rising plateau” observed by
Griin (1998) which yielded dose values of 76.1+3.9
in the region of G3 and 81.9+4.1 Gy in the region of
G4. Considering the effect of G1 on G3, the most
realistic dose value ought to derive from G4 (around
82 Gy) which is about 8% higher than the
conventional peak-to-peak dose value. The dose
response curve of L5 shows by far the largest scatter
of the data points (it is also the smallest peak) and the
L5 dose value is probably not too significant.

Similarly to the experiments of Jonas (1997), it not
possible to relate the Gaussian and Lorentzian peaks

directly to components of the CO; or CO; -radicals.
The line widths of G3 and G4 indicate a relationship

with the CO, radical whereas G1 may represent the

whole COQOj;-radical. Clearly, the best solution for
realistic dose assessment lies in the fitting of
physically meaningful line shapes to the ESR spectra.
However, so far the dose response curves of such
deconvolution methods have yielded dose response
curves which contain significantly more scatter than
any of the methods discussed in this paper (Callens,
pers. comm.).

Gaussian peaks Lorentzian peaks
No Position g-value Width Amplitude Position g-value Width Amplitude
(&) (&) () 1(6))

1 3445.4 2.0050 18.0 216 3439.0 2.0087 22.6 231

2 3449.9 2.0024 44.4 181 3450.4 2.0021 5.6 977

3 3450.9 2.0018 4.8 998 3453.4 2.0004 6.0 494

4 3456.2 1.9987 4.6 466 3457.0 1.9983 4.4 318

5 3476.2 1.9872 29.0 48

r 0.9988 0.9983

Table 2: Results of spectrum deconvolution of the averaged spectrum of sample 1047 (see Figure 1). The labelling is

simply sequential and should not be used to infer any relationship between the Gaussian and Lorentzian peaks.
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It is clear that extensive calculation times on main-
frames are not required for adequate spectrum
deconvolution using Gaussian or Lorentzian line
shapes. The time for routine spectrum preparation,
deconvolution and fitting may be in the range of one
hour per sample. This compares to one to two
minutes for plateau fitting. Considering that the
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plateau dose values are closely similar to those of
deconvolution (at least in this case), it seems most
economical to calculate plateaux first and invoke
deconvolution as check and on selected sets which
indicate stronger interferences of the central peak
region (see e.g. Griin & Jonas 1996)

No | 4 Gaussian peaks Lorentzian peaks 7 Gaussian peaks
Dose (Gy) Dose (Gy) Dose (Gy)
1 40.2+1.6 37.4+5.9 41.5+4.1
2 78+45 78.7%2.2 75£15
3 78.7%2.1 73.1+£3.4 75.3+2.6
4 82.7£1.9 114+11 82.2+2.5
G3&4 80.3+2.0 L2-4 82.5+5.0 G3&4 77.6%2.5

Table 3. Dose results
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Introduction

A common, flexible curve fitting algorithm has
recently become available in a commercial graphical
software package for both PC’s and Mac’s

(Kaleidagraph©). The source code of the algorithm
is also available from standard numerical recipes
packages in FORTRAN, BASIC, Pascal and C

(©Press et al. 1992). We assess the algorithm's
ability to model saturating dose responses by
comparing it to other established methods using the
test data of Berger and Huntley (1989) for two
intersecting and saturating curves constructed from
the partial bleach method. The utility of the package
for other applications is also discussed.

The Levenberg-Marquardt (LM) algorithm
has some unique properties relative to other, more
established algorithms devoted to modeling
saturating exponential data sets (Berger et al. 1987,
Brumby 1992, Griin and Macdonald 1989, Poljakov
and Hiitt 1990). It has been validated as an excellent
tool for deconvoluting EPR spectra (Haskell et al.
1996A&B, Haskell et al. 1997A&B, Kenner et al.
1998, Jonas 1995 & 1997, Pilawa et al. 1995,
Polyakov et al. 1995) and has also been used for, or
in conjunction with, TL spectral deconvolution
(Lucas and Akselrod 1996, Emfietzoglou and
Moscovitch 1996). The algorithm can also fit
standard OSL curves containing multiple centers
scanned using either the conventional shine down
method or the new linear modulation technique
(Bulur 1996, Bulur and Goéksu 1997, Figure 1). This
allows the same software to be used for multiple
applications, from first determining the measurement
amplitude (via deconvolution) to fitting the resultant
dose response.

The form of this dose response can vary
from a linear response to multiple saturating
exponentials (and virtually all other forms including
sublinear, supralinear etc.) while still being modeled

appropriately with the algorithm (assuming that the
correct model is used). The algorithm also provides
uncertainty estimates for all parameters of the fit. A
tangential application where this becomes useful is
in estimating the saturation dose for the material
being studied. This is required to determine when a
linear fit rather than a saturating exponential fit
should be applied to the data (i.e., the maximum
dose applied should be £ 1% of the saturation dose
for linear fitting to be statistically more accurate, see
Griin 1996). However, this criterion should only be
applied if accurate values with reliable uncertainties
can be assured. The importance of using the correct
model, errors and fitting procedure 1s clearly laid out
in the literature (Berger et al. 1987, Berger 1990,
Grin 1996, Grin and Brumby 1994, Grin and
Rhodes 1992, Griin and Packman 1993, Guibert et
al. 1996, Lyons et al. 1992).

The LM method for nonlinear fitting is a
numerical compromise between the Gauss-Newton
method of linearization (used by Berger et al. 1987)
and that of steepest descent. The LM method uses a
least squares criterion for convergence and can
therefore be expected to give results similar to the
method of Poljakov and Hiitt (1990) (which
iteratively uses a strict least squares method to
determine two parameters and a Newton-Raphson
method to determine the third) for unweighted
saturating exponential data. In generating the curve
parameters, the LM algorithm also generates the
covariance matrix for the model and data (see Press
et al. 1992). It is from the diagonals of the
covariance matrix that the individual variances of the
fitted parameters are taken (Press et al. 1992). The
LM method does require that the initial estimates be
sufficiently near (typically within an order of
magnitude, Motulsky 1997) the optimum values to
attain a reliable convergence.
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Aliquot curve parameter GWB SC S-m DOSE LM
QNLS84-2 14.28 14.25 14.25 - 14.25
unbleached I, (x 10'4) +0.46 £0.56
QNL84-2 122.7 121.9 121.9 121.9 122.0
unbleached Dy +6.7 +6.7 +6.8 +83
QNL84-2 392 390 389.9 - 390
unbleached Dg +31 +38
QNL84-2 9.64 9.7 9.67 - 9.67
bleached I (x 1074 +1.0 +0.86
QNL84-2 193 195 195.2 195 195
bleached Dy +19 +20 +20 +17
QNL84-2 762 770 773 - 770
bleached Dg + 150 +130
STRB87-1 21.21 21.15 21.15 - 21.18
unbleached Iy (x 10™%) +0.48 £0.45
STRB87-1 0.583 0.583 0.583 0.591 0.591
unbleached Dy +0.018 +0.018 +.020 +0.017
STRB87-1 5.96 5.95 5.95 - 5.98
unbleached Dg +0.25 +0.23
STRB87-1 12.043 | 12.03 12.03 - 12.03
bleached I, (x 10 | $032 , $0.32
STRB87-1 0.680 0.682 0.682 0.682 0.682
bleached Dy +0.023 +0.023 +0.023 } £0.023
STRB87-1 6.67 6.68 6.68 - 6.68
bleached Dg +0.31 +0.31
STRB87-1 0.485 0.481 - 0.481
intersection +0.037 +0.080 - +0.031
QNL84-2 86 85 - 85
intersection +10 +21 - +28
Table 1.

Curve parameters from modeling saturating exponential data. Corresponding error estimates (when
available) are also given. Here 1, is the saturation intensity, Dy is the dose estimate and D, is the
characteristic saturation dose. The GWB method is the quasi-likelihood method of Berger et al. (1987),
SC is the simplex algorithm (Berger and Huntley 1989), S-m is a weighted least squares method (Berger
and Huntley 1989), DOSE is the simplex algorithm with quadratic convergence from Brumby (1992)
and LM is the Levenberg-Marquardt method. The error estimators of the two curve intersections for

the LM method were calculated using basic first order error propagation.
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Like the methods of Brumby (1992), Griin
and Macdonald (1989) or Poljakov and Hiitt (1990),
the LM fitting method does not have the ability to
rigorously assess the relative error distribution of the
data as does that of Berger et al. (1987). These
errors must be independently determined if LM
fitting is to be used (a very basic and simple method
for estimating these uncertainties is described
below). This is important because Griin and Rhodes
(1992) verified the earlier derivation of Berger et al.
(1987, appendix A) that curve fits to saturating
exponential dosimetry data should be weighted by
relative terms. It should be pointed out, however,
that if a case were found where relative errors could
be demonstrated to be negligible, then this would no
longer be expected to be the case and equal
weighting would be expected to give better results
(Franklin 1986). The most common instance in
which this will occur is when the high frequency
noise from the measurement instrumentation (or
other source) becomes large relative to the size of
the dosimetric signals being evaluated. Examples
fulfilling this criterion, and more precise descriptions
of the effect, are given both by Hayes et al. (1997)
and Scott and Sanderson (1988). In general, this is
not expected to be observed in geological dating
studies but should be restricted to more recent
archeological dose reconstructions (Grin and
Macdonald 1989). When the case of mixed errors is
encountered (where neither the constant or relative
errors are negligible), the appropriate weighting
terms are given by Bluszcz (1988). )

Using the saturating exponential test data of
Berger and Huntley (1989), with the modified data
point mentioned by Huntley (1996), we compare the
results of the LM routine to the quasi-likelihood
method of Berger et al. (1987), the simplex method
(Berger and Huntley 1989), a weighted least squares
method (Berger and Huntley 1989) and the quadratic
convergance method of Brumby (1992).

Results

The LM method appears to be comparable in both
parameter and error estimation to the other fitting
methods based on the results given in Table 1 (error
estimates were not available for all the parameters of
some of the other fitting methods). Here, we have
included the calculations of the intersections and the
first order error estimates of the uncertainties
associated with the two intersections. The data were
weighted with either 4% or 3% relative errors as
done in Berger and Huntley (1989) so that a direct
comparison could be made to their data. This was
done because the calculated errors (not the fitted
parameters) using the LM fitting method for data
weighted by inverse variance are directly
proportional to the relative error selected (which is
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true for other methods also). If the weights chosen
were increased or decreased by a factor of ten, then
the error estimates would also be increased or
decreased by a factor of ten respectively despite the
identical fitted parameter values.

Because of the necessity to weight
saturating data by relative errors, the magnitude of
the relative error must be reasonably estimated and
supplied to the LM algorithm prior to the fit. We
offer a simple, model-dependent method. This is to
initially fit the data with a weighted saturating
exponential (here the weights are relative errors of
arbitrary magnitude) to first estimate the residuals
(the residual for each data point is the vertical
distance from that point to the curve fit). We then
divide each residual by the magnitude of the curve fit
at the respective point. After taking the average of
these numbers, we can equate this to the relative
error magnitude which we should use in the LM
method for a weighted fit to the data. This approach
assumes both a correct model was employed in the
weighted fit (e.g., single saturating exponential) and
that the residuals are Gaussian distributed with
variance dominated by relative values (constant
errors, systematic errors etc. are assumed negligible).
Because the fitting parameters will not be affected by
a change in the magnitude of the weighting terms of
the relative error (only their error estimators will be
), iteration is not necessary for this approach. -
Application of this method resulted in average
relative error amounts of 2.2% for the STRB87-1
measurements and 2.9% for the QNL84-2
measurements.

It should be pointed out that this simple
approximation method is not offered as an optimal
approach but rather as an easy to use approximation.
It will not be acceptable in all cases. Indeed the
main advantages of other established methods
(Berger et al. 1987) over that of LM is their implicit
ability to determine the respective weights for use in
fitting each data set and to iteratively assess the
uncertainty in the intersection of the two curve fits.

Some comments addressing convergence
reliability and accuracy are now in order. Our
comments are based on 4 years experience of
modeling dose response data using the LM
algorithm. When the maximum dose is less than
about 10 percent of the saturation dose (Dg,) the
estimates and associated uncertainties for both Dg
and the saturation intensity I will converge to
arbitrarily large values (with the uncertainties being
typically at least a few orders of magnitude larger
than their associated parameters). In the same
situation however, the x-intercept of the fit with its
estimated uncertainty is similar to that obtained
using a linear fit. The algorithm otherwise will
converge (with reasonable parameter and uncertainty
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estimates) for all data sets even when the relative
errors are approaching 30% (which indicates the data
set itself is not useful).

Example
A straightforward application for LM deconvolution
is shown in Figure 1 which was done entirely using

the software package Kaliedagraph©. Here we show
a spectrum from the dose response of a K-feldspar
sample. The sample was scanned using the new
linear modulation method of OSL (Bulur 1996). The
resultant dose response from the three signals used to
model the spectrum are shown in Figure 2. The data
for Figures 1 and 2 were supplied by Enver Bulur.

! ! P
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—o— signal 1
J —n— signal 2 ]
—e—signal 3 |

P o ]
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Figure 1.

Spectral deconvolution of an OSL curve recorded
using the linear modulation technique (Bulur 1996).
The curve fits used an unweighted model. This
spectrum was chosen for the figure because it had
the lowest correlation (it also had the lowest dose of
2.825 Gy) . The form of the curve used for the
model assumed first order kinetics resulting in curve
shapes of the form

Y=-mi *X*exp(-XZ/(Z*mZZ))/ m22.

This allowed us to consider only the dependence on
the m1 parameter for the dose response although the
m2 parameter was consistently stable to within 2%
for each signal.
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Figure 2.

Curve fit to the saturating exponential data set
generated by the linear modulation OSL technique.
The curve fit for each dose response from the three
deconvoluted signals shown in Figure 1 are
displayed. By plotting the ml parameter (see
caption to Figure 1) we effectively plot the
integrated spectrum of each signal. Using the
method described in the text for the LM algorithm,
the fits were weighted with 2% relative errors. The
applied doses were 2.825, 5.625, 11.25, 22.5, 45, 90
and 180 Gy. This resulted in reconstructed doses
Dy of 420+95 mGy, 424428 mGy and 686+106 mGy

for signals 1, 2 and 3 respectively.

Conclusion

Because it is available as either a canned numerical
routine (Press et al. 1992) or an integrated
component of a commercial graphing software

package (Kaleidagraph©), the LM fitting routine is
readily available with little required effort of the
user. Reasonable estimates may now be obtained in
a user friendly graphing program using a viable
algorithm for modeling many of the data sets
encountered in dating and retrospective dosimetry.

It should be born in mind however that for
the  specific  application considered here
(determination of the intersection of two intersecting
saturating exponentials), more accurate and precise
algorithms can be found in the literature (Berger et
al. 1987). This is due to both the lack of the LM
algorithm to do any implicit and rigorous treatment
of the dual curve intersection error analysis and also
its inability to implicitly determine the error
distribution of the data set it is modeling.

The method has some potential benefits not
offered by certain other routines in use. In
particular, it has the necessary flexibility to model
saturating-exponential-plus-linear data (Hiitt and
Smirnov 1983, Berger 1990, Berger 1991), multiple
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saturating exponentials (Katzenberger and Willems
1988, Packman and Griin 1992), data with
supralinearities (Valladas and Gillot 1978) or any
number of other models used in TL/EPR dose
responses (Berger 1985, Berger 1987, Guibert et al.
1996). The minimum requirements for using the
algorithm is that both the fitting function and its
gradient can be calculated (if these are not given in
closed form then numerical calculation can be
implemented at the cost of convergence speed).
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Reviewer
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Comments

The authors deserve thanks for enduring my
suggested iterative revisions. It is worth mentioning
a few points here. All users of statistical packages
should be alert to the assumptions and limitations of
the methods used . The authors carefully point out
that the LM method can be weak in error analysis
(second last paragraph in Results section). Its
strength appears to be in versatility and ease of use.
Note that the «saturating exponential » model of
Berger et al. (1987) can also be used successfully
with most sublinear data, sometimes with supralinear
data. However, as discussed by Berger et al. (1987),
second-order polynomials (quadratics) may work
better (as good approximation) than their
exponential-model method for supralinear data,
certainly for two intersecting curves. As well, the
methods of Berger et al. (1987) and Berger (1990)
probably may also be used to obtain estimates of
uncertainties in certain fitting parameters (e.g. Do
and Ip), but have not yet bothered to extract this
information from the covariance matrices. Also, it
appears that the authors’ approximate method for
estimating relative errors in advance of solution by
LM is equivalent to the use of equation 4 in Berger
et al. (1987), except that the latter includes. a
weighting term in this equation (making it iterative). .

Finally, for new workers in TL/OSL/ESR it

is worth mentioning that the basic arguments for the
use of weighting by inverse variance have deep
historical roots. Several of these roots are cited in
Berger et al. (1987). Among these are citations of
Deming (1949), and the papers of York. I urge
readers to consult York’s papers on regression and
error analysis from time to time. Although his papers
deal with linear models, some of the concepts are
still relevant to sublinear models.
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Abstract - A new approach to estimate optical ages making use of the most light sensitive component of partially
bleached sediments is proposed. A differential partial bleach technique is used where the stimulation during
measurement substitutes for the laboratory bleach. Results on infrared stimulated luminescence from fine grain
sediments of diverse depositional environments, based on this approach are presented. Improvements are obtained in
the case of poorly bleached sediments, whereas results for well bleached sediments are consistent with other optical
dating results. The differential partial bleach technique is seen as primarily applicable to silt-sized sediments, for which

single-grain dating is not feasible.

Introduction

During the past few years a considerable effort has
been expended towards developing methodologies for
luminescence dating of fluvial, glacio-fluvial and
colluvial sediments (see e.g. Berger, 1988, 1990). In
contrast to aeolian deposits such sediments receive a
substantially reduced daylight flux and a narrower
spectrum for photobleaching prior to deposition. This
is due to a combination of sediment load, turbulence in
the medium and clumping of sediment particles. In
such sediments there are three possible scenarios of
pre-depositional daylight exposure, viz.,

¢)] that all grains experienced equal but a

substantially attenuated bleaching,
)] that the grains were bleached to varying

extent,

3 a combination of the above, i.e. the grains
were both poorly and heterogeneously
bleached.

To address to the problem of uniform
nsufficient bleaching (#1 above), the partial bleach TL
method was developed. This was based on an
assumption that the luminescence level of a mineral
grain comprises several components with different
sensitivity to photobleaching (Wintle and Huntley,
1979, 1980; Huntley, 1985). Thus in a uniformly but
partially bleached sediment with a complex history of
depositional photobleaching it is expected that only a

part of the signal was bleached and the other part was
not affected. It is then considered that as long as the
dating technique measures only such photosensitive
signals that were bleached at the time of deposition,
reliable age estimates could be expected. A series of
sun-exposures are made on different sets of aliquots
and additive growth curves obtained for each of these
sets as well as for the unbleached set. The equivalent
dose (or palacodose, P, as used henceforth) is
determined from the intersection point of the
unbleached and the bleached growth curves. In the next
step the dependence of palacodose on varying daylight
exposure is examined to deduce the most appropriate
bleaching condition, beyond which an overestimation
of the age would occur (Fig. 1). Further understanding
of the appropriate bleaching conditions were found by
Berger and Lutenauer (1987) who measured the net sun
spectra in turbid water (~ 500 nm to ~ 690 nm) and
based on this suggested that the wavelength < 550 nm
and > 700 nm should be blocked during laboratory
photobleaching. This can be achieved by filtering the
daylight through a combination of Schott OG 570 and
KG 5 filters.
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(a) Diagram for P determination in the
partial bleach technique used in thermoluminescence
dating.

(b) Expected behaviour of palaeodose with
bleaching using the partial bleach technique. The
palaeodose estimate will increase after the laboratory
photobleaching exceeds the depositional photobleach
level.

Development of optical dating with direct measurement
of the easily bleached component brought the optimism
that more sediments of different depositional
environments could be dated, than was possible with
TL (Huntley et al., 1985; Hiitt et al., 1988). However,
results of insufficient bleaching of OSL in specific
situations has been reported, for example by Duller
(1994), Lang (1994), Li (1994) and Rhodes and
Pownell (1994). Fuller et al. (1994) extended the
concept of restricted spectrum bleaching and the partial
bleach method in TL dating to infra-red stimulated
luminescence to examine deposits from the river
Danube. However, from a simulation experiment it was
concluded that the partial bleach methodology was
inappropriate for IRSL. An alternative approach was
suggested by  Aitken and Xie (1992), who
conceptualised that the total signal comprised an ‘easy-
to-bleach’ and a ‘hard-to-bleach’ component. The
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authors used a ‘subtraction technique’ to obtain the
rapidly bleaching component. To achieve this, the ‘late
light’ of each of the shine down curves (i.e. signal
appearing after a long shine down) was subtracted from
the ‘early light’ (signals at the early intervals of the
shine down). The palaeodose is then determined using
the additive dose method but on the rapidly bleaching
component only.

We discuss here a simple technique to
conduct a partial bleach analysis in optical dating
which allows for probing the most photosensitive signal
and uses only simple IRSL shine down curves. The
new technique comprises construction of a series of
partial bleach growth curves for a sample to estimate
the dependence of the palaecodose (P) with increasing
optical stimulation. A somewhat similar approach was
employed by Spooner et al. (1990) for a well bleached
sample. In the following the basic philosophy of the
technique is presented along with the results on
sediments of different depositional environments.

The technique

In the conventional partial bleach experiment a

minimum of two sets of growth curves are constructed

(Fig. 1). These are,

n a growth curve based on natural and natural +
additive doses and,

-(2) a second growth curve based on an identical

set of aliquots but with an additional treatment

of photobleaching.

Extrapolation of the two curves and the
determination of their intersection point provides the
paleodose P. In the present approach, the IRSL shine
down curves are analysed and IR stimulation itself
substitutes for optical bleaching. The intensity
I At of the first interval Aty of stimulation is taken to

represent the natural (unbleached) signal. The intensity
of all subsequent shine down intervals are considered

as photobleached signal ie. [ At I Aty (Fig. 2),

with increasing photobleach as stimulation proceeds. A
set of partial bleach growth curves are then constructed
for different intervals using the first interval as the
natural additive growth curve (ie. f ( Ato)) and the

subsequent intervals as the photobleached ones (i.e.

f(at) F(Aty) f(Aty))- P is estimated from

the intersection points of the growth curves, i.e. P, from
the intersection of ( Ato) and f ( Atl) , P, from the

intersection of f(Ato) and f(Atz) , ... and P, from
the intersection of f ( Ato) and f ( Aty )- We call this
approach the ‘differential partial bleach’ (DPB)
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approach. In a similar approach Aitken and Xie (1992)

suggested to use the subtraction technique where the

difference of | and | is plotted to obtain the
Atg At,

equivalent dose.

Atg At

A

:.___ p,— laboratory dose

Figure 2.
(a) Schematic of the DPB approach. The
intensity | Ato of the first interval Aty of stimulation is

taken to represent the unbleached (natural) signal. The
intensity of all subsequent shine-down intervals are
considered as equivalent to laboratory bleached i.e.

IAt) Ity -

(b) Growth curves are constructed for each
interval and a palaeodose (P) is estimated - as in
conventional TL partial bleach technique - at the
intersection of the growth curves of unbleached and
subsequent bleached intervals.
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Figure 3.

(a) Shine down curves for sample HDS-180.
IRSL in counts per s is plotted versus stimulation time
Jor natural and additive dosed aliquots.

(b) Shine plots for sample HDS-180: P in Gy
is plotted versus stimulation time. The upper plot
shows P-values obtained using the conventional
additive dose technique. The lower plot shows P-values
obtained using the additive dose technique after
subtraction of the ‘late light' (mean signal in the
interval 50 s to 60 s) The dashed lines are plotted at
the additive P value obtained for the first s of
stimulation (11.4 £ 0.6 Gy). No palaeodose plateau is
seen.

(c) Dose response for selected intervals:
integral IRSL in counts is plotted versus applied
laboratory dose in Gy for different stimulation
intervals (as labelled). Extrapolated lines are shown
for each interval. For clarity, dose response for
interval 1-2 s has been omitted.

(d) Enlargement from Fig. 2 (c): The region
of intersection of the extrapolated lines is shown.
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The samples

A series of silty samples from different depositional
environments i.e. (a) fluvial deposits (overbank
sediments), (b) colluvial deposits, and (c) aeolian
deposits were investigated. Such a choice was made to
examine the applicability of the present approach to
samples derived from different depositional bleaching
environments. It is expected that the present technique
would provide an age similar to that of the
conventional additive dose IRSL technique for a well
bleached aeolian sample and that it should provide ages
similar to that of the subtraction technique for
sufficiently bleached colluvial samples. On the other
hand, it should produce substantially improved ages
(i.e. consistent with age controls) in case of poorly
bleached proximally transported fluvial sediments. The
details of samples and their depositional environments
are presented below.

Fluvial deposits (Samples HDS-178 to HDS-184,
MAU-EB-4 and MAU-EB-7).

All samples originate from the floodplain of
the Elsenz-river near Heidelberg, Germany. These
sediments consist of reworked loess, deposited as
overbank sediments during floods. Samples HDS-178
to HDS-184 were recovered by drilling immediately
besides the present day river channel near the town of
Wiesenbach. A chronological framework for the
construction of the Elsenz floodplain is provided by
Barsch e al. (1993). Previous IRSL-studies of
floodloam from besides the channel suggested very
poor or no bleaching of the mineral grains at deposition
(Lang, 1994). Samples MAU-EB-4 and MAU-EB-7
were taken from the floodplain at a construction site
near the town of Mauer (Lang, 1996). MAU-EB-4 was
taken from near the river channel, and MAU-EB-7
from the distal part of the floodplain. Radiocarbon ages
on associated wood and land-snail samples provides
following time frame: AD 1446-1621 for MAU-EB-4
and AD 390-530 for MAU-EB-7 (calibrated using
Stuiver and Reimer, 1993).

Colluvial deposits (Samples ROM-1 to ROM-5)

A set of colluvial sediment samples from
Wiesenbach (SW Germany) were taken. The colluvial
sequence lies unconformably above a loess horizon and
was deposited in response to the construction of a
‘damy’, such that the material further uphill that was
eroded was trapped until filling of the dam was
complete. Further details and results of IRSL analysis
of these samples using the 410 nm emission and the
subtraction technique of Aitken and Xie (1992) can be
found in Lang and Wagner (1997).
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Aeolian Sediment (Sample ROM 10)

A sample of Late Wiirmian pristine loess was
also taken at Wiesenbach (see above, detailed
description in Lang and Wagner, 1997).
Sedimentological characteristics and stratigraphy in the
region suggest that the loess should have been
deposited after the last glacial maximum. The youngest
loess known in this region was laid down 14 to 15 ka
ago (Zoller, 1994). Thus the sedimentation age of the
sample can be bracketed to 22 to 15 ka.

Measurements

Experimental procedures viz. sample preparation, P and
dose rate determination are described by Lang er al.
(1996). Typically 40 - 60 shine down curves were
recorded at room temperature for the paleo-dose
estimation. A Risg reader TL-DA-12 (Bgtter-Jensen
et al, 1991) equipped with an EMI 9635Q
photomultiplier and TEMT 484 diodes for stimulation
(880 A 80 nm) was employed. The net IR power at the
sample was ~40 mW/cm?, Following Krbetschek et al.,
(1996) the IRSL detection was restricted to 390 - 450
nm. For the construction of growth curves, typically 10
‘natural’ discs and 6 groups of artificially dosed discs (5
each) were measured. These satisfied the criterion for
reducing the error in palacodose to an optimum level
(Felix and Singhvi, 1997). A ®Sr/*Y B-source (dose
rate ~1 Gy/min) was used for artificial dosing and
preheating of 220°C for 5 min was applied to all
samples. No corrections for thermal transfer effects,
such as were made by Huntley and Clague (1996), nor
of the type made, for example, by Aitken and Xie
(1992) and Rees-Jones and Tite (1994). Recent studies
by us on mineral separates indicate that this correction
may not be significant for samples with P values in
excess of half a Gy. Data handling was done using G.
Duller's analyse software. For regression analysis and
calculation of intersection points the commercial
software package by Jandel Scientific was used. In the
error estimation, a weightage proportional to variance
and error propagation according to the Gaussian error
propagation law were applied. Dose rates were
calculated from a combination of data from alpha-
counting, beta-counting and high resolution low level
gama ray-spectrometry (Lang ef al., 1996). In none of
the samples was radioactive disequilibrium detected.
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Results and discussion

A typical data set for a fluvial sample is provided in
Fig. 3. Fig. 3a provides the shine down curves, Fig. 3b
provides the shine plots using the conventional additive
and late light subtraction techniques and dose response
curves for different intervals are plotted in Fig. 3c. The
mset (Fig. 3d) shows the different equivalent doses
obtained from successive time intervals suggesting the
presence of signals of different photo bleachability.
Table 1 provides the P estimates based on the new
technique along with the result of conventional IRSL
additive dose analysis. P estimated based on late light
subtraction, the IRSL intensity in interval 1-2 sec. taken
as ‘late light’ is also provided for comparison. The
‘expected P' is calculated using the dose rate of the
sample and the estimated age of the sample based on
the contextual and stratigraphical information and on
the radiocarbon ages. Fig. 4 provides a comparison of
the P-values from the DPB analysis and P-values from
conventional additive dose analysis.

(a) Fluvial deposits - Floodloam sequence HDS-
178 to HDS-184. In this series, the differential partial
bleach technique provides a substantial improvement
compared to the standard IRSL additive dose and
subtraction procedures using 50-60 s as the late light.
The DPB values show a good concordance with the
expected values. The only exceptions are HDS-180 and
HDS-183, where although the use of DPB technique
provides an improvement, still the DPB palacodose is
overestimated compared to the expected P. This would
imply that the present choice of analysis intervals are
still too long. The examination of sub-second intervals
however was limited by the photon counting statistics
and will have to await higher efficient measurement
devices. Two fluvial samples from the other locality
(MAU-EB) show differing results. Whereas P values
calculated for MAU-EB-4 show a trend similar to
HDS-180 and HDS-183, P values calculated for MAU-
EB-7 (the distal sediment) are the same within error
limits and fit to the expected P. The conventional
additive dose P value is higher.

(b) Colluvial deposits: For all the samples P
values calculated are the same within error limits and
fit well to the known values. The exceptions are the
conventional additive dose P.

(c) Aeolian deposits: All P-values determined for
ROM 10 are the same within the limits of error, again
with the exception of the conventional additive dose P.

From these results two groups of samples can be
distinguished. Group (1) shows a trend towards lower
P values when analysing earlier intervals and therefore
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exhibit significant improvements with the use of the
DPB-technique. Group (2) has all P values that are
identical and fall within the error limits, except the
conventional additive P estimates. Group (2) comprises
the well bleached aeolian loess, reworked sediments
like the ROM-1 to ROM-5 which also behave like well
bleached sediments. Here the DPB estimates are
comparable to other estimates. The higher conventional
additive P is possibly due to the hard to bleach
component of the blue emission (Rieser et al., 1997;
Lang and Wagner, 1997).

In view of the fact that, an optical exposure
can be finely tuned in respect of the flux, wavelength
and duration, the present approach permits the growth
curves for situations where the signal sampling interval
Aty can be made as small as possible and the flux for
IR-simulation may be reduced to the lowest possible
level. It is considered that the approach is likely to be
limited only by
(1) photon counting statistics
(2) photobleaching during sample preparation (if any),
and
(3) signal loss during short shine normalisation runs.

Effects due to scattered illumination light into
the detection optics, Raman scattering, thermal transfer
and photomultiplier dark counts are common to both
the intervals Aty and At, and ‘consequently it can be
reasonably expected that -they will get eliminated
automatically.

The technique implicitly assumes the presence
of a spectrum of bleachability in the OSL signal. This is
the case for polymineral fine grain samples. The
technique’s utility for coarse grains (and single grains)
remains to be investigated. The method should
compliment the single grain technique in the sense that
while the single grain technique aims to locate the most
bleached grains in a heterogeneously bleached
ensemble of grains, the DPB method looks for the most
rapidly bleachable signal in such an ensemble.
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Table 1: P estimates for the different approaches used. Sample No., sediment type, sampling depth (in case of the
Sfluvial sequence) are also listed. All P values are in Gy.

P P P P P P P P
Technique: (convent.) (subtr.)  (subtr.) (DPB) (DPB) (DPB) (DPB) ‘expected’
Interval:  0-1s (50-60s)  (1-2s) 20-21s 10-11s 2-3s 1-2s

Sample Sed.-type

HDS178  Floodloam 6.1£0.3 53403 3.1+04 501#0.2 4303 3.730.2 13103 1-2
(70 cm)

HDS179 floodloam 6.6£0.2 57+0.2 1.7+0.4 5840.3 6.530.4 4.50.3+ 24104 2-3
(140 cm)

HDS180 floodloam 11.4+0.6 10.6£0.5 6.840.5 99+0.8 9.5+0.7 8.5+0.6 6.630.5 2-5
(260 cm)

HDS181 floodloam 5.1+0.3 4.5130.2 33306 4.410.4 44304 43103 3.840.3 3-7
(365 cm)

HDS182 floodloam 5.040.3 4540.3 41105 46205 44404 43104 40403 3-8
(390 cm)

HDS183 floodloam  36.5x1.7 35.4+1.7 33.241.9 352422 346324 31.2+22 359156 10-20
(650 cm)

HDS184 floodloam 17.3x1.0 16.3%1.1 16.9+3.1 16.1x1.2 16.0+1.3 16.9+1.4 15.3*1.4 12-25
(680 cm)

MAUEB4 floodloam 24.0+1.5 22.5+1.5 16.3x1.4 21.1x1.5 20.1x1.5 17.0x1.4 159+1.4 1.5-2.5
MAUEB7 floodloam 46102 43102 47406 42402 41102 39402 ©3940.2 4.5-6.0
ROM 1 colluvium 42403 2.040.1 2.0+0.5 2.120.2 2.010.2 22402 2.240.2 0-4
ROM 2 colluvium 52402 2.6340.1 1.43%0.2 2.43#03 24402 22402 2.110.2 0-4
ROM 3 colluvium 5.540.4 33402 3.840.5 33104 34404 38104 40104 2-6
ROM 4 colluvium 8.4+04 8.0+04 7.0x1.3 79405 7.8+0.5 82405 7.440.5 6-11
ROM 5 colluvium  14.2+1.2 11.7£1.0 10.742.2 9.9+1.2 11.3%£1.3 11.7x1.4 12.0%1.3 7-12
ROM 10 loess 69.6+2.7 62,4422 56.5+5.8 59.7+2.8 57.843.0 56.8+29 57.743.1 50-75

(convent.): P is determined using the ‘conventional' additive dose technique and the IRSL signal of the first second of
stimulation (0-1 s intervals).
(subtr.): Subtraction technique P estimates using the integral 50-60 s or 1-2 s (as indicated) for determination of the ‘late

light'.

(DPB): P estimates were determined using the differential partial bleach technique as described in the text. P was
calculated from the intersection point of the growth curve constructed for the first interval of stimulation
and the growth curve of the specified interval.

‘expected”: P is calculated using calibrated '*C ages, stratigraphy of the sediments and dose rate determinations as

described in the text.
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Figure 4.
Comparison of the P estimates from samples of
different depositional environments using the DPB and
the ‘conventional’ additive dose techniques. The
results are presented as ratios. P estimates for DPB
were obtained from the intersection point of the 0-1 s
growth curve and the 1-2 s growth curve. The samples
are (from left to right):

floodloam (proximal): HDS 178, HSD 179,
HDS 180, HDS 181, HDS 182, HDS 183, HDS 184,
MAU EB 4

floodloam (distal): MAU EB 7

colluvium: ROM 1, ROM 2, ROM 3, ROM 4,
ROM 5

loess: ROM 10

Conclusions

The consistency of results obtained for a variety of
sediments from different depositional environments
enables a reasonable conclusion that the DPB
technique will prove useful for the samples that
experienced very limited daylight exposure prior

deposition. Despite the pessimism of Fuller et al
(1994), it appears that the partial bleach approach as
described here at any rate is not only useful but is
perhaps essential when dating sediments which may be
poorly bleached. This approach, as also the case with
the single grain analysis being developed by e.g.
Lamothe et al. (1994) and Murray and Roberts (1997)
or single aliquot technique (e.g. Duller, 1995), should
imply a significant advance in the dating of fluvial,
colluvial and glacial/nival deposits.

As of now we consider the limiting factors to
be only the photon counting statistics when dealing
with sub-second intervals, and the luminescence
intensity lost in short shine normalisation procedures.
For the moment the technique should prove useful
especially in the case of ‘bright’ samples. For
polymineral samples and low P values the DPB
technique is limited until more efficient light
measurement devices are available. As for now, using a
different detection window (560nm; Krbetschek et al.,
1996) may reduce the problems due to the relative
large scatter in IRSL and in addition, may probe a more
easy to bleach emission. However, the long-term
stability of this signal is yet to be demonstrated. It
would be interesting to see to what extent the technique
is effective with using visible wavelengths for
stimulation and to samples other than polymineral. It
would also be of interest to examine cases whele
samples show a complex shine down curve - rising
initially and decaying subsequently (Rieser et al. 1997)
and to apply the DPB technique to samples artificially
partially bleached in the laboratory.
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Comments

1. In essence this is an extension of the subtraction
method of Aitken & Xie (1992) ; it differs in the way
the data are handled --- as the authors indicate. A
further development that might be worth considering
would be to use the successive adjacent time intervals
instead of always using the first time interval; this
should give better separation of components of
differing bleachability though of course these harder-
to-bleach components will have suffered a minor
amount of bleaching. However, in terms of obtaining
the palaeodose for the easiest-to-bleach component
there would be no advantage.

2. Because the same data are used for each it is to be
expected that the palacodose obtained by subtraction
using a given time interval for the late-light will be the
same as that obtained by DPB technique for that

7

interval. The Table enables this comparison to be made
for the 1-2 s interval and it will be seen that there is
agreement except in respect of HDS178 and ROM 2;
these are only two of several low palaecodose samples,
and also since the discrepancies are in opposite sense,
this feature does not seem likely to be indicative of a
systematic effect associated with low palaeodose.

3. 1 disagree with the authors’ expectation that the
technique will eliminate thermal transfer effects. My
own expectation, consistent with observations
(unpublished) I made some years ago using green-light
stimulation, is that the shine-down curve for the
transferred component will have the same shape as that
of the dating signal (the «natural »); hence the
transferred component will constitute the same
percentage of the signal for all time intervals and this
will lead to an overestimation of palaeodose by that
percentage imrespective of whether the DPB or the
subtraction technique is used. Of course for many
samples the transfer component is, in any case, barely
significant.
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Thesis title: The form of the optically stimulated
luminescence signal of quartz : implications for
dating

Author: Richard Bailey

Examined by: Prof. Ann Wintle and Dr Richard
Templer

Awarded by:  London University

Optically stimulated luminescence (OSL) signals
measured from natural sedimentary quartz vary
significantly in form depending upon a variety of
factors, including the irradiation/illumination/

thermal history of the sample and laboratory
measurement conditions. An attempt has been made in
this thesis to understand the factors responsible for the
observed variation in decay form and to exploit this
understanding for the benefit of optical dating. The
origin of the observed non-exponential OSL decay and
the issue of single versus multiple signal components
were found to be of paramount importance.

Empirically constrained analytical and numerical
modelling of charge transfer (through the conduction
band) within an electronic system analogous to that of
quartz indicates that the OSL stimulated from a single
trap is expected to decay exponentially (to a very good
approximation) with time. The empirically observed
OSL signal (measured at 160°C) was found to be
adequately fitted using a sum of two exponentials, the
‘fast’” and ‘medium’ components, plus a third non-
exponential (‘slow’) component, best fitted using a In(t)
decay in most cases.

Isothermal decay analysis suggests that both the fast
and medium components are associated with the TL
region centred on 330°C. The third ‘slow’ component
signal is extremely thermally stable, present after
heating to 500°C. A thermo-optically stimulated direct
donor-acceptor recombination pathway was inferred for
the slow component. Further differences between each
OSL component were observed in, for example, dose
response and thermal assistance in detrapping. The
conclusion drawn was that the observed OSL most
likely comprises three physically distinct signals.

Two aspects of quartz optical dating that may benefit
from analysis of the identified signal components have
been addressed in some detail; these are (i) the
identification of partially bleached sediments, and (ii)
the possible extension of the dateable age range.
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Announcement

LED99

9th International Conference
on Luminescence and Electron Spin Resonance Dating

6-10 September 1999

ROME-ITALY

The 9th International Conference on Luminescence and Electron Spin Resonance Dating
(LED99) will be held in Rome at the Complesso Monumentale del San Michele a Ripa from
Monday 6th to Friday 10th September 1999.

LED99 will gather experts from around the world in fields of Luminescence and Electron Spin
Resonance Dating. The topics range from fundamental studies of the basic physical phenomena
to dosimetry, advances in equipment technology and applications of the dating techniques in
Quaternary researches, accident dosimetry, archaeology and history of art.

Proceedings

Proceedings will be refereed and published in Quaternary Geochronology and Radiation
Measurements.

Further information

Enquiries for further information should be addressed to:

Dr. Emanuela Sibilia - Dipartimento di Scienza dei Materiali, via Emanueli, 15 - 20126 Milano
TEL. +39+2+66174.165 (.166.167)

FAX +39+2+66174400

E-MAIL sibilia@mater.unimi.it

WEB SITE http//www.mater.unimi.itYLLED99
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