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ABSTRACT

It has been about forty years since the dose-rate conversion factors commenced to appear in ta-
bular forms and, ever since, periodical updates have been published. The present work contributes
to this continuous updating, using the latest evaluated nuclear data for the 28U-, 2°U- and 2?Th-
series, as well as for ¥K and #Rb, obtained from the Evaluated Nuclear Structure Data File (ENSDF)
database and the Nuclear Wallet Cards. An estimate of the accuracy of the dose-rate conversion fac-
tors is further attempted for the first time, by taking into account individual uncertainties in all
quantities involved in the calculations.

A literature comparison between all previously published dose-rate conversion factors is pre-
sented and their Historical Mean (HM) values are calculated. The standard deviation from the HM
is introduced as a measure of the fluctuation in individual updates. A selected example is given to
show that the use of the HM instead of the present dose-rate conversion factors has a minimal im-
pact on dating calculations performed by the thermoluminescence, the optically stimulated lumi-
nescence and the electron spin resonance methods. It is concluded that there is no justification in
periodically reviewing the dose-rate conversion factors and thus, the present values can be consi-
dered as a revised overview that future dating applications should safely rely upon.
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INTRODUCTION

The luminescence (Thermoluminescence-TL
and Optically Stimulated Luminescence-OSL)
and Electron Spin Resonance (ESR) dating me-
thods rely upon the accurate determination of
the accumulated radiation dose over an elapsed
time and the rate at which this dose has been
delivered to the material under study, i.e.:

Age=Equivalent Dose/Annual Dose Rate (1)

To assess the denominator in eq. (1), the con-
centration or the activity of radioelements is
measured and then converted to dose-rate using
appropriate conversion factors. The calculation
of these conversion factors is a tedious task that
takes into account a long list of nuclear data,
such as radioactive half-lives, branching ratios,
energies and intensities of the alpha, beta and
gamma radiation emitted during individual
transitions in the naturally-occurring uranium-
series, the thorium-series, potassium-40 and ru-
bidium-87. Thus, dating specialists typically
resort to tabulated values available in the litera-
ture. Since 1975, a series of dedicated papers
have been published reporting dose-rate con-
version factors and their updates (Aitken and
Bowman, 1975; Carriveau and Troka, 1978; Bell,
1976, 1977, 1979; Aitken, 1985; Nambi and
Aitken, 1986; Liritzis and Kokkoris, 1992; Kok-
koris and Liritzis, 1997; Aitken, 1998; Adamiec
and Aitken, 1998; and Guérin et al., 2011).

The present work aims to contribute to this
continuous updating, using the latest evaluated
nuclear data and introducing for the first time
an estimate of the accuracy of the dose-rate con-
version factors. To this end, the uncertainties in
all quantities involved in the calculations are
taken into account and the associated total un-
certainty is determined by error propagation.

THE DATA

The nuclear data used for the present calcula-
tions were obtained in May 2012 from the Eva-
luated Nuclear Structure Data File (ENSDF) da-
tabase and Nuclear Wallet Cards, available at
the Brookhaven National Laboratory (BNL) Web
site (http://www.nndc.bnl.gov).

The dose-rate (D), in Gy s7, is calculated as:

— MeV

D=AE ><1.60218><10*‘3L><103£ 2)

gs MeV kg
where A is the activity concentration of the
parent radionuclide, in Bq g, and is the aver-
age energy (alpha, beta or gamma), in MeV per
disintegration.

The beta component (average beta energy),
includes Auger electrons and internal conver-
sion; the gamma component includes X-rays and
annihilation radiation; the alpha recoil and neu-
trinos are not included due to their insignificant
contribution to dose-rates (Adamiec and Aitken,
1998).

To determine the uncertainty (denoted as o)
in dose-rate values, individual uncertainties in
all involved quantities — such as half-lives, ener-
gies, intensities, branching ratios, atomic abun-
dances etc. — were taken into account and com-
bined using standard error propagation formu-
las.

The calculations are catalogued in easily ac-
cessible tabular forms, following the approach of
Guérin et al. (2011). Tables 1 and 2 show the
energy emission and dose rate values for the
28U and 23U series and for the 22Th series, re-
spectively. Data for potassium and rubidium are
listed in Table 3.

Compared with the most recent update pub-
lished by Guérin et al. (2011), the present dose-
rates show slight differences, typically well be-
low 0.5%, with one main exception of the gam-
ma dose-rates for U (see Table 4). These dif-
ferences, however, are within the uncertainty
calculated for the present dose-rate values,
which is given as o (%) in Table 4.

DISCUSSION

A detailed historical survey of published
dose-rate conversion factors is presented in
Tables 5-7 and further illustrated in Figs 1-6. For
the needs of comparison, a “Historical Mean”
(HM) dose-rate value has been introduced,
which is defined as the arithmetic mean of all
previously reported dose-rates for each of the
alpha, beta and gamma components and for
each of the parent radionuclides (*8U, 2°U, 22Th,
40K, 87Rb). The standard deviation from the mean
is also calculated and given as the uncertainty
(1o) in the individual HM values. The inspection
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of Figs 1-6 shows that, in principle, published
dose-rates fluctuate smoothly within the HM 1o
range; pronounced deviations are evidenced
only for some dose-rate values.

To demonstrate how the discrepancies be-
tween the dose-rate conversion factors, due to
nuclear data updates, influence the age calcula-
tions of a specific sample with a measured natu-
ral OSL signal (and a calculated equivalent
dose), we assumed that a typical dating sample,
a ceramic sherd, was buried in a geological stra-
tum of typical natural radioactivity, 21 Bq kg
28U or 1.687 ppm, 1 Bq kg! 25U or 0.0125 ppm
(or total Uranium 1.7 ppm), 40 Bq kg! 52Th or 10
ppm Thorium, 1% of natural K and 50 ppm of
natural Rb. In the case of the 238U, 25U and 22Th
decay series, we assumed that they were in equi-
librium states. For the purpose of simplicity, we
also assumed that the single-aliquot regenera-
tive-dose (SAR) protocol was followed (Murray
and Wintle, 2000). In our example there is no
need to consider the influence of alpha emission
dose-rate because quartz grains (100-150 pm) in
the sample are usually etched by a 40% HF solu-
tion and the outer portion of the grains, where
the alpha energy was delivered and stored as
the OSL producing signal, is removed. Tabu-
lated conversion factors are usually expressed in
Gy ka' per ppm of the parent radioisotope in
the case of 28U, 2°U and 2?Th. In many cases the
determination of the uranium, thorium and po-
tassium radioisotopes is performed with gamma
spectroscopy and thus the concentrations are
expressed as Bq kg' dry matter of sample. The
conversion factors can be expressed in Gy ka’!
per Bq kg using the activities of the isotopes
per ppm. These values are 12.447 Bq kg per 1
ppm of 28U, 80.030 Bq kg per 1 ppm of 2°U and
4.058 Bq kg! per 1 ppm of 2?Th. Regarding ura-
nium isotopes U and U, the total natural
uranium radioactivity corresponds to 12.927 Bq
kg1 per 1 ppm. In the case of K, the conversion
factors are expressed as Gy ka'! per 1% of natu-
ral K, which corresponds to 317.38 Bq kg and in
the case of ¥Rb as Gy ka' per 50 ppm, which
corresponds to 44.8 Bq kg1

Using the above values and the appropriate
dose-rate conversion factors, the total dose-rate
delivered on a quartz grain inside the sherd
from the surrounding soil can be determined.

Calculations were performed based on all pre-
viously published conversion factors, as well as
on those derived in the present update. The re-
sults presented in Table 8 (see also Fig. 7) show
that the dose-rate based on the conversion fac-
tors assessed in the present work, coincides with
the dose-rate based on the Historical Mean in
the range of the associated errors.

In the case when fine grains of quartz are
used for the equivalent dose estimation (<100
um), the stage of HF etching and feldspar elimi-
nation is omitted. Thus, the contribution of al-
pha natural radioactivity in the dose delivered
to the quartz grains should be taken into ac-
count. The additional dose from alpha particles
derived from the decay chains of uranium and
thorium radioisotopes should be included in the
calculations. If so, the estimated dose rates
change drastically and the values presented in
Table 8, based on present work dose conversion
factors should be replaced by 5.20 + 0.04 Gy ka'!
for 28U and #5U (total natural uranium), 8.01 +
0.03 Gy ka'! for 2Th and 14.28 + 0.05 Gy ka™ for
the total dose rate.

It could be concluded that the total dose-rate
did not vary significantly through the last 37
years (1975-2012), although most of the nuclear
data the calculations are based on, have been re-
evaluated through these years.

Considering the influence of the natural ra-
dioactivity components (due to uranium iso-
topes, thorium, potassium and rubidium) on the
total calculated dose-rate, it must be noted that
significant differences in values following re-
evaluations of nuclear data are observed only in
the case of the 2?Th-series. Thus, the changes in
the total dose-rate conversion factors through
past years are associated mainly with the re-
evaluations of the 22Th-series nuclear data.

On the basis of the HM introduced in this
work, it may be argued that any future refine-
ment of nuclear data is unlikely to provide any
significant improvement of dose-rate conversion
factors.

A final concern related to the annual dose de-
termination should be raised at this point. In the
example illustrated above, as in most lumines-
cence dating applications, secular equilibrium in
the decay chains through time was assumed,
implying that the dose rate remains constant
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over the burial period. However, increasing evi-
dence of widespread disequilibrium has been
reported for several depositional contexts and
the implications on dose rate assessment should
be considered in dating studies, as important
discrepancies in age determination can occur
depending on the origin of the disequilibrium
and its kinetics (see for example Guibert et al.,
2009; Lahaye et al., 2012; Kokkoris and Liritzis,
1997; Danali — Cotsakis and Liritzis, 1985 and
references therein). Disequilibrium in the decay
chain of 22Th is unlikely to be important in most
natural materials, given the short half-lives of
the longest-lived daughters in the chain, i.e.
28Ra (5.75 y) and 22Th (1.91 y). In contrast, be-
cause of the much longer half-lives of many of
the 28U daughters (#4U, 2°Th, 22°Ra), disequili-
brium should perhaps be expected, particularly
in surficial environments or “open systems” in
which solution and precipitation processes may
significantly disturb the initial state of mobile
radionuclides. Once the nature and extent of
disequilibria in the U-series have been estab-
lished, the tabulated dose conversion factors
should be considered separately for each radio-
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Table 1. Energy release and dose rates in the uranium (*8U and #*U) decay series.
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Table 2. Energy release and dose rates in the 22Th decay series.
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Table 3. Dose rate data for potassium and rubidium.

4OK 87Rb

value o value o]
Natural abundance (mg g?) 0.1196 0.0010 283.0 0.2
Half-life (y) 1.248E+09  3.000E+06 4.81E+10  9.00E+08
Average energy per disintegration Beta 0.499 0.001 0.0817 0.0007
(MeV) Gamma  0.1558 0.0026
Specific activity (Bq kg?) for 1% nat.
Kpand 50 ppthf(ni. Rgb) 3174 2.8 44.8 0.8
Dose-rate (Gy ka'!) for concentrations Beta 0.8011 0.0073 0.0185 0.0004
as above Gamma  0.2498 0.0048

Table 4. An overview of calculated uncertainties for the present dose-rate values, given as o (%). The columns
labelled as G (%) show percentage relative differences between the present dose-rates and those reported in the
most recent update by Guérin et al. (2011).

alpha beta gamma

o(n)  G(%) o (%) G (%) o () G (%)
28, total 0.41 0.00 0.28 0.21 0.18 -0.73
281, pre-radon 0.96 0.00 0.35 -0.18 0.00 0.00
25U, total 0.85 -1.28 2.70 0.00 0.00 9.09
U-nat,, total 0.39 -0.07 0.27 0.14 0.18 1.69
U-nat., pre-radon 0.87 -0.16 0.33 -0.17 0.00 4.54
22Th, total 0.35 0.00 3.27 -0.73 0.42 0.42
22Th, pre-radon 0.78 0.00 9.68 -1.08 0.55 0.55
0K - - 0.91 0.36 1.9 0.28

8Rb - - 2.16 0.00 - -
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Table 6. Literature comparison of thorium dose-rates.

Table 5. Literature comparison of uranium

(338U and 2*°U) dose-rates.
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IATION DOSE-RATE CONVERSION FACTORS

Table 7. Literature comparison of potassium and rubidium dose-rates.

Dose-rates (Gy ka)

Dose-rates (Gy ka) per

per 1% natural K 50 ppm Rb
Reference Beta lo Gamma lo Beta lo
Present work 0.8011 0.0073  0.2498  0.0048 0.0185 0.0004
Guérin et al. (2011) 0.7982 0.2491 0.0185
Adamiec & Aitken (1998) 0.782 0.243 0.019
Liritzis & Kokkoris (1992) 0.8221 0.2460 0.025
Nambi & Aitken (1986) 0.8144 0.2433 0.023
Bell (1979) 0.8304 0.2492 0.025
Carriveau & Troka (1978) 0.8023 0.2482 0.019
Bell (1977) 0.8216 0.2470
Aitken & Bowman (1975) 0.8650 0.2409
Historical Mean + 1o 0.817 0.025 0.246 0.003 0.022 0.003
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Dose-rate (Gy/ka) per ppm of natural U
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Figure 1. Literature comparison of alpha, beta and gamma dose-rates for natural U-total. The Historical Mean
(HM) value and the corresponding +10 region are also indicated with the solid and dashed lines, respectively.

Table 8. Comparison of calculated individual and total dose-rates (Gy ka") for a hypothetical sample (see the text
for details), based on different dose-rate conversion factors from the present work and the literature. The calcu-
lated individual and total dose-rates based on the Historical Mean values are presented in the last row.

Total nat. U 22Th WK 87Rb Total
Dose- Dose- Dose- Dose- Dose-
rate (¢ rate o rate (¢ rate o rate (¢
Present work 0.439 0.003 0.745 0.009 1.0509 0.014 0.0185 0.010 2253 0.019
Guérin et al. (2011) 0.438 0.745 1.0473 0.0185 2.249
Aitken (1998) 0.439 0.738 1.063 0.022 2.262
Adamiec & Aitken
(1998) 0.441 0.740 1.025 0.019 2.225
Liritzis & Kokkoris
(1992) 0.438 0.544 1.0681 0.025 2.076
Nambi and Aitken
(1986) 0.444 0.795 1.0577 0.023 2.320
Aitken (1985) 0.444 0.789 1.063 0.022 2.318
Bell (1979) 0.444 0.789 1.0796 0.025 2.337
Carriveau & Troka
(1978) 0.459 0.727 1.0505 0.019 2.256
Bell (1977) 0.444 0.789 1.0686 0.022 2.323
Bell (1976) 0.465 0.779 1.063 0.022 2.329
Aitken & Bowman
(1975) 0.417 0.734 1.1059 0.022 2.279
Historical Mean * 1o 0.443 0.014 0.742 0.069 1.063 0.027 0.022 0.002 2270 0.077




A RE-EVALUATION OF RADIATION DOSE-RATE CONVERSION FACTORS

11

= 135
g Alpha (U, pre-radon)
é 1.30 b oo o]
S o o
él.zs- e O o O o o 4
o HM = 1.244+0.052
E 120 |
L
=4
> LIs|
<)
2
8 10} L4
3
[=]
Q IAOS 1 1 1 1 1 1 1 1 1 1
F D HH & S A MO A D
FPI I I ITIIY S
S I S SN N
& > \&0 %g;‘\ & & o o <P S
T P FFFF YO
DAY A S o 9
& ¥ ¥ Y
o & 4
& & &
o~ g
= 0.064
= Beta (U, pre-radon)
2
«
S o062}
o= < g S S
°
é 7 ® o o
5 0060 —@ ® oo
a, HM = 0.0601+0.0014 °
S
5
= L
) 0.058
g e
& 0.056
g
Q \L |\ 1 |\ 1 1 1 1 I |\
F O PP D DO O
N 9
S PTI I TS SE L
£ & @ & & & o < &
T IF F FHFFE PP E
PR 0 I - $
& ¥ ¥ o
& & &6‘0\ Q%d
& <8 Sl
v o
=
TE 0.010 L Gamma (U, pre-radon)
«
e ®
G
S 0.008 |-
=
s L ]
5 0006 - HM=0.0055+0.0015 e o o
g 0.004 b---- ® eo__®_ ® o
3 )
e
= 00021
£
2
=}
Q 0000 1 1 1 I\ 1 1 1 1 1 1
F N & H OB DN S
S QQ\ \\C’o’ @O) @oo @% \\qf\ QQ;\ \\q« Qf\
I R
* bQ‘b Y’\ %‘V’\ %V’\ ?’> Q)OQA
O°© & @\é\ Q%"
& P i
¥ v

Figure 2. Literature comparison of alpha, beta and gamma dose-rates for natural U-pre-radon. The Historical

Mean (HM) value and the corresponding +10 region are also indicated with the solid and dashed lines, respec-
tively.
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Figure 3. Literature comparison of alpha, beta and gamma dose-rates for 2?Th-total. The Historical Mean (HM)
value and the corresponding +10 region are also indicated with the solid and dashed lines, respectively.
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Figure 4. Literature comparison of alpha, beta and gamma dose-rates for 2?Th-pre-radon. The Historical Mean
(HM) value and the corresponding *10 region are also indicated with the solid and dashed lines, respectively.
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Figure 5. Literature comparison of dose-rates for K. The Historical Mean (HM) value and the corresponding *10

region are also indicated with the solid and dashed lines, respectively.
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Figure 6. Literature comparison of dose-rates for ’Rb. The Historical Mean (HM) value and the corresponding

*10 region are also indicated with the solid and dashed lines, respectively.
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Figure 7. Comparison of total dose-rates for a hypothetical sample (see text for details), calculated using different
dose-rate conversion factors, available in the literature. Calculations based on the Historical Mean (HM) values
are also shown with the solid line. The dashed lines indicate the 10 region from the HM.



