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Introduction :
In recent years, ESR analysis has been used for the
direct dating of human tooth enamel (e.g. Thorne et
al. 1999, Griin et al. 2003). During the refereeing
process of a paper on the ESR dating of an enamel
fragment from Skhul, the dating results were objected
to because of the unknown dose rate contributions to
the tooth from the human mandible and the skull cap,
which are in close proximity to the sample. Here we
" address the problem of dosing and shielding of a
human tooth by a mandible and skull cap, and present
model calculations for three cases: Skhul, Mungo and
Border Cave.

Skull radiation modelling

Dosimetry was modelled using the Monte Carlo
radiation transport code MCNP4C (Briesmeister
2000). Input files are employed which contain: a)
spatially-resolved materials; b) radiation emission

spectra and source locations; c).radiation detector
. tallies; -and d) additional systemic. information. -

MCNP follows the history of each gamma source
photon (and any secondary particles generated) by
stochastically sampling initially a starting position,
direction and energy and then interactions based on
tabulated data. Secondary electrons were assumed to
be deposited locally. The strength of Monte Carlo

methods arises from their ability - to calculate

radiation transport in complex environments with
little increase in systematic uncertainties.

To assess the dose rate contributions of a mandible
and a skull cap, we used a computer tomography scan
(axial slices) of the Skhul V specimen (see home site
of the Peabody Museum, Harvard University) as the
basis for the geometry. The data were re-sampled to
yield voxels (short for velume pixel, the smallest

distinguishable box-shaped part of a three-
dimensional image) of approximately 4mm isotropic
dimension. Further processing was needed to insert
the skull geometry into the Monte Carlo model. We
designed a program to divide up the skull and
surrounding sediment into several thousand "cells"
optimised for computational efficiency. The
calculations were carried out for "typical" dry
sediment (Garrels and MacKenzie 1971) as 1.775 g
cm™ and “typical” wet sediment of 2 g cm® with
water present 25% by weight following . Aitken
(1985). During the life time of an individual, the
average density of dense human bone sections is
around 1.9 g cm™ (Cameron et al. 1999, p. 96).
During diagenesis, bones may either lose mineral
component, i.e. become less dense, or continue to
mineralise, i.e. become more dense (Hedges 2002).
Calculations were carried out for densities of 1.6 g
cm” and 2.7 g cm” to cover the possible density
range of fossil bones. To calculate the overall dose
rates to a tooth from the mandible and skull cap, it is -
important to know how much of the sediment dose
rate from Th and K is shielded. These values were
also calculated for the above conditions.

The gamma spectra were downloaded 21 April 2003
from the Evaluated Nuclear Structure Data File
(ENSDF) database at the Brookhaven National
Laboratory http://www.nndc.bnl.gov. All models
were run for approximately 20 million photon
histories. MCNP provides energy deposition in
detectors normalised to one source particle. The
infinite matrix dose (IMD) for each decay group was
estimated by determining the energy deposited in a
known mass embedded inside a large volume of
uniform fossil material. The ratio of tooth self-dose to
IMD self-dose, ¥, can be written:
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where D is the energy deposited and m is the mass. In
an infinite matrix, there exists a state of “radiation
equilibrium”, such that energy entering a small mass

‘is equal to the energy exiting. In this case, 1-¥

provides a measure of the attenuation of the IMD
within the tooth. Although this is not strictly the case
for the models used here, the composition of
sediment (average Z-value) is sufficiently similar to
the composition of the skull to warrant this
approximation and the uncertainties in the attenuation
estimates are incorporated in the results (see e.g.
gamma attenuation factors of Hubbell 1982).

Results of the modelling

The gamma dose contributions are tabulated in '

Tables la-c (p = 1.6 g cm™) and 2a-c (p = 2.7 g cm™)
as fractions of the bone IMD. Uncertainties are
associated with counting statistics of the model.

- The most obvious and somewhat surprising result is

that the IMD fraction of the complete skull to a
specific tooth (Tables 1a and 2a) is not simply the
sum of the skull cap (Tables 1b and 2b) and mandible
(Tables lc and 2c). This is caused for a tooth in the
mandible (i) by the greater distance to the skull cap
compared to a tooth in the upper jaw, and (ii) by
partial shielding of the dose rate from the skull cap
by the teeth in the upper jaw. The equivalent
symmetrical relationships apply to a tooth in the
upper jaw. The self-dosing/shielding of a row of four
teeth is in the range of 5% of the IMD.

For the U-chain_s in equilibrium, the wetness of the
sediment has virtually no influence on dose rate
calculations. The fractions of the whole skull’s (p =

1.6 g cm’) uranium IMD received by a lower incisor

are 0.0731 (dry sediment) and 0.0737 (wet sediment,
see Table 1a), i.e. the differences are less than 1%.

The contribution of the skull to the dose. rate of a
tooth is strongly dependent on the density of the skull
(compare Tables 1 and 2). The percentages of the
whole skull’s uranium IMD received by a lower
incisor are 0.0731 (p = 1.6 g cm™, dry sediment) and
01137 % (p=27¢g cm?, dry sediment), the latter
being about 56% higher.

To calculate the effect of gamma dosing from the
mandible and skull cap, two processes have to be
considered:
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1) U-series disequilibrium. About 93% of the total
gamma dose rate from the U-decay chains are
generated by the decay of 219ph and 2"Bi. Therefore,
the *Th/*®U ratio has to be considered for dose rate
calculations.

The activity of *°Th is expressed by:

230]’7’:234 U(l _ e(—}.zmt) )=238 U(l _ e(-lz;,ot)) .

if =1 | @

where Ay3 is the decay constant of 0T, Equation
(2) requires that **U and **U are in secular
equilibrium at t=0 (i.e. when the uranium is
incorporated into the sample). This is usually not the
case because most natural waters have an excess of
34U over U (e.g. Chapter V in Cherdyntsev 1971).

 This is due to the fact that 2*U is produced by -decay

of *®U: when an alpha particle is emitted, the
decaying atom recoils, leading to a weakening of its
lattice position. Dissolution of minerals starts
preferentially at weakened lattice sites, as a
consequence, these solutions are enriched with 2*U.
Alternatively, the recoiled atom can be directly.
ejected from the mineral surface into the solution.

Because - of its long half-life of about 244 ka, the

excess 2>*U activity has to be taken into account:

230
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where A, is the decay constant of B4y,

2) U-uptake. Most bones and teeth experience U-

uptake after burial, and this has a strong influence on
“dose rate calculations (e.g. Griin 1989). To simplify

calculations, it is convenient to calculate the dose a
tooth has received from a bone that represents a
closed system for U-series (i.e. applying the CSUS-
ESR model of Griin 2000), rather than iteratively
evaluating average dose rates using the p-value
system (Griin et al. 1988). This has the advantage that
the dose calculation becomes independent of the
actual age of the sample. The differences between

.
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CSUS-ESR  and open system p-value dose
calculations are small (see Griin 2000).

We now present the gamma dose calculations for
three cases:

1) Skhul II (Griin et al., in preparation)

2) Mungo 3 (Thome et al. 1999) and

3) Border Cave 5 (Griin et al., 2003)

Skhul Il (partial mandible, partial skull): To
calculate the possible effects of U-dosing of the skull
and shielding of sediment gamma dose by the skull,
the two extreme 2°Th/?*8U values can be used, that of
the dentine of the tooth from Skhul II (Model 1) and
the surface layer of a bone from Skhul IX (Model 2).
Skhul II consist only of a partial mandible and
fragments of the skull (Garrod and Bate 1937, p. 98),
therefore, the overall effect of dosing will be smaller
than calculated for a whole mandible and skull cap.

Model 1: U-series data were evaluated on the
dentine: U(DE) = 60 ppm; 2*U/**U = 1.073 £ 0.003;
BOThP8U = 0.275 = 0.006, resulting in a closed
system U-series age of 32.1 + 0.8 ka and an initial
U230 value of 1.080 + 0.003. The time-averaged
BOT?#U ratio is 0.144 and the 2'Pa/*U ratio is

0.274. The average *U/**U ratio does not have to

be considered as the gamma intensities of »*U are
very small. Assuming that the U-series data apply to
the whole skull, using the values from Tables la and
2a and the dose rate values of Adamiec and Aitken
(1998), total dry gamma doses of 3.73 Gy (p=1.6¢g
cm™) and 5.59 Gy (p = 2.7 g cm™) are obtained.

At the same time, the tooth is shielded by the skull
and mandible from the sediment gamma dose rate
generated by the radioactive isotopes in the sediment,
namely the U and Th decay chains in equilibrium and
K. The average composition of the sediment at Skhul

is 2.00 + 0.68 ppm U, 2.38 + 1.4 ppm Th and 0.45

0.15% K. The total shielded sediment gamma dose in
32.1 kais 1.22 £ 0.30 Gy (p = 1.6 g cm™) and 1.90 +
0.48 Gy (p = 2.7 g cm’). Assuming an age of about
120 ka, the shielded doses are 4.56 = 1.12 and 7.10 +
1.79 Gy for p = 16 g em? and 2.7 g cm?,
respectively. The net effect of the presence of the
skull would lead to corrections of less than 1.6 Gy, or
less than 1.6% on a measured dose value of 98.7 +
7.8 Gy.

Model 2: A bone surface sample from Skhul IX
yielded the hi§hest closed system U-series age with
8.7 ppm U, 2'U/PU = 1.052 + 0.002; Z'Th/*?*U =
0.742 + 0.006, resulting in a closed system U-series
age of 131 + 2 ka and an initial **U/?®U value of
1.075 + 0.002. The time-averaged “*Th/***U ratio is
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0.446 and the *'Pa/**°U ratio is 0.662. Using the
same procedures as above, we obtain total U-doses of
5.55 and 8.53 Gy for densities of 1.6 and 2.7 g cm™,
respectively. The total shielded gamma doses over
131 ka are 498 + 1.22 and 7.75 + 1.95 Gy for
densities of 1.6 and 2.7 g cm>, respectively, requiring
net dose corrections of less than 0.8 Gy.

As mentioned above, because of the fragmentary
nature of the mandible and skull, the overall effect on
a tooth from Skhul II is most probably much less than
1.6 Gy (the higher correction value derived from
model 1).

Mungo 3 (mandible and skull cap): The average U-
concentration in the bone material is 5.5 + .9 ppm,
UAU = 1319 + 0.035 (average of TIMS
measurements on bones); BT/ P80 = 0.610 + 0.067
(average of TIMS and gamma spectrometric

measurements of the bones and skull), resulting ina -

closed system U-series age of 65.6 = 10 ka and an -
initial **U/**U value of 1.384 % 0.035. The time
averaged “*Th/?*U ratio is 0.339 -and the *'Pa/**U-
ratio is 0.461. This results in a gamma dose from the
skull (over the time period.of 65.6 ka) of 1.38 and
2.11 Gy for densities of 1.6 and 2.7 g cm>,
respectively. The average composition of the Mungo

~ sediment is 0.27 + 0.05 ppm U, 0.82 + 0.04 ppm Th

and 0.15 + 0.01% K. The shielded doses for the
same time are 0.57 + 0.16 and 0.90 = 0.5 Gy for
densities of 1.6 and 2.7 g cm®, respectively,
necessitating corrections of less than 1.21 Gy, or
about 4.5% on a measured dose value of 26 + 2 Gy
(the mean EU age would be reduced from 63 to 60

~ ka). This is smaller than the quoted uncertainty of 6

ka for this age determination (Thorne et al. 1999).

Border Cave 5 (mandible only). The age of the

sample has been estimated as 74 ka. The U-
. concentrations in bones in Border Cave are very low,

in the range of 0.2 ppm resulting in a dose rate value

from the mandible of less than 1 pGy a™’. A sediment
. sample in the vicinity of the mandible had a

composition of 2.05 +0.50 ppm U, 10.8 £ 0.2 ppm

Th and 2.87 = 0.10.% K. The mandible shields about .
70.uGy a™* for p=1l6g cm”. The bones from Border

Cave are not mineralised so that calculations for p =.

2.7 g cm™ would be misleading. As a result, the total

dose rate of 2026 Gy a™' would decrease by 3.5 %

and the age of the tooth would increase from about

74 to 77 ka.

Summary

We have calculated the overall effect of uranium
gamma dosing and U, Th, and K shielding of the
environmental dose rate by a human skull on the total
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dose rate received by a tooth. The presence of bones
near a tooth used for ESR dating may influence the
resulting age estimate either way, depending on the
relative balance between uranin in the bones and
radioactive elements on the surrounding sediment,
the ages may either increase or- decrease (see
calculated examples above). As it happens, the net
effect is small for the three real cases presented in
this study (< 5%). The average uranium dose rate
from a whole cap is between about 7 and 14% of the
skull’s IMD (p = 1.6 g cm™ and 2.7 g cm™). The
average shielding of the total environmental dose rate
bya comglete skull is between about 7 and 12% (p =
1.6 g cm™ and 2.7 g cm™). The effect of the presence
of a skull is maximised in cases such as Border Cave,
where the sediment dose rate is high and the uranium
concentrations in the bones is very low. In other
environments, the effect of = increased U-
concentrations in the bones of the skull (which are
usually free of Th and K) is offset by (i)
disequilibrium of the U-decay chains in the bones,
(ii) delayed U-uptake by the bones, and (iii) shielding
of the U, Th and K dose rates from the sediment.

It may be worth mentioning that when applying
Tables 1 and 2, the true errors of any calculation will
be rather large, as the dose rates are critically
dependent on the precise position of the mandible

and skull cap relative to the tooth. In most cases, the -

mandible and skull cap will have separated to some
extent and parts of the bones may be missing (e.g.
-Skhul II). Nevertheless, it is useful to calculate the
overall effect of dosing and shielding to estimate the
magnitude of possible systematic errors.
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