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Abstract

tinct parameters on the dose rates, it is difficult to evaluate
the reliability of the modeling results because of the lack of
comparative data. We propose in this paper to test DosiVox in
dosimetric layouts described in the literature for which tabulated data are available. The relevance of the compared data
will be discussed as well as the limits of the usefulness of
these modelings.

The DosiVox software allows modeling various
situations of dosimetric interest for trapped
charge dating methods. Simulation of α-, β and γ-dose rates are considered here in adapted
modeling. The results of numerical simulations
are compared with tabulated data of dose
attenuation in layers and grains usually used
in the dating community. Good agreements are
found with the tabulated data, and some limits
of usual approximations are highlighted.

2. Procedure
The DosiVox software allows modeling samples by constructing a voxelised (3D) volume where the material and
the associated radioactivity can be defined in each voxel.
The emission of α-, β - and γ-particles from the natural radioactive elements can be simulated and the corresponding
dose rates can be recorded by different detector types (Martin
et al., 2015a). The software does not need any programming
skills, all the parameters used to construct the simulation being defined with a “pilot“ text file. For the purpose of this
study, DosiVox version 1.03 was used. A new feature of particle reflection on the walls of the volume, not yet available
in the online version of the software, was sometimes used in
the simulations in order to speed them up and to increase the
statistical counting. However, all the results reported here
were first tested without this option, to ensure that it has no
effect on the exactness of the results.
We propose to arrange this study in three parts, each of
them considering a particular DosiVox detector type with its
own utility and purpose. The simulations, results and discussions of each case are presented in the corresponding part for
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1. Introduction
DosiVox is a Geant4 based software for simulating dose
rates in various contexts encountered in trapped charge dating methods. It is freely available1 and has already been used
in two studies: in the first one (Martin et al., 2015a) its features were illustrated by a series of selected examples, while
in the second, Martin et al. (2015b) presented dose rate modeling of a complex sediment sample previously characterized
by numerous analytical techniques. Meanwhile, considering
the diversity of samples and dosimetric contexts that can be
encountered in trapped charge dating and for which numerical simulations can be of interest to assess the effect of dis1 http://www.iramat-crp2a.cnrs.fr/spip/spip.php?article144
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a better consistency.

3. Layer to layer variation

In the first part, the dose rate profiles generated by a juxtaposition of layers differing by their radioactivity are investigated. The results concerning the γ-dose rates are compared to the data gathered by Aitken (1985). Simulations of
the β -dose attenuation in a silica layer of variable thickness
have been carried out in a similar way as Brennan (2006)’s
calculations. At last, the attenuation of the α-dose rate in
calcite layers calculated by DosiVox is compared to the data
from Grün (1987). All these dose rates were recorded with
the “Probe“ detector of DosiVox, a detector composed of a
cylinder crossing through the height of the modeled volume
and divided in several parts, each one recording the dose deposits.

3.1. Variation of dose rate from a radioactive layer
to an inert one

A

The second part explores the modeling of dose attenuation
effects in sedimentary grains, using the grain packing detectors of DosiVox. These detectors were mainly set in an almost
infinite matrix layout because the majority of the available
data had been calculated for this situation. Both internal and
external dose deposits were calculated for 100 µm grains using α- and β -radiations, and for 1 mm grains as well in the
case of the β -particles. The results are compared to the tabulated data from Bell (1980), Guérin et al. (2012) and Martin
et al. (2014). The effect of water content and matrix material
are also briefly investigated in the case of the β -dose rate, for
a comparison with Nathan & Mauz (2008) data. In addition,
a test to check for the complementarity of the internal and
external β -dose rates is presented for a packing of 400 µm
grains.

B

The last part of the study focuses on the subvoxelised detector of DosiVox that allows detailing an object with a finer
level of resolution. Voxelised sphere modelings were used
for these tests because several data concerning the attenuation of dose in spherical volumes can be found in the literature, for α- (Bell, 1980; Martin et al., 2014) β - (Mejdahl,
1979; Fain et al., 1999; Guérin et al., 2012) and γ-radiations
(Mejdahl, 1983; Aitken, 1985). The possibilities offered by
DosiVox for visualizing the dose deposits are used to illustrate the kind of information that simulations can bring for
apprehending dose rate distributions.

Figure 1. γ-dose rate in a radioactive layer next to an inert layer.

This first simulation layout is presented in appendix H of
Aitken’s book (Aitken, 1985). A radioactive layer of soil is
next to an inert layer of an identical soil. The γ dose rate profile from the 40 K, U- and Th-series spectra are investigated
at the interface of the two media. The different spectra are
taken from the DosiVox data (Martin et al., 2015a), the decay
chains of the U- and Th-series being in secular equilibrium.
The chemical composition of the soil is taken from Aitken:
O 50 %, Si 36 %, Al 6.9 %, Ca 0.5 %, Fe 3.5 %, Mg 0.4 %, K
1.5 %, Na 0.6 %, Ti 0.6 %. The dry soil density is 1.6 g cm−3 ,
and the moisture represents 25 % of the dry mass which leads
to a total density of 2 g cm−3 for the moist sediment. Figure 1 shows the dose rate profiles of the γ emissions from
the different spectra, and the weighted mean of their contribution for contents of 1 % in mass of K, 3 ppm of U and
10 ppm of Th (which corresponds to weights of 20 % for the
40 K dose rate, 30 % for the U-series and 50 % for the Thseries). These proportions were also used by Aitken (1985).

Some of the simulation results presented in this paper are
normalized to the quantity of energy carried by the primary
particles emitted by unit of mass (EmMass) in the material
used as a reference. This value is homogeneous with a dose,
and corresponds to the infinite matrix dose of the reference
material. Meanwhile, as the main purpose of DosiVox is to
investigate dose rates in cases which are far away from the infinite matrix case, the EmMass term can be considered more
adapted to this context. Normalizing the dose results provided by the simulation by the EmMass term is a convenient
way to proceed because it allows representing them as values relative to a calculable annual dose. This ratio (simulated
dose divided by EmMass) is therefore proportional to a dose
rate as it only requires to be multiplied by the corresponding
specific annual dose of the radioelement present in the reference material, taken from Guérin et al. (2012) for instance.
2
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The β -doses deposited in the inert layers for the 40 K, Useries and Th-series spectra are given in Fig. 3. The x-axis
represents the thickness of the inert silica layer, and the dose
rates are expressed as the percentage of the dose rate in an
infinitely thin inert layer next to a radioactive one. These
results were obtained by averaging the dose recorded in the
segments of the “Probe“ detector overlaying the inert part
of the model for the considered thickness. The DosiVox results are compared with the data calculated by Brennan et al.
(1997) using the ROSY software and the Monte-Carlo calculations of Cross et al. (1992), and with the data from Grün
(1986) reported by Brennan et al. (1997) in his paper.

Aitken’s results are represented on Fig. 1 for comparison.
We can observe that the results of the DosiVox simulations
match very well the data from Aitken (1985). Few difference
can be observed and likely result from the evolution of γspectra and cross section values since 1985.

A

Figure 2. γ-dose rate next to the surface of a soil.

Aitken estimated that the curve part representing the dose
rate in the radioactive layer (from -50 to 0 cm on the horizontal axis) could be used to calculate the dose rate at the
surface of a soil, considering that the inert part is replaced
by air. However, by replacing the one meter-thick inert soil
layer, by an equal volume of air (N 78 %, O 22 %, density =
0.00129 g cm−3 , water content = 0 %), the DosiVox simulation result presented on Fig. 2 indicates a profile significantly
different. The lower dose rate observed from -15 cm to 0 cm
results from a lack of back-scattered γ-particles from the meter of air next to the soil, in comparison with the quantity
of particles back-scattered by the inert soil in the previous
simulation. The assumption of Aitken was yet not wrong
because if a length of air superior to the γ-range in this material had been simulated, the back-scattered γ-particles in
air would have compensated the lower dose rate in the first
fifteen centimeters of soil. But in a real case of measurement, this back-scattered γ-flux is mixed with all the γ-rays
coming from adjacent sediments, as they have a long range
in air. Considering the very different ranges of the direct γself-irradiation of the soil and of the back-scattered particles
in the air, it could be more pertinent to take in account separately these two contributions to the total γ-dose rate at the
surface of the sediment.
We can observe in Fig. 1A that the Th-series γ-dose rate
profile is very close to the weighted γ-dose rate profile.
Therefore, the Th-series γ-spectrum will be used for the next
simulations of γ-rays, because it is directly available in DosiVox and can be considered as representative of an average
behavior of γ-radiations.
A similar situation is considered now for the β -dose rate,
but we replaced the soil material by pure silica. This layout corresponds to the geometry considered by Brennan et al.
(1997) for calculating β -dose rate attenuation in a silica layer
of variable thickness. The silica material is composed of
SiO2 100% with a density of 2.65 g cm−3 and no moisture.

B

C

Figure 3. β -dose rate in a silica inert layer next to a radioactive layer

The DosiVox results are consistent with the data obtained
by Brennan et al. (1997) by applying the table of Cross et al.
(1992) on a silica medium. This agreement makes sense
3
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were calculated separately for the internal layer and for the
twice less radioactive soils, and are presented in Fig. 5. For
both thicknesses, the sum of these two contributions are also
indicated, as well as the data from Aitken. In the case of a
4 cm thick internal layer, a simulation in one shot of both the
radioactivity of the layer and the surrounding soils was also
carried out and the results are presented on Fig. 5A.

since as for DosiVox, the Cross tables were calculated using
Monte-Carlo simulations and Brennan considered the different contributions of the natural β emitters.
A similar approach using planar geometries had been carried out by Grün (1987) for calculating the attenuation of
α-dose rate in mollusc shells: a radioactive sediment next
to a layer of calcite (representing the shell) had been studied. We reproduced these calculations using a similar modeling to the one used for the γ- and β -dose rate simulations,
but in the present case, the radioactive part was filled with a
typical dry clay sediment (SiO2 54 %, Al2 O3 46 %, density:
1.8 g cm−3 ) and the inert part with pure calcite (CaCO3 , density: 2.7 g cm−3 ). As previously, the dose rate in a layer of
a particular thickness was calculated by averaging the dose
recorded in the corresponding “Probe“ segments, and by dividing this number by the EmMass value of the sediment.
The DosiVox results are compared to those of Grün (1987) in
Fig. 4. The DosiVox dose rates follow the trend of Grün’s
results, and are in quite good agreement even if they are
slightly lower. This small difference could be explained by
a difference in the sediment composition or in the equations
describing the interaction of α-particles with calcite at different energies.

A

B

Figure 5. γ-dose rate in a layer between two soils having half as
much radioactivity

As we can see, there is excellent agreement in both cases
with the Aitken calculations. In the case of the 4 cm layer,
the dose rate from the surrounding layers, and consequently
the sum of the dose rates, is just a little bit lower compared
to Aitken’s data. This effect may be due to the use of the
Th-series spectrum instead of a weighted spectrum resulting
from a combination of 40 K, U- and Th-series spectra, but the
difference is very small. We can also observe in this case
that the sum of the dose rate from the two contributions perfectly matches the dose rate profile obtained by simulating
in one shot both the radioactivities of the layers and of the
two soils, suggesting that these two ways of calculation are
consistent with each other. In other words, the principle of
superposition of dose rates is conserved by DosiVox.
In addition to these dose rate profiles, Aitken (1985) also
investigated the variation of the dose rate at the center of the
layer, surrounded by non-radioactive levels, with its thick-

Figure 4. α-dose rate in a calcite inert layer next to a radioactive
sediment layer.

3.2. γ -dose rate in a radioactive layer between two
less radioactive media
We are now considering a little more complex layout of
a soil layer sandwiched between two less radioactive media. This case was also presented by Aitken (1985) in the
appendix H of his book: the internal layer was two times
more radioactive than the surrounding soils. We considered
two cases, when the internal layer is 4 cm thick and when
it is 40 cm thick. The Th-series γ-spectrum was used, and
the chemical composition, density and moisture of the soils
are identical to those of section 1.1. The dose rate profiles
4

Martin et al., Ancient

TL, Vol. 33, No. 2, 2015

Th-series spectra are shown in Fig. 7. The attenuation factors
in a 100 µm diameter quartz grain for the self-dose and the
dose from the matrix have been obtained by dividing the dose
recorded in the grain by the EmMass values, respectively of
the grain and the surrounding matrix. The grain is composed
of SiO2 with a density of 2.65 g cm−3 , which corresponds to
quartz, and the matrix is also made of SiO2 but with a density
of 1.8 g cm−3 in order to represent a siliceous sediment. The
moisture is zero.

ness. The results obtained for various thickness values with
DosiVox are compared to Aitken’s calculations in Fig. 6.
These results are also in good agreement: only small differences can be observed, which may be caused by the use
of only the Th-series spectrum, or to changes in the nuclear
data since Aitken’s publication.

Figure 6. γ-dose rate in median plane of radioactive layer between
two inert regions.

4. α- and β -dose rates in spherical grains

Figure 7. α-dose attenuation in 100 µm diameter quartz grain.

The sedimentary grains can be considered as the most
frequently dated objects with paleodosimetric methods. We
propose in this part to test the reliability of DosiVox for representing the dose rate affecting quartz grains in standard
cases. Considering that the grain sizes usually used are significantly smaller than the mean range of the γ-rays (which
limits the dosimetric effects that can be induced by the presence of grains), the following simulations are focused on the
α- and β -dose rates only.

The DosiVox results are compared to the data calculated
by Bell (1980) and Martin et al. (2014) for α-dose attenuation. The data from Martin et al. were obtained with a specific Geant4 code and are corrected for the matrix effect i.e.
in taking into account the siliceous composition of the matrix. One can see on Fig. 7 that the DosiVox results match the
data from Martin et al. and are close to Bell’s calculations,
what suggests a good reliability of the software for simulating α-particles.
The β -dose rate attenuation factors for self-dose in
100 µm and 1 mm grains, as the dose from the matrix in the
case of a 1 mm grain, are given in Fig. 8. The β -spectra
available in DosiVox for 40 K, U-series and Th-series have
been used. The grains are composed of quartz, and both a
silica matrix (SiO2 100 %) and a clay matrix (SiO2 54 %,
Al2 O3 46 %), both with density 1.8 g cm−3 , have been considered. The results are compared to the data from Guérin
et al. (2012) concerning the β -dose rate attenuation for various grain sizes, deduced from the self-dose in quartz grains.
A good agreement is found between the Guérin and DosiVox
results. Small differences can be observed but remain lower
than 3 %. They could possibly be explained by different assumptions made in the simulation. For the DosiVox simulations performed with a 1 mm grain, one can observe a perfect
complementarity of the self-dose and the dose in the case of
the silica matrix in agreement with the principle of superposition. It is also noticeable that a non-negligible difference
can be observed between the dose rate from the silica and the
clay matrix. Similar observations were made by Martin et al.
(2014) for the α-dose rate in grains resulting in an attenuation factor depending on the matrix chemical composition.
This effect on the β -dose rate could result in significant sys-

4.1. α - and β -dose rate in infinite matrix conditions
In most cases, a sedimentary grain is considered as a small
heterogeneity in a uniform and infinite matrix. According to
this model, the dose received by a grain depends on the infinite matrix dose rate (which is replaced by the EmMass in
this study) corrected by an attenuation factor corresponding
to its size (Fleming, 1970) and by the moisture of the surrounding matrix (Zimmerman, 1971). The self-dose of the
grain can also be considered, but it is only affected by the size
of the grain; this self-dose is then the exact complement of
that of the matrix (because of the principle of superposition)
if the grain and the matrix are made of the same components.
This configuration has been reproduced in DosiVox by modeling a single grain, surrounded by a matrix that is uniform
in terms of chemical composition, density, moisture and radioactivity. The grain self-dose and the dose from the matrix
were calculated for different radiations and configurations.
The volume of the model has been adapted in each case in
order to have in all directions a matrix whose dimensions are
larger than the maximum range of the particles considered in
the medium.
The results of the α-dose rate simulation for the U- and
5
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tematic errors in age calculation if not taken into account. In
particular, it could be important for fine grains whose β -selfdose contribution is smaller than coarse grains, or for matrices whose chemical composition is significantly different
from silica (since pure silica was the material usually used
for calculating β -dose attenuation factors).

they should lead to different χ-values, as it was already noticed by Martin et al. (2014) about the effect of moisture on
the α-dose rate. But as one can observe on Fig. 9, this difference remains small for β -radiations. Moreover, the χ-value
obtained with the DosiVox simulations is consistent with the
value of 1.19–1.20 calculated by Nathan & Mauz (2008) for
carbonate-rich sediments (Notice that these authors used another Monte-Carlo code -MCNP- for their simulations). Finally, if the emission of the 40 K is considered as the main
contribution of the β -dose rate in the clay matrix, the χ-value
calculated by the DosiVox simulations is closer to 1.19.

4.2. Complementarity of external and internal β dose rates
The modeling of a single grain embedded in an infinite
homogeneous matrix is not representative of sediments presenting a relative high proportion of grains. Dosimetric effects can be induced by the presence of grains next to each
other. A common way to model these effects is to create a
random packing of spheres, representing the grains, in order to simulate the dose rate in this geometry (Guérin et al.,
2012). DosiVox offers this possibility by including a grainpacking algorithm, each grain created being an independent
detector recording the dose it receives during the simulation.
It is difficult to have a point of comparison for this kind of
results because of the lack of similar calculations. The modeling of Nathan et al. (2003), Brennan (2006) or Guérin et al.
(2012) focused on polymineral grain packings, with different radioactive contents, a situation not possible to reproduce
in DosiVox: only one grain composition can be defined in a
packing, and the particle emission can originate either from
the matrix or from the grains. We then propose to test a more
basic assumption in order to contribute to the validation of
this kind of modeling: the principle of superposition of the
dose rate. According to this principle, if two different parts
of the dose rate are calculated separately, the total dose rate
should be the sum of the two calculated ones.
The modeling that we consider here is composed of a grid
of 3 × 3 × 3 cubic voxels of 5 mm in size each one (for a total
grid size of 15 × 15 × 15 mm), filled with silica (SiO2 , density: 2.65 g cm−3 ). In the central voxel, 400 µm diameter
silica grains, representing 30 % of the voxel volume (about
one thousand grains), are separated from the surrounding
matrix (Fig. 10). All the volume is homogeneous in terms
of material and radioactivity. The β -particles emitted from
the grains or from the surrounding matrix and the adjacent
voxels are simulated separately. One considers here the β spectrum of the Th-series only. The doses deposited in the
grains, originating from the grains or from the surrounding
environment respectively, were recorded and compared to
the infinite matrix dose rate (corresponding respectively to
the grain EmMass and to the matrix EmMass). The average
dose deposited in the grains and originating from the grains
corresponds to 37 ± 1 % of the infinite matrix dose rate. The
average dose deposited in the grains, but originating from
the surrounding environment, corresponds to 63 ± 1% of the
infinite matrix dose rate. The sum of the two dose rates is

Figure 8. β -dose attenuation in 100 µm and 1 mm diameter quartz
grains.

It is also well known that the sediment moisture content
has a considerable impact on the attenuation of the dose rates
because of the higher probability of interaction of the ionizing particles with water in comparison to the solid materials
present in sediments (Aitken, 1985). Taking in account the
effect of moisture on dose rates has a significant impact in
dating. In order to assess this effect with DosiVox, different
contents of water have been added to the previously used silica and clay matrices. The attenuated dose rates obtained are
showed in Fig. 9.

Figure 9. Impact of the matrix moisture content on the β -dose in
1 mm quartz grain.

Considering the equation of Zimmerman (1971) for taking into account the effect of water on the β -dose rate in a
sediment, it is possible to use the results of these simulations
to calculate the χ-factor which represents the ratio of β -dose
absorption between the water and the sediment. If an equal
contribution of the 40 K, Th- and U-series β -emissions is considered, values of χ = 1.20 ± 0.02 are calculated for the β dose rate in both the silica and clay matrices. It is noticeable
that, since these materials have different β -dose absorptions,
6
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then compatible with 100, which fully satisfies the principle
of superposition.

Figure 10. Visualization of the random packing of 400 µm grains
for the β -dose rate complementarity test.

Figure 11. Voxelised modeling of a sphere.

file representing the dose deposited in a slice of the model.
It is possible to read this series of text files with an image
processing software, like ImageJ (Rasband, 1997; Schneider et al., 2012), to visualize and study the dose in each
slice, or to reconstruct the 3D-mapping of the dose deposited
(Fig. 12). Using this process or the records of the “Probe“
detector of DosiVox, one can obtain the dose profile through
simulation (Fig. 13). The various dosimetric data collected
by voxelised modeling in DosiVox could bring useful information for better understanding the dosimetric phenomena
encountered in paleodosimetric dating.

5. Dose rate attenuation in a voxelised sphere
This last simulation layout purpose is to test the reliability
of a voxelised modeling to represent an object for dose rate
calculation. More precisely, the sub-voxelised detector of
DosiVox was used to represent a 100 voxels diameter sphere.
This modeling was constructed by loading a 3D image of a
sphere in the DosiVox interface for the creation of a “pilot“
text file (Martin et al., 2015a) (Fig. 11). As the size of the
voxels can be changed, the total size of the sphere can be adjusted for different modelings. The results of the simulations
of α-, β - and γ-dose rates in spheres of various dimensions,
and various materials in the case of the γ-emissions, are presented in Table 1 and compared to standard attenuation factors for these configurations.
The results of the dose rates simulated with DosiVox using the voxelised modeling of spheres are in good agreement with the reference data. However, a non-negligible
bias can be observed for the γ-self-dose compared to the
data from Aitken (1985), derived from Mejdahl (1983) and
presented as approximations to evaluate the γ-dose rate in a
sphere. These differences may result from the incomplete γspectrum used by Mejdahl or by the fact that Aitken approximated the data rather than using an exact equation. Moreover, the DosiVox simulations of the self-doses in a nonvoxelised 10 cm sphere (i.e. in the same layout as for section
3 calculations) gave results identical to the simulations of the
voxelised spheres within the range of 1 %. We can then conclude that voxelised modeling with reasonable resolution can
be considered as representative of non-voxelised modeling.
In addition to the average self-dose rate in a sphere,
the sub-voxelised detector of DosiVox creates a threedimensional mapping of the dose deposited in the form of
successive text files containing a matrix of dose values, each

Figure 12. Self-dose mapping in voxelised spheres.
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Radiation
(Series)
α (Th)
β (Th)
β (Th)
γ (Th)
γ (Th)

Diameter
of the sphere
100 µm
100 µm
1 mm
10 cm
10 cm

Density
(g cm−3 )
2.65
2.65
2.65
2.65
2

Material
Silica
Silica
Silica
Silica
Clay

DosiVox
(Selfdose/EmMass)
0.765
0.136
0.455
0.242
0.186

Reference
value
0.764
0.134
0.449
0.265
0.200

Reference
publication
Martin et al. (2014)
Guérin et al. (2012)
Guérin et al. (2012)
Aitken (1985)
Aitken (1985)

Difference
0.02 %
-1.57 %
-1.30 %
9.46 %
7.43 %

Table 1. : α-, β - and γ-self-doses in the voxelised modeling of a sphere.

A

not perfectly match the half of the infinite matrix dose rate
in real environment conditions. We also observed that a nonnegligible difference is observed between the attenuation of
the matrix β -dose in grain and the usual way to calculate
it by taking the complement of the self-dose factor of the
grain. This observation had already been made by Martin
et al. (2014) about the effects of the matrix composition on
the α-dose rate in grains. These observations demonstrate
that, since it is impossible to gather dosimetric data about all
the possible cases to be encountered in paleodosimetric dating, Monte-Carlo simulations are of great help for dose rate
investigations. DosiVox, by its accessibility, could bring easy
solutions for dose rate calculations in the cases exceeding the
infinite matrix hypothesis.
Comparisons with the tabulated data, often obtained by
numerical calculations and Monte-Carlo simulations, is only
a first step for testing the reliability of DosiVox. The various possibilities of modeling available exceed the dosimetric
layout documented in the literature. A most pertinent validation would be to compare the results of DosiVox obtained in
complex dosimetric cases with experimental measurements.
However, this way is difficult to implement because of the
need to use detectors for dose measurements, which could
represent a bias compared to a modeling and add a necessary
step of calibration with a potential uncertainty when calculating doses. A special care has to be taken to achieve both
experimental measurements and corresponding modeling but
these comparisons need undoubtly to be done.

B

C

Figure 13. Dose rate profiles along the middle axis of voxelised
radioactive spheres.

6. Conclusion
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