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Abstract

X-band Electron Paramagnetic Resonance
(EPR) of quartz requires the irradiation of
samples with volumes of ca 3 mm?®, which can
be conveniently achieved using commercially
available instruments such as the 50 keV X-ray
Dose manufactured by Freiberg Instruments.
However, X-rays at such low energies can result
in highly heterogeneous absorbed doses. In
this contribution we use Monte-Carlo particle
transport simulations (MCNP6) to characterise
the heterogeneity of the radiation field in a
3 mm inner-diameter EPR sample tube irradi-
ated using a 50 kV X-ray generator. From these
simulations, we demonstrate that the use of an
aluminium filter (200 pum) is redundant when
irradiating samples in glass tubes (500 pm
wall thickness). Simulations of grain-by-grain
absorbed doses across the tubes indicate a
maximum of 20 % axial heterogeneity for
grains at the tube centre, even when the sample
is rotated throughout irradiation. Single-grain
luminescence dosimetry measurements were
used to experimentally validate the heterogene-
ity predicted, confirming the modelling results.
EPR dosimetry calibration of the X-ray source
yielded a dose rate of 0.206 + 0.005 Gy-s\.

Keywords: EPR, X-ray source, Calibration,
Monte-Carlo simulations

1. Introduction

Continuous-Wave Electron Paramagnetic Resonance
(CW-EPR) X-band measurements of granular quartz require
the irradiation of significant masses of material (ca 60 mg).
X-ray sources can be used for this purpose. X-ray sources
are relatively inexpensive and raise fewer safety concerns
compared with radionuclide sources. It is thus practical to
have them within an individual EPR laboratory. In contrast,
gamma sources are generally restricted to specialised insti-
tutions requiring samples to be transported for irradiation
and precluding single-aliquot investigations (e.g. Tsukamoto
et al. 2015). X-ray sources have already been used to recon-
struct the geological dose of natural minerals using lumines-
cence techniques (Andersen et al. 2003; Thomsen et al. 2006;
Kook et al. 2011; Richter et al. 2016) and more recently have
been proposed for the irradiation of samples for EPR dating
of natural quartz (Oppermann & Tsukamoto, 2015). Studies
have also highlighted the advantages of using X-ray sources
for luminescence dating; earlier work from Andersen et al.
(2003) has shown that the Varian VF-50J X-ray tube (Vax =
50 keV) could be used for luminescence dating of quartz with
satisfactory linearity between dose rate and current, meaning
that dose rate adjustment could easily be achieved by vary-
ing the current. The authors also found that the X-ray tube
exhibited good stability over time, yielding little variation
in dose-rate throughout irradiation or with usage time, and
yielded good dose recovery results. This was later confirmed
by Thomsen et al. (2006) and Richter et al. (2016).

However, two major challenges affect the routine use of
low energy (< 100 keV) X-ray sources for trapped-charge
dosimetry: 1) variability in absorbed dose between minerals
of the same type, but with different origins for identical irra-
diation time, operating voltage and current (Thomsen et al.,
2006), 2) dependency of the absorbed dose-rate on the sam-
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ple’s thickness, due to strong absorption and 3) heterogene-
ity in absorbed dose for bulky samples such as those used
in EPR dating. The first challenge was identified for natural
quartz and was attributed to micro-dosimetric effects. Al-
though quartz is one of the purest minerals on earth, a num-
ber of defects and impurities occur in natural quartz miner-
als (Gotze & Lewis, 1994). The concentration and nature
of these defects is highly variable between different quartz
samples, which is reflected in the variability of their respec-
tive EPR and luminescence responses (Beerten & Stesmans
2007; Duller et al. 2000). Thomsen et al. (2006) showed
that X-ray dose-rate heterogeneity for grains of quartz de-
posited on stainless steel discs could be reduced by using a
200 pm aluminium filter to harden the X-ray spectrum (shift-
ing the mean emission from ~ 10 keV to ~ 15 keV; Richter
et al. 2016). Richter et al. (2016) showed that hardening the
beam led to an increase in the penetration depth, thus ensur-
ing a homogeneous irradiation of the grains, although conse-
quently the total dose-rate was reduced.

This study addresses the second challenge, that the dose to
bulky samples can be highly heterogeneous. Previous work
has shown that irradiation using a 50 keV Varian VF-50]J X-
ray tube can be used to irradiate samples within their mea-
surement tube, thus paving the way towards single-aliquot re-
generative dose protocols for EPR dating (Tsukamoto et al.,
2015). Oppermann & Tsukamoto (2015) measured a radial
heterogeneity of 3.1 % for samples 1.5 cm high using GaF
chromic films. By comparing the dose assessed using GaF
chromic films with and without a sample tube, they also pre-
dicted an axial reduction in dose to quartz of 35 % at the
centre of 3 mm diameter tubes. Oppermann & Tsukamoto
(2015) finally reported a reproducibility within 20 % for their
setup, using X-ray irradiated alanine dosimeters.

To complement these studies and to calibrate the X-ray
source recently installed at the University of Lausanne we
employed radiation-transport simulations (MCNP6) to cal-
culate the absorbed dose to grains of quartz irradiated in EPR
sample tubes using a Varian VF-50J X-ray source (Tungsten
target, operated at 50 keV). Radiation-transport codes such
as MCNP or GEANT have already been used to characterise
the artificial-laboratory-induced dose delivered to samples in
instruments designed for trapped charge dating. This is be-
cause a simulation approach allows dose deposition to be in-
vestigated at a scale not achievable by experimental means.
This includes, for example, the dose-depth profiles in sliced
samples (Bailiff, 2018) or the evaluation of the backscatter
component of samples of various shapes irradiated in a lumi-
nescence reader (Autzen et al. 2017).

In the first part of this paper, a simulation-based approach
is used to determine the deposition energy spectrum for dif-
ferent filtering conditions to evaluate whether the spectrum
needs to be filtered with, for example, an aluminium fil-
ter. Dose attenuation through the tube is then simulated at
a single-grain level, a level of precision not achievable using
experimental procedures. These simulations serve as the ba-
sis for the X-ray generator calibration, allowing more accu-
rate error estimation and a better understanding of how dose

is distributed within a sample tube. In the second part of
this paper, optically stimulated luminescence (OSL) single-
grain measurements of quartz grains irradiated with the X-
ray source are used to experimentally assess absorbed dose
heterogeneity and to either falsify or verify the MCNP re-
sults. Finally, EPR dosimetry of granular quartz is used to
calibrate the source for quartz grains in the grain size frac-
tion 180212 um.

2. Materials and Methods

2.1. Description of the X-ray source and irradiation
geometry

The X-ray apparatus “X-ray dose” manufactured by
Freiberg Instruments (Figure 1) comprises a Varian VF-50]
X-ray source (tungsten target, Beryllium window 76 pm)
coupled to a Spellman power supply operating at a maximum
voltage Vax = 50 keV, and maximum current I, = 1 mA.
A rotating sample tube holder is incorporated to provide bet-
ter homogeneity during sample irradiation. The sample tube
is placed 40 mm from the end of the X-ray tube during irradi-
ation and the beam is collimated to provide a restricted irradi-
ation window. A 9 mm thick brass shutter (maximum shutter
time 300 ms) controls the beginning and end of the irradi-
ation and allows irradiation to start only when the tube has
warmed up and reached the desired voltage and current. Doc-
umentation on the instrumentation is available from the man-
ufacturer (“X-ray dose manual”, available on demand from
Freiberg Instruments). The samples are irradiated in glass
sample tubes (Wilmad Suprasil) of 3 mm external diameter
and 2 mm internal diameter (glass thickness: 500 um).

2.2. Radiation-transport simulations

A simplified model of the irradiation geometry was built
in MCNP6.2 (Goorley et al., 2012), comprising a plan par-
allel source with an emission energy spectrum taken from
Richter et al. (2016). This spectrum mimics the emission
spectrum for the unfiltered X-ray source operating at a volt-
age of 50 keV. The beam was not collimated in these simula-
tions, as the exact geometry of the collimator was not known.

The grains of quartz were modelled as 200 um diame-
ter SiO, spheres of density g = 2.63 g-cm™. The glass tube
(SiO, density g =2.2 g-cm>) was filled with these grains
using an MCNP repeated structure following a cubic lattice
and placed 40 mm from the plan parallel source (Figure 2).
The geometry was simulated in air.

The Monte Carlo N-Particle Transport version 6
(MCNP6, Goorley et al. 2012; Pelowitz 2013) code devel-
oped by Los Alamos National Laboratory was used to simu-
late the transport and interactions of particles using repeated
random processes. The behaviour of each particle is simu-
lated and recorded in specific volumes (cells). Results are
reported using “tallies” that count the number of specified
events (e.g., track length, collision, surface crossing) in a
given cell. MCNP can calculate the absorbed dose in a cell
using the energy deposition tally (F6 tally) or the pulse height
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Figure 1. Schematic representation of the “X-ray dose”; a) figure taken from the Freiberg Instrument manual representing the entire apparatus
and b) figure of the sample tube positioning during irradiation. Redrawn from the Freiberg Instrument manual (figure not to scale). The
region of acceptable homogeneity is arbitrarily defined as the region within which the radial variation in absorbed dose is less than 5 %.
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Figure 2. Geometry employed to model the irradiation of samples
of granular quartz inside a glass sample tube with the Freiberg In-
struments X-ray generator “X-ray dose”. The geometry was plotted
using the MCNP plotter and later modified.

in a cell times the energy deposited (*F8 tally). The code was
run until all 10 MCNP statistical checks converged - evaluat-
ing the mean error, the variance, the variation of the figure of
merit and the slope of the probability density function. The
errors indicated are MCNP statistical errors only and thus do
not include the systematic errors inherent to the simulation
of an experimental setup. Where necessary, the errors were
propagated using a Monte-Carlo procedure implemented in
the software Matlab.

Sample name | Origin

KRG113 Granitic bedrock, Japanese Alps

NUS18 Sandy limestone, Al Wafa site
(28°00'58.4""N, 10°47'52.3"E), Lybia

RisgCalQz0Gy | Quartz sand, Rgmg, Denmark

(Hansen et al., 2015)

Table 1. List of samples selected to calibrate the X-ray source with
their origin

2.3. Luminescence dosimetry

Three quartz samples of different origins (listed in Ta-
ble 1) were selected to experimentally quantify the absorbed
dose heterogeneity of an individual EPR aliquot irradiated
with the X-ray source. The samples were prepared using
standard methods to extract the granular quartz fraction in
the range 180—-212 um. The samples were subjected to a
thermal treatment (400 °C, 4 min) to zero the signal and then
irradiated for 100 s in EPR glass samples tubes (3 mm out-
side diameter, 2 mm inside diameter) using the X-ray source
operating at a voltage of 50 keV and a current of 1 mA. No
filters were used when irradiating the samples, as Section
3 will show that the use of filters was not necessary in our
setup.

The resulting absorbed dose in the grains of quartz was
measured using optically simulated luminescence (OSL)
methods. The measurements were performed using a Risg
model 20 reader (DTU Nutech, Denmark) that incorporated a
208r/°0Y B radiation source. The luminescence emission was
detected through a UV pass colour glass filter (U-340) using
an Electron Tube 9235Q PMT (160630 nm). The 3 source
of the luminescence reader was calibrated using quartz irra-
diated with a '¥7Cs v source at DTU Nutech, whose dose-rate
to grains of quartz is calibrated and characterised (Hansen
et al., 2015) and was evaluated to deliver 0.091 + 0.007
Gy-s! to grains mounted on single-grain aluminium discs,
at the date of measurement. The 3 dose-rate was corrected
for the heterogeneity of the source across the single-grain
measurement discs. The absorbed dose to grains of quartz
was determined by applying a single aliquot regenerative
dose procedure (SAR; Murray & Wintle 2000) using a 10
s Nd:YVOy; solid-state diode-pumped laser light stimulation
(532 nm; with a power at the sample position of 10 mW-cm™
as stated by the manufacturer at the time of purchase; Bgtter-
Jensen et al. 2000), a 260 °C preheat (10 s hold time) and
holding the samples at 125 °C during the OSL measurement.
Unless otherwise specified, the rejection criteria applied in-
cluded a maximum X-ray dose and test dose (18 Gy) error
of 10 % and a recycling ratio < 0.1. 3 dose-recovery tests
carried out on 12 further aliquots of the same samples, fol-
lowing thermal annealing and administration of a 3 dose of
11.8 + 0.9 Gy, indicated that this protocol was suitable to re-
cover doses within 3%. These experiments also served to
constrain the sample-specific intrinsic OSL absorbed dose
heterogeneity, which is discussed further in Section 4.1.

2.4. EPR dosimetry

MCNP simulations could be used to calculate dose-rates,
however we would have needed to make a number of approx-
imations to achieve this, e.g. as the energy spectrum of the
X-ray source is unavailable, we would have had to approxi-
mate it. Instead, we calculate the dose rate by determining
the X-ray irradiation time required to yield the equivalent
EPR signal as a known gamma dose.

Aliquots of the KRG113 samples were irradiated with a
known dose at the Ecole Polytechnique Fédérale de Lau-
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sanne (EPFL) using a ®°Co source (LOTUS) and measured
following a single-aliquot regenerative protocol similar to
that of Tsukamoto et al. (2015), where the regenerative
points were obtained by irradiating the samples with the X-
ray source. The heterogeneity in delivered dose during the
gamma irradiation was evaluated using MCNP to be < 1 %.
To avoid spurious signal induced by radicals formed by irra-
diation of the glass measurement tube, the tube was inverted
between the X-ray irradiations and the EPR measurements,
so that the part of the tube exposed to radiation was outside
of the measurement chamber of the spectrometer. The y-
irradiated samples were irradiated in a glass vial before being
decanted into measurement tubes. EPR measurements were
performed using a Magnettech MS5000X X-band EPR spec-
trometer operating at low temperature (100 K) using liquid
nitrogen. The acquisition was carried out using a microwave
power of 5 mW, a modulation amplitude of 0.1 mT and a
modulation frequency of 100 kHz. The Al and Ti centres
were measured together in a single spectrum with a sweep
amplitude of 31 mT, between 325 and 356 mT, for a total
sweep time of 100 s, and averaged across three acquisitions.
Each spectrum was repeated on three different days and av-
eraged after rotating the sample tube by 120°, to average
any anisotropic effects. Each aliquot was zeroed by admin-
istering a thermal treatment (400 °C, 4 min), as this treat-
ment has been shown to cause negligible sensitivity changes
(Tsukamoto et al. 2015; Toyoda et al. 2009). The samples
were preheated at 160 °C for 4 min prior to measurement.
Thermal treatments were carried out in a high precision heat-
ing unit designed for EPR sample tubes (Freiberg instru-
ments). The Al signal was measured as the peak-to-peak
amplitude from the top of the first peak (g = 2.0185) and the
bottom of the 16 peak (g = 1.9928; Toyoda & Falguéres
2003). The Ti signal was measured as the peak to baseline
amplitude around g = 1.913, following the suggestion of Du-
val & Guilarte (2015; option D). Dose recovery tests for the
regenerative protocol on this sample indicated an excellent
dose recovery ratio, both for the Al and the Ti centres (3.3 %
and 7.2 % respectively). The dose-rate of the X-ray source
was calculated by evaluating the irradiation time needed by
the X-ray source to reach a signal equivalent to that of the
known <y dose.

3. Results

3.1. Deposition spectrum and effect of the glass tube
relative to an aluminium filter

Previous work has shown that the use of a filter (typically
aluminium, 200 um) is necessary when irradiating samples
directly exposed to the x-ray beam (i.e., not within a con-
tainer) with a Varian VF-50J X-ray tube. This is to harden
the spectrum by suppressing the low energy emission (< ~ 15
keV) that would otherwise lead to dose rate heterogeneity be-
tween quartz samples for trapped-charge dosimetry (Thom-
sen et al., 2006).
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Figure 3. Energy spectrum of absorbed dose in an air cell 40 mm
from the source. The spectrum was calculated for an unfiltered
source (blue continuous line), a 200 pm aluminium filter (yellow
dotted line), and a 500 um glass wall (orange dashed line). The
MCNEP statistical errors are < 1% and cannot be discerned by eye.

The spectrum of the deposited energy was calculated at
the sample position (40 mm from the source) in an air cell
(1x 1 x 0.3 cm®) using the *F8 tally in three configurations:
1) unfiltered source, 2) 200 pm aluminium filter placed be-
tween the source and the detector and 3) 500 um of glass
between the source and the detector that replicates the wall
of the sample tube. In agreement with previous studies (Fig.
2 of Richter et al. 2016), the results of these simulations in-
dicate a strong reduction of absorbed dose between the un-
filtered and filtered source at energies below ~ 15 keV (Fig-
ure 3), resulting in a general hardening of the spectrum which
is similar where the source is filtered using either 500 um of
glass or 200 um of aluminium. Furthermore, the dose rate
is predicted to decrease by 63 % and 76 % for a source fil-
tered using either 500 pm of glass or 200 pm of aluminium,
respectively, compared with an unfiltered source.

These results are consistent with the GaF chromic film
measurements carried out by Oppermann & Tsukamoto
(2015), who estimated that absorption caused by a glass tube
is ca 60 % of the unfiltered energy. The predicted reduction
in dose rate is also comparable with the calculations of An-
dersen et al. (2003), who predicted a 50 % reduction in dose
for 500 pm of SiO, (half-layer value), for ~ 17 keV photons,
that they calculated roughly correspond to the mean energy
of a 50 keV source.

As our simulation shows that the effect of the glass wall
is similar to that of the aluminium filter, in terms of spec-
trum hardening, the use of an aluminium filter is not neces-
sary when irradiating quartz samples for EPR analysis. All
further simulations presented in this study thus exclude the
Al filter. Removal of the Al filter from the “X-ray Dose”
system has the considerable benefit of avoiding an unneces-
sarily loss in dose-rate of 56 % which would be caused by
excessive spectrum filtering through the combination of the
Al filter and the glass sample tube wall.
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3.2. Radiation field homogeneity

Minimum sample masses of between 30 mg up to 200
mg are required for EPR analysis. Sample tube rotation has
recently been introduced in the Freiberg Instrument X-ray
dose system to improve radial dose homogeneity of the X-ray
beam, due to absorption. We evaluated its effectiveness by
simulating dose absorption in both rotating and non-rotating
tubes. To avoid heterogeneity in the absorbed dose of the ma-
terial, narrow sample tubes are used which result in sample
heights of between 1 cm and 3 cm. Consequently, in ad-
dition to determining the radial dependence of the absorbed
dose rate, it is also essential to constrain the axial dose rate
dependence (Figure 4).
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Figure 4. Mesh tallies representing a) the photon flux across a non-
rotating 3 mm sample tube filled with 200 um diameter quartz
grains. The photon flux is visualised using the MCNP6 Mesh tally 1
for photons only. b) Absorbed dose across a non-rotating 3mm sam-
ple tube filled with 200 um diameter quartz grains. The absorbed
dose in each mesh cell was calculated using the MCNP mesh tally
3, equivalent to the F6 tally.The values indicated are MCNP nor-
malised values per particle.

3.2.1 Radial dependence

Variation of deposition spectrum: The deposition of
energy changes across the tube in the radial direction, as
the beam is attenuated. Therefore, the deposited energy
spectrum also changes across the tube as the lowest energies
are progressively absorbed. In this section, we explore
axial changes in the deposited energy; drastic changes in
the energy deposited would require correction. As shown
in Figure 5, whilst the peak in the energy spectrum for a

200 pm diameter grain located closest to the glass wall
(i.e. at a median distance of 100 pum) is around ~20 keV,
it is shifted to ~28 keV for a grain of the same diameter
farthest from the source (900 um). Grains farthest from the
source are also exposed to an energy spectrum with a less
pronounced energy peak. The mean deposited energy is,
however, relatively similar between grains: ~24.8 keV for
the grain closest to the source and ~26.2 keV for the grain
farthest from the source.
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Figure 5. Variation in absorbed dose in each grain along the beam
axis for a rotating sample tube. The absorbed dose in each grain was
normalised by the absorbed dose in the grain closest to the glass
wall (and the source). The profile was calculated for two differ-
ent grain sizes: 250 um diameter (orange dashed line) and 100 um
diameter (blue dotted line). The errors shown are the MCNP statis-
tical errors only.

Across-tube dose attenuation: Mesh tallies were used to
offer a visual representation of the distribution of absorbed
dose across the tube for a non-rotating sample. Figure 6a
shows the photon flux, calculated using Mesh tallies of type 1
(flux), equivalent to the F4 tally in MCNP. As expected, there
is a strong dose gradient across the geometry. The spatial
distribution of the absorbed dose for a non-rotating sample
was evaluated using the MCNP mesh tally 3, equivalent to
the F6 tally, and a visual representation is shown in Figure 6b.
The distribution in absorbed dose is highly heterogeneous
across the sample tube, with a reduction in absorbed dose of
70 %; this result emphasises the importance of rotating the
sample during irradiation.

The variation in absorbed dose across the tube for a ro-
tating sample was evaluated by averaging the absorbed dose
in a grain with its opposite grain on the axis along the beam.
The resulting profile was then normalised to the first grain
closest to the source to better evaluate the proportion of ab-
sorption across the tube (Figure 7). For these calculations,
the F6 tally was employed as it was found that the *F8 tally
could not yield a statistically satisfactory answer, presum-
ably due to the small size of the detector grains. Figure 7
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The data points were normalised by the maximum measured dose, at the centre of the beam. Top graph: profile along the x-axis at the centre
position. The top figure is for illustrative purposes only. Small displacements of the film can occur, and cause the offset of the maximum value
from the centre. Bottom graph: full map of the 2D spatial heterogeneity. The white circle indicates the region within which the reduction in
dose is less than 5 %. To achieve a more homogeneous irradiation, the sample has to be positioned within the “<5 %” circle. This is done

using a positioning screw placed underneath the sample tube.

shows the profile in absorbed dose across the tube for two
grain size fractions (100 and 250 pm). Although there seems
to be a slight reduction in absorbed dose for different grain
sizes in the range 100—250 um, with a reduction of 30 and
26 % at the centre of the tube respectively, this variation can
be considered as negligible, within uncertainties. Thus, on
average for grains between 100—-250 um diameter, a 28 %
decrease at the centre of the tube, compared with grains lo-
cated by the glass wall is observed. This equates to a mean
absorbed dose in the sample of ca 83 % of the given dose.

3.2.2 Axial dependence

The axial variation in dose was measured using GaF ra-
diochromic film. Although the films were not calibrated for
an absolute assessment of the dose, they provide an estimate
of the relative variation in dose across the beam. The image
was processed using Matlab. These measurements indicate
that the threshold of satisfactory dose homogeneity, arbitrar-
ily chosen to be < 5 % variation, was obtained over a sample
height of 2.4 cm (Figure 4). This was thus set as the max-
imum height of samples for irradiation, with the lowest ex-
tent of the sample tube position fixed at the bottom of the
< 5 % inhomogeneity zone. These values are slightly bet-
ter than those reported by Oppermann & Tsukamoto (2015),

who found relative dose variations of ca. 5.6 % within a
height of 2 cm in their setup.

4. Model validation and calibration

EPR measurements were used to calibrate the X-ray
source for grains of quartz in the fraction 180—225 pm,
and luminescence measurements were used to experimen-
tally assess the X-ray source radiation field radial divergence.
Sample heights did not exceed 2.4 cm to ensure axial X-
ray source heterogeneity in the absorbed dose was limited
to < 5% (see Section 3.2.2). Luminescence measurements
were performed by irradiating grains of quartz with the X-
ray source for 100 s and measuring the resulting absorbed
dose using a single-grain SAR protocol tailored for quartz
(see Section 2.3 for experimental details). EPR dosimetry
measurements were conducted by irradiating previously ze-
roed quartz samples with a known y dose (350 &+ 12 Gy to
quartz; %0Co LOTUS source, EPFL, Lausanne, Switzerland)
and evaluating the X-ray equivalent y dose using a SAR pro-
tocol, employing the X-ray source for the regenerative data
points.
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Sample Measured over-dispersion | Measured over-dispersion | Accepted grains | Accepted grains {3 dose
name X-ray irradiated sample (3 irradiated dose- {3-irradiated X-ray irradiated | recovery ratio
(%) recovery tests (%) (%) (%)
RisgCalQzogy 31.1 7.6 79.7 30.6 1.01 £ 0.009
NUS18 329 8.0 90.1 21.5 1.03 £+ 0.009

Table 2. Over-dispersion obtained from two quartz samples (RisgCalQz0Gy, NUS18). For the X-ray irradiated data, the samples were
irradiated for 100 s in an EPR sample tube using the X-ray source operating at 50 kV, ImA. For the {3 irradiated data, the samples were
irradiated with 11.8 £ 0.9 Gy in a Risg TL-DA-20 instrument. For both the X-ray and f3 irradiated data, the subsequent doses were determined
using an OSL single-grain SAR measurement procedure.1200 grains were measured for single-grain measurements.

4.1. Evaluating the heterogeneity: an experimental
approach

The MCNP calculations predict heterogeneity in absorbed
dose between grains irradiated within a tube; this heterogene-
ity should be visible as extrinsic over-dispersion in single-
grain luminescence measurements. Samples RisgCalQz0Gy
and NUS18 were used for single-grain measurements, sam-
ple KRG113 unfortunately has luminescence properties un-
suitable for dose assessment, mainly due to a poor lumines-
cence signal-to-noise ratio, as is typical for bedrock quartz.
In contrast, the EPR properties of KRG113 were suitable for
dose assessment and this sample is used for EPR calibration
of the X-ray source in the next section.

Aliquots of 2 cm in height of samples NUSI8 and
RispCalQzogy were irradiated in the X-ray source setup (100
s, 50 keV, 1 mA); the aliquot size was chosen to minimise
the radial heterogeneity. The OSL measurements were done
specifically to obtain a measurement of the dose heterogene-
ity, rather than absolute doses, and were done using a single-
grain SAR protocol. The over-dispersion in the X-ray irradi-
ated samples was compared with the over-dispersion of the
3 dose recovery test, performed on different aliquots (Ta-
ble 2, Section 2.3) and is shown in Figure 8. The over-
dispersion obtained from the (3 dose-recovery test is intrinsic
to our TL/OSL reader, the sample and single-grain measure-
ments (i.e., to the method; loss or gain of counts from the
PMT, beta source heterogeneity, reproducibility of single-
grain measurements due laser positioning, see Thomsen et al.
2005). In contrast, the over-dispersion measured for grains
irradiated in the X-ray source setup is a combination of ex-
trinsic over-dispersion from heterogeneity of the X-ray radi-
ation field and the intrinsic single-grain measurement over-
dispersion. As is illustrated in Figure 8, a far greater disper-
sion is observed for the X-ray irradiated samples.

4.2. EPR calibration

Three aliquots of ®°Co irradiated KRG113 were measured
using EPR measurement techniques and the dose evaluated
using a SAR protocol, such as described in Section 2.4 The
regenerated dose response curve was found to be linear in
the dose range considered (< 515 Gy) and thus was fitted
with a linear function onto which the y-induced signal was
interpolated.

The EPR calibration gave dose-rate values in close agree-
ment between the Al and Ti centres of 0.206 & 0.008 Gy-s’!
and 0.206 & 0.009 Gy-s™! respectively. The uncertainty indi-
cated here is simply the standard error derived from the three
aliquots measured. However, as highlighted by the mod-
elling results, this error does not describe the full dose-rate
heterogeneity, which will be discussed in the following sec-
tion.
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Figure 7. Deposited energy spectrum for 200 um diameter quartz
grains centred 100 um from the glass wall (grain 1), 500 um (grain
3) and 900 um (grain 5) for a non-rotating sample tube. The errors
shown are the MCNP statistical errors only.

5. Discussion

The energy spectrum calculated here predicts a peak X-
ray dose deposition in air at photon energies between 10 and
12 keV for an unfiltered X-ray source and between 12 and
14 keV for an X-ray source filtered by either 200 um thick
aluminium or 500 um thick glass. In our study, we have
stimulated the energy deposition spectrum in air, at the loca-
tion of the sample, whereas previous studies such as Thom-
sen et al. (2006) have stimulated the energy emitted by the
source. It is expected that the energy spectrum presented in
this study yields a lower emission peak. Therefore, our peak
absorption value is consistent with the peak emission of ~ 20
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Figure 8. Abanico plot of measured equivalent doses for NUS18 samples irradiated using the X-ray source (black crosses) and using the
Risg TL-DA-20 luminescence reader built-in (3 source (open red circles, as part of the dose-recovery test). The doses were normalised to the
median dose of each dataset to allow easier visualisation of the spread in distribution.

keV reported by Thomsen et al. (2006). Furthermore, it is
also close to the peak absorption value of ~ 15 keV proposed
by Richter et al. (2016), where the X-ray emission and ab-
sorption spectra were calculated using Kramer’s rule. An-
dersen et al. (2003) used Kramer’s law for a thick target to
calculate the mean emission energy for an unfiltered source
and obtained a mean energy of ~ 17-19 keV. However, both
our approach and Andersen’s approach make a number of
assumptions (e.g., thickness of the target, classical approxi-
mation in Andersen’s case; exact emission spectrum of the
source in our case). Furthermore, the precision of the pre-
dicted energy maximum is limited in our calculations by the
size of the simulation bin width (2.38 keV). Simulations us-
ing smaller energy bins did not, however, yield satisfactory
statistical checks for the maximum number of particles run
(2.1x10%).

The simulation results presented here validate the predic-
tion of Richter et al. (2016), that the glass wall of the sam-
ple tube has the same effect as a 200 um aluminium filter
and therefore that the latter is not necessary when irradiating
quartz samples in a glass tube. This finding is important as
removing the Al filter results in an increase in the effective
dose rate of 35 %, significantly accelerating sample through-
put within the laboratory. This is especially significant for
EPR measurements that are often applied to mid-early Pleis-
tocene samples with absorbed doses far beyond the satura-

tion limits of most luminescence dating methods (Rink et al.,
2007).

Simulations of the axial and radial absorbed dose hetero-
geneity revealed considerable spatial variations. GaF film
measurements showed that EPR samples irradiated in the
Freiberg Instruments X-ray dose system that exceed 2.4 cm
in height will have dose rate heterogeneity of > 5 % (Fig-
ure 4), whilst quartz grains measured in 3 mm diameter tubes
experience a radial dose heterogeneity of ca. 28%, as pre-
dicted by MCNP, due to the attenuation of low energy X-rays
throughout the sample’s tube.

Although there is considerable over-dispersion in ab-
sorbed doses for samples irradiated in this setup, as assessed
using luminescence single-grain measurements, the dose dis-
tribution should, in principle, be reproducible from one ir-
radiation to another. This is confirmed by the small stan-
dard error in dose-rate between the three gamma-irradiated
aliquots (< 3 %), measured using EPR to calibrate the X-ray
source, where samples were repeatedly irradiated with the X-
ray source to regenerate the dose points of a SAR protocol.

However, this uncertainty does not address potential vari-
ability in the strength and dose response of EPR signals be-
tween grains (Beerten et al., 2003). Indeed, if EPR signals
are largely variable between grains, the EPR signal registered
following irradiation of a sample would not be representative
of the dose distribution across the sample tube — but rather
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would be biased towards the grains exhibiting a stronger sig-
nal. However, as the grain by grain heterogeneity in EPR
response is unquantified and may vary between samples, and
as a large number of grains are irradiated and measured each
time (tens to hundreds of mg), we have not accounted for this
potential heterogeneity in our error estimates.

Nevertheless, a recommendation that can be derived from
the apparent inherent dose distribution would be to avoid
creating subsets of the sample following irradiation in this
setup, at the risk of having an unknown dispersion in dose
in the grains of the resulting samples. We note that using a
hardening filter would increase the mean energy of the beam,
and thus reduce the heterogeneity, whilst reducing the over-
all dose rate. Finally, the tube diameter is crucial, as a larger
diameter would mean stronger attenuation across the tube,
hence a higher radial heterogeneity.

Much recent trapped charge dosimetry research has fo-
cussed on feldspar minerals. Preliminary modelling results
show that feldspar samples irradiated in the exact same setup,
and without a hardening filter, as described here will show
a higher absorption than quartz (76 % vs 65 % absorption
across a non-rotating sample tube respectively). Thus, ra-
dial heterogeneity will be greater, yielding a lower effective
dose-rate. Therefore, all the considerations summarised in
this article, as well as the dose-rate measured here should
not be translated to the irradiation of feldspar samples.

6. Conclusion

Using a combination of MCNP simulations, GaF film and
single-grain luminescence measurements, we have shown
that the irradiation of EPR samples in 3 mm diameter glass
tubes using a filtered 50 keV X-ray source is inherently het-
erogeneous, even for samples that rotate throughout irradia-
tion. The absorbed dose measured using EPR following irra-
diation is thus an average of the dose across the sample tube,
assuming uniform grain response. Our simulations indicate
that the use of an aluminium filter (200 pm) is redundant
with the use of glass sample tubes (500 um wall thickness),
as the two materials yield similar X-ray spectrum hardening.
Therefore, we refrained from using an aluminium filter in the
experimental part of our study.

The dose-rate of our X-ray source to grains of quartz in
the fraction 180—212 ym was measured using EPR dosime-
try to be 0.206 £ 0.005 Gy-s™!, averaging the dose-rate values
for the Al and Ti centres together. It is, however, an average
dose of the distribution in dose across the tube, that would
be bound to change for tubes of smaller/larger diameter. The
MCNP results indicate that this dose-rate is also valid for
grains in the finer fraction (100—250 ym). The calculated
dose-rate assumes a homogeneous — or at least reproducible
— response between grains within an aliquot; i.e. that grain
response is evenly distributed spatially, resulting in effective
dose averaging. The small standard error between the three
aliquots measured seems to indicate that this is the case, at
least for this sample.
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Abstract

The recent inter-laboratory comparison study
revealed considerable differences between
laboratories for activity concentrations of U,
Th and K. One reason for these differences
could be materials and methods employed for
calibrating the detector’s efficiency. To address
this, we determined the activity concentra-
tions of unknown samples originating from
variable geochemical environments using two
different efficiency calibration methods: one
is based on the direct comparison with the
non-certified Volkegem internal standard and
the other one uses a certified multi-nuclide
reference solution and correction factors for
full-energy efficiency, emission probability, true
coincidence summing and for sample density.
The comparison is based on the hypothesis that
consistency between the two methods raises
the probability that the activity concentrations
determined are accurate. We show here that
agreement between the two methods is obtained
when the Volkegem activity reference values
of YK and 238U-series are raised by 9%. For
the 232Th-series agreement is obtained for the
two photon peaks at 338 keV and 911 keV
when deploying the published activity reference
value. We conclude that the efficiency calibra-
tion method should not account for more than
10% variability and cannot be the sole reason
for the alarming differences revealed by the
inter-laboratory comparison study.

Keywords: detector efficiency, calibration,
internal standard, reference material
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1. Introduction

Low-level gamma spectrometry is often used to determine
the environmental radioactivity of samples. In fact, in the re-
cent inter-laboratory comparison study (Murray et al., 2015)
most laboratories determined the dose rate on the basis of
y-spectrometry. Yet, discrepancies appeared in the compar-
ative dataset especially for the 23>Th data, whereas the 4°K
data showed reasonable agreement. While it is good to see
reasonable agreement for “°K activity concentrations which
constitutes the largest proportion of the total dose rate, the
overall discrepancy suggests that some dose rates determined
by y-spectrometry are significantly inaccurate.

A number of parameters govern the quality of the y-
spectrometric data (e.g., measurement geometry, selection of
photon peaks, etc), most of which are specific to the detec-
tor and the measurement procedure. The one parameter af-
fecting all laboratories is the reference material and the as-
sociated efficiency calibration method and this may play an
important role in dose-rate inaccuracies (e.g., Murray et al.
2018). Here we address this hypothesis through an empirical
study that looks at the significance of the efficiency calibra-
tion method for obtaining accurate activity data for 4°K, 233U
and 232Th of unknown samples. The comparison is based on
81 samples arbitrarily selected from our laboratory’s sample
pool. Because the activities of these samples are not known
independently, the study looks at the consistency of activ-
ity data derived from the two calibration methods. If the
comparison shows systematic deviation from unity, one or
the other method is likely inaccurate. If deviations are ran-
dom, parameters other than the calibration method must be
tested. We show that inaccuracy is not very likely for all
photon peaks relevant for dose-rate estimation and for both
methods tested. It is suggested that other laboratory param-
eters cause the discrepancies shown in the inter-laboratory
comparison study (Murray et al., 2015).
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Resolution FWHM Diameter | Length | Efficiency (%)
(keV) (mm) (mm) at 1332 keV
Energy (keV) | 60 122 | 662 | 1332
092 | 098 | 1.39 | 1.85 61.8 ‘ 77.8 ‘ 54

Table 1. Properties of the coaxial (n) Ge detector (serial no 46-TN32165A) used in this study (ORTEC Quality Assurance Data Sheet, 2006).

FWHM = full width half maximum of energy peak.

2. Methods and Materials

2.1. Detector and measurement details

The detector used in this study is a coaxial n-type high pu-
rity Germanium (Ge) detector (for details see Table 1) which
sits in a castle composed of low-activity lead (10 cm), cad-
mium tin (I mm), copper (2 mm) and perplex (6 mm). Dry
and occasionally crushed samples were filled in cylinder-
type sample holders which were subsequently sealed and
stored for 4—6 weeks. The sample holder was filled with
sample material up to a height of 12 mm and the remain-
ing space in the holder was filled with 8 mm polythene.
The latter replaces air in the holder and ensures a flat sur-
face of the sample. This geometry was used for measuring
the Volkegem internal standard and for measuring the back-
ground (empty sample holder). Each sample, weighing 60—
80 g, was measured for around 80 hours.

Photon | Activity Photon
Nuclide | energy | concentration | emission rate
(keV) | (Bqkg! *10%) | (sT*kg!)
133Ba 81 2.99 1.10
3T Co 122 3.00 2.57
39Cer | 166 2.99 2.39
133Ba 356 2.99 1.85
855y 514 15.00 14.8
137Cs 662 6.11 5.20
>Mn 835 5.93 5.93
8y 898 14.9 14.0
57n 1116 14.8 7.44
88y 1836 14.9 14.8

Table 2. The multi-nuclide solution QCYB41 (batch#16/1) in terms
of photon energy, activity concentration, and yield certified in
January 2016 (Eckert and Ziegler, 2016); m =2.014 £+ 0.001g;
p~1.008 g cm™. The measurement uncertainty is 2% for all nu-
clides.

2.2. The efficiency calibration methods

Two materials were used for efficiency calibration:
Volkegem loess (De Corte et al., 2007) and the multi-nuclide

13

reference solution QCYB41 (Eckert & Ziegler (Deutsche
Akkreditierungsstelle) 2016). The Volkegem sample, orig-
inating from a loess deposit in Belgium, has been analysed
in several laboratories using different analytical techniques
(e.g, ICP-MS, NAA). The QCYK multi-nuclide material is
a 0.5 M HCI reference solution with a mass of ~2 g and a
density of ~1 g cm™. It is doped with 20 um/ml per nuclide
(Table 2).

The calibration method associated with the Volkegem
sample, henceforth denoted as cal#l, is a direct comparison
with the standard material using the equation

[N/mT]Sample
[N/mT]reference

where A is activity concentration (Bq kg™!), N is the net num-
ber of counts, 7 is the count time and m is the mass of the
sample. For Ajeference the values were taken from De Corte
et al. (2007) and from the ICP-MS analysis (Geoff Duller,
pers. com., June 2017). For values see Table 3.

The method associated with the multi-nuclide reference
solution, henceforth denoted as cal#2, uses the equation

Asampl e — Are ference

N
~ mTPn

where P, is the gamma emission probability and ) is a prac-
tical efficiency that takes account of the energy resolution,
the density of the sample, the full-energy efficiency of the de-
tector at that energy, and where necessary, true coincidence
summing. In our lab 1 was approximated through (i) deter-
mining the full-energy peak efficiency, (ii) adopting coinci-
dence summing factors from Debertin & Schoetzig (1990)
for the energy peaks at 352 keV and 609 keV and, (iii) cor-
recting the low-energy peaks for density. The approximation
is based on participating regularly in IAEA-directed interlab-
oratory comparison studies which allow adjusting the values
and, hence, optimise the parameter 1.

2.3. Comparing the efficiency calibration methods

The photon peaks with the following energies (keV) were
used for the comparison: (i) 46, 63, 352, 609 keV repre-
senting 2?°Ra and 233U, (ii) 238, 338, 911 keV representing
232Th and (iii) 1460 keV from *°K. With the exception of °K
all radioisotopes emitting these energies have short half-lives
and are therefore in radioactive equilibrium, that is, they all
represent the corresponding parent nuclide with the same ac-
tivity. Suitable for dose-rate estimation are peaks with the
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Analytical 238 235 226 232 40
Laboratory technique n U U U Ra Th K Reference
Ghent multiple 53454515 | 1594009 | 36.1+£1.7 | 341423 | 422425 | 497 +45 B‘E‘)O%me et al.
. Y-spec; Abdualhadi et al.
Liverpool TAEA-375 1 38.8 +2.1 44.4 4+ 0.7 571 +13 (2018)
Pers. com., Geoff
Aberystwyth | ICP-MS 6 | 37.8+0.5 443 +1.5 543+ 6 Duller, June 2017
Dresden Trans-mission 1 43+5 422 +2.8 535+ 56 | Degering (2017)
Y-spec; M ¢ al
Risg BL-5, OKA-2 1| 37.8+07 428+02 | 442405 | 570+5 zg;rg‘y et al
and K,S0, (2018)
Salzburg y-spec; QCYB41 1 | 384+0.7 40.4 £ 1.5 | 556 =20 | This study

Table 3. The Volkegem loess: activity concentrations (Bq kg™!) determined in different laboratories using different analytical techniques;

n=number of subsamples analysed.

energies 352, 609, 238, 338, 911 and 1460 keV, because they
are the least affected by disturbances in the gamma spectrum
such as Compton scattering, peak interference or true coinci-
dence summing (see Gilmore 2008 for details). In addition, it
is good practice to use several photon peaks for determining
the parent activity because some disturbances depend on the
sample’s average atomic number (Z), chemical composition
and density (e.g., Abdualhadi et al. 2018).

Three ways were used for comparing the two methods: (i)
for the group of photon peaks representing >3>Th or 233U the
cal#1 to cal#2 ratio of activity data of each sample was used;
(ii) for comparing the activity data obtained from individual
photon peaks a plot of cal#1 versus cal#2 was used; (iii) to
assess the performance of cal#1 and cal#2, the standard de-
viation of activities derived from photon peaks representing
the corresponding parent nuclide was used.

2.4. Samples

The samples were arbitrarily selected from the pool of ex-
isting samples in our laboratory. They originate from cen-
tral Africa, east and central north America, north and south
Europe, central Asia, Mongolia and Arabia and represent,
hence, variable geochemical environments and depositional
settings. Some samples are inhomogeneous with regard to
grain size (composed of clay, silt and sand), others are more
or less homogeneous and the sampled environments suggest
minor post-depositional disturbances. Exception to this are
samples #5 and #81 which are from a carbonate-rich or evap-
oritic environment.

2.5. Uncertainties and consistency of activity data

The uncertainty of the activity concentrations is domi-
nated by counting statistics, detection efficiency, nuclear de-
cay data and geometry-defined true coincidence summing.
For the activities measured here for ca 80 h the uncertainties
are 2—4% where the one resulting from the cal#2 method is
usually around 1% higher than the cal#1 uncertainty. The ac-
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tivity data are consistent if the deviation from unity does not
exceed the sum of uncertainties calculated from the square
root rule which is typically 4 —5%.

3. Results

The activity data obtained from the peaks at 338 keV and
911 keV (Fig. 1A) and 46 keV (Fig. 2) are consistent. Devi-
ations from unity that are >5% appear for 238 keV (Fig. 1A
and B), 63 keV (Fig. 2), 352 keV and 609 keV (Fig. 3A) and
1460 keV (Fig. 4A). Using the higher cal#1 activity reference
value for *2Th as indicated by the ICP-MS result (Table 3)
raises the deviation at 911 keV from ~4% to ~9%, at 338
keV from unity to ~5% and reduces the deviation at 238 keV
from ~15% to ~12% (Fig. 1B). Changing the cal#1 activity
reference value for 233U (again according to the ICP-MS re-
sult; Table 3) brings the 352 keV and 609 keV ratios from
8% deviation to unity (Fig. 3B). Changing the cal#1 refer-
ence value for “°K (again according to the ICP-MS result;
Table 3) reduces the deviation from ~10% to ~3% (Fig. 4).
Within each calibration method the deviations are similar for
238U, but not for 232Th: for the mean of 352 and 609 keV
the standard deviation is 2-4% and for few samples it is 6-
8% for both methods (Fig. SA) where cal#1 tends to show
smaller deviations. For 23>Th determined through the mean
of 238, 338 and 911 keV the standard deviation of cal#l is
6-12% and that of cal#2 is 2-6% (Fig. 5B).

4. Discussion

This empirical study looks for consistency between two
efficiency calibration methods in order to infer the likelihood
of data inaccuracy. Ideally, both methods deliver identical re-
sults within a given uncertainty which is typically 4 — 5% for
the measurement procedure employed in this study. On the
other hand, the two methods are considerably different: cal#2
accounts for nuclear parameters such as emission probability
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Figure 1. The ratio of activity data obtained from the cal#1 and cal#2 methods plotted versus the sample number for the three photon peaks
representing 232Th. Each dot represents a sample’s ratio and respective uncertainty. The red line indicates unity. The cal#1 activity reference
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Section 2.2 for details about the cal#1 and cal#2 methods.
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Figure 2. Comparing activity data (Bq kg™!) for two radioisotopes
(219Pb: 46 keV, 234Th: 63 keV) of the 238U series derived from the
cal#1 and cal#2 methods (for description see Section 2.2).

and detector-specific parameters such as full-energy peak ef-
ficiency while cal#1 assumes that these parameters are the
same for internal standard and unknown sample. Differences
between the results of the methods are therefore expected and
these are likely energy- and, eventually, sample-dependent.
However, the differences should not exceed the average un-
certainty of activity data as long as each method is robust.
For 232 Th consistent activity values are obtained when de-
ploying the original Volkegem activity reference value given
by De Corte et al. (2007) and when using the peaks at 911
keV and 338 keV (Fig. 1A). For the peak at 238 keV the two
methods are not consistent (Fig. 1). This is most probably
caused by the cal#1 method as it shows significant deviations
for the activities of the 23> Th radioisotopes (Fig. 5B). The in-
terference with the 2!“Pb peak at 242 keV requires manual
peak and background analysis of the 238 keV peak in each
spectrum, a procedure that we carried out in this study in the
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cal#2, but not in the cal#1 approach.

For 238U consistent activity values are obtained when rais-
ing the original Volkegem activity reference value by ~9%
and using the 352 keV and 609 keV energy peaks (Fig. 3A).
Even for the peak at 609 keV which is subject to substantial
coincidence summing the data are in agreement after raising
the value. For the low-energy peaks at 46 keV and 63 keV
consistency is not expected owing to the sensitivity of these
energies to the sample’s Z and density. The apparent con-
sistency at 46 keV (Fig. 2) suggest the influence of external
(unsupported) >'°Pb which seem to dominate the activities
determined and, thus, both calibration methods likely deliver
inaccurate 2!°Pb activities. The same applies to the peak at
63 keV where the inconsistency is more obvious suggesting
minor reliability of this energy peak for determining the par-
ent activity. For 4°K consistent activity values are obtained
when raising the original Volkegem activity reference value
by ~9% (Fig. 4).

Thus, this comparative study confirms the original activ-
ity reference values (De Corte et al., 2007) for 232Th while
for 238U and “°K consistency is achieved when the original
value is elevated by ~9%. It confirms the usage of the peaks
at 352, 609, 338, 911 and 1460 keV for robustly determin-
ing parent activity and, thereby, confirms the well-known:
the energy peaks least affected by disturbances (e.g., Comp-
ton scattering) are perfectly suitable for direct comparison
with the Volkegem and, eventually, other non-certified mate-
rials. There is therefore no reason to hypothesise inaccurate
activity data resulting from the simple comparison with the
Volkegem internal standard.

Photon peaks other than the ones listed above may be used
in conjunction with the Volkegem material, but the issue with
the 238 keV peak exemplifies the need for comparative stud-
ies to assess each peak’s suitability. The low-energy peaks at
46, 63 and 93 keV and the one at 186 keV are not suitable
for routine analysis owing to their sensitivity to differential
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ity reference value for cal#l is A - 497 + 45 Bq kg™! following
De Corte et al. (2007) and B - 543 4+ 6 Bq kg™! following Duller
(pers. com.; see Table 3).

self-absorption between unknown sample and standard or to
peak interference (Mauz et al., 2021). Nonetheless, these
peaks may provide insight into the sample’s characteristics
and, eventually, prompt additional quantitative analysis re-
garding the presence of secular disequilibrium (e.g. Abdual-
hadi et al. 2018).

The results for the 232Th photon peaks are surprising:
two of these deliver consistent data straightaway suggest-
ing that the considerable discrepancies revealed in the inter-
laboratory comparison do not arise from the Volkegem or
other non-certified standard material. A number of other
parameters should be screened instead, especially analytical
procedures such as measurement geometry, background sub-
traction and photon-peak selection.
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Figure 5. The relative standard deviation (SD) of the mean of the
photon peak data used to determine the parent activity. A — SD of
352 keV and 609 keV; B — SD of 238, 338, 911 keV.

5. Conclusions

We agree with Murray et al. (2015) that the inter-
laboratory comparison results for 232Th “give the greatest
cause of concern” (Murray et al. 2015, p.35). We think that
the ~15% difference for “°K is also alarming because the
corresponding photon peak is easy to analyse even in low-
activity samples and regardless the detector type. Our results
show that the choice of the efficiency calibration method gen-
erates minor inaccuracies only. We think therefore that the
community should be committed to conducting intercompar-
ison studies focusing on gamma-spectrometry. Initially, and
for starting the process, individual laboratories may just com-
pare data of a sample of their choice and develop best prac-
tice protocols for data analysis. This should be straightfor-
ward and may well provide hints to the origin of the discrep-
ancies.
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Abstract

Environmental dosimetry requires measuring
doses, which are often below the range accessi-
ble with the commonly used built-in S-source
of Ris¢ TL/OSL readers. Al,O3:C Luxel®
dosimeters were used to investigate irradia-
tion cross-talk and attenuators as means to
reduce the dose rate of the source. Irradiation
cross-talk was found to be highly effective in
reducing the dose rate but was not reproducible
and resulted in dose recovery deviations of
up to 80%. Four attenuator materials (PTFE,
microscope coverslip glass, wine glass, and
ABS plastic) were investigated with regard to
their dose reduction capabilities. All materials
resulted in good dose recovery results and allow
building a standard reference dose response
curve. Microscope cover glass reduces the dose
rate by a factor of 3 for each 1 mm thickness.
The material is transparent and does not have
to be removed during measurement and is
therefore recommended as attenuator of choice
for dose rate reduction.

Keywords: Dose rate reduction, Risg source,
Al O5:C, OSL, Attenuators

1. Introduction

Al,O3:C dosimeters have become one of the most widely
used luminescence dosimeters for environmental dose-rate
assessment. The appeal of this dosimeter stems from its high
sensitivity to radiation and linear behavior over a wide dose
range from pGy to several Gy (Akselrod et al., 1990; Yuki-
hara & McKeever, 2008). Al;O3:C has been used in various
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studies for retrospective dosimetry (McKeever et al., 1995;
Bgtter-Jensen et al., 2000; Discher et al., 2021) and mea-
surement of 3 dose rates to natural sediments (Goksu et al.,
1999; Burbidge & Duller, 2003; Kalchgruber et al., 2002;
Kalchgruber & Wagner, 2006; Durcan et al., 2015; Smedley
et al., 2020). To determine the environmental dose absorbed
by the dosimeters during burial, the signal is first measured
in the laboratory, followed by irradiation of dosimeters for
calibration (Kalchgruber & Wagner, 2006). A common in-
strument for this measurement and subsequent irradiation is
the Risg TL/OSL-DA reader. The reader is often equipped
with a 1.48 GBq *°Sr/ °°Y B-source, that delivers a dose rate
of the order of 100 mGy/s to a sample when the source is
open. Considering that signals from Al,O3:C dosimeters are
very bright a dose rate of this magnitude can easily saturate
the photomultiplier tube (PMT) of the reader after a few sec-
onds of irradiation. The light reaching the PMT can be re-
duced by using an aperture. Alternatively, on can or correct
for the dead time loss that causes saturation, in which case,
there is a risk, however, of damaging the PMT. Furthermore,
environmental radiation is classified under low level back-
ground radiation and dose-rates are typically less than 100
uGy/s (Burbidge & Duller, 2003). In routine environmental
beta dose-rate assessment, dosimeters are buried for a pe-
riod of few weeks to a year (Kalchgruber & Wagner, 2006).
The cumulative absorbed dose measured even after a year has
been reported to be comparable to the dose obtained after a
Is irradiation from the B-source of the reader (Kalchgruber
et al. (2002)). Such short irradiation times are however not
recommended since the rotating nature of the irradiation unit
introduces a time offset and thus adds uncertainty to the given
dose (Markey et al., 1997). Although Al,O3:C shows a linear
behavior from pGy to few Gy it is not recommended to use
larger irradiation times and to extrapolate the dose response
to lower doses. Extrapolation is well known to lead to large
errors in dose recovery, due to the relatively large impact of
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the uncertainty in the intercept fitting parameter.

To reduce the dose rate of the beta source, Burbidge
& Duller (2003) used bremsstrahlung radiation that is pro-
duced by beta particles from the source in closed position.
This option greatly reduced the dose rate to about (0.687 £
0.003) uGyl/s at the dosimeter position and is therefore an
effective method for assessing very low doses in the range of
10 uGy to about 1 mGy. However, when the goal is to assess
medium doses ~ 1 — 100 mGy, bremsstrahlung requires long
exposure times under the closed source; for example, it will
take 4 hours to obtain a dose of 10 mGy. Such long exposure
times are often not feasible when instrument time is limited.
Additionally, this leakage radiation was reported to be maxi-
mum at a position different from the position directly under
the source (see Fig.1) and asymmetric due to the asymmet-
ric scattering of radiation (Kalchgruber et al., 2002). The
radiation affects more than a quarter of all positions on the
turntable and additional positions are impacted are impacted
by leakage radiation from the alpha source for readers which
have an alpha source installed as well. Consequently, it is
only practical to irradiate and analyze one or two dosimeters
at a time.
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Figure 1. Accumulated dose due to leakage radiation in 3 h at vari-
ous carousel positions in a Risg TL/OSL-DA-15 reader measured
with Al,O03:C dosimeters, with both beta and alpha sources in-
stalled. The position underneath the beta source indicated on the
plot is not the position of maximum dose. The position under the
alpha source is also a hotspot as indicated on the plot (Fig. 4. from
Kalchgruber et al. (2002))

Other options offered by the manufacturer include pur-
chasing a second, weaker source or the reduction of dose rate
by increasing source-sample distance using a separately sold
dose rate kit. The kit consist of an aluminum filter, a brass
ring and an aluminum spacer that can reduce the dose rate
by a factor of ~ 10. However, this dose rate kit requires re-
moving the built-in source from the irradiator for installation.
The radiation safety regulations in many institutions require
that a radiation safety officer perform this kind of procedure
and thus might not be feasible if inserting or removing the kit
is required several times a week.

A third option is the use of irradiation cross-talk. Irradia-
tion cross-talk is defined as radiation exposure to dosimeters
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in the vicinity but not directly under the irradiation source,
when the source is open. This effect has been investigated by
various authors for quartz and Al,O3:C dosimeters and has
been shown to be in the range of 0.006—0.25 % of the direct
dose rate, depending on the specific reader and the irradiated
sample (Bgtter-Jensen et al., 2000; Kalchgruber et al., 2002;
Bray et al., 2002; Thomsen et al., 2006). Yet another option
for dose rate reduction, which to our knowledge has not been
investigated in detail, involves placing an attenuator directly
on top of the dosimeter.

This paper investigates the latter two options of reducing
the dose rate of the built-in B-source of the Risg reader: i)
irradiation crosstalk and ii) attenuators. The major limitation
with the absorber is the small distance between the bottom
of the cup and the lid. This distance which can range from
~1.8—2.5 mm is reader specific. To this end, different ma-
terials of different thicknesses were investigated to arrive at
the best option for the attenuator. The overall goal is to build
areference dose response curve that can be used for dose as-
sessment of dosimeters buried in sediment for several weeks
to a year.

2. Materials and methods

2.1. Dosimeters

The dosimeters used in this work are the Al,O3:C Luxel®
dosimetry tapes cut into 6.0 mm diameter round pieces us-
ing a hole puncher (Fig.2). The Luxel® tapes are pro-
duced by Landauer Inc. and consist of 20 - 90 um Al203:C
grains sandwiched between two polyester sheets, resulting in
a thickness of about 0.3 mm (Akselrod et al., 2000; Bgtter-
Jensen et al., 2003). Prior to use, the dosimeters were
bleached for 8-12 hours with light from a halogen lamp fil-
tered with a Schott FSQ-GG-495 colored glass long-pass fil-
ter (thickness 3.0 mm) as recommended by Sawakuchi et al.
(2008) to remove any background signal accumulated during
storage and transport, if applicable. Between irradiation and
measurement, the dosimeters were handled in a dark room
with subdued red light for visibility and to prevent any bright
light from resetting the dosimeters and placed in stainless
steel cups.

2.2. Attenuators

Attenuators of different materials were investigated in this
work as a way of reducing the dose rate of the 3-source of the
Risg reader. Four different attenuator materials were tested
for their effect on the dose rate:

* a 10 mm diameter disk of clear glass, type “Libbey mid-
town white wine glass” produced by LIBBEY GLASS.
The thickness of the disk is 1.4 mm and its density is
2.27 g/em?®.

* two sets of round coverslips (microscope cover glass,
density 2.42 g/cm?®), 12 mm diameter and 8 mm diam-
eter respectively. Six of the 12 mm coverslips were
stacked to get a thickness of 1.4 mm (including the
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Figure 2. OSL Luxel® round punch-out and tape. The round punch-
out was obtained by using a hole punch on the tape. The thickness
of the dosimeter is 0.3 mm and diameter is 6.0 mm.

transparent tape used to hold the stack together). The
actual thickness of the stack without the tape is 1.2 mm.
Similarly, ten 8 mm coverslips were stacked to get a
thickness of 1.9 mm and held together by glass glue.
The use of a tape was not feasible in this case because
of the smaller diameter. The coverslips are produced by
BIPEE, China.

 Acrylonitrile-Butadiene-Styrene (ABS) (density: 1.17
g/cm3) disks, 8.2 mm diameter with a recess of diameter
6.3 mm and depth 0.3 mm to hold the Luxel dosimeter
(Fig. 5c). The thickness of the disk at the rim is 1.8
mm and 1.5 mm above the dosimeter in the recess. The
material is produced and sold in the form of rods by US
Plastic Corp®. Lima, OH.

« Teflon® (natural virgin PTFE, density 2.20 g/cm?) disks
with 8.2 mm diameter and thicknesses of 1.4 mm and
1.9 mm respectively. Teflon is produced in the form of
rods by ePlastic®, San Diego, CA.

Photos of all the attenuators are shown in Fig. 4. The
wine glass disk and the 12 mm diameter microscope cov-
erslip glass stack were placed on top of the sample cup as
shown in Fig. 3 (left) and 5a, leaving a small air gap of ~0.4
mm between attenuator and dosimeter. The maximum total
height of the combination is about 2.3 mm, which is the al-
lowable distance between the bottom of the cup and the lid
for this specific model of Risg reader. The 8-mm cover glass,
and the ABS and Teflon disks were in direct contact with the
dosimeters (Figs. 3b and 5b, c).

2.3. Irradiation and readout equipment

All measurements were performed with a Risg TL/OSL-
DA-20 automated reader produced by DTU Physics, Den-
mark. The reader is equipped with a built-in nominal 1.48
GBq %St/ °Y source with a beryllium window located be-
tween the irradiator and the measurement chamber, which
acts as a vacuum interface for the measurement chamber
(Markey et al., 1997). The dose rate to Al,03:C Luxel® in
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Figure 3. Absorber and sample cup combinations: (a) 12 mm diam-
eter microscope coverslip glass stack on top of the sample cup with
a dosimeter and (b) 1.9 mm PTFE disk placed inside the sample cup
directly on top of the dosimeter.

the position directly under the source is 72.7 mGy/s (x3%).
Green LEDs (at 525 nm, 68 mW/cm?) were chosen for opti-
cal stimulation of the dosimeters. Due to the high sensitivity
of Al,0O3:C, a 10 mm aperture was used in combination with
7.5 mm thick U-340 filters (transmission 340 + 40 nm) in
front of the PMT to reduce the possibility of over-saturation.
The dosimeters were placed on stainless steel cups mounted
on a turntable with 48 sample positions. Only every 5th po-
sition was used to prevent radiation crosstalk from affecting
the dosimeters.

2.4. General read-out procedure

The measurement procedure is as follows. Irradiation
steps varied with experiment and are described in detail be-
low.

1. Irradiation with beta source:

(a) indirect irradiation using cross talk (see sec-
tion 3.1)

(b) direct irradiation, with or without attenuator (see
section 3.2)

2. Remove attenuator, where applicable

3. OSL with green diodes for 500 s at 30°C, record one
data point every 1s; signal S

4. Test dose irradiation

(a) indirect irradiation using cross talk (see sec-
tion 3.1)

(b) direct irradiation, without attenuator (see sec-
tion 3.2)

5. OSL with green diodes for 500 s at 30°C, record one
data point every 1s; signal St

The test dose accounts for variation in parameters such as
dosimeter sensitivity, dosimeter mass, and equipment sensi-
tivity (Murray & Wintle, 2000; Yukihara et al., 2005). OSL
intensity was obtained from the integrated signal of the first
10 s of stimulation, and the background from the last 10 s
of stimulation. The test-dose corrected signal S/S7 and its
uncertainty is calculated for each dosimeter. Each dosimeter
is only used once.
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Figure 4. Absorber materials used in this study. From the left, (a) microscope coverslip glass stack (diameter = 12 mm, thickness = 1.4 mm),
(b) microscope coverslip glass stack (diameter = 8 mm, thickness = 1.9 mm), (c) wine glass disk (diameter = 10 mm, thickness = 1.4 mm), (d)
PTFE disk (diameter = 8.2 mm, thickness = 1.4 mm), (¢) PTFE disk (diameter = 8.2 mm, thickness = 1.9 mm), and (f) ABS disk (diameter =
8.2 mm, thickness = 1.8 mm, also showing the 0.3 mm recess for the dosimeter).
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Figure 5. Three Configurations of sample cup-dosimeter-attenuator combination. Configuration (a) was used for the 12mm diameter cov-
erslip glass stacks and the 10 mm diameter wine glass, since their diameters exceed the 8.3 mm diameter of the recess in the sample cup.
Configuration (b) was used for the PTFE disks and the 8 mm diameter coverslip stack, and (c) was used for the ABS disk with recess.

3. Results in sediments and then placed in the reader for measurement
might not all be in exact same position on the cup. There

3.1. Indirect irradiation with radiation cross-talk is also the possibility of random shift in the position of the

3.1.1 Estimation of cross-talk dose-rate dosimeter in the cup during measurement procedure. To test
I " ¢ . . ivated th the impact of positioning on our results, 3 dosimeters were
0 our first set of experiments, we investigated the use irradiated with cross-talk doses of 250 s, 450 s and 800 s

of next-position irradiation (“cross-talk") as described by
Kalchgruber et al. (2002), as a method of extending the range
of the dose-response curve to low doses in the yGy region.
No attenuators were used for this set of experiments. The e

position adjacent to each dosimeter was irradiated with spe- 124 O cross-talk data
cross-talk linear fit

ciﬁc doses ranging from.200 - 3OOQ s (3 dosimeters per dose % 1s direct irradiation
point) and subsequently implementing the readout procedure 10 -
described in section 2.4 using a test dose of 250 s, also via
cross-talk. A linear fit was used to determine the resulting 8 - \ 4
dose response. In a second step, 3 separate dosimeters were & 1s'direct irradiation
irradiated directly for 1 s. Their 250 s indirect test-dose cor- B 64 4
rected signal was compared to the dose response. The cross-
talk irradiation time equivalent to 1 s direct irradiation was 4 i
determined to be 2078 s (x8%) (see Fig. 6). In other words,
the cross-talk dose rate of the Risg reader is about 0.05% that ”. |
of direct irradiation.

0 T T T T T T T T T T T T
3.1.2 Effect of dosimeter positioning on reproducibility 500 1000 1500 2000 ~ 2500 3000

Dose (s)

The purpose of dose-response curves is generally for dose re- Figure 6. Reference dose-response curve of Al;O3:C dosimeter

covery. For environmental dosimetry the dosimeters are irra- built up with the B-source of the Risg reader (Risg TL/OSL-DA-
diated during burial and the test-dose corrected signal is then 20) using cross-talk for indirect irradiation. The red line indicates
compared to an established dose response curve to determine the linear fit of the irradiation cross-talk S/St vs. equivalent dose
the absorbed dose. Radiation cross-talk changes consider- data while the purple star symbol represents the 1s direct irradiation
ably between adjacent positions (Fig. 1). Dosimeters buried data.
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Known Dose

Recovered Dose

Protocol Recovery Ratio
(s) (s)
Dosimeter “stayed in reader” 250 254 ( 4%) 1.016
between irradiation and 450 455 (4= 2%) 1.011
measurement
800 802 (£ 2%) 1.003
Dosimeter removed, stored 250 107 (& 9%) 0.428
for 4h between irradiation 450 585 (£ 2%) 1.300
and measurement
800 1483 (= 1%) 1.854

Table 1. Accuracy of dose recovery when dosimeters remain in the reader after irradiation, versus brief removal and re-insertion of dosimeters.

respectively. The three dosimeters were read immediately
without opening the reader using the readout procedure. An-
other set of 3 dosimeters, used to mimic external irradiation,
were removed from the reader subsequent to irradiation and
stored for 4 hours in a dark room to simulate transport and
storage, before they were read using the readout procedure.
The doses recovered from these dosimeters using the dose re-
sponse curve were compared to the known doses and results
are given in Table 1

Table 1 shows that the measurement procedure is suit-
able for recovering doses with a precision of better than 2%,
and that random shifts during measurement have little im-
pact on the results. For the dosimeters that were removed
from the reader and stored for 4 hours, measured doses show
large deviations up to 85%. Yukihara & McKeever (2006),
reported that UV emission from Al,O3:C increases with the
time elapsed between irradiation and measurement. In order
to remove the effect of wait time, a similar test, but with an
equal wait time of 5 min for all dosimeters was conducted. In
this test, 10 dosimeters were irradiated with radiation cross-
talk for 500 s and the signal was measured using the readout
procedure, including test-dose application via cross-talk. For
5 out of the 10 dosimeters, the reader was not opened, but
there was a 5 min delay between irradiation and measure-
ment. The other set of 5 dosimeters was irradiated in the
reader, removed and stored for 5 minutes, before signal mea-
surement and test-dose correction. For each of the two sets,
consisting of 5 dosimeters each, the average recovered dose
and its standard error was calculated. The relative standard
error for dosimeters removed from the reader is about 19%
compared to 0.6% when there was no removal of the dosime-
ter, again showing that removal of dosimeters from the reader
has a significant impact on the reproducibility and accuracy
of dose recovery.

3.1.3 Summary of cross-talk results

Table 1 shows that our recovered doses differ from the
known dose by about 30—85% when the dosimeter is re-
moved from the reader and stored for 4 hours before mea-
surement, compared to 2—4% for dosimeters that remained
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in reader throughout irradiation and measurement with no
wait time in between. For the latter, it is impossible to isolate
what part of this deviation is due to removal of the dosimeters
and what part is due to increase in UV signal with time af-
ter irradiation. According to Yukihara & McKeever (2006),
the UV signal increase after 4 hours is about 33%. While
this can explain some of the deviation seen, it is important
to mention that for the 250 s irradiation, the recovered dose
was about 57% less than the known dose. This cannot be ex-
plained by the UV effect. Additionally, the test by Yukihara
& McKeever (2006) that showed the increase of UV signal
with measurement time after irradiation was performed with
20 Gy. We do not know if this effect also occurs for very low
doses like those measured here and to what extent. Further-
more, our second test eliminated effects of wait-time, but it
also showed poor reproducibility when the dosimeters were
removed, further indicating that removal of the dosimeter in-
troduces some variability to the result

3.2. Dose rate reduction using attenuators

In a second set of experiments the dose-rate of the source
was reduced by placing the absorber materials described in
section 2.2 between source and dosimeter. For this set of ex-
periments direct irradiation was used as opposed to the cross-
talk used above. Unless otherwise noted, the attenuators used
for this investigation are the 1.9 mm PTFE disk, 1.2 mm mi-
croscope coverslip glass stack, 1.4 mm wine glass disk and
the 1.8 mm ABS plastic disk.

3.2.1 Dose rate reduction factor and reproducibility

To measure the amount by which the attenuator reduces the
dose rate, i.e. the “dose rate reduction factor,” a dosimeter
was exposed to a fixed dose of 10 s without the attenuator and
then the readout procedure as described in section 2.4 was
performed with a test-dose of 4 s (given without the attenu-
ator) to obtain (S1/St). In a second step, the same dosime-
ter was irradiated with the attenuator inserted for (S,/St).
The ratio k = (81 /S7)/(S2/Sr) corresponds to the dose rate
reduction factor of a specific attenuator used, where S rep-
resents the signal from exposure without the attenuator ma-
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Attenuator description k Ky (mm=")

10 mm diameter, 1.4 mm thick Wine Glass disk 4.11+0.04 2.94+0.04
12 mm diameter, 1.2 mm thick Microscope Coverslip stack 3.61 £0.03 3.02 £0.04
8.2 mm diameter, 1.4 mm thick PTFE disk 3.34+£0.04 2.39+0.03
8.2 mm diameter, 1.5 mm thick ABS plastic disk 2.07+0.04 1.38+0.03
8.2 mm diameter, 1.9 mm thick PTFE disk 5.33+0.07 2.81+0.04
8 mm diameter, 1.9 mm thick Microscope Coverslip stack 597 £0.10 3.14 £0.06

Table 2. Dose rate reduction factors k for the absorber materials investigated. The mean was calculated from 6 dosimeters per attenuator
material, the uncertainties represent the standard error. k; is the dose reduction factor per thickness

terial, where S represents the signal from exposure with-
out the attenuator and S, represents the signal from exposure
with the attenuator. The results for the various attenuators is
presented in Table 2. For easier comparison the reduction
factor per 1 mm thickness, k; is listed as well

To test reproducibility in absorber placement, for each ab-
sorber material 10 dosimeters were irradiated for 10 s. The
same absorber stack was used in each case to eliminate pos-
sible variation between stacks of the same material. The test
dose corrected signals, normalized to the average value for
each material are presented in Fig 7. Table 3 lists relative
standard deviations for all materials, including experiments
without absorber and results for an experiment with 10 dif-
ferent coverslip stacks.

1.14 T T T

O Coverslip (10 diff. stacks)
1124 o Noattenuator b
1.1 & Coverslip 1.2 mm thick ]
1.08 VvV Wine glass, 1.4 mm thick <o
Y€1 & PTFE, 1.9 mm thick ]
iy 1.06 - ABS plastic, 1.8 mm thick O A
X 1.04 4 v ]
12 04 """"" A vARR 6 W +3%
- 1021 m A4 O 2
9] = ¥ & € © o
N1 ) 5
T (.98 R e o 2! g8 % |
E ............................ v ZTT SR T -39
5 0967 . ]
Z 0.94 - .
0.92 1
0.94 8
0.88 - .
0.86 T T T T T
0 2 4 6 8 10

Dosimeter Number

Figure 7. Absorber reproducibility. The same absorber stack was
used for 10 dosimeters per material. Test dose corrected signals
were normalized to the average value for each material. For com-
parison, data obtained without absorber and data obtained with 10
different coverslip stacks are shown as well. The normalization line
(bold line) and the +3% spread from the mean lines (dotted lines)
are also indicated
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Attenuator description %(%)
PTFE, 1.9 mm 1.4
Coverslip 1.2mm thick 0.6
Wine glass, 1.4 mm 0.9
ABS plastic, 1.8 mm 1.0
No attenuator 0.4

Coverslip (10 different stacks) 0.5

Table 3. Absorber reproducibility. Relative standard deviations for
10 dosimeters per material. Data obtained without absorber and
data obtained with 10 different coverslip stacks are shown as well.

3.2.2 Dose response/Calibration curve and dose recov-
ery

The overall goal of this study is to use the built-in source of
the Risg reader to build a dose response that will be used as
reference curve for externally irradiated dosimeters. Dose re-
sponse curves for the different attenuators were built, by ex-
posing three dosimeters per given dose to 10 different doses
in the range 1—-100 s (with attenuators). The actual dose
given to each dosimeter will depend on the attenuator used.
Attenuators were removed after irradiation and before mea-
surement, since some of the attenuators are opaque. Dose
responses for uncorrected and test-dose corrected signals are
shown in Fig. 8. Yukihara et al. (2005) and Akselrod et al.
(2000), reported linearity only for the uncorrected dose re-
sponse in this dose range. In our case, both responses are
linear in this dose range. Although, the corrected dose re-
sponse shows a better linearity compared to the uncorrected
dose response.

The accuracy in dose determination using the dose re-
sponse curves in Fig. 8 was assessed by giving known doses
to 4 dosimeters each (with the attenuator in place), then mea-
suring the dose as if the dosimeters had absorbed an unknown
burial dose. Doses were recovered based on S/St values and
also the uncorrected S values. The recovered dose is then
compared to the known dose using dose recovery ratio. The
dose recovery results are presented in Table 4.
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Figure 8. Test dose corrected (upper row) and uncorrected (lower row) dose responses of Al,O3:C irradiated with wine glass attenuator (a
and e), microscope coverslip glass (b and f) PTFE (c and g) and ABS (d and h). Each data point represents the average and standard error for
3 dosimeters.The adjusted R? is also represented to show the goodness of the fit

Known test-dose corrected uncorrected
Attenuator Dose Recovered Recovery Recovered Recovery
(s) dose (s) Ratio dose (s) Ratio
8 8.30 £+ 0.06 1.04 7.83 £0.10 0.98

17 17.97 £ 0.12 1.06 17.57 £0.23 1.03
43 44.84 £0.28 1.04 40.62 £0.53 0.95
77 81.59 £ 0.51 1.06 78.07 £ 1.01 1.01

8 8.18 £ 0.05 1.02 7.50 + 0.08 0.94
17 17.22 £ 0.10 1.01 15.62 £0.16 0.92
43 44.36 £ 0.25 1.03 44.16 £ 0.45 1.03
77 73.81 £+ 0.42 0.96 68.87 £0.70 0.89

8 7.88 £+ 0.03 0.99 7.14 £ 0.18 0.89
17 16.90 £ 0.07 0.99 15.20 £ 0.38 0.89
43 42.02 £0.16 0.98 38.88 £0.96 0.90
77 76.35 £0.29 0.99 78.64 £1.95 1.02

8 7.65 £ 0.05 0.96 6.50 + 0.078 0.81
17 16.63 £ 0.10 0.98 15.64 £0.16 0.92
43 4291 £0.24 1.00 44.52 £ 0.46 1.04
77 74.95 £0.43 0.97 67.87 £0.69 0.88

PTFE

Coverslip glass

ABS plastic

Wine glass

Table 4. Summary of dose recovery for irradiation with attenuator. Average recovery ratios for the test-dose corrected data are (1.05 + 0.01)for
PTFE, (1.01 £ 0.02) for coverslip glass, (1.01 + 0.02) for ABS, and (0.98 + 0.01) for wine glass.

The goal is to compare externally irradiated dosimeters as the test dose in the readout procedure used to build the
with the calibration curves. It was therefore imperative to test dose response curve. Using the known dose reduction fac-
if calibration curves built with attenuators can be used to re- tors (see Table 2) and the test-dose corrected dose response
cover doses administered without an attenuator. 12 dosime- curves (Fig. 8), measured and given doses were compared
ters were irradiated without attenuator to assess if the attenu- (Table 5).

ator itself influences the dose recovery. It is important to note
that the test dose in the readout procedure must be the same

24
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PTFE coverslip glass wine glass ABS plastic
g;l;?;z) Recovered Recovery Recovered Recovery Recovered Recovery Recovered Recovery

dose (s) ratio dose (s) ratio dose (s) ratio dose (s) ratio
1 1.00 £ 0.02 1.00 0.95+0.02 0.95 0.97 £0.02 0.97 0.97 £0.06 0.97
2 2.08 £0.04 1.04 1.98 £0.04 0.99 2.03 £0.03 1.02 2.01 £0.13 1.01
3 3.20 £ 0.06 1.07 3.05 +£0.06 1.02 3.12+0.05 1.04 3.1+£02 1.03
4 4.22 +£0.07 1.06 4.02 +£0.08 1.01 4,12 +£0.07 1.03 41+03 1.02
5 5.33+£0.09 1.07 5.07+£0.10 1.01 5.19 £0.08 1.04 5.15+£0.33 1.03
6 6.26 £0.11 1.04 5.96 £0.12 0.99 6.10£0.10 1.02 6.06 £ 0.38 1.01
7 7.41+0.13 1.06 7.04 £0.14 1.01 7.22+£0.12 1.03 7.17 £0.45 1.02
8 8.45+0.15 1.06 8.03+0.16 1.00 8.23+0.13 1.03 8.17 £0.52 1.02
9 9.76 £ 0.17 1.08 9.28 +0.18 1.03 9.51+£0.15 1.06 9.44 + 0.60 1.05
10 10.63 £ 0.19 1.06 10.11 £0.20 1.01 10.36 £ 0.17 1.04 10.29 + 0.65 1.03
11 11.74 £ 0.21 1.07 11.16 £ 0.22 1.01 11.44 £0.18 1.04 11.35+£0.72 1.03
12 12.67 +£0.22 1.06 12.05 £ 0.24 1.00 12.35 +0.20 1.03 12.26 £ 0.78 1.02

Table 5. Dose recovery results for dosimeters irradiated without attenuator using the dose-response curves in Fig 8, produced from the S/ST
data for irradiation with attenuators. The average recovery ratios are (1.05 + 0.01) for PTFE, (1.00 + 0.01) for coverslip glass, (1.03 + 0.02)

for wine glass, and (1.02 + 0.01) for ABS plastic.

4. Discussion

4.1. Dose rate reduction using irradiation cross-talk

The irradiation cross-talk on the position adjacent to the
irradiated position as measured here is about 0.05% of the
direct dose. This is a little higher than the 0.04% reported
by Kalchgruber et al. (2002) for Al,O03:C dosimeters and 8
times higher than the 0.006% reported by Bray et al. (2002)
for quartz discs. But it is about 3 times lower than the 0.17%
reported by Bgtter-Jensen et al. (2000) for quartz coarse
grain. This result confirms previous observation by Kalch-
gruber et al. (2002) that values of cross-talk depend on the
individual reader, the sample holder and the dosimeter mate-
rial used.

Dose recovery tests resulted in excellent agreement be-
tween given and measured dose, when the reader remained
closed between irradiation and measurement (Table 1). How-
ever, Table 1 also illustrates that a reference dose response
built with irradiation cross-talk is not suitable for externally
irradiated dosimeters. When dosimeters are removed from
the reader between irradiation and measurement, recovered
doses deviate 50-80% from the expected values. Recovered
doses were well below and also well above the expected val-
ues.

This high variability in measurement response is sus-
pected to be partly due to the increase in UV luminescence
signal with time of measurement after irradiation that was
reported by Yukihara & McKeever (2006), due to the 4-hour
wait period before the dosimeter was read, which was done
to simulate external exposure of the dosimeters. However,
even this effect doesn’t fully explain the huge deviation ob-
served as can be seen from the the 19% compared to 0.6%
reproducibility observed for the case where the dosimeters
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were taken out of the reader before measurement compared
to when they were not even when the wait time before mea-
surement were the same. Similar variation has been reported
by Vargas (2011). She reported a 9% relative standard de-
viation for a reproducibility test on a single dosimeter that
underwent twelve 1.26 Gy irradiation/measurement cycles
when the reader is opened, and the dosimeter is exposed
to room light from a weak red bulb between irradiation and
measurement. Our result for a similar test using 10 dosime-
ters yielded a reproducibility of 1%. Vargas also reported
high variability for a fading test where the dosimeter was
taken out of the reader and kept in a dark case for a period
before measurement. She concluded that this effect is due to
change in the position of the dosimeter on the cup from one
irradiation-measurement cycle to another (Vargas, 2011).

It can be argued that in the case of cross-talk, where scat-
tered radiation is used, the dose has a significant depen-
dence on the exact position of the dosimeter in the sample
holder. We therefore recommend that irradiation crosstalk,
when considered as an option for dose rate reduction, should
be tested for reproducibility and dose recoverability first.

4.2. Dose rate reduction using attenuators

Dose rate reduction with attenuators depends as expected
on the density and thickness of the material (Table 2). The
microscope coverslip glass stack provides the highest dose
rate reduction per thickness at a factor of 3 per mm, fol-
lowed by the wine glass, then the PTFE. The lowest dose
rate reduction per thickness is that of the ABS rod which
also has the lowest density among the materials investigated.
The microscope coverslips and wine glass have the addi-
tional advantage of being transparent compared to the PTFE
and ABS disks that are opaque. A transparent attenuator will
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allow OSL measurements to be conducted without opening
the reader to remove the attenuator before measurement. i.e.,
measurement will be automatic, requiring no user interven-
tion until completion. Additionally, the microscope coverslip
glass is the cheapest material investigated (US$10 for a pack
of 100).

Reproducibility test for all attenuators presented in Fig.7.
shows that 83% of the S/Sy values are within + 3% of the
mean. The overall relative standard error of the distribution
is 0.5%. Yukihara et al. (2005) reported 0.7% for Luxel®
dosimeters, and Burbidge & Duller (2003) reported 2.1% for
Al;O3:C chips. This proves that the use of the attenuator
doesn’t introduce any substantial uncertainty to the measure-
ment process. The relative standard error when a single cov-
erslip stack was used for 10 dosimeters and when 10 differ-
ent coverslip stacks were used are 0.6% and 0.5% respec-
tively. The average thickness of the 10 coverslip stacks was
calculated to be (1.40 &+ 0.02) mm. This indicates that the
coverslip stacks exhibit uniform response, even though there
might be a slight nonuniformity in the glue used to bind the
slips into a stack.

Attenuators allowed building a dose response for lower
doses than usually accessible with the most commonly used
built-in source. Dose response of Al;O3:C dosimeters is
more linear and accurate for all attenuator materials when
test-dose corrected signals were used compared to when the
uncorrected signal was used, as evident from the dose recov-
ery result in Tables 4 and 5. The results in Table 4 indicate
that on average, the dose response curve based on the test-
dose normalized signal S/S7 yields better dose recovery re-
sults than that based on the uncorrected signal S. On average,
the dose recovery ratios of doses recovered using /St data
is 1.00 = 0.01 with a maximum of 1.05 + 0.01 (for PTFE)
compared to 0.94 + 0.02 with a maximum of 0.91 4 0.05 (for
wine glass) for the uncorrected signals. Dose responses from
S/St data have a slightly higher adjusted R? value (0.999)
than those of the S data (0.993-0.998). Additionally, the
use of a test-dose for Al,O3:C Luxel® corrects for sensitivity
variations between dosimeters, when they are punched out
from the same Luxel® strip. Dose recovery from direct irra-
diation, yielded promising results as well. A higher deviation
was generally seen for the PTFE attenuator. On average, the
dose recovery ratio for the direct irradiation are 1.05 £ 0.01
for PTFE, 1.00 £ 0.01 for microscope coverslip, 1.03 + 0.01
for wine glass, and 1.02 &+ 0.01 for ABS plastic.

5. Conclusion

Irradiation crosstalk and attenuators were investigated as
methods for reducing the dose rate of the built-in 3-source
of the Risg TL/OSL reader. For the Risg TL/OSL system
used in this study, the irradiation crosstalk dose rate is about
0.05% of the value for direct irradiation. While, it was pos-
sible to extend the dose range to lower doses, dose recovery
tests for dosimeters removed and re-inserted in the reader re-
sulted in deviations of 50—-80%. One possible explanation
was attributed to an increase in UV luminescence with mea-
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surement time after irradiation. Another possible reason for
the large deviations is a change in the position of the dosime-
ter on the cup during handling of the carousel which led to the
conclusion that response to cross-talk irradiation might be
sensitive to dosimeter position. However, more tests need to
be performed to quantify the positional dependence of cross-
talk irradiation.

The use of low-cost attenuator materials, though limited
in thickness, provides a cheap and reliable alternative for
dose rate reduction for the Risg TL/OSL reader. Four atten-
uator materials were investigated: PTFE, microscope cover-
slip glass, wine glass and ABS plastic. All materials resulted
in good dose recovery results and allowed building a standard
reference dose response. Microscope cover glass reduces the
dose rate by a factor of 3 for each 1 mm thickness. The ma-
terial is transparent and does not have to be removed during
measurement and is therefore recommended as attenuator of
choice for dose rate reduction.
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Anca Avram
Multi-method luminescence dating studies using quartz
and feldspars extracted from loess deposits in Europe,
Asia and Oceania

July 2021
Faculty of Environmental Science and Engineering, Babes-Bolyai
University, Cluj-Napoca, Romania

Degree: Ph.D.
Supervisor: Prof. Alida Timar-Gabor

The applicability of the Single-Aliquot Regenerative-dose
(SAR-OSL) protocol on quartz as well as the post infrared-
infrared protocols (pIRIR;»5 and pIRIR,gp) on polymineral
fine grains was assessed for dating loess distributed over
three continents, namely Europe (Batajnica section, Serbia),
Asia (XuYi profile south-eastern China) and Oceania (South
Island of New Zealand).

Since it is well known that feldspars are more difficult
to bleach than quartz, residual dose measurements were per-
formed prior to age calculation. Several experiments were
carried out, such as: investigating the dependency of the
residual as function of the exposure time to sunlight (form
0.5 h to 30 days), or the investigation of the dependency of
the residual dose on the equivalent dose magnitude, as well as
on the magnitude of various large laboratory given doses (up
to 800 Gy). The results showed that pIRIR,9g signal is more
slowly bleached than pIRIRjs and the residual doses mea-
sured using pIRIR»9¢ protocol are larger than those measured
by the application of the pIRIR2,5 protocol. Assuming that
the measured residual originates from an unbleachable com-
ponent that is not dose dependent and the values measured in
young samples are actually the result of insufficient exposure
to light, a time which is characteristic to all samples investi-
gated in a sedimentary context, if the bleaching time is main-
tained to a fixed period during solar simulator experiments on
different samples, then a linear dependency is expected be-
tween the equivalent dose of the investigated samples and the
measured residual dose values. Therefore, a minimum resid-
ual dose corresponding to the unbleachable part of the signal
can be determined by extrapolating measured residual dose
values to an equivalent dose equal to 0 Gy (D =0 Gy). In
the absence of information from modern analogues, which is
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a common scenario in many dating contexts, this is the most
reasonable value to be subtracted from the measured equiva-
lent dose when age calculation is performed.

Since it is unanimously accepted that quartz does not suf-
fer from any signal loss, fading measurements were carried
out on polymineral fine grains extracted from loess from Ser-
bia, China and New Zealand by comparison to quartz. Our
results show that fading is insignificant for pIRIRy5 signals.

The performance of the dose recovery tests was exten-
sively investigated for pIRIR protocols by varying both the
magnitude of the given dose as well as the magnitude of the
test dose. Our results indicate that the pIRIR s protocol can
accurately (less than 10% deviation) recover known doses
up to ~300-400 Gy while the application of pIRIRg¢ pro-
tocols results in measuring doses that slightly overestimate
the given dose for the entire dose rage (100—800 Gy) in-
vestigated, the overestimation ranging from 12% to 61% and
being more significant for larger doses.

While the applicability of the SAR-OSL protocol on New
Zealand quartz was hampered by the low luminescence sen-
sitivity of the material, the application of the SAR-OSL pro-
tocol on quartz extracted from Serbian and Chinese loess re-
sulted in obtaining robust chronologies for ages up to about
70 ka. Based on the comparison of the natural and laboratory
dose response curves for Batajnica samples in Serbia it was
concluded that fine and coarse quartz luminescence ages can
be accurately measured for samples with equivalent doses up
to ~ 150 Gy and ~ 250 Gy, respectively. On the other hand,
for the investigated samples the datable dose range can be
extended by using feldspars up to 400 Gy. However, the re-
sults obtained for equivalent doses larger than 400 Gy should
be interpreted with caution in the absence of independent age
control for both pIRIR protocols. Overall, our results show
that pIRIR protocols can be applied successfully on polymin-
eral fine grains extracted from loess deposits over three con-
tinents for extending the quartz datable age range.

Laura del Valle Villalonga
Pleistocene deposits of Pityusic Islands: architecture,
luminescence chronology and paleoclimatic implications
July 2021
Faculty of Environmental Science and Engineering, Babes-Bolyai
University, Cluj-Napoca, Romania
Degree: Ph.D.
Supervisor: Prof. Alida Timar-Gabor

Coastal areas are dynamic territories that are subjected
to the confluence of many factors and agents that are caus-
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ing transformations. These modifications and their causes
can be identified from the geomorphological evidence. The
study of the Pleistocene deposits of Pityusic islands can pro-
vide a very good source of information for gaining better
knowledge on the history of the climate and environmental
conditions, as well as the geomorphological processes that
occurred during the Quaternary. This study deals with the
sedimentological and stratigraphic description of Pleistocene
coastal deposits of the Pityusic Islands that show evidence
of interference between processes characteristic of alluvial,
marine and aeolian environments. Optically stimulated lu-
minescence (OSL) dating of aeolian levels indicates that de-
position took place from the Lower to Upper Pleistocene.
The sedimentological and chronological analysis of these de-
posits allows reconstructing of the coastal Pleistocene envi-
ronmental history from Marine Isotopic Stage (MIS) 22 to
MIS 3. Results show that the main controls on Lower to Up-
per Pleistocene coastal landscape evolution on Eivissa, Es
Freus and Formentera are changes in the average wind di-
rection over time, modulated by the interaction with coastal
relief orientation. The main episodes of aeolian activity iden-
tified and dune formation in the Western Mediterranean can
be linked to periods of low sea level. We conclude that
although there were two prevailing environments such as
coastal aeolian and alluvial, with different processes and re-
sulting forms, the interaction resulted in deposits that share
characteristics of both environments, as well as maintain ele-
ments inherited from each environment in terms of sedimen-
tary supply, precipitation, runoff or aeolian transport. Our
results are a useful indicator of the geomorphological pro-
cesses and changes that occurred during the Pleistocene, un-
ravelling the environmental evolution, and contributing to the
growing knowledge on the Western Mediterranean aeolian or
aeolian-alluvial interacting environments.

Patricia Mescolotti
Fluvial plain and eolian dune field of the middle Sao
Francisco River: chronology of deposits and succession
of geological events in the Quaternary of Brazil

December 2021
Instituto de Geociéncias e Ciéncias Exatas, Universidade Estadual
Paulista - Unesp, Rio Claro, Brazil

Degree: Ph.D.
Supervisors: Mario Luis Assine and Fabiano Pupim

Large rivers, with Sao Francisco, are dynamic systems
whose evolution depends on both internal and external forc-
ing, particularly tectonics, sea level, and climate. The Sdo
Francisco River is the easternmost large river of South Amer-
ica, with its upper course in semi-humid settings, but with a
watershed mostly under semi-arid conditions. As this is a
river with its basin in tectonically quiescent areas and con-
trolled by local base level, the Sdo Francisco River’s deposits
are an excellent fluvial sedimentary record to shed light on
how large tropical rivers responded to climatic changes of
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the Quaternary. Directly associated with the Sdo Francisco
River, the Xique-Xique eolian system is the largest Quater-
nary interior dune field in Brazil (~ 8,000 kmz). Aiming to
establish the chronology of the deposits and the evolution
of quaternary geological events for the Xique-Xique dune
field and for the alluvial deposits of the Sdo Francisco River,
we investigated a 200-km section of the medium course of
the Sdo Francisco River in Bahia, northeast Brazil. We
use a multi-method approach, using remote sensing methods
and field surveys for geomorphological and sedimentolog-
ical analyses combined with optically stimulated lumines-
cence dating (OSL). Several fluvial and eolian geomorpho-
logical zones were characterized, mapped, and dated. Two
zones are represented by degraded terraces, and three zones
comprise the active confined aggradational plain. We rec-
ognized at least four phases of fluvial aggradation (>90 ka;
65 to 39 ka; 18 to 9.5 ka and 380 years to recent) and three
phases of incision (I1 — 85 to 65 ka; 12 -39 to 18 ka and I3 —
9.5 to 1.0 ka). The eolian field initial developed at least since
~250 ka and comprises predominantly stabilized parabolic
dunes (simple and compound), sand sheet and modern active
parabolic dunes. We recognized two main events of eolian
activity (~23 to 18 ka and ~ 15 to 10 ka) and two phases of
dune stabilization (~ 18 to 15 ka and since 5 ka). We interpret
that the two large systems studied here (fluvial and eolian) in-
teract with each other and respond differently to climatic trig-
gers, particularly precipitation. The incision events occurred
probably due to increased fluvial discharge produced by in-
tensification of the South Atlantic Convergence Zone, which
has great influence on precipitation over the upper Sao Fran-
cisco River. Thus, we conclude that the aggradation-incision
cycles of the Sdo Francisco River during the last 100 ka are
likely products of millennial precipitation variation. As for
the eolian dynamics, the changes in precipitation in the area
mainly influenced the process of stabilization of the dunes by
vegetation, especially in the humid HS1 (Heinrich 1 event).
However, the moments of dune activity were more condi-
tioned by changes in the river sediment supply. Thus, eolian
events are closely related to incision/fluvial deposition events
in the area, providing an exceptional case of fluvial-eolian in-
teraction in the Quaternary of Brazil. The Xique-Xique eo-
lian system results from the conjugation of sediment carried
mostly from the river, high eastern wind speeds, and a signif-
icant wind deceleration caused by mountains on the western
border of the dune field.

Mariana Sontag Gonzdlez
Development and application of luminescence
approaches to dating of Indonesian archaeological and
palaeoanthropological sites
December 2021
University of Wollongong, Wollongong, NSW, Australia

Degree: Ph.D.
Supervisors: Bo Li, Richard G. Roberts

Establishing reliable chronologies for archaeological and
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palaeoanthropological sites in Indonesia is important for
studies of human evolution and dispersal. However, many
such sites are situated in volcanic regions, whose sediments
are generally difficult to date using luminescence dating
methods. Here, the application of improved procedures using
the post-infrared infrared stimulated luminescence (pIRIR)
signal targeted to dating volcanic sediments is presented on
two case studies of archaeological sites in Indonesia with an
extended hominin occupation in the Pleistocene: Liang Bua
and Leang Bulu Bettue.

Individual mineral grains deposited at Liang Bua, the type
locality of Homo floresiensis, on Flores, Indonesia, that emit
detectable pIRIR signals are composed of a range of feldspar
varieties, quartz, clay minerals, heavy minerals and volcanic
glass, rendering the isolation of individual potassium-rich
feldspar grains infeasible. The luminescence behaviour of
these composite mineral grains was investigated in detail, in-
cluding their thermal stability, anomalous fading and dose-
response characteristics. A standardised growth curve (SGC)
was developed to enable more time-efficient measurements,
together with a ‘micro-aliquot’ approach in which each hole
on a disc contains approximately 8 — 10 grains. Less than 1%
of grains yield detectable pIRIR signals when measured in-
dividually, so the use of micro-aliquots provides an effective
means of estimating the equivalent dose (D) at single-grain
resolution. The performance tests suggest that the pIRIR sig-
nal measured at 275 °C is suitable for estimating D, values
of these composite grains, without the need for residual dose
or fading corrections. Internal dose rates were calculated in-
corporating information on the mineralogical compositions
of individual grains that emit a pIRIR signal. Additionally,
spatially-resolved beta dose rates from a Timepix pixelated
detector informed on the expected scatter of luminescence
signal intensities caused by beta dose rate heterogeneity. A
total of 41 samples dated with these procedures, from con-
texts ranging from the basal sediments underlying the H. flo-
resiensis-bearing deposits up to the layers with evidence of
occupation by anatomically modern humans, were included
in a Bayesian model yielding a refined chronostratigraphy for
this important site.

Located in the Maros karst region of southwest Sulawesi,
the second study site, Leang Bulu Bettue, contains evi-
dence for human symbolic behaviour from ~ 30,000 years
ago. Previous research at this site reported high fading rates
for K-rich feldspar grains measured using a single-aliquot
pIRIR procedure. In this study, the SGC pIRIR proce-
dure for micro-aliquots, at effectively single-grain resolu-
tion, was used to (i) test its reliability for D, estimation and
subsequent age determination, and (ii) show that, in con-
trast to the high fading observed for single aliquots using
IR diodes for stimulation, the micro-aliquot results obtained
using an IR laser show a low fading rate. The reduced fad-
ing rate of the pIRIR signal using the new procedure is due
to the selection of low-fading bright grains from a popula-
tion of grains with mixed fading rates. Additionally, the
presence of outlier and insufficiently bleached grains was
considered in the choice of age models used for D, deter-
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mination. New pIRIR ages at single-grain resolution sup-
port the use of these methods to date dim volcanic samples
with minimal fading corrections, allowing for an extension of
the known chronology of hominin occupation at the site. A
PDF of this thesis is available upon request (Mariana.Sontag-
Gonzalez@geogr.uni-giessen.de)
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Conference Announcements:
14™ New World Luminescence Dating & Dosimetry Workshop

4™ New World Luminescence Dating & Dosimetry Workshop

ohene e October 13 (Thursday), 2022 e

Wine CountryInn 3 Deadline:
Palisade, Cogado POt ) le g_a B SDECIONIEL, Septerf];ergez 022
calibration and workshop :

Your hosts: Shannon Mahan, October 14-15 (Friday- Probable Cost:
Harrison Gray, Emma . $300/student
Krolczyk and the USGS Saturday), 2022 presentations $500/professional

The workshop will be
immediately after the GSA
Annual meeting in Denver,

Colorado. Drive or Fly to

Grand Junction and be

home by Sunday night.
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Obituary: Dr. Bonnie Anne Blickstein Blackwell (1955 - 2021)

Dr. Bonnie Anne Blickstein Blackwell
1955 - 2021

Bonnie Blackwell, geoarchaeologist extraordinare, died
in New York, September 8, 2021, aged 66. She was born
April 8, 1955, in the small town of Paris, Ontario. In an in-
terview a few years ago she noted that her first four years of
school were in a one-room schoolhouse! At the age of 11,
she saw a program on Louis Leakey and decided to be an
archaeologist. The many people who knew Bonnie will not
be surprised that she never wavered from this goal. She re-
ceived her B.A. in anthropology from McMaster University
in 1978 and her M.Sc. in geology in 1980, studying U-Series
dating under Prof. Henry Schwarcz. Henry tells the story of
meeting her:

“When Bonnie Blackwell was a junior in anthropology
at McMaster University in Hamilton, Ontario, Canada,
I gave a talk in one of her classes on the use of ura-
nium series dating in archaeology. Something clicked
in Bonnie’s head and she came to visit me in the Dept
of Geology to see if she could do a bachelor’s thesis on
this topic. I had never supervised an undergrad before
and especially one with so little background in science.
But she jumped on the project of dating archaeological
sites in Israel using samples I had collected, learned the
techniques of U series dating and soon was a proficient
and careful analyst. We wrote our first paper together in
1979 and she submitted a B.A. thesis about 150 pages
long covering every historical aspect of the topic!”

Her Ph.D. from the University of Alberta in 1987 dealt with
amino acid racemization. She then returned to McMaster
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for post-doctoral work with Henry, at which time she began
her research using electron spin resonance (ESR) as a dating
technique. We met at a conference in 1993 and began to
collaborate two years later.

Almost all of her professional work, including roughly
150 contributions to journals and books, many, many con-
ference presentations, and several technical manuals, relates
to ESR dating. Within that one must note that she studied a
wide variety of materials and sites, and answered many dif-
ferent questions, not just “How old?”. Her projects came
from every continent except Antarctica. For most of them,
she was both excavator and analyst. A complete description
of all of them is beyond the scope of this memorial. They
can be grouped in four major categories.

First are her studies in human evolution. These included
early hominins in the South African Cradle of Humanity, and
the Acheulian in India. She also looked at questions rele-
vant to the “Out of Africa”hypothesis, showing the possibil-
ity that humans could have crossed what is now the desert
because water was available, if not plentiful, in every period,
both glacial and interglacial. A study of kangaroo teeth was
relevant to the settling of Australia. Recently she was con-
centrating on the presence of Neanderthals in Europe. Her
interest there began with the finding of a bone flute at Divje
Babe in Slovenia which she dated to at least 60 ka. Other
areas included Uzbekistan, where she showed that only ESR
could explain the stratigraphy of a site with Neanderthal re-
mains, and Russian caves. At the time of her death, she was
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Bonnie and Joel with one of their student groups at Williams

involved in a long-term study of Serbian and other Balkan
caves, many of which have evidence of human habitation.

Bonnie’s geological training led to studies such as tec-
tonic uplift in Turkey, where she identified a previously un-
known fault, and sea level changes. The latter proved useful
in numerous dating studies of corals, where the dating range
comprised several MIS stages.

Not all dating studies revolve around paleoanthropology,
or areas with evidence of human habitation; some relate more
to paleontology. Bonnie looked at multiple sites predating
any hominin presence. For example, she studied the Miocene
in China, and the Villefranchian in Europe. By identifying
species present she also provided insights into paleoclimate
and climate change.

Bonnie’s contributions to the theoretical underpinning of
ESR dating provide the fourth major category. While most
ESR studies use mammal teeth or mollusc shells, she asked
whether other materials were suitable. For some of these,
such as shark and crocodile teeth, the answer was a deci-
sive “no”. Bone also provided more problems than solu-
tions. Others were more promising, such as barnacles and
stalagmites. Then she spent many hours investigating ura-
nium uptake and leaching in teeth, factors that have a major
impact on ESR dating. She promoted the use of isochrons
for difficult sites and difficult samples. Another problem for
ESR dating is ‘lumpy’ or complex sites; here she developed
techniques for quantifying and including sometimes as many
as nine different sedimentary factors into an environmental
dose rate.

Most of her professional life was as a public high school
science teacher in New York City. No account of her con-
tributions would be complete without noting her work men-
toring high school students. For over 20 years she sought
out promising students and gave them serious, publishable,
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projects. Many were from low-income, minority and immi-
grant backgrounds. In 1999, with my assistance, she became
a research associate with the Williams College Chemistry
Department. She then set up the RFK Science Institute to
formalize this structure. Her students gave presentations not
just at science fairs, but at professional meetings. As well as
science fair awards, several students won recognition from
the Westinghouse (later Siemens-Westinghouse, and then In-
tel) contest. Roughly a dozen were state finalists or national
semi-finalists, and one was a national finalist. As well as
teaching all of the 100+ students the basics of first-class sci-
entific research, Bonnie counselled them on college applica-
tions, encouraging them (often successfully) to ‘reach’. For
years afterwards she would keep in contact and be available
for advice.

Bonnie was a Fellow of both the Geological Society of
America and the Geological Society of Canada. Over the
years she was principal investigator or co-PI on NSF grants
totaling roughly $600,000. As well as her publications, she
was sought after as a reviewer for professional journals.

Dr. Joel Blickstein, Bonnie’s husband, was a partner
and colleague in this work. When RFK students came to
Williams, for example, Joel would help them run the ESR
spectrometer, while Bonnie supervised calculations of re-
sults. Tragically, Joel died a week after Bonnie. Bonnie and
Joel are survived by Joel’s children, Jason and Tina, and their
families.

Bonnie’s energy and enthusiasm led to a significant body
of work around issues of paleoanthropology, paleontology,
and geology. It is clear that we have lost a voice that still had
much to contribute to our understanding of the past.

Anne Skinner
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