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Variation in beta dose rate within rocks may impact the results of rock surface luminescence dating, for both the
burial age of cobbles and exposure age of rock surfaces. Current methods of rock surface luminescence dating
assume that radionuclides are homogeneously distributed inside rocks. In this study, two rapid methods based on
beta counting and on a portable XRF instrument were developed to measure the radioactivity of rock slices.
These methods were applied to rock slices from four glaciofluvial granite cobbles that had previously been used
for equivalent dose determination to test whether beta dose variation could be observed. Results from beta
counting and K content from XRF show similar patterns and both vary along the depth profiles, but the
magnitude of this variability is very different amongst the four cobbles. In rocks where the dose rate is highly
variable, bleaching may not be the only source of variation of L,/T, or equivalent dose (D.) along the
luminescence-depth profile of cobbles, and it may be necessary to measure the beta dose rate for every single
slice to determine whether multiple bleaching events are recorded or variations in D are due to dose rate

heterogeneity.

1. Introduction

Rock surface luminescence dating has been applied increasingly in
geoscience and archaeology in recent years for both determining expo-
sure age (e.g. Brill et al., 2021; Lehmann et al., 2018; Liritzis, 2011; Luo
et al., 2018; Sohbati et al., 2011, 2018) and burial age (e.g. Ageby et al.,
2021; al Khasawneh et al., 2019; Bailiff et al., 2021; Chiverrell et al.,
2021; Feathers et al., 2019; Freiesleben et al., 2015; Gliganic et al.,
2021; Ishii et al., 2022; Jenkins et al., 2018; Rades et al., 2018; Simkins
et al., 2016; Sohbati et al., 2015; Souza et al., 2019) of rock surfaces and
cobbles. However, previous age determination, curve fitting etc., was
based on the assumption that radionuclides are homogenously distrib-
uted within each rock, and that variations in luminescence are due only
to the history of bleaching and burial.

For rocks, the beta dose rate is often the major contribution to the
total dose rate (Fang et al., 2018; Plachy and Sutton, 1982; Simkins
et al., 2016) of slices used for dating, especially for granite cobbles,
which are the main target material in recent rock surface luminescence
dating studies. Rock surface luminescence exposure dating estimates the
age by fitting Ln/Tn profile into the rocks, assuming a consistent dose
rate contribution from the rock itself (e.g. Brill et al., 2021; Lehmann

et al., 2018; Liritzis, 2011; Luo et al., 2018; Sohbati et al., 2011, 2018). If
beta dose variation occurs it could have an impact on L,,/Ty,, the shape of
the luminescence-depth profile, and hence the exposure age of rock
surfaces. Thus far, most published burial ages of cobbles (e.g. Ageby
et al., 2021; al Khasawneh et al., 2019; Chiverrell et al., 2021; Feathers
et al., 2019; Freiesleben et al., 2015; Gliganic et al., 2021; Ishii et al.,
2022; Jenkins et al., 2018; Rades et al., 2018; Simkins et al., 2016;
Sohbati et al., 2015; Souza et al., 2019) were also determined based on
the assumption of homogeneous radionuclide distribution through the
rock studied. With the exception of Feathers et al. (2019), who measured
3 rock slices, very little work has measured the beta dose rate for
different rock slices. Variation of equivalent dose along the age-depth
profile has been interpreted as being due to multiple phases of expo-
sure and burial (e.g. Freiesleben et al., 2015; Jenkins et al., 2018; Rades
et al., 2018; Sohbati et al., 2015), but such features may potentially also
result from variation of dose rate within the rock. Therefore, the source
of any variation of equivalent dose should be confirmed, and variability
in dose rate ruled out as a cause, before identifying plateaus in the
age-depth profiles as distinct deposition events.

Recent mapping of the minerals present in rocks (Fang et al., 2018;
Sellwood et al., 2019) and modelling of dose rate distributions (Fang
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et al., 2018) showed that the assumption of homogeneous radionuclide
distribution is not applicable to all rocks. Micro X-ray fluorescence
(LXRF) spectroscopy (Sellwood et al., 2019) and energy dispersive
spectroscopy (QEM-EDS) (Fang et al., 2018) have been used to map the
distribution of minerals and different elements inside rocks. In situ
LA-ICP-MS measurement (Fang et al., 2018) demonstrated that radio-
nuclides, especially U and Th, are commonly unevenly distributed in
rocks. This indicates that dose rate along the luminescence-depth profile
may be heterogeneous, and it would seem likely that the degree of
variation may vary considerably depending upon the rock.

However, mapping or modelling mineral or beta dose rate distribu-
tions in rocks is labour intensive and requires specialist equipment (e.g.
pXRF, SEM, QEM-EDS, LA-ICP-MS). And there is still a lack of work to
investigate beta dose variation along the luminescence-depth profile of
dating rock samples. In this study, two rapid methods based on beta
counting and on the use of a portable XRF instrument were investigated,
to seek a practical way to assess the variability of beta dose rapidly using
common laboratory equipment, either to allow preferential selection of
those rocks with more homogeneous radionuclide distributions for
dating, or to judge whether more detailed modelling is needed to assess
the dose rate.

2. Materials and methods

Four glaciofluvial granite cobbles were collected from two sites in
the United Kingdom associated with deglaciation of the last British-Irish
Ice Sheet. Cobbles LL1D-01, LL1D-04 and LL1D-09 were collected from
Lydiate Lane Quarry about 20 km north-east of Liverpool, while cobble
WDL-02 was from Wood Lane Quarry about 30 km south of Chester on
the Welsh/English border (Chiverrell et al., 2021). They were all ob-
tained from gravel-dominated lithofacies. We also selected a piece of
obsidian from the Big Obsidian Flow (BOF), Newberry, USA for com-
parison. This obsidian sample has previously been proposed as a
geochemical standard because of its chemical uniformity (Laidley and
McKay, 1971).

These cobbles were drilled using a bench-mounted pillar drill fitted
with a water-cooled sintered diamond core bit to obtain cores ~7 mm in
diameter and 20-30 mm long. Then the cores were cut into slices ~0.44
mm thick with exception of BOF slices (~0.38 mm thick), using a water-
cooled low speed saw mounted with a 0.3 mm thick diamond wafer
blade. The slices were cut with as uniform thickness as possible.

2.1. Beta counting measurements

Beta counting was conducted using a Ris¢g Low-level beta GM-25-5
beta counter (Botter-Jensen and Mejdahl, 1988) to determine the total
beta dose rate. For bulk sediment samples measured at Aberystwyth
Luminescence Research Laboratory (ALRL), plastic pots ~ 25 mm in
diameter and ~6 mm deep are normally packed full with powdered
sample (~3 g mass), and then covered in a thin plastic film (cling film is
the term used in the UK) that prevents spillage of the powder and ab-
sorbs alpha particles, but which does not attenuate the emitted beta
particles. Pots are inserted into the counter so that the thin plastic film
on the upper surface of each pot is close to the Geiger-Mueller detector.
Beta activity is calculated by comparing the beta count rate from un-
known samples with the count rate measured from samples of known
beta activity. At ALRL the two standards used are powders of MgO and a
Shap granite (beta activities of 0.0 and 5.99 Gy/ka). The instrument can
simultaneously count 5 samples, and in routine use two positions
contain the known-activity standards and the remaining three have
samples of unknown activity, so that the calibration allows for short
term fluctuations in counting efficiency. Results are also corrected for
small variations in the sensitivity of each of the 5 counting positions.
This approach has been in use at ALRL for more than 20 years.

For measuring the beta activity of rock slices (~0.44 mm thick and
~7 mm diameter), the plastic pots were turned upside down and slices
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were placed on top of the upturned pot with cling film used to hold them
in place. The upturned pot was placed in the beta counter with the rock
slice at the top, close to the Geiger-Mueller detector. Normally when
using the beta counter one would have two known-activity standards
with the same geometry as the unknown samples, but in this application
that is hard to achieve (discussed in Section 4.1). Instead, we have used
the packed-pots containing powdered MgO and Shap granite standards
to calibrate each set of measurements and correct for short term fluc-
tuations in counting efficiency. Section 3.1.3 describes how the count
rate from rock slices measured alongside the powdered standards is
converted into beta dose rate for each rock slice. Beta counting mea-
surements took between 24 and 200 h for each set of three slices
depending upon their size and beta count rate.

2.2. Reproducibility of beta counting rock slices

To assess the reproducibility of measurements on the beta counter,
three rock slices from one glaciofluvial cobble (LL1D-01) were measured
repeatedly using the procedure described above. Each slice was counted
23 times and between each measurement the beta pots were removed
from the beta counter and the measurement position changed (position
1 went to position 2, 2 to 3, 3 to 4, 4 to 5 and position 5 went to position
1). This rotation of samples and standards is normal practice in ALRL.
For each of the three rock slices, the mean and standard deviation of the
beta count rate were calculated, and these used to determine the relative
standard deviation (RSD). The RSD values for the three slices were 5.3%,
7.2% and 5.3%, giving an overall RSD of 5.9%. For each measurement a
minimum of 2000 counts were acquired for each slice, implying an
uncertainty of 2.2% due to counting statistics. The remaining scatter is
most likely to result from the propagation of additional uncertainty
during the correction for variations in the counting efficiency of each of
the five positions.

2.3. Portable XRF K content measurements

Potassium (K) content was measured using a Thermo Niton XL3t
GOLDD+ portable XRF, with an ~ 6 mm diameter X-ray beam. Samples
were placed on silica to provide a simple background of known chem-
istry and ensure there was no contribution from the work surface below
or around the sample. The measurements were performed with the XRF
head flush with the surface of each sample. Samples were positioned as
central to the XRF measurement window as possible. Each measurement
was undertaken for a total of 35 s (the main range and low range were
set as 5 s and 30 s, respectively).

2.4. Accuracy of portable XRF K content measurement

The accuracy of the portable XRF for measuring K content was tested
using powdered standards such as NIST 70a, NIST 99a and MgO. In
addition, a series of samples with independent geochemical de-
terminations of K content were also measured; these include a loess from
the USA (44ALRL-BH37), a loess from Belgium (Volkegem; De Corte
et al., 2007), a beach sand from a recent laboratory inter-comparison
(Murray et al., 2015), CTLO5 and USGS-682-157 (Forman, personal
communication), Shap granite (Sanderson, personal communication),
and the Big Obsidian Flow, Newberry Caldera (Laidley and McKay,
1971; Higgins 1973; Pearce, personal communication). Comparison of
the independent estimates of K and the value of K obtained from the
portable XRF shows an excellent linear relationship, but with a small
offset and a slope of 0.88 (Fig. 1); all K contents measured with the
portable XRF in this paper have been corrected using the equation
describing this relationship (shown in Fig. 1).

3. Challenges and correction of raw data

Measurement of the beta dose rate or the K content of rock slices
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Fig. 1. Comparison of K content measured by portable XRF and the declared K
content for samples with independent assessments.

using the two methods used in this paper faces some challenges.
Although great care is taken when cutting rock slices, there may be some
variation in slice thickness, and during slicing some parts may break off.
Thus the area and mass may vary from one slice to another. Further-
more, for beta counting, the standards used were powder-filled pots,
which is a different geometry to our rock slice samples. Thus correction
is also needed for the slices to convert the beta count rate to beta dose
rate.

3.1. Beta counting

3.1.1. Different slice thickness

When cutting slices for dating we maintain a thickness of ~0.44 mm
with a tolerance of ~0.02 mm. However, to test the impact of variations
in thickness upon the beta count rate, slices of different thicknesses were
measured and their beta count rates compared. Fig. 2 shows the data for
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Fig. 2. Relationship between slice thickness and beta count rate of greywacke
(AW-01) and Big Obsidian Flow sample (BOF). The beta count rate for AW-01
has been scaled by a factor of 2.2 to account for the difference in activity be-
tween the two samples. The fit is a saturating exponential.
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3 intact slices from a homogeneous greywacke (AW-01, see Ou et al.,
2018 for sample details), with thicknesses of 0.38 mm, 0.78 mm and
1.25 mm. In addition, we also measured slices cut from the Big Obsidian
Flow (BOF) sample which was chosen with the aim of providing a rock
that had homogeneous distribution of radionuclides (Laidley and
McKay, 1971). These slices of BOF have thicknesses from 0.34 to 0.49
mm, but to measure a wider range of thicknesses we also combined two
or more slices to create slices up to 1.21 mm thick (Fig. 2). As can be
seen, the beta count rate increases with slice thickness, and the rela-
tionship can be fitted with a saturating exponential function. The scatter
around the fit (especially visible for BOF where the greatest number of
slices has been measured) is likely to reflect small scale variations in
radionuclides from one slice to another (see data in section 4.1). Cor-
recting for variations in thickness is possible, but with the exception of
this experiment where variation in thickness is deliberately explored,
elsewhere in this study we used slices that are as uniform in thickness as
possible, and excluded slices which had different thicknesses in the same
core, thus avoiding the need to correct for thickness.

3.1.2. Broken slices

To investigate the influence of broken slices on beta count rate, three
slices with the same thickness (0.41 mm) from a homogeneous grey-
wacke AW-01 were weighed and then measured using the beta counter.
The slices were then deliberately broken (roughly in half) and each
fragment was weighed and measured separately in the beta counter. The
fragments were then broken into smaller fragments and measured again,
and so on. In this way we obtained a data set of beta count rates for slices
of the same thickness, but of different mass. As can be seen from Fig. 3,
the beta count rate grows linearly as a function of mass. For broken
slices, the beta count rate can be corrected by the formula:

B

b= 09563 (Wf)

Eq. 1

where B; is corrected beta count rate as if the fragment is an ‘intact’
whole slice, Bt is beta count rate of the fragment, W¢ is the weight of the
fragment, and Wi is the average weight of intact slices of that rock (note
that this correction should be implemented for slices with the same
thickness).

3.1.3. Different geometry

As mentioned in Section 2.1, the standards used for beta counting
(MgO and Shap granite) are powdered sample packed into pots. This is a
different geometry (form, area, and thickness) to the rock slice samples.
To convert the beta count rate obtained from rock slices to an infinite

1.2

1.0 y = 0.9563x >
0.8

0.6
0.4 1 ¢

0.2 4

Normalised beta count rate

0.0

0.0 0.2 0.4 06 0.8 1.0

Normalised weight

Fig. 3. Relationship between the mass of intact slices of uniform thickness and
of their fragments, and their beta count rate of 3 slices from the greywacke
sample AW-01. Both beta count rate and weight were normalised to the average
value of the 3 intact slices.
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matrix beta dose rate (in Gy/ka), three rock samples were chosen which
showed the lowest heterogeneity in their dose rate, and a direct com-
parison was made between the beta dose rate obtained by crushing a
sub-sample of the rock (see Section 2.1), and the average beta count rate
from between 19 and 22 rock slices of each sample. The first sample was
the Big Obsidian Flow (BOF), and the other two are rocks from Lydiate
Lane (LL1D-01 and LL1D-04). In each case 15-20 g of the rock was
milled to powder, and three replicate packed-pots (~3 g each) of the
powdered sample were measured to obtain the infinite matrix beta dose
rate (Gy/ka) with the same geometry as the powdered standards
(Table 1). The ratio of the beta dose rate divided by the mean value of
the beta count rate from the slices provides a correction factor for the
difference in geometry and density (last column in Table 1). The
correction factors obtained from these three different samples are
consistent with each other within uncertainties, and the average value
(10.61 =+ 0.41) is used to convert the beta count rate from rock slices
into a beta dose rate in the rest of this paper.

3.2. Portable XRF K content

3.2.1. Different slice thickness

To test the influence of thickness variation on the results of the K
content derived from the portable XRF, slices with different thicknesses
(~0.4-2.4 mm) from 5 different rocks (a greywacke, a sandstone, a
quartzite, and two granites) which had been previously investigated for
light attenuation (Ou et al., 2018) were measured. Since XRF only
probes a thin surface layer (~30 pm for K, Potts et al., 1997), it is not
surprising to see (Fig. 4) that K content shows no systematic trend in K
content with thickness. The variability seen in the two granites (BTH-01
and CW-01) is thought to reflect the coarser crystal size in these rocks
compared with the others (Ou et al., 2018), and to reflect variation of K
content between the surfaces of different slices.

3.2.2. Broken slices

A total of six slices from two cobbles (AW-01 and CO-01, three slices
each) were measured using the portable XRF and measured again after
they were broken into smaller fragments, following the same experi-
mental design as used in Section 3.1.2. The portable XRF measurements
were made by placing the rock slices (or broken slices) on a silica sub-
strate, and so where the rock slice only filled part of the portable XRF
field-of-view (FOV, 6 mm in diameter, and 73.5% in area of our intact
slice) then the remainder of the FOV will be silica, and hence a linear
relationship is expected between fragment size and K content up to the
point where the sample fills the FOV. Once the sample fills the FOV, any
increase in sample size would not be expected to change the measured K
content. Complete slices are slightly larger than the FOV, and this is the
reason no further change in K content is seen for the most complete slices
(Fig. 5). The K content measured with portable XRF from broken slices

Table 1

Assessment of the correction factor for comparing beta count rate from ~3 g
powdered samples packed into pots ~25 mm in diameter and ~6 mm deep, with
that from intact rock slices ~7 mm diameter and 0.44 mm thick (note that beta
count from the ~0.38 mm thick BOF slices had been corrected using the rela-
tionship shown in Fig. 2 to make the data comparable with the ~0.44 mm thick
slices of other cobbles).

Sample  Infinite matrix beta Beta count Number of Ratio beta dose
dose rate from rate from slices rate to beta
powdered sample rock slices counted count rate from
(Gy/ka) rock slices

BOF 3.47 +0.05 0.32 + 22 10.73 +£1.32

0.04
LL1D- 4.38 + 0.10 0.43 + 19 10.15 + 0.99
01 0.04
LL1D- 4.33 £ 0.09 0.40 + 20 10.95 +1.23

04 0.04
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Fig. 4. Portable XRF K content of different thickness of slices from 5 rock types
(for sample details see Ou et al., 2018). K content was measured 2-3 times for
each slice. The data points represent the mean values and the error bars
represent the standard deviation.
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Fig. 5. Relationship between the weight of slices and value of K determined
from portable XRF for greywacke sample AW-01 and sandstone sample CO-01.
Both K content and weight were normalised to the average values of 2 or 3
intact slices for each rock sample.

can be corrected according to the formula:

K
K= (0.9067 (%)f + 0.1367> Fa- 2

n

where Ky, is the K content as if the fragment is a slice with maximum
analysable mass, i.e. in an area equal to the portable XRF FOV, which
means 73.5% of an intact slice, Kf is the measured K content of the
fragment, W is the weight of the fragment, and Wy, is the weight of a
slice with maximum analysable mass, which means 73.5% of the
average weight of intact slices. For intact slices or slices whose weight
are above the maximum analysable mass, no correction is conducted.
Correction should be conducted for slices from the same rock with the
same thickness.

4. Assessing beta dose rate variability within cobbles:
application to glaciofluvial samples for burial dating

Having established that the portable XRF and GM-25-5 beta counter
can give quantitative assessments of the potassium content and the beta
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dose rate respectively for individual rock slices, the ability of these two
instruments to assess the beta dose rate variability through a rock was
subsequently explored using four glaciofluvial cobbles collected for
burial dating (three from Lydiate Lane (LL1D) and one from Wood Lane
(WDL) in the UK). For each rock a core was drilled and slices cut from
the surface to depths of between 18 and 25 mm. Care was taken to cut
slices with a uniform thickness of ~0.44 mm to improve reproducibility
in equivalent dose determination and to simplify the application of beta
counting and the portable XRF. Prior to beta counting and portable XRF
measurement, each slice was weighed (Fig. S1). This was particularly
important where the slice broke during cutting or handling. For portable
XRF the effect of slices breaking and only part of a slice being measured
was corrected using Equation (2). For beta counting the correction in
Equation (1) was applied, and the beta count rate multiplied by the
value of 10.61 + 0.41 to calculate the infinite matrix beta dose rate for
each slice (as described in Section 3.1.3). The same approach was also
taken for a core drilled from a piece of the Big Obsidian Flow (Laidley
and McKay 1971). The slices from this rock were thinner (~0.38 mm)
than those from the glaciofluvial rocks. This difference in thickness
makes no impact upon the portable XRF measurements, but there is a
small effect on the beta count rate, and so the relationship shown in
Fig. 2 was used to make the BOF data comparable with the ~0.44 mm
thick slices from the glaciofluvial samples.

4.1. Big Obsidian Flow

The sample from Big Obsidian Flow (BOF) was included in this study
because previous analyses had demonstrated that the flow was chemi-
cally highly homogenous. Laidley and McKay (1971) took 66 samples
from a transect along the 1.5 km length of the flow and 25 samples from
a grid covering an area of 10 by 10 m, and found that the relative
standard deviation of the concentration of K;O was at most 0.70%.
Portable XRF measurements of 23 slices of BOF (Fig. 6) show that the
distribution of K at this much smaller scale of analysis is also highly
homogenous, with a relative standard deviation of 2.1% (Table 2). In
contrast, data from beta counting shows higher variability (Fig. 6) with
an RSD of 12.5% (Table 2). This RSD is significantly higher than the
value of 5.9% obtained from replicate measurements (section 2.2) and
implies that U and Th are less homogenous in BOF than K. It had been
hoped that slices of BOF could be used as standards for beta counting to
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Table 2
Summary data for rock slices from Big Obsidian Flow (BOF) and four glacio-
fluvial samples shown in Fig. 6. K content was measured for each slice with
portable XRF and the beta dose rate for each slice using the GM-25-5 beta
counter.

Sample Average K RSD K Average Beta Dose RSD Beta Dose
(wt.%) (%) Rate (Gy/ka) rate (%)

BOF 2.96 2.1 3.44 12.5
LL1D- 3.63 14.6 4.62 9.2

01
LL1D- 3.96 16.2 4.20 11.0

04
LL1D- 3.05 38.1 3.41 33.6

09
WDL- 1.26 26.8 1.74 36.0

02

avoid the need to correct for the difference in geometry between pow-
ders and slices (section 3.1.3), but the high RSD (12.5%) observed for
the beta counting data make this unfeasible. Future work will be needed
to obtain a material whose radionuclides are sufficiently spatially ho-
mogeneous to make it a suitable standard for beta counting.

4.2. Glaciofluvial cobbles

The infinite matrix beta dose rate and K content from the portable
XREF of slices from the four glaciofluvial cobbles are shown as a function
of depth (B-depth profile and K-depth profile, respectively) in Fig. 6. The
three cobbles from Lydiate Lane have K contents (3.05 wt%-3.96 wt%)
and beta dose rates (3.41-4.62 Gy/ka) consistent with other granite
cobbles collected from the Isle of Man (4.5-5.2 Gy/ka, Jenkins et al.,
2018), and Bridgwalton (3.9 wt% K and 4.6 Gy/ka, Chiverrell et al.,
2021). In contrast, the cobble from Wood Lane has much lower K con-
tent (1.26 wt%) and beta dose rate (1.74 Gy/ka).

For the glaciofluvial cobbles, beta dose rate and K content show
variation along the profiles (Fig. 6), but different cobbles show different
magnitudes of variation. Some rocks are quite homogeneous, with little
variation in radionuclides with depth (LL1D-01, LL1D-04), while others
are more heterogeneous (LL1D-09 and WDL-02) (Table 2). Similar pat-
terns are observed in the K content and in the beta dose rate. The K

LL1D-01 LL1D-04 LL1D-09 WDL-02 BOF
Beta dose rate (Gy/ka) Beta dose rate (Gy/ka) Beta dose rate (Gy/ka) Beta dose rate (Gy/ka) Beta dose rate (Gy/ka)
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Fig. 6. Beta dose rate with depth (p-depth profile) and portable XRF K content (corrected for FOV) with depth (K-depth profile) of rock slices (~0.44 mm thickness)
from 4 glaciofluvial granite cobbles from UK, and beta dose rate and portable XRF K content of different slices (~0.38 mm thickness) of obsidian sample BOF. Note
that the y axis of LL1D-01, LL1D-04, LL1D-09, and WDL-02 is depth (mm), while for BOF slice number is shown as slices were taken from multiple cores to establish
the degree of chemical homogeneity of this relatively thin sample, rather than for dating. Semi filled circles indicate slices which broke and whose mass is less than

50% of the average of intact slices.
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content and beta dose rate of LL1D-09, and the beta dose rate of WDL-02
vary by more than a factor of 2 with depth. For LL1D-09, some of the
data points exhibit extreme values (e.g. 5.82 wt% K and 8.49 Gy/ka beta
dose rate at a depth of ~19 mm). These values are from small fragments
with low mass (less than 50% of an intact fragment, and often much less
than this) where individual crystals (e.g. quartz or zircons) may domi-
nate the fragment (Fig. S1). For assessing the RSD of cobbles (Table 2),
data where the mass was 50% or lower than that of an intact slice were
discarded.

Our data for beta dose rate measured by beta counting, and K content
measured by portable XRF, are generally well-matched. However, as
demonstrated by previous studies (Ankjergaard and Murray, 2007;
Plachy and Sutton, 1982), the beta dose is mainly derived from *° K of
potassium feldspar, and therefore it is not necessarily surprising that the
two data sets in this study match each other. The beta dose rate from
beta counting is derived from U (uranium), Th (thorium) and K from the
entire slice (although there will be some bias towards the uppermost
part of the slice, even for thin slices of ~0.4 mm thickness). In contrast,
for portable XRF, we only measure the K content. According to analysis
of andesitic, basaltic and rhyolitic samples (Potts et al., 1997), 99% of
the XRF signal for K originates from the top ~ 30 pm surface layer, 50%
of which originates from the top ~ 4.5 pm layer. It can be deduced that
the XRF signal-derived K content for our samples likely originates from
the top tens of pm and with bias to the upper surface of each slice.

Our results confirm that radionuclide heterogeneity occurs in rocks
(Fang et al., 2018; Sellwood et al., 2019), and that it leads to variation of
beta dose rate (Fig. 6), but without measurements such as those
described in this paper it is hard to predict the degree or severity of
heterogeneity. Three cobbles (LL1D-01, LL1D-04 and LL1D-09) of the
same lithology (granite) and from the same site (Lydiate Lane) showed
very different beta dose rate variation along their profiles. LL1D-01 and
LL1D-04 are relatively homogeneous while LL1D-09 is very heteroge-
neous in beta dose rate distribution.

4.3. Assessing the likely impact of variability in the beta dose rate of
individual rock slices

Samples LL1D-04 and LL1D-09 (Chiverrell et al., 2021), and WDL-02
(unpublished data) were cobbles which had been previously investi-
gated to determine their burial age. When ages were calculated, radio-
nuclides had been assumed to be homogenously distributed inside these
cobbles, in accordance with most previous studies. For sample LL1D-04,
this assumption may be valid and any variability in the age-depth profile
from such a rock type should represent a genuine change in bleach-
ing/burial history, rather than any change in dose rate influencing the
age. But for sample LL1D-09 (Fig. 6), the assumption of homogeneous
radionuclide distribution is not appropriate. Here, the age and thus the
age-depth profile should be interpreted with caution because the beta
dose rate varies so much along the profile. In this instance only the upper
5 mm of the cobble appeared to have been bleached, and no other
plateaus had been described (Chiverrell et al., 2021), so the beta dose
heterogeneity probably had little impact. For sample WDL-02, multiple
“plateaus” appeared along the age-depth profile (unpublished data) and
this had previously been thought to reveal multiple events, but the
complexity of the data in Fig. 6 suggests that some of this variation is
likely due to variations in beta dose rate.

Dose rate calculations for rock slices from cobbles have commonly
assumed that radionuclides in the cobble are homogeneously distrib-
uted, and the beta dose rate arising from the cobble itself only varies as
one approaches the surface of the cobble where the beta dose rate from
the surrounding sediment may be different (e.g. Fig. 2 in Freiesleben
etal., 2015). Riedesel and Autzen (2020) have recently recalculated the
attenuation coefficient for beta particles in rocks and suggested that the
value is approximately double the value previously used. The implica-
tion of this is that spatial variations in beta dose rate along a core will not
be smoothed out as much as previously thought. Infinite matrix beta
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dose rate is achieved at ~1.5 mm into the rock (Riedesel and Autzen,
2020), and at 0.4 mm depth into the rock ~ 75% of the infinite matrix
dose rate is reached. We have modelled the impact of adjacent rock
slices of different beta activities (as seen in Fig. 6) using the new beta
attenuation coefficients of Riedesel and Autzen (2020) to see what the
beta dose rate received by each slice would be. For slices from these 4
glaciofluvial cobbles (~0.44 mm thick and with ~0.3 mm rock ground
away during cutting of each slice), the impact of beta activity from one
slice upon adjacent slices is small. Typically the modelled beta dose rate
is within 5% or less of the beta dose rate measured for each slice using
the beta counter. The same argument would apply to any changes in
radionuclide concentration that occurred laterally (i.e. at right angles to
the direction in which the core was drilled), and these would be ex-
pected to have little impact on beta dose rate.

5. Discussion

This study demonstrates that both beta counting and portable XRF
are effective tools for rapid assessment of beta dose variation inside
rocks using the approaches described here. There are two advantages for
these approaches as compared to other methods such as micro XRF,
SEM, QEM-EDS, and LA-ICP-MS (e.g. Fang et al., 2018; Sellwood et al.,
2019). Firstly, only relatively inexpensive equipment is required for
both beta counting and portable XRF methods, thus making them
practical in most Geoscience or luminescence laboratories. Secondly,
measurements are rapid. For beta counting 3 slices can be measured in
about 24 h, while for portable XRF analysis for each slice is only for 35 s
meaning that within an hour it is possible to determine K for slices from
an entire rock core. Although portable XRF is obviously much faster than
beta counting, beta counting provides a more complete measurement,
involving emission from the whole slice, and including the contribution
from U and Th as well as K.

There are some limitations for the use of beta counting and portable
XRF measurements to assess beta dose rate variability. Firstly, both beta
counting and portable XRF provide an indication of the beta dose vari-
ability between the slices measured through a core, but unlike methods
such as micro XRF, SEM, QEM-EDS, and LA-ICP-MS cannot provide any
information on the spatial variability across an individual rock slice.
However, where luminescence is measured from the whole slice (e.g.
Freiesleben et al., 2015; Jenkins et al., 2018; Souza et al., 2019) then
using the average beta dose rate determined for the whole slice is
appropriate.

Secondly, the detection limit of the portable XRF makes assessment
of U and Th content challenging, and hence we focused upon the
acquisition of data relating to K content. In situations where K was
consistent, but U and Th varied (e.g. BOF, Fig. 6) then the portable XRF
alone would not be reliable in assessing whether the dose rate of a
particular cobble was heterogeneous or not. According to previous
studies, heterogeneous distribution of U and Th is not uncommon in rock
samples, and the presence of hot spots of U or Th will have a great
impact on dose rate (Fang et al., 2018); this has also been reported for
sediments (Jankowski and Jacobs, 2018). However, it may be more
common that there is a relationship between total beta activity and K
content (e.g. Fig. 7) in which case the portable XRF could provide a rapid
means of assessing the likely beta dose rate variability. Obtaining U and
Th values using portable XRF may be feasible, but will require longer
measurement times due to the low concentrations and will likely have
relatively large measurement uncertainties; further work is needed to
explore this.

Thirdly, the accuracy of radionuclide concentrations from portable
XREF is less than some other geochemical techniques. Furthermore, using
portable XRF the detected signal of K content arises from only the top of
a slice, and hence will not be representative of the whole slice if the
sample is compositionally anisotropic. Nevertheless, our study illus-
trates that portable XRF is adequate for rapidly assessing beta dose rate
variation and hence potentially screening samples prior to further, more
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Fig. 7. Data from Fig. 6 shown as a bivariate plot to display the relationship
between the K content derived from XRF and the beta dose calculated from
beta counting.

time-consuming measurements being considered.

Where equivalent dose (D) values have already been determined for
rock slices, such rapid assessment of the likely dose rate could be com-
bined with the D, values for the same slices to give an approximation of
the likely ages of each slice. However, for more precise calculation of the
final age of each slice, beta counting and/or full geochemical analysis
and modelling of beta dose rate is needed.

The methods introduced in this study can be used in two ways. Firstly
they are useful for screening cobbles to assess their homogeneity before
dating, thus informing decisions regarding the next steps for that sample
— either to confirm sample homogeneity and hence that using an average
dose rate for all slices should be acceptable for dating; or, to reject that
particular cobble on the basis of sample heterogeneity; or to confirm the
need for more careful consideration of the dose rate where samples are
shown to be heterogeneous in nature and the sample is to be used for
dating. The second way in which these methods are used is in the situ-
ation where heterogeneous rocks are identified and detailed beta dose
measurements are needed to allow modelling of the dose rate to each
slice. In such cases the beta counter offers a means of rapid beta dose rate
assessment for each individual slice.

6. Conclusions

This study highlights the importance of assessment of beta dose
variation for rock surface luminescence dating, not just for achieving
more accurate exposure and burial age, but also for bringing two major
advantages (assessment of bleaching, revealing multiple events by
luminescence-depth profile) of burial dating into effect, and hence to
improve our understanding of the exposure history of cobbles.

Two independent methods (beta counting and portable XRF) were
used to assess dose rate variation along cores obtained from cobbles and
B-depth profiles and K-depth profiles were established. For the four
glaciofluvial cobbles examined, beta dose rates were seen to vary along
the cores, and the degree of variability differs between cobbles even for a
single lithology at a single site. For the investigated cobbles, the beta
dose rate has been shown to vary by over a factor of two along the
profile. As beta dose rate dominates the total dose rate of many rock
samples, its variation will have a great impact on rock surface lumi-
nescence dating for both determining the exposure and burial age of
rocks. It can be deduced that not every variation in equivalent dose or
the L,/T, ratio through a rock is due to bleaching events. Beta dose
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variability within the rock cannot be ignored in rock surface lumines-
cence dating, and should routinely be considered.

Both beta counting and portable XRF are practical and rapid methods
which can be used as routine methods to assess beta dose rate variation.
Portable XRF is much faster than beta counting, although this provides
information on K content only; nevertheless portable XRF could be used
for rapid assessment of likely dose rate homogeneity/heterogeneity for
screening purposes of the vast majority of geological materials. Beta
counting is slower compared to portable XRF measurements; neverthe-
less, beta counting is still capable of providing relatively rapid assess-
ments of dose rate variability, and offers the advantage of directly
measuring the beta dose rate which can be used subsequently for the
further determination of age for individual slices, and modelled across
rock cores to assess the veracity of plateaus in final down-core age
determinations.

The beta dose rate or K content of fragments of slices can be corrected
to whole-slice equivalent diameters. However, it is recommended that
slices should be as uniform in thickness as possible, and as intact as
possible, because correction for heterogeneous rocks may otherwise be a
challenge.

For rock surface luminescence dating, it has hitherto been largely
assumed that the rocks used for dating have homogeneous radionuclide
distributions. If this were not to be the case, unaccounted for variability
in the dose rate through a rock profile may conceivably cause variations
in the age-depth profile which could potentially be misinterpreted as
previous exposure/deposition events. Caution should be paid when
calculating the age and identifying different events by ‘plateaus’ in the
luminescence-depth profiles. To correctly interpret such depth profiles,
it may be necessary to measure and model the beta dose rate for every
single rock slice for these rocks to distinguish between multiple exposure
events and the impact of dose rate inhomogeneity. The portable XRF
allows rapid screening of likely inhomogeneity, and beta counting al-
lows relatively straightforward and inexpensive measurement of the
beta dose rate for individual rock slices suitable for such assessments.
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