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ARTICLE INFO ABSTRACT

Keywords:
Rock surface dating

There is growing interest in rock surface burial and exposure luminescence dating for use in Quaternary science
and in archaeology. Such methods have enormous potential both in increasing the range of sedimentary contexts
IRSLso that can be dated, and improving the accuracy and the precision of dating within those contexts. Bleaching of the
POSt'IR‘ IRSL225 luminescence signal with depth into the rock surface is likely to vary with lithology. However, previous work on
B}eaChlng . . rock surface dating has not systematically studied the differences in light attenuation for rocks of different
Light attenuation coefficient . . . . . . o . . .

lithologies, or directly quantified the attenuation of light in different rock surfaces. This study investigates the
attenuation of light in different rock types (greywacke, sandstone, two granites and quartzite) using two different
approaches: 1) sunlight bleaching experiments, to assess the residual infrared stimulated luminescence signal
measured at 50 °C (IRSLs() and the post-IR IRSL signal measured at 225 °C (post-IR IRSLyos) at different depths
within the rocks after different durations of exposure to daylight; and, 2) direct measurement of light attenuation
in rock slices using a spectrometer. Data from the spectrometer shows that for all rocks, attenuation is greater for
shorter wavelengths (~400 nm) than longer ones. A consistent difference in attenuation coefficient is seen when
comparing the IRSLs, and the post-IR IRSL,.s signals; this is thought to reflect the different sensitivity of these
two signals to infrared and visible light. Direct measurement using a spectrometer is much more rapid than
undertaking a bleaching experiment, and also provides wavelength-resolved attenuation data. Comparison of the
numerical values from the two approaches is complex, but they yield consistent results. For the samples analysed
here, the rocks that appear lightest in colour show the least attenuation of light and the luminescence signals are
bleached to the greatest depths, and are thus the most suitable for dating using luminescence.

1. Introduction exposure is sufficiently long, the mineral grains below the rock surface

will also have their luminescence signal bleached, and the depth of

Luminescence dating is most commonly applied to 90-300 um dia-
meter sand-sized or 4-11 um diameter silt-sized mineral grains ex-
tracted from sedimentary deposits (e.g. see review by Rhodes, 2011),
where such grain sizes have been produced by natural erosion and
weathering of rocks. Resetting of the luminescence signal is achieved by
exposure of the sediment grains to daylight during transportation.
However, an alternative approach to using sediment grains for dating,
is to work with rocks where the mineral grains are still bound together,
either by cementation or as a result of the original crystallisation of the
rock from a magma, or by subsequent metamorphosis. If the rock is
exposed to daylight, the mineral grains exposed at the surface of the
rock will have their signal reset in the same way as occurs in sediments,
but what makes this method more enticing is that light can also pene-
trate into the rock, albeit at a much reduced power. Thus if the daylight

bleaching into the rock will increase over time.

The potential for dating using rock materials has been studied for
many years, especially with regard to its application in dating the
construction of buildings using stone blocks (see review by Liritzis,
2011), and also through attempts to directly date stone artefacts
(Richards, 1994). In recent years these ideas have been developed
further (e.g. Freiesleben et al., 2015; Jenkins et al., 2018; Sohbati et al.,
2011, 2015). Two different applications have been developed to exploit
measurements of luminescence in rock samples, namely exposure
dating and burial dating. Exposure dating can be applied to samples
which are currently exposed to daylight, and luminescence measure-
ments are made with increasing depth into the rock, from the outermost
light-exposed surface through to a saturated interior; the shape of this
bleaching profile with depth into the rock is used to calculate the
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exposure age, i.e. the period of time they have been exposed to daylight
(e.g. Sohbati et al., 2012b). In contrast, burial dating looks at rocks
which have been exposed to daylight and subsequently buried. The
regrowth of the latent luminescence signal in the rock provides a means
to date the period of time since burial (e.g. Simms et al., 2011; Sohbati
et al., 2012a). In some settings, these two rock-dating methods can be
combined to elucidate complex histories of exposure and burial (e.g.
Freiesleben et al., 2015).

Rock burial dating is essentially identical in principle to more
conventional luminescence dating applied to unconsolidated grains
from sedimentary materials, and some studies have effectively treated
rocks as large ‘grains’ and used only the surface of rock clasts for burial
dating (e.g. Simms et al., 2011). However, there are significant ad-
vantages over sediment dating when the luminescence signal is mea-
sured with depth into a buried clast: (1) analysis of the pattern of ap-
parent ages with increasing depth into the rock provides a clear
assessment of whether the luminescence signal was bleached prior to
deposition, avoiding the need for the complex statistical analysis that is
often required for dating sediments (e.g. Duller, 2008; Galbraith and
Roberts, 2012; Ou et al., 2015; Smedley et al., 2017); (2) multiple
phases of exposure and burial may be revealed (e.g. Freiesleben et al.,
2015; Jenkins et al., 2018; Sohbati et al., 2012a); (3) at depths of
~2mm or greater, a large proportion (> 90% for some samples,
Jenkins et al., 2018) of the annual dose originates from the rock itself,
reducing the uncertainty in dating due to changes in water content in
the surrounding sediment over the period of burial; (4) slices from
below the surface are far less susceptible to weathering than sediments
or rock surfaces, thereby reducing the likely impact of potential
weathering of feldspars, and also avoiding issues such as the loss of
surface material through erosion and the potential for post-depositional
migration of radionuclides (both of which have implications for the
calculation of dose-rate).

To fully exploit these advantages of rock burial dating and avoid
simply dating the surface-slice, requires that the OSL signal is bleached
before burial to a depth of at least several millimetres into the cobble.
While previous studies have recognised that the depth of bleaching into
rock depends upon the light transmission of the rock, daylight spec-
trum, intensity and duration of exposure etc. (e.g. Habermann et al.,
2000; Liritzis, 2011; Sohbati et al., 2011, 2015), a systematic study of
different rock types to identify the optimal characteristics for lumi-
nescence dating has not previously been undertaken. These previous
rock luminescence dating studies have mostly focussed on thermo-
luminescence (TL) dating of carbonates (e.g. Liritzis, 2011; Polikreti,
2007), or looked at a single rock type (e.g. Habermann et al., 2000).
Intuitively, and from first principles, rocks that are light in colour, and
fine-grained, with a homogeneous mineral composition over the scale
of analysis, are anticipated to be better and more uniformly bleached
than rocks that are dark in colour, coarse-grained, and have a hetero-
geneous composition over the scale of analysis. The aim of this study is
to investigate light penetration into different rock types, using two in-
dependent methods: firstly, a bleaching experiment assessing the at-
tenuation of daylight in rocks by observing the impact upon the mag-
nitude of the luminescence signal arising from trapped charge, and
secondly through direct measurement of light attenuation in the rocks.
A comparison of these two approaches is presented for rocks of different
lithology, selected to include differences in grain size and colour. Fi-
nally, the implications of this work for rock surface dating are con-
sidered.

2. Samples

Five cobble-sized rocks with a b-axis (intermediate axis) of between
10 and 15 cm, and of different lithologies (Fig. 1), were collected from
different sites in the United Kingdom. The sample suite contains sedi-
mentary, igneous, and metamorphic rocks, and hence they vary in grain
size, mineral composition and heterogeneity, and colour (see the
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images of the surfaces and of the cut slices in Fig. 1a and b, respec-
tively). Fig. 1 shows these samples organised primarily by colour; in
order from darkest to lightest they are AW-01, CO-01, BTH-01, CW-01
and AP-01. A brief description of each sample follows, whilst further
detailed description and images, including from analysis of thin sec-
tions, are presented in Supplementary Information. AW-01 is a dark
grey, fine grained indurated sedimentary greywacke collected from the
Aberystwyth Grits Group at North Beach, Aberystwyth, Wales. CO-01 is
a grey medium- to fine-grained sandstone collected from the Pencer-
rigtewion Member of the Drosgol Formation of late Ordovician age at
Carn Owen, Wales. BTH-01 is an orange-coloured, medium-grained,
equigranular granite cobble collected from the beach at Borth, Wales,
and is likely to have been moved there by glacial processes, hence the
origin of the granite is unknown. CW-01 is a pale/cream to pinkish
coloured, medium-grained, slightly inequigranular granite cobble col-
lected from Cape Cornwall, approximately 7 km north of Land's End,
England, and is likely to be derived from the Land's End granite that
outcrops at the site. AP-01 is a pale cream/milky white coloured
quartzite, dominated by medium-grained quartz with a quartz cement,
collected from the Neoproterozoic Appin Quartzite which is a formation
within the Dalradian Supergroup on the north side of Loch Linnhe in
Scotland.

3. Daylight bleaching experiment
3.1. Measurements

For the bleaching experiment, the cobbles were cut in half to access
the unexposed interior surface. Cutting was undertaken in a room with
conventional fluorescent lighting, but exposure of these inner surfaces
was kept to a minimum. As is shown later, this exposure had no dis-
cernible impact upon the luminescence signal. To explore the impact of
exposure to natural daylight, the samples were placed outside on the
campus of Aberystwyth University. The experiment was initiated at the
end of July 2017. After different periods of exposure (0 day, 1 day, 2
days, 7 days, 14 days, 30 days, 61 days and 91 days), cores ~7 mm in
diameter and ~20 mm long were drilled from the fresh surface into the
rock, using a bench-mounted pillar drill with a 9 mm external diameter
(~7 mm internal diameter) water-cooled sintered diamond core drill
bit. These cores were then cut into slices of ~0.4 mm in thickness, using
a water-cooled low speed saw mounted with a 0.3 mm thick diamond
wafer blade. To ensure that the orientation of each slice was the same,
slices were marked with a black permanent pen on the underside. The
slices were then cleaned with distilled water in an ultrasonic bath and
dried in an oven at a temperature of 50 °C. Finally, all slices were placed
in stainless steel cups for luminescence measurement, with their upper
side facing up.

Luminescence measurements were carried out on Risp TL/OSL
readers (TL-DA-15) with a °°Sr/°°Y beta irradiation source. The in-
frared stimulated luminescence (IRSL) signals (870 nm, ~120 mW/
cm ™2, with 90% optical power) were detected through a combination
of a 2mm Schott BG39 filter and a 2 mm Corning 7-59 blue filter.

A simplified post-IRso IRSLyys single aliquot regenerative dose
(SAR) protocol (Jenkins et al., 2018), with only two cycles (to measure
the natural signal [L,] and the response to a test dose [T,], and one
regenerative dose signal [Ly] and the corresponding test dose response
[Tx]) was used to measure feldspar signals (Table 1). The test dose and
the regenerative dose (R;) were ~20.5 Gy. A low heating rate of 1 °C/s
was used for all heating to allow the whole disc to be preheated evenly.
At the end of the cycle used to measure the natural (L,/T,), an infrared
stimulation for 200 s was conducted whilst holding the sample at 280 °C
to remove any remaining charge from the measurement cycle and
hence to minimize recuperation (Murray and Wintle, 2003). The net
IRSL signal was calculated by integrating the first 3.85s (10 channels)
of measurement and subtracting a value derived from the final 19.25s
(50 channels) as background.
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AW-01 CO-01
(greywacke) (sandstone)
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BTH-01
(granite)
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CW-01
(granite)

AP-01
(quartzite)

4 ms with ND1.0

Fig. 1. (A) Photographs of the five original rock samples prior to cutting to expose the saturated interior of each rock for use in the daylight bleaching experiment, (b)
their corresponding ~7 mm diameter, ~0.4 mm thick slices prepared from ~20mm long cores extracted during the daylight bleaching experiment, and (c)
transmitted-light CCD images of the slices. From left to right in each panel, a-c: AW-01 (greywacke), CO-01 (sandstone), BTH-01 (granite), CW-01 (granite) and AP-
01 (quartzite). The times shown on the transmitted-light images show the integration period used on the camera to obtain sufficient light. Note that for the quartzite

slice, an additional ND1.0 filter was added to reduce the brightness.

Table 1
Procedure used for measuring luminescence signal remaining after different
periods of daylight exposure (after Jenkins et al., 2018.).

Step Treatment Signal
1 No Dose, or Regeneration dose (~20.5 Gy)
2 Preheat to 250 °C at 1 °C/s and hold for 100s
3 IRSL at 50 °C for 200s IRSLso Ly
4 IRSL at 225 °C for 200's post-IR IRSLyys Ly
5 Test dose (~20.5 Gy)
6 Preheat to 250 °C at 1 °C/s and hold for 100s
7 IRSL at 50 °C for 200's IRSLso Ty
8 IRSL at 225 °C for 200's post-IR IRSLyys Ty
9 IRSL at 280 °C for 200 s
3.2. Results

For each core, the saturation level of the sensitivity-corrected IRSLsq
or post-IR IRSL,,5 signals (L,/T,,) under natural irradiation conditions
was calculated as the average of the lowermost slices, where there was
no sign of the signal having been influenced by daylight exposure. The
L,/T, ratios for all slices from that core were then normalized to this
saturated signal. For sample AP-01, the IRSLso L,/T, signal was nor-
malized to the signal averaged from the deepest part of the longest core,
as other cores did not reach saturated parts of the sample. The nor-
malized IRSLso and post-IR IRSL,,5 signals were plotted against depth
for all five samples (Fig. 2a).

For samples AW-01, CO-01, BTH-01 and CW-01, the IRSLs, and
post-IR IRSL,ys data for the cores collected before the experiment
started (zero days) are constant through the rock core (Fig. 2a). These
samples give a normalized L,/T, ratio for zero days exposure of ~1.0
throughout the ~15mm of sliced rock core. This indicates that no
detectable bleaching occurred prior to the start of the experiment, when

the rock was initially split into two pieces in white fluorescent light. As
the duration of daylight exposure increases from 1 day to 91 days, the
effect of daylight exposure can be seen at greater depths. However, the
rate at which different rock types bleach as a function of depth varies
dramatically (Fig. 2a). Sample AW-01 (greywacke) shows little change
in L,,/T,, with exposure time up to 91 days, except in the surface slices.
For samples CO-01 (sandstone), BTH-01 (granite) and CW-01 (granite),
the effect of bleaching can be seen at ever increasing depth for the
IRSLso and post-IR IRSL,y5 signals (Fig. 2a). For the quartzite (AP-01),
the post-IR IRSL,,s signal seems broadly in line with this pattern, but
bleaching extends to greater depth than seen for other samples. How-
ever, the IRSLsq signal does not follow this pattern in the quartzite. For
a number of cores no constant value for L, /T, is reached at any depth.
Only one of the cores appears to reach some saturated level. As de-
monstrated by the post-IR IRSLy,5 data, sample AP-01 is the sample
where the impact of light upon the luminescence signal penetrates the
furthest, and it is thought that the IRSLsq signal of this sample had been
bleached even at depths greater than 15 mm before the start of this
experiment.

Another means of comparing the extent to which daylight has
bleached the luminescence signal amongst these samples is by plotting
the depth into the rock to which the IRSLsq and post-IR IRSL,,s signals
have been reduced to 50% of that in saturation (Fig. 2b and c). After 91
days of exposure, the IRSLs, signal has reduced by 50% or more at
depths down to ~0.2 mm for AW-01, ~1.8 mm for CO-01, ~4 mm for
BTH-01 and ~5mm for CW-01 (Fig. 2b). The depth into quartzite is
difficult to determine with the data shown in Fig. 2a, but is estimated to
be greater than 10 mm for the IRSLsq signal. Similar patterns are seen
for the post-IR IRSL,»s signal (Fig. 2¢), but the depth at which the signal
has been bleached by 50% is much smaller, as expected given the
slower bleaching rate in sediments of this signal compared with that of
the IRSLs, signal (e.g. Colarossi et al., 2015).
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Fig. 2. (A) Changes in normalized L,/T,
ratios calculated using IRSLso (blue) and
post-IR IRSL,,5 (red) signals as a function of

) depth. Data for five different rock samples
are shown after exposure to daylight for
l 5 periods up to 91 days. With the exception of
€ AP-01, the depth into each rock to which
£ the luminescence signal has been reduced to
:_:j F 10 half its initial signal is also shown for (b) the
§‘ g IRSLs, signal and (c) the post-IR IRSLyys
T signal as a function of the duration of ex-
r152 posure to daylight. (For interpretation of
g the references to colour in this figure le-
| 20" gend, the reader is referred to the Web
version of this article.)
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Fig. 3. Remaining luminescence signal (normalized (a) IRSLso and (b) post-IR IRSL,,s L, /T, ratios) in the surface slices of the five different rock types after different

durations of exposure.

Fig. 3 shows the normalized IRSLs, and post-IR IRSL,,5 signal re-
maining, derived from the surface slice of each core after different ex-
posure times. As in Fig. 2, the lighter the rock colour, the lower the
luminescence signal remaining. The pattern of reduction in signal, and
the difference between the IRSLsy and post-IR IRSLgos signals, is very
similar to the observations of Colarossi et al. (2015) who examined
separated potassium-rich feldspar grains and used a SOL2 solar simu-
lator for bleaching. However, while it took the 180 um diameter feld-
spar grains in the experiment by Colarossi et al. (2015) 2-3 days of
continuous exposure to the SOL2 to reach 1% of their initial signal, the
surface slice of CW-01 (one of the most rapidly bleaching samples in
this study) took 91 days of exposure to natural daylight to reach this
same level. The absolute difference in remaining signal between rock
types becomes smaller as exposure time increases and the luminescence
signals approach zero. After 91 days of exposure, the proportion of the
IRSLs signal remaining is low for all samples, being 0.026 = 0.002
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(AW-01), 0.017 = 0.001 (CO-01), 0.019 = 0.000 (BTH-01),
0.010 = 0.000 (CW-01) and 0.006 * 0.000 (AP-01), respectively
(Fig. 3a). The post-IR IRSL,,s signal shows a similar pattern to that of
the IRSLs, signal, but with higher levels of signal remaining. After 91
days of exposure, the proportion of the post-IR IRSL,5s5 signal remaining
is 0.110 = 0.020 (AW-01), 0.074 += 0.008 (CO-01), 0.073 = 0.002
(BTH-01), 0.067 * 0.002 (CW-01), and 0.030 = 0.001 (AP-01), re-
spectively (Fig. 3b).

4. Direct measurement of light attenuation
4.1. Measurements
Spectral attenuation coefficient measurements were made on 7 mm

diameter rock slices, to assess the reduction in radiant power as light
passed through the samples. The attenuation coefficient is a measure of
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the combined influence of absorption and scattering per unit length.
Samples were mounted at the focussed output of a 150 W Xenon arc
lamp. Transmitted light was collected with a Thorlabs CCSA2 cosine
corrector to remove directional effects and provide a well-defined 4 mm
diameter measurement area. Collected light was coupled via a 400 pm
diameter optical fibre to an Ocean Optics Flame spectrometer with a
measurement range of 340-1018 nm. The thickness of each sample was
measured with an SPI digital micrometer.

The spectral reflectance of each rock type was measured in a se-
parate experiment with an Ocean Optics ISP- REF integrating sphere,
fibre-coupled to the Ocean Optics Flame spectrometer. The reflectance
was measured in total hemispherical/directional geometry — the sample
was illuminated over the full hemisphere and the light reflected in a
single direction, ~8° from normal incidence, was measured. Spectral
reflectance measurements for rock slices of each lithology were made
relative to a Spectralon reflectance standard. For the lighter coloured
samples (AP-01, CW-01 and BTH-01), reflection losses of up to 30% at
the first surface were observed. For the darker samples (CO-01 and AW-
01), the reflectance was negligible as would be expected.

After the lamp had been allowed to warm up and stabilise, a re-
ference measurement was made with no sample in the beam and an
exposure time of 2 ms. A total of 15,000 readings were taken to average
out fluctuations in the lamp output and give a total measurement time
of 30s. Subsequently, each sample was mounted in the beam and the
integration time was adjusted in the software so that the maximum
signal reached approximately 90% of the spectrometer's dynamic range.
The number of average measurements was adjusted so that the total
measurement time was maintained at ~30s. A dark measurement,
taken with the beam blocked, was subtracted from each measurement.
The spectral attenuation coefficient (i) at each wavelength was calcu-
lated from the measurements using the Beer-Lambert law corrected for
sample reflectance as shown in Eq (1), where ¢, and ¢, are the spectral
flux detected, ts and t; are the exposure times for the Sample and Re-
ference measurements respectively, [ is the thickness of the sample and
Ry is the spectral reflectance of the sample (expressed as the fraction of
the incident power that is reflected).

—Ln(fs sy 1
Ln(¢R*ts*1—Rs)

I @

4.2. Results

Slices of varying thickness, from ~ 0.4 to 2.4 mm, were measured in
order to assess whether attenuation changes for thicker slices, e.g. as a
result of internal scattering. Fig. 4a shows the results for measurements
of attenuation that have not been corrected for thickness I, and these
increase linearly with slice thickness (Fig. 4a). This implies that, for
these samples, the direct measurements of transmission made on thin
slices can be extrapolated to help understand attenuation through the
greater thicknesses of rock typically studied for dating, and that in-
ternal scattering is not a confounding process.

Fig. 4b shows the attenuation coefficient calculated for each rock
type as a function of wavelength, and demonstrates that all rock types
have a higher attenuation coefficient at shorter wavelengths, consistent
with exobiology studies on a variety of different types of rock (e.g.
Smith et al., 2014). This implies that the spectrum to which minerals
are exposed will become increasingly biased towards the red and in-
frared at increasing depth into the rock. The attenuation coefficient of
the different rock types varies by up to a factor of 26 times (equivalent
to 8 orders of magnitude difference in transmission, Fig. 4b), consistent
with the large variation seen in the depth of bleaching observed in
Fig. 2.

The datasets shown in Fig. 4 are the attenuation coefficient aver-
aged over the 4 mm diameter area of the centre of each slice, but some
samples appear more visually homogeneous than others (Fig. 1). To
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Fig. 4. (A) Attenuation measured at 500 nm for slices of different rock types,
varying in thickness from ~0.4 mm to 2.4 mm. Note that for this figure, mea-
surements of attenuation have not been corrected for variations in thickness |/ as
shown in Eq. (1). Data for AW-01 are not shown as it was not possible to
measure slices thicker than ~0.4 mm because the attenuation was so great (see
Fig. 4b). Data from sample BTH-01 were very scattered, and has not been
plotted for clarity. (b) Attenuation coefficient per millimetre as a function of
wavelength for each of the five samples. Data from five slices of each sample
were averaged, and the standard deviation in these replicates is indicated by the
error bars. A correction for reflectance at the surface of the rock slices has been
included. Data were collected at a spectral resolution of ~ 0.4 nm, but symbols
and error bars are shown every 100 nm for clarity. For those more familiar with
values expressed as transmission, the y-axis on the right hand side is shown.

investigate this, we replaced the spectrometer with a high sensitivity
CCD camera and used this to image the light transmitted through each
rock type. The integration time needed to obtain sufficient photons to
yield a clear image varied with the attenuation coefficient of the sam-
ples (Fig. 1c). The relatively small sized (compared to the size of the
slice) mineral grains making up the three sedimentary and meta-
morphic rocks, AWO01, CO-01 and AP-01, can be seen distributed
throughout the rock slices (Fig. 1b, and Figs. S1-S5), producing a re-
latively homogeneous pattern of transmission (Fig. 1c). In AW-01 two
dark bands can be seen (Fig. 1c), and these are thought to be finer
grained sediments, consistent with their deposition as turbidites.
Sample CO-01 contains some darker minerals (that can be seen in the
optical image Fig. 1b). The two granite samples show large variations in
the transmission of light between the different minerals present (pri-
marily quartz, feldspar and biotite), with light preferentially passing
through quartz grains and the lighter coloured feldspar. On a fine scale
this is likely to cause variability in light exposure of different grains at a
similar depth (cf. Meyer et al., these proceedings), though even over the
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scale of the images seen in Fig. 1c, such variations may be averaged out.
These images are a useful tool for giving us an understanding of how
light is passing through the rock and the mineral grains.

5. Discussion

The two independent experiments discussed in sections 3 and 4
clearly show that the attenuation coefficient varies significantly be-
tween the five different rocks studied here, and both sets of measure-
ments indicate that for this suite of samples the lightest coloured rocks
are those that have the lowest attenuation coefficient of light. The
wavelength resolved measurements (Fig. 4b) show that attenuation
coefficient varies by as much as a factor of 26 times (8 orders of
magnitude change in transmission) between the different rocks (AP-01
has the lowest values and AW-01 the highest). These results highlight
the critical role that rock type will make when applying luminescence
dating methods to cobble-sized clasts.

To enable comparison of the two experimental approaches, data in
Fig. 2a were fitted with the equation described by Sohbati et al. (2011)
for the impact of light upon the luminescence signal (L) as a function of
depth (x) (Eq (2)). The effect is dependent upon time of exposure (t),
light intensity (¢), the photoionization cross section (o) of the trap
responsible for the luminescence signal, and the attenuation coefficient
of the light by the rock (4, mm ™).
L(x) = e~ 0% 2

The average value of y, the attenuation coefficient of light by the
rock (in units of mm ™) is shown for each rock type in Table 2, cal-
culated using both the IRSLsy and post-IR IRSLs,s signals. For CW-01,
values of p were obtained for all exposure times, but for the other
samples, where attenuation was greater, values of p for short periods of
daylight exposure, especially for some of the post-IR IRSLy»5 data, could
not be accurately determined because there were insufficient data
points to allow fitting of Eq. (2). Where values of i could be calculated
for the post-IR IRSL,,5 data they tend to be more scattered than the data
for the IRSLsq signal because of the limited number of slices where
signal loss is seen (Fig. 2a). The values of p obtained from the IRSLsq
signal for the two granites are 0.74 + 0.04mm~' for CW-01 and
1.17 * 0.21mm™"! for BTH-01. They are close to those previously
reported for granite samples (e.g. 0.8 + 0.2 (099901) and
0.51 = 0.19mm™~' (099902) from Sohbati et al. (2011), and
0.61 + 0.14mm ' from Sohbati et al. (2015)).

The attenuation coefficients calculated for the post-IR IRSLy,5 sig-
nals from Fig. 2a are typically larger than those from the IRSLs, signal
(Table 2). Since the two luminescence signals were obtained from the
same rock slices, this cannot be explained by small scale variations in
the rocks. One explanation for this difference is suggested by the
measurements described in Section 4.2 showing variations in the at-
tenuation coefficient as a function of wavelength. Fig. 4b shows that all
of the rocks exhibited larger attenuation coefficients for shorter

Table 2

Values of attenuation coefficient (in mm ™ ') measured in the five rocks, based
on fitting the IRSLsy and post-IR IRSL,,5 bleaching data (Fig. 2) and on direct
measurements using a Xenon arc lamp (Fig. 4). Data for direct measurements
are given for two wavelengths, 500 nm and 860 nm, as explained in the text.

Sample Attenuation coefficient from Attenuation coefficient from
daylight bleaching (mm ™) direct measurement (mm ')
IRSLso post-IR IRSLyos 500 nm 860 nm
AW-01 6.43 + 1.10 - 22.8 + 1.97 18.3 + 1.50
CO-01 3.06 = 0.50 2.86 = 0.60 7.28 + 0.58 5.77 + 0.47
BTH-01 1.17 = 0.21 2.67 = 1.33 8.20 = 2.68 3.72 = 1.22
Cw-01 0.74 + 0.04 1.86 = 0.47 5.62 + 0.83 2.61 = 0.39
AP-01 0.24 + 0.02 0.68 += 0.23 1.52 = 0.10 0.55 = 0.18
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Fig. 5. A comparison of results obtained using two methods for estimating the
attenuation coefficient of the five rock samples. Data on the x-axis were ob-
tained by fitting either the IRSLgo or the post-IR IRSLays bleaching data in
Fig. 2a, while the data on the y-axis were obtained using the direct measure-
ment of light to calculate the attenuation coefficient (Fig. 4b) at 500 and
860 nm.

wavelengths than those in the near infrared, and perhaps the difference
in attenuation coefficients between the IRSLso and post-IR IRSLjos
signals reflects variations in the efficiency with which light at different
wavelengths is able to remove charge from the defects being probed.

Fig. 5 compares attenuation coefficients obtained from direct mea-
surements with those obtained from fitting the IRSLso, and post-IR
IRSL,os5 data from Fig. 2a. Spooner (1994) measured the bleaching
energy required at various wavelengths to reduce the IRSL signal
measured at room temperature (similar to the IRSLso signal in this
study) from a microcline feldspar by 10, 50 or 90%. He showed that
from 400 to 740 nm, there was an exponential rise in the energy (J/m?)
required to reduce the IRSL signal but, as was already known (Hiitt
et al., 1988), there is a resonance in the excitation spectrum for feld-
spars centred at ~860 nm (Barnett and Bailiff, 1997), and hence in
Fig. 5 the attenuation coefficient from Fig. 4b at 860 nm is plotted
against the IRSLso derived value. Wavelength-resolved bleaching ex-
periments such as those undertaken by Spooner (1994) have not been
undertaken for the post-IR IRSL.,ys signal. However, based on the
feldspar models of Jain and Ankjaergaard (2011) and Jain et al. (2015),
one would anticipate that after removal of charge from traps which are
sensitive to infrared by the IRSLsy measurement, the post-IR IRSL
measurement will sample charge from defects that can only be emptied
by higher energy photons (e.g. in the green and blue). The solar spec-
trum at ground level peaks between 500 and 600 nm, and when coupled
with the stimulation spectrum of feldspars, the shorter wavelengths are
likely to have the most impact upon the post-IR IRSL signal. Thus in
Fig. 5, the attenuation coefficient at 500 nm (from Fig. 4b) is plotted
against the post-IR IRSL,,s derived value (from Fig. 2a). The values of
attenuation derived from direct measurement are consistently larger
than those derived from bleaching experiments (Fig. 5). Direct com-
parison between the values obtained from the two methods is complex,
since the response of the luminescence signal integrates the impact of
light at various wavelengths and depends upon the photo-ionisation
cross-section of the defect being probed. However, the ranked order of
the samples is identical across the two methods used to examine light
attenuation (Fig. 5), suggesting that the daylight bleaching experiment
(Fig. 2) and the direct attenuation measurements (section 4.2; Fig. 4b)
give rise to comparable datasets.

6. Conclusions

In this study, two independent methods for assessing the
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attenuation of light through five different rock types were examined,
using a daylight bleaching experiment over a duration of 91 days and
comparing this against direct measurement of light attenuation in the
laboratory. The IRSL signals bleached to different depths within the
various rock types during the daylight bleaching experiment, and as
observed in previous studies of unconsolidated sediments, the IRSLsq
signal bleached at a faster rate than the post-IR IRSLy,s signal. The IRSL
signals for the lighter-coloured rock samples were bleached to the
greatest depths. For example, after 91 days of daylight bleaching, the
IRSLs5q signal was bleached to half of its initial intensity at a depth of
0.2 mm for the dark grey fine-grained greywacke sample, ~1.8 mm for
the grey medium-to fine-grained sandstone, and ~4 and ~ 5 mm for the
two granite samples, and in excess of 10 mm for the cream/milky white
quartzite sample. Direct measurements of the attenuation of light also
varied dramatically for the different rock types, with the attenuation
coefficient varying by up to a factor of 26 times (equivalent to 8 orders
of magnitude difference in transmission) between rock types.

Direct measurements using the spectrometer also demonstrated a
strong wavelength dependence of the attenuation coefficients (Fig. 4b).
A striking result from the daylight bleaching experiment is that the
IRSLso and post-IR IRSL,ys signals give different attenuation coeffi-
cients (Table 2), and this is thought to be due to differences in the
sensitivity of the two signals to different wavelengths of light. It would
appear that the post-IR IRSL,,5 signal suffers both from a slower rate of
bleaching (Colarossi et al., 2015) and also a larger attenuation coeffi-
cient, making its use in luminescence surface dating more difficult than
the IRSLs, signal.

Although the two different ways of assessing the attenuation of light
in different rock types gave data that were effectively in agreement with
each other, direct measurement of attenuation offers some advantages
over daylight bleaching experiments, by revealing the spatial variability
in attenuation within each sample, and between rock types.
Additionally, direct measurement of attenuation is more rapid than
daylight bleaching, allows for easier quantification of measurement
uncertainties and examination of replicate analyses and, perhaps most
significantly, can give wavelength-resolved data. Daylight bleaching
experiments will continue to be valuable since they provide a direct
measure of the loss of luminescence, integrating the effects of different
wavelengths within the solar spectrum upon the various luminescence
signals that are measured.

Finally, the comparison of the dramatically different bleaching
depths observed for different rock types in this study has implications
for the selection and preparation of materials for burial dating of rocks.
One of the major strengths of burial dating of rocks is that if a clast has
been exposed to sufficient sunlight, then it will give the same finite
value of age throughout the upper portions of the clast, thereby offering
the chance to screen the rock age data and hence avoiding the need for
the application of complex statistical models to analyse potentially in-
completely bleached D, distributions. However, to maximise the chance
of working with well-bleached clasts, attention should be paid to
identifying in the field those rock-types that are likely to be the most
susceptible to bleaching of the luminescence signal. Additionally, sli-
cing the clasts as finely as possible (~0.4 mm thickness with a 300 pm
thick blade in this study), or potentially obtaining spatially-resolved D,
data from a continuous rock slice which extends from the outer-most to
inner-most parts of the clast will improve the potential to identify well-
bleached clasts by maximising the number of potential replicate D,
determinations that can be obtained with depth.
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