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Abstract

In this work we investigate the quartz etching process using hydrofluoric acid for trapped charge dating (TCD)
applications. It is done using material collected from an active sand mine in Betchatéw Nowy Swiat, central Poland.
Approximately 20 kg of material was collected and prepared using routine procedures that are applied in TCD
laboratories. The material was sieved using 180-200 um meshes, and the selected fraction was etched for various
time intervals. Sieved samples were etched for durations from 0 min up to 180 min and measured with microscope
image analysis (IA), laser diffraction (LD), and mass loss which were used to estimate the depths of etching. Our
results show statistical data on how non-uniform the etching process is. We estimate this as a function of etching
time from IA, LD and mass loss. In our investigation, mass loss measurements with the assumption of spherical
grains correspond to the decrease of radius of ca. 0.151 + 0.003 um - min~%. In case of LD, a rough etch depth
estimation corresponds to a range 0.06-0.18 um - min™ with median at 0.13 um - min=. Microscope IA gives a
0.03-0.09 um - min~* with a median at 0.05 um - min™. Moreover, quartz grains are fractured into smaller pieces
while etching. It means that assumptions that are used in etch depth estimation from mass loss are not correct.
They incorrect not only because grains are not spheres but also because the number of grains is not constant.
Therefore, the etch depth estimated from mass loss might be overestimated. Using microscope IA we report etch
depth ranges that might be used to roughly estimate the etch depth uncertainty.
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Introduction

Quartz extracted from sediments and bedrock for trapped
charge dating (TCD) (Ikeya, 1978; Aitken, 1985; Huntley
et al., 1985; Wintle and Murray, 2006; Wintle and Adamiec,
2017) is commonly etched using 40% HF acid. This is done
to remove non quartz constituents and to remove the outer
layer of quartz grains exposed to the oo dose component
(Fleming, 1970), or to limit varying differences in induced
luminescence of o particles compared to electrons (Aitken
and Bowman, 1975). The o particles with the energy of
1 MeV will have 3.3 um of projected range in quartz and
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the range—energy relation is well known (Berger et al.,
1999). Therefore, the reduction of the outer layer will result
in a lower dose from o particles and can be estimated (Bell,
1979; Fleming, 1979). It is based on the assumption that
we know the rate of quartz etching and that this process is
uniform. It was investigated earlier by many researchers
(Leko and Komarova, 1973; Goedicke, 1984; Porat et al.,
2015; Duval et al., 2018) because this is directly related to
the accuracy and precision of the estimated age in TCD.
Frequently, a simplified manner of expression is
used, that non quartz ingredients are dissolved (Bell
and Zimmerman, 1978) and quartz grains are etched
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isotropically. Such simplification allows us to perform the
dose rate calculation in a straightforward manner. However,
important work performed by Bell and Zimmerman (1978)
and later Porat et al. (2015) showed explicitly that quartz
etching is not uniform with electron microscope pictures.
Later, with the advancement of microscope image analysis
(IA), Duval et al. (2015) investigated statistical grain size
and shape before etching. This showed that the assumption
of grain sphericity might be an oversimplification.

In this work we investigate quartz grain size loss due to
chemical etching with independent methods of microscopy
IA, laser diffraction (LD) and mass loss. It allows us to gain
insights into how HF etching affects grain size and shape
and how uniform this process is. With microscope 1A we
will be able to test assumptions made when the etch depth
is assessed only from the mass loss.

Experimental

Geological Material Description

The material used for measurements was collected from the
excavations at Ludwikow site during the fieldwork of the
project. The sampling site (Fig. 1A) is located in an ac-
tive sand mine (Betchatow Nowy Swiat — the central part of
Poland). The geographical coordinates are 51.35° N, 19.31°
E and the elevation is 215 m a.s.l. Approximately 20 kg of
material was collected at a depth of 570 cm (Fig. 1B). This
inland aeolian dune sediment was characterised by a high
content of relatively large quartz grains where 90% of the
sieved fraction was above 180 pum.

Sample Pretreatment and Quartz Separation
The material was divided into smaller portions and
weighed. The sample material was dried at 70 °C and
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the drying process was monitored by measuring the wa-
ter loss from the samples. Subsequently, the samples
were treated with 20% HCI and 20% H,O, each time
for 24 h at room temperature to remove any carbon-
ates and organic material. Subsequently, the samples
were washed in distilled water to achieve a neutral pH
value. The desired grain size range was isolated by
sieving with mesh widths of 180 um and 200 um (ISO
3310-1:2000). Next, the material was distributed into
phials (preferred sample mass of ca. 5 g) and separated
using a heavy liquid — sodium polytungstate solutions of
densities 0f 2.62 g - cm™ and 2.75 g - cm™. This removed
11% of light fraction and 0.5% of heavy minerals. To
ensure quartz purity, a sample selected from the mate-
rial was checked with a Motic BA 310Met polarising
mineralogical-petrographic microscope equipped with
reflected-transmitted light sources.

Quartz Etching

To prepare quartz for TCD, the grains were routinely im-
mersed in 40% HF acid for 45-60 min, depending on the
grain size of the material (Fuchs and Lomax, 2019; Bartyik
et al., 2021; Moska et al., 2021). The aim of this exercise
was to remove ca. 10 um of the outer shell of the quartz
grains (Aitken, 1985; Duval ef al., 2018). In this study, the
main question is how etching impacts the mass and grain
size of quartz particles, depending on the amount of time
the material is immersed in HF acid. The sample mate-
rial was divided into 16 beakers that contained ca. 3.5 g
of quartz grains each (see Table 1 for detailed data). After
adding 10 ml of 40% HF, the etching process went on for
different time spans. The HF solution was neutralised with
HCI (35-38%) and the samples were rinsed with distilled
water. The samples were etched in two batches A and B
(as shown in Table 1) for 0 min, 30 min, 45 min, 60 min,

Fig 1. Location of the sampling site (A) and material collection from an active sand pit (B).
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90 min, 120 min, 150 min and 180 min (Table 1). While
etching (HF 40%), beakers with quartz grains were stirred
every 10 min. Typical images of quartz grains are shown in
Figs. 2 and 3 before and after 40 % HF etching.

Mass Loss Grain Size Estimates

To measure the etching depth, the weight of all por-
tions of quartz grains before and after 40% HF etching
was measured. It was done with the various etching du-
rations described in the previous section. Weighting was
performed with a WAA 100/C/1 balance (manufactured by
RADWAG). This balance has the verification scale interval
of e = 1 mg and the division displayed d = 0.1 mg. The
balance was calibrated with a certified 500 mg test weight
(F1 classes of weight). Zero minutes etching was used as
a reference to assess the material loss after it had under-
gone procedures not related to etching (Table 1). In other
words, the handling and weighting of the sample induces
0.20 + 0.12% material mass loss on average. This material
mass loss is taken into account in our estimations. In our
calculations, we assumed that the number of grains re-
mained the same during etching. The main assumption is
that grains are spherical with a mean diameter of 190 um
(although in fact it is not true, as we show further on), but
we did not want to introduce bias from microscope IA and

LD, as described in the following sections. The etching
depth (6r,) was calculated using:

8r, = (1~ (m(1 —f)")m 1) (1)
wherer, =95+ 5 um s the assumed initial grainradius, m,and
m, are the initial and final masses and /= 0.0020 + 0.0012
is average material loss not related to etching. Estimated

uncertainties assume spherical quartz grains and take into
account weight uncertainty.

Laser Analysis of Grain Size Distribution

Samples for laser analysis of grain size distribution were
mixed with distilled water. Overnight solutions were mixed
using a rotary shaker and sodium hexametaphosphate was
added to this mixture (Porgba et al., 2019) before the laser
grain size measurement. This procedure was followed
although we expected that aggregates should not be an
issue in our samples. LD grain size measurements (Mason
et al., 2003; Schaetzl et al., 2014) were carried out using
Mastersizer 3000 (manufactured by Malvern Panalytical,
Malvern, UK). The volumetric particle size distribution is
shown in Fig. 4. The D\, . D, and D, values
correspond to diameters which, respectively, intercept
10%, 50% and 90% of the cumulative volume (V). The

Table 1. Initial and final mass loss of etched quartz grains and estimated etched depth of the grains.

Time Batch A Batch B Mean etching depth
(min) Initial mass (g) Final mass (g) Initial mass (g) Final mass (g) (wm)

0 3.5739 3.5661 3.5033 3.4977 0+N/A

30 3.5513 2.9595 3.5981 3.0251 51%03

45 3.5161 2.7271 3.5524 2.7978 7.0+04

60 3.5400 2.5144 3.5099 2.5116 9.5+0.5

90 3.6021 2.2142 3.4692 2.0754 13.8+0.8

120 3.5805 1.8717 3.4540 1.7820 17.6+£1.0

150 3.5299 1.5243 3.4676 1.5269 21.7+1.2

180 3.4273 1.2808 3.5608 1.2963 25.2+1.4

"Measurement to assess material loss during sample preparation and weighting that is not related to etching.

Fig 2. Random grains before (A) and after 40% HF etching for 60 min (B) and 180 min (C). Note smaller grains ranging from ca. 5 um up to 100 um

detected after etching (B and C), marked with an arrow.
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DN, b, 10° DN, 1D 50 and DN, 1D, 9% correspond to diameters that,
respectively, intercept 10%, 50% and 90% of the cumula-
tive distribution with respect to the detected number (N) of
particles, under the assumption of spherical particle size.

To assess how grains are etched, we roughly estimate
etching depths as 0.5AD(¢) where

AD(t) = D,(t = 0 min) — D (?) 2)
where D, (¢= 0 min) and D,(¢) are cumulative distributions
and where the subscripted X describes the weighting, mea-
surement system and intercept point as a function of etch-
ing time ¢.

Particle size Analysis with Microscope Image Analysis

To obtain insights and statistically relevant data on how
grains are etched during HF treatment, a Delta Optical mi-
croscope was used to obtain digital images. Before each
measurement, the microscope used was calibrated using

Lacey Carbon Coated 200 Mesh Copper Grids (from SPI
Supplies, USA). This allowed us to convert the lengths in
pixels to micrometers and obtain data for further analysis.
Images with grains of sand were placed on a black back-
ground. We placed as many grains as possible without cre-
ating clusters. In other words, the grains did not overlap.
Typical images are shown below in Fig. 2.

The TA program was created in Python based on an
OpenCV (Bradski, 2000) image processing library and ac-
cording to the code provided by Bhattiprolu (2020). The
software algorithm applies a binary threshold, removes
noises and detects contours. Next, the software detects
and removes grains that overlap each other and grains that
are on the border of the image. The typical image passed
through this process is shown in Fig. 3. The successfully
recognised grains are marked with red rectangles.

Finally, the algorithm determines the projected area,
major, minor axes, perimeter and effective diameter esti-
mated from this area. To obtain statistically significant data

Fig 3. Random grains before (A) and after 40% HF etching for 60 min (B) and 180 min (C). Note smaller grains ranging from ca. 5 um up to 100 um
detected after etching (B and C), marked with an arrow. The microscope IA algorithm marks different grains with different colours and draws

rectangles for visual validation.
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on average, each measurement was obtained from ca. 50
images of different grains. We assume that volume (V) and
area (A) are related i.e. V~A*? (Califice et al., 2013; Zheng
et al., 2019). However, this might introduce bias, as we do
not have ways to assess the third dimension precisely.

Analogically to LD measurements, we calculate values
for microscope IA. D, |, ., Dy |, 5 and D, , values
correspond to diameters which, respectively, intercept for
10%, 50% and 90% of the cumulative volume. To assess
the volume, we used the effective diameter which was as-
sessed from the measured projected area of each grain. The
Dy 1 10 Dy 1a.50 a0d Dy |, o, correspond to diameters which,
respectively, intercept 10%, 50% and 90% of the cumu-
lative distribution with respect to the detected number of
particles. Etching depth proxy i.e. AD/2 is estimated as a
change of values given above using Eq. (2).

Due to instrumental limitations, the microscope IA set
in this experiment is sensitive down to ca. 20 wm grains.

Results and Discussion

The three methods which were used to assess the effect
of different durations of HF etching on the size and shape
of quartz grains measure different physical properties (Li
et al., 2005; Doan et al., 2012; Califice et al., 2013).

In microscope IA, to estimate the volume, we use the
area, and this area is used to assess volumetric distribu-
tions. In Fig. 4A, C, we plot laser volume grain size distri-
butions for LD and microscope 1A, respectively. The LD
distributions are shifted towards larger estimated diam-
eters. It is caused by the inherent effect of different mea-
surement methods (Li et al., 2005), as we are dealing with
purified and non-regular quartz grains. Considering the fact
that our material was selected using 180-200 pm sieves,
IA data shows very good agreement with the sieves despite
the fact that we deal with non-spherical grains. Moreover,
with increased etching duration, distribution widths from
LD and microscope IA also increase (Fig. 4A, C). It means
that the etching rate is not the same for all grains.

When we use distributions based on the number of
grains, we see that the etching process is even more com-
plex (Fig. 4B, D). During etching, we start to detect new
small particles below 100 pm. It is visible in both IA and,
to a lesser degree, in LD. We expect that, because of negli-
gible volume, new small particles will have negligible ef-
fect on the luminescence, but they will distort etch rates
values assessed from mass loss estimates. Five such small
particles are captured in images Figs. 2B, C and 3B, C.

In Fig. 5 we plot the roundness (Cox, 1927) of vol-
ume weighted distributions obtained from microscope IA,
which is defined as 4mwA/P?, where A is the area and P is
the perimeter of a given grain. This parameter for perfect

circles corresponds to 1, and it decreases when the grains
become less spherical. We can see (Fig. 5) that the round-
ness decreases for longer etching times. It means that the
etching process is not uniform even for individual grains.
The same result can be deduced from Fig. 4A, C, where, for
volumetric distributions, the span between D, and D, in-
creases with etching time. In Fig. 6, each point corresponds
to a single detected particle with the equivalent diameter
and roundness plotted on the x and y axes, respectively. For
0 min etch time (Fig. 6), neither sieving separates all grains,
or some grains are mechanically cracked. For longer etch-
ing times (Fig. 6), we can see that the equivalent diameter
decreases, but what is more interesting is that the roundness
also decreases. It means that the grains are becoming less
and less spherical. Moreover, for longer etching times (Fig.
6), we can see that there are new small quartz particles cre-
ated by fracturing larger grains.

To assess the thickness removed, we used mass loss data
(Table 1) and Eq. (1). Obviously, Eq. (1), which assumes
spherical shape, uniform etching and constant number of
grains, will be only an approximation. We compare it with
values obtained from volumetric distributions of D, D,
and D, parameters with respect to 0 min etching time. To
estimate the etching depths, we use 0.5AD(f), which will
give us plausible ranges for this parameter. This range also
may be used to obtain a rough estimate of what uncertainty
might be set when assessing dose rate in programs such as
DRAC (Durcan et al., 2015) or pRate (Tudyka et al., 2021).

The slopes plotted in Fig. 7 correspond to a decrease of
the quartz radius of ca. 0.151 £ 0.003 wm - min™', for mass
loss estimates. In case of LD, etch depth estimation from
0.5AD, 0.5AD,,,, ,,and0.5AD, |, , give 0.18 ym - min™,

V1A, 107 . 1A, 50 V.,IA,9 K
0.13 um - min™" and 0.06 um - min™" values, respectively.
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Fig 5. Roundness distribution of quartz grains etched with 40% HF acid for
microscope IA. Roundness is defined as 4mA/P> where A is the area
and P is the perimeter. IA, Image analysis..
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Microscope IA etch depth estimation from 0.5AD, |, .,
0.5AD, |, 4, and 0.5AD, , , give 0.09 um - min™,
0.5 um - min~" and 0.03 wm - min' values, respectively.

The depth estimates from mass loss estimates and from
LD might be overestimated because roundness decreases
during etching (Fig. 5), or in other words, LD will be af-
fected by two factors: firstly, grains are getting smaller;
and secondly, less round (Li ef al., 2005). It does not seem
possible for LD to assess both parameters in a straight-
forward manner. This is supported by our statistical data,
as well as in the Figs. 2C and 3C that after 180 min of
HF 40% etching some grains changed their size very little
and other grains became small and/or irregular. This ef-
fect cannot be assessed from mass loss or from LD data.
The nonuniformity of grains increases with etching time
(Figs. 4 and 5).

Conclusions

The results of our research show that the estimated etch
depth from mass loss is in agreement with earlier work
(Leko and Komarova, 1973; Porat et al., 2015; Duval
etal., 2018).

The estimated etching rates for the mass loss estimates
correspond to 0.151 + 0.003 pm - min~'. In case of LD,
etch depth estimation from 0.5AD, |, ., 0.5AD, , ., and
0.5AD, |, 4, give 0.17 pm - min™, 0.13 pm - min™ and
0.06 um - min! values, respectively. IA etch depth estimation
from 0.5AD, |, ., 0.5AD, ,, ,, and 0.5AD, , , gives
0.09 um - min', 0.05 pm - min~' and 0.03 pm - min™' values,
respectively. The ranges provided by microscope IA might
be considered for estimating the values and the uncertainty
for the calculation of the dose rate in TCD.

Microscope IA and LD grain size distributions
(Fig. 4B, D) reveal an increase of smaller grains that are
constantly created by cracking larger grains during HF
etching.

The increasing span of the volumetric distribu-
tions assessed with LD (Fig. 4A) and microscope IA
(Fig. 4C) indicates that each grain has a different etch
depth rate. This would not be detectable with mass loss es-
timates. In addition, the etch depth from the mass loss does
not account for grain cracking and assumes that the round-
ness of the grain does not change. Therefore, the etch depth
assessed with mass loss estimates could produce overesti-
mated results.

Although microscope IA has its own limitations, which
are caused by providing 2D projections of 3D grains, the
results of the present study demonstrate that the etch depth
assessed from mass loss and LD might be overestimated.
Statistical data from microscope IA also revealed that etch-
ing decreases roundness with time (Fig. 5). We also report
cracking of quartz grains while etching.



G. POREBAETAL.

Acknowledgements

JP, JR, JS and RO acknowledge funding from the Silesian
University of Technology for student scientific associations

REFERENCES

within the “Excellence Initiative - Research University”
programme. The presented results were partly obtained
with the support of the Polish National Science Centre,
contract number 2018/30/E/ST10/00616.

Aitken MJ and Bowman SGE, 1975. Electron spin resonance
as a method of dating. Archaeometry 17(1): 132-138,
DOI10.1111/j.1475-4754.1975.tb00127 .x.

Aitken MJ, 1985. Thermoluminescence Dating. Academic Press,
London.

Bartyik T, Magyar G, Filyé D, Téth O, Blanka-Végi V, Kiss T, Markovi¢
S, Persoiu |, Gavrilov M, MezGsi G and Sipos G, 2021. Spatial
differences in the luminescence sensitivity of quartz extracted
from Carpathian Basin fluvial sediments. Quaternary Geo-
chronology 64: 101166, DOI 10.1016/j.quage0.2021.101166.

Bell WT and Zimmerman DW, 1978. The effect of Hf acid etch-
ing on the morphology of quartz inclusions for thermolumi-
nescence dating. Archaeometry 20(1): 63-65, DOI 10.1111/
j.1475-4754.1978.tb00213.x.

Bell WT, 1979. Attenuation factors for the absorbed radiation
dose in quartz inclusions for thermoluminescence dating. An-
cient TL 8: 2-13.

Berger M, Coursey J and Zucker M, 1999. ESTAR, PSTAR, and
ASTAR: Computer programs for calculating stopping-power
and range tables for electrons, protons, and Helium lons (ver-
sion 1.21). WEB site: <http://physics.nist.gov/Star>.

Bhattiprolu S, 2020. Python for Microscopists. WEB site: <https://
github.com/bnsreenu/python_for_microscopists>. Accessed
2020 August 20.

Bradski G, 2000. The OpenCV Library. Dr. Dobb’s Journal of Soft-
ware Tools.

Califice A, Michel F, Dislaire G and Pirard E, 2013. Influence of
particle shape on size distribution measurements by 3D and
2D image analyses and laser diffraction. Powder Technology
237:67-75, DOI 10.1016/j.powtec.2013.01.003.

Cox EP, 1927. A method of assigning numerical and percentage
values to the degree of roundness of sand grains. Journal of
Paleontology. Paleontological Society 1(3): 179-183.

Doan DH, Delage P, Nauroy JF, Tang AM and Youssef S, 2012. Mi-
crostructural characterization of a Canadian oil sand. Cana-
dian Geotechnical Journal 49(10): 1212-1220, DOI 10.1139/
t2012-072.

Durcan JA, King GE and Duller GAT, 2015. DRAC: Dose rate and
age calculator for trapped charge dating. Quaternary Geo-
chronology 28: 54-61, DOI 10.1016/J.QUAGE0.2015.03.012.

Duval M, Campaia |, Guilarte V, Miguens L, Iglesias J and
Gonzélez Sierra S, 2015. Assessing the uncertainty on particle
size and shape: Implications for ESR and OSL dating of quartz
and feldspar grains. Radiation Measurements 81: 116-122,
DOI 10.1016/j.radmeas.2015.01.012.

Duval M, Guilarte V, Campana I, Arnold LJ, Miguens L, Iglesias
J and Gonzalez-Sierra S, 2018. Quantifying hydrofluoric acid
etching of quartz and feldspar coarse grains based on weight
loss estimates: Implication for ESR and luminescence dating
studies. Ancient TL 36(1): 14.

Fleming S, 1979. Thermoluminescence techniques in archaeol-
ogy. Clarendon Press, Oxford.

Fleming SJ, 1970. Thermoluminescent dating: Refinement of
the quartz inclusion method. Archaeometry 12(2): 133-143,
DOI110.1111/j.1475-4754.1970.tb00016.x.

Fuchs M and Lomax J, 2019. Stone pavements
environments: Reasons for De overdispersion and grain-
size dependent OSL ages. Quaternary Geochronology 49:
191-198, DOI 10.1016/j.quageo.2018.05.013.

Goedicke C, 1984. Microscopic investigations of the quartz
etching technique for TL dating. Nuclear Tracks and Radiation
Measurements (1982) 9(2): 87-93, DOl 10.1016/0735-
245X(84)90026-7.

Huntley DJ, Godfrey-Smith DI and Thewalt MLW, 1985.
Optical dating of sediments. Nature 313(5998): 105-107,
DOI 10.1038/313105a0.

Ikeya M, 1978. Electron spin resonance as a method of dating. Ar-
chaeometry 20(2): 147-158, DOI 10.1111/j.1475-4754.1978.
tb00225.x.

Leko VK and Komarova LA, 1973. Kinetics of the etching of quartz
glass in hydrofluoric acid. State Scientific-Research Institute
of Quartz Glass. Translated from Steklo i Keramika 11(15):
754-755.

Li M, Wilkinson D and Patchigolla K, 2005. Comparison of
particle size distributions measured using different tech-
niques. Particulate Science and Technology 23(3): 265-284,
DOI 10.1080/02726350590955912.

Mason JA, Jacobs PM, Greene RSB and Nettleton WD, 2003.
Sedimentary aggregates in the Peoria Loess of Nebraska, USA.
CATENA 53(4): 377-397, DOI 10.1016/50341-8162(03)00073-0.

Moska P, Bluszcz A, Poreba G, Tudyka K, Adamiec G, Szymak A
and Przybyta A, 2021. Luminescence dating procedures at the
Gliwice luminescence dating laboratory. Geochronometria
48(1): 1-15, DOI 10.2478/geochr-2021-0001.

Porat N, Faerstein G, Medialdea A and Murray AS, 2015. Re-ex-
amination of common extraction and purification methods of
quartz and feldspar for luminescence dating. Ancient TL 33(1): 9.

Poreba G, Snieszko Z, Moska P and Mroczek P, 2019. Depos-
its of Neolithic water soil erosion in the loess region of the
Matopolska Upland (S Poland) — A case study of the settlement

in arid


https://github.com/bnsreenu/python_for_microscopists
https://github.com/bnsreenu/python_for_microscopists

GEOCHRONOMETRIA | EFFECT OF HYDROFLUORIC ACID ETCHING ON QUARTZ GRAINS

micro-region in Bronocice. Quaternary International 502:
45-59, DOI 10.1016/j.quaint.2018.09.018.

Schaetzl RJ, Forman SL and Attig JW, 2014. Optical ages on
loess derived from outwash surfaces constrain the advance
of the Laurentide Ice Sheet out of the Lake Superior Basin,
USA. Quaternary Research 81(2): 318-329, DOI 10.1016/j.
yqres.2013.12.003.

Tudyka K, Koruszowic M, Osadnik R, Poreba G, Moska P, Szymak A,
Bluszcz A, Zhang J, Kolb T and Adamiec G, 2021. uRate. https://
miu-rate.polsl.pl/, v2021.0.4, Gliwice, Poland, Accessed 2021
November 23.

Wintle AG and Adamiec G, 2017. Optically stimulated lumines-
cence signals from quartz: A review. Radiation Measurements
98:10-33, DOI 10.1016/j.radmeas.2017.02.003.

Wintle AG and Murray AS, 2006. A review of quartz optically stim-
ulated luminescence characteristics and their relevance in sin-
gle-aliquot regeneration dating protocols. Radiation Measure-
ments 41(4): 369-391, DOI 10.1016/j.radmeas.2005.11.001.

Zheng W, Hu X, Tannant DD, Zhang K and Xu C, 2019. Charac-
terization of two- and three-dimensional morphological prop-
erties of fragmented sand grains. Engineering Geology 263:
105358, DOI 10.1016/j.engge0.2019.105358.



	_8vhvgrv61lq5
	_Hlk95312963
	_Hlk95312979
	_Hlk95312982
	_Hlk95312987
	_Hlk95312990
	_Hlk95312993
	_Hlk95313003
	_Hlk95313015
	_Hlk95377708
	_Hlk95313036
	_Hlk95313039
	_Hlk95313043
	_s0wlggfbpgfn
	_ca5zjopbr49r
	_70b8vqr2nnr5
	_Hlk95378840
	_b4rs236cuuoq
	_Hlk95313051
	_Hlk95313061
	_Hlk95313064
	_o5u99qdigmgs
	_vgiiehb1yd2
	_Hlk95313075
	_Hlk95380241
	_Hlk95313078
	_Hlk95313081
	_9crnxev6iuxd
	_Hlk95317389
	_Hlk95381190
	_Hlk95313086
	_Hlk95313089
	_Hlk95313093
	_Hlk95313095
	_Hlk95317403
	_Hlk95317407
	_8ufa0ri21k36
	_Hlk95313102
	_Hlk95313111
	_Hlk95383343
	_Hlk95313114
	_Hlk95317433
	_Hlk95313117
	_Hlk95313121
	_Hlk95313125
	_Hlk95384759
	_uibw3jbbjeim
	_Hlk95313132
	_Hlk95313135
	_qhdd7fhalm6i
	_Hlk95312607

