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Abstract

The present study examines radiofluorescence
(RF) emissions in quartz from parent rocks (ig-
neous plutonic and volcanic) and sediments of
different provenances, which represent a range
of optically stimulated luminescence (OSL) and
thermoluminescence (TL) sensitivities observed
in nature. OSL and TL (110 °C peak) sensitiv-
ities of quartz have been successfully used for
sediment provenance analysis, but the consid-
erable sensitivity variations are still poorly un-
derstood in terms of charge traps and recombi-
nation centers. In the studied samples, the RF
spectra obtained at room temperature and us-
ing X-ray irradiation consist of two broad emis-
sion bands: the first emission band is centered
at ~1.9 eV (blue) and has a higher intensity
compared to the second emission band centered
at ~ 3.5 eV (ultraviolet, UV). The deconvolu-
tion analysis confirms that the quartz RF spec-
trum is at least the sum of four emission bands
located between 1.5 eV (827 nm) and 4.0 eV
(310 nm). The general observation is that the
RF intensity differs between quartz from rocks
and sediments, and among quartz from sedi-
ments with different provenances. Generally,
quartz from sediments showed higher RF in-
tensity compared to quartz from rocks, render-
ing the same pattern observed for OSL and TL
sensitivities. For quartz from sediments, we ob-
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served strong correlations between the UV-RF
band intensity and the OSL or 110 °C TL sensi-
tivities. We argue that these correlations may be
attributed to the fact that both 110 °C TL peak
and OSL of quartz use the same recombination
centers rather than the same electron trap. The
UV-RF intensity measured using X-ray sources
can also be used for provenance analysis of sed-
iments in the same way as the OSL and TL sen-
sitivities.

Keywords: Quartz in sediments, Sediment
provenance, Luminescence of quartz, Radioflu-
orescence spectra, X-ray irradiation

1. Introduction

Since the first proposals for the use of thermolumines-
cence (TL) (e.g., Grogler et al. 1958; Fleming 1970; Mejh-
dahl 1979; Wintle & Huntley 1979) and optically stimulated
luminescence (OSL) in quartz (Huntley et al., 1985) as dat-
ing techniques, it appears that both TL and OSL signals are
not merely due to charge eviction from traps after stimu-
lation with consequent luminescence recombination. How-
ever, more complex mechanisms are involved (Martini et al.,
2009). Aitken & Smith (1988) reported parallel changes in
the OSL sensitivity and the sensitivity of the 110 °C TL
peak and suggested that this might be related to a common
mechanism. Most researchers agree on the involvement of
the same recombination centers of these two processes (e.g.,
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Table 1. Description of studied samples, indicating types of rocks and sediments, approximate age of crystallization (rocks) or deposition
(sediments), location of the sampling sites, and average TL and OSL sensitivities and standard deviation as presented in unpublished work
by Mineli et al. Aliquots used to measure TL, and OSL sensitivities contained approximately 150 to 200 grains, as observed under an optical
microscope, with an average mass of 8.1 £ 0.9 mg. TL and OSL sensitivities data were not obtained for sample L0680, which was collected
in the same geological setting of sample L0674. Both samples are examples of sediments with low sensitivity quartz. For both TL and OSL
measurements, 2 to 6 aliquots were measured for each sample and results presented in the table are average with standard.

Code | Name Age Location TL 110°C (cts Gy'!)  OSL (cts Gy™!)
VR12 | Granite Neoproterozoic | Ribeira Fold Belt, 1865 &+ 1851 67 + 70
Guarau Massif,
(Cajati, Sao
Paulo, Brazil)
ITA1 Granite Neoproterozoic | Ribeira Fold Belt, 2019 £ 261 4.4
Itacoatiara
Massif, (Niter6i
R k 9 9
OCKs Rio de Janeiro,
Brazil)
LA1 Rhyolite | Pleistocene Los Alamos 1795 £ 319 63 £ 25
(New Mexico,
USA)
P22 Hydro- Permian Teresina 108 2.2
thermal Formation,
quartz Parand Basin
(Anhembi, Siao
Paulo, Brazil)
L0001 | Coastal Pleistocene South Atlantic 128760 + 42674 23152 + 9361
sand Coast (Southern
Brazil)
L0017 | Fluvial Pleistocene Central Amazon 22426 + 5354 1390 + 502
sand (Northern Brazil)
L0698 | Fluvial Holocene Western Amazon 12396 + 4036 2432 £+ 1309
sand (Northern Brazil)
L0229 | Fluvial Pleistocene Pantanal Wetland 308683 + 51341 53520 + 9522
sand (Western Brazil)
. L0688 | Fluvial Holocene Parana River 433092 + 53278 89544 4+ 53278
Sediments sand Basin (Southern
Brazil)
L0572 | Fluvial Pleistocene Central Amazon
sand (Northern Brazil)
L0674 | Alluvial | Pleistocene Mejillones 266 + 44 17+£9
sand Peninsula, Andes
(Chile)
L0680 | Colluvial | Pleistocene Salar Del * *
sand Carmen, Andes
(Chile)

Chen et al. 2000). Radiofluorescence (RF), the light emission
during irradiation, has been investigated in quartz samples
from rocks and sediments as well as in artificially growing
SiO;, crystals (Marazuev et al., 1995; Krbetschek & Traut-
mann, 2000; Martini et al., 2012b) for dosimetry and dat-
ing purposes. RF has also been investigated for a better un-
derstanding of the luminescence dynamics in quartz (Martini
et al., 2012a,b; Chithambo & Niyonzima, 2017) by compar-
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ing the 3.44 eV RF peak intensity measured after series of
irradiation and thermal treatments in order to understand the
specific role of various defect centers. Different from TL and
OSL, the RF emission seems to correspond predominantly
to the direct recombination of electrons from the conduction
band with the holes at the recombination centers during irra-
diation (e.g., Schmidt et al. 2015; Friedrich et al. 2017).
Deconvolution of the RF spectra showed the presence



Niyonzima, Ancient TL, Vol. 38, No. 1, 2020

of the same emission bands from both natural and “artifi-
cial” (laboratory crystal growth) quartz crystals, indicating
that the same luminescence processes are involved (Martini
et al., 2012a,b; Chithambo & Niyonzima, 2017). The sim-
ilarity among RF, TL and OSL emission spectra (Huntley
et al., 1991; Krbetschek et al., 1997; Schilles et al., 2001)
provided evidence that these luminescence signals share the
same recombination centers (Friedrich et al., 2017). This
similarity suggests that changes in OSL and TL sensitivi-
ties in nature, as observed in quartz from sediments (e.g.,
Pietsch et al. 2008; Zular et al. 2015) are probably related
to the recombination process rather than trapping process.
In this way, investigation of the relationship between RF
and OSL and TL sensitivities can shed light on the role
of recombination centers for the natural sensitization pro-
cesses. In addition to its widespread application for dating
of Quaternary sediments (Aitken, 1998), luminescence sig-
nals from quartz are used for tracing the provenance of sed-
iments (e.g., Lii & Sun 2011, Gray et al. 2019). In the pre-
vious works, TL spectra (Rink et al., 1993), the proportion
of OSL components (Tsukamoto et al., 2011), the OSL and
TL sensitivities (Sawakuchi et al., 2012; Zular et al., 2015;
Mendes et al., 2019) and OSL signal components (Nian et al.,
2019) of quartz have been used in discriminating sediment
sources and provenance analysis. Thus, several lumines-
cence properties (e.g., sensitivity, thermal activation, spectral
variation, and signal components) can be used to discrimi-
nate quartz from different provenances. A general pattern
is that quartz extracted from different types of igneous and
metamorphic rocks has a relatively low luminescence sensi-
tivity (Chithambo et al., 2007; Guralnik et al., 2015) com-
pared to quartz from sediments, which shows a wide range
of OSL sensitivity variation (Sawakuchi et al., 2011). Thus,
recent studies have successfully applied OSL sensitivity in
sediment provenance analysis through discrimination of sed-
iments with different transport histories since their parent
rocks (e.g., Sawakuchi et al. 2018; Mendes et al. 2019).

In this study, we investigate the variation of RF emis-
sion spectra in quartz extracted from different igneous rocks,
which are primary sources of terrigenous sediments, and sed-
iments of different geological settings, ranging from tectonic
active mountain ranges to stable craton areas in South Amer-
ica. This suite of samples has a broad range in natural TL and
OSL sensitivities, as presented in Sawakuchi et al. (2020)
and unpublished work by Mineli et al. and summarized in
Table 1. Correlation between UV-RF and sensitivity of both
TL and OSL is also investigated in this study. We hypothesis
that, this correlation would support the use of RF of quartz
for sediment provenance analysis.

2. Experimental details

2.1. Sample description and preparation

Samples used in this investigation were quartz from ig-
neous rocks (granite, rhyolite, and hydrothermal vein) repre-
senting different conditions of quartz crystallization and sed-
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Step | OSL and TL sensitivities #

1 Bleach with blue LEDs at 125 °C for 100 s

2 Dose: 10 Gy

3 TL up to 190 °C (5 °C/s) (110 °C TL sensitivity)

4 Blue stimulation at 125 °C for 100 s (OSL sensitivity)
5 Blue stimulation at 125 °C for 100 s (background)

Table 2. Measurement protocol used by Mineli et al. (pers. comm.)
for determination of TL (step 3) and OSL (step 4) sensitivities. The
110 °C TL sensitivity was determined through the integration of the
75-125 °C interval of the TL glow curve and the OSL sensitivity
through the first second of light emission of the OSL decay curve

iments (alluvial, fluvial and coastal sands) of different depo-
sitional environments from South American sites (Table 1).
OSL and TL sensitivities of these samples were previously
studied by Mineli et al. (pers. comm.) and they are summa-
rized in Table 1.

Rock samples were crushed to release quartz crystals,
which were manually picked for careful grinding using a
pestle and ceramic mortar. Quartz crystals from igneous
rocks and quartz grains from sediments in the range of
180—-250 um were extracted by wet sieving. The target
fraction was treated with hydrogen peroxide (H,O;, 27%)
and hydrochloric acid (HCI, 10%) to remove organic mat-
ter and carbonate minerals, respectively. Heavy minerals
and feldspar grains were removed by heavy liquid separa-
tion with lithium metatungstate solutions with densities of
2.75 g/em? and 2.62 g/cm?, respectively. To purify and con-
centrate the quartz fraction, samples were etched in 38% hy-
drofluoric acid (HF) for 40 min. Infrared stimulation (IR)
was performed to confirm the absence of feldspar contam-
ination in the HF treated quartz fraction. Samples with re-
maining feldspar were subjected to steps of HF 5% etching
for 24 hours followed by wet sieving (180 um sieve), and
in some cases, samples were repeatedly HF-etched until a
negligible infrared signal was achieved, compared with blue
stimulation signal.

2.2. Instrumentation

Radiofluorescence measurements were carried out us-
ing the Risg station for CryOgenic Luminescence Research
COLUR at Center for Nuclear Technologies, Technical Uni-
versity of Denmark (DTU), Risg campus. It consists of a
Horiba Fluorolog-3 spectrometer expanded to include multi-
excitation and detection ports, an X-ray irradiator (40 kV an-
ode voltage, 100 uA anode current, and ca 0.06 Gy/s dose
rate to quartz), and a temperature-controlled closed-loop He
cryostat (7—300 K) (Prasad et al., 2016).

All the radiofluorescence measurements reported in this
paper were obtained using X-ray irradiation at room temper-
ature and a CCD detector. Quartz grains were mounted on a
steel cup using double-sided tape. Measurements were per-
formed with a constant dose rate (ca 0.06 Gy/s), integration
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Figure 1. Comparison of the RF emission spectra measured in quartz from rocks (a) and sediments (b).

times of 30 s (~ 1.8 Gy) for quartz sediment grains (samples
L0001, L0017, L0229, L0572, L0674, L0680, L0688, and
L0698) and 300 s (~ 18 Gy) for quartz rock crystals (sam-
ples VR12, ITA1, LA1, and IP22) and full-range detection
(300-1,000 nm). Integration times were higher for quartz
from rocks to acquire significant RF spectra. Background
emission was acquired by measuring empty cups with tape.
Samples were exposed to daylight, but they were not sub-
mitted to any thermal or irradiation treatment before the ac-
quisition of RF spectra. RF spectra were deconvoluted into
Gaussian components using the least square method with the
Levenberg-Marquardt algorithm (Origin software 2018).

The same quartz samples used for RF measurements were
previously submitted to OSL and TL sensitivity measure-
ments performed in the two Risg TL/OSL DA-20 readers
at the Luminescence and Gamma Spectrometry Laboratory
(LEGaL) of the Institute of Geosciences, University of Sao
Paulo, Brazil. The OSL and TL sensitivity data are summa-
rized in Table 1. The measurement protocol is described in
Table 1. Aliquots of similar masses were used in order to
minimize the effect of aliquot size on luminescence signal
sensitivity. The readers are equipped with a beta-radiation
source (?°Sr/*Y) with dose rates of ca 0.132 Gy/s and ca

0.077 Gy/s, blue (470 nm, max. 80 mW cm) and infrared
(870 nm, max. 145 mW cm™?) LEDs for stimulation and
Hoya U-340 filters (200—400 nm) for light detection in the
ultraviolet band. Regarding the instrument response spec-
tra correction, RF and OSL/TL measurements were done on
different equipment, and the absolute counts of RF and OSL
sensitivities are not directly comparable. However, the main
goal of this study is the relative comparison between RF and
OSL/TL. In the TL and OSL measurements carried out by
Mineli et al. (pers. comm.), quartz aliquots were mounted
on 9.7 mm diameter stainless steel discs using silicone oil.
Each aliquot contained approximately 150 to 200 grains, as
observed under an optical microscope, with an average mass
of 8.1 £ 0.9 mg (see procedures for aliquot preparation in
Mendes et al. (2019).

3. Results

The comparison between RF spectra of quartz from rocks
and sediments is shown in Figure 1. Both types of quartz
show similar RF in higher energy part of the spectrum (2.5 —
4.0 eV), despite the difference in their intensities and number
of overlapping peaks, while in the lower part of the spectrum

Bands | Sediment sample L0688 Rock sample LA1
Energy (eV) | FWHM (eV) | Energy (¢V) | FWHM (eV)
Peak 1 | 1.87 0.32 1.97 0.34
Peak 2 | 2.55 0.99 2.53 0.48
Peak 3 | 3.36 0.37 3.07 0.71
Peak 4 | 3.62 0.42 3.70 0.49

Table 3. Energy values of the detected emission bands for quartz from rock (LA1) and sediment (L0688) samples.
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Figure 2. Spectra to illustrate the differences in RF intensities for quartz from rocks and sediments. RF spectra of quartz from rhyolite (a)
and hydrothermal vein (b) have relatively low RF intensity compared to quartz from sediments of stable tectonic areas in southern Brazil (c).
However, quartz from sediments of the Chilean Andes (d) has low RF intensity, comparable to quartz from rocks. The sample description can

be found in Table 1.

(1.5-2.5eV), non-similarity in the RF spectra was observed.

The luminescence spectra of quartz samples used in this
study showed a broad unstructured emission ranging from
1.5 eV (827 nm) to 4.1 eV (310 nm), with maximum RF
intensity close to 2.0 eV (620 nm) for quartz from rocks
(Figure 1a) and 3.6 eV (354 nm) for quartz from sediments
(Figure 1b). For the emission spectra of quartz from rocks
(Figure 1a), we identified five different emission bands rep-
resented by a broader band in the range of 1.6—2.1 eV (red),
a narrow emission band centered at 2.3 eV and bands at 2.4 —
2.8 eV (blue), 3.0-3.4 eV (UV-violet) and 3.4-3.8 eV (UV).
The visual analysis of the emission spectra of quartz from
sediments resulted in the identification of four different emis-
sions at 1.6—-2.2 eV (red), around 2.3-2.7 eV (blue), 3.0—
3.3 eV (UV-violet) and 3.5-3.8 eV (UV) (Figure 1b). The
RF intensity in some samples was not strong enough to per-
form a curve fitting analysis (Figure 1).

Generally, quartz from sediments of central and south-
ern Brazil, represented by samples from the Parand River
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(L0688), Southern Atlantic coast (L0001) and Pantanal Wet-
land (L0229), showed high UV-RF emission intensity com-
pared to sediments from Chilean Andes, i.e., Mejillones
Peninsula (L0674) and Salar Del Carmen (L0680). For
quartz from Brazilian sediments, the exceptions are the sam-
ples from northern Brazil, i.e., central Amazon (L0572) and
western Amazon (L0017 and L0698), that showed low RF
intensity compared to that of quartz from central and south-
ern Brazil used in this study. For the samples from rocks,
quartz from granite (VR12 and ITA1) shows low RF inten-
sity compared to quartz from rhyolite (LA1) and hydrother-
mal vein (IP22). Figure 2 shows the main characteristics of
RF spectra recorded for quartz from rocks (LA1 and 1P22)
and sediments with higher (L0688) and lower (L0572) RF
intensities.

All the RF emission spectra from quartz extracted from
both rocks and sediments have been deconvoluted into their
main components (Figure 3). The fitting of the RF emission
spectra was performed assuming four bands, and the Gaus-
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Figure 3. Gaussian components of high-intensity RF emission spectra of quartz from sediments of the Parand River Basin (a) and rhyolite of
Los Alamos (b). Gaussian components of low-intensity RF emission spectra of quartz from sediments of Central Amazon (c) and granite of

the Ribeira Fold Belt (d).

sian fitting agrees with experimental curves for samples with
high RF intensity (Figure 3a).

The energy and full width at half-maximum for the four
emission bands used in the deconvolution of the RF spectra
are presented in Table 1, i.e., 1.87 eV (0.32 eV), 2.55 eV
(0.99 eV), 3.36 eV (0.37 eV), 3.62 eV (0.42 eV) for quartz
from sediments (L0688) and 1.97 eV (0.34 eV), 2,53 eV
(0.48 eV), 3.07 eV(0.71 eV) and 3.7 eV (0.49 eV) for quartz
from rocks (LA1). Martini et al. (2012b) reported five emis-
sion bands in natural quartz, i.e., 1.95 eV (0.48 eV), 2.53 eV
(0.46 eV), 2.80 eV (0.45 eV), 3.44 eV (0.58 eV) and 3.94
eV (0.49 eV). Values within brackets are full width at half-
maximum of the emission bands. More studies are needed
to investigate the reasons behind the difference in the num-
ber of RF emission bands and values of their full width at
half-maximum for quartz from Brazil and quartz from other
regions.

For the quartz from rocks and quartz from sediment sam-
ples (e.g., L0572, Figure 3c) with low RF intensity, Gaussian
fittings are not entirely satisfactory in the energy region rang-
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ing from 2.1 eV to 2.4 eV (Figure 3b, c, and d), where small
and sharp peaks might be sample related or instrumental arti-
facts. Other candidates to explain the presence of these sharp
peaks are the presence of other mineral phases as inclusions
in quartz, such as zircon or apatite. However, additional min-
eral inclusion analysis is required to confirm or reject this
statement.

Bands with peaks at 3.36 eV and 3.6 eV are the most in-
tense in the sediment samples, and a band with a peak at 1.9
eV is the most intense for rock samples. Bands with peaks at
2.5 eV, 3.07 eV, and 3.7 eV are overlapping, as observed in
quartz from rhyolite (Figure 3b). The RF intensities of bands
with peaks at 3.07 eV and 3.70 eV for quartz from rocks and
at 3.36 eV and 3.62 eV for quartz from sediments were used
to investigate the relationship between UV-RF and the sen-
sitivities of the 110 °C TL peak and OSL (initial 1 s of light
emission) assessed by Mineli et al. (pers. comm.) (Figure 4).

A linear correlation, with a correlation coefficient (r)
ranging from 0.95 to 0.99, between UV-RF and the sensitivi-
ties of the 110 °C TL peak, and the OSL (first 1s) is observed
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Figure 4. Relationship between 3.6 eV RF emission band intensity and sensitivities of 110 °C TL peak (a) and OSL (b); and between 3.36 eV
RF emission band intensity and sensitivities of 110 °C TL peak (c) and OSL (d). The sensitivity of the OSL signal was taken from the integral
of the initial second of the OSL decay curve divided by the given radiation dose. The sensitivity of the 110 °C TL peak (heating rate of 5°C/s)
was determined from the integration of the 75— 125 °C interval divided by the given dose. The TL and OSL sensitivities and UV-RF intensity
were normalized to their corresponding highest signal for easy comparison.

for quartz extracted from sediments (Figure 5). However,
no correlation was observed for quartz from rocks (LA1 and
IP22) (Figure 4). The results from Figure 5 indicate that sam-
ples with high UV-RF intensity are more sensitive in the case
of both 110 °C TL and OSL (first 1s).

4. Discussion and conclusions

In quartz, the correlation between the sensitivities of the
110°C TL peak and the first 1s of the OSL decay curve
has been widely acknowledged, indicating that the fast OSL
component and 110 °C TL peak sensitize in a similar manner
(Jain et al., 2003). In this study, we present the correlation
between both OSL and TL sensitivities with RF intensity of
quartz from sediments, which support the use of RF as prove-
nance proxy in the same way as OSL and TL sensitivities.

The RF and TL emissions were found to be similar in the
violet, blue, and red regions, suggesting that their recombi-
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nation centers must be closely related to each other (Shimizu
et al., 2006). According to Huntley et al. (1991), the OSL
spectra of quartz have been observed in the ultraviolet region,
so that the UV-RF (3.6 eV and 3.36 eV) emissions might also
be related to the UV-OSL emission. In this study, we ob-
served a linear correlation between the OSL sensitivity, pre-
sumably dominated by the fast component, and UV-RF (3.6
eV and 3.36 eV) intensity for quartz from sediments. We also
observed a linear correlation between UV-RF and sensitivity
of 110°C TL, which strongly supports the suggestion that
sensitization processes in nature might be due to changes in
recombination process (density of recombination centers for
example) rather than changes in the charge trapping proba-
bility like proposed by Moska & Murray (2006).

In the present work, we also observe low RF intensity of
quartz from rocks compared to quartz from sediments, which
is a pattern also observed for the OSL sensitivity of quartz
(Sawakuchi et al., 2011). The RF sensitization, when quartz
is released from parent rocks to sedimentary systems, occurs
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Figure 5. Correlation between 3.6 eV RF emission intensity and the 110 °C TL peak (a) and OSL (b) sensitivities of quartz from sediments.
The intensity of the 3.36 eV emission band was also plotted for comparison with the 110 °C TL peak (c) and of OSL (d) sensitivities. The
data for all graphs were fitted with a linear equation. For the UV-RF measurement, we only measured one aliquot for each sample.

mainly in the UV and blue emission bands (320-400 nm).
However, quartz from sediments recently released from their
parent rocks in active tectonic settings (L0017 and L0698)
have RF intensity in the same range of quartz from rocks.
Additional studies are needed to confirm that a single natural
process is promoting the sensitization of quartz TL, OSL,
and RF.

In conclusion, the results of this study indicate that quartz
RF intensity mirrors sensitivity patterns observed for OSL
and TL signals in nature and the UV-RF intensity measured
using X-ray sources can also be used for provenance analysis
of sediments in the same way as the OSL and TL sensitivi-
ties.
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