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Natural quartz from diverse provenances exhibit variations in their luminescence sensitivity (photon flux/mg-Gy) that span
over ten orders of magnitud®range of factors (such as crystallization/recrystallization process, irradiation, thermal and
optical history) that modify luminescence sensitivity have been considered to explain such differences in luminescence
sensitivity However a clearly definable/identifiable reason is still awaited; such as, thgeevkiations in luminescence
sensitivity are related to commonly occurring luminescence quenchers/enhancers in natural quarfp\atide this,

quartz mineral grains extracts from different provenances and from varied depositional environments were examined
spectroscopically using Fourier Transform infra-red spectroscopy (FTIR), optically stimulated luminescence (OSL),
photoluminescence (PL), time resolved (FRPL) decaythermoluminescence (TL) and the trace element analyss.

present study exhibited an anti-correlation between OSL sensitivity and water content in quartz (estimated through
integrated intensity of normalized FTIR signal in the wave number region 3000-36)Gsach that a sensitivity change

of over 5 orders of magnitude corresponded to a change in integrated water absorption signal by 5 times, but in opposite
direction. PL and TRPL results enabled further insights.
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Introduction recombination centre and the intensity of emitted
Th lumi TL) and optically stimulated luminescence is proportional to the number of trapped
ermoluminescence (TL) and optically stimulate charges, i.e. the radiation dose up to a limiting

]Ic_umlnescien_ce I(C()jSL) O_f na;]tural guartz ﬁraln eitr:acts saturation value. The proportionality constant between
rom geological deposits have been the Workhorse, , yiation dose and luminescence output is

for retrospective dosimetry and geochronology_ (See'luminescence sensitivity given as luminescence/unit
Boetter Jensent al, 2003). TL/OSL are radiation ose/unit mass.

induced phenomena and arise due to the presence o

defects in the crystal lattice that serve as charge traps/ ~ Natural quartz (SiQ) originates from
reservoirs. These reservoirs are populated by freemetamorphic and sedimentary rocks. In nature, a—
charges created by irradiation of quartz by ionizing quartzexists in abundance, in which, the corner sharing
radiation. The trapped charges can be depopulatedinked SiO;-tetrahedra form the crystalline structure.
by optical and/or thermal stimulation. Some of these Though quartz is nearly 100% Sj@ contains trace
de-trapped charges recombine radiatively at a suitablémpurities such as aluminium, iron, hydrogen (in the
defect site to give OSL and TL. The spectral natureform of OH) and intrinsic defects like vacancies and
of the emitted light is characteristic of the interstitials, [Preusser et.aR009; Bottern-Jensen et
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al., 2004]. The nature and concentration of such Reviews by Krbetschekt al.[1997] and Gotzest
defects in quartz is determined by the physical, al. [2001] provide detailed description on the spectral
chemical, and the thermal environments during emissions from quartz with different colours. Hdn
crystallization. Formation of metamorphic quartz al. [1997] reported an anti-correlation between
occurs by a mineral reaction at elevated temperaturesuminescence sensitivity of quartz grains extracted
higher pressures and in the presence of waterfrom rocks and their crystallization ages. In natural
Crystallization from precursor agueous solution at aand synthetic quartz sampldgkashiet al.[2006]
temperature higher than the surrounding bedrock giveseported, a) negative correlation between blue-TL
hydrothermal quartz. and Al concentration, and b) an increase in the
_ N luminescence sensitivities of rétd and OSLwith Al

_ A proper exp!e_ln_atlon of th? v_arlablllty (_)f content > 300 ppm. Rink [1994] used quartz samples
luminescence sensitivity between |nd|v_|dual grains/ of 25-1040 million year age and concluded that the
samples by up to 'Fen orders OT mag'mtudej O €VeN | minescence pathways get altered over geologic
more_ha; been elusive. Such variation n Iumlnescenc‘i‘.‘imes.To further understand the reasons for variability
sens_|t|V|ty of _natural quartz can arise due to:' a) in luminescence sensitivity of quartz, the present work
physico-chemical and thermal environment during investigated OSL sensitivity of quartz grains from

crystall?zation, apd b), trgatments like heating, photo- different provenances that had widely varied crystal
bleaching and irradiation in the nature or in the growth and weathering environments.

laboratoryThese lead to the chiga-transfer between
defects and/or the formation of new centres that OSL sensitivity was variable between samples
modulate charge trapping /recombination process.and between grains within a sample. Both cases were
Sawakuchét al.[2011] reported that quartz samples examined. Luminescence sensitivity was computed
from rocks, with higher crystallization temperature as number of photons emitted per unit irradiation dose
had higher luminescence-sensitivity and those fromper unit mass and variation implies that with the same
hydrothermal rocks had lower luminescence irradiation and thermal histarglifferent quartz grains
sensitivity Low sensitivity in quartz from crystalline  emit widely varied number of photons. This implies a
rocks has been explaingd hole-transfer between competition between radiative and non-radiative
recombination centres [Chithamizd al, 2007]. recombination pathways. Quartz grains where non-
Boetter-Jenseat al.[1995] studied the variation in  radiative processes dominate would produce lesser
luminescence sensitivity of quartz with annealing prior number of photons upon stimulation. Since hydroxyl
to irradiation at temperatures (300-1000°C) and group and water have shown to provide non-radiative
observed an increase in the OSL sensitivity throughpathways in luminescent materials [Rink, 1994], FTIR
supra-linearity in the dose response curve. Mckeeverspectroscopy was used to provide a measure of water
[1984] and Preussest al. [2009] collate basic content in quartz grains. Other spectroscopic
information in this regard. techniques such as OSL, PL, time resolved decay of
PL and TL were also used. Based on the results, a
TL glow curve of natural quartz samples can model is proposed that explains (a) varied

exhibit up to 10 glow peaks in the temperature regionIuminescence sensitivity of quartz, and (b) the increase
-110°C and 400°C [Medlin, 1968[L emission bands . tyorq ’ (b)

n luminescence sensitivity upon an irradiation and
span three spectral domains: a) high orange/recLea,[ingJ yup
emission; b) orange/red and blue/blue-green emission '
of comparable intensities; and c) high blue/blue-greenm aterials and Methods
emission [Kuhret al, 2000]. It is suggested that TL o _ )
at 470 nm corresponds to [AP centers. The The sampling sites are listedliable 1. Quartz grains
emission between 250-400 nm is due to electron(180+30um) from the sediments were extracted using
recombination with holes trapped at [AlOcenters standard chemical procedures and their purity against
[Martini et al (1995, 2009)] and [Alg(alkali ion)'] feldspar contamination/inclusions was checked using
centers [¥rtanianet al, 2000].TL emission at 395 infra-red stimulated luminescence (IRSL). The OSL
nm corresponds to [{0,]° hole-center Martini et sensitivity of individual grain was measured in a single

al. [1995] andYang and Mckeever [1990(a,b)]. 9rain Risg TL/OSL reader using a constant test dose
of 10 Gy
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Table 1: Sampling sites for quartz samples et al.[2007]. Photoluminescence (PL) excitation and
: emission spectra and photoluminescence decay of UV
S.No. Sample location Sample Code . L .
violet emission used for OSL dating were measured
1 Nigeria,Africa: Sahara desert sand PASMI-6 using a combined Steady state fluorescence
2 Abudhabi, United\rab Emirates: GLAT spectrometer (Edinburgh Instruments FLSP920). For
Wahiba sands PL measurements, the excitation source was a
3 Kachhch, Gujarat, India: Fluvial PCMA-16 continuous Xenon lamp (450\&@Mmission range of 230-
samplesllah Bund 2000 nm) with 1800 groves/mm single-grating
Tamilnadu, IndiaTsunami sand TN8 excitation/emission monochromator and for decay
Australia: Dark Brook River sand DBC -14 measurements, the source was a pulsed Xe lamp.
Alaknanda river, Himalaya, North IndigH21 The measurements were performed on samples
Fluvial samples packed in the groove of sample holder at room
Didwana, Rajasthan, India: Desert sarit-16 temperature and the results were normalized to their
Mauritania, Western-Nortifrica: KLMS weights. FTIR measurements in 400-4000'camge
Dune sands were in a diffuse reflectance mode using a Nicolet
9 Pushkar, India: Dune sands TL-14 6700 FTIR spectrometer
10 Chennai, IndiaTsunami sand PF2ST2 . .
Results and Discussion
11 Czech Republic: Fluvial sands SP84
12 Standard Quartz Sample from Riso, Trace element analysis results are presented in
Denmark supplementanfable S1. In this table, the samples

are listed in the order of their increasing OSL sensitivity
(Row 1,Table 2). Results for calibration quartz (from

The excitation was using a 532 nm laser and Ris@ National LaboratoryDenmark) are also
the detection channel comprised EMI 9235 QA (bi- presented for com_parlson. The samp_les showed the
alkali type) photomultiplier tube (PMT). Based on the Presence of transition-metal ions (G, Cu, etc.)
green-light stimulated luminescence sensitivity of each@nd lanthanides (La, Ce, NI, etc.) We examined
grain, the grains were separated into two groups; du”_possmlle_ correlation of sensitivity with each of the
quartz (< 150photons/s/grain as initial OSL intensity) IMPurities but no clear trend could be seen,
and bright quartz (>150 photons/s/grain). Individual SUPPlementary Figure S1. It suggests that these
bright or dull grains were then picked-up manually Metallic impurities, which include Fe, a common
(from discs used for single grain) using a indigenously lUMinescence quenchefo not play a direct role in
developed system with a capillary linked to a vacuum 9€términing the luminescence sensitivigny
suction device. Several sets of dull and bright quartzcumulatlve role of dilfferent impurities however cannot
grains were prepared with at least 1000 grains in eactP€ €valuated at this stage.
set. These were used for spectroscopic studies. Thi|&_Ourier Transform Infra-Red (FTIR)
procedure removed any bias that could arise fromS

, : pectroscopy
the source of samples and the only important variable
here was the sensitivithn implicit and reasonable  FTIR spectra of quartz samples in 2000-4000%cm
assumption in these studies was that the variation irrange is given in Fig. 1. The peaks were normalized
luminescence sensitivity due to grain volume (mass)for 2130-2240 cm' quartz bands (matrix signals).
did not affect any of the conclusions. The change inUsing this normalization, the total water content was
volume over the grain size range was ~15%, whereasguantified using a broad band between 3000 and 3600
the change in sensitivity was five to six orders of cnrldue to total water content and a peak around
magnitude. 3420 cmt is due to molecular 0.

Trace impurity concentration was determined Figure 2 gives the variation in FTIR spectra
using an Perkin Elmer Sciex ELAN DRC Il, between separated dull and bright quartz grains within
inductively coupled plasma mass spectrometer (ICP-the same sample aliquots of four different samples.
MS) and the analysis followed the procedure by Roy Separated bright grains exhibited less intense IR-
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sand). The difference between absorption intensities
1.00 = .
i between dull and bright samples suggests a role of
0959 water in determining the sensitivity of quaizplot
g DEO of fraction of bright grains in samples with its water
085 -9 absorbance is shown in Fig. 3. It shows that the
-g 0.80 = \\ , samples with high lattice water content contained
£ 754 IARS fewer bright grains, while the sample, with low lattice
0700 \ water content had larger number of bright grains, e.g.,
' PASMI-6 shows maximum bright grains and least
068 water absorption. Signal corresponding to 342¢ cm
38l00 3600 34I00 32l00 3000 28I00 2(:00 21:00 22IOO Ilne aISO depICted a Slmllar trend bUt’ due to
1 uncertainties in its determination under a large
Wavenumber (cm?) . .
_ _ background signal, it could not be explored furthier
Fig. 1: FTIR spectra of different quartz samples is to be remembered here that the samples were dried
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Fig. 2: (A-D): FTIR spectra comparison between separated dull and bright samples in 3000-3600 cm! region in decreasing
order of their luminescence sensitivity. Separated bright samples showed low water content, whereas, high water
amount could be observed for dull samples

absorption and the dull grain samples gave moreat 50°C for 24h prior to measuring FTIR spectra to
intense IR-absorption. The lowest water absorbance'@move any of the surface effect.
is shown by the sampleABMI-6 (Sahara desert
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typical TL glow curve and BLSL decay curve for
guartz is shown in the supplementary Fig. S3.

" + Photoluminescence (PL) Spectroscopy

PL characteristics of an emitting material is
determined by the nature of defect centres and PL is
guenched through water content (Qdnd) [Yang
and Mckeeverl988]. Relative ditiencies of diferent
wavelengths of incident light to excite electron from
ground state to their excited states is termed as
“excitation spectrum” while, the relative distribution
50 100 150 200 250 300 350 400 450 500 of various wavelengths in the light emitted after
FTIR-H,O Absorbance (a.u.) excitation by a single wavelength is termed as
, _ , , “emission spectra”. Because of their novel electronic
Fig. 3: Number of Bright grains for each set of 100 grains as . . . L. ..
a function of water content in quartz lattice. Higher Conflguratlon' eajCh_Impunty lo_n has characteristic
the water content in quartz lattice, lesser the number SpeCtrum for excitation and emission.
of bright grains in each set of sample

Bright Grain/100 grains (Log)

PL spectra corresponding to OSL emission
wavelength (395nm) were measured at room
OSL Sensitivity and Correlation with Water Content  temperature for all the samples, under identical
experimental conditions. The PL intensities of samples
were weight normalized for comparison. PL excitation
spectra monitored at 395 nm emission shows a peak

Variation of measured continuous-wave OSL
sensitivity (photon counts/s-mg-Gy) and integrated

area in 3000-3600 crhabsorbance is shown in Fig. A o :

4. The trend indicates an anti-correlation, i.e., low at 2.42 nm (Fig. S inset). PL emission spectrafolloyvmg
sensitivity samples had maximum absorbance in 3000_exc_|tapon at242 nm waveler_lgth, gave a prominent
3600 cnt region and the high sensitivity sample emission band at 1_395 nm, with much smaller broad
showed lowest absorbancehe trend implies that peak at 760 nm (Fig. 5).

th_e luminescence emission gets increasingly quenched Emission-band at 395 nm is due tgQ}*-type

with the presence of watd?resent results suggested recombination centres and correspond to the OSL
that the water content in quartz lattice provide non- emission wavelength g and Mckeevet 988] The
radiative pathways of recombination. The combined

results are presented in supplementary Fig.AS2. 500
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Fig. 4: Anti-correlation between total water absorbance
obtained through FTIR (3000-3600 cm™) and BL SL Fig. 5: PL emission spectra of quartz grains from different
sensitivity. Here black squares refer to OSL sensitivity provenance showing a prominent peak at 395 nm,

and red squares refer to PL intensity inset shows the excitation spectra
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emission band around 760 nm is associated with the Since the emission cross-section is proportional
Fe** impurities [Yang and Mckeevel988; Pagonis  to the luminescence efficiency and inversely on the
et al, 2014]. The PL intensities varied over a factor luminescence decay time,laostening of decay time

of 4-5, whereas, the spectral shape/nature of the would increase the efficiency of emissidrhe
luminescence remained unchanged. This suggesttuminescence decay pattern showed a correlation of
that the recombination centres in samples, both dullthe intensity offast-relaxing componenwith the

and bright, were identical. Though the excitation amount of water content and the Osnsitivity The
energy and excitation mechanism are different in OSLnormalised curves for different samples are presented
and PL, the recombination centre is the san@,H in supplementary Fig. SAs the intensity of OSL
type centre, which gives, 395 nm emission in both thesignal essentially is a measure of photon counts in the
casesA correlation could be seen in the &hission  fast-decay region, the PL results also indicates that
intensities with water content while taking into the water content in quartz is primarily responsible
consideration the OSL sensitivities and the proportion for varied OSL sensitivity/sample dependent sensitivity
of bright grains in the samples (Fig. 4, marked with in natural quartz samples. Samples with lower water

red squares). content generally indicated higher O&insitivity The
. _ faster relaxing component suggests that this
Time Resolved Photoluminescence Decay component gets quenched with the presence of water

_PL decay_of 3'95 nm emission of the'quartz SampleSEffect of Hydration on L uminescence
is shown in Fig. 6. Some samples like DBC14 and
SP84 could be approximated using a single exponential Water resides in a quartz lattice as: ajOH
decay curve, whereas, the samples liIRSHIGB, molecules contained as gas-liquid inclusions and
KH21 and TN8 showed an initial fast decay absorbed onto the walls of microfactures within the
component followed by a second exponential decay quartz grain; and (b) structurally bound or crystallo-
The decay time estimated from exponential fit equationchemical water incorporated into the Giltamework
falls in the range of12+ 10ms for all the samplesin  forming a chemical bond with host. In FTIR spectra,
the linear decay region of the semi logarithmic plot. 3000-3600 cm' is due to the fundamental OH-
The decay times (1/?) of the two extreme samples instretching vibrations of 40 molecule with two distinct
the FTIR spectrum (Fig. 1), SP84 andSRiI6 are absorption: i) sharp pleochroic peaks (due to presence
122 and 12 s, respectively of OH in structural sites), and (ii) broad isotropic band
centred at ~3400 crh (due to incorporation of
hydroxyl group) leading to glassy opal like micro-
areas [Frondel, 1982]. Nuttal avMil [1980] & Weil
[1984] probed the presence of two hole-trapped
impurity centres namely [}0,] and [H,O,]. These
are expected to be dominant in those grains which
have larger hydroxyl content, whereas the
corresponding centres in non-hydroxyl rich grains
would be [AIQ/M*]° and [AIQ,]° type-centres. It
may be seen that the hydrogen containing radicals
would have large vibrational contribution in their
electronic excitation which contribute to predominant
non-radiative relaxation of the excited species and
these would be significantly less for [AJM*]° and
[AIO J° type-centresWe believe that this is the main
Mg (Micraascond) reason for the observed variation in the sensitivity of
luminescence in natural quartz grains.

10000

1000 -

Photon Counts

-’ —=—DBC-14
—+—PASMI-6
KH-21
SP-84
«—TN-8

100 . r

Fig. 6: PL decay of the quartz samples at emission wavelength
395 nm when excited by 242 nm UV light. The inset
shows the initial part of decay exhibiting different

behaviour for quartz samples To check the validity of our suggestion that the

Experimental Validation
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presence of water molecule, results in larger non-process. Upon suitable irradiation-heating cycle, the

radiative relaxation of electronically excited centres luminescence sensitivity of quartz crystals can be

during TL/OSL process, the luminescence sensitivity modified.A simple heating step is $igfent to increase

of dull and bright grains of samples SP84 were testedthe luminescence sensitivity of quartz samples used
under controlled condition. Figure 7(A-D) shows for dating purpose as the grains were already exposed

results for weight normalized samples following the to irradiation in nature during burial.

sequencej-irradiation + heating (400 to 500°C) +

TL. The test was performed at temperature lower Conclusions
than quartz phase transition temperature of 573°C~q|usions from the present work are:

(o — B) in view of results of Pooltort al.[2000]

who reported an increase in sensitivity above phasel.
transition temperature with involvement of
associated donors aAdlacceptors in OSlprocess.

TL sensitivity of 10°C peak in dull quartz [Fig. 7(a)]
increased ~9.8 times and it increased only by ~3.7
times for bright quartz [Fig. 7(b)].

Increase in OSL sensitivity for dull quartz 2.
samples was ~4.8 times and for bright quartz sample
was ~3.6 timesas was measured using sequeice
irradiation + heating (400 to 500°C) + OSL [F1gC)
and 7(D), respectively)Mariation in luminescence
sensitivity could not be seen up to 240°C (used for
preheat temperature), suggesting that the heating tg'
temperatures higher than 240°C is necessary to induce
sensitivity enhancement. These experimental results
finally suggested that, higher the amount of water
within quartz lattice, the lesser is its sensitivity because
of higher number of aqua-complexes. This leads to

This study provides evidence that the presence
of H,O in quartz lattice is anti correlated to
luminescence sensitivity which can be explained
using agua-complex model. The samples with
low sensitivity exhibit high water content and
converse also holds.

Water and trace elements in quartz lattice form
agua-complexes. Such emission centres are in
close proximity of HO molecules which
increases the non-radiative relaxation processes
and alter the luminescence sensitivity

Irradiation + heating plays a crucial role in the
increase of L/OSL sensitivity A large increase

in sensitivity of dull quartz samples as compared
to bright quartz is associated with the removal
of water from quartz lattice and formation of
dislocations (charge trapping sites) upon heating.

larger increase in luminescence sensitivity upon doseAcknowIedgements

+ heating cycle. On the contragamples with low
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