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ABSTRACT

The origin of the common blue 450 nm (2.8 eV) cathodoluminescence (CL) emission in natural
and synthetic quartz has been investigated using a combination of CL microscopy and spectroscopy,
electron paramagnetic resonance (EPR) spectroscopy, and trace-element analysis by electron micro-
probe analysis as well as inductively coupled plasma-mass spectrometry (ICP-MS). The study shows
that the appearance of the ~450 nm emission band can be attributed to two different defects in quartz.
First, a transient luminescence can be explained by structural defects in oxygen deficient quartz. The
luminescence model implies self-trapped exciton (STE) emission related to oxygen vacancies. This
type of CL emission is frequent in high-purity synthetic quartz and natural quartz of hydrothermal
origin. Second, in Ti-rich quartz from natural samples (e.g., quartz phenocrysts in rhyolites) and
synthetic quartz of Ti-diffusion experiments, an additional 450 nm (2.8 eV) emission was detected,
which is stable under the electron beam. The intensity of this ~450 nm emission band correlates with
the concentration of trace Ti in quartz, and substitutional Ti*" at the Si*" position was proved by EPR
spectroscopy. In quartz crystals with elevated Ti concentrations both intrinsic and extrinsic blue CL
emissions at ~450 nm can coexist, hindering a thorough characterization and quantification of the CL
signal. A reliable distinction of the two different CL emission bands is possible by fitting the peaks of
the CL spectra, and the peak width of the 450 nm emission can be used to differentiate the STE from
the Ti*" emission. However, the definitive technique is through the observation of CL peak shape change
over time at a point by collecting a time series of CL spectra in conjunction with EPR spectroscopy
and trace-element analysis of the Ti concentration.
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INTRODUCTION

Quartz (low-temperature a-quartz) is the most important
Si0, polymorph in nature, which occurs as a frequent constitu-
ent in almost all rock types and also represents an economi-
cally important silica raw material. Therefore, the knowledge of
specific properties of quartz is indispensable for many
mineralogical and geological investigations. Cathodolumines-
cence (CL) studies of quartz constitute a powerful method,
which enables the visualization of the defect structure and reveals
internal features, which are not discernible by other analytical
methods (Ramseyer et al. 1988; Gotze et al. 2001; Gotze 2012).

The CL emission of quartz is variable and in general caused
by various point defects including both pure lattice defects (e.g.,
related to oxygen and silicon vacancies) and substitutional trace
elements. The relation of specific luminescence emission bands
to different defect centers causes a diversity of CL characteris-
tics and visible CL colors in dependence on the processes of
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mineral formation or alteration (Ramseyer et al. 1988; Gotze et
al. 2001, 2021). Therefore, the knowledge about the origin of
different luminescence centers can help to reconstruct geological
processes and to reveal different growth generations or second-
ary alteration, which cannot be discerned by optical or electron
microscopy (e.g., Zinkernagel 1978; Ramseyer et al. 1988;
Ramseyer and Mullis 1990; Watt et al. 1997; Gotze et al. 2001,
2005, 2013, 2015, 2017b, 2021; Van den Kerkhof et al. 2004;
Miiller et al. 2002, 2005; Landtwing and Pettke 2005; Rusk et
al. 2006, 2008; Krickl et al. 2008; Go6tze 2009; Jourdan et al.
2009; Lehmann et al. 2011; Gotte et al. 2011; Cerin et al. 2017;
Gotze and Hanchar 2018).

The most common CL emission bands in natural quartz are
bands with maxima at ca. 450 and 650 nm (Ramseyer et al.
1988; Gotze et al. 2001; Gotze 2009). The visible luminescence
colors of quartz in most igneous and metamorphic rocks as well
as in some authigenic quartz depend on the relative intensities of
these two dominant emission bands. Because of the ubiquitous
occurrence of the blue 440—450 nm (2.75-2.8 V) CL emission
in synthetic and natural quartz of all rock types, there is an
ongoing discussion concerning the defects responsible for this
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luminescence. Several studies provide strong indication that the
~450 nm emission band is related to oxygen deficiency centers
(ODC) and is similar in amorphous and crystalline SiO, (Skuja
1994, 1998; Fitting et al. 2001). The recombination of the so-
called self-trapped exciton (STE) involves an irradiation-induced
electron hole pair (oxygen Frenkel pair) consisting of an oxygen
vacancy and a peroxy linkage (e.g., Stevens-Kalceff and Phillips
1995; Stevens-Kalceff 2009).

On the other hand, there are speculations about the role of Ti
as an activator of this 440-450 nm CL in quartz. Several studies
reported a correlation between the intensity of this luminescence
and the concentration of Ti in quartz, with the brightest CL
corresponding to the highest Ti concentrations (e.g., Miiller et al.
2002,2003; Van den Kerkhof et al. 2004; Rusk et al. 2008). First
attempts were made to quantify the Ti concentration in quartz
by using the intensity of the ~450 nm emission band (Leeman et
al. 2012; Vasyukova et al. 2013). However, so far there has been
no study combining a structure and spectroscopic investigation
to determine that Ti is responsible for the activation of the blue
~450 nm (2.8 eV) emission in quartz.

The present study was aimed to elucidate the origin of the
440-450nm (2.75-2.8 ¢V) CL emission in quartz by an analytical
combination of scanning electron microscope (SEM) and optical
microscope (OM) CL imaging and spectroscopy with defect
structural analyses by EPR spectroscopy and trace element
analyses by electron microprobe as well as inductively-coupled
plasma mass spectrometry (ICP-MS). The CL analyses include
a time-series of spectral measurements to test the stability of
the luminescence related defects under the electron beam. This
investigation of geologically well-defined samples and synthetic
quartz from Ti-diffusion experiments proves the validity of blue
luminescent quartz as an indicator for specific defects in quartz
and related conditions of formation.

MATERIALS AND METHODS

Sample materials

The investigation materials comprise quartz samples from different geological
environments and different trace-element compositions. The essential criterion for
sample selection was the visible blue luminescence of quartz with an emission band
at 440-450 nm. Both high-purity quartz (HPQ) with very low impurity contents (Ti
concentrations <5 ppm) and Ti-rich quartz from volcanic host rocks were analyzed.
In addition, synthetic quartz samples from Ti-diffusion experiments were included,
which consist of high-purity crystal cores (<0.1 ppm Ti) and Ti-rich rims (Audétat
etal. 2021). The specimens selected for the present study are compiled in Table 1.
Some of the presented Ti concentrations and EPR data refer to analytical studies
from earlier publications.

Titanium-rich quartz from volcanic host rocks is represented by quartz
phenocrysts from two rhyolites of the NW-Saxonian Volcanic Complex (Germany).
The sample Bortewitz belongs to the Kemmlitz porphyry and the sample Hausdorf
to the Leisnig porphyry (Gotze et al. 2017a, 2020). In both rocks, the quartz
phenocrysts show bright blue CL (Figs. 1a and 1b), and Ti-related point defects
were detected by EPR spectroscopy (Table 1). Whereas the quartz phenocrysts in
the rhyolite from Bortewitz show only slight zoning, quartz crystals in the Hausdorf
sample exhibit distinct growth zoning under CL.

Two massive pegmatite quartz samples are represented by a smoky quartz
from the pegmatite field Li in the Evje-Iveland district (Norway) and a rose
quartz from the Rubicon Mine in Namibia, respectively (Gotze et al. 2004, 2005).
The visible blue luminescence of these two quartz samples (Figs. lc and 1d) is
dominated by a transient broad band centered at ca. 500 nm, which also includes
a stable ~450 nm component. Both quartz samples show elevated Ti contents and
detectable [TiO,/Li']° centers. Although the Ti content of the rose quartz from
the Rubicon Mine is lower (13.6 ppm) than that of the smoky quartz from Li
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(25.2 ppm), Ti in the former seems to be completely incorporated into the quartz
lattice, whereas additional mineral micro-inclusions of rutile were detected in the
latter (Gotze et al. 2004).

Two high-purity hydrothermal quartz samples derive from the locations
Kyshtym and Kuznechikhinsk in the Ural region (Russia). Both samples have
extremely low Ti contents and no structural Ti could be detected by EPR
spectroscopy (Gotze et al. 2017b). Nevertheless, both quartz samples exhibit an
initial blue CL with a luminescence emission band at ~450 nm (Figs. 1e and 1f). The
same behavior was observed for the high-purity metamorphic quartzite from Yurma
(Ural, Russia, Fig. 1g). Again, no structural Ti was detectable (G6tze et al. 2017b).

The last sample set of 8 quartz crystals derives from Ti-diffusion experiments
with synthetic quartz (Audétat et al. 2021). Annealing experiments (1000-1600 °C,
1 atmto 2.0 GPa) were performed for 3-84 days on crystal-crystal diffusion couples
consisting of almost Ti-free synthetic quartz seeds (<0.1 ppm Ti) over which Ti-rich
quartz (ca. 100-3000 pg/g Ti) was grown hydrothermally. The sample set com-
prises both crystals from the original starting material (QTiDi-10 and QTiDi-35)
and crystals after HT-diffusion experiments (QTiDi-22, 23, 24, 25, 26, 30). All
crystals consist of Ti-poor cores and 50-300 pum thick Ti-rich rims, which exhibit
blue CL with a dominant ~450 nm band (Fig. 1h).

Analytical methods

Polished thin sections were prepared for cathodoluminescence (CL)
investigations from all quartz samples listed in Table 1. In addition, separate crystals
of synthetic quartz from Ti-diffusion experiments were embedded in epoxy resin
and prepared as polished mounts for SEM and microprobe measurements. Aliquots
of the sample material were prepared as fine-grained powders for trace-element
analysis and EPR spectroscopy, respectively.

Cathodoluminescence (CL). CL measurements were performed on carbon-
coated thin sections, first using a hot-cathode CL microscope HC1-LM (Neuser et
al. 1995). The system was operated at 14 kV and 0.2 mA with a defocused electron
beam. Luminescence images were captured using a Peltier cooled digital video-
camera (OLYMPUS DP72). CL spectra in the wavelength range 370 to 920 nm
were recorded with an Acton Research SP-2356 digital triple-grating spectrograph
with a Princeton Spec-10 charge-coupled device (CCD) detector that was attached
to the CL microscope by a silica-glass optical fiber. CL spectra were measured under
standardized conditions (wavelength calibration by an Hg-halogen lamp, spot width
30 um, measuring time 5 s). Electron irradiation experiments were performed to
measure the behavior of the quartz samples under electron bombardment. Samples
were irradiated for up to 10 min under constant conditions (14 kV, 0.2 mA) and
spectra were measured in time-series initially and after every 20 seconds, where
the acquisition time was the sampling time.

In addition, hyperspectral CL data in the wavelength range 200 to 990 nm were
collected on selected quartz grains by stage scanning of a 3.4 x 2.8 mm area (2 pm
steps). The analyses were performed on a JEOL JXA 8500F electron microprobe

TABLE 1.Compilation of the quartz samples investigated in the present
study with their type of mineralization, origin, Ti content, and
EPR data
Ti content (ppm) Paramagnetic centers
Quartz phenocrysts from rhyolite

Location References

Bortewitz, Saxony this study [TiOL/Li*]° Gotze et al. 2017a
(Germany)
Hausdorf, Saxony this study [TiO,/Li*]° Gotze et al. 2020
(Germany)

Pegmatite quartz
Li, Evje-lveland 25.2 [TiO,/Li*]° Gotze et al. 2004,
(Norway) 2005
Rubicon Mine 136 [TiO,/Li*]° Gotze et al. 2004,
(Namibia) 2005

High-purity hydrothermal quartz
Kyshtym, Ural (Russia) 2.74 no Ti centers
Kuznechikhinsk, Ural 4.52 no Ti centers
(Russia)

Gotze etal. 2017b
Gotze etal. 2017b

High-purity metamorphic quartzite
3.05 no Ti centers
Ti-rich synthetic quartz
this study this study

Yurma, Ural (Russia) Gotze et al. 2017b

Bayreuth, Bavaria Audétat et al. 2021
(Germany)
QTiDi-10 (synthetic hydrothermal quartz with high-Ti rim)
QTiDi-35 (synthetic hydrothermal quartz with low-Ti rim)
QTiDi-22, 23, 24, 25, 26, 30 (synthetic hydrothermal quartz after HT
diffusion experiments)
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FiGure 1. CL micrographs of quartz samples investigated in the present study; (a) quartz phenocrysts in a rhyolite from Bortewitz (Saxony,
Germany); (b) large quartz phenocryst in a rhyolite from Hausdorf (Saxony, Germany) showing distinct growth zoning; (¢) massive pegmatite
quartz from Li (Evje Iveland, Norway); the dark areas mark fluid trails and the arrow points to a micro-inclusion with radiation halo; (d) rose quartz
from the Rubicon Mine (Namibia); the bright spots in the homogeneous crystal are related to areas with higher Al and Li contents; (e and f) high-
purity hydrothermal quartz from Kyshtym and Kuznechikhinsk, respectively (Ural, Russia); subgrains are visible due to differing luminescence
intensities, probably as a result of orientation dependence; (g) quartzite sample from Yurma (Ural, Russia); subgrain-boundaries are visible in CL;
(h) synthetic Ti-poor hydrothermal quartz with Ti-rich rim (sample QTiDi-10) from diffusion experiments showing bright blue CL (note that the
blue CL of the hydrothermal quartz center appears dark due to the short exposure time).
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FIGURE 2. (a) CL spectra of different regions in the quartz phenocrysts from Bortewitz (compare Fig. 1a); the spectra show variations in the
intensity ratios of the main peaks at 1.9 eV (NBOHC) and 2.8 eV; the numbers relate to the analytical spots (see ¢); (b and ¢) fitted intensity maps of
CL showing the spatial intensity distribution of the 1.9 and 2.8 eV emissions, respectively; note the opposite distribution of the defects responsible
for these two CL emission bands; the distribution map of the 2.8 eV CL emission directly reflects the distribution of Ti (compare Fig. 3b).

analyzer (EMPA) equipped with an integrated grating CL spectrometer and CCD
detector at 20 kV accelerating voltage and 40 nA beam current (MacRae et al. 2009).
For each measured pixel, wavelength-dispersive X-ray data were simultaneously
collected for Ti, Al, Fe, Mg, and Si by energy-dispersive spectrometry. Complete
spectral data were acquired for each pixel, allowing analysis and construction of
spatial maps of all measured parameters. In detail, the CL spectra were deconvolved
in energy space using Chimage software (Harrowfield et al. 1993; MacRae et al.
2013). Each of the resolved energy contributions could be mapped separately to re-
solve the spatial distribution of specific CL emissions. Cathodoluminescence spectra
have been corrected for the optical response of the fiber and optical spectrometer.

Electron paramagnetic resonance (EPR). The measurement of single-crystal
EPR spectra was not possible for most samples because of the limited sample
material, and measurements were made with ~200 mg of pulverized materials for
natural quartz samples and <50 mg for synthetic quartz. Only two large crystals
from the synthetic quartz from Ti diffusion experiments (sample QTiDi-35 as
starting material with 2000-3000 ppm Ti and QTiDi-24 as material after diffusion
experiments) were used for single-crystal EPR measurements.

Analyses of the paramagnetic centers in quartz were performed using a Bruker
EMX spectrometer operated with the X-band microwave frequencies at both room
temperature and liquid-helium temperature. Experimental conditions for room-
temperature EPR included a microwave frequency of ~9.63 GHz, modulation
frequency of 100 kHz, modulation amplitude of 0.1 mT, and microwave powers
from 0.02 to 20 mW. The spectral resolutions were ~0.146 mT for wide scans
50-6500 and 0.024 mT for narrow scans 300-350 mT. After room-temperature
EPR measurements all samples were irradiated in a “Co cell for 72 days at a dose
of ~104 kGy. Low-temperature (30 and 70 K) EPR measurements were made im-
mediately after gamma-ray irradiation, with similar experimental conditions used
for the room-temperature analyses except for a microwave frequency of ~9.39 GHz.
Single-crystal EPR measurements in two approximately orthogonal planes were
made at constant rotation intervals of 4° for one plane [i.e., approximately per-
pendicular to the xz plane, where the orthogonal experimental coordinate xyz
with the z and x axes parallel to the crystallographic c- and a-axes, respectively
(Mashkovtsev etal. 2013)] and 5° for another one (i.e., approximately the yz plane),
using the following conditions: scan range of 336-354 mT, microwave power of
2.1 mW, modulation frequency of 100 kHz, modulation amplitude of 0.1 mT, and
spectral resolution of 0.01 mT.

Trace elements. Concentrations of trace elements in the samples of pegmatite
quartz, hydrothermal quartz, and the metamorphic quartzite were analyzed using
solution ICP-MS. 400-500 mg sample materials were milled to a grain size of
<30 um using a pre-cleaned agate mortar. The powdered sample was digested in
a glassy carbon vessel with 5 mL concentrated HF and 3 mL concentrated HNO,
at 50 °C (35 min). Rhenium solution (1 mL of 100 ug L' concentration) was
added as an internal standard for the ICP-MS measurements. The analyses were
performed using a Perkin Elmer Sciex Elan 5000 quadrupole instrument with a
cross-flow nebulizer and a rhyton spray chamber. The precision and accuracy of
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the ICP-MS measurements were evaluated by analysis of the glass sand reference
material UNS-SpS. The relative standard deviations for most elements were below
10% (Monecke et al. 2000).

Trace element concentrations of Ti in the polished sections of volcanic quartz
phenocrysts and the synthetic quartz samples from Ti-diffusion experiments were
analyzed using wavelength-dispersive spectrometry (WDS). Analyses were per-
formed following CL mapping on a JEOL 8530F microprobe at 20 kV, 100 nA,
with a 5 pm spot. Standards used were synthetic quartz for Si and rutile for Ti. CL
spectra were extracted from the map corresponding to each analyzed region and
fitted for a non-bridging oxygen hole center (NBOHC at 1.89 ¢V) and Ti*" peak
(2.8 eV). The 20 detection limit for quantitative Ti measurements was 16 ppm.

RESuULTS
Quartz phenocrysts from rhyolites

The quartz phenocrysts in the rhyolite from Bortewitz
(Saxony, Germany) exhibit a more or less homogeneous blue
CL (compare Fig. 1a) and observed banding is not very strong.
Spectral measurements show two dominating emission bands at
1.9 eV (650 nm; FWHM 0.43 eV) and 2.8 ¢V (445 nm; FWHM
0.91 eV) (Fig. 2a). Peak fitting of the spectra revealed a third
overlapped weak emission band at 2.46 eV (505 nm; FWHM
0.65 eV). Different crystal areas show varying intensities of
the individual peaks. The quantitative distribution of the two
main CL emissions is shown in the monochromatic images in
Figures 2b and 2c.

The map distribution of the intensities for the 1.9 eV and
2.8 eV resolved components provides information about the
spatial distribution of different defects in quartz. The orange-
to-red emission band at 1.9 eV (650 nm) is probably the most
common CL emission in natural and synthetic quartz. This
emission is attributed to the recombination of electrons in the
non-bridging oxygen band-gap state with holes in the valence-
band edge (Sigel and Marrone 1981). Several different precursors
of this non-bridging oxygen hole center (NBOHC) have been
proposed, resulting in slightly varying band positions (Stevens
Kalceffand Phillips 1995; Stevens Kalceff 2009). The intensities
of this CL emission reflect the distribution of defects inherent
to the quartz structure.
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Fi1GURE 3. (a) Summed spectral CL map showing two quartz phenocrysts in the rhyolite from Bortewitz (Saxony, Germany) with the analytical
points for Ti measurements. (b) Plot of the intensities of the fitted 2.8 eV CL emission band vs. analyzed Ti concentrations showing a positive

correlation trend.

The distribution pattern of the 2.8 eV CL emission is op-
posite to that of the 1.9 eV emission (Fig. 2¢). The comparison
of the spatial intensity distribution of this CL emission with the
analyzed Ti contents shows a positive correlation trend (Fig. 3b).
Higher Ti concentrations result in higher intensities of the 2.8 eV
CL emission. Therefore, the 2.8 eV distribution map directly re-
flects the distribution of Ti in quartz. It is noted that the 2.8 eV vs.
Ti scatter plot in Figure 3b appears to show two distinct clusters.
These do not correspond to the upper and lower grains (Fig. 3a),
but are rather reflect the analysis point distribution. The low R?
number reflects the fine zoning encountered in these grains. The
structural incorporation of Ti into the quartz lattice is evidenced
by the results of EPR measurements, which show the presence
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of elevated contents of the [TiO,/Li‘]’ centers in the volcanic
quartz phenocrysts (Gotze et al. 2017a, 2020).

Investigations of quartz phenocrysts in the rhyolite from
Hausdorf (Saxony, Germany) provided similar results compared
to those from Bortewitz. The quartz crystals exhibit a bluish-
violet CL and distinct growth zoning (Fig. 1b). The CL spectra
consist of two dominant emission bands in the red at 1.9 eV and
blue at 2.8 eV (Fig. 4a) as well as an overlapped weak emission
band at 2.46 eV. Depending on the absolute intensities, there is
a slight shift of the spectral position of the blue CL emission
band. The CL heterogeneities of the quartz crystals are caused
by intensity variations of the individual bands. Figures 4b and
4c show monochromatic maps of the intensity distribution of the

FIGURE 4. (a) CL spectra of different regions in the quartz phenocryst from Hausdorf (compare Fig. 1b); the spectra show variations in the
intensity ratios of the main peaks at 1.9 eV (NBOHC) and 2.8 eV; the numbers relate to the analytical spots (see ¢); (b and c¢) fitted intensity maps
of CL peaks showing the spatial intensity distribution of the 1.9 and 2.8 eV emissions, respectively; note the opposite distribution of the defects

responsible for these two CL emission bands.
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FIGURE 5. (a) Summed spectral CL map of a quartz phenocryst in the rhyolite from Hausdorf (Saxony, Germany) with the analytical points
for Ti measurements. (b) Correlation of the 2.8 eV CL emission intensities and the analyzed Ti contents.

two main CL emissions at 1.9 and 2.8 eV, respectively.

Similar to the sample from Bortewitz, the intensities of the
blue ~450 nm emission correlate with the analyzed Ti content
in quartz (Fig. 5b) with the highest CL intensities correspond-
ing to the highest Ti concentrations. In conclusion, the 2.8 eV
CL distribution map (Fig. 4c) more or less directly reflects the
distribution of Ti in quartz. The EPR detection of paramagnetic
[TiO,/Li*]° centers in the quartz phenocrysts strongly supports
the idea that the blue CL emission band at ~450 nm might be
activated by Ti*".

Pegmatite quartz

The two pegmatite quartz samples from Li (Evje-Iveland,
Norway) and the Rubicon Mine (Namibia) are also characterized
by a visible blue CL (Figs. 1c and 1d). The CL spectra show two
main emission bands at 390 nm (3.15 eV) and 500 nm (2.45 eV),
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which have different intensity ratios in the two quartz samples
(Fig. 6). The dominant CL is transient and disappears during
prolonged electron irradiation and a weak stable emission band
at ~450 nm remains.

The short-lived emissions at 390 and 500 nm can be related
to alkali-compensated trace-element centers in the quartz struc-
ture (Ramseyer and Mullis 1990; Perny et al. 1992; Gotze et al.
2005). It was proved that the CL emission band at ca. 390 nm
(3.15 eV) correlates well with the Al content and the concentra-
tion of [AlO/M"] defect centers (Alonso et al. 1983; Luff and
Townsend 1990; Perny et al. 1992). In addition, Ramseyer and
Mullis (1990) and Perny et al. (1992) concluded that the CL
emission at 500 nm (2.45 eV) can be related to the uptake of
positively charged interstitial cations (Li*, H", Na") associated
with the substitution of Al for Si. Both transient CL emissions are
sensitive to irradiation damage that can probably be attributed to

20000
b pegmatite quartz
Rubicon Mine
16000
initial
z
€ 12000 4
=
S
=
‘® 8000 4
=
]
=
4000
after 120s
0 v

500 600 700

wavelength [nm]

FIGURE 6. CL emission spectra of pegmatite quartz from Li (Evje-Iveland, Norway, a) and the Rubicon Mine, Namibia (b) showing initial
strong bands at 390 (3.18 eV) and 500 nm (2.45 eV) with different band intensities; the intensities of the dominant emission bands strongly decrease
during electron irradiation and a stable component at ~450 nm becomes visible.
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FIGURE 7. Powder EPR spectrum of pegmatite quartz from Li (Evje-
Iveland, Norway) analyzed at 70 K and 9.476 GHz in comparison with
simulated spectra showing the dominance of [AlO,]° and [TiO,/Li*]’
centers.

the recombination of a hole trapped adjacent to a substitutional,
charge-compensated center. The rapid attenuation of the CL
emissions under the electron beam results from the dissociation
and electromigration of the charge compensating cations out of
the interaction volume (Perny et al. 1992).

These conclusions are supported by the trace element data
and results of EPR measurements. The pegmatite quartz from
Li contains 178 ppm Al and 24.1 ppm Li, and the quartz from
the Rubicon Mine has 552 ppm Al and 84.5 ppm Li (G6tze

129

et al. 2004). The structural incorporation of these elements
was evidenced by the EPR data, which show high contents of
substitutional defect Al as a result of diamagnetic [AlO,/M"]
precursor defects that were transformed during irradiation into
paramagnetic [AlO,]° centers (Fig. 7).

In addition, the existence of [TiO,/Li*]° centers was detected
in the EPR spectra (Fig. 7), confirming analyzed elevated con-
centrations of Ti in the pegmatite quartz (Li 25.2 ppm, Rubicon
Mine 13.6 ppm). Therefore, the stable ~450 nm emission could
probably be related to substitutional Ti*" in quartz as supposed
for the volcanic quartz phenocrysts. However, in the pegmatite
quartz, the ~450 nm emission is only visible after electron ir-
radiation due to the decreasing intensities of the two dominating
emission bands, which initially covered this band.

High-purity hydrothermal and metamorphic quartz

The group of high-purity quartz (HPQ) comprises two hy-
drothermal quartz samples and one metamorphic quartz sample
(Table 1). All selected quartz samples have extremely low Ti
contents, between 2.74 and 4.54 ppm, and no structural Ti could
be detected by EPR spectroscopy (Gotze et al. 2017b). The HPQ
quartz samples show a very similar luminescence behavior and
exhibit an initial blue CL with a luminescence emission band at
~450 nm (Figs. le-1g, 8, and 9).

However, the interaction with the electron beam resulted in
significant changes in the CL emission. Figure 8b illustrates a
nearly exponential decrease in the intensity of the ~450 nm CL
emission band. The 650 nm emission is also sensitive to electron
irradiation. The increase of this emission band during electron
irradiation results from the transformation of precursor centers
into NBOHC under the electron beam (Ramseyer et al.1988;
Géotze et al. 2001).

The hydrothermal HPQ from Kuznechikhinsk and the
metamorphic high-purity quartz from Yurma exhibit an almost
identical luminescence behavior compared to that of the Kyshtym

o
8

intensity [counts]

g

w
3

B
3

w
]

600
= 500
initial B ¢
Bany
EZUO
g .
£ 0 B
g > .
’ £ 100
[i] . . - .
‘ o 100 200 300 400 G500 600
( time [s]
f
|
|
.'I M«\m
,“ after
// 300s
400 500 600 700 800 900 1000

wavelength [nm]

FiGuRE 8. (a) Fitted 2.8 eV intensity map of hydrothermal high-purity quartz from Kyshtym (Ural) showing the variable distribution of the
~450 nm emission; the variations of the CL intensity between the sub-grains probably result from the different crystallographic orientations causing
different interactions with the electron beam. (b) CL spectra of the quartz from Kyshtym initially and after 300 s of electron irradiation illustrating
the strong decrease of the ~450 nm emission intensity due to electron irradiation (see inset), whereas the 650 nm band (NBOHC) slightly increases.
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F1GURE 9. Time-dependent CL spectra of the hydrothermal HPQ from Kuznechikhinsk (a) and the metamorphic high-purity quartz from Yurma
(b); the spectra after 300 s of electron irradiation show a strong decrease of the initially dominating 450 nm CL emission band and a slight increase

of the 650 nm emission (NBOHC).

quartz (Fig. 9). Both have an initial visible blue CL with a strong
emission band at ~450 nm. The CL emission intensity is not
stable under the electron beam and the ~450 nm band intensity
strongly decreases, whereas the 650 nm band slightly increases.
The lack of structural Ti and the detection of £] centers proved
by EPR measurements (Gotze et al. 2017b) indicate that the blue
CL at ~450 nm cannot be associated with trace Ti, but must be
related to structural defects.

Synthetic Ti-rich quartz

The sample set of synthetic quartz comprises crystals
consisting of Ti-poor synthetic quartz seeds (<0.1 ppm Ti)
over which 50-300 pm thick Ti-rich quartz rims were grown
hydrothermally. Besides these original samples, quartz crystals
were investigated that additionally underwent high-temperature
diffusion experiments. For both types of synthetic quartz,
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differences in the chemical composition are clearly reflected in
the CL properties of the crystals (Figs. 1h and 10).

The comparison of the CL image (Fig. 10a) with the local
spectral CL measurements in Figure 10b provides information
about the distribution of the defects responsible for the 1.9 and
2.8 eV components, the latter of which directly reflects the
distribution of Ti. In particular, it can be seen that the intensity
ofthe 1.9 eV emission is quite low, indicating relatively uniform
CL contributions inherent to the quartz structure (non-bridging
oxygen hole center, NBOHC). In contrast, the CL image clearly
illustrates the distinctive overgrowth of Ti-rich quartz on the Ti-
poor core with an inner bright zone (higher Ti content) followed
by an outer zone with less intensity and lower Ti content (Fig. 10).

The fitted intensities of the 2.8 eV CL emissions vs. Ti
concentration in Figure 11 provide no strong correlation but a
clear trend with higher intensities related to higher Ti contents.

500 400 300 nm
— Region 1 - Core
— Region 2 - Bright rim

— Region 3 - Dark rim

15 2.0 25 3.0 3.5

Energy (eV)

4.0 45 5.0

FiGurE 10. (a) SEM-CL micrograph showing a synthetic quartz crystal after HT Ti-diffusion experiments with Ti-poor core (<0.1 ppm Ti)
and Ti-rich rim (2000-3000 ppm Ti); note the bright inner and darker outer zone of the rim; the numbers mark the analytical spots for spectral
measurements; (b) CL spectra of the different areas in the analyzed quartz crystal; the core exhibits only a weak 650 nm (1.9 eV) CL emission

(NBOHC), whereas the rim shows a strong emission band at 450 nm.
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F1GURE 11. Plot of the intensities of the 2.8 eV CL emission band vs.
analyzed Ti concentrations in seven samples of Ti-diffusion experiments
showing a positive correlation trend (the analytical error is within the size
of the symbols); (“dull CL” and “bright CL” in the sample designation
relate to the visual CL intensity).

The Ti concentrations in the quartz diffusion rim vary in a range
from 2000 to 3750 ppm. However, it appears that nano-rutile
could also be detected, i.e., not all Ti seems to be structurally
incorporated in the quartz crystal.

An interesting aspect of the CL properties was revealed by
additional time-series CL measurements. The results show that
both the crystal core and rim exhibit an initial blue CL with dif-
ferent intensities (Fig. 12). The initial CL of the Ti-poor crystal
core is dark blue and shows a ~450 nm emission band. This band
quickly disappears under the electron beam, and after less than
60 s, the red 650 nm band (NBOHC) becomes dominant (Fig.
12¢). This might be the reason why the ~450 nm emission was
not detectable in the SEM-CL mappings where it already disap-
peared due to the prolonged electron irradiation.

In contrast, the Ti-rich diffusion rim shows a bright blue CL
with intensities of more than 10-fold of that from the primary
hydrothermal quartz seed. The emission band appears at the same
position at ca. 450 nm (2.8 eV), but this one is more or less stable
even after several minutes of electron irradiation (Fig. 12d).
These results illustrate that two different types of CL emission
at the same spectral position appear in the quartz crystals. The
differentiation of these two emission bands is possible by both
time-series measurements and by collecting spectral CL maps
and using fitted peaks to differentiate the different peak widths of
the STE emission vs. the Ti** centers. The damage measurements
show the initial emission and the behavior under the electron
beam, accompanied by chemical analyses of the Ti content in
the different areas. The STE peak appears to be consistently
broader compared to the Ti** peak as can be seen in Figure 13. In
general, the STE peak has a full-width half maximum (FWHM)
of 1.08-1.26 eV, while the Ti** FWHM is 0.87-0.95 eV.

Figure 14 is a powder EPR spectrum measured at 30 K after
prolonged y-irradiation of the original Ti-rich quartz (TiDi-35)
used as the starting material for the diffusion experiments.
The spectrum shows at least four distinct centers, three well-
established ones ([A10,]°, £/, and [TiO,/H]’) and an unknown
one. The unknown axial center with g,=1.943 and g, =1.977 is
tentatively labeled as [TiO;] or Ti £{ [i.e., a Ti analog of the well-
known Ej center (Zhou et al. 2009; Mashkovtsev et al. 2013)].
The “'Ti hyperfine sextet appears to be visible in the spectrum
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measured at 10 dB. This new oxygen-vacancy electron center
probably arises from an oxygen vacancy next to a substitutional
Ti* ion [i.e., a threefold-coordinated Ti atom (Mashkovtsev et
al. 2013)] and is most likely generated at high temperature and
pressure required to drive Ti into the quartz structure.

The powder EPR spectrum of the titanium-diffused quartz
(Fig. 15) is clearly different from that of the starting material
(TiDi-35), with only two centers ([Al0,]° and [TiO,]"). The un-
known Ti-related center is now absent. Moreover, the pronounced
E] center in TiDi-35 is conspicuously absent as well. The disap-
pearance of the latter two defects suggests that oxygen vacancies
present in the as-grown samples were completely eliminated
during the high-T diffusion experiments. Moreover, during the
HT diffusion experiments, the kind of Ti defects changes, and
the [TiO,/H]’-center transformed into the [TiO,]-center. Hydro-
gen was probably lost after high-T diffusion and, therefore, not
available for the formation of the [TiO,/H]° center (Rinneberg
and Weil 1972), which is present in the original sample (Fig. 14)
but not detected in the diffused sample (Fig. 15).

Although the EPR measurements do not allow the dif-
ferentiation between rim and core areas of the quartz crystals,
the Ti contents of the Ti-rich overgrowths are high enough to be
detected even though the volume of these thin rims is minimal
relative to the overall sample size. Accordingly, the structural
incorporation of Ti*" into the quartz rims was proved, which is
obviously responsible for the observed blue luminescence.

DiscussioN
Origin of the ~450 nm blue CL in quartz

The present study confirms previous results that the cathodo-
luminescence of quartz is highly variable depending on the spe-
cific physicochemical environment (Ramseyer et al. 1988; Gotze
et al. 2001; Stevens-Kalceff 2009). In particular, in the spectral
range between 2.3 and 3.3 eV multiple overlapping spectral
components exist, which are associated with various intrinsic
and extrinsic defects (compare Fig. 6). Gorton et al. (1997), for
instance, found at least four different luminescence bands with
maxima at 390, 420, 450, and 500 nm using a phase-tuning tech-
nique. The specific band positions may vary in dependence on
the genetic conditions of formation, experimental conditions as
well as the number and intensity of the individual luminescence
emissions present (e.g., Walker 1985; Luff and Townsend 1990;
Stevens-Kalceft 2009). This shift of the band position was also
observed in the present study for the blue band at 440-450 nm
(2.75-2.8 V).

The results of the study revealed that certain high-purity
quartz samples with extremely low trace-element contents (in
particular Ti) exhibit the blue CL emission band at ~450 nm
(Figs. 8, 9, and 12c¢). Several studies on natural and synthetic
samples evidenced that the blue CL emission at ~450 nm in
quartz is associated with the recombination of the self-trapped
exciton (STE) related to oxygen vacancies (Stevens-Kalceff and
Phillips 1995; Skuja 1998; Stevens-Kalceff 2009). This native
defect center occurs when excitons (i.e., excited electron-hole
pairs) create a localized self-induced lattice distortion in the
normally ideal crystal lattice that traps the exciton (=0;—Si-
-Si—0;=). The radiative relaxation of the STE after excitation
with an electron beam produces a broad luminescence band
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FIGURE 12. (a and b) CL images of synthetic hydrothermal quartz from Ti-diffusion experiments initially and after 180 s of electron irradiation;
the primary Ti-poor center exhibits a weak blue CL that disappears during electron bombardment, whereas the bright blue CL of the Ti-rich rim is
stable; the numbers relate to the analytical points of spectral measurements; (¢ and d) the CL spectra of the Ti-poor hydrothermal quartz show a
transient blue band at 450 nm (self-trapped exciton, STE) with strong decreasing intensity during electron irradiation and a slight increase of the
650 nm emission band (non-bridging oxygen hole center, NBOHC); the CL emission of the Ti-rich rim is dominated by a strong emission band at
450 nm that is stable under the electron beam and is possibly related to structural Ti.

and results in the restoration of the former defect-free lattice
configuration (Skuja 1998). This behavior can explain the ob-
served decrease of the 450 nm STE-emission under the electron
beam (Figs. 8, 9, and 12c¢).

The relation of the ~450 nm CL emission to oxygen vacan-
cies in quartz was previously confirmed by experimental studies
(Barfels 2001; Salh et al. 2007). Cathodoluminescence spectra of
pure SiO, samples and those implanted by silicon (SiO,) show a
significant increase of the 450 nm emission due to the creation of
oxygen-deficient centers (ODC), whereas oxygen implantation

» FIGURE 13. CL spectra from Ti-poor quartz core vs. Ti-rich rim
in sample TiDi-24; the STE peak is clearly broader (FWHM 1.08 eV)
compared to the Ti-rich rim (FWHM 0.87 eV) and enabling the FWHM
of the ~450 nm emission to be used to differentiate the STE from the Ti*
center (note the Ti-poor core spectrum was smoothed using a 4-point
running average).
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F1GURE 14. Powder EPR spectrum of the original quartz (QTiDi-35)
used for diffusion experiments showing the three centers [AlO,]°, £/ and
[TiO,/H]® and an unknown one, tentatively labeled as [TiO;] or Ti E]?.

(Si0.,) resulted in an increase of the 650 nm CL emission band
(formation of NBOHC). The detection of E| centers by EPR in
the investigated quartz samples proved the existence of oxygen
vacancies. Although the E] center alone is paramagnetic and not
luminescent, defect pairs such as an £’ center with interstitial
oxygen or NBOHC can act as possible exciton candidates for
STE in silica polymorphs (Fisher et al. 1990).

In addition to the shown activation of the 450 nm band by
structural defects, the present study also provides new indications
concerning the possible role of Ti as an activator of blue CL in
quartz. Some previous studies suggested a correlation between
the intensity of blue luminescence and the concentration of Ti
in quartz, with the brightest CL corresponding to the highest Ti
concentrations (e.g., Miiller et al. 2002, 2003; Van den Kerkhof
et al. 2004; Rusk et al. 2008; Leeman et al. 2012; Drivenes
et al. 2016). However, up to now the spectroscopic evidence
concerning the activation of the 450 nm emission in quartz by
Ti was missing.

In the present study, structural Ti** at the Si** position in the
tetrahedron was indeed detected by EPR in Ti-bearing quartz
crystals of different origins, causing a blue CL band at ~450 nm
in these samples. In particular, in quartz phenocrysts of thyolites
as well as synthetic quartz with varying Ti contents, there was
a tendency for higher Ti contents to increase the intensity of
the ~450 nm emission band (Figs. 3, 5, and 11). In contrast, in
quartz samples with different CL activators, the ~450 nm band
was partially overlaid by other emission bands so that this band
became visible only after the dominant emissions had decayed
(Fig. 6). Accordingly, as Ti content in quartz decreases, other
energy peaks become increasingly prominent. In the case that
both types of defects (STE + Ti*") responsible for the ~450 nm
CL emission are present in the quartz crystal, it is extremely dif-
ficult to distinguish between intrinsic and extrinsic defects and
associated emission components based purely on their relative
peak positions. A determination of the type of emission centers
can be made through the combined use of EPR spectroscopy,
trace element analysis, hyperspectral CL mapping, and peak
fitting together with time-series CL spectroscopy. The latter two
techniques, hyperspectral CL analysis, and time-series CL, are
most likely to be the easiest for most research groups.

0.5

QTiDi-23/24
(30 K)

Intensity (a.u.)

2.00 1.95

g (unitless)

2.10 2.05

FiGURE 15. Powder EPR spectrum of titanium diffused quartz
(sample mix of QTiDi-23/24) after gamma-ray irradiation and
measurement at 30 K and 30 dB; note that the spectrum shows only two
centers ([AlO4]° and [TiO4]).

Quantitative aspects of Ti-activated CL in quartz

In addition to the general discussion of the role of structurally
incorporated Ti** as a luminescence activator in quartz, various
attempts have been made to quantify Ti contents in quartz based
on CL intensities. In particular, bulk luminescence intensities
from panchromatic SEM-CL images (“grayscale” intensities)
have been correlated with absolute Ti contents (e.g., Miiller et al.
2003; Landtwing and Pettke 2005; Rusk et al. 2006, 2008; Mat-
thews et al. 2012). However, such correlations of trace element
contents with the overall visible luminescence intensities are not
meaningful because, in most samples, the total luminescence
intensity is composed of multiple emission bands from different
defects. Moreover, many CL emissions in quartz are linked to
intrinsic lattice defects and not to trace elements. For this reason,
total CL intensities cannot be expected to vary linearly with the
content of Ti or other trace elements. Although the Ti-related CL
emission band at 2.8 eV in quartz phenocrysts in rhyolites might
be the dominant CL emission, the issue is critical with regard to
titanium diffusion chronology applications in which timescales
are estimated from grayscale profiles in panchromatic CL images
(e.g., Wark et al. 2007; Matthews et al. 2012; Chamberlain et al.
2014; Cooper et al. 2017).

Following the development of hyperspectral CL mapping
together with peak fitting supported by trace element analysis
undertaken in either an EPMA (Leeman et al. 2012) or laser
ablation inductively coupled mass spectroscopy (MacRae et al.
2009) it has been demonstrated that this approach allows a range
of emission centers from REE*" to Ti*" to be correlated with
elemental abundancies. The present investigation has confirmed
that only by means of CL spectroscopy in combination with
EPR measurements and trace element analyses an assignment
of defects, and thus, a rigorous quantification of specific trace
elements is possible. Therefore, the comparison of the specific
trace element content with the intensity of an individual lumines-
cence band could be significant. Nevertheless, the demonstrated
correlations of the intensities of the ~450 nm emission band with
the local trace Ti contents have shown that even in this case,
there are clear trends, but no straight linear correlations exist
(Figs. 3, 5, and 11).

The main reason for the uncertainties in the specific case of
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the ~450 nm band is that an intrinsic defect (STE) can cause
luminescence in the same spectral region. Thus, a blue CL
emission band at ~450 nm (2.8 eV) can also occur in ultrapure
quartz without any Ti impurities. Differentiation of the defects
was possible by analyzing CL measurements in a time-series
and EPR analyses.

In the synthetic quartz samples from Ti-diffusion experiments,
the Ti content was sometimes so high that not all Ti could be
structurally incorporated as Ti*, but elemental Ti could also be
detected (that is not available for luminescence activation). The
same will happen in natural quartz if part of the Ti is incorporated
as TiO, micro-inclusions, as in the case of the pegmatite quartz
samples (compare Gotze et al. 2004). In addition, correlative rela-
tions between the CL and single trace elements are very difficult
due to the complexity of the luminescence process hampering a
clear quantitative evaluation of the CL spectra [e.g., processes
of sensitizing and quenching (Habermann 2002; Gotze 2012))].
Therefore, a very complex approach is necessary for the accurate
elucidation and possible quantification of luminescence processes.

IMPLICATIONS

The present study aimed to elucidate the origin of the ~450 nm
(2.8 eV) CL emission in quartz and to find possible quantitative
relations to the structural incorporation of Ti. The investigation
of quartz of different origins and containing different concentra-
tions of Ti revealed that both structural defects not related to trace
clements (self-trapped exciton, STE) and also incorporation of
Ti*" into the quartz structure can activate the blue CL emission at
the same wavelength position. The STE-activated CL emission
is highly sensitive to electron beam damage and is most often
detectable in quartz when the Ti content is relatively low (e.g.,
high-purity hydrothermal and metamorphic quartz), whereas
high Ti concentrations from tens to hundreds of ppm result in a
stable blue CL emission. However, both CL emissions can also
occur simultaneously in one quartz crystal.

The common activation of the ~450 nm luminescence emis-
sion in quartz by an intrinsic defect (STE related to oxygen
vacancy) and structurally incorporated Ti*" as an additional
activator prevents a serious quantitative evaluation of the CL
signal. A reliable distinction of the two different CL emissions
at ~450 nm is only possible by time-series CL spectroscopy
combined with EPR spectroscopy and trace-element analysis of
the Ti concentration. This finding is especially interesting with
regard to correlations of trace-element contents and CL intensi-
ties, in particular with panchromatic SEM-CL investigations.
Our results illustrate that blue CL emission at ~450 nm can even
appear in high-purity quartz with very low trace element contents.
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