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Abstract: Quartz of metamorphic rocks from the Kaoko belt (Namibia) representing metamorphic
zones from greenshist to granulite facies were investigated by cathodoluminescence (CL) microscopy
and spectroscopy to characterize their CL properties. The samples cover P-T conditions from
the garnet zone (500 ± 30 ◦ C, 9 ± 1 kbar) up to the garnet-cordierite-sillimanite-K-feldspar zone
(750 ± 30 ◦ C, 4.0–5.5 kbar). Quartz from 10 different localities and metamorphic environments
exclusively exhibits blue CL. The observed CL colors and spectra seem to be more or less independent
of the metamorphic grade of the host rocks, but are determined by the regional geological conditions.
Quartz from different localities of the garnet-cordierite-sillimanite-K-feldspar zone shows a dominant
450 nm emission band similar to quartz from igneous rocks, which might be related to recrystallization
processes. In contrast, quartz from different metamorphic zones in the western part of the central
Kaoko zone (garnet, staurolite, kyanite, and kyanite-sillimanite-muscovite zone) is characterized
by a heterogeneous blue-green CL and a dominant 500 nm emission band that strongly decreases
in intensity under electron irradiation. Such CL characteristics are typical for quartz of pegmatitic
and/or hydrothermal origin and indicate the participation of fluids during neoformation of quartz
during metamorphism.
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1. Introduction
Quartz (trigonal alpha-quartz) is one of the most important constituents of the Earth’s crust and
the most frequent silica mineral. It occurs in magmatic, metamorphic, and sedimentary rocks and thus
its properties are used as an indicator for specific conditions of formation and for the reconstruction
of geological processes [1,2]. In particular, cathodoluminescence (CL) properties are useful, since
numerous studies of the luminescence behavior of quartz have shown highly variable characteristics
depending on the specific P,T,X conditions during quartz formation [3–5].
Investigations of natural and synthetic quartz specimens showed various luminescence emission
bands, which cause the visible luminescence colors under the electron beam [6–11]. The visible CL of
natural quartz mainly consists of two broad emission bands centered at ~450 nm (blue emission) and
620–650 nm (red emission). The blue band is usually very broad and consists of up to four overlapping
component bands centered at 390, 420, 450, and 500 nm [12]. The most frequent 450 nm emission is due
to the recombination of self-trapped excitons, which involves an irradiation-induced oxygen Frenkel
pair consisting of an oxygen vacancy and a peroxy linkage (≡Si–O–O–Si≡) [6]. The orange to red
emission band at about 620–650 nm has been detected in almost all synthetic and natural quartz types.
This emission is attributed to the recombination of electrons in the non-bridging oxygen band-gap
state with holes in the valence band [13].
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Zinkernagel [3] established one of the first classification schemes of quartz based on its CL colors,
which he used for the provenance analysis of detrital quartz in sandstones. Over the past decades a
considerable number of such methodological provenance studies have been published based both on
CL colors and the spectral characteristics of quartz [13–21]. The recent state of a general classification of
quartz from different environments based on investigations of a wide spectrum of quartz-bearing rocks
showed that quartz of igneous, volcanic, hydrothermal, pegmatitic, and sedimentary origin can mostly
be recognized due to their specific CL colors, spectra, and textures, e.g., [4,14,16,17,21,22]. In contrast,
the knowledge about the CL of metamorphic quartz, in particular the development and possible
transformation of CL characteristics during ongoing metamorphic processes, is still incomplete.
Zinkernagel [3] distinguished brown luminescent quartz (major peak around 620 nm and minor
peak near 450 nm) of low-grade metamorphic rocks or slowly cooled high-grade metamorphic
rocks from violet or blue luminescent quartz (major peaks at 450 and 620 nm) of high-grade
metamorphic rocks, which have undergone relatively fast cooling. Similar observations were made
by Sprunt et al. [23], who found a relationship between CL color of quartz and metamorphic grade
of naturally deformed quartzite. The originally different CL colors in the undeformed parent rock
material change toward a uniform brownish-red color through high-grade levels of metamorphism.
Owen [24] suggested that quartz CL turns to a uniform reddish-brown color above the garnet zone
during high-grade metamorphism. Augustsson and Reker [21] indicated that the change from quartz
with brown/dark blue CL to brighter blue CL takes place at ca. 500–600 ◦ C in amphibolite facies. So,
metamorphic quartz that recrystallizes at high temperatures (e.g., granulite) reverts to a blue CL color
comparable to that of plutonic quartz [4,5,21]. In addition, diffusion during metamorphic processes
as well as fluid-controlled recovery seems to influence the CL characteristics of quartz in high-grade
metamorphic rocks. For instance, heterogeneous internal textures in quartz and a correlation of the
blue CL with the Ti content have been observed [25,26].
The literature data show that CL of quartz in metamorphic rocks is relatively complex and not all
factors influencing the CL behaviour are known. The present study aimed to enhance knowledge about
the CL characteristics of quartz in different metamorphic rocks and possible variations’ dependence
on the metamorphic conditions. The precondition for the detection of changes in CL properties
of metamorphic quartz is the systematic investigation of a metamorphic profile covering distinct
metamorphic grades in a defined geological frame. Therefore, the study was based on samples from a
profile along the Gomatum and Hoarusib valleys within the Kaoko belt (Namibia), made up of rocks
of greenshist to granulite facies. The mineralogical composition and thermobarometric development
of these rocks are well known [27], so the CL data can be discussed in the established petrogenetic
context. Combined analyses by polarizing microscopy and CL microscopy and spectroscopy provided
new data concerning the CL characteristics of quartz in different grades of metamorphic rocks and
revealed possible changes in the development of the CL properties through ongoing metamorphism.
2. Geological Background and Sample Material
The Kaoko belt is located in northwestern Namibia and represents a Neoproterozoic orogen,
which was generated during the Pan-African-Brasiliano orogenic cycle in West Gondwana [28].
Simultaneously to this orogenesis, a collision between the Kongo, Kalahari, Rio-de-la-Plata, and
São-Francisco cratons took place, forming these belt systems with the Kaoko, Damara and Gariep belt
on the African side and the Dom Feliciano and Ribeira belts on the South American side [29].
The Kaoko belt has been subdivided by Miller [30] into three tectono-stratigraphic zones,
Eastern, Central and Western. The NNW to SSE trending Sesfontein-Thrust and the NNW to SSE
trending Puros Mylonite Zone represent the boundaries between these tectono-stratigraphic zones
(Figure 1). The Eastern Kaoko Zone is characterized by low-grade metamorphic to unmetamorphosed
sedimentary and carbonate rocks of the Otavi and Mulden groups. The Central Kaoko Zone includes
Archean to Palaeoproterozoic orthogneiss and metasedimentary rocks. The metamorphic grade in
the Central Zone increases from greenschist facies in the east to amphibolite facies in the west [27].
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The garnet-cordierite-sillimanite-K-feldspar zone is situated in the east of the Western Kaoko
Zone and the rocks also consist of biotite, muscovite, plagioclase, and quartz, whereas the
Zone and the rocks also consist of biotite, muscovite, plagioclase, and quartz, whereas the characteristic
characteristic minerals are K-feldspar, garnet, sillimanite, and cordierite (Table 1, Figure 2).
minerals are K-feldspar, garnet, sillimanite, and cordierite (Table 1, Figure 2).
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Table 1.
Analyzed samples with the respective metamorphic rock type and P-T
conditions (data from [27]).
WKZ: Western Kaoko Zone; CKZ: Central Kaoko
Zone;
Ky-sill-mu zone:
Kyanite-sillimanite-muscovite zone;
Grt-cd-sill-ksp zone:
Garnet-cordierite-sillimanite-K-feldspar zone.

Sample

Metamorphic Zone

Rock Type

GK 97-124

Garnet zone

Garnet mica schist

GK 96-82

Garnet zone

Garnet mica schist

GK 96-67

Staurolite zone

GK 97-47

Kyanite zone

GK 97-48

Kyanite zone

GK 97-127

Ky-sill-mu zone

GK 97-06B

Grt-crd-sil-Kfs zone

GK 97-14

Grt-crd-sil-Kfs zone

GK 96-116

Grt-crd-sil-Kfs zone

GK 96-110

Grt-crd-sil-Kfs zone

Garnet-staurolite
mica schist
Kyanite-staurolite
mica schist
Kyanite-staurolite
mica schist
Kyanite-sillimanite
mica schist
Gneiss with garnet,
cordierite and
sillimanite
Migmatitic gneiss
with garnet,
cordierite and
sillimanite
Migmatitic gneiss
with garnet,
cordierite and
sillimanite
Garnet-sillimanite
gneiss

Temperature
and Pressure
Zone

Coordinates

500 ± 30 ◦ C,
9 ± 1 kbar
500 ± 30 ◦ C,
9 ± 1 kbar
580 ± 30 ◦ C,
7–8 kbar
590 ± 30 ◦ C,
6.5–8 kbar
590 ± 30 ◦ C,
6.5–8 kbar
650 ± 20 ◦ C,
9 ± 1.5 kbar

18◦ 55,24 S
13◦ 20,07 E
18◦ 46,78 S
13◦ 04,78 E
18◦ 48,17 S
13◦ 07,48 E
18◦ 48,06 S
13◦ 07,35 E
18◦ 48,06 S
13◦ 07,35 E
18◦ 47,88 S
13◦ 04,94 E

750 ± 30 ◦ C,
4.0–5.5 kbar

18◦ 52,76 S
12◦ 51,14 E

WKZ

750 ± 30 ◦ C,
4.0–5.5 kbar

18◦ 52,76 S
12◦ 51,14 E

WKZ

750 ± 30 ◦ C,
4.0–5.5 kbar

18◦ 52,77 S
12◦ 50,63 E

WKZ

750 ± 30 ◦ C,
4.0–5.5 kbar

18◦ 49,07 S
12◦ 54,75 E

WKZ

Tectono-Stratigraphic
Zone
CKZ
CKZ
CKZ
CKZ
CKZ
CKZ

3. Analytical Methods
Polished thin sections were prepared for microscopic and cathodoluminescence (CL)
investigations from all samples listed in Table 1. Polarizing microscopy was carried out using a
Zeiss Axio Imager A1m (ZEISS Microscopy, Jena, Germany) to document the mineral composition and
micro-texture of the different rock types. Micrographs were obtained with a digital camera (MRc5)
coupled with Axiovision software (ZEISS Microscopy, Jena, Germany).
CL microscopy and spectroscopy were performed on carbon-coated thin sections using a
hot-cathode CL microscope HC1-LM (LUMIC, Bochum, Germany) [33]. The system was operated at
14 kV and 0.2 mA (current density ca. 10 µA/mm2 ) with a defocused electron beam. Luminescence
images were captured during CL operations using a peltier cooled digital video-camera (OLYMPUS
DP72, OLYMPUS Deutschland GmbH, Hamburg, Germany). 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 CCD detector (OLYMPUS Deutschland GmbH, Hamburg, Germany) that
was attached to the CL microscope by a silica-glass fiber guide. CL spectra were measured under
standardized conditions (wavelength calibration by an Hg-halogen lamp, spot width 30 µm, measuring
time 5 s). Irradiation experiments were performed to document the behaviour of the quartz crystals
under electron bombardment. Samples were irradiated 5 min under constant conditions (14 kV, 0.2 mA)
and spectra were measured initially and after every 1 min. The evaluation of time-dependent spectral
CL measurements provided further information about the stable or transient behavior under the
electron beam and was indispensable for the identification of luminescence-active defect centres.
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4.2. Staurolite Zone
GK 96-67 from the staurolite zone is composed of staurolite and garnet prophyroblasts in a quartz,
biotite, plagioclase and muscovite groundmass. Quartz (up to 15 vol % of the rock) also forms layers
parallel to the foliation direction and usually shows undulatory extinction. Its properties are similar
to that of quartz characterized in GK 96-82, with an intense short-lived blue-green luminescence, a
dominating 490 nm and a weak 620–650 nm emission band in the CL spectrum.
4.3. Kyanite Zone
Quartz is up to 15 vol % in rock samples from the kyanite zone (GK 97-47 and GK 97-48)
and forms the groundmass together with biotite, muscovite and plagioclase. It appears in almost
all monomineralic layers across the samples and shows undulatory extinction (Figure 4a). The is
characterised by a strong short-lived blue-green luminescence, similar to that of sample GK 96-82
and GK 96-67 (Figure 4c,d). The CL spectrum shows a strong emission band around 490 nm and the
additional weak 620–650 nm emission (Figure 4b), also similar to quartz in sample GK 96-82 (garnet
zone) and GK 96-67 (staurolite zone).
4.4. Kyanite-Sillimanite-Muscovite Zone
The kyanite-sillimanite-muscovite zone (GK 97-127) is dominantly made up of quartz (30 vol %)
together with kyanite, sillimanite, muscovite, biotite, and plagioclase. Quartz is anhedral with common
undulatory extinction, and CL properties (an intense short-lived blue-green luminescence and emission
band at ca. 490 nm) are similar to those of samples from the Central Kaoko zone.
The slight shoulder around 700–710 nm appearing in the CL spectra of GK 97-127 is probably not
related to quartz but due to a CL signal from plagioclase, which is intimately intergrown with quartz
(see bright areas in Figure 4c,d).
4.5. Garnet-Cordierite-Sillimanite-K-Feldspar Zone
Samples GK 97-06B, GK 97-14, GK 96-116 and GK 96-110 from the garnet-cordierite-sillimaniteK-feldspar zone show more or less similar mineralogical and spectroscopic properties. Rocks from
this zone are made up of cordierite, sillimanite, K-feldspar, and garnet in the foliated matrix of
biotite, plagioclase and quartz. Quartz (25 vol % of each sample) is mostly xenomorphic with
undulatory extinction (Figure 4e). Its CL properties are characterized by an intense blue luminescence
(Figure 4g,h). The spectrum shows an intense 450 nm emission band that slightly decreases during
electron irradiation, whereas the intensity of the 650 nm emission increases (Figure 4f).
4.6. Summary of Results
The measured CL images for all studied quartz show exclusively bluish luminescence colors.
Differences were detected in the intensity and homogeneity of the CL between different quartz grains
and also within the same quartz crystals. In many samples, portions with short-lived bluish-green CL
were observed, the intensity of which strongly decreased under the electron beam. The initial emission
spectra of all studied quartz obtained by spectral measurements are made up of three main emission
bands: a strong blue band at 450 nm, a second band at ca. 490 nm (a component band of a strong
500 nm emission overlapping with a weak 450 nm emission), and an emission band in the orange-red
region at 620–650 nm. The presence or absence and relative intensities of these bands cause the visible
CL colors.
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5. Discussion
5.1. CL Colors and Emission Bands
The 450 nm emission is strongly polarized along the c-axis and is due to the recombination of
the self-trapped exciton [6]. The polarization effect might influence the CL intensity due to varying
crystallographic orientations of quartz grains in the cutting plane of the thin section. The self-trapped
exciton involves an irradiation-induced oxygen Frenkel pair consisting of an oxygen vacancy and
a peroxy linkage (≡Si–O–O–Si≡). The transient defect centre has a lifetime in the order of 1 ms.
Stevens-Kalceff and Phillips [6] observed an increasing intensity of the ~2.7 eV CL emission with
irradiation exposure due to the migration of competing radiative and non-radiative centres out of
the interaction volume under the influence of the beam-induced electric field. In contrast, Luff and
Townsend [35] reported a slight decrease of this emission band during CL experiments at room
temperature, which is in accordance with the results of this study.
The bluish-green ca. 500 nm emission can be related to cation-compensated trace-element
centres in the quartz structure [7,36]. Combined measurements on pegmatite quartz using electron
paramagnetic resonance (EPR), CL and trace element analyses showed a complete lack of intrinsic
lattice defects associated with O or Si vacancies, whereas some trace elements (Al, Ti, Ge, Li) were
enriched and form paramagnetic centres [37]. The strong decrease of this blue-green luminescence
during electron irradiation can be related to ionization enhanced diffusion of luminescence centres as
it was shown by Ramseyer and Mullis [36] by electro-diffusion experiments. The sensibility of this
luminescence emission is caused by the presence of charge-balancing cations (e.g., Li+ , Na+ , H+ ) and
their interaction with the electron beam.
The orange to red emission band at about 620–650 nm has been detected in almost all synthetic and
natural quartz crystals. This emission is attributed to the recombination of electrons in the non-bridging
oxygen band-gap state with holes in the valence band edge [13]. A number of different precursors
of this non-bridging oxygen hole centre (NBOHC) have been proposed, such as hydrogen or sodium
impurities (≡Si–O–H, ≡Si–O–Na), peroxy linkages (oxygen-rich samples), or strained silicon-oxygen
bonds [6]. Upon irradiation, precursor centres can be transformed into the NBOHC resulting in an
initial increase of the CL emission at 1.9 eV during electron bombardment and subsequent stabilization.
5.2. CL Characteristics of the Metamorphic Quartz
Comparison of all investigated quartz samples revealed different groups concerning
their observed luminescence characteristics (Table 2).
Group 1 comprises quartz from the
garnet-cordierite-sillimanite-K-feldspar zone from the Eastern part of the Western Kaoko zone. The
samples come from a restricted area with similar geological history. Quartz shows a dominant 450 nm
emission band with only slightly varying initial intensities (Figure 5). During electron irradiation the
intensity of the 450 nm band decreases, whereas the intensity of the 650 nm emission increases. The CL
colors and spectra are similar to those of quartz from igneous rocks (e.g., granite). The dominating blue CL
with the characteristic emission band at 450 nm indicates recrystallization of quartz during metamorphism.
The increase of the 650 nm band during electron irradiation can be related to the conversion of precursor
defects into the NBOHC. Strained silicon-oxygen bonds that originate from the stress during metamorphic
processes could be assumed to be one such preferred precursor.
Group 2 comprises samples of different metamorphic levels in the western part of the central zone.
The material represents quartz from the garnet zone (GK 96-82), staurolite zone (GK 96-67), kyanite
zone (GK 97-47) and kyanite-sillimanite-muscovite zone (GK 97-127), all situated east of the Puros
mylonite zone. The CL of this quartz is characterized by a visible blue-green color that disappears under
electron irradiation (Figure 6). The changes of the CL spectra during electron irradiation show that
the broad emission band centered at 490 nm is composed of a transient 500 nm emission and a weak
450 nm emission band that is clearly visible after electron bombardment. The short-lived blue-green CL
often shows a patchy texture indicating a heterogeneous distribution of relevant luminescence centers.
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In GK 97-124 sampled from the garnet zone far away from the other sampling points, quartz is
irregularly distributed along the foliation between muscovite and plagioclase and exhibits a weak blue
CL. The spectrum shows two emission bands at 450 and 650 nm (Figure 3d). The intensity of the blue
band at 450 nm slightly decreases during electron irradiation. The CL characteristics indicate that
mineral recrystallization and fluid mobilization seem to have no remarkable influence on the quartz as
it was shown for the samples of the first two groups. Neither a brownish CL, characterizing quartz in
low-grade metamorphic rocks [3,21], nor CL behavior was observed for quartz in high-T metamorphic
rocks [21,23].
In general, compared features for quartz from all studied samples show that the position of
host rocks and the local geologic settings have more influence on quartz CL properties than the
metamorphic grade. Recrystallization processes cause visible blue CL similar to that of quartz in
magmatic rocks with a dominant 450 nm emission band [3–5]. The intensity of the 450 nm band
probably increases from east to west. Mobilization of mineralizing fluids connected with the formation
of quartz seems to result in quartz with short-lived blue-green CL mostly visible in samples from the
central part of the metamorphic belt. A typical brown CL that is assumed as characteristic feature
of low-T metamorphic rocks [3,4,21] was not observed in any of the investigated quartz since the
metamorphic profile provided no indications for such conditions. Most of the samples derive from
metamorphic conditions with temperatures above 500 ◦ C, which was reported by Augustsson and
Reker [21] to be the temperature range of quartz with blue CL.
Table 2. Different CL groups with metamorphic zone, p-T conditions (data from [27]), initial
CL bands and CL colors. Grt: garnet zone, St: staurolite zone, Ky: kyanite zone, Ky-sil-ms:
kyanite-sillimanite-muscovite zone; Grt-cd-sill-ksp: Garnet-cordierite-sillimanite-K-feldspar zone.
Group/Sample

Metamorphic Zone

Temperature Zone

Pressure Zone

Initial CL Color

Initial CL Bands

Group 1

Grt-crd-sil-Kfs

750 ± 30 ◦ C

4.0–5.5 kbar

Group 2

Grt, St, Ky, Ky-sil-ms

500 ± 30 to 650 ± 20 ◦ C

9 ± 1.5 kbar

450 nm, 500 nm, 650 nm

GK 97-124

Grt

500 ± 30 ◦ C

9 ± 1 kbar

Intense blue
Short-lived
Blue-green
Weak blue

450 nm

450 nm, 650 nm

6. Conclusions
The CL properties of quartz in metamorphic rocks from Kaoko belt (Namibia) are variable
and mainly depend on the regional geological conditions than the metamorphic grade. Quartz
deriving from rocks covering P-T conditions from the garnet zone (500 ± 30 ◦ C, 9 ± 1 kbar) up to the
garnet-cordierite-sillimanite-K-feldspar zone (750 ± 30 ◦ C, 4.0–5.5 kbar) exclusively exhibits visible
blue CL. However, CL spectra reveal differences in the luminescence characteristics, which enable to
distinguish different quartz types.
Mineral recrystallization, fluid mobility and incorporation of trace elements during quartz
neoformation resulted in CL properties similar to those of quartz from igneous rocks (dominant
blue band at 450 nm) and from hydrothermal/pegmatitic origin (short-lived bluish-green CL emission
at 500 nm). Often these quartz grains show heterogeneous internal textures, sometimes with patchy
bluish-green CL indicating a heterogeneous distribution of related luminescence centres.
The presented results have also a significant relevance for the use and interpretation of quartz CL
for provenance studies in sedimentary petrology. Up to now, in particular the occurrence of quartz
with brown CL (low-T) and blue CL (high-T) was used as indicator for metamorphic source rocks of
detrital quartz in sediments. Because of the fact that bright blue quartz commonly indicates a plutonic
origin, only in the case that little plutonic material is expected in the potential source areas, blue quartz
can be assumed to be derived from high-T metamorphic rocks. In addition, the detection of transient
bluish-green CL in high-T metamorphic quartz similar to that of hydrothermal/pegmatitic quartz
limits its application in provenance studies of quartz-rich sediments.
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One limitation of the present investigation is that the sample material represents exclusively
polymineralic rock samples. Therefore, the data have to be proved by further investigations of
monomineralic metamorphic rocks consisting only of quartz.
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