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Trace element composition of quartz from different types
of pegmatites: A case study from the Moldanubian Zone of
the Bohemian Massif (Czech Republic)
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ABSTRACT

The evolution of the trace-element patterns of quartz during crystallization of pegmatite melt was
investigated using laser ablation inductively coupled plasma mass spectrometry. The contents of Al, B,
Ba, Be, Cr, Fe, Ge, Li, Mn, P, Rb, Sn, Sr and Ti were analysed in quartz from the border, intermediate
and core zones of four granitic pegmatites differing in degree of fractionation and origin. The material
investigated originates from the pegmatite district of the Strazek Unit, Moldanubian Zone, Bohemian
Massif, Czech Republic and includes: lepidolite LCT (Li-Cs-Ta) pegmatite from Rozna; beryl-
columbite LCT pegmatite from Vézna; anatectic pegmatite from Znétinek; and intragranitic NYF (Nb-
Y-F) pegmatite Vladislav from the Tfebi¢ Pluton. The abundances of the elements analysed varied over
wide intervals: <1 to 32 ppm Li, 0.5 to 6 ppm B, <I to 10 ppm Ge, 1 to 10 ppm P, 10 to 450 ppm Al 1
to 45 ppm Ti and <1 to 40 ppm Fe (average sample contents). Concentrations of Be, Rb, Sr, Sn, Ba, Cr
and Mn are usually <I ppm. Quartz from LCT pegmatites exhibits a distinct evolutionary trend with a
decrease in Ti and an increase in Al, Li and Ge from the pegmatite border to the core. In comparison
with the most fractionated rare-metal granites, pegmatitic quartz is relatively depleted in Al and Li, but
strongly enriched in Ge. Quartz from simple anatectic and NYF pegmatites is poor in all trace elements
with their evolution marked by a decrease in Ti and a small increase in Ge. There is little Al or Li and
neither shows any systematic change with pegmatite evolution. Using the Ti-in-quartz thermo-
barometer, the outer zones of the Znétinek and Vladislav pegmatites crystallized at ~670°C, whereas
the border zone in the Rozna pegmatite yields a temperature near 610°C.

KEeywoRbs: quartz, pegmatite evolution, mineralogy, trace elements, Moldanubian Zone, Bohemian Massif.

Introduction

feldspars, hornblende and micas are commonly

THE composition of rock-forming minerals and, in
particular, their trace-element abundances, is
widely used for studies of the fractionation
trends of granites and pegmatites (Cerny et al.,
1984; London, 1992; Charoy et al., 1995; Larsen,
2002; Breiter et al., 2005a; Miiller et al., 2008b;
éopjakové et al., 2013). Minerals such as
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affected by post-magmatic hydrothermal and
meteoric processes. In contrast, quartz is more
resistant during fluid-related processes and its
primary trace-element signature is commonly
preserved (Monecke et al., 2002; Gotze et al.,
2004; Miiller et al., 2010).

After several pioneering studies from the 1960s
to the 1980s (Dennen, 1967; Lyakhovich, 1972;
Suttner and Leininger, 1972; Schron et al., 1988),
further investigations addressing the composition
of igneous quartz were published during the last
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decade as a result of the improvement in micro-
analytical methods. Apart from numerous studies
of quartz from granites (Jacamon and Larsen,
2009; Miiller and Koch-Miiller, 2009; Breiter and
Miiller, 2009; Deans, 2010; Breiter et al., 20125,
2013), several authors focused their interest on
quartz from granitic pegmatites (Larsen et al.,
2000, 2004; Gotze et al., 2004, 2005; Miller et
al., 2008a; Beurlen et al., 2011; Miiller and IThlen,
2012). Unfortunately, the majority of these
studies characterized each pegmatite body by
investigating only one representative sample
without any data regarding the internal structure
of the pegmatite. Only Beurlen et al. (2011) and
Miiller et al. (2008a, 2013) studied quartz with
respect to the internal zoning of several
pegmatites. While quartz from the Frohland
pegmatites, Norway (Miiller et al, 2008a) is
homogeneous, quartz from the Borborena, Brazil
(Beurlen et al., 2011) and Evje pegmatites,
Norway (Miller et al., 2013) show distinct
evolution from the border to the core.

The abundances of trace elements in quartz are
controlled principally by their abundance in melt,
fractionation into coexisting minerals and by
temperature and pressure, although the exact
behaviour is still matter of debate (Larsen et al.,
2004; Jacamon and Larsen, 2009; Huang and
Audétat, 2012). Nevertheless, a decrease in the
Al/Ti (Miller et al., 2002; Breiter and Miiller,
2009; Jacamon and Larsen, 2009; Breiter et al.,
2012b) and Ge/Ti (Jacamon and Larsen, 2009)
ratios is generally accepted as a reliable indicator
of the degree of silicate-melt fractionation.

In the present study, the evolution of the trace-
element patterns in quartz during the crystal-
lization of pegmatitic melt is examined using laser
ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS). Samples are from four
well characterized granitic pegmatites differing in
terms of the degree of fractionation and origin
from the classical pegmatite province in western
Moravia, Strazek Unit, Moldanubian Zone and
adjacent Trebi¢ Pluton (Fig. 1, Novak et al,
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2013). The objectives of this study are: (1) to
describe the evolution of the trace-element
patterns in quartz during crystallization of
particular pegmatite bodies; (2) to define the
evolution of quartz in pegmatites of different
types and families (Cem}’/ et al., 2012); and (3) to
compare the composition of quartz from the rare-
element pegmatites and fractionated granites.

Brief review of granitic pegmatites in the
Moldanubian Zone

Granitic pegmatites are widespread throughout
the Moldanubian Zone of the Bohemian Massif
(Chab et al., 2010). The following groups were
distinguished (Novak et al., 2013):

Anatectic pegmatites including several distinct
pegmatite groups: (1) dumortierite-bearing dykes
enclosed in high-grade metamorphic rocks
(Cempirek and Novak, 2006; Cempirek et al.,
2006); (2) borosilicate-bearing (werdingite, boral-
silite) pegmatite veinlets cutting leucogranulite of
the Bory Granulite Massif (Cempirek et al,
2010); (3) coarse-grained, cordierite-rich leuco-
somes with pegmatititc textures in migmatized
gneisses and granulites of the Bory Granulite
Massif (Povondra et al, 1992); (4) abundant
anatectic pegmatites showing simple zoning that
are widespread, mainly in the Strazek Unit
(studied locality Znétinek), commonly containing
large crystals of smoky quartz, feldspars,
muscovite and tourmaline (schorl, dravite,
foitite, magnesio-foitite) developed typically in
pockets (Gadas et al., 2012).

Pegmatites of the rare-element class are the
most abundant and exhibit much variability in
shape, size, textures, degree of fractionation and
mineralogy. Pegmatites of the LCT family are
typically enriched in B with tourmaline as an
omnipresent accessory to minor minerals. Less
evolved common pegmatites are characterized by
the presence of tourmaline (schorl, oxy-schorl,
dravite; Novak er al., 2004), sometimes with
andalusite, cordierite and garnet. More fractio-
nated beryl-type pegmatites (locality Vézna I)
contain the accessory minerals: tourmaline
(schorl, dravite), beryl, fluorapatite, niobian
rutile, ilmenite, monazite-(Ce), xenotime, zircon,
cordierite, garnet, columbite—tantalite and
Y,REE-oxide minerals. The most evolved
complex Li-bearing pegmatites (Li-micas ~ Li-
tourmalines > amblygonite/montebrasite > peta-
lite), some with a variety of accessory minerals
(see Novak and Cempirek, 2010 and references
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therein), include the lepidolite-subtype (locality =
Rozna-Hradisko), elbaite-subtype and petalite-
subtype pegmatites.

Intragranitic pegmatites of the NYF family
(Skoda and Novak, 2007; Novak et al., 2011,
2012) occur exclusively in the Trebi¢ Pluton,
western Moravia and in the Certovo Bfemeno
(Milevsko) Pluton, southern Bohemia. Both
plutons belong to the shoshonitic association of
ultrapotassic plutonic rocks (MgO >3 wt.%, K,0/
Na,O >2 wt.%) (Holub, 1997). Euxenite-subtype
pegmatites occur with more primitive allanite-
type pegmatites (Skoda and Novak, 2007) as
dykes and lenses up to 2 m thick, with sharp-to-
transitional contacts to the host granite—syenite
(locality Vladislav). Abundant phlogopite is
accompanied by typical accessory minerals
including: allanite-(Ce), tourmaline (dravite,
schorl), titanite, ilmenite, aeschynite- and euxe-
nite-group minerals, actinolite and rare beryl.

Description of the pegmatites investigated
Anatectic pegmatite Znétinek

This pegmatite forms a concordant subhorizontal
dyke ( ~1 m thick) with gradational to locally
sharp contacts to the host migmatized biotite-
sillimanite gneiss of the Strazek Unit. The
pegmatite consists of: (1) an outermost,
medium- to coarse-grained granitic unit (Pl +
Qtz + Kfs = Bt = Ms); (2) a graphic unit (Qtz +
Kfs + Bt/Ms); (3) a rare blocky K-feldspar unit;
and (4) a pocket unit lined with crystals of
K-feldspar, albite, muscovite-I, tourmaline
(schorl, dravite, foitite) and with crystals of
smoky quartz in two generations. Smoky quartz
I forms large, perfectly developed crystals, up to
20 cm long. Sub-parallel intergrowths of small
crystals of smoky quartz II are closely associated
with muscovite-1I on strongly-corroded crystals of
K-feldspar and are the product of the reaction:

3 Kfs + 1.5 H,O = Ms + 6 Qtz + K,O.

The mineral assemblages of granitic and
graphic units and in blocky K-feldspar include:
(together with major and minor minerals) rare
muscovitized andalusite, fluorapatite and ilme-
nite.

Beryl-columbite pegmatite Vézna | (LCT)

The NNW-trending dyke of the Vézna I
pegmatite, up to 4 m thick and 130 m long,
intrudes a serpentinite body ~1 km south of the
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village of Vézna. A tectonic slab of serpentinite
enclosed in migmatitic gneiss is situated along the
border of the Strazek Unit and the Svratka Unit.
The Vézna I pegmatite dyke exhibits almost
symmetrical zoning: (1) a narrow, medium- to
coarse-grained granitic unit (Kfs + Plg + Qtz +
Phl with Xy, = 0.72-0.75); (2) a dominant
graphic unit of K-feldspar (>oligoclase) + quartz,
with local graphic aggregates of albite + quartz,
grading into; (3) a core-margin of a blocky
K-feldspar unit + subordinate albite-cleavelandite,
which surrounds; (4) isolated central pods of a
quartz core. Beryllian cordierite (Xyg, =
0.71-0.79), beryl, schorl to dravite (Xymg =
0.45—0.66), muscovite, niobian rutile, monazite-
(Ce), xenotime and zircon occur in the units (2),
(3) and (4). The most evolved fraction of the
pegmatite was found close to the quartz core (4)
and occurs as a small single pod (5) of brownish
K-feldspar + pollucite + albite with: lepidolite (in
part Cs-dominant), elbaite, triplite, beryl, cheralite
and several accessory minerals.

Rozna-Hradisko (LCT)

This lepidolite pegmatite dyke is located along the
contact of the Strazek Unit and the Svratka Unit
and is hosted dominantly by leucocratic migma-
tized biotite paragneiss. The pegmatite dyke, ~1
km long and ~35 m wide, is orientated parallel to
the NNW-trending foliation of the host metape-
lites and dips ~60° WSW (Novak and Cempirek,
2010). The almost symmetrically zoned internal
structure consists of the following textural-
paragenetic units: (1) a very rare, coarse-grained
border unit (Qtz + Kfs + Plg + Bt); (2) an
abundant, coarse-grained unit (Qtz + Kfs+ Plg +
Tur + Ms), locally; with blocks of (3) a graphic
unit (Kfs + Qtz + Ab + Ms + Tur); and masses (or
veins?) of (4) a fine-to-medium grained granitic
unit (Qtz + Kfs + Ab + Tur + Ms); (5) a relatively
rare blocky core-margin unit (Kfs + Qtz); (6) an
albite-lepidolite unit. The latter is very hetero-
geneous in texture and mineralogy and contains
locally abundant elbaite and rare amblygonite-
montebrasite and surrounds and partly penetrates
a (7) quartz core. The outer albite subunit (6a),
contains common muscovite to Li-muscovite,
black-to-green (blue) tourmaline, cassiterite,
fluorapatite and rare amblygonite-montebrasite.
The inner lepidolite subunit (6b) adjacent to the
quartz core is dominated by lepidolite (trilithio-
nite >> polylithionite) and locally contains:
abundant albite, quartz, relatively common
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elbaite to rossmanite, fluorapatite, topaz, beryl,
amblygonite-montebrasite, manganocolumbite
and cassiterite (Novak and Cempirek, 2010).

Euxenite-subtype pegmatite Vladislav (NYF)

The NNW-trending dyke of the Vladislav
pegmatite, ~1 m thick, shows gradational contacts
with the host syenite of the Ttebi¢ Pluton. This
symmetrically zoned pegmatite includes from the
contact inwards: (1) a border of medium- to
coarse-grained granitic unit (Kfs + Qtz + Plg +
Phl); (2) a graphic unit (Kfs + Qtz, scarce Ab +
Qtz); (3) minor unit of blocky K-feldspar; and (4)
a quartz core. The mineral assemblage is
characterized by the dominance of K-feldspar
over albite, common phlogopite in the outer zone
and the absence of primary muscovite.
Tourmaline (schorl, dravite) is a typical minor
to accessory mineral concentrated in, or adjacent
to, the quartz core. Other accessory minerals
include: allanite-(Ce), titanite, ilmenite, zircon
and rare aeschynite/euxenite group minerals.

The above review of the granitic pegmatites
investigated provides only basic information about
the localities, their internal structure and miner-
alogy. Further information on these pegmatites can
be found as follows: anatectic Znétinek pegmatite
(Gadas et al, 2012); beryl-columbite Vézna I
pegmatite (Cerny et al., 1984, 2003; Teertstra et
al., 1995; Dosbaba and Novak, 2012); lepidolite
Rozna-Hradisko pegmatite (Cerny et al., 1995;
Selway et al., 1999; Novak and Cempirek, 2010);
cuxenite-type  Vladislav pegmatite (Skoda and
Novak, 2007; Novak et al., 2011). The pegmatites
of rare-element class (LCT) crystallized over a
short period at ~332+3 Ma (Rozna; Melleton et
al., 2012) and ~335+3 Ma (Vézna; Novak et al.,
1998). The intrusion of the Ttebi¢ Pluton with the
NYF Vladislav pegmatite was determined as
~343—-335 Ma (Holub et al., 1997; Kusiak et al.,
2010; Kotkova et al., 2010). The anatectic
pegmatite with pockets from Znétinek should be
younger than MP-HT metamorphism so less than
~340 Ma old. Consequently, all pegmatites crys-
tallized over a limited time span at ~335 Ma.

Sampling and analytical methods

Samples of quartz were collected systematically
from all the zones of pegmatites investigated.
Polished sections 150—200 pm thick were
prepared from representative quartz grains
(Table 1).
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TABLE 1. List of samples.

Locality Sample Description
Znétinek 4911 Graphic unit with biotite (MM A3656)
4912 Blocky unit (MM A5372)
4913 Crystal of smoky quartz I from pocket (MM A4974)
4914 Crystal of smoky quartz II from pocket (MM A5179)
Vézna Veézl Granitic unit with biotite
Vez2 Granitic to coarse-grained unit with biotite
Vez3 Graphic unit
Vézs Blocky unit
Rozna Rol Coarse-grained border unit with biotite
Ro2 Graphic unit with muscovite
Ro3 Granitic unit with schorl
Ro4 Coarse-grained albite subunit with schorl to Fe-rich elbaite
Ro5 Albite subunit with lepidolite and Fe-rich elbaite
Ro6 Quartz core
Vladislav 4916 Coarse-grained border granitic unit with biotite
4917 Graphic unit with biotite
4918 Coarse-grained graphic to blocky unit close to quartz core
4919 Quartz core with dravite—schorl

Cathodoluminescence (CL)

The quartz grains were studied optically before
the LA-ICP-MS measurements using a hot
cathodoluminescence microscope to locate analy-
tical points for laser analysis of particular internal
zones of quartz.

The CL images were obtained using two
methods. One was hot-cathode luminescence
using a HC2-LM microscope (Lumic at the
Department of Geological Sciences, Masaryk
University, Brno, Czech Republic). The accel-
erating voltage was 14 kV, current density
10—40 pA/mm?”. The images were captured with
an Olympus C-5060 digital camera (setting: ISO
400, exposure time 1—10 s). Additional colour
scanning electron microscopy (SEM) CL images
were obtained using a TESCAN VEGA3 scanning
microscope at the Institute of Geology, Academy
of Sciences of the Czech Republic, in Prague. The
microscope is equipped with a TESCAN CL
detector allowing collection of live colour
luminescence in a spectral range of ~400—800 nm.

Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS)

The trace-element abundances of quartz in
polished sections (>100 pum thick) were deter-
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mined at the Institute of Geology, Academy of
Sciences of the Czech Republic, in Prague, using
a Thermo-Finnigan Element 2 sector field
ICP-MS coupled with a 213 nm NdYAG laser
(New Wave Research UP-213) and the analytical
protocol described in detail by Breiter et al.
(2012b). The laser was fired at a repetition rate of
20 Hz, the laser energy was 8—10 J/cm? beam
sizes 55—100 um were used and laser patterns
were 100 um long. Data for the gas blank were
acquired at 35 s followed by 100 s for the laser
ablation signal. The washout time between the
measurements of the individual laser spot lines
was 120 s. The sample introduction system was
modified to enable the simultaneous nebulization
of a tracer solution through an Aridus IT™
desolvating nebulizer (CETAC Technologies)
using procedures outlined in Horn et al. (2000).
During the course of the investigation, the
formation of oxides (MO'/M") was monitored
using the **UO/**8U ratio, which was typically
<0.005. The following isotopes were measured at
the low mass resolution mode (m/Am = 300): "Li,
°Be, !'B, "Ge, 3°Rb, ®Sr, *’Ba and ''®Sn. The
isotopes: 27AL, *'P, *'Ti, 32Cr, *Mn and *°Fe
required a medium resolution (m/Am = 4 000) to
avoid potential argide, oxide and nitride inter-
ferences on the selected masses (Flem et al.,
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2002). The 2°Si and *°Si isotopes were used as the
internal standards for low and medium/high
resolutions, respectively, based on the presump-
tion that the analysed quartz contains 99.95 wt.%
SiO,. All data were calibrated against an external
synthetic silicate glass standard (NIST SRM 612).
Except for P, the values from Jochum ez al. (2011)
were used to calculate the absolute trace element
abundances in the quartz samples. The P
concentration (45.9 ppm) for NIST SRM 612
was adopted from Miiller et al. (2008c) because it
defines the LA-ICP-MS calibration curve more
accurately than older recommended values for
NIST standards (Gao et al, 2002). The time-
resolved signal data were processed using Glitter
software (van Achterbergh et al., 2001). A special
precaution was taken to constrain the signal of the
chemically homogeneous parts of the crystals and
to avoid any inclusions and inhomogeneities
present in the analysed quartz. The instrument
detection limits (IDL = 2.3*\/ (2B), where B is the
total count in the background interval) for
individual samples are listed in the
Supplementary Table 1 (which has been depos-
ited with the Principal Editor of Mineralogical
Magazine and is available from www.minersoc.
org/pages/e_journals/dep_mat mm.html). The
precision of the laser ablation analyses (as relative
1 sigma error — RSD) ranges between 5 and 15%
for most of the detected elements. The accuracy
was monitored by analysing soda-lime float glass
NIST 1830 (0.1 wt.% Al,O;) as the quartz
reference material is not available. The calcula-
tion of accuracy was compared with the published
values of Flem and Bédard (2002) and ranges
between 5 and 15% for all elements except Sn,
which yields greater accuracy (~45%).

Results

The applicability of the proposed analytical
methodology for the geological interpretation of
pegmatite zoning was tested on samples from the
Vézna LCT pegmatite. Discussion of preliminary
data (Breiter et al., 2012a) from this pegmatite
confirmed the feasibility of this approach. The
same methodology was therefore applied to other
pegmatite localities.

Detailed optical, SEM-CL and hot CL
observations guided the choice of analytical
points for LA-ICP-MS to avoid fluid or solid
micro-inclusions and recrystallized quartz.
Generally, pegmatitic quartz displays no (or
only a very low) CL signal without any
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primary magmatic zoning. The complete data
set of 153 LA-ICP-MS analyses from the Rozna,
Znétinek and Vladislav pegmatites is given in
Supplementary Table 1. Analytical data from the
Vézna pegmatite are available in Breiter et al.
(2012a). For a better illustration of the trace-
element variations, the averages and standard
deviations for the individual samples are given in
Table 2. Among the trace elements analysed, Al
and Ti have the greatest abundance and are the
most important for insights into the evolution of
melt during pegmatite crystallization (Fig. 2a).
Large amounts of Al were encountered in the
graphic, granitic, blocky and quartz-core zones
of the Rozna LCT pegmatite (averages between
147 and 320 ppm Al), in the graphic and blocky
zones of the Vézna pegmatite (averages of 140
and 211 ppm Al) and the graphic and blocky
zone in Znétinek (averages of 196 and 186 ppm
Al). Slightly smaller Al contents were found in
the granitic and albite units of Rozna (109 and
121 ppm Al) and the granitic zone of Vézna
(114 ppm). The smallest Al contents were found
in the Vladislav NYF-pegmatite (average of all
zones between 24 and 65 ppm Al), in the border
zone of Vézna (72 ppm Al) and in crystals of
smoky quartz from pockets in Znétinek, which
are probably of hydrothermal origin (average of
34 and 99 ppm Al).

The largest amounts of Ti (means of
43—45 ppm) were found in the border zone
from Vladislav, the graphic zone from Znétinek
and the blocky zone from Vézna. Slightly smaller
Ti contents were found in other samples from the
graphic and blocky zones of these three
pegmatites and in the border and graphic zones
of Rozna (averages in the interval of 11—39 ppm
Ti). The smallest Ti contents were found in
crystals of smoky quartz II from a pocket in
Znétinek of hydrothermal origin and in the albite
unit and quartz core units of Rozna (1—3 ppm Ti).

The Al/Ti ratio in quartz is a good indicator of
the degree of fractionation of granitic/pegmatitic
melt (e.g. Jacamon and Larsen, 2009; Breiter et
al., 2012b). This ratio is therefore used as a basis
for visualizing the behaviour of other analysed
elements during the evolution of individual
pegmatites. In the samples investigated, this
ratio ranges from ~0.2 to >200 in individual
analyses and between 1 and 168 for average
composition (Fig. 2b—h). Binary plots of Al vs.
Ti from the individual pegmatites (Fig. 2a) show
several distinct trends. In Rozna, a weak to
negligible negative correlation is seen with an
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14
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33
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24
13
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Mean
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Mean
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Mean
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Vezl
vez2
Vezs

Vézna*

* for raw analytical data see Breiter ef al. (2012a).

— mostly falling below the limit of detection;

increase in Al throughout pegmatite fractionation.
In Vézna, Al and Ti contents are positively
correlated and increase with increasing fractiona-
tion. In contrast, Al/Ti in Znétinek also exhibit a
similar positive correlation but show a decrease in
both elements from the border unit to crystals of
smoky quartz I and II in pockets. Quartz from the
Vladislav pegmatite is Al-poor and exhibits no
apparent correlation with Al/Ti (Fig. 2a).
Consequently, quartz from each pegmatite is
characterized by its own particular trend of the
Al/Ti-ratio.

Germanium accompanies Si in all silicates
because of similar crystallochemical parameters,
although its content in quartz is generally small
(Breiter et al., 2013). The largest abundances of
Ge were found in the albite unit and quartz core of
the Rozna pegmatite (averages of 9.6 and 10 ppm
Ge). Smaller contents were found in the coarse-
grained and graphic units at Rozna (averages of
2.6—4.2 ppm Ge) and in the blocky zone in Vézna
(average of 2.6 ppm). Other samples contain
<2.2 ppm Ge on average. The abundance of Ge
shows a good positive correlation with the Al/Ti-
ratio at all localities except for Znétinek, where
Ge has no apparent correlation with Al/Ti
(Fig. 2b).

The Li abundances vary over a wide range from
<0.05 to >50 ppm (Fig. 2¢). The highest average
concentrations were found in the Rozna LCT
pegmatites (coarse-grained unit and quartz core,
32 and 23 ppm Li, respectively) and the blocky
zone of Vézna (24 ppm Li). The Li contents show
a positive correlation with Al/Ti ratios. In these
pegmatite units (zones) abundant (Rozna) to
sporadic (Vézna) Li mineralization was encoun-
tered (Cern}'l et al., 1995; Novak and Cempirek,
2010; Teertstra et al., 1995). In contrast, all
samples from the Vladislav NYF pegmatite
contain <0.05 ppm Li. Other samples have Li
contents in the range 4—14 ppm and quartz from
Znétinek anatectic pegmatite yielded a negative
correlation between Li and Al/Ti.

The amounts of Be are generally very small
(<1 ppm; Fig. 2d) with means in the range of
0.05—0.85 ppm. Only quartz from the blocky
zone in the Vézna beryl-columbite pegmatite with
common beryl and Be-enriched cordierite is
enriched slightly containing 5.5 ppm Be on
average.

The abundance of B in most samples (tourma-
line is a typical accessory to minor mineral at all
localities) lies in the range of 2—6 ppm. Slightly
larger amounts were encountered in the coarse-
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grained graphic zone in Vladislav, with an
average concentration of 11 ppm. Two genera-
tions of crystals of smoky quartz from pockets in
Znétinek and the granitic zone of Vézna contain
only 1.5, 0.53 and 0.65 ppm B on average,
respectively (Fig. 2e).

The P abundances in pegmatitic quartz vary
between <0.25 and 13 ppm with most averaging
5.6—7.3 ppm and no well defined trends at
individual localities (Fig. 2f). The highest concen-
trations were found in the graphic and blocky
zones at Vézna (average 9.9 and 10 ppm P), while
the lowest were found in the granitic, graphic,
albite and quartz-core zones of Rozna (<2.8 ppm
P). Primary phosphates (fluor-apatite, amblygoni-
te—montebrasite, Novak and Cempirek, 2010) are
more abundant in the latter than at any of the
other localities examined.

The quartz contains very small amounts of Sn,
mostly <0.3 ppm Sn, with individual larger values
up to 6.3 ppm Sn (Fig. 2g). Only quartz from the
graphic zone in Znétinek and from the blocky
zone at Vézna is distinctly Sn-enriched (averages
of 1.2 and 3.5 ppm, respectively). Surprisingly,
the Rozna pegmatite, with common cassiterite,
has quartz with very little Sn content.

The Fe contents in quartz vary widely from
trace to 99 ppm (Fig. 2/), but the averages usually
do not exceed 2 ppm Fe. Only quartz from the
graphic and blocky zones at Znétinek, graphic
zone in Rozna and blocky zone in Vézna are
Fe-enriched (means of 9.7, 7.2, 10 and 52 ppm Fe,
respectively).

The amount of Mn is generally small with
averages <0.7 ppm. Slightly elevated means were
found in the graphic and albite zones at Rozna
(1.1 and 2.6 ppm), in the graphic zone at Znétinek
(2 ppm) and in the blocky zone of Vézna
(2.7 ppm). Although geochemically similar to
Fe, the Mn contents of quartz do not correlate
with Fe.

Rubidium, Sr, Ba and Cr are present in quartz,
usually in very low concentrations: Rb <0.2 ppm,
Sr <0.1 ppm, Ba <0.2 ppm, Cr <0.1 ppm. The
largest amounts of all these elements were found
in the blocky zone of the Vézna pegmatite with
averages of 1.7 ppm Rb, 3.8 ppm Sr, 1.5 ppm Ba
and 2.3 ppm Cr, where elevated contents of Ba
were found in late zeolites and subsolidus
feldspars (Cemy et al., 1984; Teertstra et al.,
1995; Dosbaba and Novak, 2012). The Cr might
originate from the host serpentinite containing
Cr-enriched actinolite, which is in direct contact
with this pegmatite.
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Discussion

Compositional trends during pegmatite melt
differentiation

Compositional evolutionary trends of trace
elements in quartz from granites of different
age and geochemical types are generally the
same: i.e. a decrease in Ti is followed by an
increase in Al, Li and Ge (Miiller et al., 2010;
Breiter et al., 2013). The distribution of other
elements is either random (B, Fe, Mn) or has
been poorly documented. However, the trends
for pegmatites investigated in more detail (this
work; Beurlen et al., 2011) are more complex.

A generally ‘granitic’ evolutionary trend has
been found in the Rozna LCT pegmatite
(Fig. 3): Ti decreases from 22 ppm in the
granitic border zone to 1.4 ppm in the quartz
core. Similarly, Al increases from 109 to
235 ppm, Li from 4.9 to 23 ppm and Ge from
1.3 to 10 ppm (average contents in all cases).
The only exception to this trend is the
composition of the coarse-grained intermediate
zone, which contains the greatest amounts of Al
(320 ppm) and Li (32 ppm), within the whole
pegmatite; although this unit contains only
minor Li mineralization (Fe-rich elbaite, Li-
rich muscovite, rare amblygonite—montebra-
zite). In the case of the Rozna pegmatite, Ge is
distributed more evenly in quartz than are Al
and Li. The increase in Ge content is the most
robust indicator of magma fractionation from
the border zone to the quartz core (Fig. 3b). The
exceptionally large amounts of Al and Li in the
albite (+lepidolite) units may be influenced by
Li-rich fluid/melt from which the lepidolite and
Li-tourmalines crystallized.

In the Vézna pegmatite, the abundances of Al,
Li, Ge, Be and B increase systematically from the
wall zone to the core, although Ti is highly
scattered with maximum concentrations in the
blocky zone. A similar trend was noted for the
Borborema beryl-columbite pegmatite by Beurlen
et al. (2011)

In the Znétinek pegmatite, contents of Al, Ti,
B, Rb, Sn, Mn and Fe) decrease slightly from the
graphic to the blocky zone and then decrease
further in the two generations of smoky quartz
crystals in pockets. This reverse compositional
trend is unique in granitic rocks.

In the Vladislav pegmatite, the Ti content
decreases systematically from the wall zone to
the core (44 to 18 ppm), whereas Al increases
slightly from the wall-zone to the coarse-grained



TRACE-ELEMENT COMPOSITION OF QUARTZ

a »
25 ‘s
o’ e O
20 .‘ o [m]
= "9 m X
£ o B3
2 X
215 X a X x X
= X
i x X D X A
X oo A
10 X A
% O X Aa A
X A A
X XO x Ap
5 Xx
= A
. rlgjlqﬂl' ] 'l- .
0 100 200 300 400 500
Al (ppm)
C =
70 A
60
[ ]
=50 A
3 ] A
240 u L]
= u A
-
30 =
A A.A A
20
X
%;;h L n A
10
(] X
X, of X
0 Ea)
0 100 200 300 400 500
Al (ppm)
e
[
14 I
]
‘1.8 "o
- [ ]
—~p0lm L L
£10 -
s X
£ %D
8 |
6
X a
A A
. X A S
A A A A 4
X
2 i x &
o
0
0 10 20 30 40 50 60 70
Li (ppm)

b
14 .
|
| ]
12 o = I. ‘
oo
~ 10 .‘J .
H x @
e s - o
[ ]
3
o X @l =
X EIX X DXA AﬁA
A Bp
4 = X xeal A4
X X
2 o ool
0
1 10 100 1000
AllTi (ppm)
d 80
70 A
60 -
= 50 A
[ ]
£ w 4 um
2 A .
3, A -
20
10
0
1 10 100 1000
AlTi (ppm)
f 10 =
9 A
8
7 A
A [
—~ 6 pr u
E n
E ° - X L]
o
T . } . "
3 o O A
N % &
5 .ao( = ES((XX [ ]
XX
xt'r. g X x . m"
ase B r\% o rnHa L
1 10 100 1000
Al/Ti (ppm)

FI1G. 3. Trace-element contents in quartz from particular zones of the Li-rich Rozna LCT pegmatite (for sample
details see Table 1): (a) Al vs. Ti; (b) AU/Ti vs. Ge; (c) Al vs. Li; (d) Al/Ti vs. Li; (e) Li vs. Ge; (f) AUTi vs. P.

graphic zone (30 to 65 ppm) and decreases in the
core (24 ppm). The trend of Ge is similar to that
of Al. The Li contents of all samples are
negligible (<0.1 ppm) and the very small
amount in quartz from Vladislav corresponds to
the small amounts of Li in the bulk-rock content
in the surrounding parental durbachite
(20—35 ppm Li; Breiter, 2008) and in beryl
from the nearby Kozichovice pegmatite (37 ppm
Li; Novak and Filip, 2010).

The ability of late-crystallizing quartz from
the core of some pegmatites (e.g. VEZzna) to
contain unusually large amounts of a number of
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trace elements could support the hypothesis that
this type of quartz is derived from silica gel
(Williamson et al., 1997). The hypothetical
considerations of the possible role of silica gel
at the end of crystallization of pegmatite melts
(Taylor et al., 2004), were recently supported by
the discovery of inclusions of silica gel in quartz
from a simple pegmatite (Thomas and
Davidson, 2012). Our data do not provide
sufficient support for this hypothesis; however,
a more thorough study of quartz from the cores
of one of the latest primary pegmatite units is
required.
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Comparison of quartz from Moravian pegmatites
and pegmatites worldwide

and Li contents (>1000 ppm Al and >120 ppm Li;
Breiter et al., 2013). However, quartz from the

The trace-element signature of quartz from the
blocky and core zones of the Vladislav NYF
pegmatite is comparable with Norwegian NYF-
related pegmatites from the Froland, Evje and
Tysfjord fields (Miiller et al., 2013) in terms of its
contents of Al (24—65 ppm vs. 21—-94 ppm Al),
Ti (18—34 ppm vs. 2—20 ppm Ti) and Ge
(1.1-1.6 ppm vs. 2—3 ppm Ge, averages in all
cases). However, quartz from the Norwegian
pegmatites contains more Li (6—12 ppm Li).

The evolution of the Rozna LCT lepidolite
pegmatite is similar to those of spodumene- and
lepidolite-bearing Borborema LCT pegmatites
(Fig. 4), as the late-stage quartz is relatively
enriched in Al, Li and Ge, whereas the Ti
content decreases from the outer zones inward
and becomes negligible in the central units
(1-2 ppm). However, the Al and Li contents of
the Borborema pegmatites are somewhat larger
than in Rozna. In contrast, quartz from Rozna is
more enriched in Ge. The anatectic pegmatite from
Znétinek differs from all of the pegmatites
examined in terms of a systematic decrease of
both Al and Ti contents from the graphic zone
through the blocky unit to the two generations of
smoky quartz in pockets. Crystallization of
feldspars, muscovite and quartz in these pockets
represents the transition from magmatic to
hydrothermal processes, where smoky quartz II is
evidently of hydrothermal origin. A similar
decrease in Al and Ti contents during transition
from magmatic to hydrothermal crystallization of
quartz was described by Larsen ef al. (2009) from
granites along the Oslo Rift.

Comparison of quartz from pegmatites and
granites

The compositions of quartz from the less-
fractionated pegmatites (Znétinek, Vézna and
Vladislav) are similar to those of quartz from
the two-mica granites of the Moldanubian Pluton
(Breiter et al., 2013), with Al contents <250 ppm
and Li <40 ppm (Fig. 5). The pegmatites are
comparatively poor in Ti (most commonly 1—25
vs. 20—100 ppm) and enriched in Ge (1—6 vs.
0.4—0.8 ppm).

Quartz from the complex LCT-pegmatites
exhibits evolutionary trends similar to the quartz
from the S-type rare-metal granites of Krusné
Hory/Erzgebirge but never reaches such large Al
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Borborema lepidolite- and spodumene-subtype
pegmatites contains up to 115 ppm Li (sample
average) and is thus similar to quartz in the
Podlesi rare-metal granite (Breiter and Miiller,
2009). However, in this case, the Al content
(sample average max. 650 ppm) is substantially
smaller than the typical Al content of the late
facies of the rare-metal Krusné Hory/Erzgebirge
granites (600—1100 ppm, Breiter and Miiller,
2009). In contrast, quartz from complex pegma-
tites is able to accommodate more Ge than the
quartz from the rare-metal granites (sample means
6—10 vs. 2—3 ppm, Fig. 5b).

The Ti—Al—Ge ternary diagram proposed by
Schron et al. (1988), utilized this specific feature
of pegmatitic melts for discrimination between
normal and evolved granites and pegmatites
(Fig. 6). Whereas granite melts evolve generally
from the Ti to the Al corner of the diagram,
pegmatite melts evolved towards the Ge corner.

Note that the samples from quartz cores are
largely heterogeneous with domains which have
very few trace elements (see Supplementary
Table); thus a relatively large number of point-
analyses is necessary to obtain a reliable mean
value. Trace-element-poor quartz may represent
the product of hydrothermal recrystallization. In
the V&zna pegmatite in particular, the core quartz
is enriched in all analysed elements including Rb,
Sr, Ba and Cr.

Substitutions and the role of associated
minerals

Of the trace elements in quartz, only Ti, Al and Li
are systematically present and more or less
homogeneously distributed in the range of tens
to 100s of ppm in the majority of samples
investigated. Titanium as Ti'" is capable to a
limited extent of replacing Si in SiO,4 tetrahedra
and the equilibrium between rutile and the Ti
content of associated quartz can be used as a
thermobarometer (Huang and Audétat, 2012).
Aluminium is the most abundant trace element,
with different valences to that of Si, and in
common granites and pegmatites is usually in the
range 100—400 ppm, whereas in evolved rare-
metal granites and complex pegmatites it is in the
range 400—1000 ppm Al (Breiter et al., 2013).
There is no correlation between the ASI
(aluminium saturation index) of melt and the Al
content of crystallizing quartz (Breiter and
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Fi6. 4. Comparison of compositional trends of trace elements in quartz from the Rozna LCT pegmatite with the
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Miiller, 2009). Thus, the entry of Al into the
quartz lattice is not determined by the activity of
Al in the melt, but by the activities of the
available ions for valence compensation. In most
cases, substitution of Si*' by AI*" in the quartz
structure is essentially compensated by the
interstitial ions H, Li*, Na™ and K*. The berlinite
substitution (Al+P « Si+Si), which is common in
feldspars (London, 1992), garnet (Breiter et al.,
2005b) and topaz (Breiter and Kronz, 2004), is
expected to be negligible in quartz as its P content
is typically >10 ppm. According to Miiller and
Koch-Miiller (2011), igneous quartz preferentially
incorporates H™ as (OH)™ in lieu of Li, K and P
and this is reflected by the relatively large
H/(Li+K+P) ion ratio compared to hydrothermal

and metamorphic quartz. Note that Miiller and
Koch-Miiller (2011) analysed quartz from Li-poor
granites and pegmatites and found only 38—98
ppm Al and 4—11 ppm Li. In contrast, Perny et al.
(1992) and Gotze et al. (2004) stressed the
importance of Li", mainly in the relative Al-rich
igneous quartz. Recently, Beurlen ef al. (2011)
showed, that 60—100% of Al ions in quartz from
the Borborema Li-pegmatites are compensated
with Li* ions. In the pegmatite samples
investigated from the Bohemian Massif, ~/4—%
of the Al ion substitution is compensated with Li
(Fig. 3¢). It can be assumed that the remainder of
the Al is compensated with other alkalis (Na, K)
in interstitial positions and/or via the coupled
substitution Si*' + 0>~ « A" + (OH)".
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Fi6. 6. Ti—Al-Ge-ternary diagram: («) evolution of quartz within the pegmatite investigated from the border to the
core zone (1 to 3); (b) comparison of quartz from pegmatites and the main types of granites (data from Larsen et al.,
2004; Breiter and Miiller, 2009; Beurlen et al., 2011; Breiter et al., 2012a,b, 2013).

The combination of AP™+Li" « Si*" and

APF"+OH™ « Si*'+0” substitutions may explain
why the largest Al contents of quartz were found
in evolved granites and pegmatites strongly
enriched in Li and water (complex LCT
pegmatites, S- and A-type rare-metal granites)
without direct relation to their ASI. This is
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supported by the composition of quartz from
Vladislav, where very small amounts of Li (below
detection limits) are accompanied by small
amounts of Al (24—65 ppm).

The role of associated minerals in the concentra-
tions of Li, P and B in quartz is not clear and has
not been investigated to date. The behaviour of Li
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is unexpected as most quartz from the Li-rich
Rozna lepidolite pegmatite contains relatively little
Li (averages of the border graphic and albite units
are 4—7 ppm Li), whereas quartz from the Li-poor
Znétinek pegmatite contains 5—14 ppm Li and
quartz from Vézna pegmatite (with only minor
amounts of Li-bearing minerals, Teerstra et al.,
1995) contains 14—24 ppm Li. Phosphorus also
displays a similar unexpected behaviour, e.g. in the
Rozna pegmatite, which contains the largest
number of phosphate minerals among the pegma-
tites investigated (Novak and Cempirek, 2010).
The concentrations of P are mostly very low
(0.7—2.8 ppm) except for the sample Ro4. In
contrast, in the Vladislav pegmatite the P contents
in quartz are among the highest (6.7—7.3 ppm),
disregarding very small amounts of P in feldspars
and almost an entire absence of primary phos-
phates, including apatite, in the NYF pegmatites of
the Ttebi¢ Pluton (Novak ef al., 2011, 2012). All
pegmatites examined contain tourmaline as an
accessory (Znétinek, Vladislav, Vézna) or as a
minor mineral (Rozna). However, the highest
concentrations of B (5.8—11 ppm) were obtained
from the outer units in the Vladislav quartz, where
tourmaline is absent. The quartz core with common
tourmaline at the same locality yielded a small
amount of B (3.0 ppm). It can be assumed that
crystallization of associated minerals prior to
quartz decreased the concentration of particular
elements in the melt and, thus, in the slightly later-
crystallizing quartz. Further investigations are
required to explain this problem.

Thermobarometry

The Ti-in-quartz thermobarometer (Huang and
Audetat, 2012) permits determination of the rock-
crystallization temperature when the Ti content in
quartz and an appropriate pressure are known.
The presence of rutile or ilmenite in association
with analysed quartz is the necessary condition
for achieving chemical equilibrium and the
applicability of this thermobarometer. The pres-
sure in the Strazek Unit and other Moldanubian
regions during rare-element pegmatite emplace-
ment was estimated to be 0.2—0.3 GPa (Novak et
al., 2013) and 0.3—0.4 GPa (Ackerman et al.,
2007). For the model conditions of 0.3 GPa,
quartz from the outer zones of the Znétinek and
Vladislav pegmatites (45 and 44 ppm Ti)
indicates a temperature of 670°C, while blocky
zones of both pegmatites (35 and 34 ppm Ti,
respectively) give 645°C. The border zone in the
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Rozna Li-pegmatite (22 ppm Ti in quartz) yields a
temperature of 610°C. These temperatures should
be considered as maxima, as the real activity of Ti
in the melt was probably less than unity.

Conclusions

This study demonstrates:

(1) Quartz from simple anatectic and NYF
pegmatites is poor in all trace elements.
Compositional evolution is marked by a decrease
in Ti and minor increases in Ge. There are only
small amounts of Al and Li and they show no
systematic changes with pegmatite evolution;
usually Al <100 ppm, Ti <30 ppm, Li <12 ppm
and Ge <3 ppm.

(2) Quartz from complex LCT pegmatites has
similar evolutionary trends to quartz from
fractionated granites: a decrease in Ti in the
initial stage of melt evolution is followed by an
increase in Al, Li and Ge. In comparison with the
most fractionated rare-metal granites, pegmatitic
quartz is relatively depleted in Al and Li, but
strongly enriched in Ge.

(3) The limiting factor for the entry of Al into
the quartz lattice appears to be the presence of a
sufficient amount of ions for charge compensa-
tion, mainly Li (AI*" + Li" = Si*") and H (AI*" +
OH™ = Si*" + 0*").

(4) The temperature of crystallization of the
border zones of the Znétinek and Vladislav
pegmatites using the Ti-in-quartz thermometer at
assumed pressures of 0.3 GPa was ~670°C; the
border zone in Rozna crystallized near 610°C.

(5) The trace element content of quartz is a
useful tool for obtaining a better understanding of
magmatic evolution of complex pegmatites.
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