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Abstract—Pegmatite quartz from different occurrences in Norway and Namibia was investigated by a
combination of ICP-MS, Electron Spin Resonance (ESR), Capillary lon Analysis (CIA) and Gas Chroma-
tography (GC) to quantify trace elements in very low concentrations and to determine their position in the
quartz structure.

The studied quartz samples show similar geochemical characteristics with low contents of most trace
elements. Remarkable are the elevated concentrations of Al (36—-636 ppm), Ti (1.6-25.2 ppm), Ge (1.0-7.1
ppm), Na (5.2 to>50 ppm), K (1.6 t&>100 ppm) and Li (2.1-165.6 ppm). These elements are preferentially
incorporated into the quartz lattice on substitutional (Al, Ti, Ge) and interstitial (Li, Na, K) positiofnavas
found to be the main charge compensating ion for Al, Ge and Ti, whereas some ppm of Na and K may also
be hosted by fluid inclusions. Ti may be incorporated as substitutional ion for Si or bound on mineral
microinclusions (rutile). The results of the ESR measurements show that there may be a redistribution of alkali
ions during irradiation. The diamagnetic [AM *]° center transforms into the paramagnetic [f€center,
whilst the compensating ions diffuse away and may be captured by the diamagnetic precursor centers of
[GeQ,]° and [TiQ,]° to form paramagnetic centers ([Tj@i *1°, [GeQ,/Li *]°).

In general, fluid inclusions in pegmatite quartz can be classified & @0D,-NaCl type inclusions with
water as the predominant volatile. Among the main elements hosted by fluid inclusions in quartz are Na, K,
NH,, Ca, Mg and the anionic complexes GNO,~, HCO,™ and SQ?". Gas analysis of trapped fluids shows
volatile components in the following order of abundancg®©H> CO, > N,(+) = CH, > COS> C, and
C; hydrocarbons. Additionally, traces of Co, Ni, Zn, Pb, and Cu were detected by CIA in fluid inclusions of
some samples. There are indications that the REE and Rb are also bound in fluid inclusions, however, the
concentrations of these elements are too low to be measured by CIA. Assuming that the REE preferentially
occur in fluid inclusions, the typical chondrite normalized REE distribution patterns with tetrad effects and a
distinct negative Eu anomaly would reflect the composition of the mineralizing fluid.

For a number of elements, especially those with extremely low concentrations, the “type” of incorporation
in quartz could not directly be determined. We conclude that these ions either are too large to substitute for
the small St* ion or they are not soluble in the mineralizing fluids to be hosted by fluid inclusions. Some of
these elements, which are concentrated in the specific mineralization of certain pegmatites, are not present in
elevated concentrations in the paragenetic pegmatite quartz itself. This was observed, for instance, for Be, Cs
and Rb in the Li (Be-Cs-Rb) pegmatites of Rubicon or for Nb and Ta for Nb-Ta bearing pegmatites from
Norway. It may be concluded that the concentrations of these trace elements in quartz do not reflect the
mineralization and that these elements thus, cannot be used as petrogenetic ind@gpgright © 2004
Elsevier Ltd

1. INTRODUCTION Lewis, 1994; Gtze and Plze, 1997; Monecke et al., 1999,
2002a; Gtze and Zimmerle, 2000; Larsen et al., 2000; Pou-
tivcev et al., 2001; Mler et al., 2003.

For detailed interpretation, different mechanisms of trace
element uptake into the quartz lattice have to be discussed.
Trace elements in quartz may generally be incorporated into the
crystal structure or bound to microinclusions (fluid or mineral
inclusions). Due to its structure and the small size of tifg Si

Trace elements in minerals are considered important petro-
genetic indicators for interpreting the conditions of mineral
formation, to reveal the provenance of minerals, or to recon-
struct the genesis of ore deposits and the origin of metal-
bearing fluids. Because of the widespread occurrence of quartz
in igneous, metamorphic and sedimentary rocks, several at-
tempts have been made to use trace elements for genetic 5 - X ;
interpretations (e.g.Bambauer, 1961 Dennen, 1964, 1966, ©n (0-42 A),“quar'tz 1S considered to incorporate only small
1967; Walenczak, 1969; Lyakhovich, 1972; Suttner and Lein- amou_nts_ of _forelgn e_Iements Into |t_s crystal lattice. The
inger, 1972: Hallbauer, 1992; Heynke et al., 1992t@cand subst!tutlopgl |n.corporat|on o.f Al, Ge, Ti, Qa, Fe, Hand P into

the Si position is well established (e.@Veil, 1984, 1993 If

necessary, the charge deficit is compensated by cations, which

* Author to whom correspondence should be addressed (goetze@ ar€ distributed in structural channels parallel to the c-axis.
mineral.tu-freiberg.de). Cations which were detected on interstitial lattice positions are
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Table 1. Pegmatite samples from different occurrences selected for the present study.

Sample Location Mineralization Microscopic characteristics
Qzla quartz Frikstad quartz, feldspar, mica, bottle-green cathodoluminescence (CL)
Qz1b smoky quartz Evje-lveland, Norway Nb/Ta, REE, gadolinite, garnet bottle-green CL, subcrystals
Qz2a quartz Skavdalen quartz, feldspar (graphic granite), homogeneous bluish-green CL, fluid trails
Qz2b smoky quartz Evje-lveland, Norway monazite, garnet homogeneous bluish-green CL, fluid trails
Qz3a quartz Brattekleiv quartz, feldspar (amazonite), bluish-green CL with dark fluid trails
Qz3b smoky quartz Evje-lveland, Norway beryl, Nb/Ta, garnet bluish-green CL with dark fluid trails
Qz4a quartz Vaanne quartz, feldspar, mica, homogeneous bottle-green CL, subcrystals
Qz4b smoky quartz Evje-lveland, Norway monazite, garnet homogeneous bottle-green CL, fluid trails
Qz5a quartz Steli near Dalane quartz, feldspar, mica, monazite, homogeneous hottle-green CL
Qz5b smoky quartz Evje-lveland, Norway garnet (pseudomorphs after mica) homogeneous bluish CL, chlorite
Qz6a quartz Li feldspar (perthitic), homogeneous bluish green CL, rutile
Qz6b smoky quartz Evje-lveland, Norway quartz bluish-green CL, fluid trails, chlorite
Qz7a quartz Drag quartz, feldspar (amazonite), mica, greenish-blue CL, subcrystals, biotite
Qz7b smoky quartz Norway fluorite, garnet, Nb/Ta, REE homogeneous greenish-blue CL
Qz% quartz Hittero quartz, feldspar, mica, Nb/Ta, Th, REE bluish-green CL, fluid trails

Hitra, Norway
Qz15a quartz Rubicon Mine quartz, feldspar, (Li-) muscovite, bluish CL, brighter luminescing fluid trails
Qz15b smoky quartz Namibia petalite, lepidolite, garnet, bluish CL, brighter luminescing fluid trails

Qz15¢c rose quartz

amblygonite, columbite

bluish CL, brighter luminescing fluid trails

commonly the alkali ions Li*, Na*, K" and H*, but also
include the ions of Cu, Ag, Al, Fe, Ti, Co, Cr, Ni (Weil, 1984,
1993).

For most elements in quartz, however, their capture by
microinclusions is most important (Blankenburg et al., 1994).
Jung (1992) suggested that only Al, B, Ge, Fe, H, K, Li, Na, P
and Ti are structurally incorporated, whereas Ca, Cr, Cu, Mg,
Mn, Pb, Rb and U occur in solid and liquid inclusions. Ross-
man et a. (1987) proved that Sr, Rb, Sm, Nd are mostly not
structurally incorporated into quartz and discussed the role of
fluid inclusions in hosting these elements. Gerler (1990)
showed a strong correlation of the elements Cl, Br, Na, Ca, Sr,
and Mn with the water content of fluid inclusions and con-
cluded that up to 100% of CI, Br and | may be concentrated
there. Other elements which were detected in fluid inclusions of
quartz are Ag, Au, K, Li, F, Mg, Ba, Cs, B, Hg, Fe, Co, Cu, Pb,
Sb, Znand U (e.g., Czamanske et al., 1963; Suscevskayaet a.,
1970; Pickney and Haffty, 1970; Malinko et a., 1976; Bara-
nova et a., 1980; Naumov et ., 1984; Gerler and Schnier,
1989; Klemm, 1994). On the other hand, Gerler (1990) found
that the elements K, Cs, Rb, Fe, Cr, Co, Al, Ba, Sc, W, U and
the REE can aso be related to microscopic mineral inclusions
in quartz. Thisillustrates that the mechanisms of incorporation
may be variable, even for a specific element in asingle crystal.

In generadl, it is difficult to quantify the amounts of differ-
ently incorporated trace elements, and it is impossible if only
one analytical method is used. Therefore, an attempt was made
in the present study to quantify the distribution of trace ele-
ments in quartz by a combination of ICP-MS, Capillary lon
Analysis (CIA) and Electron Spin Resonance (ESR). ICP-MS
is a powerful method for the detection of the very low concen-
trations of many trace elements in bulk quartz specimens. CIA
can be applied to the analysis of a wide variety of cations and
anionic complexes in fluids in the lower ppb range. Thus, this
method enables to reveal separately the trace element concen-
trations bound in fluid inclusions of minerals. The application
of ESR enables the detection of such trace elements, which are
incorporated into the quartz lattice forming a paramagnetic
center. The combination of these methods provides more in-

formation about the mechanism of trace element uptake in
quartz than application of any single method could.

2. MATERIALS AND METHODS
2.1. Sample Material

The material investigated includes 18 samples of pegmatite quartz
from Norway and Namibia (Table 1). Quartz from pegmatites was
selected to obtain enough sample material of pure quartz for the
different analytical techniques.

Both quartz and smoky quartz were sampled from the pegmatite
bodies of Frikstadt, Skavdalen, Brattekleiv, Vanne, Steli near Dalane
and Li, which al belong to the pegmatite complex of Evje-lveland in
Southern Norway (Bjerlykke, 1934). Theigneous activity in thisregion
took place ~1250 Ma ago and was associated with crustal extension
and formation of basic and felsic igneous rocks (Pedersen, 1981).
Large-scale emplacement of posttectonic undeformed plutons took
place at ca. 1000 Ma with massive granite, monzonite and diorite
emplacement. Geochronological studies of the Evje-lveland pegmatites
provided an age of 852 == 12 Ma based on Rb-Sr dating of K-feldspar
(Stockmarr, 1994). The bodies of granitic pegmatites in Evje-lveland
comprise classical zoned “chamber” pegmatites that mostly crystallized
as subvertical or subhorizontal dikes or sills, respectively (Larsen,
2002). They rarely exceed 20 m in thickness and have lateral extent of
less than 100 m. It was suggested that the coarse-grained granitic
pegmatites of Evje-lveland formed from progressively more differen-
tiated melts that were emplaced in a southward-propagating system of
vertical and horizontal faults and fractures within mafic host rocks
(amphibolite, norite, mafic gneiss) (Larsen, 2002). The samples repre-
sent different localities of quartz in one pegmatite province, consisting
above al of quartz-feldspar(-mica) pegmatites that have partly REE-
Nb-Ta-Be (e.g., gadolinite, beryl, monazite, alanite, tantalite, magne-
tite, spessartine) mineralization.

Additional sampleswere taken from the quartz-feldspar pegmatite of
Drag, Norway and the pegmatite of Hitterg, Norway, which are char-
acterized by Nb-Ta(-Th) mineralization (Oftedahl, 1980). The locality
of Drag is situated in the Tysfjord areain the northern part of Norway.
The pegmatite body was formed ~1800 million years ago, when
granites intruded 2500 Ma old gneisses. The zoned pegmatite of Drag
developed from a mixed pegmatite of feldspars, quartz and mica to
smoky quartz and coarse grained, pure quartz; the latter is partly
associated with fluorite (Table 1). The granitic pegmatite of Hitterg on
Hidra Island belongs to the ~930 Ma old Rogaland anorthosite prov-
ince. Recent results have indicated that the melts of this large Protero-
zoic igneous complex derived from lower continental crust (Schiellerup
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et a., 2000). The mineralization of the pegmatite includes, besides
quartz, feldspars and mica, also Nb/Ta-, Th- and REE minerals.

Furthermore, material (quartz, smoky quartz and rose quartz) from
the Rubicon mine, located 30 km SE of Karibib, Namibia, was studied.
This pegmatite represents a group of Li-Cs-Be-Rb pegmatites that
belong to the Okongava granite, which intruded at 515 Maago (ca. 720
Ma) diorites of the Damara complex. Field observations and results of
mineralogical investigations indicated that the genesis of these pegma-
tites can be related to dome structures and diorites of the Goas Suite
(Keller, 1999). The gently dipping pegmatites developed from a prob-
ably prefractionated fluid-rich granite and occur on the margin of
diorites, which could have acted as a barrier for the fluids. Although the
pegmatites, in general, reached a high degree of akali fractionation
(e.g., petalite, pollucite mineralization), the pegmatite of Rubicon itself
does not show intensive fractionation trends, which was interpreted to
reflect continuous metasomatic processes at high temperatures (Keller,
1999). In Table 1 the main mineralizations of the sampled pegmatites
are summarized.

The preparation of pure quartz samples was preceded by mineralog-
ical investigations on thin sections to reveal impurities in the quartz
material to be analyzed and to study possible internal structures. Fea-
tures such as strain domains, subgrain boundaries, and others, may
indicate areas of enhanced accommodation of fluid and mineral inclu-
sions. Polished thin sections were investigated by conventional polar-
ized microscopy, cathodoluminescence (CL) microscopy (hot-cathode
CL microscope HC1-LM), and scanning electron microscopy (SEM)
using a JEOL 6400 with a Noran EDX detector. The CL technique
proved to be particularly useful to identify minute inclusions of apatite,
fluorite, calcite and feldspar, because of their bright CL and character-
istic luminescence colors. The search for sheet silicates and Fe-Ti
oxides was done by SEM. The studies confirmed that the specimens
mainly consist of large zones of pure quartz that could be sampled by
hand-picking. Solid inclusions other than rutile are rare in the samples.
Rutile may occur as minute submicron-thick needles, which are dis-
persed throughout the quartz. Additionally, tiny inclusions of chlorite
(in sample Qz5b/6b), pyrophyllite (Qz6b), bictite and fluorite (Qz7a)
were detected; these were always arranged outlining secondary micro-
cracks. The quartz samples were crushed in an agate mortar, and pure
quartz grains without visible impurities were hand-picked under a
binocular microscope. The separated fractions were repeatedly washed
with 2 mol/L nitric acid and ultrapure water, and then air dried.

2.2. Analytical Procedure

The samples (400-500 mg) for ICP-MS analysis were milled to a
grain size of ~30 wm using a precleaned 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 pg/L concentration) was added as an internal standard for
the ICP-M S measurements. The analysis was performed using a Perkin
Elmer Sciex Elan 5000 quadrupole instrument with a cross-flow neb-
ulizer and a rhyton spray chamber. The precision and accuracy of the
ICP-MS measurements were evaluated by analysis of the glass sand
reference material UNS-SpS. The relative standard deviations for most
analytes were below 10%. The ICP-MS results showed procedural
limits of detection ranging from 0.22t0 3.1 ug L ~* for Na, Mg, Al, K,
Ca and Ba. Elements such as Li, Mn and Sr had procedural limits of
detection of 0.02 to 0.04 ug L 2, whereas these limits range from 1 to
7 ng L~ for the other elements investigated (Monecke et al., 2000).

Fluid inclusions were examined using a Linkam THM S 600 hesting-
freezing stage. Two synthetic fluid inclusion standards (SYN FLINC;
pure H,O, mixed H,O-CO,) were used to calibrate the equipment. The
precision of the system was *=2 °C for homogenization temperatures
(Th), and 0.2 °C in the temperature range between —60 and +10 °C.

Analysis of trace elements in fluid inclusions was carried out by
Capillary lon Analysis (CIA). The separation of different cations and
anionic complexes for analysisis based on the different electrophoretic
mobilities of the hydrated or complexed species, or their charge/mass
ratio in an electrolyte moving through a fused silica capillary in an
electric field. The detection is accomplished at the end of the capillary
by indirect UV detection (Hallbauer, 1997).

CIA analyses were carried out using a WATERS Quanta 4000
instrument coupled with a digital to analog converter for computer-

aided data processing. Sampling of the UV detector output was set at
50 Hz intervals or 0.02 s intervals. All quantitative calculations are
based on peak area integrations. Detection limits in the ppb region can
be achieved using the electromigration mode (Hallbauer, 1997).

A specific procedure for the extraction of fluid inclusions from
samples by crushing and leaching had to be designed because of the
behavior of fluid inclusions and the adsorption and consequent loss of
ionic species onto fresh fracture surfaces (Bottrell et al., 1988; Yardley
et a., 1993). In the present study a crush and leach method, with
leaching in 2.5 mL of MQ water with Tetrabutylammonium Hydroxide
(TBA) with subsequent pass through a 0.47 wm membrane filter, was
used (Hallbauer, 1997). Delonized water supplied by a Milli-Q system
(Millipore, Bedford, MA, USA) was used for these experiments. The
water blank is routinely checked for contamination and varied between
0.5and 1 ppb K, Naand Ca. A 10 mM pyridine electrolyte was used
for cation separations (60 cm capillary, 25 kV separation voltage) with
25 mM glycolic acid as a general complexing agent, resulting in a pH
vaue of ~4.5. To separate the comigrating cations of K and NH,, a
further addition of 1 mM “crown” ether (Jandik and Bonn, 1993) for
complexation of K cation was found to be sufficient.

For the determination of anionic species a separate capillary was
used and specially conditioned for use with an osmotic flow modifier
(OFM). A convenient co-ion and chromofore is chromate (Jandik and
Bonn, 1993), which was prepared from sodium chromate tetra hydrate
as a5 mM solution with a pH of ~8.0, adjusted by sulfuric acid. Best
separations were achieved at ~20 kV.

CL spectra were obtained on carbon-coated polished thin sections
using a CL microscope with an EG& G digital triple-grating spectro-
graph and a liquid nitrogen cooled CCD detector in the range 380—
1000 nm (VIS-IR). To prevent distortion of the spectra by prolonged
exposure to the electron beam, all spectra were taken on nonirradiated
sample spots. Time-resolved (20 X 5 s) CL spectra were measured on
selected samples to study the CL behavior of the mineras during
electron irradiation. In addition, spectral CL investigations were carried
out using a JEOL JSM 6400 SEM equipped with an Oxford MonoCL
system over the range 200—800 nm (UV-V1S). For CL investigations,
the accelerating voltage was set at 20 kV and the beam current in the
range 0.6—-1.6 nA.

Bulk volatile compositions of fluids trapped in inclusions were
analyzed by gas chromatographic (GC) analysis (Bray et al., 1991,
Channer et al., 1999). A sample mass of ~1.2 g was used. To quantify
trace element ratios measured by CIA and to calculate the sdinity of
the extracted fluids, the water content in the samples was calculated
using the results of the gas chromatographic analysis.

The paramagnetic centers of irradiated quartz powder samples were
investigated by Electron Spin Resonance (ESR) at frequencies of the
X-band (9.5 GHz) at 70 and 295 K. The quartz grains were carefully
crushed to asize < 200 wm, in an agate mortar under ethanol and dried
at 25 °C. The samples were y-irradiated (°Co, 295K, 1.4 X 10* Gy +
10%) to transform the trace element defects from the nonparamagnetic
precursor state into paramagnetic centers. Center saturation was
achieved at 1 X 10* Gy for [GeO, /M™]° and [TiO, /Li"]° and at 1
X 10° Gy for [AlO,]° (Plbtze, 1995; Pldtze and Wolf, 1996). Before
irradiation, the samples were heated at 400 °C for 5 h to anneal the
paramagnetic centers formed by natural irradiation. Spectra were re-
corded with a Bruker cw-spectrometer (ESP300E and ElexSys E500,
respectively). Sample temperature was controlled with a low temper-
ature unit based on a helium gas flow device (Oxford ESR 900A). The
influence of technical parameters such as modulation amplitude, mi-
crowave power, temperature, scan time, etc., on the spectra was
checked for the optima settings for recording the spectra. These
settings (sample mass 150 mg, modulation field H,, = 1 G, temperature
T = 295 K, microwave power p = 10 mW for Fe*" and [GeO, /M *]°
centers and Hy, = 1 G, p = 7 mW, T = 70 K for [AIOQ,]° and
[TiO, /Li*]° centers) were kept constant throughout all the measure-
ments to allow comparison between the signal intensities of different
spectra. The concentrations of the paramagnetic centers were deter-
mined as peak to peak or peak to base intensity at the analytical lines
(Moiseev, 1985). The specific peak positions of the paramagnetic
centers were drawn from simulated spectra and from data from the
literature. The program of Nettar and Villafranca (1985) was used for
the powder spectra simulations. The variation of intensity detected by
repeated measurements of selected analytical lines is up to 10%. The
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Table 2. Trace-element composition of investigated quartz samples from pegmatites (results in ppm).2

la 1b 2a 2 3a 3b 4a 4 5a 5b 6a 6b 7a 7b % 15a 15b
Ag 0019 0003 0003 0002 0002 0008 0017 0011 0002 0002 0001 000l 000l 0011 0001 0002 0001
Al 518 129 112 262 106 65 201 78 106 143 134 178 4 36 64 636 324
B 13.7 052 041 035 054 051 1.03 0.44 0.26 0.36 0.39 0.82 0.68 061 027 172 059
Ba 1.49 0.46 0.39 0.39 0.49 0.39 054 0.65 031 031 0.46 0.37 027 0.46 037 047 0.13
Be 0.22 0.14 0.8 0.38 0.16 0.15 0.39 0.26 0.11 0.8 0.03 0.34 013 0.06 012 037 0.06
Ca 319 104 1.2 954 8.34 738 308 17.6 105 6.78 807 135 6.04 701 204 8.34 8.59
cd 0007 0001 0002 0002 0002 nd 0015 0011 0003 0004 0004 0007 0003 0008 0002 0004  0.002
Co 0052 0026 0017 0027 002 002 0027 0028 0008 0007 0012 0007 0006 0011 0008 0011 0027
cr 0.86 0.16 0.16 1.09 051 0.18 0.39 027 0.09 0.08 0.12 0.11 0.11 0.18 009 016 0.09
Cs 2.03 0.28 0043 0019 021 0.17 184 0.15 0003 0021 0009 112 0004 0006 0034 0045 0048
Cu 429 135 0.72 0.69 062 119 452 398 0.76 091 112 059 045 153 032 109 2.99
Fe nd 126 145 568 2.09 115 nd 375 217 511 2.26 2.95 542 136 573 646 341
Ga 0062 0019 0034 0066 0026 0039 027 0046 0038 0026 0024 0059 002 0024 0018 0053 0017
Ge 7.12 5.67 142 2.03 324 257 2.05 3.44 1.49 1.66 0.97 2.79 159 124 189 558 5.15
Hf 0.006 0.005 nd nd nd nd 0.029 nd nd nd nd nd nd nd nd nd 0.003
K 243 491 9.12 >100 112 6.63 >100 9.04 751 >100 535 298 453 5.02 681 237 164
Li 339 26.1 115 841 492 852 333 606 179 6.81 654 241 6.47 2.96 209 1656 56.4
Mg 877 165 177 2.27 1.29 108 157 858 1.99 179 1.88 155 1.04 157 147 127 074
Mn 115 0.34 0.37 0.66 031 0.25 324 0.44 0.27 0.25 0.23 141 0.15 1.03 064 037 0.14
Na 303 978 123 134 19.1 112 >50 131 103 14.9 861 >50 414 121 >50 5.89 5.16
Nb 012 0005 0009 0012 0005 0004 023 nd 0015 003l 0003 0012 0009 0006 nd nd nd
Ni 6.35 2.96 118 1.94 213 1.66 2.69 375 1.28 1.01 178 0.94 0.82 145 137 164 5.56
Pb 0.78 0.15 031 031 0.16 0.36 061 052 0.11 0.13 0.14 0.34 0.44 0.19 011 017 0.08
Rb 091 0.12 0.19 0.26 0.29 0.04 7.36 0.22 0.03 0.25 0.03 127 0.05 0061 013 0029  0.009
Sb 0025 0038 0009 0008 0093 0114 0083 0019 0003 0038 0003 008 0026 0012 0005 0098 0037
Sc 0.006 nd nd nd nd nd nd nd 0.003 0.002 nd 0.003 0.036 nd nd nd nd
Sn 0.12 0.19 0034 0043 0031 113 0.11 0039 0021 0038 0027 0029 0031 0054 0018 0016 0017
s 0.29 0.13 0077 0058 012 0083 011 0.11 0044 0059 008l 014 0033 0091 055 0045 0037
Ta 0.14 0.005 nd nd nd nd 0.25 nd 0.003 0.002 nd 0.006 0.011 nd nd nd nd
Th 0026 0003 0003 0004 0004 0003 003 0003 0004 0114 0011 0008 0004 0011 0002 0001  0.002
Ti 103 362 145 221 5.28 866 145 131 5.59 455 244 252 6.35 2.05 868 159 0.34
u 0018 0011 0008 0004 0006 0003 0044 000l 0008 0014 0003 0008 0004 0012 0006 00008 00023
v 0075 0009 0013 nd 0016 0009 0049 0026 0009 0009 0009 0009 nd nd nd nd nd
Y 0043 0012 0009 0008 0029 0016 0079 0011 0008 0039 0006 0025 0007 0019 016 00045 0.0026
Zn 264 0.76 054 0.64 055 051 4.06 2,01 0.76 384 0.81 071 0.46 0.79 055 117 163
zr 0.18 0.05 0.02 0.02 0.03 0.03 0.13 0039 0018 0012 0018 0015 0016 0024 0005 0012 0028

2nd = below detection limit.

concentration of Al centers was quantified using a reference sample
with known [AlO,]° concentration (Moiseev, 1985). All other centers
were calculated in relative amounts.

3. RESULTS
3.1. Bulk Trace Element Composition

In general, quartz of pegmatitic origin is characterized by
uniform geochemical characteristics with low contents of most
trace elements (Tables 2 and 3). Remarkable are the elevated

concentrations of Al (41-636 ppm), Ti (0.3-25.2 ppm), Ge
(1.0-7.1 ppm), Na (5.2 to >50 ppm), K (1.6 to >100 ppm) and
Li (2.1-165.6 ppm). A characteristic feature of quartz from
pegmatites is a high Ge/Fe ratio (4.5-0.1) compared to quartz
samples of other origin. According to Schron et al. (1982),
quartz of early crystallization stages is characterized by low
GelFe ratios (high iron content), whereas this ratio is high in
quartz of late generations. Therefore, pegmatitic mineralization
has in genera high Ge and low Fe contents and may show

Table 3. Concentrations of REE (in ppb) and chondrite-normalized interelemental ratios of the investigated quartz samples.®

la 1b 2a 2b 3a 3b da 4b 5a 5b 6a 6b Ta b 9a 15a 15b 15¢
La 62.2 16.1 15.9 125 17.1 14.9 324 144 9.7 55.4 15.2 19.1 6.2 10.3 10.3 7.8 43 5.1
Ce 134 311 30.9 274 432 36.3 96.8 33.2 241 162 314 40.8 15.2 14.3 332 16.2 7.2 9.9
Pr 11.8 21 24 21 38 28 131 28 19 224 35 3.9 13 21 4.1 13 0.7 0.9
Nd 42,6 7.1 9.1 6.2 139 9.8 53.1 86 6.2 93.9 13.2 13.0 40 6.8 16.8 37 2.0 29
Sm 8.8 15 14 12 38 25 234 21 0.8 328 2.8 32 12 14 8.0 0.8 05 0.7
Eu 16 0.2 0.2 0.2 03 0.2 03 0.1 0.06 0.1 0.1 0.1 0.1 0.2 0.9 0.1 0.06 0.1
Gd 95 16 12 12 33 19 19.1 17 1.0 18.1 17 33 10 19 11.6 0.5 0.3 0.5
Tb 17 0.3 0.3 0.2 0.7 04 33 03 0.2 0.2 03 04 0.2 04 2.8 0.1 0.06 0.07
Dy 9.8 17 13 12 39 19 15.8 15 14 11.2 15 32 16 27 19.7 0.6 0.3 0.3
Ho 19 0.3 03 0.3 0.7 04 21 03 0.3 14 0.2 0.7 04 0.7 4.2 0.1 0.08 0.07
Er 54 11 0.9 0.9 23 12 5.8 1.0 0.8 3.9 0.6 24 15 23 14.6 0.5 0.3 0.25
m 0.9 0.2 0.2 0.2 0.5 03 09 0.2 0.2 0.6 0.1 04 0.3 04 3.0 0.1 0.03 0.05
Yb 54 0.9 12 11 41 22 80 0.8 12 52 0.6 36 32 2.8 279 04 0.2 0.3
Lu 0.9 0.2 0.2 0.2 0.6 04 12 0.1 0.2 0.7 0.2 0.6 0.6 0.5 4.2 0.1 0.03 0.02
Eu/Eu* 0.57 0.42 0.50 0.54 0.27 0.30 0.05 0.17 0.33 0.03 0.15 0.10 0.29 0.40 0.31 0.51 0.84 0.5
LayYb, 6.9 10.7 8.0 6.6 25 41 24 9.4 55 6.4 151 32 12 24 0.3 118 13.0 10.2
Lay/Sm, 44 6.7 7.1 6.2 28 38 0.8 42 76 11 34 37 35 49 0.9 6.1 54 46
Gdy/Yby, 12 12 0.7 0.7 0.6 0.6 16 13 0.6 24 19 0.6 0.2 0.5 0.3 0.8 1.0 11

aThe normalization is based on data given by Mason (1979); the Eu anomaly is defined as EWEU* = Eu,/(Sm,, - Gd,))°*.
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Fig. 1. 10Ge-Al/50-Ti diagram after Schron et al. (1982). The
pegmatite quartz samples of this study plot within afield far from the
trace element composition of quartz from rhyolites (1) and granites (2).
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variations of the Ge/Fe ratio which relate to the crystallization
sequence.

The Ge speciation is aso illustrated in the 10Ge-Al/50-Ti
diagram (Fig. 1) The samples plot within a field far from the
trace element composition of granite and rhyolite quartz, re-
spectively. The high Ge content is a characteristic feature of
quartz from pegmatite bodies and was also observed in quartz
from pegmatites of other regions (Schron et al., 1988a).

Although the quartz samples from the different occurrences
vary in absolute concentrations of several trace elements, they
show some general trends in trace element ratios (Fig. 2). The
quartz samples from the Li (Be-Cs-Rb) pegmatite of Rubicon
have high contents of Al, Li and Ge, but, in contrast, contain
very low concentrations of K, Na, Rb, Sr, Cs, U and Th. The
concentrations of Nb, Sc and Ta are below the detection limit
of the trace element analysis. Thisis interesting in so far as the
Be-Cs-Rb mineraization of the pegmatite does not seem to
influence the trace element composition of the quartz. A similar
observation was made for some of the pegmatites from Norway
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Fig. 2. Selected trace-element correlations of the investigated pegmatite quartz samples. The legend is the same for all
diagrams. Thefieldsin the Sr/Rb diagram (b) mark positions for the trace element composition of hydrothermal quartz from
Sn deposits (Sn), for metamorphic quartz (mtQz), and hydrothermal quartz from Au deposits (hyQz), after Monecke et al.

(20023).
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Fig. 3. Chondrite-normalized REE distribution patterns of pegmatite quartz samples from different localities (normal-
ization according to data of Mason, 1979). Note that the shape of the REE distribution patterns is almost identical for these
sample pairs and do only differ in absolute concentrations.

with Nb/Ta mineralization, which revealed no detectable con- ppb, which isin the same range as for Cs (Fig. 2a). In contrast,
centrations of Ta in quartz. the concentrations of Sr only scatter over asmall range (around
The Rb contents of pegmatite quartz range from 9 to 7360 0.1 ppm) and are very low in general. The comparison of Rb/Sr
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ratios with data of quartz from other origins (Fig. 2b) illustrates
that the pegmatite quartz plots outside the fields for hydrother-
mal quartz from tin and gold deposits and quartz of metamor-
phic origin, as reported by Monecke et al. (2002a). However,

these results have only preliminary character due to the limited
number of samples analyzed. More data points are needed to
confirm that this statement is generally valid.

The Th/U ratios of pegmatite quartz significantly differ from
the average of 3.8 in the upper continental crust (Taylor and
McLennan, 1985). Although the absolute concentrations of
both elements are in general below 0.1 ppm, the Th/U ratios are
fairly similar and scatter around Th/U = 1 (Fig. 2d).

The chondrite normalized REE patterns show pronounced
negative Eu anomalies (Eu/Eu* = 0.03-0.84) and “tetrad ef-
fects’ (Fig. 3). Theterm “tetrad effect” refersto the subdivision
of the REE series into four groups (four concave-upward seg-
ments) that was first reported by Fidelis and Siekierski (1966)
and Peppard et al. (1969). The normalized REE concentrations
decrease from Lato Sm (La,/Sm,, = 1.1-7.6 with exception of
sample Qz9a), whereas the shape of the REE patternsis almost
horizontal from Gd to Yb, or dlightly increasing (Gd/Yb,, =
0.2-2.4). Thisis especialy valid for the samples Qz7a/b from
Drag and Qz9a from Hitterg, which show elevated concentra-
tions of the heavy REE (HREE) (La,/Yb, of sample Qz9% =
0.3). This phenomenon is probably caused by the primary
composition of the mineralizing fluids, which could have been
enriched in Y and HREE.

3.2. Electron Spin Resonance

The results of the ESR analysis in this study provide infor-
mation concerning the abundance and distribution of paramag-
netic lattice defects and trace elements, which are incorporated
and produce a paramagnetic center in the quartz structure. In
general, the pegmatite quartz samples show different center
distribution from that of quartz from igneous and metamorphic
rocks (Plotze, 1995; Gotze and Pldtze, 1997). No relationship
could be detected between the concentration of paramagnetic
centers and coloration of the samples. In all pegmatite quartz
samples the following, varied paramagnetic centers were de-
tected (Table 4):

Generally, the abundance of 0,3~ centers (silicon vacancy)
and E,’ centers (oxygen vacancy) in pegmatite quartz is very
low. The [SIO4]®" center (E', center) consists of an unpaired
electron bound on a O?~ vacancy (e.g., Weeks, 1956; Weil,
1984). This center could not be detected. The O~ and O,
centers represent different types of defect electrons on 0%~ in
tetrahedra with silicon vacancy (e.g., Bershov et al., 1978;
Serebrennikov et a., 1982). The low content of lattice defects
associated with oxygen or silicon vacancies points to slow
growth of quartz crystals from a parental fluid, without super-
saturation under constant physicochemical conditions.

The substitutional and interstitial incorporation of trace ele-
ments into the quartz lattice resulted, especialy, in the forma-
tion of paramagnetic centers associated with Al, Geand Ti. The
[AlO,]° center was the most intense in the ESR spectra of the
quartz samples studied. This center is caused by substitution of
AI®* for Si** with an electron hole trapped by a nonbonding
2p orbital at one of the four nearest O~ ions, forming O~
(Griffiths et al., 1954). The precursor state for this center isthe
diamagnetic [AIO,/M*]° associated with an adjacent charge
compensating cation M™ (H™, Li*, Na*). During ~y-irradiation
of quartz at 295 K the M*-ion may diffuse away yielding the
paramagnetic [AlO,]° (Nuttall and Weil, 1981). For polycrys-
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Table 4. Results of ESR analysis of quartz samples from different pegmatites (amplitude intensities in arbitrary units).?
Fe** at signal at 0% a [GeO, M*]°a  [TiO, /Li"]° at [AIO,]° a

Sample g = 4.3au. g=2au. g = 2.005 a.u. g = 1999 au. g= 1913 au. g = 1991 au. 107 spins/g ppm
Qzla nd 2000 nd 52300 195 27740 241 24
Qzlb 50 32000 200 23700 75 27430 239 24
Qz2a nd 11000 nd 3300 110 4740 4.12 4
Qz2b nd 60000 1000 4800 90 19770 172 17
Qz3a nd 40000 nd 2900 nd 15450 1.34 13
Qz3b nd 18000 500 8200 75 23480 2.04 20
Qz4a 100 9000 nd 700 8 7440 6.48 6
Qz4b nd 5000 200 3700 22 13240 115 11
Qz5a nd 37000 200 4700 119 32380 2.82 28
Qz5b nd 4000 2000 2300 nd 19320 1.68 17
Qz6a nd 3000 500 1000 35 28800 251 25
Qz6b nd 3500 200 9800 380 41380 3.60 36
Qz7a nd 4000 500 900 8 32910 2.86 29
Qz7b nd 4000 nd 500 nd 18780 1.63 16
Qz9 nd 17000 nd 900 nd 3610 314 3
Qz15a nd 12500 nd 21700 44 15360 134 13
Qz15b nd 19000 500 12800 nd 32810 2.85 28
Qzl5¢c nd 23000 nd 12000 474 28660 249 25

2nd = below detection limit.

talline samples the ESR spectrum of [AlO,]° exhibits a multi-
line spectrum of superimposed 6-line hyperfine patterns (Fig.
44). The concentration of the Al centers was quantified using a
reference sample with known [AlO,]° concentration (Moiseev,
1985). This alowed a comparison of the concentration of
structurally incorporated Al with the content of bulk trace Al
(10'® spingg Al = 1 ppm Al). The results show that the
concentration of bulk “trace Al” is higher than structural “ESR
Al” (Table 4).

Centers of the type [TiO,/Li*]° which were detected in
quartz of the different pegmatites (Table 4), are produced by
irradiation of the diamagnetic precursor [TiO,]° (Ti®", i.e,
electron center at Ti**). This precursor is formed by substitu-
tion of Ti** for Si** at the Si position, where charge compen-
sation is achieved by Li* ion at a channel position nearby
(Wright et a., 1963; Rinneberg and Weil, 1972). A typical
spectrum is shown in Figure 4a.

The Ge-center is of the same type as the Al-center. Substi-
tution of Si** by Ge** causes formation of the diamagnetic
precursor [GeO,]°, which transforms to the paramagnetic
[GeO,] ™ during y-irradiation. At room temperature, these cen-
ters can bind diffusing M™ cations, preferentially forming
[GeO,/Li*]° and [GeO,/H™]° (Mackey, 1963; Rakov et al.,
1985; Weil, 1993). The hyperfine structure is only poorly
resolved (Fig. 4b). The probable charge compensation ion
might be Li™ (4 lines at the signal at g = 2.000). Relatively
high signal intensities of [GeO,/M*]° centers were found,
which corresponds to the elevated concentrations of Ge de-
tected in some of the samples.

Some Fe** paramagnetic centers may occur in quartz. One of
these centersis characterized by substitution of Fe** for Si** with
charge compensation by alkali ions or protons, so-called S centers
[FeO,/M*]° (Stegger and Lehmann, 1989; Mineeva et d., 1991).
Thesignal at g 4.3 is characterigtic of substitutional Fe** centers
in quartz Figure 4c). The bulk concentration of Fein the pegmetite
quartz samples is very low, and structural Fe** could only be
detected in samples Qz1b and Qz4a (Table 3). The comparison of
the Fe*" -center concentration with chemically determined Fe con-

tents does not show any correlation. However, the intense, very
broad line a g4 ~ 2, which isin genera assigned to ferromag-
netic inclusions or center clusters with strong spin-spin interac-
tion—usudly of transition metal ions (e.g., Fe**, Fe*")—could
be asign for incorporation of iron into the quartz as center clusters
or submicroscopic inclusions.

3.3. Cathodoluminescence (CL) Microscopy and
Spectr oscopy

The visible CL of all samples is more or less homogeneous
bluish-green (Table 1); primary internal structures (e.g., growth
zoning) were not found. The CL is caused by two broad
emission bands at 505 nm (2.45 €V) and 390 nm (3.18 eV) (Fig.
5). The intensity ratio of these emission bands causes the more
bluish or greenish tint of the visible CL color. In most samples
the 505 nm band (greenish) dominates the CL emission.

The transient CL disappears after 60—100 s of electron
irradiation, and almost no stable component of the emission
remains. This transient CL behavior results in a disappearance
of the visible CL. The two emission bands show dightly
different decay kinetics (Fig. 5). In contrast to hydrothermal
quartz, avery weak CL emission band in the red spectral region
(650 nm, —1.9 eV) was detected only in afew samples (2a, 4a,
Ba, 6a, 7a). This emission was only visible after electron
irradiation due to the decreasing intensities of the two domi-
nating emission bands, which covered the red band. Moreover,
other characteristic CL emissions occurring in quartz of igne-
ous and hydrothermal origin (e.g., 450 nm, 580 nm), which are
associated with lattice defects (oxygen or silicon vacancies),
are also lacking.

3.4. Fluid Inclusion Petrography and Microthermometry

Although the analytical techniques used for chemical char-
acterization of the fluid inclusions only allow bulk analysis,
different types of inclusions were described by fluid inclusion
microscopy and microthermometry. In general, the coarse
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Fig. 4. Selected ESR spectra of trace element centers (a = [AlOQ,]° and [TiO, /Li"]% b = [GeO, /M™]% ¢ =
[FeO, /M™1°) in pegmatite quartz, in comparison with simulated spectra; arrows mark analytical lines.

quartz grains hosting the fluid inclusion assemblages are only
weakly affected by secondary deformation; evidence for sig-
nificant recrystallization of the mineral could not be observed.
Thefluid inclusions are classified according to their distribution
characteristics in the host quartz samples (Fig. 6) into three
types:

Type | inclusions occur as irregular clusters or as groups
with no planar orientation. The quartz hosting the inclusions
does not show evidence of growth zoning; however, the occur-
rence of inclusions of Typel in small three-dimensional groups
well separated from other inclusions may suggest a primary or

early pseudosecondary origin for them (cf. Roedder, 1984).
Type Il inclusions occur in short trails or in lineations cut by
later microstructures. These inclusions could also be pseudo-
secondary. And Type Il inclusions occur in trails cross-cutting
older fluid inclusion assemblages and grain boundaries. |ncon-
sistent liquid/vapor-ratios owing to fluid inclusion necking are
frequent. These inclusions clearly represent secondary forma-
tions.

The pegmatite quartz samples were subdivided into three
groups using the fluid inclusion types present and the bulk
compositions of the trapped fluids at room temperature.
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Fig. 5. CL emission spectrum of the quartz sample from Frikstad, Norway showing two main emission bands at 505 nm
(2.45 eV) and 390 nm (3.18 eV). The time-dependent behavior of the CL emission during irradiation (right) shows different

kinetics for the two main emission bands.

3.4.1. Group 1: Quartz dominated by low-salinity
H,O-CO, inclusions

The magjority of the samples (most quartz from Evje-lveland,
Norway, and from Rubicon mine, Namibia) belong to a first
group that is characterized by a predominance of Type Il and
Il H,O-CO,-inclusions. Type | CO,-bearing inclusions and
Type Il pure aqueous fluid inclusions were found to occur in
subordinate numbers in some of these samples.

H,0-CO,-inclusions contain two or three immiscible
phases at room temperature in the studied samples. They
show predominantly isometric to longish forms. Negative
crystal shapes also occur frequently. CO,-bearing agueous
inclusions mostly have an intermediate degree of fill (F ~
0.50 to ~ 0.85) and rather homogeneous H,O/CO,-rich
phase ratios in most inclusions of one group or trail. How-
ever, there was a considerable variation in the degree of fill
between different samples. Assemblages of Type Il CO,-
bearing fluid inclusions showing a very variable degree of
filling (F: ~ 0.40 to 0.95) have been found in the quartz
sample from Vanne, Evje-lveland. No leaking or necking
down is indicated for these inclusions.

Microthermometric data for H,O-CO,-inclusions are sum-
marized in Figure 7. The temperatures of first melting of ice
(Tfm) ranged from —27 to —20 °C (Fig. 74). This indicates a
predominance of NaCl as the salt component in the fluid. The
temperature of final melting of ice (Tmlce) could not be mea-
sured for CO,-bearing inclusions in the investigated samples.
Final melting of solid phases always occurred at temperatures
above 0°C, which isinterpreted to represent the temperature of
dissociation of clathrates (TmCLA; Fig. 7b). The measured
temperatures of fina melting of CO, (TmCO,; Fig. 7c) only
show a rather limited variability for al investigated samples.
The mostly insignificantly lowered TmCO,, values indicate the
presence of almost pure CO, as the nonaqueous volatile (triple
point of pure CO,: —56.6 °C); however, the existence of small
amounts of volatiles such as CH, and N, in the fluid is sug-
gested for the smoky quartz from Vanne by the slightly lower
TmCO, data (Fig. 7c).

3.4.2. Group 2: Quartz dominated by low-salinity aqueous
inclusions

Only pure aqueous inclusions have been trapped in samples
of the second group (quartz from Steli and Drak, Norway).
Most of them can be clearly identified to belong to the Typelll;
however, some fluid inclusions occur in short trails.

In general, the pure aqueous inclusions are Type Il and Il
two-phase inclusions at room temperature; however, poorly
healed late fluid inclusion trails are often outlined by Type 111
mono- and two-phase aqueous inclusions showing flat and
highly irregular shapes. The Tfm values ranged from —33 to
—25 °Cintheseinclusions (all samples studied; Fig. 7a). This
suggests a predominance of NaCl as the salt component in the
fluid. The Tmlce values were measured in the range from —5.0
to —7.0 °C for inclusionsin al investigated samples (Fig. 7b).
Final melting of solid phases at temperatures above 0 °C could
not be observed for these inclusions.

3.4.3. Group 3: Quartz dominated by brine inclusions

The third group of samples (three samples from Evje-lve-
land, Norway) is formed by quartz that is dominated by Type
Il and, less frequently, Type Il multiphase aqueous inclusions.
Furthermore, Type |1l two-phase pure agueous inclusions with
high degrees of fill were observed in the latter group of samples
(mono-phase liquid inclusions also occur).

A large number of Typell and Il brineinclusions containing
one or more daughter minerals was found in three of the
investigated samples. The inclusions show isometric to longish
forms; negative crystal shapes were also observed. One of the
daughter minerals could be identified as NaCl (cubes; isotropic
under crossed polars); in addition, tabular crystals often occur.
First melting of ice could only be observed for two inclusions.
The Tfm values range from —33 to —30 °C (Fig. 7a). The
presence of traces of CO, in multiphase agueous inclusions is
indicated by final melting of solid phases at temperatures above
0 °C in one of the measured samples (smoky quartz 1b, Frik-
stadt; Fig. 7b).

In general, a high percentage of the investigated samples is
characterized by a predominance of fluid inclusions containing
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Fig. 6. Main types of fluid inclusions observed in pegmatite quartz of
different occurrences. Type |: inclusions occur as irregular clusters or
as groups with no planar orientation; Type II: inclusions occur in short
trails or in lineations cut by later microstructures; Type I1: inclusions
occur in trails cross-cutting older fluid inclusion assemblages and grain
boundaries; inconsistent L/V-ratios owing to fluid inclusion necking
are frequent.

a fluid of a similar composition. In addition to this dominant
fluid type, probably late, pure aqueous fluid inclusions occur in
variable amounts.

3.5. Fluid Inclusion Bulk Chemistry (Capillary lon
Analysis)

The results of the capillary ion anaysis of inclusions in
pegmatite quartz (Table 5) show severa elements to be present
within the fluids. Besides the major elements K, Na, Ca and
Mg, trace contents of Li and of the transition metals Co, Ni, Zn,

Pb and Cu were detected in some of the pegmatite quartz
samples.

According to their chemical composition, the fluid inclusions
in most samples can be classified as H,O-CO,-NaCl type
inclusions (Table 5, Figs. 8, 9). The Ca, Mg and Li contents are
predominantly low. The K/Na ratios in fluid inclusions of the
pegmatite quartz samples vary only slightly (0.07-0.33). Fur-
thermore, NH, > K was found for all samples except sample
Qz15a. Among the anionic complexes, NO;~, HCO,;~ and
S0,?~ were analyzed in considerable amounts, besides Cl . In
contrast, F~ seems to play a subordinate role and was only
detected in significant amounts in sample Qz1 from Frikstad,
Norway. Additionally, the organic ligands acetate and propi-
onate were detected (Table 5). The origin of these organic
ligands is unclear (Hallbauer, 1997).

3.6. Bulk Fluid Inclusion Volatile Composition (Gas
Chromatogr aphy)

The results of the gas chromatographic analysis are summa-
rized in Table 6. Gas analysis shows volatile componentsin the
following order of abundance: H,O > CO, > N,(+) = CH,
> COS > C, and C; hydrocarbons. Water is the predominant
volatile with >90 mol % in most samples. CO,, concentrations
range from < 0.1 to ~ 8 mol % for almost al specimens.
Samples Qz2a and Qz15c contain strongly elevated CO, con-
tents of 19.7 and 40.8 mol %, respectively. N,(+) and CH,
concentrations were always between ~0.02 and 0.8 mol %. The
other volatile components are significantly below 0.1 mol per-
cent.

4. DISCUSSION

Although quartz of pegmatitic origin is characterized by low
contents of most trace elements (Tables 2 and 3), some ele-
ments (e.g., Al, Na, K, Li, Ti, Ge) may be concentrated in
remarkable concentrations. The elevated concentrations of K
and Na in some samples may suggest the presence of submi-
croscopic inclusions of muscovite and/or feldspar. However,
analyses of the sample material by cathodoluminescence and
scanning electron microscopy did not reveal impurities of such
minerals. Therefore, we assume that these elements are mostly
distributed in the structural channels parallel to the c-axis or
bound on agueous inclusions.

This is confirmed by the correlation of Al versus charge
compensating cations in the quartz samples (Fig. 10). There are
only a few samples that do not fit along this amost linear
correlation. Although the contents of Na and K were above the
upper calibration limit of the used analytical method in some
samples (Table 2), the high Al contents indicate that they also
behave like the other samples.

The results of the ESR measurements revealed that trace Al
is indeed incorporated into the quartz structure, as indicated by
the good correlation of Al with the compensating alkali ions
(SLi + Na + K) (Fig. 10). However, the comparison of the
chemically determined trace contents of Al with the contents
mesasured by ESR lacks such good correlation. This is caused
by the fact that not all substitutional Al is present in the form
of paramagnetic centers. The radiation dose was too low to
transform the trace element defects from the nonparamagnetic



3752 J. Gotze et al.

16 -
) b) Rubicon mine 15b - smoky quartz
14 B Drag 7a - quartz
7 -
124 M Vanne 4b - smoky quartz
6 B
- > 10 OVanne 4a - quartz
5 - . - o
N B c
a : - g 8 B Brattekleiv 3a - quartz
c 44 : \ =3
] RERNRN
S NEN N E B Skavdalen 2a - quartz
g3 NERR 61
[ N HHNN -B- 3
W : H : : B [@ Frikstadt 1b - smoky quartz
21 NANE NME “
NHRNE -
1 N W N B I - 2
1 b N B
NAUHHE I i
NAUNWHHB
ol NHANWHHE 04 , E ................ il
-36 -28 -20 -12 -75 -5 25 0 25 5 75
Temperature of first melting of ice (°C) Temperature of final melting of solid phases (°C)
8 -
oy >
c 2]
g 5
; E
w '8
-56.6 -57.0 -57.4 -57.8 -568.2 -58.6 -59.0

“r ;ture of hor ization of the carbonic
. . o emperature of homogenization of the carbonic
Triple point of CO, (°C) phase (°C)

Fig. 7. Diagrams showing the results of the microthermometric investigations on pegmatite quartz samples. (8) Tempera-
ture of first melting of ice (Tfm); (b) Temperature of final melting of solid phases (temperature of dissociation of clathrates
TmCLA). (c) Triple point of CO, (final melting of CO,TmCO,). (d) Temperature of the homogenization of the carbonic
phase.

Table 5. Results of capillary ion analysis of fluid inclusions in quartz samples from different pegmatites (all data in mol%).2

Sample NH, K Na Li Ca Mg Co Ni Zn Pb Cu CI© F NO;y HCO,~ SO,2 Acetate® Propioate”

Qzla 645 129 952 017 289 071 nd 044 219 nd 125 2475 1549 811 275 11.05 0.59 1.08
Qzib 299 118 806 041 148 042 nd nd nd nd nd 1984 359 363 416 3.76 nd nd
Qz2a 163 072 928 022 045 013 nd nd nd nd 108 1422 118 3.00 7.90 2.76 nd 171
Qz2b 151 062 503 026 030 009 nd nd nd nd nd 722 — 235 7.35 253 nd 2.09
Qz3a 119 033 463 — 218 008 nd nd nd nd nd 572 089 205 4.05 1.65 0.33 0.18
Qz3b 120 047 474 — 049 008 nd nd nd nd nd 923 035 310 474 142 nd nd
Qz4a 139 132 694 — 047 007 nd nd nd nd nd 1086 — 190 6.90 2.03 nd nd
Qz4b 139 107 1126 019 064 014 nd nd nd nd nd 1935 — 337 7.75 3.66 nd nd
Qz5a 081 052 259 — 036 007 nd nd nd nd nd 269 — 225 497 1.95 nd nd
Qz5b 108 052 469 012 021 011 nd nd nd nd nd 730 — 452 8.12 270 nd nd
Qz6a 102 068 559 — 045 008 nd nd nd nd nd 1044 — 299 4.55 1.45 nd nd
Qz6b 116 067 831 016 041 011 nd nd nd nd nd 1319 — 144 8.35 1.38 nd nd
Qz7a 060 036 242 003 016 — nd nd nd nd nd 121 — 186 7.16 0.68 nd nd
Qz7b 135 104 1124 007 038 008 nd nd nd nd nd 912 — 263 1352 2.69 nd nd
Qz%a 137 120 1046 012 415 059 nd nd nd nd nd 2586 — 126 5.08 4.09 nd 0.83
Qz15a 09 077 291 019 025 006 nd nd nd nd nd 462 083 277 8.14 1.02 nd nd
Qzl15b 072 116 346 — 08 006 009 nd nd 067 nd 639 — 671 2647 3.19 nd nd
Qzi5¢ 112 054 343 009 042 051 nd nd nd nd 032 154 034 184 1181 1.62 1.20 nd

and = below detection limit (Rb, Sr, Ba, Mn, Br, oxaate, butyrate, WO,, and HPO, were below detection limit in all samples).
b Acetate CH,-COO™; propionate CH,-CH,-COO ™.
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Fig. 8. K-Na(Ca + Mg) diagram for pegmatite quartz samples from different occurrences; the data emphasize the

predominance of Nain the inclusion fluids.

precursor state into paramagnetic centers. Al-center saturation
isachieved at 1 X 10° Gy. With the applied dose of 1.4 x 10*
Gy only ~30% of the Al-defects were transformed into the
paramagnetic state (Plotze, 1995). The incomplete conversion
of diamagnetic precursors into paramagnetic centers and the
existence of diamagnetic defects (e.g., interstitial Al) may be a
possible explanation for this phenomenon. On the other hand,
there is no evidence from our results that Al is hosted by
microinclusions.

Germanium is another trace element that is enriched in
pegmatite quartz compared to quartz from other geological
settings. The relatively high Ge content may be explained by
the higher solubility of GeO, in water than SiO, at a higher
temperature. Therefore, Ge is enriched in late magmatic and
hydrothermal fluids (Morey, 1957) and can substitute for Si in
the lattice because of the similar ionic radius, which was also
reported from agate (Gotze et al., 2001a) or hydrothermal
quartz (e.g., Schron et al., 1982; van Moort et al., 1990). The
detection of paramagnetic centers of the type [GeO,/M*1° in

quartz of the different pegmatites corresponds to the elevated
concentrations of Gein these samples (Fig. 11). The correlation
between “ESR-Ge” and the chemically analyzed bulk Ge con-
tents indicates that the largest part of the Ge is structurally
incorporated.

The results of trace element analysis and ESR measurements
indicate that the CL emission of pegmatitic quartz can be
strongly related to such structural trace-element centers (Gotze
et a., 2004). Especially the akali (or hydrogen) compensated
centers of Al and Ge ([AIO,/M™1°, [GeO,/Li*]° may be
responsible for the detected emission bands at 390 and 505 nm,
respectively. These transient emissions are senditive to irradi-
ation damage and can probably be attributed to the recombi-
nation of a hole trapped adjacent to a substitutional, charge-
compensated center. The rapid attenuation of the CL emission
under the electron beam may result from the dissociation and
electromigration of the charge compensating cations out of the
interaction volume under the influence of the irradiation in-
duced electrical field (Gotze et a., 2001b).
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Fig. 9. F -ClI"-HCO;™ diagram for pegmatite quartz samples from
different occurrences; the inclusion fluids of quartz samples from the
Evje-lveland district, Norway are characterized by high Cl~ contents,
whereas the other samples also show significant concentrations of
HCO, ™.

The comparison of the intensities of the 390 and 505 nm CL
emissions with the concentration of trace element centers
shows a correlation of the intensity of the 390 nm CL emission
with the trace content of Al, whereas the intensity of the 505
nm emission band correlates with the concentration of the
[GeO,/Li*]° center (Gotze et al., 2004). Because of the varying
intensity ratios of the two emission bandsin the different quartz
samples, we plotted this intensity ratio versus the element ratio
Al/Ge (Fig. 12). Although there is no strong linear correlation
between these two parameters, the general trend supports our
assumption concerning the association of alkali compensated
Al and Ge centers with the CL emission bands at 390 and 505
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Fig. 10. Correlation of Al versus the sum of charge compensating
cationsLi + Na + K in the investigated pegmatite quartz samples (the
contents are given in ppma = atoms/10° atoms Si). The data of samples
2b, 43, 5b, 6b, and 9a were not plotted into the diagram, as the contents
of Naand K, respectively, were above the upper calibration limit of the
used analytical method (Table 2).

nm, respectively, and would confirm earlier results of Alonso et
a. (1983) and Perny et a. (1992). Moreover, CL microscopy
revealed a more or less homogeneous distribution of lumines-
cence active trace element centers in the investigated quartz
samples. In contrast to most hydrothermal quartz and also some
volcanic quartz crystals, where the spatial distribution of Al and
compensating cations can vary drasticaly within one crystal
(e.g., Perny et al., 1992; Waitt et al., 1997), the pegmatite quartz
samples show a homogeneous cathodoluminescence. Only sec-
ondary fluid trails were revealed, where the luminescence can

Table 6. Results of gas chromatography of inclusions in quartz samples from different pegmatities®.

H,O N,(+) CH, CO, COos C,H, C,Hqg(+) CsHg 10~ mol
Sample mo % ppm (molar) H,0/g quartz
Qzla 99.52 0.03 0.19 0.26 nd nd nd nd 2.33
Qz1lb 99.95 0.02 0.04 nd nd nd nd nd 4.05
Qz2a 80.16 0.09 0.02 19.71 152 13 9 nd 16.48
Qz2b 94.23 0.05 0.03 5.68 26 1.0 10 nd 6.69
Qz3a 91.79 0.09 0.27 7.82 176 25 45 15 4.03
Qz3b 99.69 0.03 0.07 021 nd 19 27 23 4.66
Qzda 97.39 0.04 0.02 254 nd 17 20 nd 10.43
Qz4b 95.55 0.08 0.04 4.37 84 14 29 0.8 7.99
Qz5a 99.36 0.12 0.22 0.30 nd nd nd nd 0.59
Qz5b 98.96 0.10 0.09 0.84 nd 34 12 nd 281
Qz6a 97.73 0.03 0.05 219 nd 11 31 nd 4.27
Qz6b 96.84 0.04 0.02 3.09 nd 1.0 16 nd 811
Qz7a 98.45 0.02 0.83 0.69 nd nd 92 nd 0.67
Qz7b 94.30 0.03 0.04 5.63 11 14 22 1.0 11.86
Qz9% 98.40 0.08 0.04 148 17 13 15 10 8.37
Qz15a 97.10 0.03 0.08 2.79 nd nd nd nd 3.17
Qz15b 92.63 0.05 0.11 7.21 nd nd nd nd 261
Qz15c 58.54 0.31 0.25 40.81 911 nd 73 5.1 1.22

2nd = below detection limit (C;H, and C;Hg were below detection limit in al samples). N,(+) and C,Hg(+) mean that N, (=CO; =Ar; =0,)

and C,Hg (+=C,H,) are maximum concentrations.
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Fig. 11. Plot of bulk Ge content in pegmatite quartz anayzed by
ICP-MS versus concentration of structurally incorporated Ge deter-
mined as paramagnetic [GeO,/M *]° centers by ESR measurements.

be enhanced or quenched by the redistribution of such lumi-
nescence active elements or recrystallization processes during
the migration of fluids through the quartz lattice (Van den
Kerkhof and Hein, 2001).

Paramagnetic centers of the type [TiO,/Li*]° were also
detected in quartz of the different pegmatites and evidenced the
structural incorporation of Ti into the quartz lattice. However,
the comparison of Ti center concentration versus bulk Ti con-
tent in al quartz samples in Figure 13 reveals that in most
samples these values do not correlate. Three types of quartz
samples may be distinguished: (1) The quartz samples from the
Rubicon Mine (Qz 15a,b,c) show a perfect linear correlation
with zero intercept on the Ti axis indicating a complete struc-
tural incorporation of Ti into the quartz lattice. Interestingly,
the rose quartz sample (Qz15c) shows the highest concentration
of structurally incorporated Ti. Although Goreva et al. (2001)
proposed that the rose color in quartz is caused by the occur-
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Fig. 12. Plot of the ratio of the CL emission intensities of the 390 and
505 nm emission bands, respectively, versus the ratio of the trace
element contents of Al and Ge (symbols as in Fig. 1).
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Fig. 13. Plot of bulk Ti content in pegmatite quartz analyzed by
ICP-MS versus concentration of structurally incorporated Ti deter-
mined as paramagnetic [TiO,/Li*]° centers by ESR measurements (the
error bar for low concentrations is in the range of the symbol size).
Only for the quartz samples from the Rubicon Mine, Namibia (circles),
the data show a linear correlation with zero intercept that indicates a
complete presence of Ti as structural substituent for Si. All other
samples have, at least partly, a contribution of Ti from mineral micro-
inclusions (e.g., rutile).

rence of dumortierite-like microfibers, the recent results indi-
cate the role of structural Ti as source for the color in rose
quartz, as earlier suggested by Wright et a. (1963). (2) Quartz
from the pegmatites of Drag (Qz7a/b) and Hitterg (Qz9a),
Norway have Ti contents between 2.05 and 8.68 ppm without
measurable structural Ti. We interpret this as resulting from the
occurrence of Ti exclusively in minera micro-inclusions
(rutile). (3) The third group includes most of the pegmatite
quartz from the Evje-lveland district. In these samples both
types of Ti occurrence exist. Increasing amounts of structural
Ti may, in general, cause increasing bulk Ti contents, but a
general apparent nonzero intercept on the Ti axis indicates the
occurrence of nonstructurally incorporated Ti. A lack of cor-
relation in samples with high Ti contents may be due to rutile
inclusions. The height over the line, as defined by the samples
Qz 15a,b,c in Figure 13, gives an indication of the amount of
titanium that is not structurally bound in quartz.

The presence of rutile inclusions in quartz may be explained
by the temperature dependence of the trace-element incorpora-
tion. Because of its ionic radius, Ti** is in genera sixfold
coordinated by O?". Only at elevated temperatures titanium
can substitute as Ti** in fourfold coordination for Si** result-
ing in exsolution of TiO, during cooling (Blankenburg et al.,
1994). Therefore, rutile microinclusions in magmatic quartz
may be frequent.

A different behavior is also observed for the alkali elements
in quartz, which may be both structurally incorporated on
interstitial positions in the quartz lattice and hosted in fluid
inclusions. The results of the ESR measurements show that
there may be a redistribution of interstitial akali ions in the
quartz lattice during irradiation. The diamagnetic [AIO,/M™]
center transforms into the paramagnetic [AlO,]° center,
whereas the compensating ions diffuse away under the influ-
ence of irradiation. In contrast, the diamagnetic precursor cen-
ters of [TiO,]° and [GeO,]° may capture an electron and
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Fig. 14. Plots of Rb (a) and S REE (b) versus total amount of inclusion fluids in investigated pegmatite quartz samples
(symbolsasin Fig. 1). The diagrams show a general trend of increasing Rb and REE contents, respectively, with increasing
amount of inclusion fluid, indicating that these elements are preferentially hosted by fluid inclusions in quartz. The scatter
may be explained by different absolute concentrations of these elements in the inclusion fluids of the individual samples.

diffusing ionsfor charge compensating, and form paramagnetic
centers. Thisis the reason why some of the sample pairs from
single deposits (e.g., samples Qz1, Qz3, Qz15) show good
correlations between bulk element contents and concentrations
analyzed by ESR, whereas others do not. In the latter case, the
Li content is probably not sufficient to compensate all Ti-
related defects and to convert all diamagnetic precursors.

The bulk concentration of Fein the pegmatite quartz samples
is very low and hardly any structural Fe*" could be detected.
This finding is in good agreement with the characteristic high
GelFe ratio (4.5-0.1) of quartz from pegmatites, compared to
quartz samples of other origin.

In general, the contribution of the fluid inclusions to the bulk
trace element composition may be estimated by using the
volatile content of the quartz samples. The resultsillustrate that
some trace elements in quartz (in particular K, Na, Caand Mg)
can be concentrated in fluid inclusions at the ppm level. In
conclusion, not all Na and K may act as charge balancing
cations for Al, as indicated from the correlation in Figure 10.
Several ppm of Na + K may also be hosted by fluid inclusions.
Interestingly, the Li concentrations in fluid inclusions are gen-
eraly very low, even in the quartz samples from Li pegmatites;
the bulk Li content in quartz may reach more than hundred
ppm. In contrast to the other alkali elements, Li seems to be
exclusively incorporated into the structural channels of the
quartz lattice as charge balancing cation for Al, Geand Ti. This
result confirms previous suggestions of Stavrov et al. (1978),
who proposed a dominant role of Li as charge balancing cation
for Al in granite and pegmatite quartz, compared to the other
akali earths Na, K, Rb and Cs.

K and Rb show in general a similar geochemical behavior
(Fig. 2), but the K/Rb ratio is not constant for quartz and ranges
over an order of magnitude for the investigated samples (~200
for low Rb contents, and ~20 for high Rb concentrations).
Thus, Rb must be treated as an individual element and not as an
element “camouflaged” by potassium, a fact that was already
reported for feldspar minerals by Smith (1983). This may
emphasize the conclusion of Rossman et a. (1987) and Mon-

ecke et al. (2002) that rubidium is mainly hosted in fluid
inclusions in quartz although we could not directly analyze it.
The correlation of Rb versus the fluid content (Fig. 144) illus-
trates the general trend of increasing Rb contents with increas-
ing amounts of inclusion fluid.

Other studies have revealed that fluid inclusions may host a
wide range of other elements (e.g., Malinko et al., 1976; Hall-
bauer and Kable, 1982; Gerler and Schnier, 1989; Gerler, 1990;
Channer and Spooner, 1992; Yardley et a., 1993). Results of
Rossman et al. (1987), Ghazi et al. (1993) and Monecke et al.
(2002) suggested that besides Rb and Sr, aso the lanthanides
are preferentially hosted by the fluid inclusions. Although the
concentrations of these elements could not directly be analyzed
in the present study, there are some indications which support
these conclusions.

The sample pairs (quartz-smoky quartz) in each of the de-
posits show more or less identical chondrite-normalized REE
distribution patterns; however, the absolute concentrations are
different in some cases (e.g., samples Qz1, Qz4, Qz5). Assum-
ing that the REEs are preferentialy bound in fluid inclusions,
these differences may be explained by varying abundance of
aqueous inclusions in the quartz samples. Although the abso-
Iute concentrations of REE in the inclusion fluids are too low to
be quantified by capillary ion anaysis, the results of SEM
studies and GC measurements support this hypothesis. In sam-
ples with high concentrations of SREE, the content of fluid
inclusions and the absolute water content of the samples was
higher than in those with low 2 REE contents (Fig. 14b). These
results may emphasize the role of fluid inclusions in hosting
REE in quartz. Consequently, the REE contents in quartz may
reflect the chemistry of mineral-forming fluids.

Despite some differences in the chondrite-normalized REE
distribution, most samples show similar patterns with pro-
nounced negative Eu anomalies (Eu/Eu* 0.03-0.84) and “tet-
rad effects’ (Fig. 3). Recent results of Monecke et al. (2002b)
showed that the convex tetrad effect in samples from magmatic
environments can most likely be explained by formation within
the magma-fluid system before emplacement in the subvolcanic
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environment, where phase separation causes a split of this
system into fluid and magma subsystems. The negative Eu
anomaly is also assumed to be a characteristic feature of late
magmatic fluids (especialy in evolved granitic systems), al-
though there is no relationship between the intensity of the Eu
anomaly and the development of tetrad effects (Monecke et a.,
2002b).

For a number of elements the “type” of incorporation in
quartz could not directly be determined. These are especially
those elements that are present in extremely low concentrations
(eg., U, Th, Nb, Ta, Cs) in quartz. We conclude that these ions
are either too large to substitute for the small Si** ion (0.42,&)
or that they are not soluble in the mineralizing solutions to be
incorporated in fluid inclusions. Schron et al. (1988b) con-
cluded that elements such as Be, Nb or Taare mainly mobile as
gaseous chloro- or fluoro-complexes, because of their low
solubility in aqueous solutions. Probably, traces of these ele-
ments are situated on interstitial places in the lattice or bound
on submicroscopic mineral inclusions (e.g., on grain bound-
aries) that were not detectable during sample preparation.

Some elements, which are concentrated in the specific min-
eralization of certain pegmatites, are not present in elevated
concentrations in the paragenetic pegmatite quartz itself. This
was observed, for instance, for the elements Be, Cs and Rb in
the Li (Be-Cs-Rb) pegmatites of Rubicon or for Nb and Ta for
Nb-Ta bearing pegmatites from Norway. Because of the parti-
tioning effects during crystallization, the concentration of these
trace elements in quartz does not reflect the mineralization and,
thus, cannot be used as petrogenetic indicator.

5. CONCLUSIONS

Trace elements in minerals are important petrogenetic indi-
cators in geosciences. In the present study pegmatite quartz
from different geological settings was analyzed to obtain in-
formation on the general trace element composition and the
different mechanisms of incorporation of certain elements. For
this reason, an analytical combination of ICP-MS, Capillary
lon Analysis (CIA), Gas Chromatography (GC) and Electron
Spin Resonance (ESR) was chosen. Each of these analytical
techniques provided specific information about the trace ele-
ment uptake in quartz. Because of the very low concentrations
of most elements in quartz, special emphasis was placed on
careful sample selection and preparation. Therefore, the inves-
tigations were accompanied by light and cathodoluminescence
microscopy, fluid inclusion studies and scanning electron mi-
Croscopy.

In general, the pegmatite quartz samples show similar geo-
chemical characteristics with low contents of most trace ele-
ments. Only the elements Al, Ti, Ge, Na, K, and Li have
appreciable concentrations in quartz. The results of the ESR
studies, as well as the linear correlation of Al with the charge
compensating cations Li, Na and K, revealed that these ele-
ments are preferentially incorporated on the Si position (Al, Ti,
Ge) or in structural channels parallel to the c-axis (Li, Na, K)
in the quartz lattice. Whereas Li is amost exclusively structur-
aly incorporated and plays the most important role in compen-
sating Al in the quartz structure, some ppm of Na and K may
also be hosted by fluid inclusions. Ti may both be incorporated
as substitutional ion for Si and bound on mineral microinclu-

sions (rutile). In different samples varying proportions of these
two types of trace element input were detected.

Considerable amounts of Na, K, NH,, Ca and Mg can be
hosted in fluid inclusions in pegmatite quartz. Additionally,
traces of the metals Co, Ni, Zn, Pb, and Cu were detected by
CIA influid inclusions of some samples. Furthermore, there are
indications that the REE and Rb are also bound in fluid inclu-
sions, but the concentrations of these elements are too low to be
measured by CIA. According to their chemical composition,
the fluid inclusions in pegmatite quartz can, in general, be
classified as H,O-CO,-NaCl type inclusions, with water as the
predominant volatile. Among the anionic complexes, Cl—,
NO,~, HCO,~ and SO,?~ were detected.

For a number of elements the “type” of incorporation in
quartz could not directly be determined. Because of their ex-
tremely low concentrations, the position of these elements in
the quartz lattice could not be revealed by the analytical tech-
niques used. Other sophisticated techniques (e.g., ICP-MS of
inclusion fluids) have to be further developed to provide more
detailed information (e.g., Ghazi et al., 1993).

For genetic interpretations it has to be concluded that differ-
ent trace elements in quartz behave in very contrasting ways.
Elements such as Al, Ge, Li, REE or element ratios of Ge/Fe or
Th/U seem to be reliable indicators of specific geological
settings. Concentrations of other elements (e.g., Be, Cs, Nb, Ta)
do not reflect the specific mineralization and, thus, cannot be
used as petrogenetic indicators. This fact has to be considered
if trace elements in quartz should be used as pathfinder ele-
ments for geochemical processes.
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