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Abstract Quartz crystals from topaz—zinnwaldite—albite
granites from Zinnwald (Erzgebirge, Germany) contain,
in addition to primary and secondary fluid inclusions
(FIs), abundant crystalline silicate-melt inclusions (MIs)
with diameters up to 200 um. These MIs represent var-
ious stages of evolution of a highly evolved melt system
that finally gave rise to granite-related Sn—W minerali-
zation. The combination of special experimental tech-
niques with confocal laser Raman-microprobe
spectroscopy and EMPA permits precise measurement
of elevated contents of H,O, F, and B in re-homogenized
MIs. The contents of H,O and F were observed to in-
crease from 3 to 30 and 1.9 to 6.4 wt%, respectively,
during magma differentiation. However, there is a sec-
ond MI group, very rich in H,O, with values up to
55 wt% H,0 and an F concentration of approximately
3 wt%. Ongoing enrichment of volatiles H,O, F, B, and
Cl and of Cs and Rb can be explained in terms of
magma differentiation triggered by fractional crystalli-
zation and thus, is suggested to reflect elemental abun-
dances in natural magmas, and not boundary-layer
melts. Partitioning between melt and cogenetic fluids has
further modified the magmatic concentrations of some
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elements, particularly Sn. The coexistence of two types
of MlIs with primary FIs indicates fluid saturation early
in the history of magma crystallization, connected with a
continuous sequestration of Sn, F, and B. The results of
this study provide additional evidence for the extraor-
dinary importance of the interplay of H,O, F, and B in
the enrichment of Sn during magma differentiation by
decreasing the viscosity of and increasing the diffusivity
in the melts as well as by the formation of various stable
fluoride complexes in the melt and coexisting fluid.

Introduction

Melt inclusions (MlIs) are small blebs of silicate liquid
that are trapped within growing phenocrysts at magmatic
temperatures and pressures (Roedder 1984; Lowenstern
2003). Relatively stable and incompressible hosts such as
quartz in silicic rocks act as pressure vessels, keeping
most trapped MIs from degassing and preventing other
mass flows into or out of the melt-inclusion system.
Similar to what fluid inclusions (FIs) are for the study of
hydrothermal processes, MIs yield a wealth of informa-
tion on the origin, nature, and evolution of the trapped
melt or magmatic processes (Roedder 1984, 2003). In the
last years, many technical difficulties inherited in the
early stages of the study of MIs were overcome and
proper tools for the study of trapped portions of
uncommonly volatile-rich melt phases in extrusive and
intrusive rocks were developed. If correctly understood,
MIs are the primary means of providing detailed infor-
mation on the late evolution of magmas characterized by
crystal/liquid equilibrium and the nature and amount of
volatiles. Volatile components such as H,O, F, CI, B, and
others largely control the rheological properties such as
melt viscosity and affect magma crystallization temper-
ature, thus they are the fundamental cause of magma
ascent, liquid immiscibility, effervescence, expansion,
and fragmentation (Lowenstern 2003).



This paper deals with the composition of MIs in
quartz and of FIs in quartz and cassiterite from highly
evolved, F- and H,O-rich, topaz—albite—zinnwaldite Sn—
W granites (Zinnwald, eastern Erzgebirge, Germany),
and primarily discusses their H,O and F contents. These
MIs required special treatment during re-homogeniza-
tion to avoid the loss of volatiles from the initially
crystalline inclusions. Quartz grains from these granites
contain a large number of MIs of widely different
diameters, from about 1-200 pm (Fig. 1a), making them
ideally suited for the development of methods to
homogenize and analyze them. The paper complements
a recent study of MIs from a chemically similar granite
from Zinnwald that focused on major- and trace-ele-
ment compositions (Webster et al. 2004). An outline of
the magmatic evolution in the eastern Erzgebirge is
provided by Stemprok et al. (2003).

The aims of the paper are threefold. First, it intro-
duces a method for a more accurate determination of

Fig. 1 Back-scattered electron images (a and ¢) and microphoto-
graph (b) of MIs trapped in quartz in topaz-albite granite from
Zinnwald, Erzgebirge. a Surface-polished, large homogeneous MlIs
prior to EMP analysis (no. 32 in Table 1), re-homogenized at
ambient pressure and 905°C, b type-B MI in quartz, re-homoge-
nized at 750°C and 1 kbar, ¢ crystal-melt patch in quartz composed
of topaz (top), fluorite (fr), and melt (m) showing that quartz,
topaz, fluorite and melt coexisted at some stages of crystal growth.
d Microphotograph of an FI in hydrothermal quartz from
Zinnwald composed of topaz (top), boric acid-bearing solution
(s), and vapor (v). e Re-homogenized type-B MIs in granite quartz.
f A typical photomicrograph of an HDAC experiment in the SiOp—
Al,O3-Na,0-K,0-H,0O system showing droplets of silicate melt
(M) in an aqueous fluid (S) and a vapor bubble (V) at 250°C (upper
photo). The lower photo shows droplets of silicate melt (M) in an
aqueous fluid (S) at 440°C. The partial homogenization tempera-
ture (glass + solution + vapor — glass + solution) is 337°C.
The total homogenization occurs at 787°C in the solution
according to the scheme (melt + solution — solution)
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H,O in re-homogenized silicate-MIs. The contents of
H,O0, F, and several trace elements (Rb, Cs, Sn) were
subsequently used to outline the igneous evolution of the
Zinnwald magmatic-hydrothermal system. Second, it
provides arguments for or against the ““‘boundary-layer”
(BL) effect (see Lowenstern 2003), which could, con-
ceivably, be the origin of the non-representative
enrichment of H,O and some major and trace elements
in MIs (Al, Na, Rb, Cs, B, Cl, F) and in FIs (Cu, Zn,
Rb, Cs) in quartz of the cogenetic Sn—W mineralization.
Finally, it shows that F became effectively partitioned
from the late-stage melt into the ore-bearing fluid phase.
This observation corroborates recent experimental re-
sults on the distribution of F and Cl between an F-rich
melt and coexisting fluid (Webster et al. 2004), demon-
strating that F has a greater influence on the extraction
and transport of Sn in F-H,O-rich magmas than implied
from earlier experiments and thermodynamic calcula-
tions (e.g., Jackson and Helgeson 1985; Keppler and
Wyllie 1991).

Sample characteristics

The topaz—albite granite sample TH212 represents a
boulder collected about 1.3 km northeast of the village
of Zinnwald (location Fuchshiibel). The rock is pale
gray with a light pink shade and contains about 33 vol%
phenocrysts comprising smoky quartz up to 5 mm in
diameter, albite, orthoclase, and different Li micas and
muscovite. The quartz phenocrysts contain isolated
feldspar crystals and aggregates of feldspar, mica, fluo-
rite, topaz, and cryolite (Fig. Ic). The fine-grained
groundmass is composed mainly of quartz, orthoclase,
albite, micas, and topaz. Fluorite, rutile, cassiterite,
zircon, xenotime, monazite, and pyrochlore are acces-
sory phases.
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Fig. 1 (Contd.)

The quartz crystals are characterized by a myriad of
tiny secondary FIs, mostly along trails, typically smaller
than 10 pm, and crystalline MIs, with diameters ranging
from 1 to rarely 200 um (Fig. la). Large MIs may
contain crystals of quartz, albite, K-feldspar, mica, to-
paz, fluorite, cryolite, and other, unidentified phases. In
addition to “normal” MIs (type-A of Thomas et al.
2000, 2003), a second group of extremely H,O-rich MIs
(type-B, ibid), with diameters from 5 to 60 um, occurs
(Fig. le, after re-homogenization). These brownish
inclusions are distinguished by the presence of a vapor
bubble in a fine-grained mass of mica, topaz, and a li-
quid-H,O solution. In several large inclusions of this
group, small crystals (~3 vol%) of an REE-fluorocar-
bonate, probably bastndsite, occur. Even more rare than
MIs>100 um are glassy inclusions composed of a
multiphase shrinkage bubble (5-10 vol%), a small
crystal, liquid, and vapor.

Other samples investigated in this study (#1158 and
#1159) come from Zinnwald-granite dikes crosscutting
the Teplice rhyolite (see Webster et al. 2004, their Fig. 1).
Both the bulk-rock composition and MI characteristics
of these samples are indistinguishable from those of
sample TH212.

To characterize the direct connection between the
magmatic stage and the hydrothermal events forming
the postmagmatic Sn—W ore deposit of Zinnwald we
have studied two groups of primary FIs in a quartz
crystal intergrown with cassiterite from the main stage of
the deposit. The 3x1.5-cm large smoky quartz crystal is
characterized by a small number of growth zones with
FIs (~50 pm in diameter) with contrasting composition
that were trapped at approximately the same tempera-
ture and pressure. The first FI group (Fig. 1d) is char-
acterized by topaz daughter crystals and the second
group by nahcolite. The FIs fulfill the criteria of an FI
assemblage (FIA) according to Goldstein and Reynolds
(1994).

Experimental and analytical techniques
Re-homogenization of crystalline melt inclusions

Melt inclusions in intrusive rocks such as the Zinnwald
granites are small and completely crystalline and require
heating to a homogeneous, daughter crystal-free glass
prior to analysis by electron microprobe (EMP), ion
microprobe (SIMS), or FTIR- and Raman spectros-
copy. Owing to the slow melting kinetics of some
minerals (e.g., feldspars), temperatures as high as 1,025~
1,100°C are sometimes required to completely homoge-
nize such inclusions. These temperatures are well above
the trapping temperatures between about 570 and 810°C
for the samples described here (see also Thomas and
Klemm 1997). Unfortunately, heating to a temperature
exceeding this trapping temperature can induce loss of
H,O and/or hydrogen by decrepitation, leakage, and
diffusion, which is particularly critical for trapped melts
containing H,O in excess of 6 wt%. Consequently, H,O
concentrations measured in homogenized H,O-rich MIs
may be subject to large error, as has been demonstrated
by Massare et al. (2002) for olivine-hosted MIs. Al-
though probably being less critical, the true magmatic
concentrations of F and B may also be underestimated,
considering that both volatiles form highly mobile
aqueous complexes. EMP-determined major-element
compositions become increasingly imprecise as the ex-
tent of volatile loss increases during sample reheating
(e.g., Devine et al. 1995; Morgan and London 1996).
Measurement of the partial homogenization tem-
perature of the fluid phase inside MIs shows that
leakage and partial decrepitation already takes place
above the relatively low temperature of 400°C at fluid
pressure. The loss of H,O at T 2400°C could be
minimized by heating at a higher confining pressure
and at a temperature that only minimally exceeds the



MI trapping temperature. Therefore, in this study,
homogenization of MIs used for the determination of
H,O was performed at moderate pressures and tem-
peratures of about 1,000 bars and 600-850°C,
employing experimental designs described in the next
but one three sections. However, even at these most
optimal conditions, only small inclusions homogenized
without signs of leakage (e.g., Student and Bodnar
1999; Student 2002).

Hydrothermal diamond-anvil cell (HDAC) experiments
(reconnaissance studies)

During our inclusion work, we have seen that the so-
called type-B MIs (Fig. 1b, e) are relatively widespread
in the studied Zinnwald granite samples. Because of
the decrepitation tendency of such MIs, the homoge-
nization behavior could not be simply studied using
conventional microscopic heating stages. Therefore, we
have performed simple HDAC experiments simulating
the behavior of the type-B MIs during heating and
cooling.

For this we used an externally heated Bassett-type
HDAC (Bassett et al. 1993; see also Veksler et al. 2002)
with nonfluorescent diamond anvils. The inclusion vol-
ume was formed with an Re gasket with uncompressed
thickness of 125 pm and a hole in the gasket of 400 pm
in diameter. The sample chamber was filled with syn-
thetic glass of peralkaline residual (PR) composition
(33 vol%) and pure H,O. The dry PR-glass has the
following composition (in wt%): 75 SiO,, 5 Al,O3, 10
Na»O, and 10 K,O. Before sealing the chamber, some
H,O was removed by leakage. Pressure is generated
during heating because the sample follows an approxi-
mately isochoric path defined by the bulk density.

Cold-seal pressure vessel homogenization experiments

Small, polished thick-section chips (1-mm-thick) were
loaded into an open Au capsule (30-mm long, 5-mm
diameter) and placed in a horizontal, cold-seal pressure
vessel. The wvessel was pressurized with CO, to
1,000 bars, then moved into the preheated furnace. The
experiments were performed at four different tempera-
tures: 600, 650, 700, and 750°C and a heating time of
50 h. The used run time was constrained by kinetic
experiments (cp. Thomas 1994a; Danyushevsky et al.
2002). During fast heating, the pressure was regulated to
be constant at 1,000 bars for each experiment. After
that, the vessel was removed from the furnace and
quenched with cold air.

After quenching, the samples were removed from the
pressure vessel, re-polished and mounted on glass disks
for the determination of H,O by confocal micro-Raman
spectroscopy. Only completely homogeneous MIs were
studied.
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Hydrothermal rapid-quench homogenization
experiments

Double-polished plates of quartz phenocrysts (1-mm-
thick) were placed into an Au-capsule (530 mm) with a
fixed amount of pure H,O. The inclusions were re-mel-
ted at a temperature of 850°C and a pressure of
1,000 bars using the conventional hydrothermal rapid-
quench technique. The run time of the unbuffered
experiments was 24 h. After each run, the samples were
quenched isobarically (see Thomas et al. 2000; Veksler
and Thomas 2002). The rapid-quench technique was
used to homogenize H,O-rich type-B MIs to a homo-
geneous glass for Raman spectroscopic studies.

Homogenization experiments at ambient pressure

The heating and quenching experiments were performed
using small, 500-um-thick doubly-polished quartz chips
placed in thin-walled evacuated quartz glass ampules
and heated in a tubular furnace (Lenton Thermal De-
signs Ltd. with Eurotherm Controller, type 808). Tem-
peratures are controlled by an Ni/Cr—Ni thermocouple
with an accuracy of £6°C or better.

A series of experiments were run at different tempera-
tures between 800 and 1,040°C. Each experiment was held
at run temperature for a constant duration of 20 h and for
each experiment new quartz chips were used (e.g., Thomas
1994a; Webster et al. 2004). After heating, the samples
were quenched in liquid nitrogen and examined under an
optical microscope for complete homogenization. The
samples from these experiments were used for EMP
analysis, mainly because H,O-rich glasses were observed
to quickly decompose under the electron beam.

Electron-microprobe analysis

Chips with re-homogenized MIs were mounted on glass
disks and polished under oil. They were analyzed for
major and minor elements using CAMECA SX50 and
SX100 EMPs. Analyses were performed in wavelength-
dispersive mode under the following conditions: 15 kV
acceleration voltage, 10 nA beam current, spot size of
1040 um, 40 s counting time for F using a multilayer
PCI1 crystal, 60-120 s for Sn, 40 s for Rb, Cs, and P and
20 s for other elements. Synthetic oxides and minerals
were used as standards. Rb and Cs were calibrated with
synthetic Rb-feldspar and pollucite (CsAlSi»Og) crystals.
The accuracy of the EMP procedure was checked by
analyzing chips of well-studied synthetic hydrous glasses
and the Macusani glass; the agreement between pre-
dicted and measured values was within 10%.
Additionally, Rb and Sn contents were measured in
approximately 100 totally homogenized MIs of known
major-element composition using a high-resolution
trace-element program from the Cameca SX100 soft-
ware. The analytical conditions were: 20 kV acceleration
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Fig. 2 a Changing of the Raman integral intensity in the high
frequency region (3,100-3,750 cm™') with the depth (SKT in
micrometer) of MIs (with a diameter of 60 um) beneath the quartz
surface. This correlation can be used to correct the measured
reduced integral intensity obtained from MIs in depths between 10
and 100 pm. b Calibration curve for the determination of the bulk
H,O concentration (0-35 wt%) in MI with the Raman-spectro-
scopic technique (ratio method, see Thomas 2000). For the
construction of this curve, 29 standard glasses were used. The
polynomial regression gives: H,O (Wt%)=0.732xI*
+4.102x1—0.116, »=0.997, SD=0.35 (I integral intensity,
correlation coefficient, SD standard deviation). To save time, we
used different integration limits here (3,700-3,400 cm™')/(700—
230 cm™'). ¢ Working calibration curve for the H,O determination
with Raman spectroscopy using 13 glasses with different H,O
concentrations (0-13 wt%). The abscissa shows the used integral
intensity ratio and the integral limits (3,750-3,100 cm™")/(700—
300 cm'). The linear regression gives: H,O (wt%)=
1.10965x1—0.10845, r*=0.998, SD=0.24

voltage, 20 nA beam current, a spot size of 10 pm, and
300 and 600 s peak counting times for each element (see
Thomas and Webster 2000). This technique was also
used for the analysis of Cu, Zn, and Nb in a selection of
MIs. The detection limit for Cu, Zn, Rb, Nb, and Sn was
~150 or ~60 ppm at counting times of 300 or 600 s.

In a limited number of homogenized MIs, B was
analyzed in the trace-element mode at 10 kV and 40 nA
using a PC2 pseudo-crystal (McGee et al. 1991) and the
anti-contamination setup with liquid nitrogen. LaBg was
used as an internal standard and synthetic glasses with
B,03 contents up to 20 wt% (Breitlinder BR F2, BR
2/L, BR 4/I; CRM glass CZ 4001; synthetic glasses),
cross-checked with Raman spectroscopy and EMP, were
used as external standards (Thomas 2002a; Veksler and
Thomas 2002). A counting time of 300 s at the peak, a
shift of +500, and backgrounds between —5,200 and
+8,000 were chosen. Analyses were also performed in
the peak-area mode (60 s, 10,000 steps, five scans). Both
methods yielded corresponding results. The lower limit
of detection for B was 0.06 wt%.

Confocal laser Raman-microprobe spectroscopy

Raman-microprobe spectroscopy was used to determine
the concentration of H,O in homogenized MIs and to
measure the concentration of H3BOj3 in the H,O-rich
fluid and type-B MlIs (see further below). This technique
also was applied to identify daughter crystals other than
halite and sylvite in the FIs, as well as to identify mineral
phases like fluorite (320 cm™'), cryolite (520 cm™}),
Y-REE fluorite, topaz (238, 266, 285, and 3,636 cmfl),
albite (503 cm™') and others in polished rock samples
(in brackets: characteristic Raman bands).

Water concentrations were measured following the
procedure described in Thomas (2000). The Raman
probe consisted of a Dilor XY Laser Raman Triple
800 mm spectrometer equipped with an Olympus
optical microscope and a long working distance 80x



objective. Spectra were collected with a Peltier cooled
CCD detector.

The 488-nm line of a Coherent Ar" Laser Model
Innova 70-3 and a power of 450 mW of the argon
laser were used for sample excitation. The method
employed in this study measures the ratio of the
integral intensity of the asymmetric O-H stretching
band between 3,100 and 3,750 cm~! and the asym-
metric broad band in the 490 cm™' region between
300 and 700 cm~'. The method works with a cali-
bration curve, taken from glass standards with differ-
ent H,O contents. This ‘“ratio method” ecliminates
sampling problems and reduces systematic errors and
irreproducible instrumental variations.

The confocal capability of the Raman microprobe
greatly enhanced the depth resolution allowing mea-
suring MIs to a depth of about 100 um in the quartz
host. Confocal microscopy uses a pinhole, placed in the
back image plane of the microscope objective, to block
light from outside the focal plane (Tabaksblat et al.
1992). In this way, the signal from the small volume of
interest can be studied with minimal interference from
the surrounding material. The applied confocal pinhole
size was 150 um in diameter. Each spectrum was col-
lected ten times, with a counting time of 50 s for each
accumulation.

The highest-quality spectra were obtained from
excitation volumes of trapped glass that are nearest to
the polished surface of the sample. The Raman signal
from depths > 10 pm beneath the surface is significantly
reduced, and a simple correction procedure must be
applied. For a totally homogenized MI (700°C,
1,000 bar) with a diameter of 60 pm at an initial depth
of about 70 um, step-wise polishing (nine steps) brought
the MI to the sample surface, and the following cor-
rection equation for the Raman intensity (/) was ob-
tained (Fig. 2a):

I =24.532 x SKT? — 4308.04 x SKT + 247, 356,
 =0.9996, SD = 1,154

(SKT—microscope scale (in um), r—correlation coeffi-
cient, SD—standard deviation of I).

If no small FI is located between the polished surface
and the MI, inclusions up to a depth of 100 um could be
analyzed with sufficient accuracy (see Thomas 2000;
Chabiron et al. 2003). Raman peak intensities for H,O
were calibrated using 29 synthetic granite, haplogranite,
and albite glasses and natural glass samples of known
composition, which covered a range between 0 and
33 wt% H,O (Fig. 2b, ¢). For calibration, the H,O
contents of most of these glasses were determined by
Karl-Fischer titration (see Thomas 2000, 2002b). Values
greater than 20 wt% H,O in glass were obtained from
type-B MIs totally homogenized with the rapid-quench
technique. After Raman measurements and following
disintegration of the metastable inclusion glass into
stable glass and liquid H,O phase, the bulk H,O con-
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centration was obtained by Raman measurements and
volume estimation.

The concentrations of H3;BOj3 in FIs and type-B MIs
were determined using the Raman band at 876 cm ™' (see
Thomas 2002a). The sample excitation was performed
using the 514 or 488-nm lines of an Ar ion laser
(Coherent Innova 70-3) with a power up to 1,500 mW.
Frequencies of the Raman lines were calibrated by
monitoring the position of the principal plasma lines in
the argon ion laser.

Fluid-inclusion microthermometry

A calibrated LINKAM THMS 600 heating and freezing
stage, together with TMS92 temperature programmer
and LNP2 cooling system, were used to determine the
salinity and liquid-vapor homogenization temperature of
hydrothermal FIs in quartz and cassiterite. Calibration
was done using synthetic FIs of known density and
composition and with various melting-point standards
(In, Sn, Pb, potassium dichromate). The measurements
were performed under argon. The standard deviation
depends on absolute temperature and is always better
than +2.5°C for temperatures greater 100°C and < 0.2°C
for cryometric measurements at temperatures <20°C.
Chips consisted of 300-um-thick quartz and cassiterite
plates polished on both sides.

Synchrotron radiation X-ray fluorescence (XRF)
analysis

Synchrotron radiation XRF analysis was performed at
the fluorescence beamline L of the Hamburger Syn-
chrotronstrahlungslabor HASYLAB at the Deutsches
Elektronen-Synchrotron DESY, Germany. The syn-
chrotron radiation at beamline L originates from a
bending magnet of DORIS III, a second-generation
synchrotron source. A double-crystal NiC multilayer
monochromator was used to monochromatize the
polychromatic bending magnet continuum at 38 keV
providing a high flux. This energy was chosen to opti-
mize lower limits of detection of Cs via K-shell excita-
tion. On the one hand, the excitation energy was slightly
above the absorption edge of the Cs K lines and on the
other hand, energies were higher to keep the Cs
K-emission lines in an area of low background, i.e.,
separated from the Compton scatter contribution of the
sample. A 2-mm-Al absorber was chosen for reducing
the background in the low-energy part of the spectrum,
also with the intention to increase peak to background
ratios and, accordingly, to decrease the lower limits of
detection. A single bounce capillary (Bilderback and
Huang 2001) designed for beamline L (Falkenberg et al.
2003) was used to focus the synchrotron beam colli-
mated to a cross-section of 400x400 pm” by tungsten
cross-slits to a spot of 11 um on the sample. The
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Table 1 MIs in quartz: microprobe analyses (wWt%, recalculated to a sum of 100/water-free and sorted in order of ascending F

concentration)

No. SlOz TIOZ B203 A1203 FeO MnO MgO CaO NaZO K20 Rb20 CSzO F Cl P205 ASI n HzO
TH212 74.1 d.L NA 149 0.62 0.05 0.04 0.15 3.62 465 027 0.07 031 0.02 001 130 1 -
TH212 752 0.05 NA 139 1.36 023 0.10 dl. 373 442 029 NA 060 0.08 d.lL 126 1 -
#1158 739 d.L NA 149 0.75 0.05 0.04 033 4.05 483 028 001 061 dl. 001 118 1 —
#1159 729 d.lL NA 151 0.51 0.06 0.01 041 447 448 056 002 093 dl. 001 114 1 -

5 67.1 d.l NA 194 0.31 0.15 d.l 0.67 447 607 0.67 dl 1.16 dl. d.L 1.25 1 125
6 734 0.06 NA 152 0.65 0.15 0.06 042 266 501 0.80 NA 1.56 dl. d.lL 138 1 5.8
7 78.1 005 NA 105 361 023 dl d.lL 1.93 3.56 040 NA 1.56 0.03 0.11 144 1 3.0
8 709 0.06 NA 169 0.88 0.12 d.l 005 376 473 0.79 d.lL 1.78 dl. d.L 142 1 38
9 754 006 NA 119 324 0.14 002 0.03 242 423 044 dl 1.92 020 d.L 1.34 3 82
10 755 007 NA 11.7 3.64 0.18 d.l 0.09 267 369 044 NA 203 dl dlL 133 1 84
11 72.7 d.l NA 134 242 0.80 d.l 0.08 297 424 095 0.18 219 dl dlL 1.31 ' 1 93
Pyknite 73.0 d.L 1.06 11.1 394 025 dl d.L 1.17 628 0.68 d.l 235 dl. 004 122 1 139
13 77.7 d.l NA 109 0.16 0.24 d.l 0.05 174 390 0.83 1.76  2.55 0.25 d.l 131 1 94
14 70.5 d.l NA 146 0.53 090 d.l dl. 298 539 0.96 1.37  2.64 0.08 d.l. 124 1 129
15 72.6 0.05 NA 124 268 0.83 003 0.10 2.64 491 1.01 NA 2,65 002 0.04 120 2 153
16 75.1 d.l NA 137 045 0.09 dl 0.14 3.16 404 044 0.06 2.66 0.12 0.04 136 1 6.8
17 73.0 0.03 NA 140 0.15 0.12 d.lL 0.15 289 598 0.66 dlL 286 0.04 d.L 1.18 1 159
18 76.3 dl. NA 124 042 0.14 d.l 0.16 277 433 050 dl 287 dl. dlL 126 1 119
19 77.5 d.l NA 11.0 1.02 041 d.lL dl. 241 368 0.80 0.06 3.07 dl. 0.03 131 1 938
20 76.0 dl. NA 122 093 d.lL d.l 024 247 448 036 dlL 3.13 0.03 d.l 1.28 1 113
21 72.8 dl. NA 117 255 0.64 008 dl. 219 573 1.19 NA 317 dl dl 1.12 4 19.2
22 67.6 0.06 NA 155 141 048 d.lL 044 349 540 198 044 320 dl. dlL 1.14 1 183
23 729 dl. NA 117 248 0.37 d.l dl. 207 558 123 024 350 dl. dl 1.14 1 269
24 75.6 d.l 0.72 117 044 d.l d.l 0.14 290 432 052 dlL 3.52 0.04 dl 1.17 1 255
25 73.0 dl. NA 132 0.53 022 dlL 0.12 2,00 655 0.76 NA 353 0.13 d.L 1.19 2 240
26 719 d.l NA 121 249 0.51  d.l dlL. 207 570 127 028 3.70 dl. d.lL 1.17 1 255
27 73.2 d.l NA 131 0.58 0.11 d.l 0.14 334 515 058 dlL 3.75 0.03 dl .12 1 28.0
28 662 dl. NA 175 0.53 0.14 d.lL 022 425 659 0.67 016 3.78 0.05 d.l 1.17 1 255
29 722 0.04 NA 134 0.6 0.05 dl 0.02 216 680 082 0.06 3.79 0.11 0.04 1.17 1 254
30 709 d.L NA 121 344 0.62 d.l 0.09 239 535 1.02 025 381 dl dlL 1.1 1 264
31 67.7 d.l NA 139 3.62 0.73 d.l 0.02 3 6.03 099 0.15 3.83 dl dlL .15 1 264
32 67.3 0.03 216 133 271 0.89 0.02 0.14 252 599 0.87 0.14 386 0.04 d.lL 1.16 19 25.7
33 694 dl. NA 135 244 1.05 dlL dl. 252 616 085 011 386 dl dlL 1.20 1 239
34 70.5 0.06 0.8 11.5 3.57 035 dl 029 222 39 219 044 389 024 0.04 1.18 3 247
35 69.8 0.04 NA 128 317 0.70 d.lL 0.02 270 576 1.01 0.14 393 dl dlL .13 1 276
36 66.6 0.03 0.71 158 0.78 0.12 d.l 1.40 291 6.66 0.63 036 393 dl. 008 1.05 4 319
37 68.5 d.l NA 138 326 0.72  d.l dl. 238 6.12 1.04 0.16 397 dl dl 1.24 1 218
38 70.0 0.06 NA 135 2.84 0.14 d.lL dlL 216 632 072 dlL 4.07 0.14 d.lL 1.25 2 207
39 743 d.l NA 133 0.32 0.11 dl 0.18 352 383 NA NA 417 022 dl 1.29 13 185
40 65.7 0.02 1.12 13.6 2.74 091 d.l 0.15 379 63 091 0.14 425 031 0.03 098 30 35.8
41 734 dl. NA 134 0.33 0.10 d.lL 0.16 3.52 387 041 0.08 443 032 dl 1.27 30 19.8
42 66.0 dl. NA 145 1.08 2.19 d.l 099 273 743 056 dl 448 dl. 003 099 1 354
43 69.7 022 NA 152 0.66 032 0.02 dl 23 6.15 0.77 d.L 448 0.15 d.lL 140 1 126
44 68.8 0.13 NA 104 6.07 045 d.l dl. 419 332 208 NA 450 0.05 dl 0.89 2 408
45 71.7  d.l NA 144 0.74 0.06 d.l. 0.13 288 469 045 0.14 458 0.08 d.l 1.39 1 132
46 734 dl. NA 136 0.34 0.09 d.lL 0.14 355 393 NA NA 466 028 d.l 1.31 17 17.5
47 70.7 d.l NA 144 0.80 0.13 d.l 0.17 256 520 0.74 028 4.67 025 d.l 1.35 8 152
48 70.3 d.l NA 155 0.62 0.08 d.l 020 2.93 515 042 NA 470 dl. 0.03 141 6 12.1
49 66.3 d.l NA 138 0.82 213 dl 1.84 263 7.17 054 006 4.73 0.03 d.l 0.87 1 417
50 704 d.l NA 153 0.55 0.09 d.l 020 292 525 046 NA 474 0.10 d.L 1.38 5 14.0
51 70.5 0.03 NA 154 0.63 0.08 d.l 0.20 291 512 042 NA 475 dl. 003 141 S5 123
52 70.1 d.l. 0.12  15.1 0.64 0.09 d.l 020 283 494 084 NA 496 0.10 d.lL 1.40 3 13.0
53 712 d.l NA 148 0.56 0.12 d.l. 022 259 495 045 dL 498 0.07 d.lL 144 1 104
54 70.8 d.L 0.12 153 0.64 0.09 d.l 020 2.86 499 NA NA 501 0.10 d.lL 146 15 94
55 649 d.l NA 168 041 024 dl 0.08 4.02 372 179 287 506 0.14 d.l .31 1 177
56 68.8 d.l NA 159 0.69 0.09 d.lL 0.18 328 499 0.73 0.11 510 0.09 d.L 1.37 24 142
57 68.9 d.l NA 158 0.73 0.09 d.l 0.18 328 499 043 NA 510 0.09 d.l 1.39 24 13.1
58 70.1 d.l NA 158 0.65 0.09 d.l 0.19 2.69 510 NA NA 525 dl. 005 154 3 51
59 69.5 dl. NA 151 0.65 0.86 d.l dl. 240 522 092 dlL 526 dl. dl 149 1 75
60 70.3 d.l NA 154 0.62 0.19 0.02 025 250 477 042 0.06 541 0.08 004 154 1 5.0
61 61.8 d.l NA 158 0.82 1.09 d.lL dL 725 661 116 dlL 545 dl.  dl 0.80 1 457
62 62.1 0.05 NA 150 0.19 1.11 d.lL dl.  7.69 7.05 118 d.lL 551 dl. 0.04 072 1 503
63 59.1 0.04 NA 155 0.22 054 d.l 0.03 7.20 6.57 210 273 554 041 0.06 0.73 3 495
64 69.1 0.04 NA 155 0.15 085 d.lL dl. 236 538 090 dlL 566 dl. 0.03 152 1 6.2
65 649 0.06 NA 18.0 040 0.30 d.l dl. 300 623 084 dlL 572 0.03 dl 148 2 82
66 69.7 d.l NA 121 0.40 0.07 d.l 0.13 6.19 572 NA NA 572 0.05 d.l 0.73 1 499
67 69.1 0.06 NA 158 0.10 043 0.02 dl. 270 500 0.82 d.lL 6.02 dl. d.lL 1.53 ' 1 55
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No. SIOZ T102 B203 A1203

FeO MnO MgO CaO Na,O K,O Rb,O Cs,0 F Cl

P205 ASI n HQO

d.l (wt%) 0.03 0.03 0.06 0.04 0.07 0.05 0.02

0.02 0.03

0.02 0.04 0.06 0.08 0.03 0.03

Analyses 1-4: whole rock samples

H,O (last column) — estimated water concentration using data from
Table 3

For the analyses no. 39, 54, and 57, we have determined 0.25, 0.39,
and 0.41 wt% Li,O, respectively. Li was determined by SIMS at

intensities of fluorescence and scatter from the sample
were recorded by an energy-dispersive HPGe detector
(GRESHAM Gemini 30) of 30 mm® active area.
The semiconductor detector was placed at 90° to the
incoming linear polarized X-ray beam to minimize the
intensity of the scattering. The angle between beam and
sample versus sample and detector was 45° each in order
to minimize the path length of X-rays in the sample. For
single inclusion analysis, quick area scans, with 10-pum-
step sizes in both directions and an acquisition time
between 10 and 30 s-per-point, were performed for
positioning. Afterwards, analysis of single inclusions
was performed with sample times of 1,200 s. Quantifi-
cation of the inclusion data was performed using Monte
Carlo simulations following the procedure described in
Rickers et al. (2004). This method was employed to
analyze ten trace elements (Fe, Cu, Zn, Cd, Ag, Sn, Sb,
As, Rb, Cs) in a selection of FIs in hydrothermal quartz
from the main stage of Sn—W mineralization in the
Zinnwald deposit. Results were tested for accuracy and
precision in two steps (e.g., Rickers et al. 2004): (1) area
scans of synthetic glass standards yielded an accuracy of
generally better than 20% for all elements with Z be-
tween 37 and 92. The standard deviation of the area-
scan measurements was better than 7%, whereas
repeatability of single-point measurements was better
than 0.5%. (2) single-point measurements of synthetic
inclusions in quartz yielded an accuracy of better than
20% for concentrations well above the lower limit of
detection (test elements: Rb and Cs), and still better than
30% for concentrations close to the lower limit of
detection (test elements: Sn and Cu), with a lower
reproducibility of 20% and a repeatability of 6%.

Results
Geochemistry and mineralogy of the granites

The MI-containing granites are highly evolved, peralu-
minous topaz—albite—zinnwaldite Sn—W granites rich in
F, Rb, and Cs, but poor in P (Table 1). The magmatic
concentrations of many elements are difficult to deter-
mine owing to extensive, high- to low-temperature
alteration, which is largely responsible for compositional
differences observed between the three samples (TH212,
#1158, #1159) listed in Table 1. Of the elements of
interest for this study, alteration-induced differences re-

the Woods Hole Oceanographic Institution, MA, USA (see Web-
ster et al. 2004)

d.l. detection limit; NA not analyzed; n number of re-homogenized
MIs, analyzed by EMP; ASI aluminum saturation index (moles
Alzog/[cdo + NazO + Kzo + szo + CSzo])

late to aluminum saturation index (ASI; 1.30 vs. 1.12),
F (0.31 vs. 0.93 wt%), and Sn (148 vs. 74 ppm).

The granites contain various F minerals. Topaz
(219.8 wt% F) occurs in the outermost growth zone of
quartz phenocrysts, together with F-rich zinnwaldite
(~7.2 wt% F), demonstrating that the F concentration
in the melt increased during quartz growth. Other F
species comprise magmatic fluorite up to 100 pm in
diameter, cryolite (~20 um), and spherical crystals of a
Y-REE fluorite' up to 100 um in diameter. The quartz
phenocrysts of all three studied topaz—albite granite
samples from Zinnwald (#1158, #1159, TH 212) contain
the same Y-REE fluorite crystals, demonstrating the
similarity of the studied granites. Some MIs show the
coexistence of quartz, topaz, fluorite, and silicate melt
(see Fig. 1c), in accordance with experimental data on F-
rich granite systems (Dolejs and Baker 2004). In contrast
to Sn-bearing peraluminous, phosphorous-rich granites
from the central and western Erzgebirge (Thomas et al.
2003), tourmaline is extremely rare in our samples. Only
two small crystals of blue tourmaline were observed
isolated in the quartz phenocrysts. Some isolated crys-
tals of muscovite in quartz contain 1.3+0.4 wt% B,0O;
(n=133). Boromuscovite occurs as small crystals in some
MlIs, especially in the type-B MIs.

The average composition of isolated feldspar grains
trapped in quartz phenocrysts, which remained unaf-
fected by fluid-induced alteration (plagioclase:
Ab=0.864, Or=0.063, An=0.070; K-feldspar:
Ab=0.379, Or=0.617, An=0.004), indicates a low,
concordant equilibrium temperature of 627°C (at
1 kbar) employing the thermometer of Fuhrman and
Lindsley (1988). This temperature is similar to the
beginning-of-melting temperature of the MlIs of
652+ 12°C (Thomas 1994b). A small number of MIs
shows a significantly lower beginning-of-melting tem-
perature of 572+16°C (Thomas 1989; R. Thomas,
unpublished data). With these temperatures, the
entrapment pressure estimated from the intersection of
the isochores for magmatic Fls (see Webster et al. 2004)
with the experimentally determined granite solidus is
1,140 £ 200 bar (see also Audétat and Pettke 2003).

Generally, the primary mineral association of the
studied samples is severely affected by postmagmatic
alteration processes such as albitization and greiseniza-
tion. The unaffected mineral association is preserved as

'Results on the new Y-REE fluorite will be presented elsewhere.
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isolated mineral clusters in the quartz phenocrysts. In
addition, idiomorphic water-clear albite, fluorite, topaz,
Rb-rich mica, boromuscovite, and cryolite are hosted in
quartz phenocrysts. A striking feature is the presence of
up to 60x30 um large crystals of rubidian leucite in
quartz with the empirical formula

(Ko.64Rbg22Nag 13Cs0.01)(Al.g6 Fe.03)Si2Og

The formation of rubidian leucite in a granitic envi-
ronment requires that part of the melt system must have
evolved to strongly peralkaline conditions.

Homogenization behavior of the melt and fluid
inclusions in granite quartz

Melt inclusions in quartz of the topaz—albite—zinnwaldite
granite are usually crystalline, mostly opaque, and consist
of a mixture of small crystals and an often-deformed va-
por bubble. Two different silicate MIs can be distin-
guished according to the bubble volume: (1) “normal”
MIs with a bubble volume of about 10-20% (type-A
inclusions) and (2) volatile-rich MIs with a larger bubble
and/or a visible fluid phase (type-B inclusions). Depend-
ing on the volatile content, MIs can homogenize in two
different ways: (1) to an aluminosilicate-rich liquid (glass
at RT) and (2) into an H,O-rich solution. Generally, type-
A MIs homogenize according to the first way and type-B
MIs according to the second way.

Because of decrepitation tendency of H,O-rich type-B
MIs, the homogenization behavior could not be studied
directly. However, to demonstrate this behavior, we have
performed a couple of HDAC experiments using syn-
thetic glass of PR composition. For the partial homoge-
nization temperature (glass + solution + vapor —
glass + solution) of such experiment we determined,
after some recycling, a value of 337°C, which define the
density of the isochore. Total homogenization in the
solution occurs at 787°C according to the scheme
(melt + solution — solution) —see Fig. 1f.

In further experiments, we have varied the PR-glass
amount to demonstrate the different homogenization
behavior depending on the glass-solution ratio. The re-
sults of these experiments will be presented in a forth-
coming publication (I. Veksler et al., in preparation). By
reducing SiO, and addition of F, Cl, and B to the
“peralkaline residual glass,” the total homogenization
temperature can be reduced dramatically (see Thomas
et al. 2003). From these experiments, the “real” type-B
MIs should show the same liquid-liquid equilibrium
behavior at high temperatures.

An important observation is that the size of the type-
A MIs increases with F concentration. This dependence
is probably the result of the decrease in melt viscosity
and changing dihedral angles (McKenzie 1985) with
increasing H,O and F concentration.

In addition to the two MI types, coeval Fls occur.
These Fls are mostly composed of a concentrated
solution, with boric acid and different daughter phases

such as halite, boromuscovite and others, as well as a
vapor bubble. Phase changes and the homogenization
behavior under controlled conditions could be observed
only sometimes, because of the tendency of decrepita-
tion and/or leakage at low temperature.

Composition of the melt inclusions

Most microprobe and Raman data were obtained from
totally homogenized type-A MIs (Fig. 1a) which are
presented in Table 1. Inclusions of type-B were difficult
to analyze with microprobe techniques owing to their
small diameter of <15-20 um and their instability under
the electron beam (Fig. le). Only a small couple of type-
B MIs could be analyzed (analyses with ASI < 1.1 in
Table 1). However, it was possible to determine the B
content in the liquid phase of type-B inclusions by Ra-
man spectroscopy shortly after re-homogenization (see
below). In some cases, the H,O content of unheated
type-B MIs could also be estimated. The main solid
phases in this inclusion type are muscovite (up to 50—
60 vol%), topaz (~5 vol%) =+ cryolite. In addition to
alkali-chlorides (from 3.5+0.3 up to 10 eq. wt% NaCl),
the solutions contain boric acid up to 6 wt%
(3.45+1.1 wt%, mean for 20 MlIs). In type-B MIs, the
H,O content is highly variable, from about 28-55 wt%.
For this inclusion type, the high-frequency region of not
homogenized MIs is characterized by the dominance of

25001 3458 cm”’

2000 -

2242 cm™

3631 cm™

1500 4

1000 -

Intensity (a.u.)
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Wavenumber (cm™)
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Fig. 3 The high-frequency region (3,000-3,800 cm™") of the unpo-
larized Raman spectrum of an unheated type-B MI. Gaussian
deconvolution reveals that this broad asymmetric band is the result
of three main bands at 3,242, 3,458, and 3,631 cm~!. The two
bands at 3,242 and 3,458 cm™! reflect the dominance of molecular
H,O in the type-B inclusions. The relative sharp and symmetric
band at 3,631 cm ™' can be traced back to OH-stretching vibrations
of muscovite and topaz. AB83 is the reference spectrum of the
albite glass with 11.71 wt% H,O (see Thomas 2000). From the
integral intensity ratio in the wave number range 3,000—3,800 cm ™!
of the two spectra, an H,O content in the type-B inclusion is
~42 wt%
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Fig. 4 Plot of the ASI versus the F content in the MlIs. a ASI vs F
of the water-free calculated analyses from Table 1. b ASI vs F for
the same MIs, however H>O is included

molecular H>O and a strong band at 3,625 cm ™!, which
can be traced back to the high mica content (Fig. 3). The
high F concentration of this inclusion type is indicated
by topaz and cryolite daughter phases. The estimated
bulk F concentration is 25 wt% (on an H,O-free basis).
These inclusions cannot be considered as “true’ silicate
MIs, because of the extreme H,O concentrations. We
can call this type ‘“‘aluminosilicate-rich FI.”
Electron-microprobe data for MIs re-homogenized
mostly at ambient pressure (Table 1) indicate the het-
erogeneous composition of the trapped melts with re-
spect to almost all elements monitored. Of the elements
of most interest, the correlation patterns between the
ASI and F were taken to group the MIs (Fig. 4a, b).
Group I includes MIs, which display a negative corre-
lation between ASI and F, following a trend hereafter
indicated as trend 1. The second group involves inclu-
sions, in which ASI and F is generally high and strongly
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Fig. 5 a Frequency diagram of F in MIs, determined by micro-
probe analysis (270 microprobe analyses). b Plot of F vs. H>O in
MIs using the data given in Table 1, last column

positively correlated (trend 2). The five points
(F <1.5 wt%, ASI ~1.2) in Fig. 4a, b represent the
bulk-rock composition. If we plot silicon versus fluorine,
a quite analogous diagram results. A comprehensive
discussion of the full data set in Table 1 will be the
subject of a forthcoming paper.

Fluorine, chlorine, and water

In Fig. 5a is plotted the F concentration as a frequency
histogram from 270 microprobe analyses of MlIs. Fluo-

Table 2 Fluorine in the studied MIs

Group Fluorine (wt%) n

I 0.96+0.50 5
11 2.01+0.19 7
111 2.90+0.28 16
v 3.84+0.12 42
\" 4.31+0.11 76
VI 4.94+0.20 114
VII 5.64+0.19 9

Concentrations: mean + lo
n number of measurements
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rine is generally enriched (up to 6 wt%), especially in
type-A MlIs, and shows (using single data points) seven
concentration maxima (Table 2). The F concentration in
the type-B MIs is more or less constant — it increases
from about 2.5-3 wt% (under consideration of the H,O
content). Figure 5b shows the correlation of F vs H,O in
the MIs. This plot demonstrates that F is strongly en-
riched in the type-A MIs and decreases with rising water
concentration in the Mls.

In most inclusions, the Cl concentration is low
( £0.05 wt%). However, a series of MIs has increasing
Cl concentrations up to 0.4 wt% (Fig. 6), with the
highest values in trend-2 MIs as defined in Fig. 4. Here,
Cl increases proportionally with the F concentration
(closed circles in Fig. 6). Because Cl partitions more
strongly in favor of fluid relative to melt (Webster et al.
2004), there are two possibilities to produce such strong
scatter shown in Fig. 6: (1) loss of Cl via fluid phase in
the MIs during the homogenization procedure and (2)
loss of Cl via fluid exsolution from the magma at fluid-
saturated conditions. The mechanism for the two pro-
cesses, however, is the same.

The minimum H,O content was measured in large,
isometric, crystalline MIs adopting the micro-thermo-
metric/micro-volumetric technique outlined by Naumov
(1979), which ignores the amount of H,O present in
H,O-bearing minerals and glass remnants (see Thomas
and Klemm 1997). This method suggests minimum H,O
concentrations of 6.3+£1.8 wt% (sample TH212) and
4.3+0.2 wt% (sample 1159), respectively (analyses 1
and 2 in Table 3). Raman-spectroscopic determination
of H,O in glass in MIs re-homogenized at ambient
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Fig. 6 Plot of the concentration (wt%) of ClI vs. F in homogenized
MIs in quartz from Zinnwald granite sample TH212. The
boundary curve (dashed line) can be regarded as a saturation curve
for Cl in the Zinnwald melt as function of the F content. We
interpret the open circles away from the dashed line as Mls, which
have lost chlorine via fluid phase, mostly during the homogeniza-
tion procedure or by loss of Cl via fluid exsolution from the magma
at fluid-saturated conditions

pressure conditions was possible only in a small number
of inclusions, in which the glassy portion did not fluo-
resce strongly (analyses 3-8 in Table 3). In most inclu-
sions, the glass displays a strong fluorescence of
unknown origin, which masks the O-H stretching
vibration of hydroxyl groups in the high-frequency
region. These inclusions are not suited for H,O deter-
mination (Thomas 2000) with Raman spectroscopy.
Re-homogenization at 850, 750, 700, 650, and 600°C at
pressures of ~1,000 bar significantly reduced the inten-
sity of fluorescence (see Table 3, No. 9-33). Type-B MIs
usually contain higher, however variable H,O concen-
trations between 28 and 55 wt%. In quartz of the 750°C
experiment, we identified a great number of totally
homogenized type-B MlIs, with an average H,O con-
centration of 28.6 £6 wt%. Immediately after quench-
ing, some of these MIs were composed of a metastable
homogeneous glass, which disintegrates after some
hours into three phases: glass + liquid + vapor. This
behavior can be traced back to the very low glass tran-
sition temperature (Tg) of such F- and H,O-rich glass
and the therewith associated strong change in the poly-
merization behavior (see Mysen et al. 2004).

Boron

Boron was measured in a selection of re-homogenized
MIs only, primarily in those of group 2 (trend 2). In this
inclusion group, the concentration is generally high and
ranges from 0.7 to 2.6 wt% B,O3 (with an average of
2.2 wt%, see anal. #32 in Table 1). The three large type-
A MIls shown in Fig. la contain an average of
24+0.2 wt% B,O;3 (in No. 32 of Table 1) and were
probably trapped near the solvus crest (see below).

In the liquid H,O phase of the H,O-rich type-B MIs,
re-homogenized at 750°C and 1,000 bar, large quantities
of dihydroxyfluoroboric acid, HBF,(OH),, were identi-
fied by Raman spectroscopy. This B-F complex is dis-
tinguished by a medium-strong Raman band at
871 cm ! and a strong band at 731 cm~! (e.g., Maya
1977). The band at 871 cm ™' is much wider than that of
boric acid (H;BOs) in solution at 876 cm™' (Fig. 7).
Comparison of the intensity of the medium-strong
871 cm~! band with that of a 1 wt% aqueous H;BO;
solution suggests a maximum HBF,(OH), of
~13.7 wt%. The 871 cm™' band intensity was observed
to decrease quickly during the measurement (450 mW
for sample excitation), with only 2.6 and 1.3 wt%
HBF,(OH), remaining after 600 and 3,000 s, respec-
tively. Within the same time, the 876 cm ™' band inten-
sity increases at the expense of the 871 cm™' component.
After 24-h, all bands in the 871-876 cm ™! region dis-
appeared. Instead of these bands, a new band at
776 cm ™! appeared reflecting the formation of tetraflu-
oroborates of the composition MBF, (M = Li, Na, K,
Rb, Cs). Formation of the 776 cm™' band was accom-
panied with a strong widening and increase of the quartz
bands at 795 and 806 cm ™', which likely is related to
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No. Group Run-temperature (°C) Inclusion Water content® Inclusion type n
diameter (um) Wt% = lo)
1 I - 50 6.3+1.8 A 2
2 1 — 33 4.3+0.2 A 10
3 11 768 20 5.5+0.5 A 9
4 11 768 20 9.2+04 A 4
5 11 905 25 6.0+£0.5 A 6
6 11 905 15-25 16.1+1.8 A 2
7 IT 905 10-15 39.8+4.0° B 4
8 11 969 10-25 59+0.8 A 8
9 I 750 8-18 2.7+0.3 A 8
10 111 750 10-40 6.1+1.1 A 13
11 111 750 30-50 9.9+0.5 A 34
12 111 750 10-40 28.6+6.0° A/B 23
13 111 700 30 5.3+0.7 A 12
14 111 700 15-40 7.1£0.5 A 14
15 111 700 50-80 9.0+0.6 A 46
16 111 700 10-70 12.6+0.6 A 12
17 111 700 25 19.2+1.7 A 6
18 11 700 20 35.0+5.0° B 3
19 111 650 20-50 7.1£0.8 A 38
20 111 650 15 9.24+0.5 A 5
21 111 650 10-20 14.0+1.0 A 8
22 I 650 10-25 45.0%6.0° B 4
23 111 600 30 7.3+£0.2 A 6
24 111 600 10-20 51.0+£7.0° B 4
25 v 850 75 4.0+0.6 A 23
26 v 850 10-35 58+1.0 A 19
27 v 850 110-120 11.8+1.3 A 17
28 v 850 20-90 16.0+0.6 A 12
29 v 850 16 18.4 A 1
30 v 850 18-30 3.5£0.5 A 9
31 v 850 20-35 6.6+1.0 A 10
32 v 850 75 9.9+0.6 A 5
33 v 850 25-84 16.0+0.6 A 13
34 v - 10-50 ~42 B 5

“Mean of five to ten measurements on the inclusions
®Determined by Raman spectroscopy and volumetric measure-
ments n number of studied MIs

Group I natural glass inclusion in quartz (not re-homogenized),
very rare

Group Il homogenized at ambient pressure, run time: 20 h

formation of metaboric acid (HBO;), which has its
strongest bands just in this region.

The observed, time-dependent behavior of these B
species is in accordance with characteristics of aqueous
solutions of fluoroborates during slow hydrolysis at
room temperature (Gmelin 1926, 1954). In the case of
dihydroxyfluoroboric acid, which is thermodynamically
unstable, the relatively slow nucleation of HBO, crystals
inhibits its dissociation (Maya 1977).

The high mobility of B is also reflected by the mea-
sured difference of boric acid in unheated and homog-
enized type-B MIs (750°C and 1,000 bar). Unheated
inclusions contained an average of 3.45+1.10 wt%
H;BO;, whereas re-homogenized inclusions contained
0.7+0.2 wt% H3BO3 only.

Tin

The concentration of Sn in the type-A Mls, deter-
mined by EMP, ranges from 105 to 785 ppm, with an

Group III cold-seal pressure vessel experiments, 750-600°C and
1,000 bar
Group 1V hydrothermal rapid-quench experiment at 850°C and
1,000 bar
Group V natural type-B inclusion in quartz (not re-homogenized)

3001 si0

N

a

o
|

HBF,(OH),
in TH212

N

o

o
!

H,BO, solution

Intensity (a.u.)
g2 g

50

Wavenumber (cm™)

Fig. 7 Raman spectra of dihydroxyfluoroboric acid in a type-B
M1, and of boric acid in an FI
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Fig. 8 Plot of Sn vs. F in the MIs. The small dashed line illustrates
the evolution of the magmatic Sn concentration that has been
established in MIs from Ehrenfriedersdorf in the western
Erzgebirge (Thomas et al. 2003)

average of 345 ppm (rn=111). The same, large scatter
was observed also for other trace elements such as Cu
(20-111 ppm, n=28), Zn (100-1,360 ppm, n=31), and
Nb (112-910 ppm, n=19). Synchrotron XRF mea-
surements on two individual type-B MIs, which are the
first ever, yield the following concentrations (in parts
per million): Sn 510, Nb 680, and Mo 290. These
inclusions contain also high Rb and Cs concentrations
(in parts per million): Rb 5,300, Cs 2,900. On an H,O-
free basis we obtain (parts per million): Sn 850, Nb
1,130, Mo 485, Rb 8,830, and Cs 4,830, implying that
these elements are also enriched in the type-B melt.
Tin and F do not show a good correlation (Fig. 8).

Rubidium and cesium

The concentrations of Rb are generally high
(>0.4 wt% Rb,0), but also scatter over a wide range
(Fig. 9). The mean of 166 measurements is
0.67+0.29 wt% Rb,O. MIs following the peralkaline
trend-1 show a weak increase of Rb with increasing F.
In trend-2 MIs, Rb increases more strongly with F and
appears to evolve along two pathways. The behavior
of Cs resembles that of Rb. However, in contrast to
Rb, the Cs content in the MIs is significantly lower
(0.15 wt% Cs,0, n=113). The average Rb/Cs ratio is
4.5. The maximum measured concentrations of
2.1 wt% Rb,O and 2.9 wt% Cs,O yield an Rb/Cs
ratio of 0.72, which may characterize the very end of
magma evolution.

For the other important alkali element Li, only few
SIMS data are available with a mean of 0.35 wt%
Li;O in type-A MlIs. A discussion of the behavior of
Li must be reserved for future studies.
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Fig. 9 Correlation of Rb,O vs F in the MlIs. See Fig. 3 for
explanation of the symbols. The half-filled symbols display the melt
evolution prior to significant Rb—Cs mica crystallization, which
depleted the melt of some of Rb

Composition of fluid inclusions
Fluid inclusions in granite quartz

The FIs in quartz in granite are small (up to 25 pm in
diameter) and are often composed of a concentrated
NaCl+ KCI (=50 wt%) solution, a vapor bubble, and
daughter minerals such as halite, sylvite, B-muscovite,
nahcolite, calcite and others, showing that the primary
magmatic fluids were concentrated aqueous solutions.
However, the most frequent inclusions are two-phase
aqueous inclusions which homogenize to the liquid
phase or by critical phenomena at 396+ 16°C and
salinity of 3.2+1.7 eq. wt% NaCl (n=250) (see also
Webster et al. 2004).

Secondary FIs, with low homogenization tempera-
tures (100-200°C) and low salinity, display a mean
concentration of about 0.29+0.12 wt% H3;BO;, show-
ing the high mobility of B in the postmagmatic stage.

Fluid inclusions in hydrothermal quartz

Primary FIsin quartz intergrown with cassiterite from the
main stage of SnO, deposition in the Zinnwald Sn—W
deposit (e.g., Thomas 1982) were studied for the compo-
sitional relationship between late-stage melts and early,
ore-forming hydrothermal solutions. The quartz sample
contains large, up to 50 um in diameter, primary FIs
(Fig. 1d) arranged along growth zones. Secondary Fls are
subordinate. The homogenization temperatures of the
primary FIs in quartz and the surrounding cassiterite are
nearly identical and amount to 390 + 12°C (n =9; Thomas
1982). Cryometric measurements, interpreted in light of
the phase relations in the NaCl-KCI-H,O ternary
(Bodnar et al.1989), imply salt concentrations of
2.8+0.2 wt% NaCl, and 7.9 £0.6 wt% KCI (n=06).



Raman spectroscopy shows relatively high H;BOj3
concentrations in the fluid: 0.92+0.15 wt% (n=30).
One inclusion contains 5.1+0.2 wt% H3BO3;. The
total volume ratio of topaz crystals, which are present in
every FI, to the inclusion volume is directly propor-
tional to the H3;BO; concentration, implying that
the fluid contains constant proportions of B and F. One
weight percent H3BO; corresponds to a maximum F
concentration (calculated as NaBF,) of 2.2 wt% (e.g.,
Thomas 2002a). This F concentration is in excellent
agreement with an F concentration of 2.1+0.1 wt%
obtained experimentally for fluids in equilibrium with
the related F-rich melts from Zinnwald (Webster et al.
2004).

The fluid phase is enriched in various trace elements,
which are also enriched in the melt fractions trapped as
MI. Synchrotron XRF measurements on five individual
FIs yield the following concentration averages (in parts
per million): Fe 3,600, Cu 2,750, Zn 2,200, As 2,000,
Cs and Sn 275, Cd and Sb 200, Rb 180, and Ag
100. The standard deviation is < 20% for each. The
vapor phase is composed of H,O, CO,, CHy4, N, and
HZS [XCOZ = 0744, XCH4 = 0198, )(N2 = 0051, XHZS =
0.007 on a H,O - free basis].

In addition to this type of FI, another however rare
primary FI group has been observed. The inclusions of
this group are characterized by very high concentrations
of NaHCO; (23.8 wt%) and slightly higher homogeni-
zation temperatures of 405+2°C (n=15). Synchrotron
XRF measurements on five individual FIs of this group
yield the following concentration averages (in parts per
million): Fe < 150, Cu 1,465, Zn < 500, As 280, Rb 320,
Sn 70, and Cs 220.

Fluid inclusions in cassiterite

Thermometric measurements on primary Fls in a large
cassiterite crystal (5x5%2 c¢cm) indicate a homogenization
temperature of 431 £3.0°C (n=45). These FIs homog-
enize in the liquid phase or with critical behavior.
According to cryometric measurements on large inclu-
sions (~50 um in diameter), using the phase relations in
the NaCl-KCI-H,O ternary (Bodnar et al. 1989), salt
concentrations of 4.9 wt% NaCl and 6.7 wt% KClI
(n=6) were determined, corresponding to an NaCl/KCl
ratio of about 0.5. The boric acid concentration of 11
primary FIs was 2.6+0.5 wt%. The vapor phase con-
sisted of H,O, CO,, CHy, and N;[Xco, = 0.672; Xcp,
= 0.208; XN, = 0.119 on a H,O - free basis).

In daughter-crystal rich FIs (which homogenize to
the liquid phase at 510 +4°C, n=10) in cassiterite from
the Sn deposit Krupka, Czech Republic (6.2 km SE of
Zinnwald), villiaumite (NaF) daughter crystals were
identified. From the dissolution temperature of NaF
(104°C), an NaF concentration of 4.85 wt% (equivalent
to 2.2 wt% F) was estimated according to Nyvlt (1977).
This is a minimum F concentration, however, because
another F phase (about 5-10 vol%) is present in these
inclusions. Very strong Raman bands at 185, 198, 385,
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and 3,446 cm ™' suggest this phase is a metal (II) hexa-
fluorosilicate (IV) salt (see Jenkins and Lewis 1981).

Discussion
Water concentrations

In Table 3 are given the results of the HO determina-
tion, obtained mostly by using the Raman-spectroscopic
technique or from a combination of Raman spectros-
copy and volumetric estimations. The results vary very
strongly (from 2.7 to 55 wt%). At first sight, one does
not recognize any relationships. This is true for all
studied MI of the groups I, II, IV, and V. If we plot,
however, the H>O concentration versus the experimental
homogenization temperature of group III MlIs, then we
obtain from the bulk H,O concentration (using the
highest H>O concentrations of the type-A MIs) of both
MI types a Xu,0 -T pseudobinary diagram (Fig. 10).
From this diagram it can be seen that the H,O con-
centration in the type-A MI tends to increase continu-
ously from 7.3 to 28.6wt% with increasing
homogenization temperatures from 600 to 720°C. Con-
centrations of H,O in the coexisting type-B MI decrease
from 51 to 28.6 wt% over the same temperature range.
The solvus crest is located at 720°C and 28.6 wt% H,O
(see Thomas et al. 2000). The temperature of 720°C was
chosen from symmetry reasons and from the determined
minimum trapping temperature (see chapter 2.2). This
solvus was used to estimate the H,O content for the MIs
presented in Table 1 (last column).

At the low lithostatic pressure of the shallowly em-
placed granites of Zinnwald (~1,000 bar; Thomas and
Klemm 1997; Stemprok et al. 2003), the dissolution of 6
to 28 wt% of H,O in melt requires the presence of F and

750

7004

650

Temperature (°C)

600

550 T T T T T 1
0 10 20 30 40 50 60

H,O (Wt%)
Fig. 10 Pseudobinary Xys0 vs T plot of re-homogenized type-A

(closed circles) and type-B MI (open circles) in granite quartz from
Zinnwald. The solvus crest is indicated by the inverted triangle
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other fluxing volatiles in extraordinarily high amounts as
observed here and in the companion paper of Webster
et al. (2004). The originally homogeneous melt unmixes
into two phases, a “‘normal,” H,O-rich melt (type-A) and
a highly mobile, extremely H,O-rich melt (type-B) or an
aluminosilicate-rich fluid. This can be seen by the coex-
istence of these MIs that were re-homogenized between
600 and 750°C and 1,000 bar in the quartz phenocrysts.
In addition to totally homogenized Mls, type-B MIs
composed of a silicate glass + water + vapor contain a
bulk H>O concentration of 28.6 £ 6 wt%. These MIs are
interpreted to represent the originally homogeneous melt
that underwent unmixing during or immediately after
quenching (see Thomas et al. 2003). The two types of MIs
also coexist with vapor-rich FIs.

The appearance of two chemically distinct FIs can be
explained by the fact that both coexisting melts can also
separate different fluid phases of contrasting composi-
tion. The type-A melts separate acidic fluids, with boric
acid and B-F-complexes, and the type-B melts separate
more basic fluids, with nahcolite as an example. These
contrasting fluids were observed in numerous pegmatites
and granites worldwide (unpublished results for Ehren-
friedersdorf, Pechtelsgriin, Germany; Bornholm island,
Denmark; Orlovka, Russia; Tanco, Canada). These
fluids were instrumental in the extreme hydrothermal
alteration observed in the mineralized rocks. The
appearance of different inclusion types, often in the same
growth zone, aggravates the study and interpretation of
melt and FIs (cp. Kamenetsky et al. 2002, 2004).

Chlorine concentration

Another volatile element that in part shows significantly
higher concentrations than those determined by Webster
et al. (2004), is Cl. Chlorine is doubtless concentrated in
the separate fluid phase inside unheated MlIs, which
usually is lost during high-T heating at ambient pressure
by decrepitation or leakage. Cryometric measurements
indicate NaCl-equivalent concentrations of 5-10 wt%,
which are equivalent to 1,200-2,500 ppm Cl in the melt.
Another possibility is the loss of Cl via fluid exsolution
from the magma at fluid-saturated conditions (Fig. 6).
The exsolution of halogen-charged fluids from the
F-enriched Zinnwald granitic magma modified the CI,
alkali, and F content of the residual melt. The exsolution
of Cl and F is discussed in detail by Webster et al.
(2004).

Fluorine concentration

From the data in Table 1 it is obvious that a strong
enrichment of F during magma evolution is character-
istic of the strongly differentiated topaz—albite-zinn-
waldite granites from Zinnwald and elsewhere (e.g.,
Webster et al. 2004; Dolejs and Baker 2004). The high F
content in the melt is reflected also in the primary min-
eral paragenesis of the granite rocks, which is now

preserved only in the quartz phenocrysts. The coexis-
tence of quartz, albite, orthoclase, topaz, fluorite, and
cryolite in the Zinnwald topaz—albite granite at about
600°C and 1,000 bar (near solidus conditions) defines,
according to Dolejs and Baker (2004), a very high F
activity w(F,O_;) = —460 kJ at u(Na,O) = —773 kJ in
the melt and a log a(HF®) = —0.4 in the coexisting fluid.
Topaz and cryolite daughter phases, together with the
very strong Raman band at 3,631 cm™~' (Fig. 3), show
that the F concentration in the type-B MIs is also high
(~3 wt%). The F distribution between type-A and type-
B melt at 600°C is about 1.9, demonstrating that F is
enriched in favor of the peraluminous melt (see Fig. 5b).
At the critical point (see Fig. 10), the distribution coef-
ficient is equal to 1. It is important to underline the fact
that F and H,O in combination will be even more
effective in reducing melt viscosities than these compo-
nents alone (Dingwell 1987). In aluminosilicate melts,
dissolved F breaks bridging oxygen bonds, causes
depolymerization, and decreases viscosity (Mysen et al.
2004). The high-temperature magmatic fluids are rich in
F as well, as indicated by daughter crystals of topaz in
FIs in hydrothermal quartz and villiaumite and hexa-
fluorosilicate (IV) salts in FIs in cassiterite.

Interpretation of the melt-evolution trends

The data points representing the bulk rock plot outside
the evolution trend for the MIs (Fig. 4a). This can be
explained by loss of F and Al during the postmagmatic
high-temperature stage.

For the MIs, the relationships not only between
ASI and F, but also between other elements (e.g., Si),
highlight an evolution of late-stage melts along two
major compositional pathways. Trend 1, reflecting a
decrease in ASI with increasing F (Fig. 4a), is in ac-
cord with the alkaline fractionation trend in B-P-
F-rich granitic melts: the melts become increasingly
alkaline, silica-poor, and sodic as the cognate crystal-
lizing rock composition becomes increasingly silicic,
aluminous, and potassic (D. London, personal com-
munication). A roughly negative correlation between
ASI and F, and an increase of F and alkaline elements
with decreasing temperature, was also the outcome of
an experimental study of a B-P-F-rich synthetic
granite pegmatite at 0.1 and 0.2 GPa (Veksler and
Thomas 2002). Furthermore, in silica-saturated com-
positions, the crystallization of quartz and feldspars
will further increase the peralkalinity of the melt as the
temperature decreases. With increasing peralkalinity
the solubility of H,O also increases. Therefore, it
seems appropriate to suggest that trend 1 corresponds
to melt evolution triggered by fractional crystallization.
This interpretation also holds for the elemental abun-
dances of Rb and CI shown as filled symbols in the
Figs. 6 and 9. During this process, F and H,O accu-
mulate strongly in the silicate melt up to about 3.5 and
28 wt%, respectively. The originally homogeneous melt



separates at this point into two phases with strongly
different character (see Fig. 10). In this light, the
interpretation of the peraluminous MIs (trend 2)
showing the strong enrichment of several components
is very simple. If this trend is not an analytical artifact
of accidentally trapped minerals in the quartz host (for
which no evidence exists), two hypotheses remain. One
hypothesis involves the late-stage separation of a new,
peraluminous melt phase from that melt, which origi-
nally evolved along the trend 1 line (e.g., Fig. 4). From
the data in Figs. 4 and 10 it can be easily established
that the homogeneous system becomes unstable at
about 3.5 wt% F and 28.6 wt% H,O by liquid-liquid
immiscibility.

The second potential explanation involves the so-
called BL effect, when during rapid growth of crystals
from a viscous granite melt, a flux-enriched BL melt may
form in advance of the crystal front (e.g., London 1992,
1999; Anderson 2003; Lowenstern 2003). The melt in the
BL is depleted in components compatible with the host
phase and enriched in components that are incompatible
with the host, i.e., it represents an accumulation of ele-
ments that would be enriched at the end of magma
differentiation (Smith et al. 1955).

The dimension of the BL depends on melt viscosity
and mineral growth conditions. It may be ~10-15 um
for basalts and 100-150 um for some rhyolitic melts
(Pletchov and Trusov 2000). However, this width of the
BL refers to a common, relatively dry rhyolitic melt,
which has a viscosity of about 10° Pa s at 700°C (Baker
and Vaillancourt 1995). A viscosity less than about
10 Pa s is necessary that an acid melt is able to move
with respect to their matrix (McKenzie 1985). This vis-
cosity is significantly higher than the viscosity of the
most evolved, F—-H,O-rich melt, that is about 1 Pa s or
lesser (at 700°C) using the empirical method of Shaw
(1972), or the results represented by Audétat and Kep-
pler (2004). At this low viscosity, the thickness of the BL
should be <10 pm (Pletchov and Trusov 2000). This
dimension is smaller than the diameter of most of the
studied MIs. Moreover, Lu et al. (1995), Webster and
Duffield (1994), Webster and Rebbert (2001), and
Webster et al. (2003) have specifically addressed the issue
of BL and found no evidence to support its importance.
Finally, Wallace et al. (1999) concluded that MIs greater
than 50 pum could not be affected by the BL in the
Bishop Tuff, California.

Anyway, the BL problem is only poorly understood
and any inference on its significance remains speculative,
particularly because the thickness of the BL will vary
dramatically with melt composition, pressure, tempera-
ture, and rate of crystallization. At this time, we are
unable to systematically and rigorously treat, model or
predict the presence of and the consequences of BL melts
along the surfaces of growing quartz phenocrysts in the
late-stage melts like those at Zinnwald. Almost nothing
is known about the identity of trace element complexes
in the melts, which precludes any serious quantitative
estimate of the BL effect.
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The very strong enrichment of some elements in the
studied MIs can be alternatively and simply explained by
“normal” fractional-crystallization differentiation and
liquid immiscibility. Audétat and Pettke (2003) have
shown that the Cs content of MIs can be used to esti-
mate the melt crystallinity at the time of their entrap-
ment. If we take the fraction of the melt as an equivalent
to its crystallinity, and plot the Cs concentrations given
in Table 4 (starting with 50 ppm for the least-differen-
tiated granites of the region) against the melt-fraction,
linear trends are obtained by least-square fits (Fig. 11).
Similar plots for F, H,O, and Rb result in roughly the
same melt fractionations (MF) as in the Cs plot. The
sub-parallel fractionation curves for F and H,O are an
expression of the close correlation of the two species.
Because of the stronger incompatibility of Cs than Rb,
the slope in the Cs plot rises steeply.

The strongest enrichment in H,O, F, Cs, Rb and
other elements is approached in melt fractions that
represent about 1/100 of the original melt volume. At
first glance, this fraction seems negligibly small. How-
ever, if the initial melt volume was 660 km® (see Tis-
chendorf 1988) with 50 ppm Cs, then 0.2 vol% melt
corresponds to a volume of about 1.32 km® with
1,700 ppm Cs, equivalent to about 5.6 million metric
tons of Cs. Similar results are obtained for Sn using a
four-step process of partial melting and differentiation
assuming equilibrium conditions (Tischendorf 1988).

Enrichment of ore-forming elements

By the very low viscosity and favorable wetting angle,
the extremely H,O- and F-rich melts or silicate-rich
solutions are excellent extraction media for all elements,
which are concentrated at the grain boundaries, because

Table 4 Data set for the construction of the fractionation curves
for Cs, Rb, F and H,O

Melt fraction (%) Cs (ppm) Rb (ppm) F (wt%) H,O (wt%)

100 50 3,795 0.93 33
7 212 2.03 6.6
1 660 3.17 10.6
0.2 1,700 5.25 16.2
0.07 3,820 6.44 21.6
0.006 13,535 11.66 42
40.30 5,596 1.23

14.02 5,752 1.62

13.4 5,331 1.6,4

4.4 7,635 2.19

24 8,980 2.58

1.03 11,028 3.20

0.52 12,345 3.83

0.29 14,173 4.45

0.19 16,048 4.98

0.18 16,368 5.06

The melt fraction numbers (MFNs) were calculated using Cs
(50 ppm as the starting point and 27,070 ppm as the ending point,
corresponding to MFNs of 100 and 0.001%, respectively).

Data from Tables 1, 3 and Fig. 5
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they cannot be inserted into the crystal lattice of quartz
and feldspar. By the high mobility and solution capacity
of such a “fluid,” this percolating solution collects
everything available on its way through the crystallizing
granite (see Audétat and Keppler 2004; Keppler 2004;
Sirbescu and Nabelek 2003a and b). It enhances the
element diffusivities, permitting uncommonly strong
enrichment of many trace elements and their later
extraction by fluids exsolved from the melt. Melts of
such a low viscosity can form an interconnected network
and can move over large distances from the source
(Thomas et al. 2000, 2003), allowing ore components to
accumulate at the top of a cupola prior to completion of
magmatic crystallization (see also Lowenstern 1994).

Webster et al. (2004) have shown experimentally
that at high F concentrations in the melt, the distri-
bution of F, and potentially that of Sn, between fluid
and melt are greater than expected for F-poor melts.
The F concentration in the ore-bearing fluid at Zinn-
wald is similar or even greater than the Cl concen-
tration (Webster et al. 2004). Thus, compared to the
situation at Zinnwald, results of previous experimental
work revealing the preferential distribution of F into
the granitic melt, and of Cl into the residual granitic
fluid, do not hold universally true (e.g., Jackson and
Helgeson 1985; Keppler and Wyllie 1991). In analogy
to Audétat and Pettke (2003), our results suggest that
the melt attained fluid saturation early in the evolution
and that in all stages, a B-, F- and Cl-rich fluid
coexisted with the volatile-rich melts. As shown for the
type-B MlIs, B and F form complexes as dihydroxy-
fluoroboric acid HBF,(OH), or its derivatives at room
temperature. We assume that similar or related com-
plexes may be stable at elevated temperatures and
pressures in magmas like these, probably allowing
more efficient extraction of F from the melt into the
fluid as is suggested from previous investigations of B-
free systems. During further cooling, HBF,(OH), be-
came unstable; B formed the very stable boric acid
(H3;BO3) and F reacted with aluminum forming
hydrothermal topaz. Fluoroboric acid and its hydroxy
derivatives are excellent solvents for some metal oxides
(Gmelin 1954; Saavedra et al. 1974). This would pro-
vide an effective mechanism for the dissolution of Sn
into the fluid phase. Tin may be transported as Sn
tetrafluoroborate [Sn(BF,),], which at room tempera-
ture, is a colorless liquid with a low boiling point
(~100°C), is completely soluble in H,O, and reacts
strongly acidic.

Other evidence for the presence of F—B-rich super-
critical fluids during formation of the eastern Erzgebirge
Sn province comes from MIs in quartz of the pyknite
rock (composed of topaz, quartz, and zinnwaldite) from
Altenberg in the immediate neighborhood of Zinnwald
(see Table 1). Altenberg is the largest Sn deposit in
central Europe (Baumann et al. 2000). Here, an F-rich
supercritical fluid, or highly mobile melt, transformed
the primary mineral phases orthoclase and biotite of a
stockscheider pegmatite into pyknite. The transforming
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Fig. 11 Fractionation curves of Cs, Rb, F, and H,O (concentration
vs crystallinity) calculated from selected concentrations given in
Tables 1, 2 and Fig. 5 (peraluminous trend). The used data are
presented in Table 3. Please note the same abscissa distances for
Cs, F, and H,O

fluid (trapped now as type-B MIs) is characterized by a
B,0; concentration of about 1 wt%, corresponding to
about 1.8 wt% H3BO; The high F activity of this fluid
is also indicated by the daughter-crystal phases (malla-
drite [Na,SiFg] and hieratite [K,SiFg]) in the high-tem-
perature (520£60°C) FIs in topaz and quartz (see
Thomas 1982).

Extraction of Sn started early in the history, with the
onset of the volatile saturation at about 3.5 wt% F
according to Fig. 4 and ended with the final solidifica-
tion of the magmas, giving rise to the surprisingly low Sn
contents measured in most of the F-rich MIs from
Zinnwald (e.g., Fig. 8). The Sn—F pattern supports the
conclusions of Webster et al. (2004) that a large portion
of the primary Sn concentrations in the melt has been
extracted into fluids before MI entrapment was finished.
Initial Sn concentrations in the melt may approximate
the highest value (800 ppm) shown in Fig. 8, which
approximates the values measured in MIs from the Sn
granite—pegmatite system at Ehrenfriedersdorf in the
western Erzgebirge (Webster et al. 1997; Thomas et al.
2003). Obviously, as shown by the first synchrotron
XRF measurements, some Sn is also enriched in the
type-B melt (850 ppm on H,O-free basis).

The relatively low average Sn concentration of
275 ppm in the FIs in quartz from the quartz—cassiterite
ore sample from this study can be attributed to co-pre-
cipitation of both minerals. During deposition of cas-
siterite, most of the Sn was sequestered from the fluid
phase trapped in the host quartz.

The Rb/Cs ratio is a strong fingerprint for the close
genetic relations between melts and fluids at Zinnwald.
In the least evolved melt fractions trapped as MIs, the
Rb/Cs ratio is already low, but consistently >4.5. The
Rb/Cs ratio of the most evolved melts averages to 0.62
(see Table 1, column 12 and 13) and equals that mea-
sured in the FIs (0.6 on average). Hydrothermal brines
from Ehrenfriedersdorf trapped as FIs, which contain



large daughter crystals of halite, montebrasite, sphalerite
and other minerals, have a similar Rb/Cs ratio of
0.43+0.06 (Rickers et al. 2004).

Concluding remarks

The results from this study complement experiments of
Webster et al. (2004) and add important information on
melt evolution by utilizing melt-inclusion reheating
procedures. With a combination of appropriate experi-
mental and analytical methods, the most optimal results
were achieved. These include (a) re-homogenization of
crystalline MIs with ambient and high-pressure, rapid-
quench experiments, (b) determination of H,O in re-
homogenized MIs by Raman spectroscopy, (¢) EMP and
SIMS analysis of major, minor, and trace elements in
H,O-rich glasses, (d) determination of B with the EMP
and, in part, with Raman spectroscopy, (e¢) non-
destructive analysis of trace elements in FIs and MIs
with synchrotron radiation induced XRF using Monte
Carlo simulations for quantification, and (f) HDAC
experiments for the study of the phase behavior of type-
B MI during heating and cooling. The complexity of
processes associated with the evolution of highly evolved
silicate liquids requires a study of a large number of MIs
and FIs in carefully selected samples.

In corroboration with earlier results (Thomas et al.
2000, 2003), this study provides additional evidence for
the combined control of H,O, B, and F on late-stage
melt evolution and for the extraction and transport of
Sn in the Erzgebirge metallogenetic province and similar
Sn-bearing, magmatic-hydrothermal systems elsewhere.
Furthermore, these results provide new evidence for
silicate-melt immiscibility and the existence of super-
critical, silicate-rich fluids at low pressure. The proof of
low-viscosity, highly mobile aluminosilicate melts and
silicate-rich fluids at low temperatures is important not
only for better understanding pegmatite-forming pro-
cesses, but also for improving our knowledge on the
evolution of highly evolved, mineralized granite-forming
melts.
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