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Introduction

During the study of melt and fluid inclusions in quartz and 
topaz from the Zinnwald granite [1] we often found in granite quartz 
spherical crystals of REE-rich fluorites beside other, for “normal” 
granites untypical mineral phases: magmatic fluorite, cryolite, elpasolite, 
and rubidian leucite with the empiric formula (K0.64Rb0.22,Na0.13Cs0.01)
(Al0.96Fe0.03)Si2O6, and boromuscovite. According to melt inclusion 
results, the fluorine concentration in the melt of the evolved granite 
phases increases to 5.64 ± 0.19 %(g/g). It was also essential that for this 
granite, we could construct from the analytically determined water 
concentration of different melt inclusion a pseudobinary XH2O vs. T plot 
of re-homogenized type-A and type B-melt inclusion with a solvus crest 
at 720°C and 28.6 %(g/g) H2O (Figure 10 in there). That was a natural 
granite system’s first pseudobinary solvus curve [1]. In the meantime, we 
have seen that such pseudobinary solvus curves are mostly connected 
with the extreme enrichment of some elements. For the case of Zinnwald, 
we found Lorentzian curves for F, Rb, and Cs [2]. Such curves are strong 
proof of the participation of supercritical fluids. However, around 2005, 
nobody had any idea about the role of supercritical fluids in granite 
formation and mineralization. Using the small example of REE-rich 
fluorite globules in quartz, we will show that supercritical fluids play an 
essential part in granite formation and re-crystallization.

Methods

Primary for the first identification of the REE-rich fluorites, we 
used a Dilor XY Laser Raman Triple 800 mm spectrometer equipped 
with an Olympus optical microscope. The spectra were collected with 
a Peltier-cooled CCD detector using a laser wavelength of 488 nm. For 
recent studies, we used for all microscopic and Raman spectrometric 
studies a petrographic polarization microscope with a rotating stage 
coupled with the RamMics R532 Raman spectrometer working in 
the spectral range of 0-4000 cm-1 using a 50 mW single mode 532nm 
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laser. Details are in Thomas et al., 2022a and 2022b [2]. For the Raman 
spectroscopic routine measurements, we used the Olympus long-
distance LMPLN100x as a 100x objective. We carefully cleaned the 
samples to prevent diamond contamination due to the preparation. For 
the Raman determination, we used only 30 or more µm deep crystals 
from the sample surface [3]. One nanodiamond sample (Figure 5) 
is on the surface. However, the Raman lines are characteristic of 
nanodiamonds, not contaminated diamonds [3]. To determine the 
composition of the minerals in question, we used the microprobes 
CAMECA SX 50 and SX100. Details are in Franz et al. (1996) [4-7]

Sample

The samples (TH212) are on both sides, about 500 µm thick 
polished granite sections (Figure 1). The used sample is a topaz-
albite granite collected as a boulder about 1.3 km from Fuchshübel, 
about 1.3 km northeast of Zinnwald in the East-Erzgebirge. A concise 
description was given by Thomas et al. (2005) [1]. The quartz contains 
tiny, mostly spherical colorless crystals of REE-rich fluorite. Other 
typical and untypical minerals are graphite-whiskers, F-rich needle-
like topaz crystals, and orthorhombic cassiterite with graphite and 
nanodiamond inclusions. Thomas (2023) [8], as well as fluorite, 
cryolite, elpasolite, rubidian leucite, and boromuscovite (all in quartz). 
For comparison, we used an emerald-green REE-bearing fluorite from 
the Sachsenhöhe near Zinnwald [9]. Note that the very smooth surface 
of the small diamond spheres at the sample surface causes these grains 
to fall out easily during preparation (polishing).

Another relatively REE-rich fluorite (No. Z 9054) was an emerald-
green piece as big as your fist from the Sachsenhöhe near Zinnwald 
[9]. This sample served to calibrate the ICP-AES and microprobe SX50 
instruments of the GFZ in the nineties. The sample contains 0.27 % Y 
and 0.30 % REE. Another REE-rich fluorite is from Ehrenfriedersdorf 
sample Sn70 with a maximum of 0.90 % Y and 1.08 % REE.
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Figure 1: Thick section ZW-TH212-I (500 µm thick and on both sides polished). Scale is 
in centimeters. The colorless parts are quartz with REE-rich fluorite globules.

Figure 2: Typical REE-rich spherical fluorite crystals in Zinnwald quartz. The scale (below 
right) is valid for all examples in the Figure. Gr: Graphite and nanodiamonds in graphite.

Figure 3: Typical Raman spectrum of REE-rich fluorite in granite quartz from Zinnwald. 
Note that the characteristic strong Raman band at 321 cm-1 for REE-free fluorite is missing 
or has been shifted to 242 cm-1.

Figure 4: Spherical graphite crystal a) with nanodiamonds in Zinnwald quartz. b) 
graphitized diamond in the same quartz (about 30 µm deep). The Raman band of the 
diamond is 1320.2 cm-1 with a FWHM of 56.7 cm-1. FWHM: Full Width at Half Maximum.

necessary, primarily because this Raman band is a double band. Often, 
these fluorite globules contain remnants of nanodiamond-bearing 
graphite inside, or the graphite forms small rims around the crystals. 
Besides the spherical REE-rich fluorites, there are also graphite 
globules (Figure 4a) up to 40 µm in diameter. Smaller graphite spheres 
with remnants of diamonds are rarer (Figure 4b) to see. The spherical 
form of the REE-rich fluorites in quartz, nanodiamond, and graphite 
indicate clearly that these crystals are unambiguous foreign crystals in 
the granite quartz.

Besides the REE-rich fluorite globules, fluorite with larger graphite 
aggregates is also present (Figure 5). Also, this graphite aggregate contains 
nanodiamonds. The presence of fluorite-cryolite-topaz aggregates (see 
Thomas et al., 2005 [1]; Figure 1c in it) in the quartz of this peraluminous 
granite rock clearly shows a second peralkaline history. Additionally, 
the nanodiamonds, combined with the solvus and some Lorentzian-
distributed elements [10], prove the input of supercritical fluids from the 
deeper mantle region. In this short contribution, we will only concentrate 
on the REE-rich fluorites. Table 1 shows the results of the microprobe 

Results

The REE-rich fluorite globules in the Zinnwald granite quartz have 
diameters of around 20 µm (up to 70 mm) and are only present in the 
larger quartz crystals of the granite (Figure 1). Figure 2 shows the form 
of the typical REE-rich fluorites and Figure 3 a typical Raman spectrum.

The interpretation of REE-rich fluorite Raman spectra is difficult. 
There are too many variables (Y vs. sum of REE. Only two passable 
correlations exist between the sum of REE (in at%) and the Raman band 
position at about 650 cm-1 and the fluorine content, respectively. The 
position of the second broad Raman band (between 400 and 550 cm-1) 

correlated roughly with the Y concentration. More work is, however, 
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Component ZW-1 ZW-2 ZW-3 ZW-4 ZW-5 ZW-6 ZW-7 ZW-8 ZW-9 ZW-10 ZW-11

Na 0.24 0.23 0.23 0.23 0.31 0.24 0.12 0.00 0.00 0.16 0.14

Ca 36.99 36.75 36.77 36.97 35.45 36.86 32.75 45.97 39.21 26.97 22.26

Y 4.43 4.47 4.44 4.48 4.84 4.57 2.43 5.28 0.86 3.09 2.81

La 1.59 1.65 1.65 1.65 1.78 1.67 5.10 1.79 5.12 5.99 5.89

Ce 4.67 4.76 4.63 4.64 5.13 4.60 13.83 5.06 13.45 16.20 15.97

Pr 0.62 0.66 0.60 0.55 0.87 0.58 1.50 0.65 1.65 1.76 1.74

Nd 1.75 2.03 2.08 2.19 2.56 2.10 4.92 2.26 4.35 5.74 5.69

Sm 0.57 0.58 0.60 0.56 0.61 0.55 1.05 0.61 1.45 1.22 1.22

Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

Gd 0.91 0.94 0.97 0.91 0.92 0.90 0.77 0.99 0.53 0.89 0.89

Tb 0.14 0.12 0.13 0.16 0.00 0.10 0.17 0.14 0.02 0.20 0.00

Dy 0.84 0.88 0.92 0.91 1.03 0.91 0.60 0.95 0.34 0.68 0.69

Ho 0.24 0.15 0.22 0.19 0.00 0.19 0.05 0.21 0.05 0.05 0.05

Er 0.66 0.84 0.75 0.84 0.00 0.71 0.25 0.81 0.16 0.28 0.29

Tm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00

Yb 0.94 0.93 0.95 0.93 0.00 0.96 0.47 1.00 0.07 0.54 0.55

Lu 0.13 0.15 0.16 0.15 0.00 0.14 0.10 0.16 0.02 0.12 0.12

F 45.66 44.28 44.90 44.66 46.49 44.93 36.12 33.99 32.72 36.12 41.72

Total 100.4 99.42 100.0 100.0 99.99 100.0 100.2 100.0 100.0 100.01 100.0

Formula coefficients calculated based on one cation

Na 0.010 0.010 0.010 0.010 0.140 0.010 0.005 0.000 0.000 0.010 0.006

Ca 0.919 0.917 0.917 0.922 0.885 0.920 0.814 1.147 0.978 0.67 0.56

Y 0.050 0.500 0.050 0.050 0.054 0.051 0.027 0.059 0.010 0.03 0.032

La 0.011 0.012 0.012 0.012 0.013 0.012 0.037 0.013 0.037 0.04 0.042

Ce 0.033 0.034 0.033 0.033 0.037 0.033 0.098 0.036 0.096 0.12 0.114

Pr 0.004 0.005 0.004 0.004 0.006 0.004 0.011 0.005 0.012 0.01 0.012

Nd 0.012 0.014 0.014 0.015 0.018 0.015 0.034 0,016 0.030 0.04 0.039

Sm 0.004 0.004 0.004 0.004 0.004 0.004 0.007 0.004 0.010 0.01 0.008

Eu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000

Gd 0.006 0.006 0.006 0.006 0.006 0.006 0.005 0.006 0.003 0.01 0.006

Tb 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.00 0.000

Dy 0.005 0.005 0.006 0.006 0.006 0.006 0.004 0.006 0.002 0.00 0.004

Ho 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.001 0.000 0.00 0.000

Er 0.004 0.005 0.004 0.005 0.000 0.004 0.001 0.005 0.001 0.00 0.002

Tm 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.00 0.000

Yb 0.005 0.005 0.005 0.005 0.000 0.006 0.003 0.006 0.000 0.00 0.003

Lu 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.00 0.001

F 2.394 2.331 2.363 2.351 2.447 2.365 1.894 1.789 1.722 1.90 2.196

ΣLn 0.087 0.093 0.09 0.090 0.090 0.090 0.202 0.191 0.191 0.23 0.23

Σ(Y+Ln) 0.137 0.098 0.14 0.140 0.144 0.140 0.229 0.201 0.201 0.26 0.26

Table 1: Chemical composition (in % (g/g) of REE-rich fluorites from Zinnwald (reduced number).

Ln: Measured Lanthanides.

analyses on the REE-rich fluorites. The abbreviation of the REEs in Table 
1 is Ln (the sum of the REE). It is a selection of data obtained in more 
than 15 years. They show, however, the characteristic properties of these 
fluorites. Primarily, the author thinks the REE-rich fluorites are a tveitite-
like mineral. However, tveitite-(Y) [symplified as Ca14Y5F43] is hexagonal. 
The lattice parameters using the TEM technique (unpublished data by 
R. Wirth, GFZ Potsdam and Wirth, 2004) [11] determined for a, b, and 

c identical values of 5.46 Å, also a cubic mineral. The density is 4.0 g/
cm3. Also, birefringence is missing. In contrast to simple fluorites, the 
REE-rich ones show in no case the typical 321 cm-1 Raman line for pure 
fluorites. Figure 6 shows a REE-rich fluorite crystal like a twinning. On 
the right side, there are tiny, very REE-rich microcrystals (no monazite 
or xenotime!). The Raman spectrum is similar; however, there are also 
more significant Raman band differences.
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The nanodiamond (D) at the left upper corner has the main band 
at 1332.8 cm-1 with a FWHM = 47.9 cm-1, and the graphite bands are 
positioned at 1363.1, 1571.4 1602.3 cm-1 with the FWHM of 40.5, 44.0, 
and 40.2 cm-1 respectively.

Figure 7 shows Y + Ln versus Ln (values in at%) with the zero 
point for pure water-clear synthetic fluorite (not shown in the table). 
The circles are the data from Table 1 plus unpublished data [1], and 
the triangles represent the data for REE-rich fluorites and tveitite-(Y) 

from Pekov et al., 2009 [12]. There are two trends: the dashed blue 
line [12] corresponds to the tveitite-(Y) trend, and the dashed black 
line corresponds to the fluocerite trend for the REE-rich Zinnwald 
fluorites.

The simultaneous crystallization of xenotime-(Y) and monazite-
(Y) together with the REE-rich fluorite prevents the crystallization of 
the fluocerite [12] standing at the end of the trend (fluocerite trend of 
Figure 7). That is also true for other REE-rich fluorite in the region 
and around Ehrenfriedersdorf. The emerald-green fluorite (Z 9054) 
from the Sachsenhöhe near Zinnwald contains 0.29 % (g/g) Y and 
0.31 % (g/g) REE, and the fluorite from Ehrenfriedersdorf (sample 
Sn70) has 0.60 % (g/g) Y and 1.22 % (g/g) REE’s. Compared with 
this, the REE-rich Zinnwald fluorite contains up to 5.3 % (g/g) Y and 
33.1 % (g/g) REE’s. The high REE content of the fluorite here is the 
result of the supercritical fluids in the Zinnwald region being deleted 
in phosphorus [12]. Figure 8 shows the chondrite standardized REE 
distribution of the two different fluorites from Zinnwald (ZW) and the 
Sachsenhöhe near Zinnwald [13].

Figure 5: Fluorite (Fl) with graphite in Zinnwald granite quartz. The Raman band for 
fluorite is at 321.7 cm-1, for diamond at 1327.2 cm-1, and for graphite at 1345.3 cm-1 (D1), 
1576.2 cm-1 (G), and 1602.4 cm-1 (D2) with the FWHM values of 9.7, 44.9, 71.2, 73.7, 38.8, 
respectively.

Figure 6: REE-rich fluorite – a) optical microphotography and b) electron microprobe 
BSE image. D – diamond and graphite. The left lower part in b) shows the immiscibility of 
heavy-REE-rich fluorites. In Figure 6a, black points in the right part of the crystal are not 
graphite, which is seen in the BSE image (Figure 6b).

Figure 7: (Y + Ln) versus Ln (all in at%) of REE-rich fluorites. Ln = sum of the REE, (Y + 
Ln) = sum of Y + REE’s. The black circles (Zinnwald) and the dashed black line correspond 
to the fluocerite trend (this work), and the blue triangles and dashed blue line equal the 
tveitite trend, according to Pekov et al. (2009) [12].

Figure 8: Chontrite standardized REE concentration in fluorites from Zinnwald (ZW) and 
the Sachsenhöhe (SH). The REE concentration in fluorite is in ppm. Y is at the position 
between dysprosium and holmium inserted there as the result of the stereochemistry 
behavior of yttrium [14].
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By the simultaneous crystallization of more significant amounts 
of monazite-(Y) and xenotime-(Y) in the case of the fluorite from the 
Sachsenhöhe, is the concentration of all REE significantly lower than 
in the REE-rich fluorites from Zinnwald.

Discussion

The topaz-zinnwaldite-albite granite from Zinnwald has obviously 
a very complex history [1]. Besides melt inclusions representing the 
crystallization of the topaz-zinnwaldite-albite granite, extreme water-
rich melt inclusions are present (Table 3 in Thomas et al., 2005) [1], 
showing a more pegmatite-like state. At this time, the author also 
found REE-rich fluorite globules in quartz, for which no explanation 
could given. Later, we also found Lorentzian distributed elements (F, 
Rb, Cs) [10]. Now, during this study, the proven mantel indications 
(nanodiamond and graphite globules) tell us a further story – input 
of supercritical fluids coming from mantle deeps. These supercritical 
fluids are obviously very fluorine-rich, forming the REE-rich fluorite, 
and for a peraluminous granite, untypical minerals like cryolite, 
elpasolite, and rubidian leucite. The REE distribution patterns 
(Figure 8, ZW) differ clearly from the typical REE distribution 
patterns of hydrothermal and remobilized fluorites [14-16]. In a 
more hydrothermal later state, the minerals cryolite, cryolithionite, 
elpasolite, and native sulfur are daughter minerals in fluid inclusions 
in hydrothermal quartz crystals. Up to now, we could prove that 
supercritical fluids are active in the whole Erzgebirge, Slavkovsky 
les, the Saxon Granulite, Lusatian Granodiorites and quartz veins, 
Königshain Granite Massifs.
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