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Abstract: Fluor-schorl, NaFe?*3A1¢Sig0,5(BO3);(OH);F, is a new mineral species of the tourmaline supergroup from alluvial tin
deposits near Steinberg, Zschorlau, Erzgebirge (Saxonian Ore Mountains), Saxony, Germany, and from pegmatites near Grasstein
(area from Mittewald to Sachsenklemme), Trentino, South Tyrol, Italy. Fluor-schorl was formed as a pneumatolytic phase and in
high-temperature hydrothermal veins in granitic pegmatites. Crystals are black (pale brownish to pale greyish-bluish, if <0.3 mm in
diameter) with a bluish-white streak. Fluor-schorl is brittle and has a Mohs hardness of 7; it is non-fluorescent, has no observable
parting and a poor/indistinct cleavage parallel to {0001}. It has a calculated density of ~3.23 g/cms. In plane-polarized light, it is
pleochroic, O = brown to grey-brown (Zschorlau), blue (Grasstein), E = pale grey-brown (Zschorlau), cream (Grasstein). Fluor-
schorl is uniaxial negative, w = 1.660(2)-1.661(2), ¢ = 1.636(2)-1.637(2). The mineral is thombohedral, space group R3m, a =
16.005(2), ¢ = 7.176(1) A, V = 1591.9(4) A? (Zschorlau), a = 15.995(1), ¢ = 7.166(1) A, V = 1587.7(9) A* (Grasstein), Z = 3. The
eight strongest observed X-ray diffraction lines in the powder pattern [d in z&(l)hkl] are: 2.584(100)(051), 3.469(99)(012),
2.959(83)(122), 2.044(80)(152), 4.234(40)(211), 4.005(39)(220), 6.382(37)(101), 1.454(36)(514) (Grasstein). Analyses by a combi-
nation of electron microprobe, secondary-ion mass spectrometry (SIMS), Mdssbauer spectroscopic data and crystal-structure
refinement result in the structural formulae X(NaOAg2K0A01C3.OA01D()JG) Y(Fez+243()Al()A38Mg0A23Li0A03M1’12+()A0221'10.01|:|0.()3)23A0()
Z(A15.80F63+0.10Ti4+0.10) T(S15<81A10.19018) (BO3)3 V(OH)S W[F0.66(OH)0.34] (Zschorlau)  and X(Nao.78Ko.01D0.21)
Y(Fe™ | oAl sgFe’ 0. 13Mn* "0 15Ti*0.00Mg0 02Z00.02Jo.21)5:3.00 “(Als 7aFe™* 0 26) "(Sis.00Al 10018) (BO3)3 Y(OH)3 "[F 76(OH),24]
(Grasstein). Several additional, newly confirmed occurrences of fluor-schorl are reported. Fluor-schorl, ideally
NaFe?"3Al4Si0,5(BO3)3(OH)F, is related to end-member schorl by the substution F — (OH). The chemical compositions and
refined crystal structures of several schorl samples from cotype localities for schorl (alluvial tin deposits and tin mines in the
Erzgebirge, including Zschorlau) are also reported. The unit-cell parameters of schorl from these localities are slightly variable, a =
15.98-15.99, ¢ = 7.15-7.16 A, corresponding to structural formulae ranging from ~*(Nag s[o.5) Y(Fe2+1_8Alo.9Mg0,2DO.1)
“(AlssFe™ o1 Ti*"g 1) (Sis,Alg3015) (BO3); Y(OH); "[(OH)ooFo ] to ~*(Nags[o3) "(Fe**51Alo7Mgo1[o.1) “(AlsoFe™o. 1)
T(Si5 gAlp,015) (BO3); Y(OH); W[(OH)g 6Fo.4]. The investigated tourmalines from the Erzgebirge show that there exists a complete
fluor-schorl-schorl solid-solution series. For all studied tourmaline samples, a distinct inverse correlation was observed between the
X-02 distance (which reflects the mean ionic radius of the X-site occupants) and the F content (r2 = 0.92). A strong positive
correlation was found to exist between the F content and the <Y-O> distance (+* = 0.93). This correlation indicates that Fe>*-rich
tourmalines from the investigated localities clearly tend to have a F-rich or F-dominant composition. A further strong positive
correlation (r2 = 0.82) exists between the refined F content and the Y-W (F,OH) distance, and the latter may be used to quickly
estimate the F content.

Key-words: fluor-schorl; schorl; new mineral; Erzgebirge; type locality; Zschorlau; Grasstein; crystal structure; chemical
composition; tourmaline.
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1. Introduction and previous work

The general chemical formula of the tourmaline-super-
group minerals can be written as X Y3 Zg [T¢O;5] (BO3);3
V3 W, as proposed by Henry et al. (2010). These authors
and Hawthorne (1996, 2002) suggest occupancies by the
following most common cations:

X =Na, K, Ca, [](vacancy)
Y = Mg, Fe**,Mn*", Al, Li, Fe’*, Cr* T, v3+

Z = Al, Mg, Fe’T, V3 Cr*t

T =Si,Al,B
¥ = OH.O.
W = OH.F.O.

Crystal-chemical relationships in the tourmaline super-
group and crystal chemistry of the schorl-dravite series
have been investigated by Bosi & Lucchesi (2004, 2007).
Tourmalines with the ideal formula NaFez+3Al6Si6018
(BO3)3(OH)3F have already been described by Novédk
et al. (1998) and Burianek & Novak (2004) from
Moravia, Czech Republic, by Ertl et al. (2006) from
South Tyrol, Italy, by Kolitsch et al. (2011, 2013) from
Nordland, Norway, by Shirose & Uehara (2013) from the
Kyushu Region, Japan, by Dixon et al. (2014) from British
Columbia, Canada, and by Boudreaux et al. (2014) from
the miarolitic NYF Erongo Granite in the Erongo Complex
of Namibia. In 2011 both the name and the mineral fluor-
schorl (2010-067) have been approved by the IMA —
Commission on New Minerals, Nomenclature and
Classification (CNMNC) as a new member of the tourma-
line supergroup (Ertl et al., 2011).

In a survey on the incorporation of fluorine in tourma-
line, Henry & Dutrow (2011) pointed out that tourmaline in
fluorite-bearing rocks can usually be assigned to fluor-
schorl. They further stated that tourmalines associated
with fluorite in these petrologic environments generally
outline the boundary of the F range defined by their cumu-
lative data set, implying that crystallochemical constraints
limit these tourmaline compositions as well. Henry &
Dutrow (2011) conclude that these fluor-species are rela-
tively common in the alkali-group of tourmaline.

In this work we investigate black tourmalines from the
area near Grasstein (South Tyrol, Italy; Ertl ef al., 2006)
and from different localities in the Erzgebirge (former tin
mines in Saxony, Germany, and Krusné Hory Mts.,
Bohemia, Czech Republic). Additional data will be briefly
given below for fluor-schorl from additional localities
newly confirmed by us.

The early history of the mineral schorl shows that the
name “Schorl” was in use prior to the year 1400 AD
because a village known today as Zschorlau (in Saxony,
Germany) was then named “Schorl” (or minor variants of
this name). This village had a nearby tin mine where, in
addition to cassiterite, a lot of black tourmaline was found
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(Ertl, 2006). Around 200 years later followed the first
relatively detailed description of schorl and its occurrence
(various alluvial tin deposits and tin mines in the
Erzgebirge), which was published by Johannes Mathesius
(Mathesij, 1562). Mathesius described schorl originally as
“schiirl”, with the properties black, a lighter weight than
cassiterite (“zynstein”) and that it breaks easily. In that
publication schorl should not be confused with “wolfra-
mite”, which he describes as heavier than cassiterite,
while pointing out that, when it comes together with cassi-
terite in the furnace, it (“wolframite”) produces much slag
and makes the tin hard and white spotted (Mathesij, 1562;
Ertl, 2006).

We tried to obtain black tourmaline samples from these
localities, which were originally described by Mathesius
as: “Erbarsdorff’ (later called Ebersdorf; today named
Ehrenfriedersdorf, Saxony, Germany; Schiffner, 1839),
“Geyer” (today also Geyer, Saxony), “Altenberg” (today
also Altenberg, Saxony), “Schlackawalde” (later called
Schlackenwald or Schlaggenwald; today named Horni
Slavkov in Bohemia, Czech Republic), “Neideck™ (later
called Neudek; today named Nejdek, Bohemia), “Plat”
(later called Platten or Bergstadt Platten; today named
Horni Blatna, Bohemia), “Perlinger” (later called
Perninger, Berninger or Birringen; today named Pernink,
Bohemia), near “Gotsgabe’ (later called Gottesgab; today
named Bozi Dar, Bohemia), “am Schwartzwasser hinter
dem Spitzberg” (later called river Schwarzwasser behind
Spitzberg mountain; today river Cernd near Bozi Dar),
“Muckenberg’ (later Miickenberg near Halbmeil, belongs
today to Bozi Dar), “hengst” (also “am grofien Hengst”,
later called Seifen, then RyZovna, which belongs since
1955 also to Bozi Dar), and “umb den Schneberg” (area
around village Schneeberg; the small former village
Schorlau, today named Zschorlau, is also located close to
Schneeberg) (see also Ertl, 2006). We only successfully
obtained samples from the Schneeberg District (sample
designation SCHNI1, Schneeberg; LIN, from a quarry
(mined for cassiterite at Sandberg) near Lindenau, since
1999 a district of the village Schneeberg; ZSCH, several
samples from alluvial tin deposits near Am Steinberg
close to village Zschorlau), from Ehrenfriedersdorf
(SAU2, Sauberg Mine) and from Nejdek (NEUDEK).
In addition, we characterize black tourmaline from
Johanngeorgenstadt, Erzgebirge, Saxony (JOH).

2. Type material

Parts of the cotype material of fluor-schorl are deposited in
the collections of the Naturhistorisches Museum, Vienna,
Austria (N 8165 from Zschorlau; N 8166 from Grasstein).
Parts of the cotype material of fluor-schorl from Grasstein
have also been catalogued by the “Museum of Nature
South Tyrol”, Bozen/Bolzano, Italy (catalogue no. MIN
9777). Parts of the cotype material of fluor-schorl from
Zschorlau have also been deposited in the collections
(Mineralogische Sammlung, Geowissenschaftliche
Sammlungen) of the TU Bergakademie Freiberg,
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Freiberg, Saxony, Germany, with the number MiSa 83180.
Additional cotype material of fluor-schorl and schorl (an
exhibition specimen with both tourmalines from
Zschorlau) was deposited with the number MiSa 83181.
Additional cotype material of schorl is deposited in the
collections of the Naturhistorisches Museum, Vienna,
Austria (from Nejdek, N 9974).

3. Petrological settings of studied samples
3.1. Erzgebirge/Krusné Hory Mountains

Tourmaline samples were either obtained or self-collected
from several localities throughout the Erzgebirge/Krusné
Hory Mountains including locations near Schneeberg
(including Zschorlau, Germany), Johanngeorgenstadt
(Germany), Ehrenfriedersdorf (Germany) and Nejdek
(Czech Republic). All of the fluor-schorl and schorl sam-
ples are from pegmatitic bodies related to the late-
collisional granites (~325-318 Ma) that were emplaced
at shallow crustal levels (~0.2 GPa) in the Variscan meta-
morphic basement (Forster et al., 1999; Romer et al.,
2007). The granites can be strongly peraluminous S-type
rocks with the highest degree of differentiation reached in
the Li-mica granites which contain strongly elevated con-
centrations of P, F, Li, Rb, Cs, Ta, Sn, W and U (Forster
et al., 1999). All of the fluor-schorl that is considered
pneumatolytic occurs in areas with tin mineralization.
The cotype locality of fluor-schorl is the area of alluvial
tin deposits near Am Steinberg, Zschorlau, Erzgebirge,
Saxony, Germany. Here fluor-schorl is closely associated
with quartz, biotite, albite, orthoclase, schorl (occurs also
in the Zschorlau “Bergsegen” wolframite mine as dark
green to almost black aggregates, consisting of fibrous
crystals embedded in quartz; Tschiebel, 2000a and b),
apatite, beryl, cassiterite and “wolframite” (see also Ertl,
2006; Tschiedel, 2006). Fluor-schorl occurs typically as
striated prismatic crystals, up to ~1 x 10 mm, that are
often radially arranged and found in small quartz veins
intergrown with quartz and feldspar, and rarely grown on
quartz crystals.

3.2. Grasstein, Trentino — South Tyrol, Italy

The cotype locality of fluor-schorl is the area around
Grasstein (from Mittewald to Sachsenklemme), west of
the village of Mittewald, Trentino, South Tyrol, Italy.
Fluor-schorl occurs there in pegmatites, which are asso-
ciated with the shallow-level, ~280 Ma Brixener granite
(Del Moro & Visona, 1982; Rottura et al., 1997). Small
veins in this pegmatite contain quartz crystals (up to ~1 cm
in length) with tiny prismatic tourmaline crystals grown on
their top. These tourmaline crystals show a pale brownish
to pale greyish-bluish colour and have a maximum size of
~1 mm. Similar F-rich, prismatic tourmalines are locally
intergrown with quartz, have a brown-black colour, show
strong dichroism, and reach a size of up to ~8 mm. There
appear to be two different phases of development in the
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pegmatitic body: a pneumatolytic phase and a hydrother-
mal phase (Kreuzeder, 1949). The pneumatolytic phase
includes fluor-schorl as well as fluorite, axinite, epidote,
pyrrhotite, molybdenite, galena, chalcopyrite and pyrite.
Fluor-schorl occurs as prismatic crystals, up to ~5 x
10 mm, intergrown with quartz and rarely grown on quartz
crystals. The hydrothermal phase includes zoisite, garnet,
prehnite, albite, muscovite, talc, chlorite, chabazite, stil-
bite, laumontite, apophyllite and calcite.

4. Additional fluor-schorl occurrences

Among more than 50 different studied samples of dark
tourmaline from world-wide occurrences, the ones briefly
described below were all confirmed as fluor-schorl by
single-crystal structure refinements and chemical analyses
(scanning electron microscope - energy dispersive X-ray
spectroscopy).

— Dark brown, subparallel prisms in quartz from the Roter
Berg mining district, Schneeberg, Saxony, Germany
(collection Joachim Grobner, Clausthal, Germany).

— A black prism, associated with pale greenish hexahedra
of fluorite and yellowish to ivory-coloured K-feldspar
crystals, from a granite pegmatite in the Epprechtstein
quarry, Kirchenlamitz, Fichtelgebirge, Franken, Bavaria,
Germany (Naturhistorisches Museum, Vienna, Austria;
catalogue no. J 7975).

— A black prism from a granite pegmatite at Nedvédice,
Vysocina Region, Moravia (Méhren; Maehren), Czech
Republic, obtained from Jan Cempirek; fragments from
both core and rim of the crystal have similar composi-
tions. The analytical result confirms previous data for
tourmaline from this locality (Novak et al., 1998).

— Several samples with black prisms, associated with pale
greenish, rounded (corroded) octahedral fluorite crystals,
minor (hydroxyl-?)herderite, and schorl from the famous
granite pegmatites (see also Niedermayr & Schnaitmann,
2010; Niedermayr et al., 2012) in the Erongo Region (in
part from farm Davib West), Namibia (gifts from Lars
Epple, Gerlingen, Germany, and Herbert Kaiser, Maria
Enzersdorf, Austria). The F-dominance in these samples
is consistent with data on rock-forming tourmaline in the
Erongo granite (Trumbull et al., 2008).

— A thick black prism, associated with reddish K-feldspar,
from the Mile 72 pegmatite, Swakopmund, Erongo
Region, Namibia (self-collected by UK).

— Black-brown, crude prisms, associated quartz and feld-
spar, from a pegmatite patch in the Lake Boga granite
quarry, Australia (self-collected by UK).

The samples closest to the fluor-schorl end-member com-
position were those in direct assocation with (apparently
contemporaneously crystallised) fluorite (Epprechtstein and
Erongo localities, with ~0.8 apfu F). This observation is not
unexpected and confirms the conclusions of Henry &
Dutrow (2011).
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5. Experimental details
5.1. Crystal-structure refinement

The tourmaline crystal structures were determined at
ambient temperature with either a Bruker Apex charge-
coupled device (CCD) or a Nonius KappaCCD single-
crystal diffractometer using graphite-monochromated Mo
Ko radiation. Crystal data, data collection information and
refinement details are given in Table 1. Highly redundant
data were collected for an approximate sphere of recipro-
cal space, and were integrated and corrected for Lorentz
and polarization factors, and absorption correction, using
the Bruker program SamtPrLus for BLS1 (Bruker AXS
Inc., 2001) or the Nonius programs COLLECT and
DENZO-SMN (Nonius, 2007) and multi-scan absorption
correction (Otwinowski et al., 2003) for the remaining
samples. The structures were refined with SHELXL-97
(Sheldrick, 2008) using scattering factors for neutral
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atoms and the structure model from Fortier & Donnay
(1975) as a starting model. During all refinements, the X
site was modelled with Na scattering factors and uncon-
strained occupancy, and the Y site and Z site were similarly
modelled using Al and Fe scattering factors. The T site was
modelled using Si scattering factors, but with fixed occu-
pancy of Sij g9, because refinement with unconstrained
occupancy showed this site to be essentially fully occupied
by Si within error limits. The B site was modelled with
fixed occupancy of B go. The H site was freely refined.
The F:O ratio on the W site was freely refined and found to
be in generally excellent agreement with the electron-
probe microanalysis (EPMA) data (see below); it was
observed that a check of the measured intensity of the
very weak 1 2 0 reflection in the datasets was necessary
— if this reflection was blocked or partially obscured by the
beam stop (easily visible from the resulting anomalously
large discrepancy between the measured and calculated
intensity), the refined F:O ratio was less reliable due to an

Table 1. Crystal data, data collection information and refinement details for fluor-schorl and schorl.

Sample GRAS1 "+ ZSCHS"* ZSCH4B* ZSCH6** ZSCH2#*
a(A)c(A) 15.997(2) 7.179(1)  16.005(2) 7.176(1)  15.995(2) 7.157(1)  15.991(2) 7.162(1)  15.982(2) 7.159(1)
V(A% 1591.0(4) 1591.9(4) 1585.7(4) 1586.1(4) 1583.6(4)

Collection mode, 20,,,« (°)

h, k, [ ranges

Total reflections measured

Unique reflections
RI(F), wR2,(F?)

full sphere, 69.92

—25/25, —21/21,
—11/11

3116

1695 (Rin: 0.97 %)

1.60 %, 4.10 %

full sphere, 75.47

—27/27, —23/23,
—12/12

3772

2039 (R 1.00 %)
1.77 %, 4.49 %

full sphere, 75.43

—27127, —23/23,
—12/12

3764

2033 (Rine 1.09 %)
1.86 %, 4.67 %

full sphere, 75.55

—27/27, —23/23,
—12/12

3770

2038 (Rin¢ 1.53 %)
2.20 %, 5.24 %

full sphere, 75.49

—27/27, —23/23,
—12/12

3761

2034 (Rin 1.15 %)
1.97 %, 4.71 %

Flack x parameter —0.002(11) —0.007(11) —0.001(12) —0.014(14) —0.005(13)
‘Observed’ refls. 1682 2021 2004 1986 2005

[Fo > 40 (F,)]
Extinct. coefficient 0.00129(13) 0.00298(17) 0.00090(13) 0.00102(14) 0.00332(17)
No. of refined parameters 96 96 96 96 96
GooF 1.129 1.144 1.117 1.151 1.214
(A/6)max i 0.001 0.001 0.001 0.000 0.000
AGmin, AGmax (€/A%) —0.71, 0.81 —0.88,0.99 —0.85, 1.02 —0.75,0.92 —0.72,0.82
Sample JOH* LIN* SCHN1** NEUDEK:*#*
a (Aﬂ) c(A) 15.993(2) 7.168(1) 15.987(2) 7.165(1) 15.981(2) 7.158(1) 15.978(2) 7.146(1)
V(A% 1587.8(4) 1585.9(4) 1583.2(4) 1579.9(4)
Collection mode, 260,,,,, (°)  full sphere, 75.50 full sphere, 75.54 full sphere, 75.50 full sphere, 75.48
h, k, [ ranges —27/27,-23/23, —12/12  —=27/27,—-23/23,—-12/12  —27/27,-23/23, -12/12  —27/27,-23/23, —12/12

Total reflections measured
Unique reflections
RI(F), wR2,1(F?)

3774
2039 (Rip; 1.12 %)
1.79 %, 4.62 %

3770

2037 (Rin 1.14 %)
1.92 %, 4.91 %

3765

2034 (Rin 1.05 %)
1.64 %, 4.29 %

3762
2033 (Rine 1.51 %)
2.20 %,5.31 %

Flack x parameter 0.004(11) 0.000(12) 0.019(11) —0.007(14)
‘Observed’ refls. 2019 2005 2016 1977

[Fo > 40 (Fo)]
Extinct. coefficient 0.00220(16) 0.00091(14) 0.00135(13) 0.00041(14)
No. of refined parameters 96 96 96 96
GooF 1.126 1.121 1.128 1.126
(A/O)max R 0.000 0.000 0.000 0.000
AG in» AGmax (€/A%) —0.94, 1.03 —0.93, 1.18 —0.77, 0.87 —0.60, 0.99

Notes: Diffractometer: Nonius KappaCCD system; space group R3m; refinement on F>. Unit-cell parameters have been refined from
approximately 5500 reflections in each case. 'Cotype material of fluor-schorl (GRASI from Grasstein, ZSCHS from Zschorlau). Single-
crystal data from Ertl et al. (2006). *Fluor-schorl. ** Schorl from different cotype localities for schorl in the Erzgebirge/Krusné Hory
Mountains (Novak et al., 2009; Henry et al., 2010). See text (Introduction) for sample localities.
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increased standard uncertainty. From our extensive experi-
ence with high-resolution, single-crystal tourmaline data-
sets, the refined F content of a given tourmaline is accurate
to within 0.1-0.2 atoms per formula unit (apfu). The final
refinement was performed with anisotropic thermal para-
meters for all non-hydrogen atoms. Table 2 lists the atom
parameters and Table 3 presents selected interatomic
distances.
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5.2. Powder X-ray diffraction

An automated X-ray powder diffractometer (PHILIPS
X’Pert — PW3020) was used for recording the X-ray pow-
der data for fluor-schorl. We used Cu Kol radiation \ =
1.54056 A), at 40 kV and 40 mA. Silicon (SRM640c) was
employed as internal standard for both the Zschorlau and
Grasstein samples. Quartz was used for calibration (by

Table 2. Positional parameters and their estimated standard deviations for fluor-schorl and schorl (localities in South Tyrol and Erzgebirge/

Krusné Hory Mountains).

Site Sample X y z Ueq Occ.

X ZSCHS8 0 0 0.2277(3) 0.0237(6) Nag g4(1)
ZSCH4B 0 0 0.2269(3) 0.0246(7) Nag 72(1)
ZSCH6 0 0 0.2276(4) 0.0253(9) Nag 63(1)
ZSCH2 0 0 0.2271(4) 0.0251(8) Nag 67(1)
JOH 0 0 0.2289(3) 0.0238(6) Nag 73(1)
SCHNI1 0 0 0.2269(4) 0.0245(7) Nag ¢5(1)
NEUDEK 0 0 0.2244(5) 0.0265(11) Nag s71)

Y ZSCHS8 0.12600(1) 1/2x 0.62711(3) 0.00801(7) Feo 6s14)Alo319
ZSCH4B 0.12584(2) 172x 0.62668(4) 0.00850(8) Feo 640aAlo 360
ZSCH6 0.12538(2) 1/2x 0.62740(4) 0.00907(9) Feo 6334)Alo.367
ZSCH2 0.12499(2) 172x 0.62813(4) 0.00870(8) Feo 605(4yAlo 395
JOH 0.12605(2) 1/2x 0.63682(3) 0.00772(7) Feo 667(4)Alo 395
LIN 0.12599(2) 172x 0.62667(4) 0.00841(8) Feo 6704Alo 330
SCHNI1 0.12507(2) 172x 0.62779(4) 0.00842(7) Feo.6194)Alo 331
NEUDEK 0.12402(3) 172x 0.62897(5) 0.00949(9) Feo ss0Alo.a20

VA ZSCHS8 0.29884(2) 0.26188(2) 0.61203(4) 0.00559(9) Alp.9a93)Feo 051
ZSCH4B 0.29869(2) 0.26178(2) 0.61196(4) 0.00588(9) Alp 9743Fe0.026
ZSCH6 0.29865(3) 0.26168(3) 0.61158(5) 0.00638(9) Al 9s93)Fe0.041
ZSCH2 0.29849(2) 0.26156(2) 0.61110(4) 0.00583(9) Alj 9ss3yFe0.042
JOH 0.29882(2) 0.26181(2) 0.61212(4) 0.00544(8) Alp 9493)Fe0.051
LIN 0.29881(2) 0.26175(2) 0.61214(4) 0.00608(9) Alg oag3yFep 052
SCHNI1 0.29851(2) 0.26154(2) 0.61125(4) 0.00546(8) Al 9s7(2)Feq.043
NEUDEK 0.29826(3) 0.26148(3) 0.61063(5) 0.00660(10) Aly 9773yFe0.023

B ZSCH8 0.11025(6) 2x 0.4559(2) 0.0068(2) B .00
ZSCH4B 0.11017(6) 2x 0.4562(2) 0.0071(2) Bi.oo
ZSCH6 0.11017(7) 2x 0.4562(3) 0.0073(3) Bi.oo
ZSCH2 0.11014(6) 2x 0.4560(2) 0.0069(2) Bi.oo
JOH 0.11018(6) 2x 0.4564(2) 0.0065(2) B .00
LIN 0.11015(6) 2x 0.4569(2) 0.0072(2) Bi.oo
SCHN1 0.11013(5) 2x 0.4559(2) 0.0068(2) B .00
NEUDEK 0.11013(7) 2x 0.4552(3) 0.0075(3) Bi.oo

T ZSCHS8 0.19180(2) 0.18989(2) 0.00063(4) 0.00511(6) Sij .00
ZSCH4B 0.19190(2) 0.18996(2) 0.00113(4) 0.00543(6) Sij 00
ZSCH6 0.19185(2) 0.18991(3) 0.00085(5) 0.00580(8) Siy .00
ZSCH2 0.19183(2) 0.18988(2) 0.00077(4) 0.00529(7) NIt
JOH 0.19183(2) 0.18989(2) 0.00080(4) 0.00469(6) Sij .00
LIN 0.19179(2) 0.18982(2) 0.00090(4) 0.00532(7) NI
SCHN1 0.19183(2) 0.18986(2) 0.00082(4) 0.00479(6) Sii.00
NEUDEK 0.19191(2) 0.18996(2) 0.00096(5) 0.00611(7) Siy 00

H3 ZSCHS 0.265(3) 172x 0.383(5) 0.042(11) Hj .00
ZSCH4B 0.260(3) 1/2x 0.385(6) 0.046(11) H; 00
ZSCH6 0.264(3) 172x 0.386(5) 0.027(9) Hi 00
ZSCH2 0.267(3) 1/2x 0.389(5) 0.043(11) H; 00
JOH 0.263(3) 172x 0.384(5) 0.034(9) Hi 00
LIN 0.259(3) 1/2x 0.384(6) 0.044(12) H; 00
SCHN1 0.258(3) 172x 0.390(5) 0.033(8) Hi 00
NEUDEK 0.267(3) 1/2x 0.388(5) 0.029(9) H;i .00

w ZSCHS8 0 0 0.7850(4) 0.0369(9) Fo.76(7)00.24
ZSCH4B 0 0 0.7830(4) 0.0415(11) Fo.74100.26
ZSCH6 0 0 0.7819(5) 0.0390(12) Fo.508)00.50
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Table 2. Continued
Site Sample X y z Ugq Occ.
ZSCH2 0 0 0.7802(4) 0.0390(11) Fo.46(7)00.54
JOH 0 0 0.7842(4) 0.0406(10) Fo.30100.20
LIN 0 0 0.7838(4) 0.0423(12) Fo77800.23
SCHNI1 0 0 0.7805(4) 0.0386(10) Fo.5000.50
NEUDEK 0 0 0.7796(5) 0.0346(11) Fo.26(7)00.74
02 ZSCHS 0.06167(4) 2x 0.4851(2) 0.0141(2) O1.00
ZSCH4B 0.06175(4) 2x 0.4869(2) 0.0154(3) 0100
ZSCH6 0.06177(5) 2x 0.4876(2) 0.0158(3) O1.00
ZSCH2 0.06166(5) 2x 0.4879(2) 0.0159(3) 0100
JOH 0.06165(4) 2x 0.4863(2) 0.0143(2) O1.00
LIN 0.06172(5) 2x 0.4874(2) 0.0155(3) O1.00
SCHNI1 0.06168(4) 2x 0.4882(2) 0.0153(2) O, .00
NEUDEK 0.06184(5) 2x 0.48793(2) 0.0161(3) 0100
03 ZSCHS 0.26985(10) 1/2x 0.5112(2) 0.0119(2) O1.00
ZSCH4B 0.26921(10) 1/2x 0.5107(2) 0.0117(2) O, .00
ZSCH6 0.26841(12) 1/2x 0.5104(2) 0.0133(3) O1.00
ZSCH2 0.26775(11) 1/2x 0.5102(2) 0.0131(2) 0100
JOH 0.26970(10) 1/2x 0.5110(2) 0.0116(2) O, 00
LIN 0.26941(11) 1/2x 0.5113(2) 0.0124(2) O, 00
SCHNI1 0.26799(10) 1/2x 0.5105(2) 0.0122(2) O1.00
NEUDEK 0.26720(12) 1/2x 0.5095(2) 0.0132(2) O1.00
04 ZSCHS 0.09296(4) 2x 0.06907(15) 0.0093(2) O1.00
ZSCH4B 0.09325(4) 2x 0.06975(16) 0.0099(2) O1.00
ZSCH6 0.09324(5) 2x 0.0693(2) 0.0099(2) O1.00
ZSCH2 0.09331(5) 2x 0.0692(2) 0.0101(2) Oy 00
JOH 0.09302(4) 2x 0.06913(15) 0.0090(2) O1.00
LIN 0.09308(5) 2x 0.0690(2) 0.0094(2) O1.00
SCHNI1 0.09335(4) 2x 0.06933(15) 0.0092(2) O1.00
NEUDEK 0.09354(5) 2x 0.0695(2) 0.0104(2) O, 00
05 ZSCHS 0.18641(9) 1/2x 0.0911(2) 0.0098(2) O1.00
ZSCH4B 0.18709(9) 1/2x 0.0921(2) 0.0103(2) O, 00
ZSCH6 0.18707(11) 1/2x 0.0916(2) 0.0105(2) O1.00
ZSCH2 0.18721(10) 1/2x 0.0918(2) 0.0103(2) O, 00
JOH 0.18668(9) 1/2x 0.0914(2) 0.0096(2) O1.00
LIN 0.18695(10) 1/2x 0.0913(2) 0.0100(2) O1.00
SCHNI1 0.18732(8) 1/2x 0.0920(2) 0.0097(2) 0100
NEUDEK 0.18775(11) 1/2x 0.0920(2) 0.0107(2) O, .00
06 ZSCHS8 0.19794(6) 0.18801(6) 0.77718(10) 0.0083(1) O1.00
ZSCH4B 0.19802(6) 0.18779(6) 0.77670(11) 0.0086(1) O1.00
ZSCH6 0.19782(7) 0.18762(7) 0.77669(13) 0.0092(2) 0100
ZSCH2 0.19759(6) 0.18731(6) 0.77630(11) 0.0088(1) O1.00
JOH 0.19798(6) 0.18790(6) 0.77709(10) 0.0079(1) O1.00
LIN 0.19801(6) 0.18785(6) 0.77735(11) 0.0088(1) O1.00
SCHN1 0.19767(5) 0.18731(6) 0.77648(10) 0.0082(1) O1.00
NEUDEK 0.19759(7) 0.18714(7) 0.77581(13) 0.0094(2) O1.00
07 ZSCHS8 0.28479(6) 0.28538(5) 0.08050(10) 0.0081(1) O1.00
ZSCH4B 0.28520(6) 0.28577(6) 0.08058(11) 0.0080(1) O1.00
ZSCH6 0.28513(7) 0.28571(7) 0.08014(13) 0.0087(2) O1.00
ZSCH2 0.28517(6) 0.28574(6) 0.07956(11) 0.0081(1) O1.00
JOH 0.28484(6) 0.28542(5) 0.08046(10) 0.0078(1) O1.00
LIN 0.28479(6) 0.28544(6) 0.08059(12) 0.0083(1) O1.00
SCHN1 0.28512(5) 0.28573(5) 0.07985(10) 0.0076(1) O1.00
NEUDEK 0.28546(7) 0.28608(6) 0.07930(12) 0.0087(2) O1.00
08 ZSCHS8 0.20984(6) 0.27050(6) 0.44221(11) 0.0095(1) 0100
ZSCH4B 0.20984(6) 0.27049(6) 0.44216(12) 0.0094(1) 0,00
ZSCH6 0.20978(7) 0.27053(7) 0.44181(14) 0.0100(2) O, 00
ZSCH2 0.20977(6) 0.27046(6) 0.44124(12) 0.0095(1) O1.00
JOH 0.20983(6) 0.27049(6) 0.44250(11) 0.0090(1) 0100
LIN 0.20987(6) 0.27052(6) 0.44250(13) 0.0098(1) O1.00
SCHN1 0.20980(5) 0.27052(6) 0.44145(11) 0.0090(1) 0100
NEUDEK 0.20980(7) 0.27068(7) 0.44051(13) 0.0099(2) O1.00

Note: For definition of U,, see Fischer & Tillmanns (1988).
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Table 3. Selected interatomic distances (A) in fluor-schorl and schorl (localities in South Tyrol and Erzgebirge/Krusné Hory Mountains).

X- GRASI1 ZSCHS ZSCH4B  ZSCH6 ZSCH2 JOH LIN SCHN1 NEUDEK
02(x3) 25112 2.517(2) 2.528(2) 2.529(3) 2.530(3) 2.514(2) 2.518(2) 2.532(2) 2.545(3)
05(x3) 2.7658(15) 2.7635(14) 2.7653(15) 2.7678(18) 2.7663(16)  2.7670(15) 2.7709(16)  2.7666(15)  2.765(2)
04 (x3)  2.8209(15) 2.8172(14) 2.8176(16) 2.8207(19) 2.8195(17) 2.8197(15) 2.8221(17) 2.8193(15) 2.816(2)
Mean 2.699 2.699 2.704 2.704 2.705 2.700 2.704 2.706 2.709

Y_

02(x2) 2.001909)  2.0064(2)  1.9959(9)  1.9934(10) 1.9904(9)  1.9995(8)  1.9947(9)  1.9887(8)  1.9882(10)
06 (x2) 2.0472(9)  2.0457(8)  2.0418(9)  2.0400(10) 2.0337(9)  2.0432(8)  2.0439(9)  2.0350(8)  2.0322(10)
W(F,0) 2.0885(16) 2.0816(15) 2.0714(16) 2.0589(18) 2.0441(16) 2.0787(16) 2.0762(17) 2.0471(14)  2.0259(18)
03 2.1512(15)  2.1605(14)  2.1526(14)  2.1508(17) 2.1485(15) 2.1557(14) 2.1508(15) 2.1490(13)  2.1574(16)
Mean 2.056 2.058 2.050 2.046 2.040 2.053 2.051 2.040 2.037

7—

06 1.8716(9)  1.87109)  1.8649(9)  1.8685(10) 1.8691(9)  1.8682(8)  1.8682(9)  1.8686(8)  1.8657(10)
07 1.8855(9)  1.8852(8)  1.8799(8)  1.8819(10) 1.8828(9)  1.8842(8)  1.8827(9)  1.8816(8)  1.8789(10)
08 1.8885(9)  1.8878(8)  1.8866(9)  1.8871(10) 1.8877(9)  1.8871(8)  1.8856(9)  1.8868(8)  1.8856(10)
08’ 1.931009)  1.9313(9)  1.9273(9)  1.9285(10) 1.9264(9)  1.9289(9)  1.9282(9)  1.9264(8)  1.9248(10)
or 1.9676(9)  1.9661(8)  1.9599(9)  1.9618(10) 1.9610(9)  1.9642(9)  1.9651(9)  1.9621(8)  1.9568(10)
03 1.9787(7)  1.9812(6)  1.9815(7)  1.9821(8)  1.9810(7)  1.9797(6)  1.9782(7)  1.9797(6)  1.9823(8)
Mean 1.921 1.920 1.917 1.918 1.918 1.919 1.918 1.918 1.916

T—

06 1.6066(9)  1.6077(8)  1.6106(9)  1.6098(10) 1.6113(9)  1.6078(8)  1.6061(9)  1.6102(8)  1.6134(10)
07 1.61319)  1.6139(8)  1.6162(8)  1.6153(10) 1.6140(9)  1.6126(8)  1.6126(9)  1.6143(8)  1.6157(9)
04 1.6257(5)  1.6269(5)  1.6269(5)  1.6258(6)  1.6248(5)  1.6260(5)  1.6245(5)  1.6250(5)  1.6248(6)
05 1.6390(6)  1.6401(6)  1.6400(6)  1.6388(7)  1.6382(6)  1.6388(5)  1.6368(6)  1.6381(5)  1.6380(6)
Mean 1.621 1.622 1.623 1.622 1.622 1.621 1.620 1.622 1.623

B,

02 1.360(2) 1.363(2) 1.360(2) 1.359(2) 1.361(2) 1.361(2) 1.359(2) 1.3610(19)  1.357(2)
08 (x2) 1.3841(12) 1.3839(11) 1.3842(12) 1.3833(14) 1.3831(13) 1.3838(12) 1.3845(13) 1.3832(11) 1.3832(14)
Mean 1.376 1.377 1.376 1.375 1.376 1.376 1.376 1.376 1.374

linear regression of the deviations) with the help of the
program POWCALIB Version Beta 0.977 (1990).
Indexing was based on calculated intensities obtained
from the fluor-schorl structure refinements (this work,
ZSCHS; Ertl et al., 20006).

5.3. Chemical analyses

The tourmaline single crystals and crystal fragments used
for the structure refinements were prepared as a section
(polished on one side of the samples) for chemical ana-
lysis. Concentrations of all elements except B, Li, Be and
H were determined with a Cameca SX51 electron
microprobe equipped with five wavelength-dispersive
spectrometers (Universitit Heidelberg). Operating condi-
tions were 15 kV accelerating voltage, 20 nA beam
current, 5 mm beam diameter, PAP data-reduction rou-
tine. Peaks for all elements were measured for 10 s,
except for MgKo (20 s), CrKa (20 s), TiKa (20 s),
ZnKo (30 s), and FKa (40 s). Because the FKao line
interferes with the Fe and Mn L« lines, the measured F
values require a correction, which is described in detail
by Ertl et al. (2009). We used the following standards and
X-ray lines for calibration: albite (NaKo), periclase
(MgKuw), corundum (AlKa), wollastonite (SiKa), rutile
(TiKa), eskolaite (CrKwa), scapolite (ClKo), orthoclase

(KKw), wollastonite (CaKo), hematite (FeKwx), rhodonite
(MnKo), gahnite (ZnKo), and topaz (FKo).
Concentrations of H, Li, Be and B were determined by
SIMS with a CAMECA IMS 3f ion microprobe
(Universitdat Heidelberg). For Li, Be, and B the primary
beam current was 10 nA, resulting in a beam diameter of ~
20 pum. The spectrometer mass resolution M/AM was set to
~1100 (£10 %) and the imaged field was 150 pm in
diameter. For determination of H, the primary beam cur-
rent was 20 nA, M/AM was set to ~400 (+10 %) and the
imaged field was set to 25 pm (nominal value). To reduce
the influence of in situ contamination with water, a small
field-aperture (d = 400 pm) was chosen, which limited the
analysed area to ~ 5 pm in diameter. The relative ion yield
for B and H was determined using three tourmalines as
reference material: elbaite (98144), dravite (108796) and
schorl (112566) (Dyar et al., 1998). For Li and Be the
standard glass SRM610 (NIST) was used as reference
material (more analytical details are given in Ertl et al.,
2009). Because matrix effects and the uncertainty on ele-
ment concentrations in the reference materials limit the
accuracy, the worst-case deviation is estimated to be better
than 20 % for H and Li and better than 10 % for Be and B.
Table 4 contains complete chemical-analytical data for
the tourmalines. The crystal-chemical formula was calcu-
lated on the basis of 31 (OH,O,F). When the amount of B in
the preliminary calculated formulae (by using the SIMS
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data) was below 3.00 atoms per formula unit (apfu), B,O; 5.4. Mossbauer spectroscopy

was calculated to fill up the B site completely with B. If the

sum (OH + F) was significantly too high (>>4.0 apfu) when Approximately 10 mg of each tourmaline sample from the
using the measured H,O content, H,O was calculated for ~Erzgebirge were gently crushed under acetone, then mixed
(OH + F) =4.0. with a sugar-acetone solution designed to form sugar

Table 4. Composition of type fluor-schorl from Grasstein, South Tyrol, Italy and Zschorlau, Saxony, Germany, and of fluor-schorl and schorl
from other localities in the Erzgebirge (wt%). n = number of EMP analyses averaged. Formulae calculated on the basis of 31 (O, OH, F).

GRAS1! ZSCH8> ZSCH4B ZSCH6  ZSCH2 JOH LIN SCHN1 NEUDEK SAU2

Fluor- Fluor- Fluor- Schorl* Schorl* Fluor- Fluor- Schorl* Schorl* Schorl™

schorl schorl schorl schorl schorl
Sio, 34.38(12) 33.44(19) 33.45(10) 33.57(20) 34.02(19) 33.31(16) 34.10(22) 34.15(15) 33.43(9) 34.61(12)
TiO, 0.17(2)  0.73(2)  0.45(13)  0.22(5) 0.11(1)  043(4)  0283) 0.142)  0.66(2)  0.05(1)
B,0; - 9.86 10.12 10.14 10.27 9.79 10.06 10.28 10.33 10.28
B103 cute 10.12 10.00 - - - 9.97 - - - -
AlLO; 31.76(23) 31.09(22) 33.20(11) 33.17(20) 34.33(15) 31.67(13) 32.59(31) 34.19(19) 34.98(10) 34.05(33)
FeOyorai 15.84(22) 16.49(25) 15.07(21) 15.23(22) 15.14(17) 16.29(30) 15.90(25) 14.96(24) 13.33(20) 14.82(35)
FeO* 13.15 15.83 14.47 14.62 14.53 15.80 15.26 14.36 12.80 14.23
Fe,05* 2.99 0.73 0.67 0.68 0.67 0.55 0.71 0.67 0.59 0.66
MnO#** 0.893)  0.10(4)  0.094)  0.12(4) 0.11(3)  0.093)  0.06(3)  0.103)  0.22(4)  0.032)
MgO 0.07(1)  0.894)  0.79(5)  0.46(2) 032(2)  0.61(2)  0242) 0332) 061(3)  0.01(1)
CaO 0.02(1)  0.06(1)  0.10(1)  0.07(1) 0.07(1)  0.03(1)  0.02(1)  0.051)  0.12(1)  0.00(0)
Li,O - 0.04 0.02 0.02 0.02 0.04 0.06 0.02 0.01 0.01
ZnO 0.12(1)  0.095)  0.07(4)  0.10(4) 0.08(3)  0.104)  0.07(3)  0.074)  0.083)  0.05(3)
Na,O 235(4)  2.44(6)  2.02(6) 1.97(6) 1.95(6)  2.28(6)  2.03(5) 1.84(6) 1.59(5) 1.57(5)
K,O 0.04(1)  0.05(1)  0.04(1)  0.04(1) 0.03(1)  0.042)  0.032)  0.03(1) 0.041)  0.01(1)
F 1.40(5) 1205)  0.99(5)  0.80(8) 0.57(3) 1.13(5) 1.094)  0.60(4)  0.18(3)  0.42(6)
H,0 - 2.70 2.96 3.28 3.32 2.79 3.04 3.46 3.50 3.62
H,0, a1 2.83 2.88 - - - 2.90 - 3.25 - 332
O=F —0.59 —0.51 —0.42 —0.34 —0.24 —0.48 —0.46 —0.25 —0.08 —0.18
Sum 99.70 99.06 99.02 98.92 100.40 98.47 99.18 99.83 99.06 99.12
n 8 20 19 13 19 20 18 19 20 17
Si 5.90 5.81 5.76 5.77 5.77 5.81 5.87 5.80 5.68 5.89
[41A] 0.10 0.19 0.23 0.22 0.23 0.19 0.13 0.19 0.29 0.09
l4Ig 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.03 0.02
Sum T site 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
13lg 3.00 3.00 3.00 3.00 3.00 3.00 2.99 3.00 3.00 3.00
Al 6.32 6.18 6.51 6.50 6.64 6.32 6.49 6.65 6.72 6.74
Fe* 1.89 2.30 2.08 2.10 2.06 2.28 2.20 2.04 1.82 2.03
Fe?* 0.39 0.10 0.09 0.09 0.09 0.09 0.09 0.09 0.08 0.08
Mn?* 0.13 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.03 0.00
Mg 0.02 0.23 0.20 0.12 0.08 0.16 0.06 0.08 0.15 0.00
Li - 0.03 0.02 0.02 0.01 0.03 0.04 0.01 0.01 0.01
Zn 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ti** 0.02 0.10 0.06 0.03 0.01 0.06 0.04 0.02 0.08 0.01
Sum Y, Zsites  8.79 8.97 8.98 8.89 8.92 8.96 8.94 8.91 8.90 8.88
Na 0.78 0.82 0.68 0.66 0.64 0.77 0.68 0.61 0.53 0.52
Ca - 0.01 0.02 0.01 0.01 0.01 0.00 0.01 0.02 0.00
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
O 0.21 0.16 0.29 0.32 0.34 0.21 0.31 0.37 0.44 0.48
Sum X site 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Sum cations  18.58 18.81 18.69 18.57 18.58 18.75 18.62 18.54 18.46 18.40
OH 3.24 3.34 3.40 3.76 3.75 3.38 3.49 3.68 3.97 3.77
F 0.76 0.66 0.54 0.44 0.31 0.62 0.59 0.32 0.10 0.23
SumOH+F  4.00 4.00 3.94 4.20 4.06 4.00 4.08 4.00 4.07 4.00

Notes: 'Fluor-schorl (type material) from Grasstein, South-Tyrol, Italy (data from Ertl er al., 2006); *Fluor-schorl (type material) from
Zschorlau, Saxony, Germany. * Schorl from cotype localities for schorl in the Erzgebirge (Novak et al., 2009; Henry et al., 2010).
Localities as indicated in text (Introduction). Cr,O5 and Cl are below detection limit (b.d.) in all samples. SIMS data: one analyis for B,Os3,
Li,O, H,O, and for Be (ZSCH2, ~80 ppm; ZSCH4B, ZSCH6, ZSCHS8, ~10 ppm; SCHNT1, ~50 ppm; JOH, LIN, NEUDEK, SAU2, b.d.). For
some samples was B,Oj3 ., calculated for B = 3.00 apfu and H,O,,. for (OH) + F = 4.00 apfu. * FeO and Fe,O3 were recalculated by using
Maéssbauer spectroscopy data (see Table 5; for GRAS1 see Ertl ez al., 2006; for NEUDEK the average Fe** value of the investigated Erzgebirge
samples was used: 4 % Fe®*). ** Total Mn as MnO. If a calculated value is given in the analysis part, then this value is used for the total sum and
formula calculations. The measured values for B,O3 and H,O agree within ~1-2 % and ~4-8 %, respectively, with the calculated values.
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coatings around each grain and prevent preferred orienta-
tion. Grains were heaped in a sample holder confined by
Kapton polyimide film tape. Mossbauer spectra were
acquired at 295 K using a 40 mCi °’Co in Rh source on a
WEB Research Co. model WT302 spectrometer (Mount
Holyoke College) and corrected to remove the fraction of
the baseline due to the Compton scattering of 122 keV
gamma rays by electrons inside the detector. Run times
were 24 h with baseline counts of 9 and 32 million. Spectra
were collected in 2048 channels and corrected for nonli-
nearity. Data were modelled using a programme from the
University of Ghent, Belgium, called DIST_3E (an imple-
mentation of software described in Wivel & Mgrup, 1981),
which uses model-independent quadrupole splitting distri-
butions for which the subspectra are constituted by
Lorentzian-shaped lines. Peak areas were not corrected
for differential recoil-free fractions for Fe®* and Fe**
because the appropriate correction factors do not exist.

Mossbauer spectra for cotype fluor-schorl from
Grasstein are given in Ertl et al. (2006).

5.5. Optical and near-infrared absorption
spectroscopy

Fluor-schorl (sample GRR 2935) from Grasstein, South
Tyrol, Italy, was prepared for optical absorption spectro-
scopy as a polished thin section, 0.045 mm thick, oriented
with the ¢ axis in the plane of the section. Optical and near-
IR absorption spectra in the 300-1500 nm range were
obtained on a homemade diode array spectrometer
described in Taran & Rossman (2001). Spectra in the
1400-2200 nm range were obtained on a Nicolet Magna
860 FTIR with a CaF, beamsplitter, InGaAs detector, and a
LilOj crystal polarizer.

5.6. Raman spectroscopy

Single-crystal Raman spectra of fluor-schorl and schorl,
both from Zschorlau, were recorded from randomly
oriented fragments. The spectra were obtained in quasi-
backscatter geometry by means of a Horiba LabRAM—-HR
spectrometer equipped with a Olympus BX41 optical
microscope. The 532 nm emission (10 mW) of a fre-
quency-doubled Nd:YAG laser was used for excitation.
The wavenumber accuracy was 0.5 cm™'. With a grating
with 1800 lines per millimetre in the optical pathway, the
spectral resolution was ~1 cm™'. More experimental
details are described elsewhere (Ruschel et al., 2012).

6. Results

6.1. Optical properties, optical absorption spectra and
Raman spectra

In plane-polarized light, fluor-schorl is dichroic, O =
brown to grey-brown (Zschorlau), blue (Grasstein), £ =
pale grey-brown (Zschorlau), cream (Grasstein). Fluor-
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Fig. 1. Optical absorption spectra of fluor-schorl from Grasstein,
South Tyrol, Italy.

schorl is uniaxial negative, @ = 1.660(2)-1.661(2), ¢ =
1.636(2)-1.637(2). The salient feature of the optical
absorption spectrum (Fig. 1) is a pair of absorption bands
in the E_Lc direction centred at about 732 and 1140 nm.
These are Fe** absorptions with intensity enhanced in the
E_lc direction by interaction with Fe>* (Mattson &
Rossman, 1987). This is consistent with the amount of
Fe* determined by the chemical analysis. A shoulder at
530 nm is in a region where a Fe** spin-forbidden band
occurs as well as close to where Mn”* features occur. A
weak, sharper feature at 496 nm is a Fe** spin-forbidden
band (Faye et al., 1968). In addition, overtones of the OH
stretching are observed at 1408 and 1435 nm in the Ellc
orientation.

Raman spectra of fluor-schorl and schorl, both from
Zschorlau, are presented in Fig. 2. Spectra are shown as
recorded, i.e. no background correction or smoothing was
applied. As expected, the fingerprint pattern of vibrational
modes of fluor-schorl corresponds closely to spectra of
tourmalines of the buergerite-schorl series (Gasharova

Intensity [a.u.]

200 400 600 800 1000 1200 1400 1600 3400 3600 3800

Raman shift [cm™]

Fig. 2. Raman spectra of fluor-schorl (solid line) and schorl (dotted
line), both from Zschorlau, Saxony, Germany.
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et al., 1997). The main difference between Raman spectra
of fluor-schorl and schorl is observed in the high-energy
spectral range, where fluor-schorl is characterized by gen-
erally lower intensity of the O—H stretching band at 3563
cm . This is explained by the fact that the amount of OH
present in fluor-schorl is visibly lower, compared to schorl.
Note, however, that our observation is rather qualitative
since no precise quantification of the hydroxyl content
based on our Raman spectra was possible (this would
require measurement in oriented sections and the avail-
ability of a proper calibration; see e.g. Thomas et al.,
2008).

6.2. Physical properties

Fluor-schorl is brittle and has a Mohs hardness of 7; it is
non-fluorescent, has no observable parting and a poor/
indistinct cleavage parallel to {0001}. It has a measured
density of 3.20(3) g/cm3 (by pycnometry) and a calculated
density of 3.235 g/cm® (Zschorlau) and 3.218 g/cm’
(Grasstein) from the empirical formulae. The fracture is
irregular to uneven and sub-conchoidal. It has a prismatic
habit and shows the forms {120}, {—100} (usually not
clearly differentiated because of strong striation parallel
to the c axis) and rarely { 101 }. Twinning was not observed.
The c:a ratio calculated from the refined unit-cell para-
meters (powder data) is 0.449 (Zschorlau) and 0.448

A. Ertl et al.

6.3. Mossbauer spectra

The Mossbauer spectrum of fluor-schorl from Grasstein
was fit to four doublets (Ertl et al., 2006), using as guide-
lines the Mossbauer parameters in Dyar et al. (1998). The
first two doublets are subcomponents of a distribution
corresponding to Fe?* at the Y site. The third doublet,
with an isomer shift of 0.87 mm/s, lies in the range for
electron delocalized peaks, reflecting an electron shared
between Fe®* and Fe**. Thus, the doublet area must be split
between the two valence states. Finally, the last distribu-
tion, with an isomer shift of 0.37 mm/s, represents Fe** in
octahedral coordination. A specific site assignment for
Fe** could not be made on the basis of the Mossbauer
data alone. Based on these data, Ertl et al. (2006) con-
cluded that the Grasstein sample contains 17 % of the total
Fe as Fe3+, with an error of +5 % due to the significant
overlap of the peaks in the spectrum and the additional
uncertainty introduced by assuming the same recoil-free
fraction for Fe** and Fe®*.

The Mossbauer spectra of fluor-schorl and schorl from
the Erzgebirge area were fit to five doublets (Table 5;
Figs S1-S4, available online as Supplementary Material
linked to this article on the GSW website of the journal,
http://eurjmin.geoscienceworld.org/). The first four doub-
lets are subcomponents of a distribution corresponding to
Fe?" at the Y site. The fifth doublet, with an isomer shift of

) 0.42-0.46 mm/s, represents Fe** in octahedral

(Grasstein).

Table 5. Mossbauer parameters for fluor-schorl and schorl from the Erzgebirge.

Locality Zschorlau Johanngeorgenstadt Schneeberg Sauberg Mine

Sample# ZSCH JOH SCHNI SAU2

Yllpe2+ 3, mm/s 1.09 1.10 1.09 1.10
A, mm/s 2.48 2.48 2.48 2.49
I', mm/s 0.26 0.26 0.26 0.26
% Area 31 27 32 31

[V2Ipe2+ 3, mm/s 1.08 1.09 1.09 1.09
A, mm/s 2.12 2.13 2.12 2.15
', mm/s 0.26 0.26 0.26 0.26
% Area 42 42 42 41

[Y3Ige2+ 3, mm/s 1.04 1.08 1.06 1.10
A, mm/s 1.74 1.70 1.72 1.85
', mm/s 0.26 0.26 0.26 0.26
% Area 8 10 9 14

[Y4IRe2+ 3, mm/s 1.01 1.08 1.04 1.04
A, mm/s 1.14 1.10 1.13 1.19
', mm/s 0.43 0.40 0.39 0.37
% Area 15 18 13 10

[Y or ZIpe3+ 3, mm/s 0.44 0.46 0.45 0.42
A, mm/s 0.45 0.45 0.43 0.43
I, mm/s 0.30 0.30 0.30 0.26
% Area 4 3 4 4

x> 2.80 1.32 1.86 1.65

Total Fe** (%) 4 3 4 4

Notes: Results are given in mm/s relative to the center point of a Fe foil calibration spectrum.
I" = the Lorentzian peak-width at half-maximum, & = isomer shift, A = quadrupole splitting. Mossbauer parameters for fluor-schorl from

Grasstein are given in Ertl ez al. (2006).
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coordination. Also for this amount of Fe** no specific site
assignment could be made alone on the basis of these
Mossbauer data. Interestingly, the Fe** content is quite
similar for all investigated schorl and fluor-schorl samples
from the Erzgebirge area (~3-4 % of the total Fe; Table 5).
The errors on %Fe** contents of samples as measured by
Mossbauer spectroscopy are generally cited as +1-3 %
absolute for tourmaline (e.g. Dyar et al., 1998). However,
the spectra in this study are of extremely high quality as
shown by the very small standard uncertainties
(Figs S1-S4) and the results for total ferric iron are strik-
ingly consistent. Thus, we estimate that the %Fe’* values
in this study are more accurate than those used in the Dyar
et al. (1998) study, and are probably within +2 %
accuracy.

6.4. Crystal chemistry and structure analysis

Analyses by a combination of electron microprobe, SIMS,
Maossbauer spectroscopic data and crystal-structure refine-
ment result in the structural formulae *(Nag g,Ko 01Cao.o1

Coe) "(Fe™30Al038Mgo.23Li0 03MN ™, 02Zn0 01 o.03)523.00
“(Als goFe™ 0. 10Ti*010) "(Sisg1Aly19018) (BO3); “(OH);
WIFo.66(OH)o34] (cotype material from Zschorlau) and
X, Y, 2+ 3+ 2+ <A+

(Nag 73K 01o21) (Fe™ 1 goAlg sgFe™ o 13Mn™"g 13Ti "o 2

Mgo02Zn0.02 00215300 (Als74Fe™026) '(Sis 00Alo 1001s)
(BO3); Y(OH); "[Fo.-6(OH)g04] (cotype material from
Grasstein). Fluor-schorl is rhombohedral, space grogg
R3m, a = 16.005(2), ¢ = 7.176(1) A, V = 1591.94) A
(Zschorlau), a = 15.995(1), ¢ = 7.166(1) A, V = 1587.7(9)
A® (Grasstein), Z = 3. The Flack parameters of all samples
demonstrate that no racemic twinning is present. The eight
strongest observed X-ray diffraction lines in the powder
pattern [d in A (1) hkl] are: 2.584(100)(051), 3.469(99)
(012), 2.959(83)(122), 2.044(80)(152), 4.234(40)(211),
4.005(39)(220), 6.382(37)(101), 1.454(36)(514) (Grasstein).
Unit-cell parameters estimated by using powder data
(Table S1, deposited and freely available online, linked to
this article on the GSW website of the journal http://eurjmin.-
geoscienceworld.org) and Rietveld refinement (Fischer et al.,
1993) are a = 15.996(1), c = 7.186(1) A, V = 1592.4(9) A’
(Zschorlau) and @ = 15.995(1), ¢ = 7.166(1) A, V =
1587.7(9) A’ (Grasstein).

6.5. X -site occupancy

The X site is in both cotype specimens of fluor-schorl
mainly occupied by Na (0.78-0.82 apfu) and only very
small amounts of K and Ca (<0.01 apfu; Table 4). The X-
site vacancies are in the range 0.16-0.21 pfu. In all five
investigated fluor-schorl samples, the Na content varies
between 0.68 and 0.82 apfu (Table 4), whereas the K and
Ca contents are very low (<0.02 apfu). The X-site vacan-
cies are in the range 0.16-0.31 pfu.

In the schorl samples from the cotype localities, Na
varies from 0.52 to 0.66 apfu (Table 4), while the K and
Ca contents are also very low (<0.02 apfu). The numbers
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of vacancies are somewhat higher than in the investigated
fluor-schorl samples (0.32-0.48 pfu).

6.6. Y - and Z-site occupancy

The Y site is in both fluor-schorl samples of the cotype
localities mainly occupied by Fe** (~1.9-2.3 apfu;
Table 4) and only by small amounts of Fe** (<0.1 apfu),
which is consistent with the relatively large <Y-O> dis-
tances (2.056-2.058 A; Table 3). Also significant amounts
of Al occupy the Y site (ca. 0.4-0.6 apfu). The amounts of
Mg (<0.2 apfu) and Mn** (<0.1 apfu) are relatively small.
Very small amounts of Zn, Li and Ti** were also observed
(<£0.03 apfu). The estimated Y-site vacancies are relatively
minor (<0.2 pfu). The Z site is in these fluor-schorl sam-
ples mainly occupied by Al (~5.7-5.8 apfu). We assigned
small amounts of Fe** in the range of ~0.1-0.3 apfu to the
Z site, in accordance with refined site occupancies
(<Z-0> = 1.920-1.921 A; see also Ertl et al., 2012).
Because the assignment of Ti** to the Z site was strongly
supported by bond-valence calculations in Ertl et al.
(2012), we assigned also small amounts of Ti** (<0.1
apfu) to this site. The finally assigned Z-site occupation
of these fluor-schorl samples is consistent with the refined
Z-site occupancy within the 3¢ error (Table 2, this work
and Ertl et al., 2006), and with the estimated Fe** of the
Mossbauer data, also within errors.

Fluor-schorl samples from the FErzgebirge (Saxony,
Germany, and Krusné Hory Mts., Bohemia, Czech
Republic) contain Fe** in the range ~2.1-2.3 apfu
(Table 4) and relatively small amounts of Fe*" (~0.1 apfu).
Interestingly, Mossbauer data shows that the ferric compo-
nent is in all Erzgebirge localities very similar (~3—4 % Fe>*;
Table 5; Figs. S1-S4). In addition, these fluor-schorls contain
relatively small amounts of Mg (~0.1-0.2 apfu) and Ti**
(<0.1 apfu), as well as very small amounts of Li (<0.04
apfu), Mn>* (0.01-0.02 apfu) and Zn (0.01 apfu; Table 4).

Schorl samples from the cotype localities (for schorl) in
the Erzgebirge contain lower amounts of Fe** (~1.8-2.1
apfu), similar amounts of Fe’* (~0.1 apfu; ~4 % Fe’*;
Table 5), relatively small amounts of Mg (<0.15 apfu) and
Ti** (<0.08 apfu) and very small amounts of Mn>*
(0.01-0.03 apfu), Li (0.01-0.02 apfu) and Zn (0.01 apfu;
Table 4).

6.7. T-site occupancy

The T site in the cotype samples of fluor-schorl is mainly
occupied by Si and contains relatively small amounts of Al
(~0.1-0.2 apfu), consistent with slightly enlarged <7-O>
distances in the range 1.621-1.622 A (Table 3) and data
given by MacDonald & Hawthorne (1995) on the Si « Al
substitution in tourmaline. In fluor-schorl samples from the
Erzgebirge the <T7-O> distances vary from 1.620 to 1.623
A (Table 3).

Schorl samples from the cotype localities (for schorl) in
the Erzgebirge exhibit ~0.2-0.3 apfu *Al, consistent with
<T-0O> distances in the range 1.622-1.623 A (Table 3).
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6.8. V- and W-site occupancy

The V site is in all investigated samples completely occu-
pied by OH. The W site of the fluor-schorl samples from
the cotype localities is occupied by ~0.7-0.8 apfu F
(Table 4), and the remainder of the W site seems to be
occupied by OH. Fluor-schorl from the Erzgebirge con-
tains 0.54-0.66 apfu F and OH in the range ~0.3-0.5 pfu
(Table 4). There is no evidence for the presence of any
significant O (without H) at the W site.

Schorl from the cotype localities (for schorl) in the
Erzgebirge contains ~0.6-0.9 pfu OH at the W site. The
amount of F is in the range of ~0.1-0.4 apfu (Table 4).
Again there is no evidence for any significant amounts of O
(without H) at the W site.

7. Discussion

The X-site vacancy and the F content of all investigated
samples are inversely correlated (#* = 0.83). Similar
correlations have been observed by Ertl et al. (2009,
2010). When OH occupies the W site, the H atom points
toward the X site. Crystallographic studies proved that F
is found exclusively at the W site (as summarized by
Henry & Dutrow, 1996). The presence or absence of F
immediately adjacent to the XOg polyhedron thus may
affect this polyhedron. Henry (2005) and Henry &
Dutrow (2011) showed in an evaluation of a large
amount of chemical analyses of different tourmalines
that, with more than 0.5 X-site vacancies, there is little
or no F present in tourmaline.

By comparing the X—02, X—04 and X—O5 bond lengths
(X—02 < X-05 < X-04) of different tourmaline struc-
tures, it is evident that the X—O2 bond length has the widest
variation compared to the X—04 and X—O5 distances (see
Table 3). In addition, being the shortest, the X—O2 bond
length effectively reflects the mean ionic radius of the
X-site occupants (Ertl et al., 2001). By plotting the X—02
distance and F of all investigated samples, a strong
inverse correlation was observed (r2 = 0.92; Fig. 3).

Tourmalines of the fluor-schorl — schorl solid-solution
series show a strong positive correlation between the F
content and the <Y-O> distance (¥’ = 0.93; Fig. 4).
Because the <Y—O> in these samples is mainly governed
by the Fe** content, Fe**-rich tourmalines clearly tend to
have a F-rich or F-dominant composition, which is in
agreement with our general observation. A further strong
positive correlation was found between the refined F con-
tent and the Y-W distance (Fig. 5). If the F content cannot
be refined (for example, because only low-resolution and/
or low-quality diffraction data are available, the refined
Y-W distance may be used to obtain a quick and fairly
accurate estimate of the F content.

The F content in individual tourmaline crystals may
vary, as shown by EMPA traverses measured across a
euhedral black tourmaline crystal (cut perpendicular to
the ¢ axis) from Zschorlau, Erzgebirge, ~5 mm in dia-
meter. The crystal core area can be assigned to schorl (with

A. Ertl et al.

2.55 -
*
2.54 -
- R?=0.9209
ol
g
X 253 1
2.52 A
251 . . . . . : . .
00 01 02 03 04 05 06 07 08

F (apfu)

Fig. 3. Correlation between F and X—O2 distance in tourmalines of
the fluor-schorl — schorl solid solution. All samples from this work
are plotted.

~0.6 wt% F), while the rim area can be assigned to fluor-
schorl (~1.0 wt% F). During tourmaline crystallization F,
Fe, Mg, Ti, and Na increase significantly, while Si and Al
decrease. Such a zoning seems to be quite common for
black Fe**-rich tourmalines from the Erzgebirge. Such
relatively high amounts of F (up to ~0.7 apfu), ™Al (up
to 0.26 apfu) and relatively low X-site vacancies (down to
0.15 pfu) usually only occur in tourmalines from high-
grade metapelites (Henry & Dutrow, 1996). In contrast,
the earlier crystallized schorl exhibits relatively high num-
bers of X-site vacancies (up to ~0.5 pfu) and lower F
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Fig. 4. Correlation between F and <Y-O> distance in tourmalines of
the fluor-schorl — schorl solid solution. All samples from this work
are plotted.
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Fig. 5. Correlation between the refined F content and the Y-W (F,OH)
distance. Both all samples from this work and additional fluor-schorl
(Section 4) and schorl (unpublished) samples are plotted.

contents. The fluor-schorl rim seems to have grown during
increasing temperatures under pneumatolytic conditions in
the presence of pneumatolytic fluids.

8. Conclusion

Fluor-schorl, ideally NaFe?*3A14Sic0;5(BO5);(OH)5F, is
related to end-member schorl by the substution F —
(OH). Fluor-schorl is named for being the F-analogue of
schorl, NaFeZ+3A16Si6OI8(BO3)3(OH)3(OH), in accor-
dance with the IMA-approved revised nomenclature of
the tourmaline supergroup (Novak et al., 2009; Henry
et al., 2010). Within the tourmaline supergroup, fluor-
schorl is also the Fez+—analogue of fluor-dravite (Clark
et al., 2011). It can be distinguished from schorl, dravite,

Table 6. Comparison of fluor-schorl, schorl and dravite data.
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fluor-dravite or other dark tourmalines only by accurate
determination of the chemical composition, preferably by a
combination of single-crystal structure refinements and
chemical analyses. It may also be confused with luinaite-
(OH) (IMA 2009-046) and its currently unnamed F-analo-
gue, both representing a distorted monoclinic variant (Cm)
of the tourmaline structure. Table 6 provides a comparison
of relevant data for the rhombohedral members.

Our results demonstrate that fluor-schorl is relatively
common in F-rich granites and granite pegmatites, espe-
cially in the Erzgebirge/Krusné Hory area, in which highly
differentiated Li-mica granites (Forster et al., 1999; Romer
et al., 2007) occur that contain melt inclusions with up to
11.2 wt.% F (Miiller et al., 2006). Further occurrences of
fluor-schorl would be expected from similarly F-rich gran-
ite terrains (e.g., Cornwall, Andes).

For comparison purposes, we also studied samples of
schorl from cotype localities in the Erzgebirge tin mining
district, including Zschorlau (Ertl, 2006; Novak er al.,
2009). The unit-cell parameters of schorl from these local-
ities are slightly variable [a = 15.981-15.991(2), ¢ =
7.146-7.162(1) A], and overlap with the values determined
for fluor-schorl. The corresponding structural formulae of
these schorl samples vary from ~*(Nags[os) "(Fe** s
AlooMgo2o)  AAlssFe™ o Ti"0.)  (SissAlp3O01s)
(BO3); "(OH); "[(OH)o0F 1] to ~*(Nag;[Jo3) "(Fe’*5
AloMgo, 1 Co.) AAlsoFe™ o) '(SissAlg2015) (BO3)s
"(OH); "[(OH)o 6Fo.4].

An investigation of black tourmalines from historical
cotype localities for schorl (alluvial tin deposits and
mines) in the Erzgebirge (Novak et al., 2009), originally
listed by Mathesius (Mathesij, 1562), provided final proof
for the occurrence of schorl, with the end-member formula
NaF62+3A16Si6018(BO3)3(OH)3(OH), in the Schneeberg
District (Am Steinberg near Zschorlau and Schneeberg
itself) and at Ehrenfriedersdorf (Sauberg Mine), both in
Erzgebirge, Saxony, Germany, and at Nejdek, Krusné
Hory Mountains, Bohemia, Czech Republic. The investi-
gated tourmalines from the Erzgebirge show that there
exists a complete fluor-schorl — schorl solid-solution
series.

Fluor-schorl*

Schorl

Dravite

Formula NaFe2+3Alﬁsi6O] 8,(BO‘;)3(OH)3F NaFez+3A165i6O 1 8,(BO;)3(OH)3(OH) NaMggA165160 1 8(BO';)';(OH)‘;(OH)
Space group R3m R3m R3m

a 15.99-16.01 15.93-15.99 15.92-15.96

c 7.17-7.18 7.15-7.16 7.19-7.21

Vv ~1590 ~1580 ~1590

z 3 3 3

3.995 (100), 6.361 (84), 2.584 (76),
powder pattern 3.470 (67), 4.225 (39)

Dineas> Deare (g/em’) 3.203), 3.24(1)

N, 1.661(2)

ng 1.637(2)

Five strongest lines in the

2.579 (100), 3.991 (63), 2.952 (61),
4.220 (58), 6.354(53)

3.18-3.22,3.244

1.660-1.672

1.635-1.650

2.574 (100), 2.958 (77), 3.979 (75),
4218 (61), 3.477 (49)

3.03-3.18, 3.038

1.634-1.661

1.612-1.632

* From Zschorlau. Schorl and dravite data from: this work, Bloodaxe et al. (1999); Ralph (2015a and b).
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