
V3+-bearing, Mg-rich, strongly disordered olenite     243  

N. Jb. Miner. Abh.
2008,   Vol. 184/3, p. 243–253, Stuttgart, March 2008, published online 2008
© by E. Schweizerbart’sche Verlagsbuchhandlung 2008

DOI: 10.1127/0077-7757/2008/0100 0077-7757/08/0100 $ 2.75
 © 2008 E. Schweizerbart’sche Verlagsbuchhandlung, D-70176 Stuttgart

Introduction

Green, vanadium-bearing, magnesium-rich tourmaline 
from the mountain Weinberg, approximately 500 m west 
of the village of Amstall, Lower Austria, occurs in small 
quartz-feldspar dikes in graphite schist. Ertl (1995), in 
his summary of the mineral paragenesis from this large 
graphite deposit, gave unit-cell parameters and the results 
of semi-quantitative chemical analyses, but in the prelimi-
nary report those author did not note that these tourmaline 
samples are vanadium-bearing. From the same locality, 
Hughes et al. (Submitted) described V-rich 2M1 musco-
vite with the highest reported V3+ content noted in that 
phase to date (V2O3 = 11.35 wt%).

Hawthorne & Henry (1999) gave the general chem-
ical formula of the tourmaline-group minerals as X Y3 Z6 
[T6O18] (BO3)3 V3 W  [V site = O3 site, W site = O1 site]. 
The Z site in tourmaline can be occupied by Al, Mg, Fe3+, 
V3+ and Cr3+. The substitution of Al for Mg at the Z site 
was described by Grice & Ercit (1993), Hawthorne et 
al. (1993), MacDonald & Hawthorne (1995), Taylor 
et al. (1995), Bloodaxe et al. (1999), Ertl et al. (2003a), 
Bosi & Lucchesi (2004), and Bosi et al. (2004). 

Vanadium-containing tourmalines, including gem va-
rieties, have previously been described from Kenya and 
Tanzania (Bassett 1953, Zwaan 1974). Their spec-
troscopy and other properties were studied in detail by 
Schmetzer (1978, 1982), Schmetzer & Bank (1979), 
and Platonov & Tarashchan (1973).
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Abstract: An optical absorption spectrum, structural and chemical data of green V- and Cr-bearing tourmaline from the graphite 
deposit at Weinberg Mountain, west of the village of Amstall, Lower Austria, were obtained. To address the role of V and Cr in 
the spectrum of tourmaline, examination of additional samples of V- and Cr-containing tourmalines was conducted. This study 
confi rmed that V and Cr produce similar spectra in tourmalines. However, the wavelengths of the 600 nm region band (E\\c), and 
the 440 nm region band (E⊥c) varied in relation to the proportion of Cr in the sample. Likewise, the intensity of the 680 nm region 
spin-forbidden bands varies in proportion to the absolute amount of Cr in the sample. Molar absorption coeffi cients for both V and 
Cr in tourmaline were determined for the 600 nm region. For the E⊥c band, ε(V) = 12.3 ± 0.7; ε(Cr) = 39.7 ± 1.4; and for the E\\c 
band, ε(V) = 11.9 ± 2.0; ε(Cr) =15.9 ± 2.8. In each case the Cr bands are more intense than the corresponding V band. 

These features can be used to confi rm that the spectroscopic features of the Amstall tourmaline come dominantly from V. The 
optimized formula, calculated using structural and chemical data for the core of a 4 mm wide crystal, is X(Na0.69Ca0.16K0.01�0.14)
Y(Al1.46Mg1.34V3+

0.11Ti4+
0.05Cr3+

0.02Fe0.02) Z(Al4.77Mg1.23) (BO3)3 T(Si5.70Al0.30) O18 [(OH)3.87O0.13], with a = 15.984(2), c = 7.222(2) Å, R = 
0.017. The optimized formula, calculated using structural and chemical data for the rim, is X(Na0.67Ca0.24K0.01�0.08) Y(Al1.57Mg1.24V3+

0.11

Ti4+
0.05Cr3+

0.02Fe0.01) Z(Al4.84Mg1.16) (BO3)3 T(Si5.90Al0.10) O18 [(OH)3.35O0.65], with a = 15.9175(5), c = 7.1914(4) Å, R = 0.014. Whereas 
the V3+ and Cr3+ contents stay constant, Mg decreases from the core to the rim. This is refl ected by decreasing <Y-O> (from 2.013 
to 2.003 Å) and <Z-O> distances (from 1.938 to 1.930 Å). The relative short <Y-O> distances and the enlarged <Z-O> distances 
show that Al and Mg are strongly disordered between the Y and Z sites in this tourmaline. We assume that the strong Mg-Al disorder 
between the Y and the Z sites in this tourmaline derived from a high-T overprint (~750 °C, ~6–9 kbar) during crystallization, which 
is supported by a relatively high amount of [4]Al and low vacancies at the X site. 
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The structure of V-rich dravite was fi rst described by 
Foit & Rosenberg (1979). Structures and chemistry of 
V-bearing to V-rich (and Cr-rich) tourmalines from Sibe-
ria, Russia, were recently described by Bosi & Lucchesi 
(2004) and Bosi et al. (2004).

Regional geology and description of mineral-
ogy of the quartz-feldspar dikes

The graphite deposit near Amstall occurs within the 
Bunte Series (tectonic Drosendorf unit) of the Austrian 
part of the Moldanubian zone (see sampling area in Fig. 

1). Petrakakis et al. (1999) suggested that the Bunte 
Series is an old segment of crust containing a composite 
Proterozoic gneissic basement overlain by a late Protero-
zoic and/to Silurian, shelf and slope-derived, pelite- and 
carbonate-rich, volcano-sedimentary succession. Graph-
ite from this deposit, which is silica-rich, originated due 
to metamorphosis of sapropel and shows a higher degree 
of crystallinity (Holzer 1963, 1964, Holzer & Zirkl 
1962, Zirkl 1961). Graphite is also a characteristic min-
eral in the gneisses, quarzites, and marbles of the Bunte 
Serie (Petrakakis et al. 1999). PT estimates of the meta-
morphic conditions derived from typical Grt+Sil+Kfs+Bt-
gneisses and some Grt+Opx-amphibolites were given 

Fig. 1. Simplifi ed geological map of the Austrian part of the Moldanubian zone after Scharbert & Fuchs (1981) and Petrakakis & 
Jawecki (1995).
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from Petrakakis (1997) and Petrakakis et al. (1999) as 
7–11 kbar/700–800 °C (aH2O<<1; see also Petrakakis & 
Jawecki 1995). This Variscan MP/HT event (around 340 
Ma) was accompanied by strong decompression-induced 
anatexis of fertile lithologies (Petrakakis et al. 1999). An 
overview of the geochronological data is given by Klöt-
zli et al. (1999). Although the graphite deposit is also 
assumed to be of Proterozoic origin, the quartz-feldspar 
dikes (containing tourmaline) within the graphite schist 
could be related to a decompression-induced anatexis dur-
ing a younger (Variscan?) metamorphic event. 

The quartz-feldspar dikes contain albite, oligoclase, 
orthoclase, quartz, muscovite (V-bearing to V-rich), sil-
limanite, pyrite, jarosite, natrojarosite, rutile, titanite, 
apatite, vivianite, xenotime-(Y), monazite-(Ce?), allanite-
(Ce), amstallite, siderite, calcite, and laumontite, (sum-
marized by Ertl 1995). Tourmaline crystals (usually up to 
2 mm in length, rarely up to 2 cm) occur sometimes in 
pyrite-rich quartz-feldspar dikes.

Experimental details

Sample selection

A green short prismatic tourmaline crystal (VDR0, ∼1 
mm in width; ∼2 mm in length) from the described graph-
ite deposit near Amstall, Lower Austria, was used for the 
spectroscopic investigations. Pieces from the rim (VDR1) 
and from the core (VDR2) were separated from a second 
green short prismatic tourmaline crystal (∼4 mm in width, 
∼7 mm in length). These euhedral crystals are intergrown 
with feldspar and graphite and show the forms {101}, 
{120} and {010}. The two pieces (VDR1, VDR2) were 

fi rst used for structure refi nements and subsequently for 
chemical analysis. Samples of a variety of other green to 
yellow-green tourmalines from East Africa and Myanmar 
containing both V and Cr were selected for optical absorp-
tion studies (Table 1). They were generally clear, transpar-
ent fragments of crystals. The sample of GRR 2128 was 
obtained by slicing off the outermost 2 mm clear rim of an 
otherwise turbid crystal.

Optical spectra

Optical absorption spectra were obtained on a microspec-
trometer consisting of a 1024 element silicon diode array 
connected to a highly modifi ed SpectraTech NicPlan® in-
frared microscope using a pair of conventional 10× objec-
tives as objective and condenser. Polarized spectra were 
obtained with a calcite polarizer at a spectroscopic resolu-
tion of about 1 nm using a sampling area of 100 ×100 µm 
in the clearest central portion of the crystal. Doubly-pol-
ished slabs of each crystal were prepared that contained 
the c-axis in the plane of the slab. The thicknesses of the 
samples used for measurements are: VDR0, 0.629 mm; 
GRR768, 1.204 mm; GRR 1719, 2.076 mm; GRR 2128, 
1.111 mm; GRR 2467, 2.258 mm. The spectrum of a syn-
thetic, Cr-doped olenite originally presented by Taran et 
al. (1993), retaken on a 0.278 mm thick sample, was pro-
vided by M.N. Taran.

Near-infrared spectra

The near-infrared spectrum of VDR0 was obtained on a 
Thermo-Nicolet Magna 860 FTIR using a CaF2 beamsplit-
ter and a LN2-cooled MCT-A detector. The spectrum was 
obtained over the 9000–2500 cm–1 range in a 1 mm diam-
eter region of the crystal dominated by the core portion of 
the crystal. Total integrated absorbance was determined in 
the region of the fi rst overtone of the OH stretch using the 
formula Abstotal =2× ∫Abs(⊥c) +  ∫Abs(||c). The water content 
was determined from an ongoing, currently unpublished 
study of the correlation between the integrated near-IR in-
tensities and the total “water” contents of the tourmaline 
group.

Crystal structure

The same crystals (VDR1, VDR2; ∼50 µm in diameter) 
that were used for chemical analyses were mounted on a 
Bruker Apex CCD diffractometer equipped with graphite-
monochromated Mo Kα radiation. Refi ned cell-parame-
ters and other crystal data are listed in Table 2. Redundant 

Table 1. V- and Cr-bearing tourmaline samples from different lo-
calities.

Sample Locality and description 

VDR0 Green, prismatic crystal from a graphite quarry, Am-
stall, west of Mühldorf, Waldviertel, Lower Austria, 
Austria 

GRR 768    Fragments of a dark green fl uor-rich uvite from an un-
specifi ed locality in Kenya

GRR 1719  Fragments of a dark green dravite crystal from an un-
specifi ed locality in Tanzania 

GRR 2128  A 1.5 cm cluster of green, euhedral crystals of V-con-
taining uvite from the Mogok region, Myanmar

GRR 2467  Fragments of a yellow-green uvite crystal from an un-
specifi ed locality in Tanzania.

GRR 2396  Crystal sections of a dark, yellowish-green fl uor-rich 
uvite from an unspecifi ed locality in Kenya
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data were collected for an approximate sphere of recipro-
cal space, and were integrated and corrected for Lorentz 
and polarization factors using the Bruker program SAINT-
PLUS (Bruker AXS Inc. 2001). 

The structure was refi ned using tourmaline starting 
models and the Bruker Shelxtl v. 6.10 package of pro-
grams, with neutral-atom scattering factors and terms for 
anomalous dispersion. Refi nement was performed with 
anisotropic thermal parameters for all non-hydrogen at-
oms. In Table 3, we list the atom parameters, and in Table 
4, we present selected interatomic distances.

Chemical analysis

The two single crystals used for the structure refi nement 
were analyzed with a wavelength-dispersive ARL SEMQ 
electron microprobe (EMP) at the Natural History Mu-
seum, Vienna, Austria (Table 5). Accelerating voltage was 

Table 2. Crystal data and results of structure refi nement for V-bea-
ring, Mg-rich olenite from Amstall, Lower Austria.

Space group: R3m

Unit cell parameters (Å): 
VDR1: a = 15.9175(5), 
c = 7.1914(4)

VDR2: a = 15.984(2),
c = 7.222(2)

Frame width, scan time, number of frames, 
detector distance:  0.200, 15 s, 4500, 5 cm

Measured refl ections, full sphere:
VDR1:   11,593 VDR2:   11,527

Unique refl ections; refi ned parameters:  
VDR1:   1,133; 94 VDR2:   1,145; 94

R1, I > 4σI: 
VDR1:   0.0136  VDR2:   0.0172

Difference peaks (+,–):
VDR1:   0.34, 0.22 VDR2:   0.42, 0.36

Goodness-of-Fit:
VDR1:    0.439 VDR2:   1.190

Table 3. Atomic positions equivalent isotropic U for atoms in V-bearing, Mg-rich olenite from Amstall, Lower Austria.

VDR1 (rim):

ATOM X Y Z UEQ OCC.

Na 0 0 3/4 0.0179(4) Na1.030(7)

Si 0.80836(2) 0.81025(2) 0.9768(2) 0.00674(9) Si1.00

B 0.89035(6) 0.7807(1) 0.5230(3) 0.0082(3) B1.00

AlY 0.87652(3) 0.93826(2) 0.3416(2) 0.0110(2) Al1.014(4)

AlZ 0.70236(2) 0.73867(2) 0.3660(2) 0.0074(1) Al0.991(3)

O1 0 0 0.2073(3) 0.0115(3) O1.00

O2 0.93955(4) 0.87910(8) 0.4908(2) 0.0130(2) O1.00

O3 0.7385(1) 0.86925(5) 0.4661(2) 0.0153(2) O1.00

O4 0.90662(4) 0.81325(9) 0.9044(2) 0.0122(2) O1.00

O5 0.81610(9) 0.90805(4) 0.8835(2) 0.0125(2) O1.00

O6 0.80560(5) 0.81561(6) 0.1998(2) 0.0105(2) O1.00

O7 0.71466(5) 0.71503(5) 0.8986(2) 0.0104(2) O1.00

O8 0.79089(5) 0.73001(6) 0.5371(2) 0.0116(2) O1.00

H3 0.742(2) 0.871(1) 0.584(4) 0.039(8) H1.00

VDR2 (core):

ATOM X Y Z UEQ OCC.

Na 0 0 1/4 0.02086(11) Na0.996(1)

Si 0.19165(2) 0.18976(2) 0.0213(2) 0.0074(1) Si1.00

B 0.10974(7) 0.2195(1) 0.4756(3) 0.0087(3) B3.00

AlY 0.12378(4) 0.06189(2) –0.3442(2) 0.0120(2) Al1.020(1)

AlZ 0.29770(2) 0.26139(3) –0.3678(2) 0.0082(1) Al0.996(3)

O1 0 0 –0.2083(3) 0.0120(4) O1.00

O2 0.06066(5) 0.12132(9) 0.5077(3) 0.0136(3) O1.00

O3 0.2617(1) 0.13087(6) –0.4681(3) 0.0160(3) O1.00

O4 0.09339(5) 0.1868(1) 0.0933(3) 0.0129(2) O1.00

O5 0.1841(1) 0.09203(5) 0.1142(3) 0.0131(2) O1.00

O6 0.19465(6) 0.18456(6) –0.2015(2) 0.0109 (2) O1.00

O7 0.28527(6) 0.28488(6) 0.0996(2) 0.0110(2) O1.00

O8 0.20915(6) 0.27003(7) 0.4611(2) 0.0122(2) O1.00

H3 0.260(2) 0.130(1) 0.417(5) 0.038(9) H1.00
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15 kV, beam current 15 nA, and spot size 2 µm. Natural 
silicates and oxides were used as standards. Under the de-
scribed conditions, analytical errors on all analyses are ± 
3 % relative for major elements and 5 % relative for minor 
elements.

The amount of B2O3 was calculated as B = 3.00 apfu 
by assuming that there is no [4]B in this tourmaline sam-
ple. This assumption is supported by the structure refi ne-
ments and also by the <T-O> distances of ≥1.620 Å (Ta-
ble 3). The ideal <T-O> bond length (T site fully occupied 
with Si) has been determined to be ∼1.620 Å by various 
structural studies (MacDonald & Hawthorne 1995, 
Bloodaxe et al. 1999, Ertl et al. 2001).

The amount of H2O was calculated based on (OH+F) 
= 3.5 pfu following the results of Novák et al. (2004) who 
found that the normalization of electron-microprobe data 
of (Fe,Mg)-rich, (Ca,Li,F)-poor tourmalines from granitic 
pegmatites is generally satisfi ed based on (OH,F)3.5O0.5. 
The OH content in the optimized formulae was calculated 

for charge-balanced formulae (see also Bosi & Lucchesi 
2004).  The near-infrared spectrum confi rms the validity 
of this calculation.

Analyses of the other tourmalines were conducted 
with a JEOL 8200 electron microprobe at the California 
Institute of Technology. To optimize the analysis of the 
low concentrations of V and Cr, beam current of 40 nA 
was employed at 15 kV accelerating voltage and 10 µm 
defocused spot size. Standards for the analysis were al-
bite (NaKα), anorthite (CaKα, AlKα, SiKα), forsterite 
(MgKα), fayalite (FeKα), Cr2O3 (CrKα), V2O3 (VKα), 
phlogopite (FKα), Mn-olivine (MnKα), TiO2 (TiKα) and 
ZnO (ZnKα). Spectral interferences of V Kα by Ti and Cr 
Κα by V were corrected. Analyses were processed with 
the CITZAF correction procedure (Armstrong 1995).

Optimization of site occupancies

Using quadratic programming methods, Wright et al. 
(2000) offer a method of optimizing the site occupancies 
of cation sites in minerals with multiply occupied cation 
sites; the optimized formula essentially minimizes the dif-
ferences between the formula obtained from the results 
of the chemical analysis and that obtained by SREF. Us-
ing that method with the structure refi nement and chemi-
cal data obtained in this study, the structural formulae of 
these tourmaline samples are:

VDR1 (rim): X(Na0.67Ca0.24K0.01�0.08) Y(Al1.57Mg1.24V3+
0.11

Ti4+
0.05Cr3+

0.02Fe0.01) Z(Al4.84Mg1.16) (BO3)3 T(Si5.90Al0.10) 
O18 [(OH)3.35O0.65]

VDR2 (core): X(Na0.69Ca0.16K0.01�0.14) Y(Al1.46Mg1.34V3+
0.11

Ti4+
0.05Cr3+

0.02Fe0.02) Z(Al4.77Mg1.23) (BO3)3 T(Si5.70Al0.30) 
O18 [(OH)3.87O0.13]

The valence state of Fe could not be obtained by 
Mössbauer spectroscopy due to the very low FeO content 
(Table 1).

Results and discussion

Cause of color. The optical spectrum of VDR0 (Fig. 2) 
contains absorption bands with maxima at about 438 and 
608 nm (E⊥c) and 438 and 608 nm (E\\c). These posi-
tions are consistent with those observed previously in va-
nadium-containing tourmalines (Schmetzer 1982). The 
spectrum and the dominance of vanadium in the chemical 
analysis suggest that vanadium is the primary cause of 
color and is present in the 3+ oxidation state in an ap-
proximately octahedral site. 

A potential complication comes from the fact that 
chromium is also present in the Amstall tourmaline in 

Table 4. Selected interatomic distances (Å) in V-bearing, Mg-rich 
olenite from Amstall, Lower Austria.

VDR1 (rim) VDR2 (core)

X-
O2 (x3) 2.501(1) 2.507(2)
O5 (x3) 2.711(1) 2.730(2)
O4 (x3) 2.804(1) 2.823(2)
Mean 2.672 2.687

Y-   
O1 1.957(1) 1.974(1)
O6 (x2) 1.9802(9) 1.992(1)
O2 (x2) 1.9973(8) 2.0057(9)
O3 2.103(1) 2.109(2)
Mean 2.003 2.013

Z-     
O8 1.8967(8) 1.9037(9)
O6 1.9015(9) 1.908(1)
O7 1.9054(8) 1.9135(9)
O8’ 1.9271(8) 1.935(1)
O7’ 1.9542(8) 1.9628(9)
O3 1.9933(6) 2.0021(7)
Mean 1.930 1.938

T-
O7 1.6054(7) 1.6109(9)
O6 1.6076(9) 1.6127(11)
O4 1.6265(4) 1.6323(5)
O5 1.6422(5) 1.6480(6)
Mean 1.6204 1.6260

B-     
O2 1.375(1) 1.378(2)
O8 (x2) 1.376(2) 1.380(1)
Mean 1.376 1.379
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lesser amounts. In tourmalines, chromium occurs in the 
3+ oxidation state and has an optical absorption spectrum 
that closely resembles V3+ in band position. No informa-
tion is available about the quantitative intensities of ab-
sorption of V3+ and Cr3+ in tourmaline.

A signifi cant difference is the frequent obvious pres-
ence of a series of sharp bands in the 680–690 nm region 
(from spin-forbidden transitions) in Cr3+ spectra that are 
barely visible in V3+ spectra. Low intensities in the spin-
forbidden region suggest that V3+ is the dominate cause of 
color in the Amstall olenite. 

To address the issues regarding the role of V and Cr 
in the spectrum of tourmaline, examination of additional 
samples of V- and Cr-containing tourmalines was con-
ducted (Table 1). Samples were chosen in the uvite-drav-

Table 5. Composition of V-bearing, Mg-rich olenite from Amstall, Lower Austria (wt.%).

VDR1 (rim)1 VDR1 (rim)2 VDR2 (core)1 VDR2 (core)2

SiO2 wt.% 36.47 36.66 35.40 35.52
TiO2 0.44 0.41 0.41 0.41
B2O3 10.823 10.80 10.763 10.83
Al2O3 34.36 34.33 34.76 34.52
Cr2O3 0.17 0.16 0.13 0.16
V2O3 0.84 0.85 0.85 0.85
FeO 0.11 0.07 0.14 0.15
MnO 0.03 – 0.03 –
MgO 10.24 10.01 10.66 10.74
CaO 1.30 1.39 0.74 0.93
Na2O 1.94 2.15 2.11 2.22
K2O 0.05 0.05 0.06 0.05
H2O 3.274 3.12 3.244 3.62
Sum 100.04 100.00 99.29 100.00

Si apfu 5.85 5.90 5.73 5.70
[4]Al 0.15 0.10 0.27 0.30
Sum T site 6.00 6.00 6.00 6.00

[3]B 3.00 3.00 3.00 3.00

Al 6.35 6.41 6.36 6.23
Cr3+ 0.02 0.02 0.02 0.02
V3+ 0.11 0.11 0.11 0.11
Fe2+ 0.01 0.01 0.02 0.02
Mn 0.00 – 0.00 –
Mg 2.45 2.40 2.57 2.57
Ti 0.05 0.05 0.05 0.05
Sum Y, Z sites 8.99 9.00 9.13 9.00

Ca 0.22 0.24 0.13 0.16
Na 0.60 0.67 0.66 0.69
K 0.01 0.01 0.01 0.01
Sum X site 0.83 0.92 0.80 0.86
Sum cations 18.82 18.92 18.93 18.86

Sum OH 3.504 3.355 3.504 3.875

Note: 1 Average of 3 EMP analyses. 2 Wt. percent calculated from optimal site occupancies and normalized to 100%. A component is not 
considered signifi cant unless its value exceeds the uncertainty. 3 B2O3 calculated as B = 3.00. 4 H2O was calculated for (OH + F) = 3.5 (No-
vák et al. 2004). F was below the detection limit. 5 OH in the optimized formulae was calculated for charge-balanced formulae.

Fig. 2. Optical absorption spectrum of a 0.629 mm thick crystal of 
the V3+-bearing, Mg-rich olenite from Amstall, Lower Austria, plot-
ted normalized to 1.0 mm thickness.
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ite-olenite series that contained different concentrations 
of V and Cr that ranged from V-dominant to Cr-dominant. 
This study confi rmed that V and Cr produce similar spec-
tra in tourmalines (Fig. 3). However, the wavelengths of 
the 600 nm region band (E\\c), and the 440 nm region 
band (E⊥c) varied in relation to the proportion of Cr in 
the sample (Fig. 4a,b). Likewise, the intensity of the 680 
nm region spin-forbidden bands varies in proportion to 
the absolute amount of Cr in the sample. These features 
are suffi ciently diagnostic that they can be used to confi rm 
that the spectroscopic features of the Amstall tourmaline 
come dominantly from V.

Also relevant is a spectrum of a synthetic tourmaline 
containing Cr3+ that is presented by Taran et al. (1993). 
Although it bears much similarity to the spectra of V3+ 
in tourmalines, there are some differences that distin-
guish it from the spectrum of the Amstall tourmaline. A 
prominent band in the Cr3+ spectrum is centered at 596 
nm compared to 610 nm in the Amstall tourmaline as well 
as vanadian tourmalines from Tanzania. The sharp, spin 
forbidden band of Cr3+ occurs at 686 nm in all of the Cr3+ 
and mixed Cr3+ /V3+ tourmalines. It is signifi cantly more 
intense in the synthetic Cr-containing tourmaline than it is 
in the Amstall tourmaline even though the Amstall tour-
maline contains twice the amount of V than the synthetic 
tourmaline contains Cr. 

This study also makes it possible to determine the 
molar absorption coeffi cient (epsilon values) for both V 
and Cr in the uvite-dravite-olenite series of tourmalines. 
Using pairs of spectra, simultaneous linear equations in-
volving Cr and V concentrations and total absorption in-
tensities of the E\\c and E⊥c bands in the 600 nm region 
were solved that yielded the epsilon values for both ele-
ments. Multiple pairs from the overdetermined equations 
were selected that, gratifyingly, yielded nearly the same 
answers for both epsilon values. For the E⊥c band, ε(V) 
= 12.3 ± 0.7; ε(Cr) = 39.7 ± 1.4; and for the E\\c band, 
the values are not as well constrained, but ε(V) = 11.9 
± 2.0; ε(Cr) =15.9 ± 2.8. In each case the Cr bands are 
more intense than the corresponding V band. 

OH Content. The total integrated absorbance of the 
near-infrared OH overtones in the 7400 cm–1 region ex-
cluding the ~7600 cm–1 band, is 1270 cm–2. Using this 
value and the calculated density (3.051) and correlations 
between OH content in tourmalines (Ertl et al. 2006), we 
estimate that the Amstall tourmaline (VDR0) has 3.32 wt% 
H2O. This value lies between the calculated H2O content 
(by charge balance) for the core (3.62 wt%; VDR2, Table 
5) and the rim composition (3.12 wt%; VDR1, Table 5) of 
the larger crystal from this locality. 

Compositional and structural trends. Using valid cur-
rent tourmaline end-member species (Hawthorne & 

Henry 1999), we can describe the tourmaline samples 
from Amstall essentially as a solid solution of olenite and 
dravite components. The core sample (VDR2) consists of 
49 mol% olenite and 45 mol% dravite. The rim sample 
(VDR1) consists of 52 mol% olenite and 41 mol% drav-
ite. Whereas the olenite component decreases from the 
core to the rim, the dravite component increases.

The CaO content increases from the core to the rim 
(from 0.74 to 1.30 wt%; Table 1), whereas the Na2O con-
tent does not change signifi cantly. Also the <X-O> dis-
tance decreases from the core to the rim (from 2.687 to 
2.672 Å). An increasing Ca content from the Fe-rich core 
to the Fe-poor rim was also observed in B-rich olenite 
(Hughes et al. 2004). Contrary to this investigation, the 
Fe content in our samples is constantly very low, whereas 
the Mg content is decreasing from the core to the rim.

Based on optical spectroscopic data, Schmetzer 
(1982) concluded that “in the tourmaline lattice, [there is] 
a preference for the smaller Al-site [Z site] (rather than 
the greater Mg-site [Y site]) by V3+”. However, the opti-
mized formulae show that V3+ only occupies the Y sites in 
our tourmalines. Signifi cant V3+ contents at the Z site were 
only described from a few tourmalines in the past (up to 
0.22–0.38 apfu; Foit & Rosenberg 1979, Bosi & Luc-
chesi 2004, Bosi et al. 2004), whereas usually the ma-
jor or the whole V3+ contents were assigned to the Y site 
(Foit & Rosenberg 1979, McDonald & Hawthorne 
1995, Bosi & Lucchesi 2004, Bosi et al. 2004). In all 
these papers the <Y-O> distance was higher (2.020–2.048 
Å) than in our samples (2.013 to 2.003 Å; Table 4), ex-

Fig. 3. Comparison of the spectra of Cr-dominant uvite (GRR 
2467), and V-dominant uvite (GRR 2128), showing that the 440 nm 
band (E⊥c) occurs at shorter wavelength than the corresponding Cr 
band. Also, weak, spin-forbidden bands near 680 nm are apparent 
in the spectrum of the Cr-dominant uvite. All spectra plotted nor-
malized to 1.0 mm thickness. The spectra of GRR 2128 are offset 
vertically for clarity.
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cept in the YCr3+-rich tourmalines from Bosi et al. (2004) 
(1.999–2.002 Å). While the small <Y-O> distance in our 
samples can be explained by relatively high Al contents, 
the tourmalines from Bosi et al. (2004) have no or very 
small amounts of Al at the Y site (up to 0.097 apfu) but are 
enriched in Cr3+ (1.740 to 2.298 apfu at the Y site). The V3+ 
content does not change signifi cantly from the core to the 
rim in our Mg-rich olenite from Amstall. 

The Si value of the core sample (VDR2; Table 1) 
with ∼5.7 apfu is relatively low, but no tetrahedral B was 
found by crystal structure determination. During refi ne-
ment no signifi cant change of the scattering value could 
be observed by releasing the occupancy of the T site. In 
combination with the relatively high <T-O> distance of 
~1.626 Å we conclude that, in addition to Si, only Al can 
occupy the T site in this Mg-rich tourmaline (cf. Mac-
Donald & Hawthorne 1995). The value of ∼0.3 apfu 
[4]Al is in good agreement with the observed <T-O> dis-
tance (Foit & Rosenberg 1979, Ertl et al. 2001, Pro-

watke et al. 2003). Henry & Dutrow (1996) described 
0.25 [4]Al apfu from tourmalines which have been crystal-
lized above 750 °C. Such tourmalines from high grade 
metapelites have relatively low vacancies (0.05±0.05) at 
the X site when they crystallized above 750 °C (Henry & 
Dutrow 1996). Hence, we conclude that these V-bearing 
tourmalines started crystallizing at temperatures ~750 °C. 
This is in agreement with the intensive high-T overprint 
of the rocks of the Moldanubian Bunte Series in the range 
700–800 °C and 8–11 kbar (Petrakakis 1997). After an 
approximately isobar decompression down to ~6 kbar iso-
therm cooling down to ~500 °C followed (see Fig. 7 and 
8 in Petrakakis 1997).

The total Mg content decreases from the core to the 
rim, and is refl ected by decreasing <Y-O> (from 2.013 
to 2.003 Å) and <Z-O> distances (from 1.938 to 1.930 
Å). The relatively short <Y-O> distances and the enlarged 
<Z-O> distances (ZAl6.0 produces <Z-O> distances in the 
range 1.902–1.911 Å; Grice & Ercit 1993, Hughes et 
al. 2000, Ertl et al. 2003b, Prowatke et al. 2003), show 
that Al and Mg are strongly disordered in these V-bearing 
tourmaline samples. The tourmaline from Amstall shows 
the greatest amount of Mg-Al disorder between the Y and 
the Z sites of all investigated tourmalines to date. Tour-
malines with a large amount of Mg-Al disorder between 
the Y site and the Z site were further reported by Ertl 
et al. (2003a) [up to Al1.58Mg0.91 at the Y site (<Y-O> = 
2.006 Å) and Al4.90Mg1.10 at the Z site (<Z-O> = 1.926 
Å)], by Bosi & Lucchesi (2004) [V-bearing tourma-
line 9840f: Al1.25Mg1.22 at the Y site (<Y-O> = 2.011 Å) 
and Al4.99Mg0.99 at the Z site (<Z-O> = 1.930 Å)], and by 
Bloodaxe et al. (1999) [sample LCW 2356: Al1.09Mg1.52 
at the Y site (<Y-O> = 2.022 Å) and Al4.98Mg1.02 at the Z 
site (<Z-O> = 1.926 Å)]. Different methods for the ap-
proximate estimation of the Mg content at the Z site have 
been published: Bloodaxe et al. (1999) described a nega-
tive correlation between Fe2+ on the Y site and Mg on Z. 
By using fi gure 3 from Bloodaxe et al. (1999), ~1.14 
apfu Mg were assigned to the Z site for the tourmaline 
samples from Amstall. Ertl et al. (2003a) gave another 
method for approximating the Mg content at the Z site. 
Each lattice parameter for the c-axis corresponds to a par-
ticular Mg content at the Z site. The estimated ZMg con-
tents for the tourmaline samples from Amstall are in the 
range ~1.0–1.3 apfu Mg. By using fi gure 5 (variation in 
c cell constant as a function of <Z-O>) of Bosi & Luc-
chesi (2004), the estimated <Z-O> distances for tourma-
line sample VDR1 gives ~1.927 Å (measured distance: 
1.930 Å; Table 4), and for sample VDR2 it gives ~1.937 
Å (measured distance: 1.938 Å; Table 4). By using the 
measured <Z-O> distances and by applying fi gure 3 (rela-
tionship between <Z-O> and Z-site population) of Bosi & 

Fig. 4. Dependence of spectral features on the Cr and V content of 
tourmalines; 
a) Absorbance normalized to 1.0 mm thickness of the spin-forbid-
den band (~680 nm); b) Wavelength position of the 600 nm region 
band (E\\c) in relation to the proportion of Cr in the tourmaline 
samples used for the correlations: VDR0, Synthetic, GRR 1719, 
GRR 2128, GRR 2467.
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Lucchesi (2004), we can estimate that the ZMg contents 
for the Amstall tourmaline are in the range ~0.90–1.25 
apfu. All these methods for approximating the Mg content 
at the Z site give results that are close. We assume that the 
strong Mg-Al disorder between the Y and the Z sites in 
the Amstall tourmaline derived from the relatively high 
temperature (~750 °C) during crystallization.  

Ertl et al. (2002) showed that the bond-angle distor-
tion (σoct

2) of the ZO6 octahedron in a tourmaline is largely 
a function of the <Y-O> distance of that tourmaline, al-
though the occupant of the O3 site (V site) also affects 
that distortion. The covariance, r, of <Y-O> and the σoct

2 
of the ZO6 octahedron is –0.991 for all investigated tour-
malines that are occupied by 3 (OH) groups, including 
the samples from Hughes et al. (2004). The tourmaline 
samples from Amstall both fall on the V site = 3 (OH) line 
in fi gure 3 from Ertl et al. (2002), defi ning covariance of 
the relationship between the bond-angle distortion (σoct

2) 

of the ZO6 octahedron and the <Y-O> distance. It is only 
possible to do a semi-quantitative estimation of the OH 
content of the O3 site by using this relationship. Hence, 
we assume that the V site in VDR1 and VDR2 is fi lled by 
~3.0 (OH).  The optimized formula for the core sample 
(VDR2) gives the W-site occupation with [(OH)0.87O0.13], 
whereas the W site for the rim sample (VDR1) is occupied 
by [O0.65(OH)0.35]. F was below the detection limit. The 
refi nement of VDR2 in fact shows a difference peak of 
+0.42 e–/Å3 in a distance of 0.57 Å from O1, which can 
be assigned to H1. No such peak that can be associated 
with H1 was found in the refi nement of VDR1. Hence, we 
believe that the optimized values of OH for the W sites, 
which do not result from a direct water determination, are 
approximately correct, which is supported by the water 
determination of sample VDR0 by using the total integrat-
ed absorbance of the near-infrared OH overtones. Sample 
VDR2 needs more OH for a charge balanced formula than 

Table 6. Electron microprobe analyses (wt.%) of other V- and Cr-bearing tourmalines used in this study.

GRR2128 GRR2396 GRR1719 GRR768 GRR2467 Synthetic*

Na2O 1.19 0.98 1.51 1.25 1.13 2.17
CaO 3.29 3.46 1.15 3.26 3.16 0.00
MgO 12.61 13.24 9.68 13.74 11.31 0.03
FeO 0.011 0.064 0.002 0.004 0.033 0.15
Cr2O3 0.049 0.098 0.199 0.140 0.140 0.42
V2O3 0.614 0.294 0.452 0.244 0.044 n.a.
Al2O3 30.02 27.53 32.77 26.69 30.40 51.77
SiO2 35.59 36.39 36.75 36.52 36.04 31.70
F 1.03 1.589 0.25 1.66 0.13 n.a.
MnO 0.001 0.004 0.008 0.010 0.001 0.02
TiO2 0.16 0.49 0.28 1.02 0.898 0.00
ZnO 0.02 0.04 0.01 0.02 0.019 n.a.
Sum 84.58 84.18 83.05 84.56 83.27 86.26

V/(V+Cr) 0.92 0.75 0.67 0.64 0.22 0.00

Note: * Data (sample no. 10) from TARAN et al. (1993) and personal communication (2007). n.a. = not analyzed. The localities of these samples 
are described in Table 1. The Mg-Al disorder between the Y and the Z sites can not be estimated in these samples without structural data.

Formula proportions 

GRR2128:
(Ca0.584Na0.383�0.033) (Mg2.889V3+

0.082Ti4+
0.020Cr3+

0.006Fe0.002Zn0.002) (Al5.771Mg0.229) (BO3) 3 [Si5.902Al0.098O18] (OH)3 [F0.54O0.31(OH)0.15]

GRR2396
(Ca0.611Na0.313�0.076) (Mg2.603Ti4+

0.061V3+
0.039Cr3+

0.013Fe0.009Mn0.001�0.274) (Al5.349Mg0.651) (BO3) 3 [Si6.00O18] (OH)3 [F0.83O0.11(OH)0.06]

GRR1719:
(Na0.477Ca0.200�0.323) (Mg2.356Al0.305V3+

0.059Ti4+
0.034Cr3+

0.026Mn0.001Zn0.001�0.218) Al6 (BO3) 3 [Si6.00O18] (OH)3 [O0.58(OH)0.29F0.13]

GRR768:
(Ca0.574Na0.398�0.028) (Mg2.530Ti4+

0.126V3+
0.032Cr3+

0.018Zn0.002Mn0.001Fe0.001�0.289) (Al5.166Mg0.834) (BO3) 3 [Si6.00O18] (OH)3 [F0.86O0.09(OH)0.05]

GRR2467:
(Ca0.563Na0.365�0.071) (Mg2.772Ti4+

0.108Cr3+
0.018V3+

0.006Fe0.005Zn0.002�0.089) (Al5.966Mg0.034) (BO3) 3 [Si6.00O18] (OH)3 [O0.62(OH)0.31F0.07]

Synthetic:
(Na0.662�0.338) (Al2.598Cr3+

0.052Fe0.020Mg0.007�0.321] Al6 (BO3) 3 [Si4.991Al1.009O18] (OH)3 [O0.67(OH)0.33]
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VDR1, because of the higher defi ciency in Si4+, the higher 
total amount of Mg2+ (which is exchanged by Al3+), and 
the lower amount of Ca2+. Marschall et al. (2004) de-
scribed a strongly disordered dravite (with a small amount 
of [4]B) where the W site is almost completely occupied by 
OH groups.  

The core sample of this V-bearing tourmaline shows 
that Mg-rich, Fe- and Mn-poor tourmaline with a relative-
ly high Al content at the Y site (refl ected by a low <Y-O> 
distance; VDR2: 2.013 Å) can have a relatively high lat-
tice parameter a (~16.0 Å) when the Z site is occupied 
by a relatively high content of Mg (~1.2 apfu), when the 
<X-O> distance (VDR2: 2.687 Å) is relatively large, and 
when the <T-O> distance (VDR2: 1.626 Å) is signifi cant-
ly enlarged.
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