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Abstract. The new tourmaline supergroup mineral dutrowite, Na(Fe2+
2.5Ti0.5)Al6(Si6O18)(BO3)3(OH)3O, has

been discovered in an outcrop of a Permian metarhyolite near the hamlet of Fornovolasco, Apuan
Alps, Tuscany, Italy. It occurs as chemically homogeneous domains, up to 0.5 mm, brown in colour,
with a light-brown streak and a vitreous lustre, within anhedral to subhedral prismatic crystals, up
to 1 mm in size, closely associated with Fe-rich oxy-dravite. Dutrowite is trigonal, space group R3m,
with a = 15.9864(8), c = 7.2187(4)Å, V = 1597.68(18)Å3, and Z = 3. The crystal structure was re-
fined to R1 = 0.0257 for 1095 unique reflections with Fo > 4σ (Fo) and 94 refined parameters. Elec-
tron microprobe analysis, coupled with Mössbauer spectroscopy, resulted in the empirical structural
formula X(Na0.81Ca0.20K0.01)61.02

Y (Fe2+
1.25Mg0.76Ti0.56Al0.42)63.00

Z(Al4.71Fe3+
0.27V3+

0.02Mg0.82Fe2+
0.18)66.00

T [(Si5.82Al0.18)66.00O18] (BO3)
O(3)
3 (OH)O(1)

3 [O0.59(OH)0.41]61.00, which was recast in the empirical or-
dered formula, required for classification purposes: X(Na0.81Ca0.20K0.01)61.02

Y (Fe2+
1.43Mg1.00Ti0.56)63.00

Z(Al5.13Fe3+
0.27V3+

0.02Mg0.58)66.00
T [(Si5.82Al0.18)66.00O18] (BO3)V3 (OH)3

W [O0.59(OH)0.41]61.00. Dutrowite is
an oxy-species belonging to the alkali group of the tourmaline supergroup. Titanium is hosted in octahedral co-
ordination, and its incorporation is probably due to the substitution 2Al3+=Ti4++ (Fe,Mg)2+. Its occurrence
seems to be related to late-stage high-T/low-P replacement of “biotite” during the late-magmatic/hydrothermal
evolution of the Permian metarhyolite.
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1 Introduction

The mineralogy of the Apuan Alps (Tuscany, Italy) has been
studied for more than 150 years, leading to the identification
of more than 300 different mineral species, among which 44
have here their type locality (Table 1). The first new mineral
species to be discovered was the Cu–Pb sulfosalt meneghi-
nite, described by Bechi (1852) from the Pb–Zn–Ag ore de-
posit exploited at the Bottino mine. Since then, another 24
minerals belonging to this mineral group have been identi-
fied following the mineralogical studies done on the small
hydrothermal ore deposits occurring in the Apuan Alps. In
these same localities, new oxide minerals were discovered,
as well as a suite of secondary species related to the alter-
ation of primary sulfides (mainly pyrite – e.g. Biagioni et
al., 2020). Conversely, silicate minerals associated with these
ore deposits were usually neglected, the only exception being
allanite-(La) by Orlandi and Pasero (2006). It is worth not-
ing that several ore deposits embedded in the Paleozoic base-
ment of the Apuan Alps are spatially associated with tour-
malinite bodies (e.g. Benvenuti et al., 1989) and tourmaline-
bearing Permian metarhyolite rocks (Vezzoni et al., 2018).
However, few data on tourmaline supergroup minerals from
the Apuan Alps are available (Benvenuti et al., 1991; Mauro
et al., 2022).

In the framework of an ongoing study of the crystal
chemistry of non-pegmatitic tourmaline supergroup min-
erals from Tuscany (Italy), tourmaline samples from Per-
mian metarhyolite exposed in the Fornovolasco area (south-
ern Apuan Alps) were studied. Preliminary chemical analy-
ses indicated the occurrence of a Ti-rich tourmaline super-
group mineral deserving additional investigations. Further
studies confirmed the preliminary results, and the mineral
dutrowite, as well as its name, were approved by the Com-
mission on New Minerals, Nomenclature and Classification
of the International Mineralogical Association (CNMNC-
IMA) under voting number 2019-082. The name honours
Barbara Lee Dutrow (born 1956), Adolphe G. Gueymard
professor at Louisiana State University, for her contributions
to the understanding of the chemical variability of tourma-
line supergroup minerals, as well as on the petrologic signifi-
cance of staurolite. Holotype material is deposited in the min-
eralogical collection of the Museo di Storia Naturale, Uni-
versity of Pisa, Via Roma 79, Calci (Pisa), under catalogue
number 19890.

This paper describes the new mineral species dutrowite,
discussing its crystal chemistry and its possible petrologic
significance.

2 Occurrence and physical properties

Dutrowite was identified in a sample from the outcrop of
the Fornovolasco Metarhyolite Formation (Pieruccioni et
al., 2018) close to the Boscaccio locality (44◦01′53′′ N,

10◦22′11′′ E), near the small hamlet of Fornovolasco, Fab-
briche di Vergemoli, Apuan Alps, Tuscany, Italy. The Forno-
volasco Metarhyolite Formation is represented by lenticu-
lar bodies of usually massive porphyritic, tourmaline-bearing
metarhyolite embedded in Paleozoic phyllites belonging to
the Lower Phyllites Fm., having an early Cambrian depo-
sitional age (Paoli et al., 2017). Radiometric U–Pb dating
on zircon suggested a Permian crystallization age for the
metarhyolite bodies (Vezzoni et al., 2018). The first pet-
rographic description of these rocks was reported by Bon-
atti (1933), who also described the occurrence of tourmaline
supergroup minerals, characterized by a pleochroism with
ω= light blue and ε= light yellow to colourless. Tourma-
line, intergrown with quartz, occurs as rounded millimetre-
to-centimetre-sized orbicules that are wrapped and locally
cut by the metamorphic foliation as well as small irregu-
lar patches dispersed in the groundmass. The tourmaline or-
bicules represent a primary feature of the Permian magmatic
rock, clearly indicating its subvolcanic intrusive origin.

Dutrowite was found as chemically homogeneous do-
mains within anhedral to subhedral crystals up to 1 mm in
size (Fig. 1); domains of dutrowite can reach up to 0.5 mm
across. Colour is brown, with a light-brown streak. Dutrowite
is transparent, with a vitreous lustre. It is brittle, with an ir-
regular fracture. Hardness was not measured, but it should
be about 7–7.5, by analogy with other members of the tour-
maline supergroup. Calculated density, based on the empiri-
cal formula and unit-cell parameters from single-crystal X-
ray diffraction, is 3.203 g cm−3. In thin section, dutrowite
is transparent and pleochroic, with ω= dark brown and
ε= light brown. It is uniaxial (–). Refractive indices were
not measured; the mean refractive index, calculated accord-
ing to the Gladstone–Dale relation (Mandarino, 1979, 1981),
is 1.800. It is worth noting that, as the chemical composi-
tion of tourmaline supergroup minerals is very complex, it is
unrealistic to unambiguously identify a member of this su-
pergroup on the basis of its optical properties, in agreement
with other chemically complex group of minerals (e.g. allan-
ite group – Armbruster et al., 2006).

In type material, dutrowite is associated with quartz, al-
tered feldspars (both albite and K-feldspar), Mg-rich annite
(hereafter “biotite”), Fe-rich clinochlore, muscovite, and mi-
nor “apatite”, ilmenite, rutile and zircon. Moreover, it is as-
sociated with domains of Fe-rich oxy-dravite.

3 Experiment

3.1 Raman spectroscopy

Micro-Raman spectra were obtained on the sample of
dutrowite shown in Fig. 1 in nearly back-scattered geometry
with a Jobin-Yvon Horiba XploRA Plus apparatus, equipped
with a motorized x–y stage and an Olympus BX41 micro-
scope with a 100× objective (Dipartimento di Scienze della
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Table 1. New mineral species from the Apuan Alps (Tuscany, Italy).

Mineral species Type locality Mineral species Type locality

Sulfides and sulfosalts

Andreadiniite Monte Arsiccio mine Meneghinite Bottino mine
Arsenmarcobaldiite Verzalla Moëloite Seravezza
Arsiccioite Monte Arsiccio mine Parasterryite Pollone mine
Bernarlottiite Seravezza Pellouxite Buca della Vena mine
Boscardinite Monte Arsiccio mine Pillaite Buca della Vena mine
Carducciite Pollone mine Polloneite Pollone mine
Disulfodadsonite Seravezza Protochabournéite Monte Arsiccio mine
Garavellite Frigido mine Pyradoketosite Monte Arsiccio mine
Grumiplucite Levigliani mine Rouxelite Buca della Vena mine
Kenoargentotennantite-(Fe) Pollone mine Scainiite Buca della Vena mine
Marcobaldiite Pollone mine Tetrahedrite-(Fe) Frigido mine
Marrucciite Buca della Vena mine Tetrahedrite-(Hg) Buca della Vena mine
Meerschautite Pollone mine

Oxides

Apuanite Buca della Vena mine Mapiquiroite Monte Arsiccio mine/
Buca della Vena mine

Bianchiniite Monte Arsiccio mine Oxycalcioroméite Buca della Vena mine
Bottinoite Bottino mine Versiliaite Buca della Vena mine
Dessauite-(Y) Buca della Vena mine Zincalstibite Carrara

Carbonates

Zaccagnaite Carrara

Sulfates

Carraraite Carrara Scordariite Monte Arsiccio mine
Giacovazzoite Monte Arsiccio mine Volaschioite Fornovolasco mine
Magnanelliite Monte Arsiccio mine

Phosphates

Bohuslavite Buca della Vena mine

Silicates

Allanite-(La) Buca della Vena mine Scorticoite Scortico-Ravazzone
Dutrowite Fornovolasco Suenoite Scortico-Ravazzone

Terra, Università di Pisa). The 532 nm line of a solid-state
laser was used. The minimum lateral and depth resolution
was set to a few micrometres. The system was calibrated us-
ing the 520.6 cm−1 Raman band of silicon before each ex-
perimental session. Spectra were collected through multiple
acquisitions with single counting times of 120 s, with the un-
filtered laser power (25 mW). Backscattered radiation was
analysed with a 1200 g mm−1 grating monochromator.

3.2 Chemical data and Mössbauer spectroscopy

Quantitative chemical analyses of dutrowite and associated
oxy-dravite were done using a Superprobe JEOL JXA 8200
electron microprobe (WDS mode, 15 kV, 10 nA, 1 µm beam
diameter) at the Eugen F. Stumpfl laboratory, Leoben Uni-

versity (Austria) (Table 2). Natural and synthetic standards
(element, emission line) were rhodonite (SiKα, MnKα), il-
menite (TiKα), sanidine (AlKα, KKα), vanadium (VKα),
olivine (FeKα, MgKα), wollastonite (CaKα) and albite
(NaKα). Fluorine was sought but was below the detec-
tion limit. Boron content was assumed to be stoichiomet-
ric (B= 3 atoms per formula unit, apfu) in accord with
the structural information. In agreement with Pesquera et
al. (2016), Li was considered negligible as MgO con-
tents > 2 wt %. The (OH) content was finally calculated by
charge balance, with the assumption T +Y +Z= 15 apfu
and [O+ (OH)]= 31 apfu. X-ray maps of the studied crys-
tals were collected using the same analytical conditions.

The Fe2+/Fe3+ ratio was determined by Mössbauer spec-
troscopy. However, owing to the small amount of homoge-
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Table 2. Chemical data (in wt %) for dutrowite and associated oxy-dravite.

Constituent Dutrowite Oxy-dravite

Mean (n= 10) Range SD (σ ) Mean (n= 135) Range SD (σ )

SiO2 34.38 33.86–34.77 0.32 37.17 35.28–38.79 0.58
TiO2 4.40 2.78–5.65 0.88 0.36 0.09–1.92 0.26
B2O3(calc) 10.26 10.65
Al2O3 26.63 24.69–28.69 1.35 32.30 28.82–35.30 1.33
V2O3 0.17 0.12–0.22 0.03 0.02 0.00–0.12 0.02
MgO 6.25 5.79–6.52 0.21 5.45 4.55–6.38 0.36
CaO 1.08 0.76–1.51 0.23 0.80 0.24–1.65 0.28
MnO 0.03 0.01–0.05 0.01 0.02 0.00–0.08 0.02
FeOtot 11.99 11.18–12.85 0.58
Fe2O3

∗ 2.11 8.28
FeO∗ 10.10 1.75
Na2O 2.46 2.26–2.71 0.12 2.09 1.77–2.67 0.16
K2O 0.06 0.05–0.07 0.01 0.05 0.00–0.27 0.05
H2Ocalc 3.01 3.12

Total 100.93

Note: n: number of spot analyses. ∗ Calculated according to Mössbauer data.

Figure 1. Photomicrograph of dutrowite in plane-polarized light.
Symbols after Warr (2021): Ap – “apatite”; Bt – “biotite”; Dtw –
dutrowite; Kfs – K-feldspar; Odrv – oxy-dravite; Qz – quartz. “Bi-
otite” is partially altered in “chlorite” and rutile, whereas K-feldspar
is sericitized. Red box corresponds to the area where the grain used
for single-crystal X-ray diffraction was extracted. Type material.
Catalogue number 19890, Museo di Storia Naturale, Università di
Pisa.

neous material, Mössbauer data were collected on several
grains of tourmaline separated from the groundmass and the
tourmaline orbicules occurring in the metarhyolite. Conse-
quently, the obtained values can be considered as a grand
value of tourmaline species with similar Mg and Fe contents

Table 3. Mössbauer parameters for tourmaline (dutrowite and asso-
ciated oxy-dravite) collected at room temperature.

δ 1EQ FWHM I Assignment
(mm s−1) (mm s−1) (mm s−1) (%)

1.08 2.38 0.24 29.8 VIFe2+

1.09 2.58 0.22 19.0 VIFe2+

1.06 2.04 0.31 16.9 VIFe2+

1.04 1.61 0.46 18.5 VIFe2+

0.53 0.69 0.64 15.8 VIFe3+

δ: centroid shift, 1EQ: quadrupole splitting, FWHM: full width at
half-maximum.

and different Ti and Al contents (see Vezzoni et al., 2018).
The Mössbauer spectrum was collected at room temperature
in transmission mode using a 57Co source in Rh matrix with a
nominal activity of 50 mCi. It was acquired over the velocity
range ±4 mm s−1 and was calibrated against α-Fe foil. The
spectrum could be adequately fitted with four quadrupole
doublets assigned to Fe2+ and one doublet assigned to Fe3+

using the program MossA (Prescher et al., 2012) (Table 3).

3.3 X-ray crystallography

Intensity data were collected using a Bruker Apex II diffrac-
tometer equipped with a Photon II CCD area detector and
graphite-monochromatized MoKα radiation. The detector-
to-crystal distance was 50 mm. A total of 983 frames were
collected using ω and ϕ scan modes, in 0.5◦ slices, with an
exposure time of 40 s per frame. The data were corrected
for Lorentz and polarization factors and absorption using
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the software package Apex3 (Bruker AXS Inc., 2016). The
crystal structure of dutrowite was refined using Shelxl 2018
(Sheldrick, 2015). Starting atom coordinates were taken from
Bosi and Skogby (2013). The statistical tests on the dis-
tribution of |E| values and the systematic absences agree
with the space group R3m. The following neutral scattering
curves, taken from the International Tables for Crystallogra-
phy (Wilson, 1992), were used: Na vs. Ca at X, Mg vs. Fe
at Y , and Al vs. Fe at Z. The T and B sites were modelled,
respectively, with Si and B scattering factors and with a fixed
occupancy of 1, because refinement with unconstrained oc-
cupancies showed no significant deviations from this value.
The H(3) and O sites were assumed to be fully occupied by
H and O, respectively. Fully ionized scattering curves were
used for oxygen atoms. The isotropic displacement param-
eter of H(3)H atom was assumed to be 1.2 times of the Ueq
value of the O(3)O atom to which it is bonded. An anisotropic
structural model converged to R1 = 0.026 for 1095 unique
reflections with Fo > 4σ (Fo) and 94 refined parameters. De-
tails of data collection and refinement are given in Table 4.

4 Results and discussion

4.1 Raman spectrum of dutrowite

The micro-Raman spectrum of dutrowite is displayed in
Fig. 2. The Raman shift of the observed bands is shown, as
obtained through fit profile using Fityk (Wojdyr, 2010). In the
region between 100 and 1200 cm−1 (Fig. 2a, b), vibrational
modes of YO6 (in the range ∼ 200–240 cm−1), ZO6 (range
360–375 cm−1), SiO4 rings vibrations (between ∼ 650 and
720 cm−1), BO3 bending and stretching modes (in the range
730–780 cm−1), and SiO4 stretching modes (between 760
and 1120 cm−1) occur, in agreement with previous authors
(e.g. Gasharova et al., 1997; Watenphul et al., 2016a, b). The
stretching of O–H bonds occurs in the region between 3400
and 3800 cm−1 (Fig. 2c).

Watenphul et al. (2016a, b) discussed the relations be-
tween band positions and crystal chemistry of the studied
tourmalines. In particular, the vibrational modes of YO6 and
ZO6 polyhedra are sensitive to the Mg contents and Fe con-
tents, as well as to the Fe oxidation state (Watenphul et al.,
2016b); similarly, the short-range cation distribution around
the O(1) and O(3) sites affects the band positions in the O–
H stretching region (Gonzalez-Carreño et al., 1988; Bosi et
al., 2015; Watenphul et al., 2016a). Specifically, the band at
about 3565 cm−1 is related to O(3), whereas the less-intense
band at about 3636 cm−1 is related to O(1). The latter is con-
sistent with the reduced content of O(1)(OH)0.41 (see below).

4.2 Chemical formula and crystallography of dutrowite

Fractional atom coordinates and displacement parame-
ters of dutrowite are reported in Table 5, and selected
bond distances are given in Table 6. Following Henry et

al. (2011), the empirical ordered formula of dutrowite
is X(Na0.81Ca0.20K0.01)61.02

Y (Fe2+
1.43Mg1.00Ti0.56)63.00

Z(Al5.13Fe3+
0.27V3+

0.02Mg0.58)66.00
T [(Si5.82Al0.18)66.00O18]

(BO3)V3 (OH)3
W [O0.59(OH)0.41]61.00. This formula, useful

for classification purposes, indicates that dutrowite belongs
to a new subgroup, having Y =R2+

2.5R
4+
0.5 and Z=R3+

6 ,
within the alkali group. Oxygen is dominant at W , thus
indicating that dutrowite is an oxy-member of the tourmaline
supergroup. The distribution of Fe2+ and Fe3+ is in keeping
with the results of Mössbauer spectroscopy (Fig. 3), which
are consistent with Fe2+ at the Y position and Fe3+ in the
Z position (e.g. Andreozzi et al., 2008), although a unique
Fe site distribution cannot be achieved due to the unresolved
absorption doublets.

The empirical structural formula of dutrowite was op-
timized using the method of Wright et al. (2000), dis-
tributing cations among the Y , Z, and T sites as follows:
X(Na0.81Ca0.20K0.01)61.02

Y (Fe2+
1.25Mg0.76Ti0.56Al0.42)63.00

Z(Al4.71Fe3+
0.27V3+

0.02Mg0.82Fe2+
0.18)66.00

T [(Si5.82Al0.18)66.00

O18] (BO3)O(3)
3 (OH)O(1)

3 [O0.59(OH)0.41]61.00. Both em-
pirical formulae lead to the end-member composition
Na(Fe2+

2.5Ti0.5)Al6(Si6O18)(BO3)3(OH)3O, corresponding to
(in wt %) SiO2 34.38, TiO2 3.81, B2O3 9.96, Al2O3 29.18,
FeO 17.13, Na2O 2.96, H2O 2.58, total 100.00.

Table 7 compares the site scattering and the proposed site
populations. Bond-valence calculations, weighted according
to the optimized site populations and obtained using the
bond-valence parameters of Brese and O’Keeffe (1991), are
reported in Table 8. There is an excellent match between ob-
served and refined site scattering, i.e. 142.63 vs. 142.20 elec-
trons per formula unit, respectively. Moreover, the W (OH)
content (0.41 apfu) is in good agreement with that calculated
using the equation reported by Bosi (2013): W (OH)={2−
1.01×BVS[O(1)]−0.21−F }= 0.40 apfu, where BVS[O(1)]
is the bond-valence sum at the O(1) site (Table 8).

Owing to the small size of the available material, no X-
ray powder diffraction pattern of dutrowite was collected.
The calculated X-ray powder diffraction pattern, based on
the structural model given in Table 5, is reported in Table 9.

4.3 Titanium in tourmaline supergroup minerals and
crystal chemistry of dutrowite

Dutrowite is the first tourmaline supergroup mineral having
Ti (Z = 22) as a species-forming chemical constituent, al-
though the occurrence of this element in these cyclosilicates
as a minor component is well-known. Titanium-bearing tour-
malines are known from several geological environments,
and some authors have considered this element a geochem-
ical proxy for unveiling the genesis of the studied assem-
blages; for instance, Ribeiro da Costa et al. (2021) suggested
that Ti can be used for discriminating between evolved and
less evolved granitic rocks, the latter being usually richer in
Ti than the former.
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Table 4. Summary of parameters describing data collection and refinement for dutrowite.

Crystal data

Crystal size (mm) 0.080× 0.037× 0.030
Space group R3m
a (Å) 15.9864(8)
c (Å) 7.2187(4)
V (Å3) 1597.68(18)
Z 3

Data collection and refinement

Radiation, wavelength (Å) Mo Kα, 0.71073
Temperature (K) 293(2)
2θmax (◦) 59.98
Measured reflections 7319
Unique reflections 1145
Reflections with Fo > 4σ (Fo) 1095
Rint 0.0441
Rσ 0.0327
Range of h, k, l −22≤ h≤ 20, −17≤ k ≤ 22, −10≤ l ≤ 10
R1 [Fo > 4σ (Fo)] 0.0257
R1(all data) 0.0290
wR2 (on F 2

o )a 0.0457
Goof 1.137
Flack parameterb 0.18(4)
Number of least-squares parameters 94
Maximum and minimum residual peak (eÅ−3) 0.47 [at 1.56 Å from X]

−0.42 [at 1.33 Å from B]

a w = 1/[σ2(F 2
o )+ (0.0043P)2 + 3.6400P ]. b Flack (1983).

Table 5. Sites, Wyckoff positions, site occupancies (s.o.), fractional atom coordinates, and isotropic (∗) or equivalent isotropic displacement
parameters (in Å2) for dutrowite.

Site Wyckoff position s.o. x/a y/b z/c Ueq/iso

X 3a Na0.79(1)Ca0.21(1) 0 0 0.2261(5) 0.0222(14)
Y 9b Fe0.56(1)Mg0.44(1) 0.12384(8) 0.06192(4) 0.6339(2) 0.0104(3)
Z 18c Al0.94(1)Fe0.06(1) 0.29846(8) 0.26189(8) 0.6113(2) 0.0079(3)
B 9b B1.00 0.1105(2) 0.2210(5) 0.4537(9) 0.0107(11)
T 18c Si1.00 0.19173(7) 0.18988(7) 0 0.0070(2)
O(1) 3a O1.00 0 0 0.7818(11) 0.0229(17)
O(2) 9b O1.00 0.06112(14) 0.1222(3) 0.4815(5) 0.0132(8)
O(3) 9b O1.00 0.2665(3) 0.13327(15) 0.5115(5) 0.0130(8)
H(3) 9b H1.00 0.257(5) 0.129(2) 0.380(4) 0.01558∗

O(4) 9b O1.00 0.09235(14) 0.1847(3) 0.0710(5) 0.0125(8)
O(5) 9b O1.00 0.1841(3) 0.09206(14) 0.0896(5) 0.0110(8)
O(6) 18c O1.00 0.19608(19) 0.18670(19) 0.7785(4) 0.0097(5)
O(7) 18c O1.00 0.28443(18) 0.28402(17) 0.0791(4) 0.0099(6)
O(8) 18c O1.00 0.20944(19) 0.2701(2) 0.4412(4) 0.0119(6)

Henry and Dutrow (1996), reviewing the contents of mi-
nor chemical constituents in tourmaline supergroup miner-
als, reported up to 4.07 wt % TiO2; this content was given by
Lottermoser and Plimer (1987) for dravite occurring within
contact rocks in a breccia diatreme at Umberatana, South

Australia. Grice and Ercit (1993) reported data for two tour-
malines having 2.87 wt % and 2.19 wt % TiO2; these values
correspond to 0.40 and 0.29 Ti apfu, respectively. Still higher
TiO2 contents, 4.70 wt %, were later measured in a bosiite-
like tourmaline by Flégr et al. (2016); this weight percent
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Figure 2. Raman spectrum of dutrowite (a) and fitting of the spectral region between 100 and 500 cm−1 (b) and 3400–3800 cm−1 (c).

value corresponds to 0.64 Ti apfu. Scribner et al. (2018)
found 0.26 and 0.28 Ti apfu in Ca-rich tourmaline from the
O’Grady batholith, Northwest Territories, Canada.

Titanium-rich tourmaline supergroup minerals have been
identified in the Třebíč pegmatites, Manjaka and Řečice, in
the Czech Republic, with Ti contents up to 0.55, 0.59, and
0.64 apfu, respectively (Novák et al., 2011; Gadas et al.,
2019). Konzett et al. (2012) measured up to 3.42 wt % TiO2
in tourmaline from (Fe,Ti)-rich eclogite from the Kreuzeck
Mountains, Eastern Alps, Austria.

Titanium was reported by Dutrow and Henry (2022)
in tourmaline from an (anhydrite–gypsum)-bearing
meta-evaporite sampled in the Arignac Gypsum Mine,
France; one spot analysis, having Ti> 0.25 apfu
and YTi> YAl, is consistent with hypothetical
“magnesio-dutrowite”, with empirical ordered for-
mula X(Na0.64Ca0.31�0.05)61.00

Y (Mg2.71Ti0.29)63.00

Z(Al5.56Fe3+
0.18Mg0.26)66.00 [(Si5.93Al0.07)66.00O18]

(BO3)V3 (OH)3
W [O0.50(OH)0.49F0.01]61.00. High-Ti contents

(up to 0.56 apfu) in tourmaline from meta-evaporites were
previously reported by Žáček et al. (2000) from Bolivia.
Another possible occurrence of “magnesio-dutrowite”
is reported by Bačík et al. (2022) in tourmalinites from
Zlatá Idka, Slovakia; these authors found Ti contents up
to 0.38 apfu, and they identified two distinct compositional
trends, i.e. schorl–dutrowite and dravite–“magnesio-
dutrowite”.

Several substitution mechanisms have been proposed
to explain the occurrence of Ti in the crystal structure of
tourmaline supergroup minerals. Some authors have argued
the Ti substitution at the T site (e.g. Povondra, 1981; Grice
and Ercit, 1993), but this statement is not supported by
optical spectra (Rossman and Mattson, 1986). In addition,
the crystal structure refinement of dutrowite does not
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Figure 3. Mössbauer spectrum of tourmaline supergroup minerals
(dutrowite and associated oxy-dravite). Fitted absorption doubled
assigned to Fe2+ and Fe3+ are indicated in green and red colours,
respectively. Diamonds denote measured spectrum, and the black
curve represents summed fitted spectra.

Table 6. Selected bond distances (in Å) for dutrowite.

X –O(2) 2.503(4)× 3 Y –O(1) 2.020(4)
–O(5) 2.733(4)× 3 –O(6) 2.024(3)× 2
–O(4) 2.791(4)× 3 –O(2) 2.028(3)× 2
mean 2.676 –O(3) 2.164(4)

mean 2.048
Z –O(8) 1.899(3)

–O(6) 1.901(3) B –O(8) 1.373(4)× 2
–O(7) 1.909(3) –O(2) 1.382(8)
–O(8) 1.933(3) mean 1.376
–O(7) 1.972(3)
–O(3) 1.9895(19) T –O(7) 1.599(2)
mean 1.934 –O(6) 1.602(3)

–O(4) 1.6316(16)
–O(5) 1.6398(18)
mean 1.618

agree with the occurrence of tetrahedrally coordinated Ti.
Consequently, Ti occurs in octahedral coordination, but its
assignment to the Y or Z site is ambiguous even from a the-
oretical viewpoint (see Appendix 1 in Bosi and Andreozzi,
2013). Gadas et al. (2019) reported the possible substitution
Ca2+

+ 2Ti4++ 2Mg2+
+O2−

=Na++ 4Al3++ (OH)−

for tourmaline from Manjaka, whereas in Ca-poor
tourmaline from Řečice Ti seems to be incorporated
through the substitution Ti4++O2−

=Al3++ (OH)−.
Nabelek (2021) proposed the substitution mechanism
2Na++ (Fe,Mg)2+

+ 2(OH)−=Ca2+
+�+Ti4++O2−,

also observing a negative correlation between Ti and Al, for
tourmalines from tourmalinites in South Dakota, USA. At

Table 7. Refined and calculated site-scattering (s.s., in electrons per
formula unit) and proposed site population (in atoms per formula
unit) for dutrowite.

Site Refined Proposed site population Calculated
s.s. s.s.

X 12.89 Na0.80Ca0.20 12.80
Y 59.52 Fe2+

1.25Mg0.76Ti0.56Al0.42 59.40
Z 82.68 Al4.71Fe3+

0.27V0.02Mg0.82Fe2+
0.18 83.23

6 (Y +Z) 142.20 142.63
T 84.00 Si5.82Al0.18 83.82
B 5.00 B3.00 5.00

Fornovolasco, where dutrowite was discovered, Vezzoni et
al. (2018) pointed out the variability of the crystal chemistry
of tourmaline by a wide range of Fe/(Fe+Mg) ratios, as
well as by different degrees of Al saturation. Moreover,
these authors suggested a positive correlation between the
content of Ti and (Mg+Fe) and a negative relation with
the Al content, which results in the heterovalent substitution
2Al3+=Ti4++ (Fe,Mg)2+.

In addition to chemical data reported in Table 1, collected
on the area where the grain of dutrowite used for the
single-crystal X-ray diffraction study was extracted, other
spot analyses were done on the other domains having brown
and blue absorption colours in transmitted light microscopy
(Fig. 1), respectively. All spot analysis data are deposited in
the Supplement. Brown domains are usually enriched in Ti,
in agreement with previous results obtained, for instance by
da Fonseca-Zang et al. (2008). The blue domain, whose aver-
age chemical composition is given in Table 2, has the follow-
ing empirical ordered formula: X(Na0.66Ca0.14K0.01)60.81
Y (Mg1.33Fe2+

1.13Al0.42Ti0.04)62.92
Z(Al5.79Fe3+

0.21)66.00
T [Si6.07O18] (BO3)3

V (OH)3
W [O0.60(OH)0.40]61.00. This

is another member of the alkali group that, in agreement
with Bosi et al. (2019), corresponds to the end-member
formula Na(Mg2Al)Al6(Si6O18)(BO3)3(OH)3O, which is
oxy-dravite. The blue domain of this tourmaline has a
Mg/(Mg+Fe2+) atomic ratio with an average value of
0.54(2), ranging between 0.47 and 0.60. Consequently, some
domains have a composition with Fe2+ slightly dominant
over Mg and thus probably corresponding to oxy-schorl.

Figure 4 shows the X-ray maps for selected elements in
dutrowite and associated oxy-dravite. Whereas Na is homo-
geneously distributed between these two phases, Ca is de-
pleted in the core of the crystal; the X-ray map collected
using CaKα allows the identification of several anhedral to
subhedral grains of “apatite”. Iron and Mg are rather con-
stant in the crystal of tourmaline, although a slight enrich-
ment seems to occur in the domain enriched in Ti; on the con-
trary, Al is depleted in this latter area. X-ray maps of Fe and
Mg also allow identification of “biotite”, partially replaced
by Fe-rich clinochlore. “Biotite” is also relatively enriched
in Ti (2.70 wt % TiO2, according to Vezzoni et al., 2018);
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Table 8. Weighted bond valence (in valence units) in dutrowite.

Site X Y Z T B 6anions

O(1) 3×→0.46 1.38
O(2) 0.17↓×3 2×→0.45↓×2 0.97 2.04
O(3) 0.31 2×→0.42 1.15
O(4) 0.08↓×3 2×→0.98 2.04
O(5) 0.09↓×3 2×→0.96 2.01
O(6) 0.45↓×2 0.53 1.06 2.04
O(7) 0.52 0.44 1.07 2.03
O(8) 0.53 0.49 0.99↓×2 2.01
6cations 1.02 2.57 2.93 4.07 2.95
Expected 1.20 2.51 2.83 4.00 3.00

Note: left and right superscripts indicate the number of equivalent bonds involving anions and cations, respectively.

Table 9. X-ray powder diffraction data (d in Å) for dutrowite. In-
tensity and dhkl were calculated using the software PowderCell 2.3
(Kraus and Nolze, 1996) on the basis of the structural model given
in Table 5. Only the reflections with Icalc > 5 are given. The seven
strongest reflections are given in bold.

Icalc dcalc h k l Icalc dcalc h k l

42 6.40 1 0 1 7 2.134 3 0 3
17 5.00 0 2 1 11 2.061 2 2 3
18 4.61 3 0 0 41 2.048 1 5 2
52 4.24 2 1 1 8 2.026 1 6 1
60 4.00 2 2 0 24 1.925 3 4 2
48 3.493 0 1 2 7 1.882 1 4 3
6 3.390 1 3 1 7 1.855 6 2 1
9 3.021 4 1 0 5 1.665 6 0 3
61 2.971 1 2 2 14 1.665 0 6 3
9 2.907 3 2 1 12 1.647 2 7 1
100 2.585 0 5 1 17 1.599 5 5 0
7 2.406 0 0 3 5 1.532 7 2 2
14 2.384 2 3 2 14 1.512 0 5 4
13 2.351 5 1 1 14 1.461 5 1 4
14 2.197 5 0 2 5 1.454 6 4 2
10 2.171 4 3 1 5 1.436 7 4 0

minor Ti-rich oxides (rutile, ilmenite) can also be observed.
This qualitative description is confirmed by a quantitative es-
timation based on electron microprobe analysis.

Chemical variability of dutrowite and associated oxy-
dravite is shown in Fig. 5. In agreement with Novák et
al. (2011), considering Altot= 6 apfu as a threshold for
Al saturation, dutrowite is usually Al-undersaturated, i.e.
Al< 6 apfu, whereas associated oxy-dravite is richer in Al,
with Al up to 6.8 apfu. The low Al content of Ti-bearing
tourmalines was also reported by Scribner et al. (2018).
Dutrowite has a slightly lower Na/(Na+Ca) ratio than oxy-
dravite; the lower value is not related to higher Ca con-
tent in the former, but to lower Na content in oxy-dravite,
that has similar Ca contents but a higher amount of va-

cancy at the X site. Magnesium and Fe2+ are positively cor-
related in oxy-dravite and dutrowite, with Fe and Mg en-
riched in the latter. This behaviour is related to the nega-
tive correlation between the (Mg+Fe2+) and Al content:
dutrowite, having the highest (Mg+Fe2+) content, is Al-
undersaturated. It is worth noting that (Mg+Fe2+) has a
positive correlation with Ti4+, suggesting the substitution
mechanism 2Al3+=Ti4++ (Mg,Fe)2+. This substitution is
further strengthened by the negative correlation between the
contents of Ti and R3+ cations occurring in dutrowite, mainly
represented by Al, with minor content of Fe3+ and V3+; this
agrees, for instance, with the results of Novák et al. (2011).
The possible involvement of Ca2+ in the substitution favour-
ing the incorporation of Ti in the crystal structure of tour-
maline, suggested by some authors (e.g. Dini et al., 2008;
Gadas et al., 2019), is not supported by the current data; in-
deed, chemical data are quite scattered, and Ca enrichment
in dutrowite with respect to oxy-dravite (∼ 0.06 apfu) is low.
Consequently, chemical data collected on type material of
dutrowite are consistent with previous studies on both nat-
ural (e.g. Žáček et al., 2000; Konzett et al., 2012) and syn-
thetic (Vereshchagin et al., 2022) tourmalines, indicating the
substitution 2Al3+=Ti4++ (Mg/Fe)2+ as the most proba-
ble substitution in Ti-rich members of the tourmaline super-
group. Some previous data also indicated a decrease in the
OH content and an increase in the oxy-nature of tourma-
lines (e.g. Gadas et al., 2019), coupled with the Ti incor-
poration via the substitution Al3++ (OH)−=Ti4++O2−.
Such a mechanism may also occur in dutrowite, possi-
bly coupled with the other involving Mg and Fe, e.g.
3Al3++ (OH)−= 2Ti4++ (Fe,Mg)2+

+O2−.
These substitution mechanisms should favour an in-

crease in the unit-cell parameters, indeed, in agreement with
the ionic radii of Shannon (1976), rMg > rTi > rAl. Dot-
torini (2019) gave the crystallographic data of the tour-
maline supergroup minerals occurring in the Fornovolasco
Metarhyolite Formation and reported SEM-EDS data. Ac-
cording to these data, tourmaline can be classified as oxy-

https://doi.org/10.5194/ejm-35-81-2023 Eur. J. Mineral., 35, 81–94, 2023



90 C. Biagioni et al.: Dutrowite – a new tourmaline from the Apuan Alps (Tuscany, Italy)

Figure 4. X-ray maps collected on dutrowite and associated oxy-
dravite (see Fig. 1).

dravite. Refined unit-cell parameters are a = 15.9544(2),
c = 7.1892(1)Å, and V = 1584.80(5)Å3. In agreement with
the observed chemical variations, dutrowite has larger a, c,
and V values, with 1a =+0.2 %, 1c =+0.4 %, and 1V =
+0.8 %.

4.4 Genesis of dutrowite

Dutrowite occurs in the groundmass of the porphyritic
metarhyolite belonging to the Fornovolasco Metarhyolite
Formation. Actually, it was identified in an unusual sample,
characterized by the presence of “biotite”. This is a rare min-
eralogical feature of the Fornovolasco Metarhyolite, since
the relics of “biotite” phenocrysts are usually completely re-
placed by Fe-rich clinochlore, quartz, and rutile (Vezzoni et
al., 2018). Textural data indicating the relations of dutrowite
with oxy-dravite are limited to a few observations, and the re-
lations between these two phases are not clear. For instance,
some zoned crystals, cut orthogonal to the c axis, show a
Ti-enriched core (even if with Ti content < 0.25 apfu, i.e.
not enough to classify the sample as dutrowite) and an oxy-

dravitic rim (see Fig. 7 in Vezzoni et al., 2018). Although this
texture might suggest that Ti-richer domains crystallized ear-
lier, possibly at higher T, other tourmaline grains in the same
specimen do not show such a regular zoning. For instance,
the crystal in Fig. 1 is distinctly zoned, with a sector corre-
sponding to oxy-dravite and the other in contact with “bi-
otite” and partially replacing it. However, as usually occurs
in relatively high-T late-magmatic/hydrothermal tourmalines
in granitoid rocks, the mineral shows very complex, patchy
zoning with no clear core-to-rim zoning.

As discussed above, “biotite” is a host for Ti in metarhy-
olite and may have played some role in the crystallization
of dutrowite. Some authors (e.g. Dini et al., 2008; Gadas
et al., 2019; Nabelek, 2021) stressed the role of this mica
as a source of Ti for Ti-enriched tourmaline. Boron meta-
somatism and crystallization of tourmaline as a replace-
ment of earlier magmatic silicates is well-known during
the late-magmatic and early-hydrothermal evolution of sev-
eral granitic intrusions (e.g. Woodford et al., 2001; Dini et
al., 2008). These processes affected also the Fornovolasco
Metarhyolite and could be related to the pre-Alpine tour-
malinization and sericitization processes described by Vez-
zoni et al. (2020). Biotite from metarhyolite has Mg/(Mg+
Fe)= 0.39, lower than that of both dutrowite (0.48) and oxy-
dravite (0.54, ranging between 0.47 and 0.60). Consequently,
some Fe could have been lost during the genesis of tourma-
line, or it could have been fixed in pyrite, frequently occur-
ring in metarhyolite. Preferential mobilization of Fe during
the interaction between biotite and late-magmatic hydrother-
mal fluids is indicated by metasomatic tourmaline with a
Mg content higher than that of the replaced biotite (Dini
et al., 2008) as well as by hydrothermal experiments (Or-
lando et al., 2017). Moreover, the rather constant Ca con-
tent [Ca/(Na+Ca)∼ 0.20] in tourmaline could be sourced
by plagioclase. Unfortunately, magmatic plagioclase is com-
pletely replaced by albite in the Fornovolasco Metarhyolite;
however, a composition close to An20 is probable for the pris-
tine plagioclase in this rock. The tourmalinization of mag-
matic silicates could also release SiO2, favouring the forma-
tion of late-stage quartz veins in the metarhyolite and sur-
rounding rocks.

Vereshchagin et al. (2022), on the basis of synthesis ex-
periments, suggested that low-P conditions are favourable to
Ti enrichment in tourmalines. As regards temperature condi-
tions, a comparison with the Ti enrichment in other silicates
can be proposed. For instance, “biotite” is enriched in Ti at
low-P (as for tourmaline) and high-T (Henry et al., 2005). If
so, dutrowite could be the result of the high-T/low-P replace-
ment of “biotite” in the Fornovolasco Metarhyolite during the
late-magmatic/hydrothermal evolution of this Permian intru-
sive rock.

The oxy-nature of both dutrowite and oxy-dravite does
not necessarily imply an oxidizing geological environment,
which would not be in accord with the local precipitation
of pyrite and other sulfides in metarhyolite. As observed
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Figure 5. Relations between chemical constituents in dutrowite (brown circles) and associated oxy-dravite (blue circles).

in some oxy-tourmalines (e.g. Bačík et al., 2013), the de-
protonization reaction could be simply due to local charge-
balance requirements related to high-charged cations (e.g.
Al3+, Ti4+), being the mineralogical expression of specific
rock geochemistry.

5 Conclusion

Dutrowite is the first tourmaline supergroup mineral with Ti
as a species-forming chemical constituent. Its finding and
description improve the knowledge of the crystal chemistry
of this important group of cyclosilicates and give some in-
sights into the enrichment of Ti in these minerals, suggest-
ing substitution mechanisms and the role of “biotite” as a
source of Ti during the late-stage evolution of the magmatic–

hydrothermal system associated with the emplacement of the
Fornovolasco Metarhyolite Formation.

Available data also encourage a more accurate petrolog-
ical study on this recently described geological formation
(Pieruccioni et al., 2018), focusing on the tourmaline super-
group minerals, which show wide chemical variability. Their
characterization may help in deciphering the evolution of this
sector of the northern Apennines during both the Permian
magmatic–hydrothermal history and the subsequent Alpine
tectono-metamorphic events.

Data availability. The Crystallographic Information File data of
dutrowite are available in the Supplement. Additional chemical data
of dutrowite and associated oxy-dravite are also made available.
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Žáček, V., Frýda, J., Petrov, A., and Hyršl, J.: Tourmalines of the
povondraite – (oxy)dravite series from the cap rock of meta-
evaporite in Alto Chapare, Cochacamba, Bolivia, J. Czech Geol.
Soc., 45, 3–12, 2000.

Eur. J. Mineral., 35, 81–94, 2023 https://doi.org/10.5194/ejm-35-81-2023


	Abstract
	Introduction
	Occurrence and physical properties
	Experiment
	Raman spectroscopy
	Chemical data and Mössbauer spectroscopy
	X-ray crystallography

	Results and discussion
	Raman spectrum of dutrowite
	Chemical formula and crystallography of dutrowite
	Titanium in tourmaline supergroup minerals and crystal chemistry of dutrowite
	Genesis of dutrowite

	Conclusion
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

