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Abstract. An unusual variety of fibrous tourmaline, not previously described on the island of Elba, was studied
using a multi-analytical approach, including powder X-ray diffraction, scanning electron microscopy, electron
probe micro-analysis, Raman spectroscopy, and in situ B-isotopic analyses. The investigated sample comes from
a miarolitic cavity of the Rosina granitic pegmatite outcropping in the San Piero in Campo area (Elba, Italy)
and consists of three generations of tourmaline: a pale green prismatic tourmaline about 200 µm thick and 1 mm
long (Tur I); a co-axial tight overgrowth of a dark fibrous cap at the analogous pole termination of the prismatic
tourmaline (Tur II); and colourless acicular single crystals about 1 µm thick and 28 µm long (Tur III), which form
radial aggregates on both sides of the prismatic crystal, mostly concentrated around the fibrous termination. The
prismatic crystal has a large core of elbaite (Tur Ia) and a relatively thin rim, consistent with Ca-bearing fluor-
elbaite (Tur Ib). The fibrous cap is made of an inner dark-coloured (Fe,Mg)-bearing darrellhenryite (Tur IIa)
terminated by an outer black schorl prone to foitite (Tur IIb). The acicular single crystals Tur III have a complex
composition corresponding, on average, to (Ca,F)-rich, (Fe,Mg)-bearing darrellhenryite. On top of the radial
aggregates of acicular single crystals, there are globular terminations formed by rose-shaped lath-like particles,
which are made of a mixture of layer silicates.

The most likely scenario for the formation of the studied tourmaline assemblage involves the miarolitic cavity
fracturing due to a mechanical shock, the subsequent circulation of the highly reactive cavity fluids, and the
leaching of accessory biotite in the surrounding pegmatite, which account for the overgrowth of the fibrous cap
of dark Tur IIa and black Tur IIb on top of the prismatic elbaite. Leaching of accessory fluorapatite provided
late (Fe,Mg)-poor, (Ca,F)-rich fluids that determined the crystallization of the acicular Tur III. The late, highly
reactive fluids also interacted with the prismatic tourmaline, locally modifying its rim composition and forming
Tur Ib. Moreover, the leaching of local petalite provided Li, Al, and SiO2 that contributed to the crystallization
of Tur Ib and Tur III, as well as the final rose-shaped lath-like particles.
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1 Introduction

The island of Elba in the Tuscany region of Italy is famous
all over the world for its outstanding mineralogical occur-
rences in miarolitic pegmatite outcropping in the San Piero in
Campo area, which were, mostly during the 19th century, the
object of extensive mining for the collection of mineral speci-
mens. The most researched and attractive mineral frequently
found in these pegmatites is prismatic tourmaline, exhibit-
ing pastel colours ranging from black to yellow, green, pink,
colourless, blue, red, and purple. These multicoloured crys-
tals occur on a quartz and feldspar matrix and grow in the
direction of the analogous pole (Pezzotta, 2021), although
post-crystallization breakage of the crystals has occurred,
and overgrowth is observed at both terminations (Altieri et
al., 2023a). In addition, tourmaline from Elba can also oc-
cur as acicular crystals, which form, in some cases, fibrous
aggregates. This latter morphological variety has been noted
since the first description of Elba tourmalines, dating back
to the second half of the 19th century (D’Achiardi, 1894,
1897). In modern times, Pezzotta et al. (1996), Tonarini et
al. (1998), and Aurisicchio et al. (1999) have described the
morphological aspects and compositional variation of such
acicular tourmalines, evidencing that their composition typi-
cally belongs to foitite or schorl.

The compositional study of fibrous tourmaline aggregates
is of great assistance for the understanding of tourmaline
minerogenesis and crystallization paths. Fibrous tourmalines
typically develop at relatively low temperatures and pres-
sures (T<400 °C; P<3 kbar according to Dutrow and Henry,
2016), and their composition, as well as that of all tourma-
lines, is a direct expression of the evolution of both the petro-
logical environment and the fluids from which they crystal-
lize (Federico et al., 1998; Lussier et al., 2008a, b; Bosi et al.,
2015a, b, 2018, 2019; Dutrow and Henry, 2016; Andreozzi et
al., 2020, 2025). The crystallization of foititic fibres requires
conditions with less than 0.25 mol L−1 of Na, whereas the
crystallization of alkaline tourmalines needs fluids with a rel-
atively high Na content (> 0.25 mol L−1) (von Goerne et al.,
2001; Dutrow and Henry, 2016). One of the best examples of
fibres’ close relationship with the evolving hydrothermal en-
vironment was provided by Dutrow and Henry (2000), who
described the tourmaline fibre intergrowth from the Cruzeiro
mine, Minas Gerais (Brazil). The latter authors identified the
first generation of dark blue foitite, the second generation
of blue-grey Li-rich schorl that gradually turns to Fe-rich
elbaite, and the third generation of yellowish-green fluor-
elbaite, with the sequence revealing the compositional evo-
lution of the magmatic and hydrothermal fluids involved in
the formation of the Cruzeiro pegmatite.

In Elba pegmatites, fibrous tourmaline exhibits composi-
tions related to two main parageneses: (1) a foititic com-
position as fibrous overgrowth of polychrome crystals as-
sociated with the crystallization of zeolites at the beginning
of a zeolite hydrothermal stage and (2) a schorlitic compo-

sition as occasionally massive fibrous overgrowth of poly-
chrome crystals, related to a late hydrothermal stage asso-
ciated with pocket fracturing, followed by a fracture-related
circulation system (Aurisicchio et al., 1999). The growth of
“hear-like” crystals of both foititic and schorlitic composi-
tion is restricted to the analogous pole termination of pris-
matic multicoloured crystals that range in composition from
(a) schorl, fluor-schorl, and elbaite to (b) fluor-elbaite, tsi-
laisite, fluor-tsilaisite, and rossmanite. Moreover, prismatic
crystals with fibrous overgrowth frequently occur in cavities
of complexly zoned pegmatite bodies (Pezzotta et al., 1996;
Tonarini et al., 1998; Aurisicchio et al., 1999).

The present study focuses on an additional variety of fi-
brous tourmaline from Elba that has not been described until
now. It consists of three generations of tourmaline, with a late
phase forming a “fur-hat-like” aggregate (Fig. 1).

1.1 Tourmaline crystal chemistry

Tourmaline is a widespread borosilicate with a trigonal
crystal structure (space group R3m) consisting of six-
membered rings of TO4 tetrahedra (T6O18) and isolated
BO3 triangles linked by a trigonal antiprism XO9 (located
along the threefold axis passing through the centre of each
six-membered ring), larger octahedra YO6, and smaller
octahedra ZO6 (Bosi and Lucchesi, 2007; Gatta et al., 2012;
Bosi, 2018). The tourmaline supergroup encompasses a
large number of mineral species with a general formula
XY3Z6(T6O18)(BO3)3V3W, where X= [Na+, K+, Ca2+, �
(= vacancy)] at the [9]X site, Y= (Al3+, Fe3+, Cr3+, V3+,
Mg2+, Fe2+, Mn2+, Li+) at the [6]Y site, Z= (Al3+, Fe3+,
Cr3+, V3+, Mg2+, Fe2+) at the [6]Z site, T= (Si4+, Al3+,
B3+) at the [4]T site, and B=B3+ at the [3]B site. More-
over, the letters V and W represent the two anion groups
V= [(OH)−, O2−] and W= [(OH)−, F−, O2−] located
at the [3]-coordinated O3 and O1 crystallographic sites,
respectively (Hawthorne and Henry, 1999). The primary
classification of the tourmaline-supergroup minerals is based
on the X-site occupancy to give the three groups of X-site
vacant, alkali, and calcic tourmaline; in the next step the
general tourmaline species are named hydroxy-, fluor-, or
oxy-species according to the type of W anion (Henry et al.,
2011). The hydroxy- prefix is by convention not reported,
leaving only the root name: as an example, the name foitite
is used for an X-site vacant tourmaline of the ideal formula
X�Y(Fe2+

2Al)ZAl6 TSi6O18(BBO3)3
V(OH)3

W(OH),
while schorl and elbaite are alkali tourmaline
(with the X site filled by Na) of ideal formulae
XNaYFe2+ Z

3 Al6 TSi6O18(BBO3)3
V(OH)3

W(OH) and
XNaY(Li1.5Al1.5)ZAl6 TSi6O18(BBO3)3

V(OH)3
W(OH),

respectively. Moreover, the oxy- prefix is not used when the
ideal formula already encompasses the WO, as in the darrell-
henryite, XNaY(Al2Li)ZAl6 TSi6O18(BBO3)3

V(OH)3
WO.
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Figure 1. Prismatic tourmaline crystal with fur-hat-like analogous termination from Elba: (a) image of the sample captured with a stereo-
scopic microscope and (b) sketch of the textural relations among the various generations of tourmaline occurring in the studied sample, with
(1) a pale green prismatic tourmaline (Tur I) about 200 µm thick and 1 mm long; (2) a co-axial tight overgrowth of a dark fibrous cap (Tur
II) at the analogous pole termination of the prismatic tourmaline; and (3) colourless acicular single crystals about 1 µm thick and 28 µm long,
which form radial aggregates (Tur III) mostly concentrated around the fibrous termination and covered by tiny globular masses of a whitish
mineral, forming a fur-hat-like morphology.

2 Sample description and analytical methods

2.1 Geological setting and sample description

The studied tourmaline sample has been collected in the
Rosina pegmatite, which is located a few hundred metres
south of the village of San Piero in Campo (Elba, Italy). This
pegmatite was discovered in early 1990, and it was mined
for both collectibles and specimens suitable for scientific re-
search (Pezzotta, 2021). The pegmatite is hosted in a por-
phyritic monzogranite at the eastern border of the Monte Ca-
panne pluton, it has a complex shape, and it trends roughly
N–S with a variable dip angle of 40–75° W (Pezzotta, 2000).
The major productive section of the body is approximately
14 m long and 0.6–2.1 m wide. In general, the shallowest
portions of the pegmatite body are characterized by mostly
aplitic textures with minor coarse-grained pegmatitic lenses,
whereas going deeper, the body becomes more pegmatitic
and divides into two major branches that are interconnected
by several small veinlets (Pezzotta, 2000; Bosi et al., 2022).
Thin radial fractures and features consistent with cavity col-
lapse are evident around the larger miarolitic cavities. The
presence of corroded and altered biotite, sekaninaite, spessar-
tine garnet, petalite, and minor fluorapatite in the pegmatitic
rock surrounding the cavities suggests, together with albiti-
zation of K-feldspar, fluid circulation during the latest stages
of pegmatite evolution (Pezzotta, 2000; Bosi et al., 2022; Al-
tieri et al., 2023a).

The studied tourmaline was collected by one of the au-
thors (Federico Pezzotta) in a small cavity (a few centimetres
across) found along the southern extension of the pegmatite,
in the intermediate-border zone of the vein. The paragenesis

of the cavity is typically composed of albite, K-feldspar, and
quartz, with accessory schorl evolving to elbaite. The cav-
ity is coated by a very thin layer of uncharacterized material
(possibly a mixture of zeolites and amorphous silica).

That is, the studied sample is a prismatic crystal of tour-
maline a few millimetres long that appears dark coloured at
the base (portion not examined in this study), almost colour-
less in the middle, and dark coloured at the fibrous cap. It
consists of a tourmaline aggregate tentatively attributed to
various generations: (1) a pale green prismatic tourmaline
about 200 µm thick and 1 mm long (Tur I); (2) a co-axial tight
overgrowth of a dark fibrous portion (Tur II) at the analogous
pole termination of the prismatic tourmaline; and (3) sparse
colourless acicular single crystals (Tur III), which form radial
aggregates mostly concentrated around the fibrous termina-
tion and covered by tiny globular masses of a whitish min-
eral, taking on a fur-hat-like morphology (Fig. 1a, b). Scan-
ning electron microscopy (SEM) images reveal that the fur-
hat-like morphology is produced by radial clusters of colour-
less acicular tourmaline crystals topped by small globes of
rose-shaped crystals (Fig. 2a, b). The acicular tourmaline
crystals, appearing on both sides of the prismatic crystal, are
elongated trigonal prisms with a flat termination (Fig. 2c,
d), and their diameter ranges from 0.2 to 3.8 µm (average
1.1 µm), while their length ranges from 3.8 to 103 µm (av-
erage 28.3 µm).

2.2 Electron microscopy

Morphological observations were performed using a field
emission gun (FEG) SEM FEI Nova NanoSEM 450 FEG-
SEM equipped with an energy dispersive X-ray (EDX) spec-
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Figure 2. Representative SEM images of the tourmaline sample investigated: (a) the low-magnification SEM image shows the prismatic
tourmaline crystal covered on top by an aggregate of smaller crystals; (b) the “hat” of the prismatic crystal is formed by a radial aggregate
of acicular tourmaline crystals, the tips of which are covered by a globe of clay mineral flakes; and (c, d) single crystals of the acicular
tourmaline are elongated trigonal prisms with a flat termination.

trometer. Operating conditions were 15 kV accelerating volt-
age, 3.5 µA emission current, 20 nA beam current, and 6 mm
working distance. An aliquot of raw sample was suspended
in distilled water and fixed on an aluminium stub with
double-stick carbon tape and then sputter-coated with gold
(10 nm of thickness) using an Emitech K550 gold sputter
coater. Images were acquired using the signal of secondary
(SE) and backscattered (BSE) electrons. FEG-SEM was also
used to observe sections of tourmaline crystals embedded in
epoxy resin.

2.3 Powder X-ray diffraction (XRD) and Rietveld
refinement

Fragments of the upward growth sector of the prismatic tour-
maline crystal Tur I, picked close to the contact with the fi-
brous terminations, were successfully isolated from the other
two tourmaline portions (Tur II and Tur III) under the optical
microscope and investigated using powder XRD to obtain the
structure characterization.

The fragments of the prismatic tourmaline were ground
into a fine powder in agate mortar, and the powder was
loaded on a plexiglass sample holder. The Rietveld struc-
ture refinement was conducted using powder data collected

with a Philips 1710 diffractometer in the range 5–120°2θ .
The step scan was 0.01°2θ , and counting statistics were 10 s
per step for the low-angle region (5–37°2θ ) and 20 s per step
for the high-angle region (37–120°2θ ). A 1° fixed divergence
slit, 0.2 mm fixed receiving slit, 1° fixed antiscatter slit, and
gas proportional detector were used to collect the intensity
data sets. The structure refinement was performed using the
GSAS (Larson and Von Dreele, 1994) package and its graph-
ical interface EXPGUI (Toby, 2001).

The fit of the pattern was successfully accomplished us-
ing the elbaite input model with the coordinates taken from
Bosi et al. (2005) in the space group R3m. The site pop-
ulations were kept fixed to the values determined from the
quantitative chemical analysis (see below). During the re-
finement procedure, the background profile was fitted with
a Chebyshev polynomial function with a variable number of
coefficients. The profile of the diffraction peaks was mod-
elled using a pseudo-Voigt function with one Gaussian and
two Lorentzian components. The refinement of the atomic
coordinates and the isotropic thermal parameters has been
performed with the aid of soft constraints: Si–O= 1.62(2) Å
was imposed with an initial weight of 106 and was used as
additional observations in the earlier stages of the refinement,
progressively reduced to the value of 15.

Eur. J. Mineral., 37, 437–453, 2025 https://doi.org/10.5194/ejm-37-437-2025
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2.4 Electron probe micro-analysis (EPMA)

The quantitative chemical composition of the carbon-coated
tourmaline portions was obtained using a JEOL 8200 elec-
tron superprobe microanalyzer equipped with a wavelength-
dispersive X-ray (WDS) spectrometer system and a W
hairpin-type filament. The detectable wavelength is 0.087 to
9.3 nm. The atomic number resolution on BSE (Z) is less
than or equal to 0.1 (CuZ). The following analytical condi-
tions were used: an excitation voltage of 15 kV, a specimen
current of 5 nA, a peak-count time of 30 s, and a background-
count time of 10 s. The instrument is also equipped with an
EDX system characterized by a detectable element range of
Na to U with an energy resolution of 144 eV and a lithium
(Li)-doped silicon single-crystal semiconductor detector. Be-
fore carrying out the analysis, an aliquot of the sample was
embedded in epoxy resin (shaped into a disc with a diameter
of 25 mm) and then polished to achieve a flat, shiny surface.
For each spot analysis, the following elements were deter-
mined: Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, F, and Cl. The
standards utilized were grossular garnet for Si, Al, and Ca;
ilmenite for Ti; fayalite for Fe; rhodonite for Mn; forsterite
for Mg; omphacite for Na; orthoclase for K; hornblende for
F; and scapolite for Cl. The raw data were corrected for ma-
trix effects.

2.5 Raman spectroscopy

Unpolarized micro-Raman spectra were acquired on
tourmaline-free samples and cross-sections in epoxy resin in
nearly back-scattering geometry using two spectrometers.
The first one is a Horiba LabRam (HORIBA Scientific, Ky-
oto, Japan) micro-spectrometer with 300 mm focal length,
a holographic 1800 grooves mm−1 grating, and a Peltier-
cooled silicon CCD (1024× 256 pixels). The spectrometer
is equipped with an Olympus BX40 microscope (4×, 10×,
50× ULWD and 100× objectives) and an XY motorized
stage. A He–Ne laser (632.8 nm) and a Nd : YAG laser
(473.1 nm) were used as excitation. The spectral resolution
is ∼ 2 cm−1 (at 632.8 nm) or ∼ 4 cm−1 (at 473.1 nm).
The second instrument is a Horiba LabRam HR Evolution
(HORIBA Scientific, Kyoto, Japan) micro-spectrometer with
800 mm focal length and a liquid-nitrogen-cooled silicon
CCD. For this set of measurements, a 600 grooves mm−1

grating was used. The spectrometer is equipped with an
Olympus BX41 microscope (5×, 10×, 50× ULWD and
100× objectives) and an XYZ motorized stage with aut-
ofocus. The measurements were made using a Nd : YAG
laser (532 nm), a He–Ne laser (632.8 nm), and a diode laser
(785 nm). The spectral resolution is ∼ 1 cm−1 (785 nm),
∼ 2 cm−1 (632.8 nm), and ∼ 3 cm−1 (532 nm). The systems
were calibrated using the 520.6 cm−1 Raman peak of silicon
in the low-wavenumber spectral range and using the emis-
sion lines of a gas lamp in the high-wavenumber range. The
laser power on the sample was kept lower than 3 mW using

neutral density filters. The minimum spatial resolution was
∼ 2 µm, for both systems, using the 50× ULWD objective.
Typical acquisitions were 30 s repeated four times. Data
analysis, background subtraction, and Gaussian–Lorentzian
deconvolutions were performed with LabSpec 5 software.
The fluorescence background was removed by subtracting
a polynomial curve as the baseline. The presence of epoxy
resin signals was checked in the cross-section spectra, and,
when present, they were indicated or removed.

2.6 In situ B isotopes

In situ B-isotopic analyses were performed on selected tour-
maline portions mounted in epoxy resin. Isotopic data were
obtained using a double-focusing MC-ICPMS with a forward
Nier–Johnson geometry (Thermo Fisher Scientific, Nep-
tune™) coupled to a 213 nm Nd : YAG laser ablation system
(New Wave Research™). Three of nine Faraday cups were
used to collect the following masses: 10B (L3), ∼ 10.5 (cen-
tral), and 11B (H3). The instrument was tuned using NIST-
612 reference material and an in-house standard (Lipari ob-
sidian, close to B6 material in Tonarini et al., 2009). During
the analytical session, the NIST-612 reference material was
analysed to check the accuracy and precision of the measure-
ments and was later used for the 11B / 10B ratio (δ11B) calcu-
lation. The in-house standard was used to check the accuracy
and precision treated as unknown. Isotopic ratios were ac-
quired in static mode with a block of 200 cycles (including
laser warm-up, ∼ 120–125 cycles of analysis, and washout),
an integration time of 1 s, a laser spot of 40 µm, and a fluence
of ∼ 10 J cm−2 with a He flux of ∼ 0.6 L min−1. Two pris-
matic tourmaline crystals (one larger and one smaller, three
spots each) and the overgrowing fibres of the larger crystal
(two spots) were analysed in this way. A line of ∼ 2300 µm
perpendicular to the larger tourmaline crystal was also ac-
quired to evaluate potential variations perpendicular to the
crystal growth in the prismatic portion. Data reduction was
performed with in-house Excel software. 11B / 10B ratios
were converted in delta notation reported to NIST-951 by us-
ing NIST-612 (δ11B=−0.51 ‰; Aggarwal and You, 2017)
after bracketing. The quality control in-house reference ma-
terial Lipari yielded an average δ11B of −1.89± 0.96 ‰
(n= 4; error of 2×SD), in agreement with values reported
for solution analyses on fragments (−1.68± 0.66 ‰; Tonar-
ini et al., 2003). NIST-612 (ca. 30 ppm of B) yielded an ex-
ternal reproducibility of 0.35 ‰ (n= 4; 2×SD).

3 Results

3.1 Tourmaline crystal chemistry

The results of the Rietveld structure refinement of the pris-
matic tourmaline crystal Tur I are reported in Table 1. Lat-
tice constants are a = 15.8225(3) and c = 7.0985(1) Å. Ta-
ble 2 reports the relevant calculated interatomic distances.
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Figure 3. Rietveld structure refinement of the studied prismatic tourmaline crystal Tur I: observed vs. calculated curve and difference in
curves in selected low-angle (a) and high-angle (b) regions.

Figure 4. Tourmaline prismatic crystal with fibrous cap and acicular crystals on the side: (a) cross-section SEM image and (b–d) SEM-EDX
elemental maps. The black arrow in (d) indicates the area shown in more detail in (e) and (f).
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G. B. Andreozzi et al.: Fibrous tourmaline from San Piero in Campo (Elba, Italy) 443

Figure 5. Chemical zoning patterns of the studied sample along a longitudinal traverse representative of the evolution from a prismatic to a
fibrous tourmaline (areas from F to A). (a) BSE image showing the positions of EPMA spot analyses and (b) Fe, (c) Mg, (d) Al, (e) Na, (f)
X-site vacancy, (g) Ca, and (h) F variation as a function of the position along the traverse. The distance between the spots is 25 µm.
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Figure 6. Chemical zoning patterns of the studied sample along an alignment perpendicular to the c axis representative of the core–rim
evolution of the prismatic tourmaline: (a) BSE image showing the positions of EPMA spot analyses and (b) Ca, Na, and F variation as a
function of the position along the alignment. The distance between the spots is 10 µm.

The graphical result of the Rietveld structure refinement (ob-
served vs. calculated curve and difference curve) in low-
angle (17–36°2θ ) and high-angle (70–120°2θ ) selected re-
gions is shown in Fig. 3. The agreement factors of the refine-
ment areRwp = 0.0838,Rp = 0.0649, and χ2

= 4.359 for 61
variables.

The SEM-EDX maps obtained from the studied sample
show an evident compositional zoning pattern along the c
axis among the tourmalines of the various generations, with
the upper fibrous zones (Tur II) exhibiting a marked differ-
entiation with respect to the lower prismatic zone (Tur I).
The upper zones display stepwise chemical variation and a
fibrous nature that is very tight at the contact with the lower
prismatic zone and thinner at the distal termination (Fig. 4a–
d). Moreover, the prismatic zone exhibits lateral chemical
variation between the core and the rim (Fig. 4e–f).

The compositional zoning of both the prismatic and the
fibrous portions is quantitatively confirmed by results of
EPMA collected by two traverses across the sample (Figs. 5
and 6).

Based on BSE image contrast and chemical analysis, six
areas (A, B, C, D, E, F) can be distinguished along the tour-
maline c axis (Fig. 5a), with areas E–F representing the pris-
matic tourmaline Tur I and A–D representing the fibrous
tourmaline Tur II. The latter can be further described as Tur
IIa (areas B–D) and Tur IIb (area A) as a function of po-
sition and chemical composition. The inner Tur IIa crystal-
lized directly on top of the prismatic tourmaline and indicates

a marked variation in the chemical system in the miarolitic
cavity, exhibiting an R content (with R=Fe+Mg+Mn)
that is much higher than that of the prismatic Tur I. The outer
Tur IIb recorded a further enrichment in Fe and Mg and is
characterized by the highest values of R and the lowest val-
ues of Al (Figs. 4b, c and 5b, c, d). The contents of Mn (not
plotted) are zero or very close to zero in the prismatic Tur
I and increase to ca. 0.90 wt % (ca. 0.12 atoms per formula
unit, apfu) in Tur IIa, remaining almost constant around this
value towards Tur IIb. Sodium contents decrease from the
prismatic Tur I to the fibrous Tur II, whereas Ca content sud-
denly increases from the prismatic Tur I to the fibrous Tur II
(Figs. 4d and 5e, g). Furthermore, the prismatic Tur I shows a
symmetric core–rim compositional zoning, with the rim (Tur
Ib) locally characterized by higher Ca and F and lower Na
contents with respect to the core (Tur Ia) (Figs. 4e, f and 6).
Moreover, the Tur Ib rim is (Fe,Mg)-free and has no com-
positional relationship with Tur II, instead showing a closer
relationship with Tur III.

Crossing the contacts between Tur Ia and Tur IIa, as well
as between Tur IIa and Tur IIb, iron contents show an ap-
parent fluctuation, and this behaviour could be interpreted as
oscillatory zoning (Lussier and Hawthorne, 2011). However,
the number of fluctuations is very limited, and, moreover, the
contents of Mg do not show the same trend. Furthermore, the
contents of Ca and F show an apparent fluctuation within Tur
IIa and towards Tur IIb, but there is not synchronicity with
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Table 1. Atomic coordinates, occupancies, and atomic displacement parameters of prismatic tourmaline Tur I.

Site x/a y/b z/c Occupancy Uiso (Å2)

X 0 0 0.3966(19) Na0.59Ca0.01 0.02(1)
Y 0.11419(34) 0.05709(17) 0.8000(7) Al0.607Li0.37 0.004(7)
Z 0.29813(19) 0.26123(19) 0.7715(5) Al1.0 0.015(9)
T 0.19086(17) 0.18887(20) 0.1594630(0) Si0.97 0.005(9)
B 0.10488(31) 0.2098(6) 0.6166(20) B1.0 0.004(8)
O1 0 0 0.9392(17) O1.0 0.007(9)
O2 0.05768(22) 0.1153(4) 0.6172(9) O0.996 0.04(2)
O3 0.2619(6) 0.13098(28) 0.6646(9) O1.0 0.008(9)
O4 0.08885(25) 0.1777(5) 0.2445(10) O1.0 0.016(9
O5 0.1924(5) 0.09622(27) 0.2729(12) O1.0 0.028(8)
O6 0.1915(4) 0.1881(4) 0.9330(6) O1.0 0.014(9)
O7 0.28071(34) 0.28506(34) 0.2450(8) O1.0 0.019(9)
O8 0.20421(35) 0.26812(31) 0.6107(9) O1.0 0.02(1)
H3 0.202(6) 0.1008(30) 0.563(14) H1.0 0.12(2)

Table 2. Selected mean bond distances (Å) of prismatic tourmaline
Tur I.

X–O2× 3 2.225(11)
X–O4× 3 2.664(8)
X–O5× 3 2.779(8)
Mean 2.556

Y–O1 1.850(8)
Y–O2× 2 2.039(5)
Y–O3 2.241(8)
Y–O6× 2 2.037(6)
Mean 2.0405

Z–O3 1.993(4)
Z–O6 1.883(5)
Z–O7 2.010(5)
Z–O7 1.833(5)
Z–O8 1.920(6)
Z–O8 1.958(6)
Mean 1.9328

T –O4 1.648(3)
T –O5 1.683(4)
T –O6 1.608(4)
T –O7 1.594(4)
Mean 1.63325

B–O2 1.294(8)
B–O8× 2 1.369(6)
Mean 1.344

H3–O3 1.096(12)

Fe fluctuation. Therefore, there is no clear evidence of oscil-
latory zoning during the growth of the studied sample.

Based on the chemical composition of the various genera-
tions of tourmaline, distinct compositional domains are iden-

tified, and the evolution path among them may be tentatively
reconstructed (Fig. 7).

Starting from the homogeneous prismatic tourmaline core
Tur Ia and proceeding towards the fibrous portion Tur II, the
content of Fe suddenly increases from zero to ca. 0.3 apfu
and then continuously increases up to ca. 1.1 apfu spanning
Tur IIa and Tur IIb. Magnesium content (not plotted) shows
a similar trend, with values of zero in the prismatic tourma-
line and increasing from 0.1 to 0.4 apfu in the fibrous portion.
Nonetheless, Mn excursion (not plotted) is much more lim-
ited, increasing from zero in the prismatic tourmaline to ca.
0.1 apfu and then remaining constant. In the prismatic tour-
maline core Tur Ia the Al contents cluster around 8.0 and Na
contents cluster around 0.6 apfu, but towards the fibrous por-
tions Tur IIa and Tur IIb they progressively decrease to 7.5
and 0.4 apfu, respectively. Remarkably, from Tur IIb to the
acicular crystals Tur III, the opposite trend is registered for
Fe, Mg, Al, and Na. A more complex scenario is described by
Ca and F, which are both almost absent in the prismatic core
Tur Ia, are limited in the fibrous portion Tur II, and reach
their highest values (up to 0.4 apfu) in the acicular crystals
Tur III and in the prismatic rim Tur Ib (Fig. 7).

Given that EPMA analyses do not include the determina-
tion of B, Li, Fe2+ /Fe3+, and OH, we have retrieved the
empirical formula of the various generations of tourmaline,
adopting the following strategy: B was fixed to 3 apfu on
the basis of tourmaline stoichiometry, Li was obtained us-
ing the method described in Pesquera et al. (2016), Fe was
considered to be Fe2+ (the possible presence of Fe3+ was
only taken into account in the case of charge unbalance), and
OH was calculated assuming (Y+Z+T)= 15 apfu and 31
anions. The amounts of WO were retrieved at the end of this
procedure (and hence should be considered with caution).

Distinct representative empirical formulae are obtained for
Tur Ia, Tur Ib, Tur IIa, Tur IIb, and Tur III, and they are clas-
sified according to the nomenclature of Henry et al. (2011).
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Figure 7. Variation in selected elements for tourmaline of
the various generations plotted as a function of the R value
(R=Fe+Mg+Mn). Black dots – prismatic tourmaline core (Tur
Ia), red dots – prismatic tourmaline rim (Tur Ib), blue diamonds –
fibrous (Fe,Mg)-bearing inner portion (Tur IIa), green diamonds –
fibrous (Fe,Mg)-rich outer portion (Tur IIb), yellow squares – acic-
ular crystals (Tur III).

The prismatic tourmaline core Tur Ia is quite homogeneous,
and its empirical formula corresponds to elbaite. The pris-
matic rim Tur Ib, though discontinuous and locally very thin,
shows a distinct composition corresponding to a Ca-bearing
fluor-elbaite. It marks the core-to-rim transition, determined
by an increase in Ca and F at the expense of Na and OH
(Table 3 and Fig. 8).

The sharp prismatic-to-fibrous evolution from Tur I to
Tur II is characterized by an abrupt increase in Fe and Mg,
counterbalanced by a significant decrease in Al and Li (but
with Al always dominant over Li), and a dominant oxy-
component, determined by a marked increase in O2− that
substitutes (OH)−. Accordingly, the transition from Tur Ia to
Tur IIa consists of a compositional evolution from elbaite to
(Fe,Mg)-bearing darrellhenryite. The next transition is char-
acterized by a further Fe–Mg enrichment in the outer fibrous
portion Tur IIb, where the tourmaline composition is consis-
tent with schorl, although it is very close to foitite due to the
occurrence of comparable amounts of Na andX-site vacancy
(Table 3 and Fig. 8).

The single crystals of acicular tourmaline Tur III show het-
erogeneous chemical composition, which is on average rich
in Al and Li, with subordinate Fe and Mg. Their mean com-
position is consistent with a (Fe,Mg)-bearing darrellhenryite,
as O2− is the dominant W anion (over minor F and absent
OH). Remarkably, although Fe and Mg contents are compa-
rable to those of Tur IIa, Ca and F contents are significantly
higher and closer to those of Tur Ib (Table 3 and Fig. 8).

As anticipated, it was not possible to collect XRPD data
on the lath-like particles forming the small globular ter-
minations of the acicular crystals. The shape of the par-
ticles (Fig. 2d) is not compatible with that of a zeolite
phase. We also considered the possibility that these flakes
belong to imogolite, but the particle shape is very different
from the tubular one usually observed for natural and syn-
thetic imogolites (see, for example, Paineau et al., 2019). In-
stead, the shape of the flakes is compatible with that of clay
minerals like smectite, illite, and kaolinite (Bailey, 1991),
although we cannot exclude allophane (see, for example,
Calabi-Floody et al., 2011), an amorphous/paracrystalline
hydrous Al-layer silicate with an idealized chemical formula
of Al2O3· (SiO2)1.3−22.5–3H2O (Kaufhold et al., 2010). Fi-
nally, it is likely that the flakes are actually composed of a
mixture of layer silicates (see the following section on Ra-
man spectroscopy).

3.2 Tourmaline Raman spectra

In tourmalines, Raman spectra recorded in the low-
wavenumber region (100–1100 cm−1) are characterized by
the vibrations of the YO6 octahedra between 200 and
240 cm−1, the ZO6 groups between 360 and 375 cm−1

(in ZAl-dominant tourmalines), the TO4 rings breathing in
the range 650–720 cm−1, and the T –O stretching in the
range 960–1120 cm−1. Representative examples of the Ra-
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Figure 8. Ternary diagrams illustrating the dominant occupancy in terms of X and Y cations and W anions according to the representative
formulae of tourmaline of the various generations. Black dots – prismatic tourmaline core (Tur Ia), red dots – prismatic tourmaline rim (Tur
Ib), blue diamonds – fibrous (Fe,Mg)-bearing inner portion (Tur IIa), green diamonds – fibrous (Fe,Mg)-rich outer portion (Tur IIb), yellow
squares – acicular single crystals (Tur III).

man spectra obtained from Tur I, Tur II, and Tur III in the
low-wavenumber region are shown in Fig. 9. The three spec-
tra are slightly different, but all of them can be attributed to
a prevalent elbaite (or elbaite-like) phase (Watenphul et al.,
2016).

The spectra obtained on the fibrous portion (Tur II) ex-
hibit broader and less resolved Raman bands in comparison
to prismatic and acicular tourmalines. No marked differences
are evident between lighter (Tur IIa) and darker (Tur IIb) por-
tions of the fibres, and they are compatible with an elbaitic
phase and other ZAl-dominant tourmalines, such as schorl or
foitite.

Raman spectra of both the acicular single crystals present
on the side faces (Tur III) and those forming the hat are very
similar to each other, but the hat produced very noisy spectra
due to the strong fluorescence generated by the mineral mix-

ture it is made of. In fact, in addition to tourmaline bands, dis-
tinct Raman signals attributed to layer silicates (main peaks
at nearly 200, 270, and 707 cm−1) and occasionally very
noisy signals from very small, colourless, unidentified grains
were acquired from the hat. For that reason, most of the con-
siderations on Tur III are based on the spectra obtained from
the acicular crystals grown on the side faces of the main pris-
matic crystal.

In tourmalines, Raman spectra in the high-wavenumber re-
gion (3200–3800 cm−1) are characterized by the OH stretch-
ing vibrations. According to Watenphul et al. (2016), the
main peaks observed in this spectral range lay between 3400
and 3615 cm−1 and can be attributed to the stretching vi-
brations of OH groups belonging to V anions at O3 sites.
Their wavenumbers depend on the most probable population
of ions present at the centre of the YZZ octahedra surround-
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Table 3. Representative empirical formulae of tourmaline of the various generations.

Tur Ia. Prismatic
tourmaline – core

X(Na0.61 � 0.38Ca0.01)6=1.00
Y(Al1.94Li1.06)6=3.00

ZAl6 T(Si5.84Al0.16)6=6.00O18(BBO3)3
V(OH)3

W[(OH)0.66O0.34]6=1.00

Tur Ib. Prismatic
tourmaline – rim

X(Na0.50Ca0.26 � 0.24)6=1.00
Y(Al1.76Li1.23Fe2+

0.01)6=3.00
ZAl6 T(Si5.91Al0.09)6=6.00O18(BBO3)3

V(OH)3
W[O0.48F0.37(OH)0.15]6=1.00

Tur IIa. Fibrous
(Fe,Mg)-bearing
inner portion

X(Na0.48 � 0.30Ca0.22)6=1.00
Y(Al1.64Li0.63Fe2+

0.42Mg0.18Mn2+
0.11Ti0.02)6=3.00

ZAl6
T(Si5.62Al0.38)6=6.00O18(BBO3)3

V(OH)3
W[O0.58(OH)0.32F0.10]6=1.00

Tur IIb. Fibrous
(Fe,Mg)-rich
outer portion

X(Na0.42 � 0.40Ca0.18)6=1.00
Y(Al1.28Fe2+

1.01Mg0.29Li0.26Mn2+
0.13Ti0.03)6=3.00

ZAl6
T(Si5.58Al0.42)6=6.00O18(BBO3)3

V(OH)3
W[(OH)0.55O0.43F0.02]6=1.00

Tur III. Acicular
tourmaline

X(Na0.48Ca0.41 � 0.11)6=1.00
Y(Al1.47Li0.83Fe2+

0.39Mg0.25Mn2+
0.05Ti0.01)6=3.00

ZAl6
T(Si5.72Al0.28)6=6.00O18(BBO3)3

V(OH)3
W[O0.68F0.32]6=1.00

Figure 9. Characteristic Raman spectra in the low-wavenumber re-
gion of prismatic (Tur I), fibrous (Tur II), and acicular (Tur III) tour-
maline belonging to the various generations.

ing each of the three V anions present in the cell, with this
situation described by a YZZ–YZZ–YZZ configuration. In ad-
dition, peaks observed over 3615 cm−1 are weaker and can
be attributed to the stretching vibration of the OH groups be-
longing to W anions at O1 sites. Their wavenumber is in-
fluenced by the population of the three Y octahedra and the
close X irregular polyhedron surrounding each W anion, de-
scribed by a YYY–X configuration.

The high sensitivity of the high-wavenumber region allows
for a reliable characterization and discrimination of tourma-
line of the various generations (Fig. 10).

The Raman spectrum of the prismatic tourmaline Tur I
(Fig. 10a) is characterized by the 3592 cm−1 peak corre-
sponding to VOH in the 2LiAlAl–AlAlAl configuration, typ-
ical of elbaite (Watenphul et al., 2016). The second peak, at

3472 cm−1, is attributed to a 3AlAlAl configuration, suggest-
ing a prevalence of Al at the Y site. This suggestion was con-
firmed by EPMA data of the prismatic crystal core, which
has the Y -site occupancy of Y(Al1.94Li1.06). At 3651 cm−1,
the peak due to the vibration of WOH in the LiAlAl–� con-
figuration is observed, indicating a considerable number of
vacancies at theX site. This is in good agreement with chem-
ical analyses that indicatedX-site vacancies of up to 0.5 apfu
(Figs. 5f and 7).

The Raman spectrum of the fibrous portion Tur II
(Fig. 10b) shows features compatible with elbaite/darrell-
henryite, but the typical signal of schorl can also be rec-
ognized. The main VOH stretching peaks are at 3597 cm−1

(corresponding to the 2LiAlAl–AlAlAl configuration) and
3490 cm−1 (corresponding to LiAlAl–2AlAlAl), near the po-
sitions expected for elbaite/darrellhenryite. However, differ-
ently to what is observed for the bulk crystal Tur I, an intense
intermediate Raman band at 3554 cm−1 appears and has been
attributed to the presence of Fe2+ at the Y site in elbaite,
which generates the configuration 2Fe2+AlAl–AlAlAl (Wa-
tenphul et al., 2016). The WOH peak visible at 3645 cm−1 is
attributed to LiAlAl–� and is accompanied by an additional
peak at higher wavenumbers (3668 cm−1) that is compati-
ble with the presence of Fe2+ at the Y site (LiFeAl–� and
Li(Li,Fe)Al–� configurations). The results of Raman spec-
troscopy agree with chemical analyses that revealed Fe con-
tents of up to 1.1 apfu (Figs. 5b and 7).

Raman spectra of the colourless acicular single crystals
Tur III (Fig. 10c) show features compatible with both elbaite
and darrellhenryite. As an exception, only one of the acic-
ular crystals investigated showed a very different spectrum,
which is compatible with foitite (Fig. 10d). In the typical Tur
III spectra, the wavenumber of the VOH vibration peak at
3483 cm−1, intermediate between the values expected for the
LiAlAl–2AlAlAl and the 3AlAlAl configurations, suggests
that the amount of Al at the Y site could be lower than that in
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Figure 10. Deconvolution of the Raman spectra in the OH region obtained from tourmaline of the various generations: (a) prismatic tour-
maline Tur I, (b) fibrous portion Tur II, (c) typical acicular crystals Tur III, and (d) peculiar acicular crystal with foititic composition.

the prismatic region Tur I, as confirmed by EPMA data (Ta-
ble 3). The position of the VOH vibration peak at 3600 cm−1,
at a wavenumber that is slightly higher than the one shown by
the prismatic crystal, can be attributed to the higher amount
of Ca ions at the X site, causing a shift towards the higher
wavenumbers of the VOH peaks (Watenphul et al., 2016).
An intermediate Raman band is visible at 3562 cm−1 (corre-
sponding to the 2Fe2+AlAl–AlAlAl configuration), although
with a lower intensity than that at 3554 cm−1 in the fibrous
portion Tur II. This band is attributed to the presence of Fe2+

in a lower amount than in the fibrous portion, as confirmed
by chemical analyses. Moreover, the WOH peaks at 3649–
3670 cm−1 (related to the amounts of Fe2+ at the Y site and
theX-site vacancy in the YYY–X configuration) show a lower
intensity compared to that observed in the prismatic crystal,
and this is due to both the lower number of vacancies at the
X site and a very low content (or a substantial absence) of
WOH at the O1 site (Table 3).

3.3 Boron isotopic composition of tourmaline

Values obtained on a transect perpendicular to the pris-
matic portion Tur I of our tourmaline sample are nearly ho-
mogeneous and oscillate from −8.33 ‰ to −9.47 ‰± 0.58
(2 SD), giving the isotopic signature of the parental melt/flu-
ids during the growth of the prismatic tourmaline crystal

(Fig. 11a). An additional transect along both the prismatic
and the fibrous portions evidenced marked differences. The
three spot analyses collected on the Tur I region gave δ11B
values ranging from−8.65 ‰ to−9.11 ‰± 0.45, well com-
parable to each other and to those collected on the transversal
transect. Conversely, the two spots acquired on the fibrous
portion revealed a large isotopic variation. Namely, in the in-
ner Tur IIa, near the prismatic tourmaline, the recorded δ11B
value was−8.83± 0.40 ‰, well comparable to that collected
on the prismatic portion, whereas in the outer portion Tur IIb,
the δ11B value was −11.08± 0.17 ‰ (Fig. 11b).

4 Discussion and concluding remarks

On the island of Elba, the occurrence of fibrous and acic-
ular tourmalines is related to miarolitic cavities in granitic
pegmatites and their associated fluid-rich hydrothermal sys-
tems (Pezzotta et al., 1996; Aurisicchio et al., 1999). The
tourmaline sample studied here is primarily made of a first-
generation prismatic core of elbaitic composition (Tur Ia) lo-
cally exhibiting, perpendicularly to the c axis, a relatively
thin rim, consistent with late Ca-bearing fluor-elbaite (Tur
Ib). On top of the prismatic crystal analogous pole, there
is a sharp transition to a fibrous portion, made of a tight
dark-coloured (Fe,Mg)-bearing darrellhenryite (Tur IIa) that
is terminated by a thinner black schorl prone to foitite (Tur
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Figure 11. Results of δ11B measurements (in ‰) on tourmaline samples of the various generations: (a) δ11B values obtained on a transect
perpendicular to the prism. The distance between the spots is approximately 100 µm; (b) δ11B values obtained through spot analyses along
the prismatic and fibrous portions, with three spot analyses in the prismatic portion Tur I and two spots in the fibrous portion, near (area D,
Tur IIa) and far from (area A, Tur IIb) the prismatic portion. The dashed vertical line marks the prismatic–fibrous transition.

IIb). The late acicular single crystals grown on both sides
of the prismatic crystal and around the fibrous portion have
a complex composition that can be described as a (Ca,F)-
rich, (Fe,Mg)-bearing darrellhenryite (Tur III). In addition,
the lath-like particles forming the rose-shaped globular ter-
minations of the acicular crystals are likely made of a mix-
ture of layer silicates.

To clarify the formation process of the dark fibrous cap
in the tourmaline studied here, previous studies by Bosi
et al. (2022) and Altieri et al. (2023a), as well as the ge-
netic model proposed in Altieri et al. (2023b) to account for
the dark-coloured overgrowths on multicoloured tourmaline
crystals from Elba, are particularly relevant. Notably, some
of the samples studied in Altieri et al. (2023a, b) were col-
lected from the Rosina pegmatitic veins – the same pegmatite
from which the sample studied here comes. The above-
mentioned model is based on contamination of the miarolitic
cavity geochemical systems with significant quantities of Fe
and occasionally Mn (and a minor occurrence of Mg and
Ti) during the latest stages of crystallization within the cavi-
ties. Such chemical contamination is locally related to pocket

fracturing events due to a rigid mechanical shock, which in
turn allowed the highly reactive cavity fluids to permeate the
fractures in the enclosing pegmatite. Both fluid circulation
and leaching of the (Fe,Mn)-rich primitive accessory miner-
als (occurring close to the pockets in which the tourmaline
crystals were formed) determined a change in the chemical
composition of residual fluids within the cavity and then the
late crystallization of the dark-coloured overgrowths on top
of the existing tourmaline crystals (Bosi et al., 2022; Altieri
et al., 2023a, b).

In the present case, the pale green prismatic elbaite Tur
Ia represents the pristine tourmaline formed in the miarolitic
cavity in equilibrium with the original geochemical system.
After cavity fracturing due to a mechanical shock, well doc-
umented in the Rosina pegmatite (e.g. Altieri et al., 2023a,
b), the subsequent circulation of highly reactive cavity flu-
ids and the leaching of accessory biotite in the surrounding
pegmatite may explain the overgrowth of the tight fibrous
cap of dark (Fe,Mg)-bearing darrellhenryite (Tur IIa) on top
of the prismatic elbaite. This scenario is further supported
by the B-isotopic composition of the various portions of the
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studied tourmaline. All δ11B values obtained from the pris-
matic elbaite are well comparable among each other and are
typical of tourmalines in a closed system with negligible B-
isotope fractionation, as previously observed in other Elba
pegmatites (Tonarini et al., 1998; Dini et al., 2001). More-
over, the δ11B value exhibited by the inner fibrous portion
Tur IIa is well comparable to the values of the prismatic
elbaite, suggesting the occurrence of a “near-closed sys-
tem” characterized by chemical alteration without B-isotope
fractionation, which corresponds to the early phase of cav-
ity fracturing, in agreement with the model of Altieri et al.
(2023b). The formation of the thinner fibrous cap of black
schorl Tur IIb required a rapid crystallization from cavity
fluids contaminated by the pronounced leaching of the ac-
cessory biotite. The lower δ11B value measured on Tur IIb
compared to Tur IIa is due to the temperature effect on B-
isotope fractionation and reflects the gradual temperature de-
crease within the cavity (Tonarini et al., 1998; Dini et al.,
2001; Meyer et al., 2008).

After the formation of the black Tur IIb, grown in conti-
nuity with dark Tur IIa, the crystallization process conceiv-
ably continued in contact with late (Fe,Mg)-poor, (Ca,F)-rich
fluids that determined the nucleation and very rapid crystal-
lization of the radial aggregates of colourless acicular tour-
maline crystals (Tur III). The late, highly reactive fluids also
interacted with the homogeneous prismatic tourmaline, lo-
cally modifying its rim composition and forming the (Ca,F)-
rich Tur Ib. A reasonable source of Ca and F is represented
by the leaching of accessory fluorapatite that commonly oc-
curs in the Rosina pegmatite surrounding the studied cavity.
Moreover, the leaching of petalite, locally occurring in the
pegmatite as heavily corroded crystals, provided Li, Al, and
SiO2 that may have contributed to the crystallization of Tur
Ib and Tur III, as well as the final lath-like particles that form
the fur-hat-like aggregate.
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