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Abstract. Elbaite, Na(Lij 5Al; 5)Al(SicO13)(BO3)3(OH)3(OH), is a mineral species of the tourmaline su-
pergroup. A formal description of the neotype elbaite material, approved by the International Miner-
alogical Association’s Commission on New Minerals, Nomenclature and Classification (IMA-CNMNC),
is presented in this study. Elbaite occurs in the Rosina pegmatite, San Piero in Campo, Elba is-
land, Ttaly (42°44'51.35”N, 10°12'38.02” E). Crystals show euhedral habitus, are up to 1.5c¢m in
length, and are colorless with a vitreous luster, conchoidal fracture, and white streak. Elbaite has a
Mohs hardness of approximately 7, has a calculated density of 3.04gcm™>, and is uniaxial nega-
tive. It has trigonal symmetry, space group R3m, a =15.8117(2)A, ¢ =7.0937(1) A, V =1535.89(4) A3,
and Z =3. The crystal structure was refined to R1=2.12% using 1783 unique reflections col-
lected with MoKoa X-ray intensity data. Crystal-chemical analysis resulted in the empirical formula
X(N30.71D0.28C30.01)21.00Y(A11‘77Li1‘16Mn%_J66Fe(2)Bl)ZS‘OOZA16.OO[T(Sis.94BO.06)):6.00018](BO3)3V(OH)3
WI(OH)0.48F0.2300.29]51.00-

The neotype elbaite originates from a nearly colorless crystal with a black to dark-green base. Chemical
analysis shows a transition from Mn-rich schorl in darker areas to chemically homogeneous elbaite in lighter re-
gions, with Fe and Mn contents decreasing significantly due to a (Li + Al) substitution. In the Rosina pegmatite,
tourmaline is the primary boron mineral, increasing in abundance toward the core. Its composition reflects the
pegmatite’s geochemical evolution, with rising Li and Cs contents in deeper zones. Early crystallization of bi-
otite, sekaninaite, and Fe-rich schorl removed Mg, Ti, and Fe from the system, allowing later-stage tourmaline
to evolve into Fe-free, Mn-rich fluor-elbaite. The present elbaite crystals formed in cavities in the pegmatite’s
deeper sections. Low Mn and F contents resulted from spessartine and lepidolite crystallization, respectively. As
a result, tourmaline near cavities evolved into homogeneous, nearly colorless elbaite prisms.
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1 Introduction

Tourmalines are complex borosilicates that have been stud-
ied in terms of their crystal structure and crystal chem-
istry (e.g., Hawthorne, 1996; Hawthorne and Henry, 1999;
Ertl et al., 2002; Novék et al.,, 2004, 2013; Agrosi et al.,
2006; Bosi and Lucchesi, 2007; Henry and Dutrow, 2011;
Bosi and Skogby, 2013; Cempirek et al., 2013; Bosi et
al., 2015a; Bacik and Fridrichova, 2021). In accordance
with Henry et al. (2011), the general chemical formula of
tourmaline is written as XY3ZgTgO013(BO3)3V3W, where
X =Nat, K*t, Ca?*, O (=vacancy); Y = AT, Fe3t, Cr3t,
V3+, Mg2+, F62+, Mn2+, Li+; Z:Al3+, Fe3+’ Cr3+’ V3+,
Mg?t, Fe?*; T=Si*t, A’t, B3*; B=B3*; V=(OH)",
0%"; W=(OH)~, F~, O>~. Note that the un-italicized let-
ters X, Y, Z, T, and B represent groups of cations hosted at
the [P1x, 161y (617 41T and 1B crystallographic sites (let-
ters italicized). As for the letters V and W, they represent
groups of anions accommodated at the [3]-coordinated O(3)
and O(1) crystallographic sites, respectively. The dominance
of specific ions at one or more structural sites of the structure
gives rise to a range of distinct mineral species, such as el-
baite, ideally Na(Lij 5Al; 5)Als(SigO13)(BO3)3(OH)3(OH).

However, a complete crystal-chemical characterization
and description of the holotype of elbaite species is currently
lacking. Additionally, no type material has been deposited
as permanent reference material in a museum or a nation-
ally recognized mineral collection. Elbaite is one of the most
important and diffuse borosilicates, and the lack of a holo-
type species may lead to confusion and inconsistencies in the
identification of mineral specimens. Furthermore, no struc-
tural refinement data for elbaite crystals from Elba island
have been published to date.

The first description of elbaite and the type locality ap-
peared in Vernadsky (1914) and Schaller (1913). The former
proposed the name “Elbait” for Li-, Na-, and Al-dominant
tourmaline from Elba island, Italy, while Schaller (1913) as-
signed it to pale-red (nearly colorless) tourmaline crystals
with determined density (3.04-3.05 gcm™), refraction in-
dices (w = 1.650-1.652 and ¢ = 1.630), and chemical analy-
sis. The latter leads to the empirical formula

(Nag.73Ca,0100.26)(Al1.03Li1 0aMng [, Feg 5,) Al
[(Sis5.89Alp.11)018]1(B0.9203)3(OH)3 [(OH)0.6000.35F0.05].

Ertl (2008) provided a historical review of elbaite and sum-
marized the above information, pointing out that it is highly
likely the type material of (pink) elbaite was found at Fonte
del Prete, San Piero in Campo, Campo nell’Elba, Elba island,
Livorno province, Tuscany, Italy.

In accord with Dunn and Mandarino (1987), a formal de-
scription of the neotype tourmaline elbaite — approved by
the International Mineralogical Association’s Commission
on New Minerals, Nomenclature and Classification (IMA-
CNMNC) (proposal 24-A) — is presented here. A neotype
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is a specimen chosen by the authors of a redefinition or re-
examination of a species to represent the species when the
holotype or cotypes cannot be found. Neotype material is
deposited in the collections of the Museo Universitario di
Scienze della Terra (MUST), Dipartimento di Scienze della
Terra, Sapienza Universita di Roma, Italy, with catalog num-
ber 33383/406.

2 Occurrence

The neotype specimen is from the Rosina pegmatite, which
is located a few hundred meters south of the San Piero
in Campo village, Elba island, Italy (geographic coordi-
nates: 42°44'51.35” N, 10°12/38.02” E), about 174 m above
sea level. Since its discovery in early 1990, the Rosina peg-
matite has been mined for both collectibles and specimens
suitable for scientific research (Pezzotta, 2021). The peg-
matite is hosted in a porphyritic monzogranite at the east-
ern border of the Monte Capanne pluton and has a com-
plex shape, trending roughly N-S with a variable dip angle
of 40-75° W (Pezzotta, 2000). The major productive section
of the body is ~ 14 m long and 0.6-2.1 m wide. In general,
the shallowest portions of the pegmatite body were charac-
terized by mostly aplitic textures with minor coarse-grained
pegmatitic lenses, whereas at greater depths the body be-
comes more pegmatitic and divides into two major branches
that are interconnected by several small veinlets (Pezzotta,
2000; Bosi et al., 2022). The Rosina pegmatite belongs to
the LCT (lithium, cesium, tantalum) family. This pegmatite is
commonly miarolitic, with abundant small-to-medium pock-
ets and a series of medium and occasionally large pockets
(up to ~80dm? in volume), and it is significantly asymmet-
ric in terms of textures, mineralogy, and geochemistry. The
axial core-miarolitic zone, which is rich in petalite and pollu-
cite, with occasional concentrations of granular lepidolite, di-
vides the body into a medium-grained lower section enriched
in albite with minor K-feldspar, quartz, spessartine, patches
of sekaninaite, and comb-texture tourmaline and an upper
coarse-grained section enriched in K-feldspar with minor al-
bite, quartz, and tourmaline. Cavities found at shallower lev-
els contain dark tourmalines, together with pale-blue aqua-
marine and spessartine. In contrast, cavities found at deeper
levels contain abundant polychrome and rose tourmalines
with little to no Fe and variable Mn content, pink beryl (mor-
ganite), petalite, pollucite, and spessartine (Orlandi and Pez-
zotta, 1996; Pezzotta, 2000; Bosi et al., 2022).

Some miarolitic cavities of small to medium size (from
a few centimeters up to a couple of decimeters in diame-
ter) in the intermediate and the deepest portions of the dike
provided a number of well-shaped, lustrous, elongated tour-
maline crystals characterized by a black to dark-green base
and a gem, with nearly colorless (or very pale pink) upper
portion, up to 1.5 cm in length. The neotype material for el-
baite has been selected from a group of such nearly color-
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less crystals (Fig. 1). The cavity in which these crystals were
found, measuring approximately 25 x 20 x 8 cm, was named
the “Geode delle Farfalle” (butterfly geode).

3 Appearance and physical and optical properties

The elbaite crystals show euhedral habitus, are up to 1.5cm
in length, and are colorless with a vitreous luster (Fig. 1).
The observed forms are {10-10}, {11-20}, {10-11}, and
{02-20}. Elbaite has a white streak and shows no fluores-
cence. It has a Mohs hardness of approximately 7 (based
on scratch tests) and is brittle with a conchoidal fracture.
The calculated density, based on the empirical formula and
unit-cell volume refined from single-crystal X-ray diffraction
(XRD) data, is 3.04 gcm’3. In thin section, elbaite is trans-
parent; in transmitted light, pleochroism was not observed
in the investigated thin-section fragment. Elbaite is uniaxial
negative with refractive indices w = 1.64(5) and ¢ = 1.62(5),
measured by the immersion method using white light from a
tungsten source on a 40 um thick section. The mean index of
refraction, density, and chemical composition led to an excel-
lent compatibility index (1 — K,/ K. = 0.033) (Mandarino,
1981).

4 Experimental methods and results

4.1 Microprobe analysis

Electron microprobe analysis (EMPA) was obtained using
a wavelength-dispersive spectrometer (WDS mode) with a
Cameca SX100 instrument, operating at an accelerating po-
tential of 15kV, a sample current of 10nA, and 2 um beam
diameter. Minerals and synthetic compounds were used as
standards: sanidine (Si, Al), wollastonite (Ca), almandine
(Fe), TiOy (Ti), LiF (F), albite (Na), and rhodonite (Mn).
Magnesium, V, Cr, K, Zn, Ni, Ba, Cu, Cl, Co, and Pb were
below detection limits (<0.03 wt %). The PAP routine was
applied (Pouchou and Pichoir, 1991). The results (Table 1)
represent mean values of 14 spot analyses.

4.2 Micro-laser-induced breakdown spectroscopy
(u-LIBS)

For the analysis, the Modi mobile LIBS instrument (Bertolini
et al., 2006) equipped with a dual-pulse Nd: YAG laser, which
emits two collinear laser pulses of about 20 ns FWHM (full
width at half maximum) at a wavelength of 1064 nm, has
been used. The pulse energy was set to 30 mJ per pulse,
with an interpulse delay of 1 us. The acquisition delay was
set to 1us (from the second pulse), with a gate of about
1 ms (time-integrated acquisition). The laser pulses were fo-
cused on the sample surface using a petrographic optical mi-
croscope (OL 10x; NA 0.25; WD 14.75 mm).1 The diam-

loL: objective lens; NA: numerical aperture; WD: working dis-
tance.
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eter of the sampled area was typically around 7-10 pm on
the surface, with a depth of about 1-2 um. The LIBS signal
was acquired by two AvanSpec-USB2 spectrometers (from
Avantes, the Netherlands) in the wavelength range of 390-
900 nm with 0.3 nm resolution for acquisition. The LIBS
spectrum, once acquired, was processed via the proprietary
LIBS++ software. The analysis is very fast (fractions of sec-
onds per sample) and minimally invasive, since a single laser
shot is used for the analysis of the samples. Quantitative
data were obtained by generating a linear regression using
the main Li emission line intensity (670.706 nm correspond-
ing to resonance transition 1s%2s>1s%2p), which is partic-
ularly sensitive to Li amounts as verified in tourmaline in
previous studies (Altieri et al., 2023; Rizzo et al., 2023; Bosi
et al., 2021; Bosi et al., 2022; Fabre et al., 2002). The fit
was made using spectra recorded on a NIST standard glass
(SRM 610), tsilaisite (Bosi et al., 2012a), and a certified
glass (FLX-SLAG1 by FLUXANA®). The measured Li;O
content, 1.85(3) wt %, is very similar to that, 1.87 wt %, esti-
mated using the procedure of Pesquera et al. (2016).

4.3 Single-crystal infrared spectroscopy

Polarized Fourier transform infrared (FTIR) absorption spec-
tra were measured on a 49 um thick doubly polished single-
crystal section oriented parallel to the ¢ axis. A Bruker Ver-
tex spectrometer attached to a Hyperion 2000 microscope
was used to collect spectra in the range 2000-13000 cm ™! at
a resolution of 4cm™!. Spectra recorded in polarized mode
parallel to the crystallographic ¢ axis show a weaker shoulder
band at 3320cm ™!, two very intense off-scale bands around
3470 and 3585cm™!, a strong band at 3653 cm™!, and a
weak band at 3704 cm™!. Spectra obtained perpendicular to
the ¢ axis show considerably weaker bands, centered at 3475,
3584, and 3662 cm~! (Fig. 2).

Note that the band at 3320cm™! is consistent with the
presence of minor B along with Si in [4]-fold coordina-
tion (Kutzschbach et al., 2016), whereas the bands above
3650cm™! (3653, 3662, and 3704cm™ '), which is the re-
gion where bands due to (OH) at the W position are expected
(e.g., Gonzalez-Carrefio et al., 1988; Bosi et al., 2015b), in-
dicate significant (OH) contents at the W position.

4.4 Optical absorption spectroscopy (OAS)

Polarized optical absorption spectra of elbaite (Fig. 3) were
acquired at room temperature on a doubly polished crys-
tal with a thickness of 844 um. An AVASPEC-ULS2048X16
spectrometer, connected via a 400 um UV fiber cable to a
Zeiss Axiotron UV microscope, was used. A 75 W xenon
arc lamp was used as light source, and Zeiss Ultrafluar
10x lenses served as objective and condenser. A UV-quality
Glan—Thompson prism, with a working range from 40 000 to
3704 cm~!, was used as polarizer. Spectra in the NIR range
were taken from the FTIR measurements.

Eur. J. Mineral., 37, 505-516, 2025
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Figure 1. Elbaite crystals up to 2.6 cm in length on a matrix with albite and quartz; Rosina pegmatite, San Piero in Campo, Elba island;
MUM - Museo Mineralogico Luigi Celleri specimen. Photo by Antonio Miglioli.

Table 1. Electron microprobe data (WDS mode) and complementary chemical data (wt%) for elbaite. Atoms per formula unit (apfu)

normalized to 31 anions.

Constituent (Wt %) Mean (14 spots) Range apfu
SiOy 38.23(58) 37.01-39.76  5.936
TiOy 0.03(3) 0-0.11  0.003
By0% 11.43 3.064
Al,O3 42.47(1.05) 40.47-4425 7.772
FeQV 0.09(8) 0.01-0.28 0.012
MnOP 0.44(39) 0.06-1.38  0.057
CuO° 0.02 0.002
CaO 0.07(6) 0.02-0.22  0.012
Na,O 2.36(27) 1.82-2.81 0.710
Li, 04 1.85 1.155
F 0.47(23) 0.19-0.95 0.230
H,0? 3.36 3.477
O=F -0.20

Total 100.62

Note: errors for oxides and fluorine are standard deviations (in parentheses).

4 Calculated by stoichiometry, (Y +Z + T + B) = 18.00 apfu. b Oxidation state
obtained by optical absorption spectroscopy. ¢ Estimated by optical absorption
spectroscopy. d Determined by micro-laser-induced breakdown spectroscopy.

Eur. J. Mineral., 37, 505-516, 2025
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Figure 2. Polarized FTIR spectra for elbaite. Note the bands above
3650 cm™! corresponding to W(OH) contents at the Ol site. The
main bands are truncated around 2.5 absorbance units in the E//c
direction due to excessive absorption. Sample thickness is 49 um.

The recorded optical absorption spectra of untreated el-
baite show no absorption bands. However, after treatment
through electron irradiation, another fragment (thickness
937 um) of colorless elbaite turned pale pink, and the absorp-
tion spectrum of the fragment showed an absorption band at
~ 19000 cm™! (Luppi, 2022). This absorption band is caused
by a characteristic spin-allowed Mn>* electron transition
typical for red tourmalines (e.g., Bosi et al., 2021). In con-
clusion, the recorded spectra of the colorless elbaite show
the absence of both Mn3* and Fe3*. Consequently, Mn and
Fe in neotype elbaite are considered to be divalent.

A broad and weak absorption band at ca. 11000cm™! is
assigned to a spin-allowed electronic transition in Cu®*. The
band energy as well as the polarization of the band is consis-
tent with published data on Cu-bearing tourmaline samples
(Rossman et al., 1991). The net absorption of the band in our
spectra, ~0.04mm~! according to Rossman et al. (1991),
would correspond to a CuO content of ~ 0.02 wt %, which is
below the detection limit for Cu in our EMPA measurements.

The narrow absorption bands recorded in the range 6500—
7500 cm™! represent overtones of the fundamental (OH)-
stretching bands observed between 3300-3700 cm ™.

4.5 Single-crystal structure refinement

A representative crystal of elbaite from the Rosina pegmatite
(Elba island) was selected for X-ray diffraction measure-
ments on a Bruker KAPPA APEX-II single-crystal diffrac-
tometer, equipped with a CCD area detector (6.2 x 6.2cm

https://doi.org/10.5194/ejm-37-505-2025
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Figure 3. Polarized optical absorption spectra of colorless and
pink-red irradiated elbaite in the UV-Vis—NIR region.

active detection area, 512 x 512 pixels) and a graphite-
crystal monochromator, using MoK « radiation from a fine-
focus sealed X-ray tube. The sample-to-detector distance
was 4cm. A total of 1296 exposures (step=0.5°, time per
step =20s) covering a full reciprocal sphere with a redun-
dancy of about 12 was collected using w and ¢ scan modes.
Final unit-cell parameters were refined using the Bruker AXS
SAINT program on 4538 reflections with />1007 in the
range 5°<260<75°. The intensity data were processed and
corrected for Lorentz, polarization, and background effects
using the APEX?2 software program of Bruker AXS. The
data were corrected for absorption using a multiscan method
(SADABS). The absorption correction led to an improve-
ment in R from 0.0385 to 0.0334. No violation of R3m
symmetry was detected.

Structure refinement (SREF) was done using the
SHELXL-2013 program (Sheldrick, 2015). Starting coordi-
nates were taken from Bosi et al. (2021). Variable parameters
were the following: scale factor, extinction coefficient, atom
coordinates, site-scattering values (for X, Y, and T sites), and
atomic-displacement factors. Neutral atom scattering factors
were used. In detail, the X site was modeled using the Na
scattering factor. The occupancy of the Y site was obtained
considering the presence of Al versus Li, and the T site was
obtained with Si versus B. The Z, B, and anion sites were
modeled with Al, B, and O scattering factors, respectively,
and with a fixed occupancy of 1, because refinement with
unconstrained occupancies showed no significant deviations
from this value. The position of the H atom bonded to the
oxygen at the O(1) (=W) and O(3) (= V) sites in the struc-
ture was taken from the difference Fourier map and incor-
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porated into the refinement model; the O(1)-H(1) and O(3)-
H(3) bond lengths were restrained (by DFIX command) to
be 0.96 and 0.97 A, respectively, with an isotropic displace-
ment parameter constrained to be equal to 1.2 times that ob-
tained for the O(1) and O(3) sites. There were no correlations
greater than 0.7 between the parameters at the end of the re-
finement.

Details of data collection and refinement are given in
Table 2. Atom coordinates, displacement parameters, and
site occupancy factors are reported in Table 3. Table 4 re-
ports selected bond distances; Table 5 reports the refined
site-scattering values and optimized site populations. Bond-
valence calculations, weighted according to the optimized
site populations, are reported in Table 6. A Crystallographic
Information File (CIF), showing all structural data, is de-
posited in the Supplement.

4.6 X-ray powder diffraction

Powder X-ray diffraction data were collected on a Bruker
AXS D8 Advance diffractometer equipped with incident
beam focusing Gobel mirrors and a position-sensitive detec-
tor VAntec-1 set to an opening angle of 6° 26. The instrument
operates in vertical 6/6 geometry in transmission mode. The
resulting powder was loaded in a 0.3 mm diameter borosil-
icate glass capillary that was fixed and aligned on a stan-
dard goniometer head. Diffracted intensities were collected
in the 6-145° 20 angular range, 0.021798° 20 step size, and
40 s counting time. Data were evaluated using Topas V6 soft-
ware (Bruker AXS, 2016). The resulting indexed X-ray pow-
der diffraction pattern is provided in Table 7, and the re-
fined unit-cell parameters are as follows: a = 15.81105(4) A,
¢ =7.09587(2) A, V = 1536.236(9) A3, space group R3m,
and Z =3.

5 Chemical formulae of elbaite

The oxidation states of Fe and Mn were determined by OAS
as divalent. Lithium was determined by p-LIBS. In accord
with the structural information, the B content was assumed to
occur also at the tetrahedrally coordinated T site, i.e., B > 3
atoms per formula unit (apfu); see below. The (OH) con-
tent and the formula were then calculated by charge balance
with the assumption (Y +Z+ T + B) =18 apfu and 31 an-
ions. The very good agreement between the number of elec-
trons per formula unit (epfu) derived from EMPA and SREF
(197.5 and 195.8 epfu, respectively) supports the above as-
sumptions. Chemical data are given in Table 1.

In accord with Henry et al. (2011) and the structural infor-
mation, the ion distributions in the tourmaline general for-
mula, XY3Z¢TsO13(BO3)3V3W, lead to the empirical for-
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mula:

X Y . 2+ @2+
(Nag 7100.28Ca0.01)s1.00 ~ (Aly 77Li1.16Mng osFeqn,)=3.00

Z Al 00l " (Sis.04B0.06)£6.000181(BO3)3 ¥ (OH)3 ™ [(OH)g 45
F0.2300.29]51.00-

The simplified formula is

(Na, O)(Al Li, Mn)3 Alg[(Si, B)6O131(BO3)3(OH)3[(OH), F, O].
The ideal formula is

Na(Li; 5Al;5)Als(SisO18)(BO3)3(OH)3(OH),

which corresponds to (in wt%) SiO; 38.49, BoO3 11.15,
Al,03 40.82, Li; O 2.39, NaO 3.31, H,0 3.85, total 100.
Note that the empirical formula is consistent with a
hydroxy-tourmaline belonging to the alkali group (Henry
et al., 2011): it is Na-dominant at the X position of the
general tourmaline formula, hydroxy-dominant at W with
(OH) > 0>~ > F, and AI** dominant at Z. With regard to the
Y position, the formula electroneutrality requires that the to-
tal charge at the Y site is +6 in the end-member formula:
Na¥ (Y3)*0F Alg(SigO15)(BO3)3(OH)3(OH). In accord with
the dominant-valency rule and the valency-imposed double
site occupancy, the dominant charge and atomic arrange-
ments compatible with the Y population is (LirSAl?_Jg).

Elbaite is closely related to  fluor-elbaite,
Na(Lij sAl; 5)Ale(SigO18)(BO3)3(OH)3E, through a
simple homovalent substitution; WOH)="E Other

relations may exist with various Li-tourmalines, such
as rossmanite, [(LiAlp)Alg(SigO13)(BO3)3(OH)3(0OH));
fluor-rossmanite, O(LiAl>)Alg(SigO18)(BO3)3(OH)3F;
darrellhenryite, Na(LiAl;)Alg(SigO15)(BO3)3(OH)30; and
fluor-liddicoatite, Ca(Lio AD)Alg(SicO18)(BO3)3(OH)3F -
involving complex heterovalent substitutions at various
structural sites.

6 Discussion

Chemical data indicate that the X site is predominantly oc-
cupied by Na (0.77 apfu) and O (0.28 apfu). The mean bond
length <X-O> of 2.671A is slightly shorter than the ex-
pected value for an XOg polyhedron fully occupied by Na,
which ranges between 2.69-2.70 A, as reported by Bosi et
al. (2012b) for oxy-chromium-dravite and Bacik and Fridri-
chové (2021) based on a broader dataset. A possible expla-
nation for the shorter <X-O> compared to that observed
in oxy-chromium-dravite may be attributed to the compres-
sion of the weak Na-O bond lengths (with a Pauling bond
strength of about 1/9 vu, valence unit) by the primary frame-
work of ZAlOg polyhedra, which are smaller than those of
2CrOg. The Y site is mainly occupied by Al (1.77 apfu) and
Li (1.16 apfu), with minor amounts of Mn?>* and Fe>* (up
to 0.07 apfu) and trace amounts of Ti (0.003 apfu) and Cu*
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F. Bosi et al.: Elbaite, the neotype material from the Rosina pegmatite

Table 2. Single-crystal X-ray diffraction data for elbaite.

Crystal size (mm)

a(A)

c(A)

vV (A3

Axis, frame width (°), time per frame (s)
Range for data collection, 26 (°)
Reciprocal space range hkl

Set of read reflections

Unique reflections, Rjn¢

Refined parameters

Redundancy

Absorption correction method
Refinement method

Structural refinement program

Flack parameter

wR»

R all data

R for I>207

GooF

Largest diff. peak and hole (e~ per A3)

0.10 x 0.10 x 0.12

15.8117(2)

7.0937(1)

1535.89(4)

Phi-omega, 0.5, 20

5-75

—24<h<22; -26<k<26;-10<[<12
11496

1783, 0.0299

95

12

Multiscan (SADABS)
Full-matrix last-squares on F 2
SHELXL-2013

0.01(12)

0.0414

0.0212

0.193

1.086

—0.38 and 0.34

Notes: Rjp¢ = merging residual value; Ry = discrepancy index, calculated from F data; wR, = weighted discrepancy
index, calculated from F2 data; GooF = goodness of fit; diff. peak = maximum and minimum residual electron
density. Radiation, MoK« =0.71073 A. Data collection temperature = 293 K. Space-group type is R3m; Z =3.
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Table 3. Sites, Wyckoft positions, site occupancies (s.0.), fractional atom coordinates, and isotropic or equivalent-isotropic displacement

parameters (in A2) for elbaite.

Site Wyckoff position ~ s.o. X y z Ueq/iso*
X 3a Nag 636(8) 0 0 0.2303(4) 0.0211(9)
Y 9b Lig 350(5)Alo.650(5) 0.12086(7) 0.06043(3) 0.63732(14) 0.0069(2)
V4 18¢ Alj .00 0.29658(3) 0.25966(3) 0.60856(9) 0.00513(9)
B 9b B1.00 0.10902(8)  0.21804(16) 0.4542(3) 0.0057(3)
T 18c Sip.969(4)B0.031(4) 0.19178(3) 0.18977(3) 0 0.00344(10)
ol)=W) 3a O1.00 0 0 0.7795(5) 0.0220(6)
H(1) 3a Hj oo 0 0 0.645(4) 0.026*
0(2) 9 O1.00 0.06029(6) 0.12057(11) 0.4900(2) 0.0128(3)
oB3)=V) 9% O1.00 0.26343(13) 0.13172(7) 0.5076(2) 0.0112(3)
H(3) 9b Hj o0 0.257(2) 0.1286(11) 0.379(3) 0.013*
04) 9 O1.00 0.09405(6) 0.18810(12) 0.0739(2) 0.0081(3)
O(5) 9b O1.00 0.18715(12) 0.09357(6) 0.0956(2) 0.0079(2)
0(6) 18¢ O1.00 0.19473(7) 0.18421(7)  0.77439(16)  0.00671(18)
o(7) 18¢ O1.00 0.28655(7) 0.28596(7) 0.07741(15) 0.00587(17)
O(8) 18¢ O1.00 0.20956(8) 0.27006(8) 0.43816(16)  0.00687(18)

* Isotropic displacement parameters (Ujg,) for H(1) and H(3) constrained to have a Uy, 1.2 times the Ueq value of the O(1) and O(3) oxygen atoms,

respectively.

(0.002 apfu). The <Y-O> bond length of 1.989 Ais in excel-
lent agreement with the occupancy of (Al gLij 2), consider-
ing their ideal bond-length values: 1.906 A and 2.09-2.11 A
for Al and Li, respectively (Bosi and Lucchesi, 2007; Bacik
and Fridrichovd, 2021). The comparison between the bond
valence sum and the mean formal charge of Y (respectively,
2.06 and 2.19 vu; Table 6) indicates a negative deviation from
the valence sum rule (Brown, 2016). This characteristic is

https://doi.org/10.5194/ejm-37-505-2025

typical of the Y site when occupied by Li (Bosi and Lucchesi,
2007). The Z site is fully occupied by Al, with the <Z-O>
bond length of 1.906 A, which perfectly agrees with the ex-
pected value (see Fig. 3 in Bosi and Andreozzi, 2013). The T
site is dominated by Si (5.94 apfu) with minor B (0.06 apfu)
content, supported by the <7-O> bond length of 1.616 A
(Table 5), which is slightly shorter than the ideal <’ Si-O>
length of 1.619A (Bosi and Lucchesi, 2007). Additionally,

Eur. J. Mineral., 37, 505-516, 2025
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Figure 4. Zoning of the tourmaline crystal containing elbaite from the Rosina pegmatite, San Piero in Campo, Elba island. Results of
compositional analysis (wt %) obtained along a straight line parallel to the ¢ axis (only selected oxides are reported). Photo of the neotype
fragment, in reflected light, of colorless elbaite (on the right) and black to dark-green Mn-rich schorl (on the left). Field of view: about
1 x3cm.

Table 4. Selected bond lengths (in A) for elbaite.

. X -02)x3 24743) Y —=0(1) 1.9381(19)
2Li _0(5)x3  2.7349(19) —0@)x2  1.9559(12)
.;\ —0M4)x3 2.804(2) —0(6) x2 1.9632(12)
A '-'. mean 2.671 —-0(3) 2.158(2)
mean 1.989
® zZ —0(6) 1.8653(11) B —0(Q) 1.359(3)
Elbaite —0(8) 1.8845(11) —0O(8) x2 1.3816(16)
PY —0(7) 1.8855(11) mean 1.374
—0(8) 1.8995(11)
—0(7) 1.9467(10) T -O(7) 1.6048(12)
L —-0(3) 1.9543(8) —0(6) 1.6066(10)
mean 1.906 —04) 1.6195(6)
—0(5) 1.6332(7)
i mean 1.616
Schorl Tsilaisite
Fe Mn

the refined scattering factor at the T site (=13.71(5) elec-
Figure 5. The 2Li—Fe-Mn diagram showing the compositional trons per site; Table 6) is lower than the atomic number of
trend of the studied crystal in Fig. 4. Si (=14), supporting the presence of B (see the FTIR sec-
tion, Sect. 4.3, above). The FTIR band at ~ 3350 cm~! fur-
ther corroborates the presence of minor B along with Si at
the T site. At the O1 site (W position in the general formula),
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Table 5. Site-scattering values and site populations for elbaite.

513

Site  Refined site scattering ~ Site population from chemical Calculated site scattering

(epfu?) data (apfu®) (epfu)
X 7.0(1) 0.71 Na+0.280+ 0.01 Ca 8.04
Y 2851 1.77 Al + 1.16 Li +0.06 Mn>*+ +0.01Fe>* 283
VA 78¢ 6.00 Al 78
T 82.3(3) 5.94Si+0.06 B 83.4

4 electrons per formula unit. b atoms per formula unit. € fixed in the final stages of refinement.

Table 6. Weighted bond valences (in valence units) and bond valence sum (BVS) for elbaite compared to mean formal charge (MFC)

calculated from the empirical formula.

Site X Y V4 T B Zanions
o) 0.36%3~> 1.09
0(2) 0.124x3  037x2~ 1.04 1.89
0(3) 023 0.44%2> 1.11
0@4) 0.05V>3 1.01%2~> 2.07
0(5)  0.06+%3 0.97%%2~ 2.01
0(6) 0.36¢*2 0.55 1.05 1.96
o(7) 0.52 0.45 1.04 2.01
0(8) 0.50 0.53 0.974x2 2.01
BVS 0.69 2.06 3.00 4.06 2.99

MFC 0.74 2.19 3.00 3.99 3.00

Notes: bond valence parameters from Gagné and Hawthorne (2015) and Brown and Altermatt (1985) for
cation F bonds. Left and right superscripts indicate the number of equivalent bonds involving anions and

cations, respectively.

(OBH) is present (0.48 apfu), along with F (0.23 apfu) and O
(0.29 apfu).

The bond-valence sum (BVS) calculation (Table 7) con-
firms the (OH) content at W using the equation pro-
posed by Bosi (2013): WV(OH) = {2—[1.01BVS(0O1)]—0.21—
F} = 0.46 apfu (vs. 0.48 apfu, as noted earlier). Experimental
evidence for the presence of Y (OH) is provided by the ob-
served (OH)-stretching bands over 3600 cm™" (see the FTIR
section, Sect. 4.3, above).

The neotype material for elbaite originates from a nearly
colorless crystal, characterized by a black to dark-green base.
The variation in chemical composition (in wt %) along this
crystal is presented in Fig. 4. The 2Li—-Fe-Mn ternary dia-
gram (Fig. 5) identifies the corresponding mineral species:
a Mn-rich schorl zone in the darker regions and elbaite in
the lighter areas of Fig. 4. Elbaite displays a tight cluster
(Fig. 5) of 14 spot analyses, indicating its chemical homo-
geneity, which represents the neotype material. Through-
out the entire crystal, a decrease in Fe and Mn content is
observed, starting from an initial 11 wt %—12 wt %, which
most likely occurred during the early stages of crystalliza-
tion, and dropping to negligible levels due to the substitution
of (Li+ Al) — 2(Fe,Mn), described by the relation, in apfu,
(Li+ Al)=3.04—1.13 (Fe + Mn) (r> = 0.99 for 19 data de-
rived from the EMPA spots).

https://doi.org/10.5194/ejm-37-505-2025

7 Petrogenesis of elbaite

Tourmaline is present in all rock units of the Rosina peg-
matite as the only boron mineral occurring in the vein, with
the exception of a very minor occurrence of hambergite in
cavities, and it is progressively more abundant toward the
core (and cavity-rich) zone of the vein. The tourmaline com-
position is strictly related to the chemical evolution of the
zoned pegmatitic body, which is characterized by signifi-
cantly different paragenesis of the different rock units, and it
displays an average increasing geochemical evolution, with
enrichments mainly of Li and Cs, toward the deepest sectors
of the body, which is dipping at high angle in the monzogran-
ite.

The precocious crystallization of biotite and sekaninaite in
the pegmatitic rock, together with Fe-dominant tourmaline
(schorl) characterizing the border zones of the pegmatite, al-
lowed for an efficient removal of Mg, Ti, and most of the
Fe from the crystallizing system. Subsequently, intermedi-
ate and core zones of the pegmatite crystallized; the remain-
ing Fe was removed from the system by tourmaline, whose
crystals, occurring as graphic texture aggregates with quartz
and/or in comb textures pointing toward the core of the vein,
evolved in the composition of Fe-free and Mn-rich fluor-
elbaite.

Eur. J. Mineral., 37, 505-516, 2025
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Table 7. Powder X-ray diffraction pattern of elbaite. Only the re-
flections with I > 5 % are listed. The eight strongest reflections are
given in bold.

h ko1 1% dops (A)
2 -1 0 19  7.906
1 0 1 23 6.300
2 0 -1 27 4927
3 0 0 14 4544
3 -1 1 58 4181
4 -2 0 100  3.953
1 0 -2 46 3435
4 -1 -1 21 3.348
4 0 1 10 3.083
5 -2 1 18 2988
3 -1 -2 64 2926
5 -2 1 5 2872
4 -1 2 7 2593
5 0 -1 88  2.555
0 0 3 10 2365
5 2 -2 14 2352
6 -1 1 25 2.324
5 0 2 7 2168
7 -3 1 13 2.146
3 0 3

; o 3 9 2100
6 -2 2 8 2091
4 -2 3 12 2030
6 -1 -2 34 2021
7 -1 -1 6 2003
7 -3 -2 30 1.901
8 —2 1 7 1.834
6 -3 3

| o 4 7 1.760
6 0 3

. o 3 16 1.642
9 2 -1 13 1.628
0 -5 0 12 1.581
4 0 4 8 1.575
8 -1 3

s 1 3 15 1.439
0 -1 1

0 s 8 1.407
9 -3 3

9 -3 -3 15 1.394
7 -3 4

0 0 1 8 1.344
1 -1 0 9 1.300
5 0 5 8 1.260

Eur. J. Mineral., 37, 505-516, 2025

The studied elbaite crystals occurred in cavities in the in-
termediate and deepest sectors of the pegmatitic body; the
very low content of Mn and the low F can be interpreted
as the result of spessartine and lepidolite formation, respec-
tively. Indeed, between the intermediate and core zones of
the pegmatite, a significant occurrence of almost pure spes-
sartine is observed, which allowed for the removal of most of
the Mn from the crystallizing medium.

Moreover, in the core zone, local masses of granular lepi-
dolite formed, which were probably responsible for the re-
moval of most of the F from the crystallizing system. In
such pegmatite sectors, tourmaline crystals, when approach-
ing cavities, rapidly evolved to Fe-free compositions as well
as to low Mn and F compositions, resulting in the forma-
tion of relatively homogeneous and rather colorless elbaite
prisms.
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