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This volume contains 52 abstracts and keynote abstracts presented at the 3rd International Conference 
on Tourmaline (TUR2021), held on Elba Island, Italy, from 9 to 11 September 2021 (https://www.tur2021.
com).

The Conference has been organized along with the sponsorship of SIMP (Italian Society of Mineralogy 
and Petrology), and support of the Sapienza University of Rome and Natural History Museum of Milan.

The abstract volume is the joint effort of all conference participants and covers many aspects of tourmaline 
regarding the latest discoveries across the range of crystallography, mineralogy, petrology, geochemistry, 
isotopic analyses, ore-deposits research, gem science, and much more.

All the abstracts published in this volume were critically read and approved by the scientific committee 
for presentation at TUR2021.

We wish to express our deepest gratitude to the members of the scientific committee of TUR2021: J. 
Cempírek, (Masaryk University), A. Dini (National Research Council of Italy), B.L. Dutrow (Louisiana State 
University), A. Ertl (University of Vienna), D.J. Henry (Louisiana State University), H.R. Marschall (Goethe 
University Frankfurt), M. Novák (Masaryk University), R.B. Trumbull (Helmholtz Centre Potsdam-GFZ), 
V.J. van Hinsberg (McGill University, Montreal).

Particular thanks are due to Alessandra Altieri and Beatrice Celata for all their effort and cooperation in 
the organizational and editing aspects of the abstracts.

The publication of this abstract volume was made possible through the support of the NATURA journal 
staff, namely Michela Mura and the managing director Anna Alessandrello, to whom we express our 
gratitude.

Ferdinando Bosi
Federico Pezzotta

Giovanni B. Andreozzi
(Co-chairmen of TUR2021)
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Color anomalies at the termination of pegmatitic gem-tourmaline 
crystals from Elba Island (Tyrrhenian Sea, Italy): a genetic model
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Ferdinando Bosi1

1 Sapienza University of Rome, Piazzale Aldo Moro 5, 00185 
Rome, Italy.

2 Museo di Storia Naturale di Milano, Corso Venezia 55, 20121 
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Elba tourmalines are renowned for their beauty, el-
egance and the wide spectrum of colors, even within an 
individual crystal.

The most famous Elba tourmaline variety is represent-
ed by the “black cap” crystals (Fig. 1), which are charac-
terized by a transparent prismatic sector (yellow-green, 
olive-green, colorless, or pink) with a sharp transition to 
black color at the analogous termination. However, in 
some pegmatitic veins the dark terminations of the tour-
maline crystals are not black, but they are made up by 
multiple thin sectors of bluish, greenish, brownish or even 
purplish-to-reddish colors (Pezzotta, 2021 in press).

It is well known that tourmaline crystals are able to 
register the chemical-physical variations of the crystalliz-
ing environment during their growth (Hawthorne & Dir-
lam, 2011). Thus, the color anomalies at the analogous 
termination observed in tourmaline crystals from Elba 
likely reflect processes occurred in tourmaline-rich peg-
matites during the latest stages of crystallization. The goal 
of this study is to describe such color anomalies and to 
propose a model for their genesis.

To achieve this goal, ten selected tourmaline samples 
from pegmatitic veins, located in the eastern border of the 
Monte Capanne monzogranite pluton, were analyzed using 
a multi-analytical approach, including electron microprobe 
(WDS mode) and Mössbauer spectroscopy. Compositional 
data were collected along a straight traverse parallel to the 
c-axis from the base to the termination of each crystal.

All studied samples show a (more or less) dark colored 
termination at the analogous pole, ranging from purple-
red to brown, green, blue and black. Analytical results 
suggest that the color variation stems from uptake of in-
creasing content of Mn and/or Fe (Fig. 2A).

The increase in Mn and Fe is quite significant in sev-
eral samples (MnO > 5 wt% and FeO > 2 wt%) and deter-

mines the evolution from the initial elbaite/fluor-elbaite 
composition to celleriite, foitite or schorl at the crystal 
termination (Fig. 2B). The compositional anomalies ob-
served at the analogous termination of Elba tourmalines 
suggest that chemical-physical variation occurred during 
the latest stages of crystallization.

In the studied samples, the increase in Mn and Fe dur-
ing the latest stages of crystals growth is consistent with the 
substitution of Li and Al at the Y site. However, this sub-
stitution can occur in different ways according to whether 
Mn and Fe totally or partially replace Li and Al (Fig. 2B).

In the crystals from Elba, a partial substitution oc-
curred at Y, according to the simplified mechanism  
(1.5Li+ + 0.5Al3+) ↔ 2(Mn2+,Fe2+). As this substitution de-
termines a total charge variation, it is balanced by the incor-
poration of cation vacancy (□) replacing Na at the X site:

Na+ + (1.5Li + 0.5Al)Σ3+ ↔ □ + 2(Mn,Fe)Σ4+

It is interesting to point out that this partial substitu-
tion, in presence of an excess of Mn over Fe, led to the 
formation of celleriite at the termination of some crystals, 

Fig. 1 - Tourmaline crystals of elbaite-tsilaisite composition with a 
typical dark-colored termination at the analogous pole. Specimen 5 cm 
across, from Grotta d’Oggi (San Piero in Campo, Elba Island). (Private 
collection. Photo: A. Miglioli).



6

representing the first world occurrence of this new tour-
maline species approved in 2019 by IMA-CNMNC (Bosi 
et al., 2021 in press).

In the studied samples, an addition peculiar feature is 
the rhythmic behavior of Mn and Fe observed at the ter-
minations, where Fe and Mn oscillatory pattern led to an 
alternation of either celleriite and rossmanite or celleriite 
and foitite (Fig. 3).

Further inspection to paragenetic relations in the cavi-
ties in which tourmaline samples were collected reveal 
abundant petalite, pollucite and lepidolite. The occur-
rence of such mineral phases provides evidence that the 
initial steps of crystal growth occurred in pegmatite por-
tions characterized by an advanced degree of geochemical 
evolution. At this stage, the pegmatitic melt appears to be 
depleted in Mn and Fe, as such elements were stored in 
early crystallized minerals, such as biotite and spessartine. 

Therefore, tourmalines occurring in the cavities initially 
crystallized as elbaite/fluor-elbaite. However, a sharp 
increase in Mn and Fe must have occurred in the latest 
stages of crystallization. Actually, microstructural obser-
vations indicate that the latest growth sectors of tourma-
lines occur right after an event of pocket rupture. Here, we 
hypothesize that Mn and Fe entered the fluids due to the 
alteration of the early-crystallized minerals rich in these 
elements (such as biotite and spessartine) occurring in the 
pegmatitic rock surrounding the cavities. Consequently, 
the latest stage fluids enriched in Mn and Fe were respon-
sible for tourmaline chemical evolution (or in some cases, 
crystallization re-start), which caused the observed color 
anomalies at the termination of the crystals.

Fig. 2 - A) Compositional variations in typical tourmaline crystals from 
Elba pegmatites. The representative abundances of Li, Na, Mg, Mn, 
Fe (apfu) are reported for the prismatic sections and the dark colored 
terminations. Each point represents the result of a spot analysis. B) Plot 
of the content of 2Li vs (Mn + Fe) at the Y site for each analyzed zone 
of the tourmaline samples studied. The three lines (dashed, dotted and 
full) represent different degree of substitution. The bold vertical full 
line distinguishes the compositions occurring at the crystal dark termi-
nations (left) from those occurring in the prismatic sectors (right).

Fig. 3 - Variation in MnO and FeO (wt%) along a straight traverse par-
allel to the c-axis of three selected crystals, from the upper section to 
the dark termination. The dashed line marks the transition between the 
upper section and the dark colored termination of the crystals.
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Tetrahedral substitutions in tourmaline-supergroup minerals from the 
bond-topological and bond-valence perspective
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The T site in tourmaline is tetrahedrally coordinated 
and TO4 tetrahedra form the six-membered ring intercon-
nected by the pairs of O2- anions (Ertl et al., 2018). Each 
TO4 tetrahedron shares O anions with the T (2×), Y, Z (2×) 
and X (2×) sites. It has the lowest bond-length distortion 
from all tourmaline cation sites resulting from its smaller 
size and higher rigidity than other polyhedra (Ertl et al., 
2002).

The T site is dominantly occupied by Si4+. Determina-
tion of possible substituents can be based on the bond va-
lence calculation defining the “Goldilocks zone” of struc-
tural site. It is defined by the zone of structurally stable 
bond lengths with a minimal induced distortion (Bačík & 
Fridrichová, 2021). It is quite narrow for T site; it allows 
unlimited substitution of Be2+ for Si4+ and limited substi-
tution of Al3+ and B3+. The calculated Si–O distance of 
1.624 Å and the empirical bond length of 1.619–1.621 Å 
(Bačík & Fridrichová, 2021 and references therein) are 
very similar to Be2+–O 1.635 Å bond length calculated 
for ideal bond valence. Two other typical substituents for 
Si4+ – Al3+ and B3+ – have either longer (Al3+–O 1.746 Å 
calculated bond length) or shorter bonds (B3+–O 1.475 Å 
calculated, 1.482 Å empirical bond length) than Si4+. Con-
sequently, B3+ causes compression and Al3+ expansion of 
tetrahedra. Other possible substituting cations form very 
long bonds (Ti4+ 1.819 Å, Fe3+ 1.870 Å), therefore, their 
presence at T site may be significantly limited (Bačík & 
Fridrichová, 2021).

Substitution mechanisms for incorporation of triva-
lent and divalent cations at the tetrahedral sites require 
charge-balancing in two possible ways. The first tetrahe-
dral substitution (TS1) of lower-charged T cation involves 
the exchange of higher-charged cation at the neighboring 
Y site, i.e. TAl(TB) + YAl → TSi + YMg, and TBe + 2YAl 
→ TSi + 2 YMg. The second type of substitution (TS2) 
requires the exchange of higher-charged cation at the X 

site, i.e. TAl(TB) + XCa → TSi + XNa, and TBe + XY → TSi 
+  XNa. In reality, both mechanisms or their combination 
can be active, however, here, only ideal substitutions will 
be examined in terms of bond-valence and bond-length 
variations.

For these purposes, selected structural topological 
graphs were constructed. These involve tetrahedral ring, 
neighboring ZO6 octahedra and either triplet of YO6 oc-
tahedra for TS1 and X site for TS2. The bond valences 
were given considering distribution in the real structure. 
Therefore, the starting values for the dravite composition 
in the TO4 tetrahedron were higher for non-bridging T–O6 
and T–O7 bonds and lower for bridging T–O6 and T–O7 
bonds.

The topological graphs for the TS1 showed that decre-
ase in bond-valence in the Al3+- and B3+-bearing tetrahe-
dron can be well compensated by an increase in bond va-
lences at neighboring ring tetrahedra followed by increase 
in bond valence at Y site connected to involved tetrahe-
dra. This can be satisfied by the AlMg–1 substitution at 
the Y site. Consequently, the (Al3+, B3+)Si4+

–1 substitution 
influences bond valences in the half of tetrahedral ring. 
The decrease in bond valence at the T site may also inter-
fere with the bond valences at Z site, but the excess of ca. 
10 vu (valence units) can be distributed relatively evenly 
among Z–O bonds with up to 0.03 vu for each bond.

However, there is a difference between B3+ and Al3+, 
if bond lengths calculated from bond valences are con-
sidered. Boron shrinks the TO4 tetrahedron, aluminum 
expands it. Since the neighboring polyhedra are similarly 
compressed the for both substitutions, the B substitution 
causes significant contraction of the local structure and is 
limited by the ability of structure to accommodate it. The-
refore, tetrahedral B is structurally limited to tourmaline 
composition with the most compressed structural arran-
gement, i.e., Al-enriched tourmalines. In contrast, tetrahe-
dral Al is less restricted, because the expansion of the Al-
bearing tetrahedron can be settled by the compression of 
the neighboring polyhedra.

The situation is more complicated for the Be2+Si4+
–1 

substitution due to the large difference in charge. Conse-
quently, this substitution requires exchange of either four-
valent for divalent cation or two trivalent for two divalent 
cations at the Y site. The second option was studied as 
trivalent Al is far more common than tetravalent Ti, Sn or 
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any other cation in tourmaline. If the same mechanism of 
bond-valence distribution as in (Al3+, B3+)Si4+

–1 substitu-
tion is assumed, the disparity among bond valences will 
be very large, almost 1 vu. This would result in extreme 
bond-length distortion of the tetrahedron with the diffe-
rence of ca. 0.4 Å between the longest and the shortest 
bond. However, if the change in bond valence is distri-
buted to other tetrahedra around the ring, the difference 
between extreme bond valences is reduced to 0.7 vu and 
to 0.28 Å in bond lengths. Consequently, the second me-
chanism would result in less distorted and more stable 
structural arrangement.

Tetrahedral substitution 2 occurs in adachiite, which 
is the end member with (Si5Al) T-site occupancy. The de-
crease in charge is balanced by the substitution of Ca2+ 
for Na+ at the X site. In this case, however, the distribu-
tion of bond valences differs from TS1. The X–O4 and 
X–O5 bonds have significantly smaller bond valence, ca. 
0.07-0.09 vu for Na+ and 0.13-0.15 vu for Ca2+ based on 
the empirical bond lengths. Consequently, the variation 
in bond valence is more limited than for the Y site and it 
is necessary to include not only 3 (for B and Al) or 4-5 
(Be) T-to-neighboring-site connections, but more. In TS2, 
the bond valences were altered in all around the whole 
ring. This mechanism allowed distribution of X–O bond 
valences increasing from 0.7 vu for XNa+ to 0.12-0.18 vu 
for Ca2+ substituted with Al3+ and B3+ and to 0.20-0.28 vu 
for Y3+ substituted with Be2+.

The tetrahedral substitution of B3+ and Al3+ resulted 
in a slight change in bond valences below 0.2 vu in the 
bridging bonds of neighboring tetrahedra, variations in 
the other tetrahedra are even smaller. However, TS2 of 
Be2+ produces variations above 0.4 vu, which could cause 
significant distortion and destabilize the tetrahedral ring.

If the bond lengths are considered, Al3+ substitution 
causes an expansion of TO4 tetrahedron up to 0.2 Å, which 
could be well relaxed by the contraction at the X site and 
slight distortion of T-ring. However, the compression of 
B3+-bearing tetrahedron would not be so easily relaxed at 
the X site. More importantly, this mechanism could apply 
only in liddicoatitic tourmalines which have sufficiently 
compressed structure to handle this substitution. Interest-
ingly, TS2 with TBe2+ would not produce significant bond-
length variations, all are below 0.2 Å and majority below 
0.1 Å.

The testing of this mechanisms on real samples (from 
the AMCSD database) is limited by their scarcity and in 
case of Be2+ by its usually low content in tourmalines usu-
ally up to few tens of ppm. However, these models can 
be used for prediction of bond lengths in TO4+ tetrahe-
dron. The average T–O bond lengths in natural tourma-
lines with tetrahedral B and Al falls very well around the 
junction of Si6 and (Si5B) tourmaline if compared with 
TB. In comparison with TAl, the correlation is worse due 
to usually mutual TB and TAl substitution causing greater 
scattering of these samples.

Similarly, the substitution models show similar pre-
dictions for individual T–O bonds. The substitution of 
TB results in T–O4, T–O5 and T–O7 shortening in both 
substitution models and real samples. However, for T–O6 
bond, the TS1 model predicts slight prolongation of the 
bond, the TS2 model suggests its significant shortening. 
Real samples are slightly increasing with low B content, 

with higher content, it stabilizes at ca. 1.605 Å. This in-
dicates that TS1 is preferential substitution model for B 
incorporation in the natural samples.

In contrast, TAl substitution should produce prolonga-
tion of tetrahedral bonds. For bridging T–O4 and T–O5 
bonds, TS1 predicts smaller, TS2 larger prolongation. For 
T–O7, both models predict the same prolongation and 
for T–O6 bonds, TS1 estimates larger and TS2 smaller 
prolongation. Tourmalines with high TAl content follow 
these trends, those with lower TAl proportion are more 
scattered due to simultaneous presence of TB. Interest-
ingly, the T–O6 bond length in adachiite is approaching 
TS2 prediction, while all other samples follow the TS1 
trend quite well.

In conclusion, tetrahedral substitution is allowed by 
either increase in charge in the octahedral sites or at the X 
site. Consequently, a significant substitution for Si4+ usu-
ally occurs in Al-rich tourmalines (B and Be) or produce 
the adachiite composition. The proposed bond-valence 
based models offered predictions of tetrahedral substitu-
tions which are in good agreement with empirical data.

This research was funded by the projects APVV–18–0065 
and VEGA-1/0137/20.
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The occurrence and distribution of tourmaline group 
minerals can provide insights into a wide range of envi-
ronments on Earth. The combination of their physical and 
chemical resistance to geological and geochemical pro-
cesses, as well as their ubiquitous occurrence under a wide 
range of pressure and temperature conditions, make tour-
maline minerals important petrogenetic indicators of fluid 
and host rock compositions (Henry & Dutrow, 2018).

This project aims to create a comprehensive repository 
of geochemical, temporal, and spatial data of tourmaline 
mineral supergroup occurrences in order to advance data-
driven discovery in mineralogy and petrology. Similar ap-
proaches have been taken to create a comprehensive data-
base of garnet supergroup minerals (Chiama et al., 2020) 
and a similar approach is used here to generate a robust 
database of chemical and physical attributes of tourma-
line supergroup minerals that are useful for characteriz-
ing a range of metamorphic, hydrothermal, igneous, and 
sedimentary environments. Gathering data from existing 
literature into a single open-access, machine-readable da-
tabase will provide an outstanding platform for researchers 
to explore tourmaline spatial and temporal history as well 
as related geologic processes by means of statistical and 
machine learning techniques (Hazen et al., 2019).

Note that other work has mentioned existing compi-
lations of tourmaline data, but to our knowledge those 
data have not yet been made available in an open access 
source.

The project intends to compile data from a variety of 
sources such as already existing databases (e.g. Earth-

Chem, RRUFF and the Handbook of Mineralogy) as well 
as individual peer-reviewed publications.

A special emphasis is put on accumulation of “dark 
data” which is not present in existing geochemical data-
bases or in supplementary data of peer-reviewed publica-
tions (Hazen, 2014; Wilkinson et al., 2016; Hazen et al., 
2019). “Dark data” mostly appears in publications prior 
to 1990 which have been recorded in PDF files. It is dif-
ficult to extract these analytical data using an automated 
approach, thus making “dark data” time-consuming to 
compile in a database. However, these data are valuable 
and should not be neglected, especially when constructing 
a comprehensive database.

Fig. 1 - A map of countries that have schorl, elbaite or dravite occur-
rences reported in the Mindat database shaded in purple.

Formational environments are directly reflected in 
chemical compositions of tourmalines, which can be com-
plemented with locality information, paragenetic modes, 
age, P—T conditions, and other geochemical data to form 
a platform for big data abductive discoveries in mineral-
ogy and petrology. This would not be possible without the 
accumulation of deductive and inductive information in 
the form of traditional measurements, calculations, and 
observations (Hazen, 2014).

Each chemical element, isotope ratio, or other attri-
bute represents a single column of the database while the 
rows represent individual tourmaline analyses and also 
marked with the “Project ID” representing the line num-
ber for easier identification of the total number of samples 
in the database.
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Apart from the geological data, a reference section is 
also added to the database to enable future researchers to 
easily access the original source. Data are recorded for 
the title, journal, authors, and year of publication of the 
source material.

Ultimately, our objective is for this open-access data-
base to provide a compilation of extensive scientific data 
related to the occurrence and composition of tourmaline 
group minerals. Scientists will have the ability to contrib-
ute their data in the future to expand the database even 
further.
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The magmatic and metamorphic complex of 
Moslavačka gora lies between the rivers of Sava and 
Drava and is located around 50 km east from Zagreb. 
The orientation of Moslavačka gora today is NNW - 
SSE and it is in accordance with its genesis as an insel-
berg of the Sava zone between the Tisza and the Dacia 
Mega - Unit on the Northeast and the internal Dinarides 
on the Southwest (Schmid et al., 2008).

The age of granitic intrusions of Moslavačka gora 
has been estimated (Palinkaš et al., 2000). The musco-
vite dating from the Srednja Rijeka pegmatite gave a 
plateau age of 73.2±0.8 Ma using the Ar/Ar method. 
The intrusion of the granitic rock into an earlier me-
tamorphic complex leads to partial melting and the 
formation of migmatites surrounding the intrusion bo-
dy. These granitic rocks, migmatites and amphibolites 
show graduations from one rock type to another and are 
therefore regarded as a single petrological unit (Pamić, 
1990). These rocks are sometimes covered by a weathe-
ring crust over 10 m (Balen, 1999). This alteration crust 
is also present and most evident in the kaolinization of 
the granitic rocks.

Pegmatitic veins scaling from 1 cm thickness to 
several decimeters are present in the granitic rocks of 
Moslavačka gora. These pegmatites are found in quar-
ries at Vrtlinska, Pleterac, Garjevica and Srednja Rije-
ka. The contact between these pegmatitic veins and the 

host rock varies from very sharp to diffuse. Tourmaline 
samples from the Srednja Rijeka quarry have been stu-
died.

Pegmatites found in the Srednja Rijeka quarry contain 
microcline, albite, quartz, muscovite, biotite and tourma-
line. Some observed accessory minerals include andalusi-
te, spessartine and dumortierite.

Tourmalines from Moslavačka gora have attracted a 
lot of attention and have already been analyzed by several 
authors (e.g. Balen & Broska, 2011). However, little at-
tention has been given to the mineralogical characteristics 
of this mineral occurrence. Tourmaline occurs in single 
crystals as well as in aggregates. The latter often form thin 
crusts consisting of tiny needles up to 4 mm in length. 
Apart from these crusts they often form tourmaline no-
dules with quartz (Balen & Broska, 2011). The biggest 
tourmaline crystals are found in pegmatitic veins, where 
they form crystals up to 1 cm in diameter and several cen-
timeters in length (Fig. 1). Such crystals from pegmatitic 
veins have also been studied.

All these described tourmalines are macroscopical-
ly black and not transparent. In thin sections, however, 
they show a significant zonation, probably due to diffe-
rent Fe2+/Fe3+ ratios. Such zonations can be observed in 
sections perpendicular to the c axis and very often they 
show different shades of brown and green color (Fig. 2), 
but some crystals show blue zones as well.

Fig. 1 - A large sample of a pegmatitic vein with several large tourma-
line crystals from Srednja Rijeka quarry.
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Apart from the colour zonation, these tourmalines 
vary in chemical composition as well, most obviously in 
the Fe2+/Fe3+ ratio. However, some chemical analyses of 
tourmaline samples from Srednja Rijeka gave strange re-
sults. When normalizing the crystallochemical formula to 
31 anions, by using wet chemical analyses, these formu-
lae showed excess Si and Al. Since no obvious inclusions 
have been detected in tourmaline thin sections, further 
structural analysis and refinements are suggested, as well 
as microprobe analyses of different tourmaline zones, 
which could be helpful for further interpretation of the 
formation conditions.
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Some previous studies report of optically anomalous 
tourmaline with biaxial character, which is incompat-
ible with its putative R3m symmetry. A crystal fragment 
of sample GEO-NRM19252409 (Swedish Museum of 
Natural History) coming from Langesundsfjord (Norway) 
showing zonation with biaxial optic behavior in the rims 
was studied by means of electron microprobe, single-
crystal X-ray diffraction, Mössbauer, infrared and opti-
cal absorption spectroscopy and optical measurements. 
The latter were performed with a spindle stage in a Leitz 
Dialux microscope equipped with a CCD camera using 
Excelibr spreadsheet (Steven & Gunter, 2018), using a 30 
µm thin section of the crystal cut perpendicular to c axis. 
Conoscopic image showed a biaxial interference figure, 
with negative optic sign. Measure 2Vx was 15.6° (white 
light). The biaxial character of the sample is not due to 
internal stress since it cannot be removed by heating and 
cooling. Orientation of the optical indicatrix was obtained 
using the same crystal mounting at a Rigaku XtaLAB 
Synergy-S diffractometer (MoKα) and showed c^X = 
2°, b^Z = 164.3° and a^Z = 75.8°. Complete data collec-
tion was obtained on a full sphere up to 0.50 Å. Diffrac-
tion data were refined with a standard R3m space group 
model [a 16.0013(2) Å, c 7.2263(1) Å] and with a non-
conventional triclinic R1 space group model from Hughes 
et al. (2011), keeping the same hexagonal triple cell for 
comparison purposes but with unconstrained unit-cell pa-
rameters: a 16.0093(5) Å, b 16.0042(5) Å, c 7.2328(2) Å, 

α 90.008(3)°, β 89.856(3)°, γ 119.90(9)°. Trigonal Rint = 
6.6%, Rall = 1.75% (3136 unique reflections) vs. triclinic 
Rint = 4.1%, Rall = 2.53% (17342 unique reflections). In 
both structure models, protons bonded to O3 sites were 
located and their coordinates refined. No proton was ob-
served close to O1, in agreement with chemistry. Crys-
tal-chemical analysis resulted in the chemical formula 
(Na0.98K0.010.01)Σ1.00 

Y(Fe2+
1.73Mg0.12Al0.90Ti0.21Mn0.02V0.0

1Zn0.01)Σ3.00
Z(Al4.88Fe3+

0.30Fe2+
0.19Mg0.63)Σ6.00(Si6O18)(BO3)

(OH)3[(OH)0.29F0.22O0.49]Σ1.00, which agrees well in terms of 
calculated site scattering (X 10.9 epfu, Y 63.7 epfu, Z 83.7 
epfu) and refined site scattering (X 11.4 epfu, Y 63.4 epfu, 
Z 83.6 epfu). The ordering of about 0.19 apfu of Fe2+ at 
the Z sites comes from the structure refinement of the R1 
model that showed that one out of 6 independent Z sites 
(Zd site) shows higher refined site scattering (15.5 eps vs. 
mean 13.3 eps for the other 5 sites) as well as larger mean 
bond length (1.968 Å vs. 1.925, s.d. 0.006, Å for the other 
5 sites) and larger octahedral angle variance (53° vs. 42°, 
s.d. 3). All these features support the local ordering of Fe2+ 
at the Zd site.

A less pronounced ordering of Al is also observed at 
the Yc site (lower refined scattering and smaller mean bond 
length than the other two Y sites), which shares one edge 

Fig. 1 - The studied sample showing the zonation and the location of 
the studied crystal fragment as well as the correspondent conoscopic 
images.
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with the Zd site. Optical absorption spectra also show evi-
dence of Fe2+ at the Z sites. Interestingly, the elongation 
of the Zd-octahedron is along a direction which forms an 
angle of ca. 73° with a unit-cell parameter and is coinci-
dent with the direction for γ-refraction index. All these 
evidences support the triclinic character of the tourmaline 
structure from Langesundsfjord, and put on evidence that 
even in the presence of excellent statistical residual fac-
tors from excellent X-ray diffraction data, the lowering of 
symmetry due to cation ordering may have been overseen 
in many other tourmaline samples in absence of an oppor-
tune check of the optical behavior.

Although the symmetry of the present sample is not 
trigonal, the basic structure type of tourmaline is re-
tained. Thus, it can be classified as the triclinic dimorph 
of schorl.
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Subducting oceanic crust and sediments experien-
ce a continuous dehydration process, which involves 
hydrous minerals such as clays and borosilicates. Once 
the breakdown conditions of borosilicates are reached, 
B-rich aqueous fluids are then released in the subduc-
ting system leading to B-metasomatism of the hosting 
and neighboring rocks, which may play a key role on 
the overall system rheology (Ota et al., 2008). Some of 
the released B can still be stored in deeply subducted 
sediments through mineral phases which are stable at 
higher pressure and temperature conditions (e.g. phengi-
te), until further breakdown would make their structure 
collapse and lead again to dehydration and boron lea-
king. Mapping out every step of this breakdown sequen-
ce would help to trace the water and boron path deep 
down the Earth.

In this study, tourmaline high temperature (HT) and 
high temperature-high pressure (HT-HP) breakdown con-
ditions and mechanisms were investigated.

In-situ HT behavior of a Fe-rich fluor-elbaite from 
Minas Gerais (Brazil) and a Mn-bearing elbaite from An-
janabonoina (Madagascar), both crystal-chemically fully 
characterized (Bosi et al., 2019, 2021, respectively), was 
investigated at room pressure through X-Rays Powder Dif-
fraction (XRPD). Temperature was progressively raised at 
fixed T steps, monitoring the occurrence of the first peaks 
of any newly formed phases (Fig. 1). For Fe-rich fluor-
elbaite and Mn-bearing elbaite the breakdown temperature 
was thus constrained at 803 and 825 °C, respectively.

In both cases the structural breakdown was preceded 
by a thermally-induced oxidation process (of Fe2+ to Fe3+ 
and of Mn2+ to Mn3+, respectively)  starting at ~ 500 °C, 
which was counterbalanced by H+ loss (namely deproto-
nation). In addition, between the octahedrally-coordina-
ted Y and Z sites a partial intra-crystalline cation exchange 
(Fe-Al and possibly Li-Al for the two samples, respecti-
vely) was observed. The breakdown products were then 
collected and analyzed ex-situ with XRPD for phases 
identification, and they resulted to be mostly represented 
by a B-bearing mullite (approximately 75% of the total) 
for both tourmaline samples.

Further HT-HP experiments were carried out on a 
schorl from the Seagull batholith (Yukon Territory, Cana-
da), previously crystal-chemically characterized (Andre-
ozzi et al., 2020), at various temperatures ranging from 
500 to 950 °C and constant pressure of 3.5 GPa applied 
through a Walker-type multi anvil press. Experimen-
tal products were characterized ex-situ through a multi-
analytical approach: textural aspects were investigated 
through Scanning Electron Microscope (SEM), the che-
mical composition was obtained through Electron Micro-
Probe (EMP), and Fe oxidation state (in the assemblage 

Fig. 1 - Pseudo-Guinier plot of XRPD data of Fe-rich fluor-elbaite a) 
and Mn-bearing elbaite b). The horizontal lines at 1076 and 1098 K (803 
and 825 °C), respectively, represent the first occurrence of the B-mullite 
peaks, the most intense of which is marked by the “*” symbol.
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tourmaline + its breakdown products) was constrained 
through Mössbauer spectroscopy. Integrating the obtai-
ned results, the breakdown temperature of the Canadian 
schorl at 3.5 GPa was constrained at approximately 700 
°C. Breakdown products were mostly represented by gar-

net (Fig. 2 and Tab. 1), with minor Al-bearing phases still 
under study. Further arguments on the schorl HT-HP bre-
akdown mechanism, possibly preceded by the oxidation 
process from Fe2+ to Fe3+ counterbalanced by the H+ loss 
already observed at HT, are still in the making.

Fig. 2 - SEM image of experimental tourmaline-garnet assemblages at 3.5 GPa and temperatures of a) 700 °C, b) 750 °C.

Table 1 - EMP data collected on experimental tourmaline-garnet assemblage at 3.5 GPa and 700 °C.

Phase SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O F Tot

Tur 34.44 0.43 31.16 17.50 0.42 0.05 2.58 0.02 0.98 87.58

Grt 36.06 0.14 21.10 39.44 0.15 0.57 0.11 0.00 0.43 98.01
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Elbaite-subtype of rare-element group of granitic 
pegmatites defined by Novák & Povondra (1995) from 
the Moldanubian Zone of the Bohemian Massif repre-
sents mineralogically variable rock suite. Composi-
tion of elbaite-subtype pegmatites is characterized by 
relatively low and variable amounts of albite, low ac-
tivity of P and F and high activity of B, and especially 
by the presence of tourmaline as the major carrier of 
Li, typically associated by (typically late-stage) bo-
rate minerals and B-bearing silicates (including e.g. 
hambergite, datolite, danburite, boromuscovite, tu-
sionite, B-bearing polylithionite), scarcity of white 
mica (Ply>>Tri; Ms is absent or extremely rare), and 
high contents of Mn in garnet and columbite; the black 
tourmaline (dravite-schorl-elbaite) is characterized by 
strong enrichment in Mn (and in some cases F), low 
vacancy and dominant Na whereas composition of 
pink tourmaline in pockets ranges from elbaite to less 
common liddicoatite (Novák & Povondra, 1995).

Several recent detailed studies (e..g. Zahradníček, 
2012; Flégr, 2016; Buřival & Novák, 2018; Novotný 
& Cempírek, 2021; Bosi et al., 2021 in press) on the 
most significant pegmatites (Řečice, Dolní Rožínka, 
Pikárec, Rudolfov, Ctidružice, Biskupice) significant-
ly improved the amount of compositional and para-
genetic information on the tourmaline which allows 
some general genetic interpretations of its evolution.

Tourmaline evolution typically starts with Mg-rich 
schorl pegmatite border zone (exceptionally Fe-drav-
ite), followed by Al-rich schorl to Li-bearing schorl 
in the wall and intermediate zone; initial F contents 
are generally low (≤0.3 apfu). The graphic Tur + Qtz 
intergrowths that evolve to dark prismatic crystals 
in pockets typically occur at the transition between 
the coarse-grained intermediate zone and the albite 
zone (commonly with cleavelandite); they usually 

feature various degree of Mn-enrichment represent-
ed by Li,Mn-rich schorl (Řečice, Dolní Rožínka) or 
tsilaisite-celleriite-princivalleite (Pikárec, Rudolfov) 
with relatively low Li and F contents. The dark pris-
matic crystals at the base of the pegmatite pocket are 
usually followed by a metasomatic pink prismatic 
Li,F-rich tourmaline (fluor-elbaite, elbaite) in pock-
ets. The transition is usually abrupt or can be visible 
as diffuse zoning which usually represents a recrystal-
lization zone.

Hydrothermal tourmaline assemblages are charac-
terized by fibrous/acicular or long-prismatic crystal 
habitus, or intergrowths with quartz (elbaite, rarely 
darrellhenryite or fluor-liddicoatite); they can show 
very complex sector zoning (Ca,F-poor and Ca,F-rich 
zones) or homogeneous (Fe-enriched elbaite). B-rich 
fluids typically cause partial metasomatic replacement 
of earlier generations, resulting in quartz-tourmaline 
(fluor-elbaite to fluor-liddicoatite) aggregates along 
tourmaline grain boundaries in older units. Typical 
textures of metasomatic (hydrothermal) replacement, 
including recrystallization (compositional mixing) are 
shown on Figure 1.

Increase of Ca is typical for late stages of tourma-
line formation (e. g. Řečice, Rudolfov, Dolní Rožínka), 
locally reaching composition of fluor-liddicoatite. 
Late hydrothermal tourmalines may also form in bor-
der pegmatite zones, xenoliths and on exocontacts – 
primary biotite is typically replaced by Al-deficient 
schorl-dravite or Fe3+,Ti-rich bosiite.

The evolution of the primary tourmaline can be 
characterized as fractionation from Mg-, Fe-, to Fe-
Al- and Mn,Al-dominant compositions with low to 
moderate F and Li. It is followed by of Li,Al,F-rich 
tourmalines in pockets and hydrothermal (metaso-
matic) veinlets that may be widespread in all peg-
matite zones. The elbaite-subtype pegmatites are 
characterized by very high B activity during most 
stages of their evolution, with high F+Li contents 
restricted to late magmatic (albite zone) and hydro-
thermal stages.

This work was supported by the research projects 
GAČR 19-05198S and MUNI/A/1594/2020.
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Tourmalines with general crystal-chemical formulae 
[9]X [6]Y3 

[6]Z6 (
[4]TO4)6 (

[3]BO3)3V3W (Henry et al., 2011) be-
long to polar symmetry class with a singular polar axis 
(space group R3m). It is worth to note, that pyroelectric 
effect (γ) was firstly discovered in tourmaline. Stability in 
a wide range of temperatures and pressures makes tour-
maline a promising material with pyroelectric and piezo-
electric properties (Chernyshova et al., 2021 in press).

The emergence of a polarized state in linear pyroelec-
trics occurs due to the sharing of electrons of neighbor-
ing atoms, i.e. due to short-range forces, which are large 
only at distances of the order of interatomic ones (Kittel, 
2004). The action of directed short-range forces leads to a 
rigid fixation of dipole moments in the entire region of ex-
istence of a solid state. In this case, external electric fields 
are unable to reorient the spontaneous polarization.

According to previous studies performed by various 
experimental methods, the pyroelectric coefficient of 
tourmalines varies widely: from 1 to 20 μCm-2K-1 at room 
temperature (Chernyshova et al., 2021 in press). Reveal-
ing the relationships between the chemical composition, 
crystal structure and pyroelectric properties of tourmaline 
will allow deeper penetration into the structural nature of 
its unique properties and carry out crystal-chemical design 
of new nature-like materials with improved properties.

Zhou et al. (2018) made meaningful steps in this di-
rection, proposing a γ - calculation method, based on 
structural analysis data at different temperatures. Intrin-
sic electric dipole moment (P) is calculated using atoms 
coordinates and chemical composition of tourmaline. Py-
roelectric effect is calculated as the difference between 
P in a temperature range. Based on the Rietveld refine-
ment Zhou et al. (2018) calculated pyroelectric effect of 

Mg-tourmaline and concluded, that the deformations of 
[TO4] – and [BO3] – polyhedra along c-axis are the main 
contributors in γ values.

This result raises many questions. First of all, Rietveld 
refinement results are not precise enough for such a cal-
culation in general and especially in this particular case, 
which is clear from irregular changes of average bond 
lengths in [XO9] –, [YO6] –, [ZO6] – and [TO4] – polyhedra 
(Fig. 1). Furthermore, [TO4] – and [BO3] – polyhedra are 
most stable and invariant regarding their chemical com-
position in tourmaline structure. Whereas ionic substitu-
tions and cations disordering occur in [XO9] –, [YO6] –, 
and [ZO6] – polyhedra. Therefore, deformation of [XO9] 
–, [YO6] – and [ZO6] – polyhedra should be main factors 
affecting pyroelectric properties.

Correlations between the chemical composition of 
octahedral sites (primarily the oxidation state of cations) 
and the pyroelectric coefficient confirm last assumption 
(Chernyshova et al., 2021 in press). Finally, the γ values 
obtained by Zhou et al. (2018) strongly increase with tem-
perature from 5 μCm-2K-1 (25 °С) to 35 μCm-2K-1 (300 °С) 
and greatly exceed all known γ for tourmalines.

In course of current work, we have used method pro-
posed Zhou et al. (2018) for tourmaline with known γ 
value in order to evaluate its applicability. To solve this 
goal, we chose synthetic Ni-tourmaline (Lebedev et al., 
1988; Vereshchagin et al., 2015) of simple chemical com-
position (No 1, Table 1). Single-crystal X-ray diffraction 
was collected by means of diffractometer Agilent Tech-
nologies (Oxford Diffraction) «Supernova»: MoKα (λ= 
0.71073) in a temperature range -170 – +75 °C and re-
fined by SHELX (Sheldrick, 2015). Besides that, single 
crystal X-ray data for Fe and Mg-bearing tourmalines in 
temperature range 20 – 850 °C (No 2-4, Table 1) were 
used for comparison.

According to the refinement results of Ni-tourmaline, 
average bond lengths of its polyhedra increase regularly 
in temperature range -170 – +75 °С: X > Z >> Y > T (Fig. 
1). The refinement results of Fe- and Mg-tourmalines 
crystal structure (No 2-4, Table 1) showed, that significant 
changes in bond lengths occur in the range of 400 – 800 
°C (Fig. 1). These changes are associated with disordering 
of cations over Y- and Z-sites (Menken, 2014). Since no 
changes higher than determination error occur up to 400 
°C, it is impossible to use these data to calculate γ.
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The results of calculating the γ values of synthetic Ni-
tourmaline showed that γ is 2.4 μCm-2K-1 in the tempera-
ture range -170 – -20 °С, which is consistent with the γ 
value of this tourmaline obtained by the dynamic method 
(2.7 μCm-2K-1, Chernyshova et al., 2021 in press). The 
γ value sharply increases to 35 μCm-2K-1 upon passing 
through 0 °С in the range -30 – ±20 °С and is 3.7 μCm-

2K-1 in temperature range 30 – 75 °С. This pattern requires 
additional explanation.

The work was carried out using the analytical capabilities 
of Resource Centre for X-ray Diffraction Studies in St. Peters-
burg State University. This work was supported by grant of 
the President of the Russian Federation МК-1832.2021.1.5.
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Table 1 - Characterization of chemical composition and X-ray experiment of studied tourmalines.
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Tourmaline and white mica are common gangue min-
erals in hydrothermal ore deposits. These minerals are 
the most abundant alteration phases throughout the Pan-
asqueira W-Sn-Cu deposit and, therefore, the prime indi-
cators for the composition and source of the mineralizing 
fluids. The deposit consists of sub-horizontal ore-bearing 
quartz veins hosted by metasedimentary rocks above a 
late-Variscan granite and its greisen cupola (e.g., Kelly 
& Rye, 1979).

This contribution summarizes the results of three stud-
ies that combine in-situ analyses of major elements by 
EPMA, trace elements by laser ablation ICP-MS, and bo-
ron isotopes by SIMS in tourmaline and white mica at the 
Panasqueira deposit (Codeço et al., 2017, 2019, 2021). 
The SIMS results were also used to test the application 
of B-isotope exchange between muscovite and tourmaline 
as a geothermometer (Codeço et al., 2019). In addition, 
the bulk chemical changes caused by the hydrothermal 
alteration are addressed, based on analyses of altered and 
unaltered host rocks, granite, and greisen from drill core 
samples presented by Codeço et al. (2021).

Whole-rock data from altered host rocks show enrich-
ments in W, Sn, Cu, Zn, As, F, Li, Rb, and Cs relative to 
the unaltered metasediments. Most of these elements are 
also enriched in the greisen relative to the unaltered gran-
ite. The observed variations in whole-rock composition 
with distance to ore veins reflect the alteration intensity 
and different modal abundances of tourmaline and mica 
(Codeço et al., 2021).

Tourmaline has intermediate schorl-dravite compo-
sitions and is chemically zoned, with increases in Fe/
Mg and F from core to rim, while Ca and Al contents 
decrease (Codeço et al., 2017). White mica comprises 
muscovite, phengite, and celadonite components and has 
systematic variations in Fe/Mg according to the setting 
within the deposit (greisen, vein selvage, alteration zone, 

late mineralized fault), indicating an evolution with time 
(Codeço et al., 2019). In contrast, tourmaline composi-
tions are similar throughout the deposit (but greisen is 
tourmaline-free). This is ascribed to a stronger depend-
ence of tourmaline on host-rock compositions, while 
white mica is the better recorder of the changing fluid 
composition (Codeço et al., 2021). The in-situ trace-el-
ement data show that Rb, Cs, Ba, Li, Nb, Ta, W, and Sn 
are preferentially partitioned into white mica over tour-
maline while Zn, V, and Sr show the opposite trend (Fig. 
1) (Codeço et al., 2021).

Fig.1 - Trace-element partitioning between tourmaline and white mica 
expressed as apparent D values. The squares show the median values 
for each element, and the shadowed field corresponds to the full range 
of values. Adapted from Codeço et al. (2021).

The B-isotope composition (δ11B) of coexisting tour-
maline and white mica pairs are shown in Figure 2, along 
with the derived isotope exchange temperatures. Boron 
isotopic compositions of tourmaline in direct contact with 
mica have median values of -9‰ (Fig. 2). There is no iso-
topic zoning but a slight variation with distance from the 
ore veins. White mica has a more variable composition. 
The median δ11B values of mica from greisen and vein 
selvages overlap (-17 to -18‰), whereas late-stage mus-
covite has lower values (down to -23‰). The B-isotope 
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composition of tourmaline-mica pairs from vein selvages 
provides an estimate for the temperature of vein forma-
tion (450 ±50°C). The temperature estimate for a late-
mineralized fault zone is about 260°C (Fig. 2). The higher 
temperatures agree well with Ti-in-quartz thermometry 
from wall-rock alteration zones (503 ± 24°C) and arse-
nopyrite geothermometry (438 ±44°C) from vein selvag-
es (Fig. 2). The lower temperature of late mineralization 

overlaps with the range of fluid inclusion homogenization 
temperatures in vein quartz (360 to 230 °C).

In summary, the B-isotope data from both minerals 
are consistent with a magmatic source of fluids during the 
stages of mineralization represented by mica and tourma-
line samples, which supports the concept of multiple in-
jections of magmatic-hydrothermal fluids (Codeço et al., 
2017, 2019).

Fig. 2 - Temperature and δ11Bfluid estimates calculated from Panasqueira mica-tourmaline pairs using the fractionation factors of Wunder 
et al., 2005 (mica-fluid) and Meyer et al., 2008 (tourmaline-fluid). Solid lines are isotherms, and dashed lines are isopleths of δ11Bfluid 
composition. The median δ11B values of tourmaline-mica pairs are indicated by circles, with the red and green symbols representing 
vein selvages and late fault zone, respectively. The black lines correspond to the 25th to 75th percentile range. Independent temperature 
estimates are shown in gray bars at the bottom of the plot: 1Fluid inclusions from Kelly & Rye (1979), Bussink (1984), Jaques & Pascal 
(2017), and Lecumberri-Sanchez et al. (2017); 2Arsenopyrite geothermometry (Apy-geoth) from Jaques & Pascal (2017); 3Ti-in-quartz 
(TitaniQ) geothermometry from Codeço et al. (2017). Adapted from Codeço et al. (2019).
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Silicate-borosilicate liquid immiscibility would help 
explain phenomena observed in highly evolved melts, 
perhaps most notably local concentrations of tourmaline 
in granites and pegmatites. Two lines of evidence suggest 
that such liquid immiscibility is possible.

First: Orbicular or nodular tourmaline, observed in na-
tural evolved melts (e.g. in the Třebíč Granite, Fig. 1), is 
hypothesized to form when, as the magma cools, a highly 
evolved melt unmixes into two melts, one being a boron-
rich melt ‒ volumetrically minor compared to the host 
B-poorer melt and therefore tending to form spherical no-
dules within the host ‒ that crystallizes to predominantly 
tourmaline (see for example Drivenes et al., 2015). Ho-
wever, these tourmaline nodules are not strictly, or even 
typically spherical, but can take a variety of forms less 
consistent with liquid-liquid unmixing, and have alterna-
tively been interpreted as magmatic fluid related (Sinclair 
& Richardson, 1992), hydrothermal replacement (Rozen-
daal & Bruwer, 1995), or as primary magmatic crystal-
lisation of tourmaline with their shape controlled by nu-
trient supply (Perugini & Poli, 2007).

The second line of evidence is experimental: Immisci-
bility has been observed in B-rich silicate melts in the lab 
(e.g. Veksler et al., 2002). However, the synthetic melts 
studied by these authors were also doped with other in-
compatible elements to unnaturally high levels, and the 
effects of B alone ‒ as well as the relevance to natural 
B-rich melts ‒ are thus unclear. Indeed, Pichavant (1981) 
and van Hinsberg (2011) do not observe liquid immiscibi-
lity in B-rich melts up to 18 wt% B2O3, which exceeds the 
B-content of common natural granitic melts.

To resolve the ambiguity in whether silicate-borosili-
cate liquid immiscibility is possible for natural geological 
environments, we evaluated immiscibility in the granite-

B2O3 chemical system experimentally. We investigated 
apparent equilibrium at different temperatures for melts 
that closely approximate natural compositions, using ei-
ther a tourmaline-free granite to which we progressively 
added up to 50 wt% B2O3, or using a granite that hosts or-
bicular tourmaline (the Třebíč Granite of Fig. 1), in which 
case we homogenized a mixtures of the tourmaline nodule 
and the host granite up to 5 wt% B2O3.

Experiments were run H2O-free at 1 atm in sealed 
quartz tubes in a box furnace, or were run H2O-saturated 
at 1 kbar in sealed gold capsules in a rapid-quench cold-
seal pressure vessel. All experimental charges were first 
homogenized to a single melt at 1200°C (dry, 1 atm) or 
900°C (wet, 1 kbar). They were then cooled slowly over 
several days to a dwell temperature between 400 and 
700°C where they were held for > 3 days, and then finally 
quenched rapidly.

The dry, 1-atm experiments showed no textural nor 
compositional evidence for liquid immiscibility, even at un-
naturally high 50 wt% B2O3 contents, which rules out that 
B alone can induce liquid immiscibility, in agreement with 
experiments by Pichavant (1981). Liquid immiscibility was 
similarly absent in the H2O-saturated 1-kbar experiments, 
but the run products of some of these displayed (among 
other interesting textures) nodular/orbicular tourmalines 

Fig. 1 - Tourmaline nodules in the Třebíč Granite, Czech Republic as 
observed during the Tourmaline2017 post-conference fieldtrip.
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(Fig. 2). These micronodules have symplectitic quartz and 
tourmaline (or cordierite for lower B2O3 runs), intergrown 
at the scale of ~2 μm, and coexist with fluid, glass, and bio-
tite. These do not represent crystallisation of a borosilicate 
immiscible melt given that such a melt was not observed 
in higher temperature experiments and cordierite replaces 
tourmaline in the nodules at lower melt B content.

We hypothesize that the nodules formed as tourmaline 
(or cordierite) crystallized, which saturated quartz in the 
immediate surrounding melt, and as quartz crystallizes, 
this in turn saturated in tourmaline. Length scales of the 
intergrowth could be related to differential transport rates 
of mineral nutrients, similar to how the nodules on Elba 
were interpreted by Perugini & Poli (2007).

In conclusion, B does not induce liquid immiscibility 
in granitic systems, and tourmaline nodules are best ex-
plained as the result of a magmatic crystallisation process 
with local B-enrichment, or to represent the transition 
from magmatic to hydrothermal conditions and formation 
from a fluid in the cooling magmatic body.
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Fig. 2 - Back-scattered electron images of mineral textures in the experimental run products.
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Granitic pegmatites are widespread in the Late Mio-
cene Monte Capanne monzogranite pluton (Elba Island), 
but it is only along its eastern border that they display 
a marked Li-Cs-Ta (LCT) signature (Fig. 1). Such LCT 
pegmatites are of particular interest since, at a small scale, 
they contain much of the features typical of many other 
important pegmatite districts around the world. Indeed, 
Elba pegmatites show a variety of inner structures, diffe-
rent host-rocks, complex and rich mineralogy (e.g.: elbai-
te, petalite, pollucite, microlite, etc.), and a wide range of 
the degree of geochemical evolution (Pezzotta, 2000).

The Monte Capanne pluton is a slightly peraluminous 
monzogranite intrusion (Dini et al., 2002) formed by the 
downward stacking of multiple magma pulses. Earlier 
emplacement of K-feldspar megacryst-rich magma she-
ets was followed by the emplacement of a larger magma 
batch that produced the megacryst-poor San Piero facies. 
Several evidences indicate that the NW part of the pluton 
acted as the feeding zone, while the eastern part develo-
ped as a “tongue” in the footwall of a low angle detach-
ment (Fig. 1). Cordierite and tourmaline bearing leuco-
granites (Dini et al., 2002), were emplaced as swarms of 
sub-parallel, sub-vertical dykes trending WSW-ENE (10-
40 cm thick) throughout the entire pluton and crosscutting 
also the contact aureole. Leucogranite, sub-vertical dyke 
swarms continue along the eastern border of the pluton 
where their strike change to NNE-SSW. Here they acted 
as feeders of large leucogranite sills (same direction of 
dykes but gently dipping to the east) emplaced along the 
contact with, and within the metamorphic aureole.

The eastern side of the Monte Capanne pluton is cros-
scut by at least three NNE-SSW swarms of leucogranite 
dykes, but miarolitic LCT pegmatites are associated only 
with the easternmost one. The LCT pegmatite dykes di-
splay an overall NNE-SSW strike, like the leucogranite 
dykes, but their attitude can be much more variable (va-
riably dipping to the west) as well as their thickness (from 

few cm up to 1-2 m). Miarolitic LCT pegmatites occur 
near the pluton contact, hosted by the monzogranite rocks 
(both in megacryst-rich and -poor facies), the meta-ophio-
lites of the contact aureole and the leucogranite sills. The 
age is constrained by isotopic dating (U-Pb and 40Ar-39Ar) 
of the Monte Capanne monzogranite (6.9 Ma) and late 
mafic porphyry dykes (6.85 Ma).

Internal structures and parageneses of the miarolitic 
LCT pegmatites have been described by Pezzotta (2000). 
Many dykes display aplitic fine-grained borders, with a 
basal line-rock highlighted by tiny tourmaline crystals, 
and a coarse grained pegmatitic core characterized by 
early quartz-tourmaline graphic aggregates that evolve 
to prismatic, zoned schorl-elbaite crystals inside the mia-
rolitic cavities. Crystallization occurred in closed system 
conditions as indicated by continuous evolution from 
iron-rich to iron-poor and lithium-rich composition. Late 
brecciation of the pegmatite bodies is responsible for re-
versal zoning (dark overgrowths at elbaite crystal tips) as 
well as some tourmaline veining in the granite and meta-
ophiolitic hosts. Recent studies identified a large number 
of tourmaline supergroup end-members (see Pezzotta, 
this volume and references therein).

This contribution provides new isotopic data (B, O, 
H) on zoned tourmalines and quartz from: 1) granite and 
leucogranite hosts; 2) LCT pegmatites and 3) late hydro-
thermal veins. Analyses have been performed on micro-

Fig. 1 - Geological sketch of Monte Capanne pluton (Elba Island).
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drilled samples at IGG-CNR (Pisa) using a Neptune Plus 
MC-ICPMS (B), laser fluorination coupled with Delta XP 
spectrometer (O) and thermal reduction apparatus cou-
pled with a Delta Plus XP IRMS spectrometer (H).

The boron isotopic composition of tourmaline from 
Monte Capanne LCT pegmatites has been already studied 
by Tonarini et al. (1998). They found an almost constant 
boron isotopic composition (average δ11B = 9.05 ± 0.37 
1sd ‰) throughout the entire sequence from early graphic 
schorl, to prismatic schorl and late elbaite. The new boron 
isotope dataset confirms previous results and indicate that 
such a behavior characterizes the evolution of the entire 
LCT pegmatite system from Palombaia to Procchio. Peg-
matitic δ11B are consistent with ratios measured in grani-
te-leucogranite, in the late dark overgrowths as well as the 
few analyzed tourmalines from hydrothermal veins. δ11B, 
δ18O and δD are consistent with the crustal signature of 
these magmatic rocks and provide temperature of crystal-
lization (∆18Otur-qtz; 700-350°C) that are coherent with flu-
id inclusion studies and petrological constraints. The lack 
of isotopic fractionation during the progressive extraction 
of boron from the growing medium (for decreasing tem-
perature and variable chemical conditions) indicates that 
available theoretical and experimental fractionation fac-
tors must be cautiously applied to the study of pegmatitic 
systems.
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Fig. 2 - Boron isotopic composition of a transect from graphic schorl, to prismatic schorl, to strongly zoned elbaite-rossmanite (?). 
Sample coming from Forcioni pegmatite dyke (found in 1994), near the northern end of the Monte Capanne LCT pegmatite field.
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Tourmaline and Sn-W mineralizations are closely 
associated. However, the commodity of a deposit is 
not necessarily reflected by the chemical composi-
tion of tourmaline. Sn-rich tourmalines have been 
observed in Sn-mineralizations throughout the world 
(Mlynarczyk & Williams-Jones, 2006), whereas W-
content in tourmaline is typically very low, even in 
mineralized areas. Tourmaline from a Sn-bearing 
hydrothermal quartz-tourmaline rock at Nanjizal, 
Land’s End, was investigated in order to understand 
how Sn is distributed in tourmaline. It is located 10s-
100 meters from two small, formerly worked lodes, 
and comprises almost exclusively quartz and tourma-
line, with minor K-feldspar, apatite and cassiterite. 
Tourmaline occurs as replacements of former granite 
minerals and as overgrowths on former tourmaline 
generations. The relationship with cassiterite is not 
straightforward, but typically, cassiterite nucleates 
on clusters of late-stage tourmaline, and tourmaline, 
cassiterite and quartz crystallized simultaneously. 
The tourmaline generation coexisting with cassite-
rite is acicular with strong green/blue-colorless ple-
ochroism. This association is recognized throughout 
the Land’s End granite, but the Sn-content of rocks 
including this tourmaline generation may vary from 
a few 100 ppm to several wt%, the quartz-tourmaline 
rock at Nanjizal being an example of the latter.

Tourmaline is strongly zoned, both optically and 
chemically. Homogenous zones in the tourmaline 
generation associated with cassiterite rarely exceed 
10 µm, and high-resolution BSE imaging revealed 
distinct growth zones less than 50 nm wide. Nume-
rous low-resolution combined EDS/WDS maps of 

zoned areas were collected, and areas where Sn was 
detected were selected for high-resolution mapping. 
Quantitative maps (Fig. 1) were produced by corre-
lating quantitative WDS analyses with mapped x-ray 
intensities.

Sn-rich zones are patchy or concentric. The hi-
ghest recorded value was 2.48 wt% SnO2 in a patchily 
zoned rim, and several zones with >1 wt% SnO2 we-
re observed. Submicron inclusions of cassiterite, Fe- 
and Ti-oxides are easily distinguished on BSE and 
x-ray maps (Fig. 1). Thus, the high Sn-values are not 
due to cassiterite inclusions, but structurally bound 
in tourmaline. High Sn-values (>0.4 wt% SnO2) are 
coupled with a substantial substitution of Fe for Al 
(Fig. 1) in the Z-site, and in analyses with more than 
ca. 20 wt% FeO, structural formula calculation indi-
cate that some Fe is present as Fe3+. Trends between 
Sn and other elements are erratic, except for a weak 
positive correlation with Sr.

The fluid was saturated with respect to Sn, but 
Sn-rich zones in tourmaline are rare compared to 
cassiterite. This may indicate that co-precipitation 
of tourmaline and cassiterite was limited, or that Sn-
content of the fluid is not the only parameter control-
ling the incorporation of Sn in tourmaline. Cassiteri-
te precipitation from granite-derived fluids typically 
requires oxidation, and combined with the inferred 
Fe3+ in the Sn-rich zones this may indicate that oxi-
dation of the ore fluid caused cassiterite precipita-
tion and the Sn-rich tourmaline zones. Alternatively, 
the Sn-rich zones may be the result of local redistri-
bution of Sn from granite minerals by dissolution-
reprecipitation processes.
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Fig. 1 - Optical, backscatter electron, and x-ray maps of tourmaline. B, F, Ti, Sn and Ca by WDS. Na, Al, Si Fe, and Mg by EDS. Scale 
is in wt% oxide. The maps were collected using a JEOL 8530FPlus at 12 kV, 120 nA. 300 nm defocus and step size, and 500 ms dwell 
time. Small, bright spots in the BSE image are cassiterite and Fe-oxide inclusions.
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As more studies emerge, the petrogenetic utility of 
tourmaline continues to expand since its original descrip-
tion as one of the Big Three sedimentary provenance in-
dicators (e.g., Krynine, 1946). The discovery that tour-
maline rims are in chemical equilibrium with coexisting 
minerals in metamorphic rocks opened new avenues for 
deciphering the history of metamorphic terranes and 
the clastic sources for their detritus (Henry & Guidotti, 
1985). This relationship between tourmaline chemistry 
and its original host-rock composition continues to open 
new avenues to its petrogenetic utility. Since that publica-
tion, more than 500 studies utilized tourmaline chemistry 
in conjunction with the AFM environmental diagram for 
provenance determinations (Fig. 1).

Most of the tourmaline compositions used to define 
the AFM host-rock fields relate to commonly encoun-
tered chemistries. Due to the paucity of data for the 
Mg-rich portion of the diagram, numerous host-rocks 
fields overlap, rendering the Mg-rich tourmalines less 
petrogenetically useful. These tourmalines are typically 
dravite (fluor), uvite (fluor), oxy-dravite, and magnesio-
foitite.

To expand the utility of tourmaline compositions, 
numerous samples (ca. 100) of tourmaline from more 
unusual chemical environments have been analysed for 
major element chemistry by electron probe microanalysis 
(EPMA). Such data have the potential to modify, differen-
tiate, and improve compositional boundaries for the Mg-
rich compositions and provide data for development of 
new discrimination diagrams.  Here, the highlights focus 
on the Mg-rich tourmalines in calcareous, calc-silicate, 
and evaporitic host-rocks.

Magnesian and calcic tourmaline species commonly 
occur in (meta)carbonate host-rocks. Two notable locali-
ties are the Brumado magnesite deposit of Brazil and the 
Tanzanian (TZ) carbonate and rhyolite localities. The 
Brumado tourmalines, typically distinctive, flattened 
euhedral brown and green crystals set in a magnesite 
matrix, are magnesian (XMg>0.86). A single crystal may 
range in composition to encompass species of fluor-uvite, 
uvite, dravite and magnesio-foitite with the green crystals 
containing >1.5 wt% V2O3. Tanzania tourmalines are typi-
cally found as lustrous vivid green V-Cr-bearing tourma-
lines, some of which occur in a pure white calcite matrix 
(marble). Other TZ tourmalines from the Arusha district 
have calcite-rich matrices that apparently replace volcan-
ic breccias, preserving the morphology of the Fe-stained 
clasts. In one such sample, a large (3 mm) transparent, 
pale yellow single crystal of tourmaline is a nearly ho-
mogeneous, highly magnesian, dravite (n =12) with XMg 
= 0.99, Altot = 6.51 apfu, XNa = 0.70, XCa = 0.22 and F= 
0.02-0.14 apfu. In another TZ sample, dravite and uvite 
occur in dolomitic marbles partially replaced by calcite. 
Here, dravite is characterized by XMg = 0.95, Altot = 6.00 
apfu, XNa = 0.45, XCa=0.36 and F= 0.2-0.3 apfu whereas 
uvite has XNa = 0.38 and XCa=0.46. This sample coex-
ists with minor rutile, phlogopite, apatite and orthoclase. 
Tourmaline occurs in rocks across the spectrum of Mg-Ca 
carbonates.

Fig. 1 - AFM diagram relating tourmaline compositions to host rock 
environment (modified after Henry & Guidotti, 1985). Note overlap-
ping Mg-rich fields.
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Tourmaline from calc-silicate, typically metamor-
phosed, rocks are associated with magnesian and cal-
cic minerals. Coexisting phases can include pargasite, 
chlorite, scapolite, talc, phlogopite, and minor carbon-
ate (dolomite and/or calcite), apatite and titanite. In one 
such sample from New York, US, compositional zoning 
is prevalent, with tourmalines ranging from dravite to 
uvite to fluor-uvite. The Mg-rich nature of the host rocks 
is reflected in the tourmaline, XMg = 0.95, while XNa = 
0.28 – 0.50 with F = 0.07 – 0.34 apfu. Such zoning may 
reflect the influence of the devolatization reactions during 
metamorphism.

Tourmaline from evaporites and their metamorphosed 
equivalents are rare in the rock record. Forming at tem-
peratures as low as 150°C, tourmalines of the oxy-drav-
ite to povondraite trend are found in caprocks of active 
salt domes in the Gulf of Mexico (Henry et al., 1999). 
Recently, samples collected from the Arignac, Gypsum 
Mine in Ariege, Pyrenees, France contain tourmaline as-
sociated with gypsum, anhydrite, high-Mg calcite, and 
minor phlogopite, celestine, rutile, F-bearing apatite, and 
zircon (Fig. 2). Tourmaline has anhydrite inclusions and 
is weakly zoned: XMg = 0.92 – 0.98, XNa = 0.54 – 0.77, Altot 
= 5.7 – 5.9 apfu, and F = 0.01 – 0.12 apfu. Traces of Ti and 
Fe contribute to the dark tourmaline color (Fig. 2).

Another unusual host for meta-evaporitic tourmaline is 
danburite (Ca2B2Si2O8). In the Alto Chapare magnesio-rie-
beckite asbestos mining district, in the Chapare province, 
Cochabamba Department, Bolivia, tourmaline micro-
inclusions occur in danburite (A. Petrov, person. comm.) 
Tourmalines are strongly zoned, but zones are too small 
for multiple EPM analyses to distinguish their chemistries 
(Fig. 3). A 5 µm EPMA analytical spot produced an aver-
age dravite composition with XMg = 0.69, XNa = 0.96, Altot 
= 4.9 apfu, and F = 0.05 apfu. The Na-rich composition 
may result from partitioning of Ca into the danburite likely 
sequestering Ca from the coexisting tourmaline.

Fig. 2 - (top) Sample of tur-bearing evaporate from France. (bottom) 
BSE image showing a matrix of gypsum (grey), anhydrite (white), tour-
maline (dark grains, upper right). Scale bar is 100 µm.

Fig. 3 - BSE image of zoned tourmaline (center) in danburite. Sample 
disaggregated during preparation. Scale bar is 10 µm.

In most Mg-rich samples, minor and trace elements 
are low; Fe, Mn, Ti are < 1.0 apfu and typically much low-
er, ca. ~0.1 apfu. Vanadium, Cr, and Zn were analysed in 
all samples, but only the TZ samples contained amounts 
above EPMA detection limits.

These data allow for new variations of environmental di-
agrams for magnesian tourmaline associated with host rocks 
in unusual and uncommon compositional environments.  
The addition of diagrams that takes into account Cr, Al, Ti, 
V and minor elements may be applicable for the magne-
sian tourmaline. As tourmaline in these environments con-
tinue to be revealed, new petrogenetic utility will be derived 
from the unusual to the usual compositions; tourmaline as 
an indicator mineral expands to wide-ranging and rare geo-
chemical environments, both in the solid and fluid realm.

Funding for this research, by NSF-IF EAR 1151434, is 
gratefully acknowledged.
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Several attempts by different groups in the past were 
not successful to synthesize the Li-, Al- and OH-rich 
member of the tourmaline supergroup, named elbaite.

 More than 100 years ago, Vernadsky proposed the 
name “Elbait” for Li-, Na-, and Al-rich tourmaline 
from Elba Island, Italy, with the simplified formula 
(Li,Na)HAl6B2Si4O21 (Vernadsky, 1914; Ertl, 2008). 
Most likely the type material for pink elbaite with the 
newly calculated formula ~(Na0.70.3)(Al1.9Li1.1)Al6 
(B0.9O3)3[Si5.9Al0.1O18](OH)3[(OH)0.6O0.4] (F = 0.1 wt%) 
was found at Fonte del Prete, San Piero in Campo, Cam-
po nell’Elba, Elba Island, Livorno Province, Tuscany, It-
aly (Ertl, 2008). For the 1914 work the chemical analysis 
from another author was used (Schaller, 1913). Around 
20 years later the formula for elbaite was updated to  
H8Na2Li3Al3B6Al12Si12O62 (Winchell, 1933), which 
is commonly used to date written as Na(Li1.5Al1.5)
Al6(BO3)3[Si6O18](OH)3(OH).

Later the F-analogue of elbaite with the formula 
Na(Li1.5Al1.5)Al6(Si6O18)(BO3)3(OH)3F was found and 
eventually described with the name fluor-elbaite as 
new member of the tourmaline supergroup (Bosi et al., 
2013).

The group around David London synthesized Li-bear-
ing tourmalines as the basis for elucidating the stability 
field of elbaite. Based on their experiments it was noted 
that the calculated Li content increases with increasing 
pressure (P) and temperature (T) (London, 2011; London 
& Morgan, 2011). A further study including single-crystal 
X-ray diffraction data and quantitative light elements (Li, 
B, H) data has shown that a pronounced negative corre-
lation between temperature during crystal growth (at a 
constant pressure of 260 MPa) and [4]B (from refinement) 
in three synthetic Li-bearing olenites was found (Ertl et 
al., 2012). While the measured Li content (~0.5 Li apfu) 
did not change significantly, tourmalines synthesized be-
low 500°C belonged to oxy-tourmalines with an O domi-

nant W site David London synthesized these tourmaline 
samples at temperatures of 400-600 °C. All investigated 
samples contained [4]B and [4]Al beside the Si content (Ertl 
et al., 2012). While the amount of [4]B was ~0.5 apfu in the 
tourmaline sample synthesized at 600 °C, the amount of 
[4]B increased significantly to ~1.2 apfu, while the amount 
of [4]Al decreased slightly to ~0.2 apfu, in the sample syn-
thesized at 400 °C.

Natural tourmalines, which can be assigned to elbaite, 
were not found very often. Tourmalines from a Li-peg-
matite from the famous Himalaya mine were investigated 
chemically (including light elements) and structurally 
(Ertl et al., 2010). Only one sample was assigned to an 
(Al-rich) elbaite. It contained ~1.1 apfu Li and the W site 
was occupied by [(OH)0.54F0.46]. This sample had ~0.4 va-
cancies at the X site and contained ~0.2 apfu [4]B. All other 
investigated Li-rich tourmaline samples belong to fluor-
elbaite with F contents in the range ~0.6-0.8 apfu F (Ertl 
et al., 2010). Tourmalines from the Cruzeiro pegmatite, 
Minas Gerais, Brazil, showed comparable chemical data 
(Bosi et al., 2005). Elbaite samples with ~1.4 apfu Li ex-
hibited ~0.4 vacancies at the X site and contained ~0.3-0.4 
apfu F. All other Li-rich tourmaline samples from the Cru-
zeiro pegmatite belong to fluor-elbaite with F contents in 
the range >0.5-0.8 apfu F (Bosi et al., 2005). All these in-
vestigated elbaite samples contain significant amounts of 
F, from ~0.3 apfu up to <0.5 apfu F. And all these samples 
contain relatively high X-site vacancies (~0.4 pfu).

Three small Li-rich tourmaline crystals from a mi-
arolitic pegmatite from Wolkenburg, Saxony, Germany, 
showed interesting relationships (Ertl et al., 2009). These 
crystals are crystallized at similar PT conditions, but in 
different tiny pockets. The most Li-rich tourmalines is a 
fluor-elbaite. It contains ~1.1 apfu Li, ~0.3 vacancies at 
the X site and ~0.7 apfu F. The tourmaline with the second 
highest Li content is an elbaite. It contains ~1.0 apfu Li, 
~0.45 vacancies at the X site and ~0.4 apfu F. The tourma-
line sample with the lowest Li content is a rossmanite. It 
contains ~0.7 apfu Li, ~0.5 vacancies at the X site and ~0.3 
apfu F. It seems that the Li and the F content are somehow 
positively correlated. Less F means less Li1+ and there-
fore more Al3+. To produce a charge balanced formula the 
vacancies at the X site increase. There seems to be only a 
small gap, where “real” elbaite, which is (OH)-dominant 
at the W site, exists. Such elbaite samples have already 
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relatively high vacancies at the X site. If the F content in 
such a pocket is still lower, the Li content in tourmaline 
will be smaller, the Al content higher and the vacancies 
will start to dominate the X site. Such a tourmaline can be 
assigned to rossmanite.

This is also an explanation why most Li-rich tourma-
lines belong to the fluor-elbaite species. All these Li-rich 
tourmalines contain only small amounts of (B,Al)3+-sub-
stitutions at the Si site. Usually such substitutions are ≤0.2 
apfu.

Synthetic Al-rich and Li-bearing tourmalines always 
contain no F, but relatively high amounts of [4]B. It is 
known that such a substitution is favored by lower tem-
peratures (Ertl et al., 2018). The temperature over a range 
of ~400–700 °C (Fig. 3 in Ertl et al., 2008) is the most 
important factor.

Once the F content is too small, like in the pink mush-
room tourmaline from Momeik, Myanmar, the amount of 
[4]B increases significantly (to ~0.7 apfu), because of the 
lower amount of Li (0.75 apfu) and the high amount of 
Al (Ertl et al., 2007). Boron at the tetrahedral site always 
needs Al in both octahedral coordinated sites, because of 
the short-range order.

Fluorine is positively correlated to the average X-
site charge (Ertl et al., 2009; 2010), depending also on 
the temperature conditions. Means a smaller amount of 
F produces higher X-site vacancies in such tourmaline 
samples and higher X-site vacancies produce tourmalines 
with lower amounts of Li. The endmember of such a tour-
maline is called rossmanite.

How to produce synthetic Li-rich tourmaline? The 
best way to produce Li-rich tourmaline is to synthesize 
fluor-elbaite at moderate pressures and temperatures >550 
°C. You need relatively high amounts of Li and F in the 
starting material. If F is decreased in the starting mate-
rial then elbaite starts to crystallize. However, there might 
not crystallize any elbaite, if no F at all is in the starting 
material.

This work was supported by the Austrian Science Fund 
(FWF) project no. P 31049-N29.
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The Emmons is a highly evolved pegmatite in the Ox-
ford pegmatite field in SW Maine. The pegmatite is the 
most mineral-rich in the field, with 170 identified species 
and is inferred to have formed by direct anatexis of the 
hosting migmatite complex. Webber et al. (2019) pro-
posed an anatectic origin for the Oxford district pegma-
tites via a process related to decompressional melting as-
sociated with post-Appalachian compression (relaxation) 
and increased thermal input accompanying the early stag-
es of rifting of Pangea. The pegmatite is well-zoned with 
a wall zone of distinctive comb-structure tapered schorl 
crystals associated with quartz, microcline, albite, mus-
covite, and almandine. The intermediate zone consists of 
albite, microcline, quartz, schorl-elbaite, and almandine-
spessartine with a garnet line and two schorl layers in the 
lower portion. A core margin zone is comprised of ball 
muscovite with associated fluorapatite, Nb-Ta oxides, and 
cassiterite. The core zone consists of quartz, microcline, 
albite and muscovite, with masses of primary lithiophi-
lite and montebrasite and masses of pollucite. Miarolitic 
cavities are common and may contain ball muscovite, al-
bite, quartz, elbaite, beryl and numerous accessory min-
erals. The pegmatite is the type location for the recently 
approved species tantalowodginite. Albite replacement 
units include albite, quartz, schorl-elbaite, fluorapatite, 
columbite-tantalite, cassiterite, beryl, bertrandite, hydrox-
ylherderite, and perhamite.

Although elbaitic tourmaline is not as abundant in the 
pegmatites of Greenwood township as it is in the Paris 
Hill, Mt. Apatite and Poland areas, rare gem-quality crys-
tals occur in several miarolitic cavities, either as dark 
green or blue unzoned crystals or as polychrome crystals 
(Fig. 1).

Chemically, the tourmaline is mainly elbaite/fluor-
elbaite (Fig. 2-4). Brownish fibrous crystals are “fluor-
foitite.” Fluor-elbaite and elbaite occur in both green and 

red tourmaline, but all blue tourmaline is fluor-elbaite or 
fluor-schorl. The elbaite from the Emmons is distinctive, 
with the highest MnO content of up to 6.4 wt%, in the 
Oxford pegmatite field. The Ca (liddicoatite) component 
is small (Fig. 2) and is only present in the red and green 

Fig. 1 - Color-zoned elbaite from the Emmons pegmatite (the tallest 
crystal is 6.5 cm long).

Fig. 2 - X-site occupancy ternary diagram.
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tourmaline. Fig. 5 shows the Y-site occupancy of Fe, Mn 
and Mg and the color progression from high-Fe blue col-
ors to intermediate-Fe green colors and a distinctive pur-
ple red in high-Mn tourmaline.

Magnesium is only present in trace amounts or not de-
tectable. Chemical zoning is shown in Fig. 6. The green 
tourmaline crystal A reveals an early growth core. It is 

Fig. 3 - F versus X-site vacancy plot. Symbol color corresponds to the 
tourmaline color.

Fig. 4 - Species plot of tourmaline from the Emmons pegmatite. Symbol 
color corresponds to the tourmaline color.

Fig. 5 - Y-site Mn-Fe-Mg ternary diagram.

Fig. 6 - X-ray maps of a green (A) and two purple-red tourmalines (B and C). Green is Fe, red is Mn. Note: the X-ray maps of B and 
C are from crystals found in the same pocket, yet, B shows highest Mn in the core, whereas C has the highest Mn in the intermediate 
zone of the crystal. Scale bar is 1 mm.

interesting to note that the orientation of the final crystal 
is not parallel to the substrate crystal. The X-ray map of 
the purple-red crystal in B shows the highest Mn in the 
core. However, some crystals show the highest Mn in the 
intermediate zone of the crystal as seen in C. In both crys-
tals B and C, Mn drops dramatically but briefly resumes 
a higher concentration of Mn and a thin outermost rim 
of more Fe-rich elbaite forms before growth stops. The 
late-stage increase in Fe is likely related to the breakdown 
of Fe-bearing phases or Fe-bearing complexes. The late 
overgrowth of Fe is more prominent on the pedial than 
the prismatic faces.
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Complex borosilicate minerals from a tourmaline-
group have attracted attention to scientist already several 
centuries ago (Henry & Dutrow, 2018). Besides mineralo-
gy, crystallography, spectroscopy, (isotope) geochemistry, 
thermodynamics and petrology, there is a growing inte-
rest in such minerals also in different research fields than 
geosciences, such as in material science, environmental 
engineering, nanoscience and nanotechnology, and many 
other fields (see Fig. 1). The importance of tourmaline-
group minerals (TGM) in “applied” sciences lies mainly in 
their specific crystal structure providing them unique phy-
sical and chemical properties – TGM possess spontaneous 

polarity (permanent electric dipole giving to tourmaline 
piezoelectric properties) and contain surface-active si-
tes. With respect to above-mentioned unique electric and 
surface properties, tourmaline-group minerals have been 
investigated and tested for possible application in envi-
ronmental technologies, including oxidation, adsorption 
and biological processes of contaminant removal from 
polluted waters.

One of the most recent published research is focused 
on the activation of persulfate on tourmaline surface-acti-
ve sites leading to chemical degradation of organic pollu-
tants (Zhang et al., 2021); the advantage of such process 

Fig. 1 - Coverage of tourmaline topics in various categories of research (data derived from Web of Science, July 8, 2021).

include possible repetitious use of tourmaline-based ca-
talyst and non-radical degradation mechanism. Similarly, 
TGM (schorl) has been used as heterogeneous catalyst in 
Fenton-like reaction of wastewater discoloration (Xu et 
al., 2009). In other studies, TGM are used as sorbents e.g., 
for extraction of Cu(II), Pb(II), Zn(II) and Cd(II) from 
aqueous solutions (Jiang et al., 2006). Furthermore, TGM 
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are used in various (nano)composites (Fig. 2) designed as 
heterogeneous catalysts for broad range of environmental 
technologies, namely for the efficient (photo)degradation 
of organic pollutants (Sun et al., 2021a).

Besides above-mentioned research fields, tourmaline 
is used e.g. in ceramics for curling irons and other per-
sonal-care electronics/products where reduction of static 

Fig. 2 - Illustration of tourmaline@ZnO nanocomposite (a, b) and mechanism of their photocatalytic reaction with pollutants (c). 
Adapted from Sun et al., 2021a.
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electricity is needed, in conductometric sensors for gas 
detection (Sun et al., 2021b), in infrared-radiation heating 
textiles (Tian et al., 2021), and also in biocosmetics, alter-
native medicine and therapy etc. In this contribution, the 
most important applications of TGM will be reviewed and 
presented in relation to specific properties of tourmaline 
structure.
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The A.M. breccia is part of the Giant Copper deposit 
of southern British Columbia. It is the only well-defined 
zoned-tourmaline breccia pipe in the Canadian Cordil-
lera. The A.M. breccia shares similarities with other 
tourmaline breccia pipes, most notably the tourmaline 
breccia pipes of Chile and Peru. Similarities can also be 
drawn to tourmaline breccia pipes of the Cascadia arc. 
Tourmaline is a hallmark alteration mineral within the 
A.M. breccia and is spatially associated with Cu. Obser-
ved changes in tourmaline chemistry range from alkali-
rich (schorlitic-dravitic) to calcic-rich (feruvitic-uvitic). 
Tourmaline sub-species appear dependent on their spa-
tial location to the A.M. breccia. Tourmalines outside of 
the pipe contain higher Mg2+ (dravitic-uvitic). Within the 
pipe tourmaline preferentially incorporates Fe2+ (schor-
litic-feruvitic). However, these chemical variations are 
currently indistinguishable in hand specimens.

Spectral reflectance data were collected from 587 
tourmaline grains to determine if discerning chemical 
changes in tourmaline can be determined in real-time 
and be made more cost-effective. Spectral reflectance 
clearly differentiates tourmaline associated with ore and 
ore-bearing breccia textures from tourmaline occurring 
distal to the pipe contact or within barren tourmaline 
breccia pipes. Fe-rich tourmaline within the A.M. brec-
cia show spectral characteristics similar to end-member 
schorl (Fe-rich) spectrum first presented by Bierwirth 
(2006; Fig 1).

Fe-rich tourmaline demonstrates Mg-OH features 
above 2,361 and Fe-OH features greater than 2,253 nm, 
but never display Fe-OH and Mg-OH features below 
2,253 and 2,361 nm, respectively.  Tourmaline distal to 
the A.M. breccia and within Cu barren pipes demonstra-
te spectra similar to end-member dravite (Mg-rich). Mg-

rich tourmaline have Fe-OH features less than or equal 
to 2,253 nm and Mg-OH features never exceed 2,361 
nm (Fig. 2).

Tourmaline spectral data demonstrate that tourmali-
ne sub-species can be identified via spectral reflectance; 
proving that spectral reflectance data can be a cost-effec-
tive and time-saving alternative to monitoring chemical 
changes in tourmaline within and around an ore deposit.  
Although chemical variation in tourmaline is not always 
present in an ore system, determining tourmaline variants 
spectrally can quickly and efficiently determine if tourma-
line is a worthy mineral vector for an exploration project.

Airborne spectral data via remote drone was also suc-
cessful at identifying a tourmaline anomaly confined to 

Fig. 1 - Short-wave infrared (SWIR) spectra of end-member alkali-
rich tourmalines; schorl, dravite and elbaite. (Figure modified from 
Bierwirth, 2006).
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Tab. 1 - Characteristic of Tourmaline Spectra.

Fig. 2 - Fe-OH vs. Mg-OH plot for tourmaline within and distal to the A.M. breccia pipe.

the A.M. breccia (Fig. 3). The identification of tourma-
line via an airborne spectral survey can quickly identify 
new tourmaline breccia pipes at Giant Copper and other 
tourmaline-associated ore deposits regionally.
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Name A1-OH Absorption Feature Fe- OH Absorption Feature Mg-OH Absorption Feature
Tourmaline Outside Breccia Pipe 2199.80 - 2209.62 nm 2242.27 - 2254.32 nm 2346.10 - 2361.34 nm
Tourmaline Inside Breccia Pipe 2201.26 - 2212.27 nm 2242.30 - 2258.16 nm 2247.99 - 2383.47 nm

Fig. 3 - False color mineral map displaying dominant minerals at and 
around the A.M. breccia. White outline represents A.M. breccia con-
tact.
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magnesium-dominant tourmalines
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Dravite is the most common Mg-bearing tourmaline-
supergroup mineral, which belongs to the alkali tourma-
lines (Henry et al., 2011). It was firstly described by G. 
Tschermak (1884) in his publication Lehrbuch der Mine-
ralogie as a tourmaline rich in Mg and Na, and named it 
after the Drava river, which flows near the type-locality 
near Dobrova (today Slovenia), which was part of the 
Austro-Hungarian Empire (Ertl, 2007). Tschermak (1884) 
described the chemical composition corresponding to the 
formula NaMg3(Al,Mg)6B3Si6O27(OH), which (exception 
made for the OH) is in very good agreement with the pre-
sent formula of dravite.

Fluor-uvite, originally defined by Kunitz (1929), 
was considered to have the following ideal formula: 
CaMg3(Al5Mg)(Si6O18)(BO3)3(OH)4. This formula was ba-
sed on the examination of tourmalines from Uva (Sri Lan-
ka), De Kalb (New York) and Gouverneur (New York), 
with OH contents of approximately 4 apfu. However, all 
the other analyses performed on the samples from these 
localities showed a F range of 0.5 –1.0 apfu. Dunn et al. 
(1977) designated a sample of uvite from Uva (Sri Lanka) 
as a neotype, with an anion content of OH2.90F0.76O0.34.

The W site would be dominated by F and uvite should 
have been described as an F-endmember, thus it was rena-
med as fluor-uvite (Henry et al., 2011).

Dravitic and uvitic tourmalines display a relative-
ly large colour variability if their Fe content is limited. 
Brown dravite was found e.g. in the Gemerská Poloma 
(Slovakia), Yinnietharra Station (Australia), Jajarkot di-
strict (Nepal), Escadinha mine (Minas Gerais, Brazil), 

Sahatany Pegmatite Field (Madagascar). Red (along with 
green and brown) uvite occurs on its type locality at Bru-
mado mine (Bahia, Brazil).

Specific colour varieties typical for Mg-rich tourmali-
nes are shades of green. Green tourmalines can be divided 
in two groups according to their chemical composition: 
V- and Cr-enriched (with typical emerald green colour) 
and V- and Cr-poor (greyish green to green colour). Eme-
rald-green tourmalines, often named as “chrome-dravite”, 
occur e.g. in Landanai (Arusha Region, Tanzania) and 
Pyant Gyi mine (Mandalay Division, Myanmar). Green 
to brown-green tourmalines occur in Lengenbach quarry 
(Switzerland). Green to grayish-green tourmaline crystals 
occur in the Forshammar pegmatite (Sweden).

The tourmaline from Gemerská Poloma is almost ho-
mogeneous and has a dravitic composition with very high 
XMg (0.95 – 0.96), a very low X-site vacancy (up to 0.17) 
and Ca content (up 0.05 apfu). The Fe content is also very 
low (up to 0.14 apfu), and the content of Al varies betwe-
en 5.97 and 6.27 apfu. The dravite from Yinnietharra Sta-
tion is magnesium-dominant (2.74 Mg apfu, 0.06 Fe apfu) 
with a relatively high content of Ti (0.13 apfu). The dra-
vite from Jajarkot district is also strongly magnesium-do-
minant (2.52 Mg apfu, 0.05 Fe apfu) and slightly enriched 
in Al (total Al equals to 6.34 apfu). Brown dravites found 
in Escadinha mine (2.47 Mg apfu, 0.04 Fe apfu, total Al 
6.41 apfu) and in Sahatany Pegmatite Field (2.46 Mg ap-
fu, 0.07 Fe apfu, total Al = 6.45 apfu) are chemically very 
similar to the abovementioned occurrences.

In comparison to the other studied Mg-dominant 
tourmalines, the red uvite from Brumado mine (Bahia, 
Brazil) has an increased content of Fe (0.50 apfu), Mg at-
tains to 2.92 apfu. Interestingly, a part (at least 0.03 apfu) 
of iron might be trivalent according to the calculation of 
charge-balanced formula, which along with the slightly 
increased content of Ti (0.06 apfu) could have an impact 
on the colour of uvite.

Although the markedly green colour of tourmalines 
from Landanai and Pyant Gyi mine suggest the presen-
ce of Cr, it is only a minor element attaining max. 0.03 
apfu in Pyant Gyi mine and 0.04 apfu in Landanai. The 
content of V is more significant: ~ 0.04 apfu in Pyant Gyi 
mine and 0.14 apfu in Landanai. Thus, this composition 
is very far from “chrome-dravite” or “vanadium-dravite”. 
Moreover, none of the tourmalines from both localities is 
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a dravite at all because their composition (studied only on 
one sample for each locality) corresponds to uvite (Ca = 
0.76 apfu in Pyant Gyi mine and 0.57 apfu in Landanai). 
Both uvites are strongly Mg-dominant (3.58 Mg apfu, Fe 
below detection limit in Pyant Gyi mine and 3.31 Mg ap-
fu, 0.002 Fe apfu in Landanai).

Green to brown-green tourmaline from Lengenbach 
contains 2.82 Mg apfu, 0.09 Fe apfu, 0.07 Ti apfu, and 
0.02 V apfu.

The dravite from Forshammar displays chemical zo-
ning with high Mg/(Mg+Fe) value which decreases from 
core (~0.85) to intermediate zone (0.76-0.79) but incre-
ases in the rim and vein tourmaline (0.93). The core has 
the highest proportion of X-site vacancies and Al content, 
while the intermediate zone is the most enriched in Fe and 
Na. The rim is slightly depleted in Al and has the highest 
content of Na compared to the inner zones. Tourmaline 
veins crosscut the pre-existing tourmaline and are relati-
vely more enriched in Na and Ca.

Based on powder XRD and structure refinement, uvi-
tic samples from Brumado mine and Landanai, along with 
dravitic samples from Yinnietharra Station, have c para-
meter higher than 7.20 Å, which indicates a significant 
abundance of Mg at Z site. However, all the samples have 
c > 7.17 Å; therefore, some proportion of ZMg is very li-
kely to occur in all samples.

The optical spectra of the studied samples clearly ma-
nifested their division into two groups. Brown and red 
tourmalines have a strong absorption (absorption edge?) 
in the blue and green regions, in the red uvite from Bru-
mado it spreads to the yellow region. This results from 
Fe2+–Ti4+ intervalence charge transfer transitions (IVCT 
transitions) at around 470 nm (21,200 cm–1). In the Bru-
mado sample, which contains around a ten times higher 
amount of Fe, the Fe2+–Fe3+ IVCT band at around 525 nm 
(ca. 19,000 cm–1) shifts the absorption edge to the yellow 
region. An additional band at around 730-750 nm (13,300-
13,700 cm–1) results from 5T2g → 5Eg electronic transition 
on YFe2+ or YFe2+-(Y,Z)Fe3+exchange-coupled pair.

The optical spectra of green tourmalines have simi-
lar features with two distinct bands at 600-614 nm and 
445-469 nm. These can be assigned to 4A2g(

4F) → 4T1g 
(4F) a 4A2g(

4F) → 4T2g (
4F) electronic transitions in Cr3+ and 

3T1g(
4F) → 3T2g(

4F) and 3T1g(
4F) → 3T1g(

4F) in V3+.
The colour of dravite, just like the colour of other 

minerals, is the result of a combination of structural pro-
perties (e.g. short-range order) and chemical composition 
(the presence of typical chromophores). The low content 
of iron and titanium is typical for coloured dravites. High 
Fe3+ and Ti4+ contents cause dark (macroscopically black) 
colour of Fe-rich tourmalines (e.g., da Fonseca-Zang et 
al., 2008). Therefore, most of the tourmalines with an 
intermediate composition between schorl and dravite are 
macroscopically black. However, although the content 
of the abovementioned elements may be low, it could 
influence the dravite colour. It has been shown that blue 
colour in tourmaline is related to the spin-allowed crystal 
field transitions of Fe2+ in deformed octahedral sites while 
usual IVCT transitions (Fe2+-Ti4+, Fe2+-Fe3+) are respon-
sible for brown and red-brown colour (e.g., da Fonseca-
Zang et al., 2008). Brown tourmalines from Gemerská 
Poloma, Jajarkot, Escadinha mine, Yinnietharra, Saha-
tany and Brumado are relatively richer in Ti (0.05-0.13 

apfu), thus their colour may be the result of Fe2+-Ti4+ (and 
in Brumado also Fe2+-Fe3+) IVCT transitions. The reason 
for the greyish-green colour of the dravite from Forsham-
mar is still unknown and cannot be estimated from the 
available data. The intensely-green colour of dravite, as 
the samples from Pyant Gyi Mine and Landanai show, can 
be caused by the presence of vanadium and/or chromium, 
as it is observed in other silicates such as beryl (variety 
emerald), uvarovite and goldmanite from the garnet group 
(Nassau, 1978). The colour of dravite from Lengenbach 
is probably the result of slightly increased Ti (Fe2+-Ti4+ 
IVCT transitions responsible for brown shades) as well as 
V content (green shades).

This research was funded by the projects APVV–18–0065 
and VEGA-1/0137/20.
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Tourmalines are indicators of a variety of geological 
processes due to their ability to incorporate large number 
of elements and refractory behaviour. They are highly 
compatible with Mg; hence, they are used as monitors of 
external contamination in granitic pegmatites from host 
rocks (e.g., Novák, 2013; Novák et al., 2017).

The Manjaka pegmatite is an excellent example of 
pegmatite where tourmalines are locally developed in the 
exocontact and endocontact of the pegmatite enclosed in 
calc-silicate rock. The pegmatite forms an EW-trending 
elongated body, 0.5 to 2 m thick, of a complicated shape 
(Fig. 1a). Typical major to minor minerals include albite 
˃ K-feldspar, quartz, tourmaline (black, brown, yellow, 
red, pink), and spodumene (colorless to pinkish; localy 
replaced by boralsilite and/or vránaite, Cempírek et al., 
2016) and numerous accessory minerals e.g., fluorapatite, 
Cs-rich beryl, columbite-tantalite, pollucite, rhodizite-
londonite; however, micas are almost absent (Simmons 
et al., 2001). Pegmatite crosscut or was emplaced along 
the foliation (Fig. 1a) of a strongly deformed, Mg-rich, 
calc-silicate rock consisting of diopside (Di94-100Hd0-4-
Jhs0-4), plagioclase (An26-32), K-feldspar (Kfs73-96Ab1-10-
Cls0-26), phlogopite, tremolite, dolomite, quartz, and tour-
maline. Contacts are often sharp; locally a narrow zone 
with common dark zoned brown to yellow tourmaline 
(Ca-rich dravite to Na-rich uvite), is developed in exocon-
tact (Figs. 1b, 2a-b) as subhedral grains, 0.1-0.2 mm in 
size, in the matrix consisting of diopside, plagioclase, K-
feldspar, phlogopite, tremolite, and rare dolomite. Prismat-
ic yellow to red zoned crystals (elbaite to fluor-elbaite), 
up to ~1 cm long, crystallized from contact inwards.

We examined tourmalines on two profiles from en-
docontact to exocontact. Chemical composition of tour-
maline in Fig. 3 shows that tourmaline from endocontact 
evolves from Fe,Mn-rich elbaite core with low Mg (< 0.19 

apfu) to Mg-free elbaite to fluor-elbaite in rim. Both tour-
malines have low to moderate Ca (< 0.17 apfu). Hetero-
geneous grains of uvite-dravite from exocontact contain 
variable Ca (0.09-0.65 apfu) and Na (0.26-0.805 apfu) 
but almost constant and high Mg (2.28-3.28 apfu). The 
substitutions 2R2+ = LiAl and NaAl = CaMg dominate in 
endocontact- and exocontact-tourmalines, respectively.

Common tourmaline in exocontact and accessory 
minerals (e.g., Cs-beryl, microlite, Ta-rich titanite) show 

Fig. 1 - a) Apophyses of pegmatite; b) hand-size polished sample of 
contact of pegmatite and host rock.
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that fluids rich in B, Ta, Be, Cs escaped from pegmatite 
melt and facilitated origin of the exocontact assemblage 
with dominant newly formed tourmaline. Low concen-
trations of Mg in cores of zoned elbaite crystals show 
low Mg in the pegmatite melt which likely was not con-
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taminated from host rock in situ during pegmatite melt 
emplacement. Magnesium in tourmaline cores from en-
docontact was likely sourced during early contamination 
- pre-emplacement stage as well as Ca in core and rim 
(see Novák, 2013).

Fig. 3 - a) Chemical composition of tourmalines from pegmatite and from host rock in the X-site diagram (upper) and b) Y+Z-sites 
using the Al - Fe(+Mn, Zn) - Mg diagram of Henry & Guidotti (1985).
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Gem deposit research and implications for exploration

Lee A. Groat

Gems have been prized for millenia for their color, 
luster, transparency, durability, and high value to volume 
ratio. However, gems are also of scientific interest be-
cause their deposits are evidence of unusual geological 
conditions; e.g., emeralds are rare because they require 
Be and Cr (and/or V), which concentrate in very different 
environments.

Gem deposits can also provide important tectonic in-
formation. Stern et al. (2013) noted that jadeitite deposits 
form in subduction zones, and ruby and sapphire form 
where continental plates collide; all are “Plate Tectonic 
Gemstones”, and ruby in particular is “a robust indicator 
of continental collision” (Stern et al., 2013).

Gem deposits may be classified according to the geo-
logical environment in which they formed: magmatic (e.g., 
diamond from kimberlite), hydrothermal (e.g., tourmaline 
in pegmatite), metamorphic (e.g., ruby in marble), sedi-
mentary (e.g., opal), and alluvial (e.g., diamond in plac-
ers). Some gem deposits, notably sapphire and emerald, 
can form via either magmatic or metamorphic processes. 
For example, although most emerald deposits are associ-
ated with granitic intrusions (“tectonic-magmatic related” 
in the classification scheme of Guiliani et al., 2019), in 
Colombia, which produces the world’s finest emeralds, 
there is no evidence for magmatism. Instead, the gems 
formed as a result of hydrothermal growth associated with 
tectonic activity (“tectonic-metamorphic related in a sedi-
mentary environment” in Giuliani et al., 2019).

Although gems are valuable, little has been done to es-
tablish exploration protocols for gem materials other than 
diamond. Studies of known occurrences are an important 
foundation for the development of exploration guidelines. 
Such studies can also define the compositional range of 
the gems for use in origin determination, a service that is 
seeing increased demand in the gem trade.

For several decades the author has studied colored 
gem deposits in Canada in order to ascertain how they 

formed, determine what they can tell us about the local 
and regional geology, and develop exploration guidelines 
for use in Canada and elsewhere.

Ercit et al. (2003) suggested that gem elbaite crystals 
(Fig. 1) occurring in miarolitic cavities in pegmatites of 
the O’Grady batholith, Northwest Territories, formed 
through differentiation of parental melts that sequen-
tially produced hornblende granite, pegmatititc granite, 
and pegmatite. The pegmatites were classified as mixed 
NYF + LCT by Černý & Ercit (2005). Future exploration 
should concentrate on unexplored parts of the batholith, 
on satellite dikes, and on other members of the Selwyn 
plutonic suite.

Fig. 1 - Elbaite (10 cm in longest dimension) from the O’Grady pegma-
tites, Northwest Territories, Canada. (Photo: B.S. Wilson).
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Dzikowski et al. (2014) showed that ruby and pink 
sapphire (Fig. 2) at the Goat claims in British Columbia 
formed via the reaction muscovite → corundum + K-feld-
spar + H2O at peak metamorphism. Approximately 120 
km SE, our research into sapphire on the Blue Jay claims 
suggests that partial melting played a significant role in 
their formation. Our studies of these gem corundum oc-
currences suggest that future exploration should focus on 
the margins of the gneissic domes within metamorphic 
core complexes in the Omineca terrane.

For several sapphire occurrences on Baffin Island in 
Nunavut (Fig. 3), Belley et al. (2017) inferred that the 
protolith was dolomitic argillaceous marl and that the 
corundum formed via three equally important sequential 
metamorphic reactions: Corundum formation was made 
possible by three equally important sequential metamor-
phic reactions: (1) formation of nepheline, diopside, and 
K-feldspar (inferred) at granulite facies peak metamor-
phic conditions; (2) partial retrograde replacement of the 
peak assemblage by phlogopite, oligoclase, calcite, and 
scapolite (Me50–Me67) as a result of CO2-, H2O-, Cl-, F-
bearing fluid influx at 1782.5 ± 3.7 Ma (P-T < 720 ºC, 6.2 
kbar); and (3) retrograde breakdown of scapolite + neph-
eline (with CO2- and H2O-bearing fluid) to form albite, 
muscovite, corundum, and calcite. Belley et al. (2017) 
also showed that the most prospective areas for sapphire 
on Baffin Island are contiguous to the thrust fault sepa-
rating the Lake Harbour Group and Narsajuaq terranes, 
where the retrograde amphibolite facies overprint of the 
granulite peak assemblages is most pervasive.

Belley & Groat (2019) described vivid blue, cobalt-en-
riched (0.03–0.07 wt.% CoO) spinel in metasedimentary 
rocks from two locations on Baffin Island (Fig. 4). Simi-
lar to the sapphire they are inferred to have formed under 
peak granulite facies metamorphic conditions. Belley & 
Groat (2019) suggested that marbles containing abundant 
metamorphosed dolomitic marl (magnesian calc-silicate) 
layers offer the best potential for gemstone discoveries on 
southern Baffin Island, and that meta-marl-rich units may 
be traceable stratigraphically.

The author and his students have shown that the em-
erald occurrences Taylor 2 (Ontario), Lened (Northwest 
Territories), Tsa da Glisza (Yukon), and Anuri (Nunavut) 
are all associated with granitic intrusions (“tectonic-mag-
matic related” in Guiliani et al., 2019). True North Gems 
Ltd. developed approximately 100 exploration targets 
from research on these occurrences and geochemical data; 
only 20 of the targets have been evaluated to date.

Fig. 2 - Left: pink sapphire (2.1 cm long) in marble from the Goat claims, British Columbia, Canada. Right: 0.20 ct pink sapphire 
faceted from Goat claim material. Stone courtesy of B.S. Wilson. (Photos: M. J. Bainbridge).

Fig. 3 - Sapphire crystal embedded in matrix (36 × 4 mm) and gem 
(1.17 ct) from Baffin Island, Nunavut, Canada. (Photo: B. S. Wilson
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Hewton et al. (2013) showed that the Mountain 
River occurrence in the Northwest Territories (Fig. 
5) resulted from inorganic thermochemical sulfate re-
duction via the circulation of basinal brines through 
sedimentary rocks. Thus it is most likely “tectonic-
metamorphic-related” (Giuliani et al., 2019). Moun-
tain River is the first confirmed occurrence of this type 
outside of Colombia and suggests that there is poten-
tial for Colombian-type emerald mineralization in NW 
Canada. The Mountain River discovery inspired Lake 
(2017) to learn the methods used to explore for emer-
ald in Colombia and to apply them to the Yukon and 
Northwest Territories. He outlined a prospective area 
of >15,000 km2.

Exploration will also continue to benefit from ad-
vances in technology. A number of studies have shown 
that ground penetrating radar can be used to explore for 

miarolitic cavities in pegmatites (Aranha et al., 2018 and 
references therein). Companies exploring for sapphire 
on Baffin Island have used ultraviolet light to find coex-
isting scapolite, and imaging spectroscopy in the short-
wave infrared region could also be used, as suggested 
by Turner et al. (2017). In order to efficiently explore 
for emerald in NW Canada, the author and his students 
are working on a method to determine the mineralogy 
and composition of individual particles in silt samples. 
Future exploration in many areas could benefit from the 
use of drones and geospatial analysis, as have been used 
to successfully explore for peridot in British Columbia 
(Belley et al., 2020).

It is evident that there is much scope for future re-
search on gem deposits, and it is expected that this will 
lead to a better knowledge of local and regional geology 
and more success in exploration.

Fig. 4 - Left: cobalt-bearing spinel with white carbonate in metasedimentary rock, Baffin Island, Nunavut, Canada. Scale in cm. (Photo: 
author). Right: Cobalt-bearing spinel gemstones; the largest weighs 0.16 ct. Stones courtesy of B. S. Wilson. (Photo: T. Fa/Panotora).

Fig. 5 - Emerald in extensional quartz-carbonate veins, Mountain River occurrence, Northwest Territories, Canada. (Photos: D. J. 
Lake).
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Four years after the Tourmaline 2017 Conference and 
twenty-four years after the original Tourmaline Confer-
ence in 1997 (both in the Czech Republic), tourmaline 
studies remain a vibrant and evolving area of scientific 
endeavor. One indication of this ongoing interest is the 
sustained large numbers of tourmaline papers published 
over the years (Fig. 1). Many more papers involving tour-
maline have been published in the last 24 years than in the 
previous 400 years.

With more complete determinations of the crystallog-
raphy and chemical variability of tourmaline, tourmaline 
investigations have expanded to numerous disciplines. 
Two key concepts modified the way in which tourma-
line is considered and classified (e.g., Henry & Dutrow, 
2018). The first concept is that two distinct types of OH-
bearing sites occur, the V and W sites, in which F1- oc-
cupies only the W site and O2- prefers that site. Conse-
quently, the general chemical formula of tourmaline was 
revised to X Y3 Z6 T6 (BO3)3 O18 (V)3 (W), where the most 
common substituents are X = Na, Ca, K or  (X-site 
vacancy); Y = Al, Li, Fe2+, Mg, Mn2+, Fe3+, V3+, Cr3+, Ti4+; 
Z = Al, Mg, Cr3+, V3+ and Fe3+; T = Si, Al, B; V = OH1-, 
O2- and W = F1-, O2, OH1- (Hawthorne & Henry, 1999). X, 
Y, Z, T and B represent groups of cations that occupy the 
X, Y, Z, T and B sites, respectively, in the R3m tourmaline 
structure – note that the designated sites are italicized. 
The V-group anions occupy the O(3) anionic crystal-
lographic site and the W-group anions occupy the O(1) 
crystallographic site. The second concept is that there 
are order-disorder phenomena involving cations across 
multiple cationic sites in tourmaline. This feature is es-
pecially common in tourmalines with dominant O2- in the 
W site. These features lead the IMA Subcommittee on 
Tourmaline Nomenclature, chaired by Milan Novák, to 
establish tourmaline as a supergroup mineral with three 
X-site-based primary groups: alkali-, calcic- and X-site 

vacancy-groups (Henry et al., 2011). A guideline used 
to define tourmaline species was the dominant-valency 
rule; stating that in a relevant site the dominant ion of 
the dominant valence state is used for nomenclature pur-
poses (Hatert & Burke, 2008). This principle has recently 
been the approach used to establish species by the IMA-
CNMNC (Bosi et al., 2019). In the case of tourmaline, 
the number of tourmaline species has expanded greatly in 
the last 24 years from 13 species in 1997 to 38 species in 
2021 (Fig. 2). Fittingly, Elba is the type or co-type local-
ity of 5 tourmaline species.

Additional tourmaline species are certainly forthcom-
ing. Experimental studies of tourmaline have suggested 
that tourmalines with other more unusual cations are 
likely. Berryman et al. (2015) synthesized “potassium-
dravite” at UHP conditions at 4 GPa. This implies that 
K-dominance in magnesian tourmaline, such as found 
in maruyamaite, is likely a signal of UHP conditions. 
Vereshchagin et al. (2018, 2020) were able to synthesize 
Ni- and Pb-dominant tourmaline and further suggest that 
there is no crystallographic reason to exclude the occur-

Fig. 1 - Numbers of papers published on various aspects of tourmaline 
(data from GEOREF). Data are from plotted for 1900 through 2020, but 
publications include those going back to 1562. The solid curve repre-
sents a 3-year running average of publications.
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rence of Ni-, Co- and Cu-dominant tourmaline species. 
The primary impediment appears to be the unusual geo-
chemical environments that must include boron and these 
cations. Studies of natural tourmaline establish that tour-
malines enriched in Pb, Ni, Co and Cu do occur, but do 
not reach site dominance - yet (e.g., Henry & Dutrow, 
2001; Baksheev & Kudryavtseva, 2004; Sokolov & Mar-
tin, 2009).

Tourmaline analytical challenges remain and specifi-
cally include easily accessible quantification of light ele-
ments (e.g., H, B, Li) and the oxidation states of Fe. In 
addition, evaluation of the order-disorder in tourmaline 
can be a significant issue (e.g., Bosi, 2018). Each of these 
factors potentially influences the proper classification of 
tourmaline. Fortunately, progress has been made either to 
estimate light elements through a variety of calculation 
schemes or to directly measure these cations through im-
proving analytical approaches such as Mössbauer spec-
troscopy, SIMS, LA-ICPMS or LIBS. In addition, in some 

subsystems it may be possible to establish tourmaline spe-
cies through simple graphical approaches (e.g., Fig. 3). 
Much progress has occurred and will continue into tour-
maline’s future.
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unnecessary to determine ordering to define species (Henry & Dutrow 
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Textural and chemical characteristics of tourmaline 
and quartz developed in tourmaline-rich orbicules, greis-
ens, pegmatites and tourmalinite segregations associated 
with the peraluminous leucogranitic Tusaquillas Batholith 
Complex of NW Argentina exhibit both magmatic and 
subsolidus hydrothermal features. Tourmaline-bearing 
lithologies, irregularly distributed throughout the Tusa-
quillas Composite Batholith, are most commonly associ-
ated with late-stage magmatic-to-hydrothermal portions 
near the margins or apex of the plutonic complex (Fig. 1).

Imaging of quartz by optical-CL and SEM-CL show 
three developmental stages. Stage-1 quartz, considered 
likely magmatic, develops as large grains in pegmatites 
that have optical-CL homogeneity, as anhedral relict 
grains partially replaced by stage-2 quartz in tourmalinite 

segregations, orbicules and greisens, and as idiomorphic 
crystals with oscillatory zoning in SEM-CL in orbicules. 
Stage-2 quartz, interpreted as hydrothermal, partially re-
places stage-1 quartz and generation-1 tourmaline. Stage-3 
quartz, a late hydrothermal stage, occurs as weakly lumi-
nescing quartz in healed quartz fractures with abundant 
fluid inclusions, commonly associated with the crystal-
lization of irregular late-stage tourmaline (Fig. 2).

Fig. 1 - Outcrop images of two tourmaline-bearing lithologies. (a) 
Tourmaline-rich orbicule embedded in granite. Coin for scale. (b) Red-
dish greisen zone enriched in quartz, muscovite, tourmaline, topaz and 
hematite. Horizontal field of view is ~1.5 m.

Fig. 2 - Quartz in tourmaline-rich orbicule. (a) PPL optical image. 
Cloudy zones contain abundant fluid inclusions. (b) SEM-CL image 
showing euhedral, oscillatory-zoned, magmatic stage-1 quartz and 
stage-2 hydrothermal quartz. Stage-3 quartz develops as irregular dark 
CL fluid-inclusion-bearing cross-cutting veins.
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Multiple generations of tourmaline span the magmat-
ic to hydrothermal stages of development across most 
of the tourmaline-bearing lithologies. (1) Tourmaline in 
the tourmalinite segregation is dominated by clusters of 
weakly oscillatory zoned blue-green to yellow-brown 
generation-1 tourmaline with minor late or crosscut-
ting generations-2 and -3 darker tourmaline (Fig. 3a). 
(2) In the pegmatite, tourmaline is optically zoned with 
the interior zone-1 core region being pale green-brown 
and the exterior rim zone-2 being green-to-orange with 
distinct oscillatory-zoning. These two zones are consid-
ered part of the initial growth of tourmaline in the over-
all pegmatite stage of development (i.e., generation 1). 
(3) Tourmaline-bearing orbicule samples generally have 
anhedral grains of generation-1 tourmaline with up to 
three color/compositional zones (Fig. 3b). There is also 
late, dark-blue generation-2 tourmaline that crosscuts 
generation-1 tourmaline. (4) Tourmaline from greisen 
samples contains a generation-1 tourmaline with broad 
oscillatory zoning exemplified by a series of blue and 
pale green-brown bands. Minor amounts of dark blue 
generation-2 tourmaline are observed near the margins 
of generation-1 tourmaline.

Fig. 3 - Optical images of tourmaline from two different lithologies. (a) 
Tourmaline segregation. Cluster of tourmaline crystals showing three 
generations of development. (b) Tourmaline-rich orbicule. This genera-
tion-1 tourmaline has three distinct optical and compositional zones.

Generation-1 tourmaline in all lithologies is compo-
sitionally similar being highly aluminous (range of aver-
age values of Altotal= 6.31-6.95 apfu), markedly Fe- and 
X☐-rich [XMg = 0.01-0.17, X☐ = 0.21-0.51] with vari-
able F and WO [F = 0.00-0.57 apfu, WO = 0.00-0.40] (Fig. 
4). Generation-1 magmatic tourmaline has compositions 
reflecting the chemical environment of the host litholo-
gies and with compositional zoning patterns character-
istic of both closed- and open-system behavior. Like 
generation-1 tourmaline, later-stage generations-2 and 
-3 tourmaline compositions are highly aluminous [range 
of average values of Altotal= 6.38-6.79 apfu], markedly 
Fe- and X☐-rich [XMg = 0.00-0.20, X☐ = 0.28-0.40], 
variably F- and WO-enriched [F = 0.07-0.57 apfu, WO = 
0.00-0.31], but notably lower in Ca and Ti [<0.01 apfu]. 
The later-stage tourmaline is considered to have devel-
oped during the transition to hydrothermal conditions. 
External chemical contributions to tourmaline compo-
sitions from the country rocks appears to be minor-to-
nonexistent.

Fig. 4 - Average compositions for each tourmaline generation and each 
zone within generation-1 tourmaline in lithologies of the peraluminous 
Tusaquillas Complex (modified after Henry & Dutrow, 2018 with areas 
defined by Henry & Guidotti, 1985).

Tourmaline-bearing lithologies of the Tusaquillas 
Composite Batholith system exhibit many textural 
and chemical similarities attributed to the magmatic-
to-hydrothermal transitions found in other compara-
ble low-pressure peraluminous leucogranite systems 
and their common accompanying late Sn-W minerali-
zation.
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The supergiant Río Blanco-Los Bronces (RB-LB) por-
phyry Cu-Mo district in Chile has an estimated total re-
source of more than 200 Mt of copper, a large part of which 
is in mineralized tourmaline-cemented breccia bodies (e.g., 
Frikken et al., 2005; Toro et al., 2012). Despite the close as-
sociation with mineralization, only a handful of geochemical 
studies of the tourmaline exist. This study is based on sam-
ples of mineralized tourmaline breccia from La Americana 
and Sur-Sur sectors (herein: mine area) and barren tourma-
line breccia from the Diamante prospect NW of the mine 
area. The geochemical data comprise major-element anal-
yses by EPMA and boron isotope analyses by SIMS. Our 
aim is to test for a relationship between the chemical and/
or boron isotopic composition tourmaline and copper min-
eralization as an aid in exploration. Also, the boron isotope 
composition of tourmaline is combined with sulfur isotope 
data to help constrain the source of the mineralizing fluid.

The RB-LB district is hosted in a late Eocene to mid 
Miocene volcaniclastic-sedimentary sequence that was 
intruded by the granodioritic San Francisco Batholith dat-
ed between ca. 16 to 8 Ma (Toro et al., 2012). Most miner-
alization in the district (stockwork veins and breccia bod-
ies) is associated with a string of quartz diorite and dacite 
porphyry intrusions of ca. 7 to 5 Ma age distributed over 
10 km along a NW-SE fault zone. Tourmaline-cemented 
breccias in the RB-LB district are typically monomictic 
“crackle breccia” with angular clasts lithologically identi-
cal to the respective host rock (Fig. 1). Clasts show strong 
K-feldspar and sericite alteration and are cemented with 
tourmaline, quartz, locally biotite, albite, magnetite and/or 
specularite, sulphide minerals, anhydrite and rock flour.

Tourmaline typically forms masses of tiny acicular 
grains in the breccia matrix, but larger prismatic crystals 
occur locally in vugs. Tourmaline is black in hand speci-
men and brown-green to bluish in thin section. Optical 
zoning is common and diverse, with irregular patchy 
zoning as well as concentric zoning (locally oscillatory). 
However, consistent chemical zoning trends were not 
observed and the majority of grains are too fine-grained 
to assess chemical zoning at all.

Based on X-site occupancy, nearly all tourma-
line data plot in the alkali subgroup with exceptional 
analyses extending to the calcic subgroup. There is no 
distinction of mineralized vs. barren samples in the X-
site. The strongest variations in tourmaline composi-
tion are in the Mg/(Mg+Fe) ratio, which ranges from 
0.11 to 0.89 overall, and in total Al contents (3.9 to 
7.4 apfu). Importantly, these variations appear to dif-
fer systematically between the mineralized and the 
barren breccia samples, and this may have exploration 
significance. Tourmaline from the barren Diamante 
breccia shows a strong negative correlation of Fe and 
Mg and no correlation of Fe and Al, while the min-
eralized samples from the mine area show the oppo-
site trends (Fig. 2). This difference is attributed to a 
larger proportion of trivalent Fe in the mineralized bre-
ccias, permitting Fe3+-Al3+ substitution in tourmaline.

Fig.1 - Tourmaline breccia showing K-alteration rims on larger clasts; 
small clasts are entirely altered.
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The implication is that mineralized breccias formed from 
more oxidized fluids, which is consistent with specularite 
and anhydrite in the breccia cement. Oxidation could result 
from boiling of magmatic-hydrothermal fluid, which was 
suggested from a fluid inclusion study of Sur-Sur breccia 
(Frikken et al., 2005).

The total range in boron isotope compositions, expressed 
in δ11B values, is from -0.5 to 7.9‰ (1‰ uncertainty). Most 
grains were too small for multiple analyses but the larger 
grains were found to be homogeneous within the uncertainty 
level. Importantly, there is no correlation between chemical 
and isotopic composition and no difference between miner-
alized and non-mineralized breccias (Fig. 2). For a minerali-
zation temperature estimated at 400-500°C (Frikken et al., 
2005) the estimated fluid δ11B range is 4.7 to 8.2 ‰.

Positive δ11B values suggest an ultimately marine-related 
source of boron. For the RB-LB geologic setting this could 
be either from seafloor-altered crust in the arc magma source 
or from assimilation of evaporite-bearing strata beneath the 
Abanico basin. Both explanations could explain the boron 
isotope values but δ34S values (Frikken et al., 2005; Hohf, 
2021) clearly favor the magmatic option. This is supported 
by B-isotope compositions of quartz-hosted melt inclusions 
in post-mineral dikes at the El Salvador porphyry Cu de-
posit (δ11B = -5 to 12‰: Wittenbrink et al., 2009).
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Fig. 2 - Tourmaline compositions from the RB-LB district. Left: Fe, Mg and Al variations in barren and ore breccias; note contrasting 
trends in Al-Fe and Mg-Fe between the two groups. Right: combined plot of Al-Mg-Fe variations and B-isotope ratio (δ11B keyed to 
symbol size).
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Thermal expansion of tourmaline: a systematic investigation
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In recent papers we have explored the thermal ex-
pansion of minerals in the pyroxene (Hovis et al., 2021) 
and amphibole (Tribaudino et al., 2021 in press) mineral 
systems. The present contribution extends this work to 
minerals of the tourmaline system with the presentation 
of volume - temperature (V-T) data for fifteen mineral 
specimens in this system. As with the previously studied 
systems, the aims of this work were to (1) learn the effects 
of chemical composition on thermal expansion in this sy-
stem, (2) apply appropriate thermal expansion models to 
the data collected, and (3) discover how mineral structure 
adjusts to increasing temperature. The chosen samples are 
all natural, and represent a sampling of the chemical va-
riability in natural tourmalines. Available analyses were 
recalculated, correcting previous erroneous name assign-
ments.

X-ray powder diffraction measurements were con-
ducted from room T to ~928 °C at mostly 50 °C intervals 
on a PANalytical Empyrean X-ray powder diffraction sy-
stem equipped with an Anton-Parr HTK 1200N heating 
stage.

Deterioration in X-ray peak quality at some point du-
ring sample heating was generally found, although the 
temperature at which such deterioration began varied 
from sample to sample. Also, off-trend unit-cell dimen-
sions with increasing T was found at some temperature. 
This however never occurred below 400 °C, allowing a 
comparison between the axial and volume thermal expan-
sion between room and 400 °C. Within this range thermal 
expansion data were fitted by empirical linear and polyno-
mial Berman models.

Volume thermal expansion in a linear model varies 
between 2.06(4)x10-5 and 2.30(4)x10-5 in foitite and fluor-
liddicoatite respectively, a rather small variability when 
compared to other mineral families.

Axial expansion along the a axis averages at 0.53(4) 
with maximum and minimum values between 0.60 and 
0.47, whereas along the c axis it averages 0.97(5), with 
minimum and maximum between 0.90 and 1.06 x10-5/K. 
Despite the limited variation the lower expansion of the 
Fe2+ bearing tourmalines is apparent (Fig. 1), whereas Li 
and Fe2+ tourmalines expand less along the c axis. Higher 
expansion along the c axis is in line with previous inve-
stigations, and confirms the limiting effect of the silicate 
rings to thermal expansion.

At temperatures higher than 400 °C the behaviour of 
the tourmalines varies. We have defined four groups: 1) 
shown by dravite, fluor-liddicoatite and fluor-uvite, with a 
trend dictated just by thermal expansion, but for a higher 
value in the c axis at the highest temperature for fluor-
liddicoatite. Within this group the thermal expansion of 
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Fig. 1 - Thermal expansion along the a and c axes in the tourmalines 
studied. The Fe2+-poor tourmalines with the lower c expansion is the 
olenitic sample (namely, Vac-Al-B-rich elbaite).



54

dravite was taken as reference; 2) rossmanite, fluor-buer-
gerite and elbaite overshoot the c parameter and under-
shoot the a parameter at a temperature higher than 800 
°C; 3) Fe-rich elbaite and fluor-uvite, as well as olenitic 
sample show a much more marked deviation at 600 °C. 
In the olenitic sample the a parameter decreases at higher 
temperature, in a trend resembling previous observation 
by Celata et al., 2021; 4) schorl and foitite, which show a 
marked irreversible degradation at T > 600 °C, can be ga-
thered in a single trend for Fe2+-rich tourmalines (Fig. 2).

The different behaviour was interpreted as arising 
from coupled interaction of the oxidation-deprotonation, 
which involved mostly the Fe2+-bearing tourmalines, 
and cation ordering which involved mostly the Fe2+- and 
Li-bearing samples. Seemingly, the Mg-bearing dravi-
te samples are not affected by cation ordering at higher 
temperature.

Different Fe2+ content also explains the different hi-
gh temperature behaviour shown by the three fluor-uvite 
samples.

Fig. 2 - Thermal expansion along the a and c axes in group 3 (left) and group 4 (right) tourmalines.
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Crystal-chemical effects of heat treatment on tourma-
lines have been studied in several investigations. Castañe-
da et al. (2006) produced colour changes in Li-bearing 
tourmaline from Brazil where the original green elbaitic 
tourmaline turned brown or bluish-grey. The original gre-
en colour was caused by the presence of Fe²+ in the Y 
site, and colour change was related to a local disorder of 
crystal structure. Pink tourmaline did not change the co-
lour due to Mn+², indicating that the divalent Mn did not 
oxidize to trivalent manganese. Blue tourmaline turned 
red by heating to 700 °C for 48 h. This colour change 
can be described by the oxidation of Fe²+ and the release 
of H+ from the OH groups (Castañeda et al., 2006). The 
compression of <H-O> bond lengths is similar to the bond 
length values of naturally oxidized tourmalines caused by 
the replacement of Fe²+ by Fe³+ in Y octahedra (Pieczka & 
Kraczka, 2004).

Temperature of 700 °C is in the middle of the inter-
val between the initiating temperature of Fe²+ and Mn2? 
oxidation and the temperature of tourmaline structural di-
sintegration, which is estimated at 880–920°C (Pieczka 

& Kraczka, 2004). The composition of schorlitic tourma-
lines heated to 700 °C changed to oxidized member with 
the ideal formula NaFe3³

+Al6Si6O18 (BO3)3 (O2OH)O, 
which is similar to the formula of the hypothetical end 
member ‘buergerite’ NaFe3³

+Al6- Si6O18 (BO3)3O3 (OH) 
(Henry et al., 2011).

As a result of the high-temperature treatment, the 
tourmaline fragments (originally black) turned dark 
brownish-red (oxidized) or greyish-black (reduced) when 
viewed through very thin edges (Filip et al., 2012). Heat 
treatment was also performed on Fe-dominant tourma-
lines from Dolní Bory, Czech Republic and Vlachovo, 
Slovakia at 450°C, 700°C and 900°C in which the Fe oxi-
dation was observed at 700°C and structural breakdown 
at 900°C (Bačík et al., 2011). This breakdown may be 
driven by diffusion between octahedral sites after the Fe 
oxidation (Ertl et al., 2012).

We present a detailed study of thermally driven oxi-
dation of Fe in the structure of Mg-dominant tourma-
line. High-temperature changes were evidenced using 
57Fe Mössbauer, infrared, and optical absorption spec-
troscopy, and electron microprobe. Tourmaline samples 
were thermally treated in air at temperature of 700, 800 
and 900°C.

Heat experiments were performed on the following 
samples: (1) dravite from Yunnan, China (CHD) forms 
euhedral brown thick prismatic crystals, with pyramidal 
faces, 2-3 cm in size; (2) schorlitic-dravite from Rube-
ho Mts., Tanzania (TSCH) forms black thin prismatic 
crystals, with pyramidal faces, up to 2 cm long; (3) Cr-
bearing fluor-uvite from Merelani Hills, Tanzania (TUV) 
forms anhedral black thick prismatic crystals, with pyra-
midal faces up to 1,5 cm in size. After the heat treatment, 
no apparent visual changes were observed.

According to their chemical composition analysed 
by electron microprobe, all samples are Mg dominant, 
but with variable XMg (Mg/(Mg+Fe)). The TSCH sam-
ple schorlitic dravite from Tanzania with XMg of 0.5-0.8. 
CHD sample is Mg-dominant dravite with XMg > 0.9. The 
TUV sample Cr-bearing fluor-uvite (up to Cr 0.095 apfu) 
with XMg > 0.99).

Mössbauer spectroscopy was planned to use for de-
termination of Fe charge and its changes after the heat 
treatment but only the TSCH sample had sufficient Fe 
content for analysis. Tourmaline heated at 700°C did not 
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show any change in Fe oxidation state, but Fe oxidized to 
trivalent at 800°C and 900°C.

The influence of the possible cation oxidation on the 
OH groups bonded at the edges of YO6 octahedra was de-
termined by IR spectroscopy. TSCH and CHD samples 
show decrease in absorbance of OH bands which indica-
tes deprotonization and Fe oxidation present. TUV sam-
ple does not show any significant decrease in absorbance. 
This suggests that no oxidation could take a place due to 
a very low Fe, Mn and V content and Cr cannot oxidize at 
normal atmosphere.

Optical absorption spectroscopy was used to illustrate 
possible oxidation of the transition metals. In the samples 
with at least some Fe content – CHD and TSCH – Fe oxi-
dation was indicated by change of absorption bands. Ho-
wever, all changes in the optical spectra happened in the 
NIR region, therefore, original brown and black colour 
did not change. Almost Fe-free TUV sample with Cr as 
dominant chromophore displayed no significant changes 
in optical spectra.

This research was funded by the projects APVV–18–0065 
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Maruyamaite is a K-bearing dravite with a maximum 
recorded K content of 2.7 wt % and 3.44 wt % in natural 
and synthesized samples, respectively (Shimizu & Oga-
sawara, 2005; Berryman et al., 2014). So far the findings 
of this unusual tourmaline were restricted only to one lo-
cality – Kumdy-Kol microdiamond deposit (Kokchetav 
Massif), where it was first described in a tourmaline-
quartz-K-feldspar rock (Shimizu & Ogasawara, 2005). 
Some authors claim maruyamaite to be an indicator of 
the ultra-high pressure (UHP) conditions because of the 
presence of diamond inclusions (Shimizu & Ogasawara, 
2005). However, these diamond inclusions found in zir-
con and tourmaline are the only reliable marker of UHP 
in this rock. Another theory associates the formation of 
K-bearing tourmaline in these rocks with the infiltration 
of boron-bearing fluids at crustal conditions (Marschall 
et al., 2009). The B-isotopic composition of the tourma-
line K-rich cores (with and without diamond inclusions) 
is quite similar for the tourmalines from the Kumdy-Kol 
unit (δ11B +7‰; Ota et al., 2008; Marschall et al., 2009). 
However, this B-isotopic composition is not typical for 
tourmaline from other UHPM localities (Marschall et al., 
2009).

Recently reported findings of maruyamaite at the 
Barchi-Kol site (Musiyachenko et al., 2021), located 17 

km west of the Kumdy-Kol deposit. This is the second 
described locality for the maruyamaite in the world. Here, 
we present a B-isotopic study of the Barchi-Kol K-tour-
maline. We also provide estimates of the fluid regime and 
the P–T conditions of the formation of mineral paragen-
esis associated with maruyamaite.

Tourmaline-bearing sample of the Barchi-Kol site 
consists of garnet, tourmaline, quartz, potassium feldspar, 
biotite, and muscovite. The volumetric content of tourma-
line in the samples is ~15–20%. Findings of tourmaline 
inclusions in garnet, garnet inclusions in tourmaline and 
inclusions of both in extracted zircons allow suggesting 
that these phases formed together. Furthermore, inclu-
sions of biotite and K-feldspar in tourmaline and garnet 
porphyroblasts, have identical composition to biotite and 
K-feldspar from the rock matrix. Despite an extensive 
study of solid inclusions no UHPM mineral-indicators 
(e.g. coesite or diamond) were detected in samples from 
this locality. Tourmaline crystals have a pronounced com-
positional zoning in K, Na, Ca, and Ti. Potassium zoning 
pattern is opposite to that in Na with high K concentra-
tions in spindle-shaped zones concentrated in the inner 
part of the grain. Areas of maruyamaite composition (2.1 
wt % K2O) are surrounded by zones of low-K-dravite 
(0.2 wt % K2O) (Fig. 1A). B-isotopic compositions of K-
rich and K-poor zones within the maruyamaite from the 
Barchi-Kol are presented at Fig. 1B. δ11B vary from -6 to 
-8.6 ‰ in contrast to maruyamaite (δ11B +7‰) from the 
Kumdy-Kol deposit.

Results of the petrographic observations, thermody-
namic modelling and mineral-thermometer calculations 
suggest that all rock forming minerals crystallized at the 
same time at 650-800°C and <1.4 GPa (Musiyachenko 
et al., 2021). The significant amount of tourmaline in the 
sample implies high boron concentrations in the crystalli-
zation environment. According to (Marschall et al., 2009), 
this environment can be achieved only by an external in-
flux of boron-rich fluids. However, the significant differ-
ences in B-isotopic composition of maruyamaite-forming 
fluids from Kumdy-Kol deposit and Barchi-Kol locality 
could imply different fluid sources.

This work was financially supported by the Russian 
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Fig. 1 - A) SEM image of K-distribution within the maruyamaite crystal from the Barchi-Kol locality. B) isotopic profile accross this 
crystal.
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Lead is one of the cations with a large ionic radius 
(1.35 Å) and should therefore enter the tourmaline struc-
ture as a divalent cation Pb2+ at the nine-coordinated 
X-site. The lead contents typically found in tourmaline 
are between tens and hundreds of ppm. Elevated lead con-
tents in tourmaline are rare; they were described from a 
few localities only, such as Anjanabonoina, Madagascar, 
Momeik, Myanmar or from Kreuzeck Mountains, Aus-
tria (for references, see Kubernátová, 2021). The high-
est lead contents known up to date were described from 
amazonite pegmatites in Alto Ligonha, Mozambique (up 
to 15.4 wt.% PbO) and Minh Tien, Vietnam (17.5 wt.% 
PbO; Sokolov & Martin, 2009).

The Minh Tien locality was recently revisited along 
with another four potentially interesting localities of 
amazonitic pegmatites where Pb-rich tourmaline could 
appear, including Ifasina and Ambatofinandrahana 
(Madagascar), Rio Grande do Sul (Brazil), and Ten-
nvatn (Norway). The studied samples from amazonitic 
pegmatites contain greenish K-feldspar (var. amazonite), 
white albite, black green, blue and sometimes also pink 
tourmaline, typically associated with lepidolite, topaz, 
beryl, and accessory zircon, cassiterite, tusionite, and 
other phases (Kubernátová, 2021). At Minh Tien, Pb-rich 
tourmaline occurs in four textural-paragenetic types (Fig. 
1A); all primary (Tur 1) and hydrothermal (Tur 2, 3, 4) 
types are enriched in Ca and variable contents of Pb. Of 
the other hand, primary tourmaline Tur 1 from the lo-
calities in Madagascar and Brazil is relatively Pb-poor, in 
contrast to the hydrothermal Tur 2 which forms euhedral 
Pb-poor crystals overgrown by Pb-rich skeletal crystals 
intergrown with quartz (Fig. 1B). The studied Tennvatn 
samples contain Fe,F-rich heterogeneous hydrothermal 
tourmaline with elevated Li (up to 2500 ppm, confirmed 
using LA-ICP-MS); its PbO contents are only rarely 
above the EMPA detection limit.

Composition of tourmaline and associated minerals 
was characterized using EMPA. Very high PbO contents 
were locally found in tourmaline from Ifasina, Mada-
gascar (up to 15 wt.%), Minh Tien, Vietnam (up to 14.15 
wt.%), Rio Grande do Sul  (12.77 wt.%) and Ambatofi-
nandrahana, Madagascar (11.72 wt.% PbO). The tourma-
line from Tennvatn is Pb-poor and only locally contains 
elevated PbO contents (≤0.14 wt.%).

We observed two general compositional trends of Pb-
rich tourmalines (Fig. 1C-D): 1) at Minh Tien, tourmaline 
evolves from sodic do Ca-rich with elevated Pb-contents 
and typically Ca>Pb, significant Pb-enrichment where 
Pb>Ca is related to the latest Tur 4 that forms domains 
only few tens of micrometers large; 2) at Madagascar 
and Brazil localities, tourmaline evolves from sodic 
to Pb-rich with Pb>Ca – the Ca contents are very low. 
Again, the highest Pb is related to the latest Tur 2b (Fig. 
1B). The main substitutions that take place in the stud-
ied tourmalines are from fluor-schorl to fluor-elbaite and/
or fluor-liddicoatite (or to the Pb-dominant analogue of 
fluor-liddicoatite).

The observed paragenetic relationships indicate that 
the Pb-enrichment in tourmaline is related to both albiti-
zation of amazonite (in Minh Tien) and its hydrothermal 
alteration (all studied localities). Formation of Pb-rich 
tourmaline is not restricted to Ca-rich systems (and Pb-
Ca-1 exchange) and takes place also in Na,Li,F-rich tour-
malines. Hydrothermal tourmalines may locally reach 
compositions dominated by the theoretical Pb-analogue 
of fluor-liddicoatite. The study is currently being fol-
lowed by further characterization using LA-ICP-MS and 
structural methods.

This work was supported by the projects GAČR 19-
05198S and MUNI/A/1594/2020.
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Fig. 1 - BSE images for Pb-tourmaline generations from Minh Tien (A) and Ifasina (B), and ternary diagrams representing occupancy 
of the X site based on the cation charge (C) and .based on the ratio of Ca, Pb and Na+vacancy (D).
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Gem tourmaline mainly consists of elbaite-liddicoa-
tite-rossmanite species or dravite-uvite species. The first 
group is hosted by granitic pegmatites, and typically 
forms the most commonly encountered tourmaline va-
rieties in the gem trade (e.g. pink-to-red rubellite [Fig. 
1], green verdelite, blue indicolite, yellow Canary from 
Zambia, colourless achroite and so-called Paraíba-type 
consisting of intense blue, violetish blue to greenish blue 
tourmaline that mainly owes its colour to copper). By con-
trast, dravite-uvite gem tourmalines are typically found in 
magnesian-to-calcic metamorphic rocks, and these gems 
mostly range from yellow to orange to brown (e.g. Savan-
nah tourmaline) or deep green (so-called chrome tourma-
line, although usually with V>Cr).

Recently, a single example of blue dravite was docu-
mented from Sri Lanka (Nasdala et al., 2021). Black tour-
maline (typically schorl-elbaite) may also be encountered 
as an unusual gem material.

Nearly all of the transparent tourmaline varieties (ex-
cept for Canary) may occur in bicoloured or multicolored 
crystals; well-known examples include pink-green ‘wa-
termelon’ tourmaline from various localities and distinc-
tive oscillatory-zoned liddicoatite from Madagascar. In 
addition, textural sub-types of gem tourmaline include 
chatoyant cat’s-eye material (most commonly seen in 
green and blue varieties of elbaite-liddicoatite-rossman-
ite) and trapiche tourmaline showing six-spoked growth 
features (i.e. green dravite-uvite).

In recent years, the most important localities for pro-
ducing gem tourmaline consisted of various countries in 
Africa (Nigeria, Mozambique, Namibia, Tanzania and 
Kenya), as well as Madagascar, Brazil and Afghanistan. 
In addition, the Democratic Republic of Congo in Central 
Africa recently emerged as a significant source (Laurs et 
al., 2017).

Of all types of gem tourmaline, the brightly coloured 
Cu-bearing material from Paraíba State in Brazil is the 
most highly prized (e.g. US$60,000/ct for top-quality 

gemstones weighing 4.00–4.99 ct), ranking as the sec-
ond-most valuable coloured stone after untreated Bur-
mese ruby. Cu-bearing tourmaline from other localities 
commands much lower prices ($14,000/ct for stones of 
equivalent size), while values for other gem tourmalines 
are significantly less (e.g. chrome = $1,000/ct, blue/green 
= $650/ct, bicoloured = $600/ct, green = $600/ct, red = 
$575/ct, cat’s-eye = $500/ct and pink = $475/ct, according 
to 2021 GemGuide listings).

Fig. 1 - A matrix specimen of pink tourmaline, albite (“cleavelan-
dite”) and lepidolite from Paprok, Afghanistan (12 x 12 cm), is shown 
together with a carved free-form 16.55 ct rubellite from Mozambique. 
(Specimens courtesy of Pala International, Fallbrook, California, USA. 
Photo: Robert Weldon).
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Given the exceedingly high value of Paraíba mate-
rial, there is significant demand for origin determination 
of Cu-bearing tourmalines to be performed by gemmo-
logical laboratories. In addition to the most highly sought-
after material from São José da Batalha in Paraíba State, 
this tourmaline variety also comes from other sources 
in northeast Brazil (two principal mines Rio Grande do 
Norte State), and also from Mozambique and Nigeria. To 
address the needs of the gem trade, origin determination 
is done mainly to differentiate material simply by coun-
try (Brazil vs. Mozambique vs. Nigeria), rather than ac-
cording to the specific deposit. Actually two localities 
in Mozambique are known: Mavuco (the main source, 
which produces Cu-bearing elbaite of various colours) 
and Maraca (liddicoatite that is violet before heat treat-
ment; Milisenda & Müller, 2017). As is the case for the 
other localities, Nigeria produces blue-to-green and also 
violet material (before heating), and in addition a new va-
riety of Cu-bearing tourmaline from Nigeria was recently 
documented that contains a distinct amount of Fe, result-
ing in a blue colour that resembles some non-Cu-bearing 
stones from Namibia (Krzemnicki, 2021). Although the 
gemmological properties of Paraíba-type tourmaline from 
the various localities mostly overlap, the Cu-bearing el-
baites can be effectively differentiated by their trace-ele-
ment contents (e.g. Katsurada et al., 2019 and references 
therein; Wang et al., 2021; see Fig. 2).

In addition to origin determination, gemmological lab-
oratories are also tasked with identifying treatments and 
synthetics. While gem tourmaline has not been produced 
synthetically (as the crystals produced so far range up to 
only about 1-2 mm; Setkova et al., 2019), treatments are 

quite common. The most widespread treatment is heating 
at relatively low temperature to improve colouration (e.g. 
to remove a greyish component, to lighten dark tones or, 
most importantly, to produce an attractive blue colour in 
violet Cu-bearing tourmaline). In addition, the pink-to-red 
colouration is commonly improved by irradiating pale-
colored tourmaline with gamma rays (or, less commonly, 
by an electron beam; e.g. Suwanmanee et al., 2021). Nev-
ertheless, because the colouration produced by heat and 
irradiation statements is stable–and generally undetect-
able by routine gem testing–gem labs are not called upon 
to identify them. Of greater concern is the identification of 
clarity enhancement by fracture filling (typically with ep-
oxy resin or oil) to improve a stone’s apparent clarity. The 
filled fissures can be identified by careful microscopic ex-
amination, Raman and infrared spectroscopy, and UV im-
aging (e.g. Dai et al., 2017). Fissure-filling is particularly 
important to detect in Paraíba-type tourmaline (e.g. Fig. 
3), due to its high value.

During the examination of tourmaline gemstones, 
sometimes interesting internal features are seen that pro-
vide insight into the stone’s geographic origin or forma-
tion conditions. For example, inclusions of native copper 
are occasionally encountered in Cu-bearing tourmaline 
(Fig. 4a), and their presence is indicative of a Brazilian 
source. Other inclusions documented in tourmaline in-
clude cassiterite (Delaunay et al., 2020) and pyrochlore 
crystals (Fig. 4b; both indicative of a granitic pegmatite 
origin), while pyrite inclusions have been identified in 
dravite from Mozambique (consistent with its non-peg-
matitic origin). Elongate growth tubes are commonly ori-
ented parallel to the c-axis of gem tourmaline (Fig. 4c), 
and may produce chatoyancy if present in great enough 
abundance. Microscopic colour zoning in gem tourmaline 
also provides useful insights. Fractures and channels may 
be surrounded by narrow zones of pink colouration due 
to post-crystallization exposure to radioactive solutions, 
and is known in Cu-bearing tourmaline from Mozam-
bique (e.g. Leblan et al., 2015 and references therein), as 
well as in rubellite (Jia & Sit, 2017). In addition, Hänni 
et al. (2019) documented dark pink halos surrounding 
columbite-tantalite inclusions in a polished slice of lid-
dicoatite from Madagascar. Colour-zoning patterns seen 
in faceted or sliced specimens, particularly when viewed 
parallel to the c-axis, may reveal complicated growth 
relations that help reveal the history of gem tourmaline 
crystallisation.

Fig. 2 - Paraíba-type tourmalines from various localities can be differ-
entiated using statistical processing (i.e. t-distributed stochastic neigh-
bour embedding, or t-SNE) of trace-element data, as obtained here by 
LA-ICP-TOF-MS analysis. (Image © SSEF).

Fig. 3 - This 2.6 ct Paraíba-type tourmaline from Mozambique is shown 
as received for gem testing with oil-filled fissures (left), and after the oil 
has been removed from the fractures by cleaning the stone in acetone 
(right). (Composite photo © SSEF).
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Fig. 4 - Inclusions seen in gem tourmaline include (from top to bottom): a) dendrites of native copper in a stone from São José da 
Batalha in Paraíba State, Brazil (image width 2.3 mm); b) pyrochlore in tourmaline from Myanmar (image width 1.9 mm); c) growth 
tubes oriented parallel to the c-axis, which are capable of causing chatoyancy, in a tourmaline from Minas Gerais, Brazil (image width 
2.0 mm). (Courtesy of the John Koivula Inclusion Collection. Photomicrograph: Nathan D. Renfro, © GIA).

a

b

c
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Large crystals of liddicoatite tourmaline from the 
Anjanabonoina pegmatite of central Madagascar are 
well-known for exhibiting distinct patterns of oscillatory 
zoning (OZ). This study follows two previous investiga-
tions, in which the crystal chemistry (Lussier et al., 2011) 
and variations of major chemical constituents (Lussier & 
Hawthorne, 2011) were thoroughly characterized. Here, 
the variations of elements present in trace concentrations 
are investigated. A thorough survey of potential elements 
(48 in total) by Laser Ablation - Inductively Coupled 
Plasma - Mass Spectrometry (LA-ICP-MS) confirmed the 
occurrence of 29 elements with mean abundances above 
limits of detection, typically ranging between <1 and 
~200 ppm.

Here, trace element behaviour is systematically exam-
ined along a continuous analytical traverse (total length, 
~90 mm; total data, ~8800 points) form the core to the 
edge of the crystal (Fig. 1). Four types of behaviours are 
observed: (1) OZ profiles in phase with those of major 
elements (e.g., Pb2+, Ti4+, Ta5+, Nb5+); (2) OZ profiles anti-
phase with those of major elements (e.g., LREE3+); (3) 
no OZ (e.g, Be2+, Ga3+); and (4) anomalous compositional 
variation (Cu2+).

For elements of type (1), each OZ corresponds to a 
predictable variation in abundance: a pronounced discon-
tinuity, followed by a nonlinear change. For elements such 
as Ti4+, Ta5+, and Nb5+ (Fig. 2a), a discontinuous increase 
is followed by a smooth decrease, whereas for elements 
such as Bi3+ and Pb2+ (Fig. 2b), the opposite behaviours 
are observed. In each case, the absolute rate of abundance 
change with respect to distance (da/dx) is greatest to-
wards the beginning of each zone, decreasing rapidly with 
growth. These trace element profile shapes very closely 
mirror those observed for major elements.

For elements of type (2), such as La3+ (Fig. 2c), each 
OZ again begins with a discontinuous decrease in abun-
dance, followed by a nonlinear increase. However, da/dx 
is slight at the beginning of each zone, increasing with 
growth. Pronounced discontinuities in baseline abundanc-
es are also observed along the analytical traverse, e.g., a 
significant drop at ~20 mm. Hence, elements of type (2) 
show trends in both baseline abundance and individual 
OZ profiles that are unique, not observed for major ele-
ments.

By matching trace element ionic radii to known crys-
tal chemical and crystal structural parameters, valence 
and site location are deduced; both are observed to exert 
significant influence on oscillatory behaviour. Generally, 
elements occurring at the X- (e.g., Bi3+, REE3+) and Y-
site (e.g., Ti4+, Nb5+, Ta5+) are likely to show pronounced 
OZ, whereas those occurring at the T-site (Be2+, Ga3+) are 
not.

The mean amplitude of individual zones (measured as 
the magnitude of the initial discontinuity) varies in nearly 

Fig. 1 - Studied liddicoatite slab, cut perpendicular to [001].
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linear proportion to the mean element abundance over the 
analytical traverse; however, along individual element 
profiles, OZ amplitudes are relatively consistent. Trace 
elements with the largest amplitudes include Ti4+ (ampli-
tude, ~3100 ppm), Bi3+ (~175 ppm), and Sn5+ (~115 ppm), 
whereas elements with the smallest amplitudes include 
Sc3+ (~3 ppm), Th4+ (2.5 ppm), and Y3+ (1.3 ppm).

In major element profiles, significant differences in 
element behaviour were observed between OZs occur-
ring parallel to the pyramidal {021} and prismatic {110} 
faces; these differences are echoed in profiles of trace ele-
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Fig. 2 - Example element profiles: niobium, bismuth, and lanthanum. Grey dots and red lines are all data points and averages of 10 
consecutive points, respectively. The general shapes of individual OZ profile are outlined in green at 20 mm.

ments, confirming the influence of growth face structure 
on oscillatory feedback processes.

In a growing crystal, much of the variation in major 
element composition is constrained by stoichiometry. By 
contrast, the incorporation of trace elements is affected by 
subtle differences in the ionic and crystallographic char-
acteristics of the growth system. As undertaken here, the 
systematic, comparative study of multiple trace elements 
provides valuable insight into operating growth mecha-
nisms that are imperceptible to investigations of major 
element chemistry.
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A decade has past since ‘The Year of the Tourmaline’, 
proclaimed by Henry et al. in 2011 for the publication of 
three major contributions to the field that saw their ap-
pearance in said year, i.e. the 406 pages special volume in 
the Canadian Mineralogist, the nomenclature of the tour-
maline supergroup in the American Mineralogist, and the 
tourmaline issue of Elements in October of 2011. The Ele-
ments issue featured a range of overview articles on the 
petrology, gemology and geochemistry of the tourmaline 
supergroup. Shao-Yong Jiang and I had contributed a re-
view on different isotope systems that had been analysed 
in tourmaline to reconstruct magmatic, metamorphic and 
metasomatic systems (Marschall & Jiang, 2011). Most 
studies to date still focus on boron isotopes, but some 
combine that with the detailed investigation of major- or 
trace-element zoning or with other stable or radiogenic 
isotope systems, such as δ18O, δD, δ7Li or 87Sr/86Sr (e.g., 
Bast et al., 2014; Su et al., 2019; Xiang et al., 2020; Har-
laux et al., 2021).

The past decade has seen various advancements in the 
analytical capabilities of isotope analyses of tourmaline. 
This includes the in-situ boron isotope analyses by laser-
ablation coupled to a multi-collector ICP mass spectrom-
eter (e.g., Hou et al., 2010; Míková et al., 2014; Albert 
et al., 2019). The advantage of this type of analysis com-
pared to secondary-ion mass spectrometry (SIMS) lies in 
the shorter analysis time of approximately 2 min per spot, 
compared to typically 5 to 10 min for SIMS at comparable 
accuracies and precisions (0.4–1.0 ‰ 2SD). The spatial 
resolution, on the other hand, is better in SIMS, with a 
typical spot size of 5–10 µm diameter and <1 µm depth 
compared to 20–30 µm diameter and 10–20 µm depth for 
a laser spot; yet in many natural tourmaline samples that 
limitation is not crucial, because of their sufficient grain 
size and wide growth zones.

SIMS has also been operated in multi-collection 
mode, which resulted in lower uncertainty and shorter 
analyses times (Codeço et al., 2019; Xiang et al., 2020). 

The introduction of the more stable and reliable Hyperion 
radio-frequency oxygen plasma ion source on the Cameca 
instruments promises further improvements in the repro-
ducibility of SIMS boron and oxygen isotope analyses of 
tourmaline (Marger et al., 2020).

As part of the analytical advancements, the well-
known Harvard-Museum tourmaline triple along with the 
IAEA-B4 schorl was characterized for their oxygen and 
lithium isotopic compositions, and can thus be employed 
as reference materials for the in-situ analysis of tourma-
line (Tab. 1). In addition, a larger compositional variety 
of tourmaline was characterized for their use as potential 
reference materials for the analysis of boron and oxygen 
isotope ratios (Tab. 1). The extended range in chemical 
composition of these potential reference materials enables 
us to quantify chemical matrix effects in the analysis of 
stable isotope ratios and thus improves analytical accuracy.

Fig. 1 - Mg (blue) and Fe (red) isotope fractionation between tour-
maline and garnet as determined from ab-initio calculations and from 
experimentally determined force constants. Also shown are analyses 
from a natural metapelite sample from Mt. Moosilauke (New Hamp-
shire). After Nie et al. (2021). Mg isotope fractionation for samples 
from Syros, Greece from a high-P mélange zone was calculated from 
tourmaline-glaucophane and glaucophane-garnet pairs (Pogge von 
Strandmann et al., 2015).
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The quantitative interpretation of stable isotope data in 
a geologic context requires accurate knowledge on stable 
isotope fractionation. Much progress has also been made 
on this front in recent years. The temperature-dependent 
equilibrium fractionation between tourmaline and coex-
isting minerals and fluids for various stable isotope sys-
tems was investigated. Three different avenues are taken 
to determine isotope fractionation factors: (1) analyses of 
mineral pairs from natural rocks that display tourmaline in 
an equilibrium assemblage; (2) laboratory experiments in 
which tourmaline is synthesised in equilibrium with other 
minerals, fluids or melts at specific P–T conditions, or (3) 
ab-initio calculations that enable the determination of sta-
ble isotope fractionation factors from bond strengths as a 
function of P, T and mineral composition (see Kowalski & 
Wunder, 2018). Calculations and natural mineral pairs have 
been presented for various stable isotope systems, such as 
the classical O and H, but also for the ‘non-traditional’ met-
al isotope systems Mg and Fe (Fig. 1). In-situ δ18O analyses 
in tourmaline in metamorphic rocks are now being used, 
not only to distinguish between inherited and metamorphic 
grains, but indeed to determine the temperatures of forma-
tion of individual growth zones through tourmaline–quartz 
O isotope fractionation (Marger et al., 2019).

However, much of the focus has been on boron iso-
topes. The δ11B fractionation between tourmaline and 
aqueous fluid is now known in great detail as a function 
of temperature, tourmaline major element composition, 
tetrahedral B content of tourmaline, and fluid pH (or B 
speciation in the fluid expressed as boric acid/borate ion 
ratio) (Kowalski & Wunder, 2018; Li et al., 2020). The 
isotope fractionation factors are well enough constrained, 
such that measured boron isotopes in coexisting tourma-
line–mica pairs in natural rocks are now used to estimate 
the temperature of their formation (Codeço et al., 2019).

The application of boron isotopes in the geosciences 
has seen a real breakthrough over the past decade, driven 
by a number of detailed studies in the low- and high-tem-
perature isotope geochemistry of boron including such 
diverse fields as weathering studies, environmental geol-
ogy, paleoceanography, ore geology, mantle geochemistry 

and cosmochemistry (see Marschall & Foster, 2018). For 
example, a well-defined value for the B isotopic composi-
tion of mid-ocean ridge basalt and the mantle was estab-
lished, which serves as a baseline for the interpretation of 
all other geological materials and reservoirs (Marschall et 
al., 2017). These advances were only possible, of course, 
with the improvement of the analytical protocols men-
tioned above.

The total variation of δ11B tourmaline in nature report-
ed to date spans a range of more than 66 ‰ from -29.9 ‰ 
in schorl from a Mesoarchaean granite dyke in Swaziland 
to +36.5 ‰ in dravite from an unconformity-related U 
deposits from the Athabasca Basin in Canada (Trumbull 
& Chaussidon, 1999; Mercadier et al., 2012). The natu-
ral range is thus approximately 100 times larger than the 
typical analytical uncertainties, which makes tourmaline 
boron isotopes such a sensitive geochemical tool.

Over the past decade tourmaline isotope geochem-
istry was employed in a large number of studies in the 
field of ore deposit research. In their review, Trumbull 
et al. (2020) list more than 2600 tourmaline boron iso-
tope analyses from 119 different localities representing 
all types of hydrothermal ore deposits. An equally large 
number of studies have investigated S-type granites and 
pegmatites, many of them in the high Himalayas, where 
the boron isotopes are being employed to demonstrate the 
metasediment-derived melt character of the plutons, their 
magmatic differentiation and the interaction of the mag-
ma with the country rock during magmatic-hydrothermal 
evolution.

In both cases, a dominant distinction needs to be made 
in order to unravel the petrogenetic histories between, on 
the one hand, closed magmatic systems that evolve by 
cooling and internal differentiation and phase separation 
(e.g. Codeço et al., 2019; Li J. X. et al., 2020) and, on 
the other hand, open magmatic systems in which mineral 
precipitation and ore formation are governed by the in-
flux and admixture of country rock or external fluids (e.g. 
Su et al., 2019; Harlaux et al., 2021; Carr et al., 2021). 
It is noteworthy that most cases are likely to transition 
from dominantly closed magmatic to open hydrothermal 

Table 1 - Tourmaline reference materials used for stable isotope analyses. Note that four out of eleven reference 
tourmalines originate from Elba island. References are: 1) Leeman & Tonarini, 2001; 2) Gonfiantini et al., 
2003; 3) Hou et al., 2010; 4) Lin et al., 2019; 5) Marger et al., 2019; 6) Marger et al., 2020; 7) Wiedenbeck 
et al., 2021; 8) Wiedenbeck et al., unpublished data.
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systems in their cooling history (e.g. Xiang et al., 2020). 
The ubiquitous occurrence of tourmaline in and around 
peraluminous intrusions and most types of hydrothermal 
ore deposits along with its large chemical variability has 
drawn a lot of attention to this mineral group as a petro-
genetic recorder. Some of the petrogenesis can be unrav-
elled through the major and trace-element composition of 
tourmaline, yet this can be hindered or left ambiguous by 
potential changes in physical parameters (P, T, ƒO2) that 
also influence mineral chemistry and thus complicate the 
decoding of the chemical evolution of the bulk system.

Studies employing stable and radiogenic isotopes are 
at an advantage here, as isotope signatures of minerals al-
low us to clearly distinguish between closed evolution of 
a system and the influx of externally-derived components. 
This becomes especially powerful where in-situ analyti-
cal methods are employed that enable us to determine the 
exact points in the petrogenetic history where material 
sources changed, mixed or unmixed. This can be taken 
even one step further with the combination of two or 
more isotope systems, as this helps to restrict the model-
ling parameters and can be used to quantify the processes 
involved. Recent studies have thus combined the petro-
graphic and chemical investigation of tourmaline with a 
combination of δ11B and other isotope systems, such as 
δ18O, δ7Li or 87Sr/86Sr (e.g., Bast et al., 2014; Su et al., 
2019; Xiang et al., 2020; Harlaux et al., 2021). Where one 
isotope system on its own may leave ambiguity, a combi-
nation of two systems will in many cases enable a clear 
distinction of different generations of minerals and their 
sources (Fig. 2).

There were also several attempts to employ tourma-
line from Archaean near-surface, supra-crustal environ-
ments as monitors for the secular evolution of boron iso-
topes in seawater (see discussion in Marschall & Foster, 
2018). However, the success of this approach is hampered 
by the fact that the tourmaline in those ancient meta-
sediments and metabasalts evidently formed through 
multistage processes, which loads the reconstruction of 

seawater isotopic compositions with large propagated un-
certainties. In addition, it is difficult to judge whether the 
supracrustal rocks formed in restricted basins or commu-
nicated with the global ocean. It should also be noted that 
no tourmaline has ever been found in modern seafloor 
sediments or basalts, making it impossible to test the iso-
topic reconstruction on modern samples.

Similar obstacles burden the interpretation of tourma-
line isotope data from continental supracrustal settings. 
For example, Cabral et al. (2021) report boron isotope 
data of dravite–magnesio-foitite from Palaeoproterozoic 
metalaterites from the Sao Francisco Craton. Laterites 
form by oxidative weathering under subaerial, tropical 
conditions, and the occurrence of such rocks at 2.2 Ga 
is evidence for an O2-bearing atmosphere at this time in 
Earth history. Yet, laterites are leached in water-soluble 
elements, such as boron, requiring a subsequent event 
of boron metasomatism in the soils during diagenesis 
or metamorphism to supply the boron required for tour-
maline formation. Hence, despite of its occurrence in 
supracrustal rocks, tourmaline unfortunately does not 
seem to directly record chemical or isotopic signatures 
of the ocean, the atmosphere or soils. However, future 
studies may be able to quantify the isotope fractionation 
pathways from the surface waters or soils to the physi-
cally and chemically robust recorder that is tourmaline. 
A combination of various stable and radiogenic isotope 
systems may help here too to constrain the parameters.
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INTRODUCTION
Elba Island has been known since ancient times for its 

deposits of iron and granite quarries and only since the 
end of the 18th century the passion for collecting minerals 
gradually developed. This activity was first moved by the 
aesthetic value of the crystals and the specimens but soon 
it became the basis for great scientific researches.

After the discovery of ilvaite at Torre di Rio (in the 
first times named “ienite”, an than “lievrite”, and finally 
ilvaite from the old latin name of Elba Island: Ilva), on 
early nineteenth century, several documents published by 
Ottaviano Targioni Tozzetti and other authors, confirmed 
and promoted the great interest for the island and its mine-
rals (Fantoni & Poggi, 2014, Tanelli et al., 2014).

Due to the special attention to the mineralogy of the 
Island devoted by curators and directors since the foundation 
of the Museum, the Natural History Museum - Sistema Mu-
seale di Ateneo of the University of Florence, contains today 
by far the most important and comprehensive collection of 
minerals from Elba. Such collection, named “Collezione El-
bana”, is mainly resulting from the merging of the Raffaello 
Foresi and the Giorgio Roster collections, described below.

THE “5000 ELBANI” AND THE “COLLEZIONE 
ELBANA”

Federico Millosevich (1875-1942) came to Florence 
as Professor of Mineralogy, after the death of Grattarola. 
He devoted most of his attention to Elba minerals, ad-
dressing his study from both scientific and museological 
perspective. The synthesis of his work is his publication 
titled: “I 5000 Elbani” (Millosevich, 1914).

This is a complete catalogue with precise bibliogra-
phic citations updated with the most recent studies about 
Elba, at the time.

He also produced the precious “Catalogues of Elba 
collections”, a manuscript containing extremely detailed 
descriptions and comprehensive reports of the crystalline 
forms and their combinations., as well as locations and 
collection of origin of the specimens from the Island. Fi-
nally, he also produced, for each mineral of the new and 
the old collections, a catalogue card with a consecutive 
numbering. The number of specimens described in the 
catalogue is in fact 4966, subdivided into: Foresi (2553 
specimens), Roster (1467), Antico Magazzino (717), Pi-
sani (151), other (67).

The so-called “Antico Magazzino” consists in speci-
mens already present at the founding of the Museo di Fi-
sica e Storia Naturale (1775). The name “Pisani” has to be 
referred to Spirito Pisani and Capt. Giuseppe Pisani, who 
sold and donated to the museum a group of samples in 
the first half of the nineteenth century and was the former 
owner of “Cava Pisani”, also known as “Fonte del Prete” 
or “Filone della Speranza” (Orlandi & Pezzotta, 1996).

The few specimens labeled “Ammannati” should be 
those belonging to the lieutenant Giovanni Ammannati, 
whose collection is cited by Targioni Tozzetti in his do-
cuments.

THE FORESI COLLECTION
Raffaello Foresi (1820-1876) collected minerals, rocks 

and paleo-ethnological artifacts. The collection was for-
med by: a) more than 1000 specimens of rocks and fossils 
of Elba, Pianosa and Montecristo, with labels informing 
about the locality, even if not certain; b) 4500-5000 mine-
ral specimens not determined and without a specification 
of the locality; c) about 2900 paleo-ethnological pieces. 
These collections formed the “Museum Foresi” of Porto-
ferraio, which remained open until Christmas Eve 1876, 
a few months after Foresi’s sudden death. It was visited 
by the illustrious names for the mineralogy and geology 
of the time.

In 1878 Foresi’s heirs sold the collection to the Natural 
History Museum of the Istituto di Studi Superiori, proge-
nitor of the University of Florence, dealing with the mu-
seum’s director G. Grattarola. The transfer of the collection 
to Florence, in March 1877, was quite complex. Right after 
the acquiring, it was exhibited in the Poccianti gallery at 
“La Specola”, in special showcases built for the occasion.
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Unfortunately, there was very poor documentation as-
sociated with this collection, such as very few labels and 
excursions notes written by Foresi. Giuseppe Grattarola, 
with the help of Giorgio Roster wrote a list of the speci-
mens with some additional information about localities.

Most of the mineralogical collection consists of speci-
mens from the iron ore mines, but the most famous part 
of the collection are the specimens of tourmaline, beryl, 
orthoclase, garnet and others collected in the pegmatite 
localities of the S. Piero area, among which four large 
blocks of rocks covered by drusy feldspars and quartz, 
with tourmalines, beryls, petalite and pollucite, covered 
by zeolites, discovered at Masso Foresi and called “four 
Evangelists”. Indeed, Foresi was the owner of some of 
the most famous mines (known at that time as “caves”) 
of pegmatite minerals and he was helped by Luigi Celleri 
(1828-1900), a famous miner who worked for him and, 
later, for Giorgio Roster, for Pilade del Buono and also for 
Giovanni D’Achiardi.

THE ROSTER COLLECTION
Giorgio Roster (1843-1927) played a key role in the 

increase of the “Elbana” collection. Professor of hygiene 
at the Istituto di Studi Superiori in Florence, Roster was a 
keen botanist and mineralogist who found in the island of 
Elba the perfect setting for his research. He put together 
a mineralogical collection of about 1500 specimens, 1150 
of which were result of hiking or excavations, about one 
hundred were the result of purchases from miners Spirito 
Pisani and Luigi Celleri, about one hundred were donated 
by friends and acquaintances (such as Mellini and Tosca-
nelli), and about one hundred more were the result of ex-
changes with other collectors such as Foresi and Corsi.

In fact, besides the unquestionable aesthetic and scien-
tific value, the existence of collection notebooks, catalo-
gue cards, tags, labels and a catalogue in six manuscripts 
volumes with all the relevant information, make this col-
lection a perfect collection to be stored in a museum.

The very beginning of the collection was in 1869 even 
if the Roster’s collecting activity continued intensively 
until 1884. Most of the mineral specimens present in the 
Roster collection are tourmalines and other pegmatite mi-
nerals from the area of M. Capanne; nevertheless, signi-
ficant specimens of the ore-mines and other mineralized 
outcrops of the island are also present. Roster sold his col-
lection to the Natural History Museum of Florence in 1888.

SOME HIGHLIGHTS OF THE “ELBANA” 
COLLECTION

Several specimens of crystallized hematite from the 
ore mines in Rio Marina are considered among the best 
crystallized pieces ever found in Elba. Moreover, a giant 
specimen of ilvaite, from the type locality of Torre di Rio, 
in Rio Marina, is among the largest crystallized pieces of 
the species. The most important specimens are represented 
by the tourmalines: the most famous pieces are the “Four 
Evangelists” and two spectacular large drusy tourmali-
ne pieces, also containing  beryls, sold to the Museum 
in 1881 by Giorgio Roster, and found in a large cavity at 
Grotta d’Oggi. The largest of the two pieces is probably 
the most famous from Elba (Fig. 1).

FROM THE MILLOSEVICH TIMES TO PRESENT 
DaYs

In the following decades of the twentieth century the 
number of specimens in the “Elbana” collection has mar-
kedly increased, up to the present number of about 6000 
(Tanelli & Poggi, 2012). Part of the most important speci-
mens are presently exposed in the exhibition hall of the li-
thological and mineralogical collection of the University’s 
Museum System at Via La Pira, Florence, in a showcase 
specifically dedicated to the “Elbana” (Fig. 2). Neverthe-
less, a project of exhibiting many more specimens at the 
“La Specola” Museum, in Via Romana, is in progress.

Fig. 1 - A beautiful specimen of the Elba collection with 132 tourma-
line crystals. Grotta d’Oggi, S.Piero, Elba Island. Size: 38 x 30 x 25 
cm. Spec. n. 4973E. (Museo di Storia Naturale – Sistema Museale di 
Ateneo, Università di Firenze. Photo: S. Bambi).

Fig. 2 - View of the display case dedicated to the Elba collection in the 
La Pira exhibition course of the Museo di Storia Naturale - Sistema 
Museale di Ateneo, Firenze. (Photo: S. Bambi).
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Oxidation state of Fe in natural glasses, crystalline 
rocks and their minerals reflects the local redox condi-
tions and the crystal-structural constrains of the minerals. 
It makes the determination of the oxidation state of Fe 
highly important in geological sciences.

Various analytical methods have been developed for 
the Fe3+/∑Fe determination in solids. However, most of 
them represent a bulk analysis, e.g. Mössbauer spectro-
scopy (MS), volumetric and colorimetric methods, elec-
trochemical cells method, and crystal field absorption 
spectroscopy. The major disadvantages of the bulk me-
thods concern the purity and homogeneity of the sample. 
To avoid contamination of the measured phase the micro-
beam techniques have been developed (micro MS, micro-
XANES, XPS). These techniques require either long-time 
exposition, synchrotron source, or have a problematic 
interpretation, respectively. Electron-beam micro tech-
niques include TEM based EELS allowing the determi-
nation of the Fe3+/∑Fe in a nanometre scale and EPMA 
based technique developed mostly by Höfer et al. (1994, 
2000), and Fialin et al. (2001, 2004). Different approach 
of Fe valence estimation exploits the bond-valence me-
thod (Brown & Altermatt, 1985). The use of the EPMA 
for quantification of the Fe3+/∑Fe is essentially associated 
with the L2,3 absorption and these spectra fingerprints Fe 
electronic state.

The relative positions of the Fe Lα and Lβ peak maxi-
ma and their shapes are functions of coordination, nearest 
neighbour occupation, oxidation state, and the Fe content 
(e.g. de Groot et al., 1992).

The differences in Fe Lα and Lβ X-ray spectra can be 
detected by thorough wavelength angle scans collected 
by TAP monochromator of the EPMA, and the systematic 
shift and intensity variation with respect to the Fe2+ and 
Fe3+ oxidation state are clearly visible. The calibration of 
the peak shift and the intensity change in the Fe L region, 

based on the measurement of the standards with known 
and variable Fetot content and Fe3+/∑Fe value, can be used 
for determination of the Fe3+/∑Fe value in the unknown.

Flank method developed by Höfer et al. (1994, 2000), 
Höfer & Brey (2007) combines the peak shift and the dif-
ferences of the Fe Lα and Fe Lβ intensities as a function of 
the Fe content and Fe3+/∑Fe value. The method is based 
on the measurement of the X-ray intensities at the specific 
positions on the flanks of the Fe Lα and Fe Lβ peaks and 
has been proven to obtain higher sensitivity and better ac-
curacy when compared to the peak-shift method used by 
e.g. Fialin et al. (2001, 2004).

Up to date, the EPMA-based Fe3+/∑Fe determination 
methods were developed for silicate glasses, garnet su-
pergroup, amphibole supergroup, micas, spinels and oli-
vines.

For the quantitative estimation of the Fe valence in 
tourmaline we adopted the flank method. For preliminary 
calibration schorl-dravite from Hodíškov, Czech Repu-
blic (Gadas et al. 2012), with ~9-11 wt.% FeOtot and fluor-
schorl from Erongo, Namibia, with ~20 wt.% FeOtot were 
selected; MS revealed <0.03 and 0 of Fe3+/∑Fe in these 
tourmalines, respectively. The tourmalines are chemically 
homogeneous, although small (chemically slightly diffe-
rent) core was observed. Tourmaline crystals from both 
localities were cut into two equal parts and one half of 
each sample was annealed at 700°C for 100 hours in a fur-
nace in order to oxidation of the Fe2+ into Fe3+ (Filip et al., 
2012). This way, we obtained pairs of tourmalines with 
similar composition differing in Fe oxidation state. Tests 
of the Fe3+/∑Fe determination were performed on CAME-
CA SX100 electron microprobe. Comparison of thorough 
wavelength angle scans (using TAP monochromator) on 
tourmaline with Fe2 + and Fe3+ at the Fe Lα and Lβ region 
leads to determination of the flank positions as parts of 
the X-ray spectra where maximal differences between 
Fe3+ and Fe2+ X-ray distribution occur. The maximal dif-
ference was obtained at 10 kV. The beam current of 100 
nA, and 20 µm beam diameter provided reasonable count 
rate and no changes of the analysed spot was observed at 
these conditions after the measurement. The X-ray counts 
at Fe Lα and Lβ flank positions were recorded at the sa-
me conditions for 240s at each flank position. The flank 
intensities were collected on natural tourmalines and their 
annealed counterparts and the calibration of the method 
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was done on the basis of Fe Lα/Lβ flank count ratio and 
the amount of FeOtot. The quantification of the oxidation 
state on the test sample form Cancrinite Hill, Bancroft 
Canada gave reasonable match with the MS data (Filip et 
al., 2012), 0.50±3% and 0.44, respectively, however the 
EPMA and MS analysed samples slightly differ in com-
position (~18 and ~20 FeOtot, respectively).

Further calibration and verification using other well-
characterized samples is planned to obtain more reliable 
results. However, preliminary data show a great potential 
of this method to determine Fe oxidation state in a micro-
metre scale.
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Granitic pegmatites and their exocontacts are geologi-
cal systems with evidently the largest number of mineral 
species of the tourmaline supergroup. It is constrained 
by the availability of B, Al, cations compatible with the 
tourmaline crystal structure (Na, Ca, Mg, Fe2+, Fe3+, Mn2+, 
Li, Ti) and F in pegmatite melts as well as by highly varia-
ble PT conditions from magmatic stage (~700-400 °C) via 
early subsolidus (~400-300 °C) to late subsolidus stage 
down to ~100-200 °C, and P from ~0.5 to ~5 kbar.

Tourmalines exhibit a wide spectrum of chemical 
compositions and compositional trends studied typically 
in the pegmatites affiliated to the LCT (Li-Cs-Ta) petro-
genetic family including simple barren, beryl-columbite 
± phosphate, Li-rich lepidolite-, elbaite-, petalite- and 
spodumene- subtype, and miarolitic pegmatites (e.g., 
Jolliff et al., 1986; Novák & Povondra, 1995; Selway et 
al., 1999; Tindle et al., 2002). Tourmalines from NYF 
(Nb-Y-F) pegmatites (Novák et al., 2011), and primitive 
anatectic pegmatites (Gadas et al., 2012; Fig. 1) have 
been only sporadically examined mainly due to scarcity 
of tourmalines in these types of pegmatites. Majority of 
studies was focused on behaviour of major and minor el-
ements (see the citations above); concentrations of light 
elements (Li, B, H), trace elements, Fe2+/Fe3+, B-isotopes 
and Li-isotopes were studied mainly in the last decade 
(e.g., Novák et al., 2011; Siegel et al., 2016; Maner & 
London, 2017; Trumbull & Slack, 2018; Sunde et al., 
2020).

Due to highly variable chemical composition includ-
ing B-isotopes and refractory behavior, tourmaline is con-
sidered a very useful indicator of a variety of geological 
processes. Most studies in granitic pegmatites have been 
focused on primary (solidus) tourmaline, tourmalines 
from pocket and on tourmalines from endocontact and 
exocontact zones whereas tourmalines filling late frac-
tures and from subsolidus replacement assemblages were 
examined rather sporadically. However, large number of 
paragenetic, textural, morphological, and compositional 

types of tourmalines in granitic pegmatites requires very 
careful approach to sampling and thorough study of min-
eral assemblages, textural relations and mainly internal 
zoning in BSE images to get reliable conclusions.

Early studies, in part those cited above, as well as 
some recent studies did not described adequately internal 
zoning of tourmaline crystals, their position in pegmatite 
evolution and overall mineral assemblages of the host 
textural-paragenetic unit. In order to better understand 
position of tourmaline in the pegmatite evolution, several 
basic textural-paragenetic types were defined below to be 
comparable among the individual pegmatite localities. 
The following types were recognized for Li-poor pegma-
tites in the first step because complex Li-rich pegmatites 
typically show more complicated internal structure, richer 
mineral assemblages, and larger number of tourmaline 
species. Textural-paragenetic types are highly variable in-
cluding common pockets and mainly presence of replace-
ment (metasomatic) units. Where appropriate, abundant 
tourmaline types, characteristic for Li-pegmatites are 
given as well.

The following tourmaline environments were defined 
in granitic pegmatites including primary (magmatic) min-
erals, secondary tourmalines originated by replacement of 
variety of primary minerals both situated within pegma-
tite bodies as well as the mineral assemblages with tour-
maline from exocontacts of pegmatite bodies.

A. PRIMARy TOURMALINES
(i) Multi-mineral assemblages (Kf+Pl/Ab+Qz±Bt,Ms) 

with subhedral to euhedral tourmaline (dravite to schorl) 
occur mainly in border and wall units. It is less com-
mon in graphic, blocky and intermediate units where 
the next defined bi-mineral assemblage (Qz+Tur) is 
more common. Tourmaline is typically in a direct con-
tact with all minerals within a single pegmatite unit. In 
Li-pegmatites these assemblages occur in Li-poor units 
(Kfs+Ab+Qz+Ms+Tur). Lithium-rich units show more 
variable assemblages (Lpd+Ab+Qz+Elb ± Spd, Ptl, Amb) 
and the associated Li-rich mineral (lepidolite or petalite/
spodumene /amblygonite) influences availability of Li in 
the parental medium; hence, Li-rich tourmalines are more 
common in lepidolite- and elbaite-subtype pegmatites 
characterized also by elevated activity of F.
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(ii) Bi-mineral assemblage typically Qz+Tur (schorl) 
with anhedral to euhedral tourmaline and graphic inter-
growths with quartz is common in graphic unit, blocky 
unit, intermediate unit, and massive quartz of the quartz 
core. Careful study of tourmalines revealed that this type 
is very common as quartz + tourmaline aggregates (in-
cluding graphic intergrowths) often enclosed within the 
pegmatite unit (Fig. 2a) with the multi-mineral assem-
blage (feldspars + quartz + micas ± garnet, andalusite), 
where tourmaline is mostly absent or rare; also, their com-
positions may be distinct. Tourmaline grains are in a di-
rect contact only with quartz which separates tourmaline 

from other minerals or tourmaline evidently overgrown as 
a later mineral mostly crystals of blocky K-feldspar (Fig. 
2b). Less common bi-mineral assemblages Kfs+Tur and 
Ab+Tur are mostly part of multi-mineral assemblages in 
a single pegmatite unit; in Li-pegmatites, the assemblages 
Ms+Tur (Fe-elbaite) and Lpd+Tur (e.g., elbaite, rossman-
ite) are common.

(iii) Mono-mineral assemblage where tourmaline crys-
tallized as a sole mineral in open pockets after crystalliza-
tion of early quartz and feldspars is very rare but present 
in both Li-poor (schorl, dravite) and Li-rich (elbaite, lid-
dicoatite) pegmatites.

Fig. 1 - Compositional trends of tourmalines from anatectic pegmatites and associated muscovite veins illustrated by various types of 
diagrams (Gadas et al., 2012).
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(iv) Fracture-filling tourmaline in thick veins to thin 
veinlets cutting a massive pegmatite (Fig. 2c) is often 
primary because it does not replace host minerals typi-
cally quartz. However, tourmalines may have partly 
replaced feldspar of host pegmatite unit at some peg-
matites. In this case, it belongs to the next defined type 
(v) of secondary tourmalines. Both latter types of prima-
ry tourmaline (iii) and (iv) evidently crystallized from 
hydrothermal fluids.

B. SECONDARy TOURMALINES
(v) Tourmaline replacing other primary minerals (e.g., 

biotite, cordierite) is rather rare in outer units of Li-poor 
pegmatites (Novák et al., 2011); however, this type is 
more abundant in complex Li-pegmatites and number of 
replaced minerals is larger (e.g., garnet, primary Fe,Mn-
phosphates, borosilicates; e.g., Felch et al., 2016). They 
also include tourmalines veins cutting pegmatite and re-
placing feldspars from the host pegmatite unit.

Fig. 2 - Examples of the individual types of tourmaline: a) (ii) bi-mineral assemblage quartz + tourmaline enclosed in feldspars-rich unit, 
Mt. Mica, Maine, USA; b) (ii) bi-mineral assemblage quartz + tourmaline in quartz core adjacent to blocky K-feldspar, Rancul, San Luis, 
Argentina; c) (iv) tourmaline veinlet ~ 1 cm thick, cutting pegmatite, Las Cuevas, San Luis, Argentina; d) (vi) BSE image of late veining 
of tourmaline II in tourmaline I, Puklice, Czech Rep.; e) (vi) BSE image of metasomatic tourmaline II with inclusions of quartz after albite, 
note weak reaction with quartz, Tamponilapa, Madagascar; f) (vii) exocontact tourmaline-rich zone, Las Cuevas, San Luis, Argentina.
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(vi) Tourmaline II replacing early tourmaline I is very 
common. Late veining and complex replacement textures 
mostly visible only in BSE images (Fig. 2d,e) are com-
mon and may be easily overlooked. Also, it forms fibrous 
aggregates as replacing terminations of large crystals clo-
se to the type (iii).

C. EXTERNAL TOURMALINES
(vii) Tourmalines from exocontact zones are develo-

ped mainly along contacts of more evolved pegmatites, 
typically Li-rich. They occur on the contact with pegma-
tite mostly as tourmaline-dominant zones (Fig. 2f) of dif-
ferent thickness, textures and mineral assemblages which 
reflect compositions of host rock and of residual fluids 
released from pegmatite.

(viii) Tourmaline from external quartz veins released 
from pegmatite body are rather rare; however, they ma-
nifest output of B from pegmatite. The occurrence of ex-
ternal types (vii) and (viii) at the pegmatite is crucial for 
isotopic studies.

Definition of the individual textural-paragenetic types 
of tourmaline is certainly accompanying with some degree 
of simplification. It is evident mainly in Li-pegmatites; 
however, this approach seems to me better than absence 
such information in scientific studies. This approach is de-
scriptive and does not require declaration of origin (e.g., 
magmatic versus hydrothermal) of the individual basic 
types of tourmalines.

CONCLUSIONS
The following information about tourmaline and its 

mineral assemblages should be given in the studies (e.g., 
B-isotopes; trace-elements – LA-IC-MS, SIMS; fluid in-
clusions; spectroscopic studies) to enable comparative 
study of variety of analytical data from different granitic 
pegmatites.

1. List of textural-paragenetic types of tourmaline 
from the particular pegmatite body and which type(s) was 
examined in detail.

2. Overall mineral assemblage of a single tourmaline 
sample and potential replacement textures, if needed li-
st of the minerals associated with tourmaline mainly the 
minerals compatible with B (muscovite, borates, dumor-
tierite, axinite, borosilicates) as well as abundances of the 
relevant minerals.

3. Size and shape of tourmaline grains, texture of 
aggregates including their preferential orientation, in-
tergrowths with other minerals or replacement textu-
res.

4. Detailed description of internal zoning of the indi-
vidual crystals/grains mostly based on BSE study (homo-
geneous, oscillatory, sectorial, late veining, replacement 
textures).

5. Presence/absence of microscopic mineral inclusions 
(mainly quartz) and their distribution (random, oriented) 
within the examined grains.

6. If tourmaline is developed in pocket its textural pa-
ragenetic position – tourmaline crystal is growing from 
host massive pegmatite unit into open pocket (typically 
zoned) or crystals are overgrowing early pocket minerals 
(Kfs, Ab, Qz) (typically homogeneous).

In the case that such detailed information about 
tourmaline is provided in the paper (including supple-
ments), the analytical results from various localities could 
be much more easily and more effectively compared and 
adequately discussed.
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The elbaite subtype of granitic pegmatites is repre-
sented by rather diverse group of localities with both 
regionally (e.g. Ca-rich pegmatites in Madagascar) 
and locally distinct geochemical and mineralogical 
signatures. The P,F-rich elbaite-subtype granitic peg-
matite at Dolní Rožínka shows complex magmatic and 
metasomatic/hydrothermal history of crystallization 
from early (potassic) and late (sodic) pegmatitic melt 
followed by hydrothermal overprint, well recorded by 
tourmaline compositional and textural evolution. The 
pegmatite minerals include dominant quartz, K-feld-
spar and albite (in center as cleavelandite zone with 
pockets), with common tourmaline, garnet (up to 0.5 
wt.% P2O5), beryl, and apatite; minor and accessory 
minerals include polylithionite, manganocolumbite, 
ixiolite, and zircon (up to 3 wt.% HfO2). Tourmalines 
are usually black in less evolved units, whereas near 
pockets they are pink, purple or rarely blue.

Primary magmatic tourmaline (Fig. 1) shows a 
gradual enrichment in Al+Li and Mn and decrease of 
Fe+Mg. The early magmatic tourmalines that crystal-
lized from potassic melt are Mg-bearing; last Mg is 
removed from the melt by the F-poor schorl inter-
grown with quartz (Tur 1a2). Crystallization of tour-
malines in pockets is dominated by fractionation of 
Mn, and Al+Li – cores (Tur 2a1) are formed by Li-
rich schorl whereas rims (Tur 2a2) by Mn-rich elbaite. 
The zoned crystals from pockets are sometimes over-
grown by acicular hydrothermal tourmaline (Tur 
2c) with heterogeneous composition corresponding to  
(fluor-)elbaite, locally with elevated Ca, similar to 
acicular tourmaline in pockets (Tur 2d) that is Ca,F-
rich, with peculiar sector zoning and extreme varia-
tion of F.

Very abundant metasomatic tourmaline after bi-
otite (Tur 1b) is typically Al-deficient Mg-enriched 

schorl, with clear trend towards bosiite. Metasomatic 
tourmaline (Tur 1c, Tur 1d) that rims and replaces 
garnet and tourmaline in early units has very het-
erogeneous chemical composition dependent on the 
composition of replaced phase. It is enriched in F, Ca, 
and Mn, corresponding to either F- or OH-dominated 
schorl, elbaite, and liddicoatite.

Primary magmatic tourmaline shows a gradual 
change from Mg+Fe to Mn-enriched and Al+Li-dom-
inant compositions; this change is strikingly different 
from the abrupt change observed in lepidolite-sub-
type pegmatites (Skřápková & Cempírek, 2021), as 
well as the weaker variation of X-site occupancy (e.g. 
Selway et al., 1999).

Transition to the hydrothermal stage caused 
change of tourmaline habitus to fibrous (e.g. Dutrow 
& Henry, 2018). The fluids metasomatically reacted 
with early minerals and are strongly enriched in F, 
Li, and Ca. Due to absence of Mg in the late stage 
(cf. Novák et al., 2017), we interpret the Ca,Li,F-en-
richment as a result of fractionation of late P, F-rich 
sodic melt followed by exsolution of hydrothermal 
fluid from the melt in the late stage of albite zone and 
pockets crystallization.

Rather unclear is the source of B-rich, Li-poor 
fluid that replaced biotite and produced Al-deficient 
tourmaline close to bosiite. This secondary tourma-
line is later replaced by the omnipresent secondary 
Li,Ca,F-rich tourmaline (F-rich elbaite and fluor-el-
baite). Presence of two secondary tourmalines might 
indicate two stages of fluid exsolution (B-rich and 
Li,B,F-rich) during the pegmatite formation.

In general, influence of external contamination 
from the host rock seems to be very low or none, as 
the hydrothermal stage is missing Mg-enrichment 
typical elsewhere (e.g. Novák et al., 2017). Early in-
situ contamination does not seem to be significant 
either, as no signs of contact metasomatism (skarn) 
were observed and the Mg content in in the early peg-
matite minerals is not unusually high.
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This contribution describes late-magmatic tourmaline 
formed in the Permian Klenovec-type granite and reac-
tion coronae of Y-B-Be silicate minerals developed in 
Variscan (Carboniferous) metagranites overprinted by 
Alpine (Cretaceous) blastomylonitization of the Fabova 
Hoľa Complex, both in the Veporic Unit, Slovakia.

The accumulation of tourmaline in the Klenovec gran-
ite developed as large radial aggregates or solitary crys-
tals scattered in the rock. However, Variscan arc granites 
are not a favorable environment for magmatic borosili-
cate minerals and high B activity was recognized only in 
Alpine overprinted rocks. Here, the alteration of primary 
magmatic xenotime-(Y) produced a novel type of second-
ary corona consisting of fluorapatite-hellandite-(Y)-hing-
ganite-(Y) and clinozoisite mineral zones.

The tourmaline from the Klenovec granite has mostly 
schorlitic, rarely oxy-schorlitic composition (Fig. 1A) and 
a relatively limited chemical variability with Si = 5.9–6.1 
apfu, Al = 5.8–6.8, Fe2+ = 1.35–2.0, Mg = 0.28–0.98, 
Ca = 0.0–0.17, Na = 0.61–0.84, and X-site vacancies of 
0.01–0.37 (Fig. 1B). The composition of hellandite-(Y) 
and hingganite-(Y) from metagranites of the Fabova Hoľa 
Complex reflects the Y-dominance over REE (Y = 2.1–2.5 
vs. 1.0–1.3, respectively) and a strong Al-Fe distinction, 
whereby Al dominates over Fe3+ in hellandite-(Y): (Al = 
0.7–1.0, Fe3+ = 0.0–0.26) and vice versa in hingganite-
(Y): (Al = 0.0–0.01, Fe2+ = 0.34–0.5).

While late-magmatic tourmaline in the Permian 
Klenovec granite crystallized from a B-rich melt, the 
localized occurrence of Y-B-Be silicate minerals in the 
Variscan metagranites, which formed in reaction coro-
nae during post-peak Alpine metamorphism along with 
other secondary minerals, suggests a high activity of 
light elements (B and Be) in the transformations. More-
over, this could be also suggested in the surrounding 

Paleozoic micaceous metapelites of the Veporic Unit, 
which are rich in tourmaline neoblasts (cf. Jeřábek et 
al., 2008).

Boron and Be were probably mobilized during the Al-
pine mylonitization from common rock-forming miner-
als, especially muscovite and plagioclase, which are the 
principal host phases for B and also Be, considering their 
relatively low B, Be contents but high modal abundance 
(cf. Domanik et al., 1993; Leeman & Sisson, 1996; Lon-
don et al., 1996). Alternatively, or additionally, a possible 
source of B could be the altered xenotime-(Y) itself, which 
contains traces of B (Fig. 2). The incorporation of B into 
the xenotime-(Y) structure is most probably controlled by 
coupled heterovalent substitution (Nb,Ta)BY-1P-1 (Nb5+, 
Ta5+ + B3+ ↔ Y3+ + P5+). The natural occurrences of Nb-
Ta orthoborates with zircon-xenotime type crystal struc-
ture: schiavinatoite NbBO4 and béhierite TaBO4 (Mrose & 
Rose, 1962; Demartin et al., 2001), together with previ-
ous indications of B replacing P in xenotime (Oftendal, 
1964), support the observation of boron in xenotime-(Y) 
and the existence of a possible xenotime-(Y)–schiavina-
toite–béhierite solid solution.  However, this substitution 
is limited due to very low Nb content in xenotime (~0.1 
wt.%), close to detection limit. Consequently, the prin-
cipal source of B in the studied metagranites is external, 
most probably from widespread Permian magmatic rocks 
in the area, e.g., tourmaline-rich Klenovec granite and/or 
other volcanic rocks (cf. Kotov et al., 1996; Vozárová et 
al., 2016).

reFerenCes
Demartin F., Diella V., Gramaccioli C. M. & Pezzotta F., 

2001 – Schiavinatoite, (Nb,Ta)BO4, the Nb analogue 
of behierite. European Journal of Mineralogy, 13 (1): 
159-165.

Domanik K. J., Hervig R. L. & Peacock S. M., 1993 – 
Beryllium and boron in subduction zone minerals: An 
ion microprobe study. Geochimica et Cosmochimica 
Acta, 57: 4997-5010.

Jeřábek P., Janák M., Faryad S. W., Finger F. & Konečný 
P., 2008 – Polymetamorphic evolution of pelitic schists 
and evidence for Permian low-pressure metamorphism 
in the Vepor Unit, West Carpathians. Journal of Meta-
morphic Geology, 26 (4): 465-485.



82

Kotov A. B., Miko O., Putiš M., Korikovsky S. P., Salnikova 
E. B., Kovach V. P., Yakovleva S. Z., Bereznaya N. G., 
Kráľ J. & Krist E., 1996 – U/Pb dating of zircons of pos-
torogenic acid metavolcanics and metasubvolcanics: A 
record of Permian-Triassic taphrogeny of the West-Car-
pathian basement. Geologica Carpathica, 47: 73-79.

Leeman W. P. & Sisson V. B., 1996 – Geochemistry of bo-
ron and its implications for crustal and mantle process-
es. In: Boron: Mineralogy, petrology and geochemis-
try. Grew E. S. & Anovitz L. M. (eds.). Reviews in 
Mineralogy & Geochemistry, Mineralogical Society 
of America, Washington, DC, USA, 33: 645-708.

London D., Morgan VI G. B. & Wolf M. B. 1996 – Boron 
in granitic rocks and their contact aureoles. In: Boron: 
Mineralogy, petrology and geochemistry Grew E. S. 

& Anovitz L. M. (eds.) Reviews in Mineralogy& Geo-
chemistry, Mineralogical Society of America, Wash-
ington, DC, USA, 33: 299-330.

Mrose M. E. & Rose H. J., 1962 – Behierite (Ta,Nb)BO4, 
a new mineral from Manjaka, Madagascar. Geologi-
cal Society of America, Annual Meeting Abstract, 68: 
235.

Oftendal I., 1964 – On the occurrence and distribution of 
boron in pegmatite. Norsk Geologisk Tidsskrift, 44: 
217-225.

Vozárová A., Rodionov N., Vozár J., Lepekhina E. & 
Šarinová K., 2016 – U–Pb zircon ages from Permian 
volcanic rocks and tonalite of the Northern Veporicum 
(Western Carpathians). Journal of Geosciences, 61: 
221-237.

Fig. 1 - Observed tourmaline compositions plotted in (A) the Fe/(Fe+Mg) vs. X-vac diagram of the tourmaline group, and (B) the 
ternary diagram Na+K vs. X-vac vs. Ca of tourmaline group.

Fig.2 - A: BSE image of the retrograde reaction corona around primary magmatic xenotime-(Y) from the Fabova Hoľa Complex. B: 
False-coloured X-ray map of boron distribution within the corona assemblage. Mineral abbreviations are as follows: Bt) biotite, Czo) 
clinozoisite, FAp) fluorapatite, Hln) hellandite, Hng) hingganite, Xtm) xenotime.
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Elba tourmalines are worldwide known for their long 
collecting and scientific history, for their rarity, and for the 
intrinsic beauty and elegance of the crystals, despite their 
limited size. The most unusual and famous Elba tourmali-
ne variety is represented by the “black cap” (testa di mo-
ro, in Italian), characterized by transparent (yellow-green, 
olive-green, colorless, or pink) crystals with a sharp tran-
sition to black at the analogous termination.

THE EARLy TIMES
It is possible that in the long Elba history somebody 

found and collected some gem-quality tourmaline cry-
stals. However, the first information about the potential 
occurrence of some gem minerals in the area is reported 
in Pini (1777). In 1784 the famous French geologist De-
odat Gratet de Dolomieu (1750-1801) provided the first 
confirmation of the occurrence of unusual multicolored 
tourmaline crystals. In the following years, more and 
more mineral specimens of pegmatitic origin started to 
be distributed to museum collections across the Europe 
(such as the École des Mines in Paris, and the Geneva 
Museum) and several naturalists visiting Elba gave the 
first descriptions of the localities (e.g. Claude Hugues Le 
Lièvre, Arsène Thiébaut deBerneaud, and Eduard Rüp-
pel) (Pezzotta, in press).

1825: THE FIRST DOCUMENTED GREAT 
DISCOVERy

Tuscan naturalist Ottaviano Targioni Tozzetti (1755-
1829) reported in 1825 (Targioni Tozzetti, 1825) that 
in the same year Lieutenant Giovanni Ammannati, af-
ter buying a property in San Piero in Campo, known as 
Grotta d’Oggi, mined a large granite outcrop discovering 
a number of magnificent mineral specimens. Targioni 
Tozzetti gave a detailed description of the Ammannati 
collection. Thanks to this publication, the discovery be-

come very famous as nobody had ever reported anything 
similar from Elba or from other localities in the world.

“CERVELLOFINE” AND THE GIULJ 
EVALUATION OF THE GEM-POTENTIAL OF 
ELBA

After the Ammannati’s discovery, Elba Island started 
becoming the place of visit of many eminent European 
mineralogists and geologists, and San Piero in Campo 
and Grotta d’Oggi became well-known locality names. 
Several local touristic guides, such as Giuseppe Lazze-
rini and Pietro Pinotti, specialized in mineralogical and 
geological localities and, in some cases, also become ex-
pert miners in finding mineral specimens for selling. Both 
Giuseppe and Pietro got the nick-name of  “Cervellofine” 
(smart-brain). On the early 1830th, the Grand Duke of Tu-
scany charged Giuseppe Giulj to evaluate the potential of 
some localities in Elba for the production of gem and or-
namental stones. In his report of 1835, Giuseppe (Giulj, 
1835) described as gem-rich localities Grotta d’Oggi and 
Fonte del Prete. There are evidences in literature that El-
ba tourmalines, beryls, and garnets have been used to be 
included in jewels, faceted or as single crystals; never-
theless, this use remained sporadic and never become a 
common use.

Fig. 1 - San Piero in Campo village in 1910.
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CAPITAN GIUSEPPE PISANI
Giuseppe Pisani (1808-1885), from San Piero in 

Campo, made a military carrier and devoted most of his 
mineral-research activity to the locality named “Fonte del 
Prete” (Priest’s Spring), also known as “Filone della Spe-
ranza” (Hope Vein) and “Cava Pisani” (Pisani Quarry). He 
assembled several collections which were the objects of 
several donation and sales starting from the period 1939-
1941 to the University of Florence. A very large collection 
rich in magnificent specimens was sold to the Ministry of 
Education in 1861. In 1883 he sold his last mineral collec-
tion to the Natural History Museum of Milano.

NOBLEMAN RAFFAELLO FORESI
Around 1850, the nobleman Raffaello Foresi (1820-

1876) from Portoferraio, Elba, started collecting minerals. 
Raffaello was a self-taught and dedicated much of his ti-
me to the study of natural sciences, literature, archeology, 
art and music. On February 1873, Raffaello succeeded in 
opening to the public a museum in Portoferraio to exhibit 
his huge mineral collection. Pullé & Capacci (1874) pu-
blished a description of the collection in the Museum and 
reported several anecdotes. A famous one is about a monk 
who, in front of the four largest and best blocks mined in 
Masso Foresi, “was so amazed and astonished that in the 
enthusiasm of admiration, throwing himself on his knees, 
he proclaimed them to be the Four Evangelists”. In 1876, 
Raffaello Foresi prematurely died at the age of 56. His 
Museum closed. The entire collection, including the “four 
evangelists”, was sold by the heirs to the Institute of Hi-
gher Studies (today University) of Florence in 1877.

MINER LUIGI CELLERI
Around 1860, the bricklayer Luigi Celleri (1828-

1900) from San Piero in Campo, took a keen interest in 
researching and digging of minerals, and he started his ac-
tivity working for Raffaello Foresi (D’Achiardi, 1910a). 
For about a decade this relationship has continued to be 
a strong and efficient collaboration. Luigi Celleri was 
enthusiastic and full of energy, but he was also a careful 
observer of minerals and he liked to learn from the mine-
ralogists that from time to time visited Elba, and whom 
he took to the tourmaline localities. He was also proud 
of having discovered the tourmaline locality of Faccia-
toia, and in 1872 he mined the “Masso Foresi” (Foresi’s 
boulder), in which the famous “Four Evangelists” were 
extracted (Pezzotta, in press). Luigi Celleri broke his rela-
tionship with Raffaello Foresi in 1874, and the same year 
he started a new relationship with Prof. Giorgio Roster 
(1843-1927) from Florence. After Giorgio Roster sold his 
collection, around 1888, Pilade del Buono (1852-1930), 
industrialist, business-man and politician of Elba, agreed 
to help him and decided to build a mineralogical museum 
in his house in Villa San Martino. Many new and nice 
specimens were recovered during this project, and a si-
gnificant collection was assembled. On July 1900, while 
mining at Grotta d’Oggi, Luigi Celleri had a sudden il-
lness and died.

Fig. 2 - Grotta d’Oggi at the end of the 19th Century (D’Achiardi, 1910b).

Fig. 3 - Drawings made by prof. Luigi Bombicci of Elba pegmatite 
specimens, on late 19th Century. (Mineralogical Museum L. Bombicci, 
University of Bologna).
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GIORGIO ROSTER AND BISTA TOSCANELLI
In 1875 Prof. Giorgio Roster from Florence, together 

with his young friend Giovanni Battista (Bista) Toscanel-
li (1857-1882), started an intense mineral collecting ac-
tivity in Elba. He built an incredibly well selected and 
documented collection, but he also sold many important 
specimens to several worldwide mineral and gemstones 
dealers, including Tiffany in New York. After the prema-
ture death of Bista at the age of only 25, Giorgio Roster, in 
1887, decided to sell his collection (completed with rich 
in notes catalogues) to the University of Florence.

THE GIOVANNI D’ACHIARDI STUDIES
Mineralogists of the 19th century tried to classify diffe-

rent Elba tourmaline varieties by their dominant color, or 
by the color occurring at the termination of the crystals. 
The extensive studies published in 1894 and in 1897 by 
Giovanni D’Achiardi (1872-1944), were based on a col-
lection of several thousand loose crystals and a number 
of crystals on matrix, belonging to the University of Pisa, 
and reviewed all the previous information on this subject, 
adding many new information about crystal morphologies 
and physical properties.

John Adam (1884-1971), not much was found after the 
death of Celleri in 1900. Andreani (1935) reported that 
all excavations were almost totally abandoned and that 
senator Prof. Giovanni D’Achiardi (1872-1944) said 
that most likely there were no more pegmatite veins to 
be discovered, and that the old quarries were probably 
completely exhausted. After World War II, some resear-
ches for pegmatites and tourmaline gems and specimens 
started again. A mining-research permit was released for 
a few years for the research of lithium to the Larderello 
Company in the 1960th and a second one to Gianni la 
Torre (grandson of John Adam) at the end of the 1970th. 
A number of mineral collectors dig mostly in the 1980th 
in the locality of Facciatoia where a new series of nice 
discoveries of pink tourmalines was made. Some more 
discoveries were made in the following years in the lo-
calities of Catri and Forcioni (Pezzotta, 2021 in press). 
The author, together with mineral collector Klaus Wirth, 
discovered in 1991 a new important pegmatite which he 
named “Rosina Pegmatite”, where several nice speci-
mens have been recovered and in which many samples 
for scientific research have been collected. Since 2013 
this pegmatite become also the object of a mining-rese-
arch permit.

Fig.4 - Multicolored tourmaline crystals up to 2.5 cm, on matrix from 
Grotta d’Oggi. (Private collection. Photo: A. Miglioli).

Fig. 5 - Gianni la Torre in a pegmatite prospect near Grotta d’Oggi, 
around 1965.

ELBAITE: A MINERAL SPECIE ESTABLISHED 
By W. VERNADSKy

Vernadsky (1913) set a species distinction in tourma-
lines choosing the name “elbaite” for the most recurrent 
composition that he obtained analyzing a series of multi-
colored tourmalines from various localities, and in parti-
cular from Elba island.

the First DeCaDes oF the 20th CENTURy 
AND THE MODERN TIMES

Despite the several attempts made by Count Giulio 
Pullé and mostly Dutch geologist and mining engineer 



86

MUM, A MINERALOGICAL MUSEUM 
DEDICATED TO LUIGI CELLERI 

In January 2014, the Mineralogical and Gemological 
Museum “Luigi Celleri” (“MUM”, acronym for MUseo 
Mineralogico) was opened to the public at San Piero in 
Campo. Several persons and mostly Fausto Carpinacci, 
were instrumental in carrying out this project. MUM be-
longs to the local township of Campo nell’Elba, and the 
exhibits are mostly based on the private Elba collection 
of the author. MUM (www.museomum.it) is today also 
the center for touristic and didactic excursions devoted 
to the nature, mineralogy, and history of the San Piero in 
Campo area.

the reCent sCientiFiC researChes on 
ELBA TOURMALINES

Scientific studies performed in the last 25 years, cou-
pled with the development of the nomenclature of the 
tourmaline supergroup (Henry et al., 2011), revealed a 
wide variety of chemical compositions and the discovery 
of several new species in the Elba tourmalines. Foitite and 
rossmanite were identified by Pezzotta. et al., (1996) and 
Pezzotta et al., (1998), respectively. Bosi et al., (2012) 
and Bosi et al., (2015) described the new Mn-rich, sodic 
species as tsilaisite and fluor-tsilaisite. A recent systematic 
investigation of the composition of the dark termination 
of several tourmaline crystals from different localities and 
cavities, allowed the discovery of an additional new X- 

vacant Mn-rich species, named celleriite in honor of Luigi 
Celleri (Bosi et al., 2021 in press). Two more new species 
found in the San Piero area, occurring not in pegmatites 
but in metabasic hornfels, were recently approved: uvite 
and magnesio-lucchesiite (Biagioni et al., 2021 in press). 
To date, the tourmaline-group minerals for which Elba is 
the type locality are six: elbaite, tsilaisite, fluor-tsilaisiate, 
celleriite, uvite, and magnesio-lucchesiite.
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Tourmaline is the most common borosilicate in crustal 
settings, with unprecedented potential for metamorphic 
petrology. In its mineral chemistry, tourmaline captures 
a record of its phase relations and its surroundings, in-
cluding different mineral assemblages during pro- or re-
trograde metamorphism, as well as internally or external-
ly buffered fluids. Due to its high stability range in the 
crust and negligible static diffusional reequilibration, this 
record is preserved in space and time, commonly in the 
form of compositional zoning. In order to understand and 
model tourmaline’s stability and phase relations, and read 
the record contained in tourmaline’s chemistry, we need 
an internally consistent set of thermodynamic properties 
and a solution model. Indeed, lack of thermodynamic data 
was highlighted as one of the main challenges in tourma-
line research in the introduction of the Canadian Minera-
logist 2011 special issue on tourmaline (van Hinsberg et 
al., 2011).

An ordinary tourmaline already requires 7 endmem-
bers to describe its composition, and constructing a full 
solid solution model for its thermodynamic properties is 
a challenge. This is a problem for multi-component so-
lid solutions in general. Such complex multi-component 
systems need a vast amount of caloric and volumetric 
measurements to quantify all the inter-component mixing 
parameters. A solution is to obtain (part of) these para-
meters by thermodynamic analysis of natural assembla-
ges (e.g. Green et al., 2016). There is nothing inherently 
wrong with the ‘fitting the rock’ methodology; however, 

these empirically fitted thermodynamic parameters often 
have lost their physical significance and become highly 
correlated, with limited predictive power outside the rock 
chemistries used for calibration.

In this study, we combine direct measurements with 
ab-initio computational techniques to obtain the many da-
ta points statistically necessary to fit and anchor a thermo-
dynamic model for the Li-free tourmalines.

The sample-set that we use to fit the thermodynamic 
model consists of synthesized and natural intermediate 
compositions of Li-poor tourmaline within the Na-Ca-
Mg-Fe2+-Fe3+-Ti-Al-B-O-H-F chemical system. Most 
tourmalines are within the dravite-schorl-olenite-uvite-
feruvite-magnesiofoitite-foitite endmember space, with 
small extensions towards their oxy and F equivalents. Ti, 
AlIV, and Fe3+ are common. Mn, K, Zn, Cr, and V are im-
portant minor elements. No true endmember has ever been 
synthesized due to tourmaline’s nonstoichiometric nature 
(e.g., its ability to contain vacancies), and the same is true 
for natural tourmalines, meaning that many endmembers 
are hypothetical (Bosi, 2018) and we are forced to use 
intermediate compositions.

All samples have been characterized in detail using 
WDS-EPMA for major elements, LA-ICP-MS for minor 
elements, Mössbauer for Fe-valence, Karl Fisher titration 
for H2O content, and single crystal-XRD for long-range 
order. We measured low-T heat capacities (CP) by rela-
xation calorimetry and extracted absolute entropies from 
these data (see Dachs & Bertoldi, 2005). We measured 
high-T CP with differential scanning calorimetry (DSC), 
and we obtained molar volumes from the refinement of 
single-crystal XRD data. We constrained enthalpies for 
a select set by solution calorimetry and are in the pro-
cess of extending this set with ab-initio density functio-
nal theory (DFT) computational modeling. These results 
are combined with infrared and Raman spectroscopy to 
explore excess enthalpy, given the correlation between 
line broadening and excess enthalpy due to lattice strain 
(Ballaran, 2003).

As tourmaline exist solely as a solid solution, the main 
function of hypothetical endmember data is to anchor the 
closed-form analytical expressions such that they go throu-
gh the experimentally measured natural dataset. We acqui-
re the endmember data by using a stepwise least square 
procedure on the sample set which separates endmember 
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from excess mixing properties. In addition, we compute 
the standard state properties of ideal endmembers with 
ab-initio DFT calculations. DFT is especially good at pre-
dicting energy differences (Benisek & Dachs, 2018). The 
single defect method can be used to obtain mixing para-
meters in the dilute limits where order/disorder would not 
have an influence (Sluiter & Kawazoe, 2002). The double 
defect method can be used to constrain coupled substi-
tutions and give estimates of the ordering effect at more 
intermediate compositions (Vinograd et al., 2009). Com-
bining these with my direct measurements permits “ca-
librating” the DFT results and constructing an internally 
consistent thermodynamic model for the full tourmaline 
compositional space of interest. The resulting model will 
then be tested against a database of phase assemblages 
containing tourmaline in nature and experiments and well-
constrained natural and experimental tourmaline-mineral 
Fe-Mg KD values (see van Hinsberg et al. 2011, for a list 
of references of these synthetic/natural data).

The resulting tourmaline thermodynamic model can 
be used in petrological software, e.g. PerpleX (Connolly, 
2005) to model the formation of tourmaline and its ex-
change with other phases, including fluid (e.g. Connolly 
& Galvez, 2018). Given how common tourmaline is as an 
accessory phase, this model will benefit the metamorphic, 
igneous, and hydrothermal communities and will permit 
thermobarometry, provenance studies, mineral explora-
tion, and rock process identification.
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Surprisingly, slices of “black” tourmalines are not 
only colored when ground thin enough, they also may 
contain an incredible variety of fine structures. In 1994 
this “discovery” was the starting point of an intense 
screening made by the author of the inner structures of 
thousands of dark tourmaline crystals. Quite astonish-
ing new tourmaline worlds opened up with phenomena 
never documented before (Rustemeyer, 2003; 2012; 
2015; 2018).

The new methodical approach for this research of 
phenomena and structures in the “black” tourmalines 
was a combination of three lines of action:

1) the thickness of the slices is defined as optimum 
color saturation and varies individually between 1 mm 
and 10 micrometers;

2) the whole crystal is cut into a series of slices. 
This allows documenting the entire internal three-
dimensional structure of a tourmaline crystal. Third, 
processing of several crystals from the same location 
often shows an interesting variety of structures.

Most of the slices have been cut perpendicular to the 
c-axis. The cuts made along the c-axis reveal growth 
structures very well - however, because of the strong 
dichroism, these are predominantly brown-colored. 
Thus slices along the c-axis are less attractive in color 
and they have a lower color density.

This paper provides a short review of the different 
types of structures within tourmaline crystals, using 
some examples of slices, out of the author’s collection, 
which is composed by more than 30,000 slices.

Two zoning types commonly occur together in tour-
maline slices: sector zoning and concentric growth 
zoning. Sectoral zoning arises from differences in the 
incorporation of elements at symmetrically nonequiv-
alent crystal faces during growth, expressed as compo-
sitionally distinct growth sectors (Reeder & Rakovan, 
1999). In the case of most tourmalines the sectoral 
zoning is superimposed by with a concentric growth 

zoning, as the tourmaline slices perpendicular to the 
c-axis cut through the consecutive color zones, which 
are often shaped as trigonal pyramids (van Hinsberg 
et al., 2006; Fig. 1). A series of consecutive slices 
gives a holistic view about the evolution of the crystal 
morphology of the growing crystal and the sequence 
of color zones. The perspective view of a staple of 
tourmaline slices offers an easy insight of the three-
dimensional inner structure of the crystal and allows 
the reconstruction of the vertical structure, parallel to 
the c-axis (Fig. 1).

The rim zones in many tourmaline slices are the 
sector zones of the prism layers. They often contain a 
series of narrow concentric colored bands. Very often 
in the last stage of crystallization there is no more rim-
zone. This means, that the tourmaline crystal is only 
growing in the direction of its c-axis (Fig. 5).

Fig. 1 - Above: eight consecutive tourmaline slices. Bottom right: the 
view of a staple of tourmaline slices offers an easy insight in the three-
dimensional inner structure of the crystal and allows the construction of 
the plane parallel to the c-axis.
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DELTA STRUCTURES
Interestingly, a second differently tourmaline “color-

phase” is able to grow simultaneously within the faces 
of trigonal pyramids. Because of its mostly triangular 
shape, this type of color zone was called “delta struc-
ture” (Rustemeyer, 2003; 2012; 2015; Figs. 3-5). The 

Fig. 2 - Left side: staple of tourmaline slices with yellowish delta struc-
tures, (Skardu, Pakistan, 28 mm in diameter). Right side: development 
of the Delta-structure as triangular second color phase within the face 
trigonal pyramid. The delta structures form layer packages that are 
arranged in the crystal like inclined triangular pieces of cake (parallel 
to the pyramid surface).Often the horizontal slice exhibits only a part of 
the inclined delta structure.

Fig. 3 - Slice A parallel (brown) and slice B perpendicular to the c-axis 
from the same Schorl crystal with delta structures (different colors due 
to dichroism) Kunar Valley, Afghanistan, width of the slices 3.5 cm, 
(the red lines indicate the orientations of the slices).
The two sector zones from pedion faces Pe and the border lines (rein-
forced with dotted yellow lines) indicate that the crystal consists of 
three parallel crystals. In slice A delta structures can be seen as light 
brown colored areas that slope upwards from the edges, in slice B as 
yellowish areas.
The horizontal slice B cuts through several of the inclined delta struc-
tures. At the bottom the red-brown area ends with an irregular border, 
which is typical for a fractured surface. This was later overgrown by 
numerous fibrous yellowish tourmalines (H).

most common delta structures start at a seed point in 
the sector of a trigonal pyramid and spread downwards 
towards the edges of the pyramid faces with the prism 
faces, shaped as triangle (Figs. 2-3). The development 
of delta-structures is still under investigation by the au-
thor. A big variety of shapes of delta structures has been 
discovered (Figs. 3-5).

Fig. 4 - These four slices illustrate the variety of shapes of delta-
structures. A) Simple shape Skardu, Pakistan, diameter 28 mm. 
B) Wildly disrupted delta structures, Minas Gerais, diameter 18 
mm. C) Delta-structure with “ash-cloud”, Uvite from Madagascar, 
diameter 35 mm. D) Delta-structure with “ash-cloud”, Minas Gerais, 
diameter 20 mm.

Fig. 5 - Overlook on some features of tourmaline slices. A) sector 
zoning of the two trigonal pyramids r (10.1) and o (021). B) is A with 
an additional rim zone (layers from the prim faces). C) the sectoral 
zoning is superimposed by with a concentric growth zoning. D) is C 
with an abrupt change of the relative growth rate of the trigonal pyra-
mids. E-F) are B with additional brownish Delta structures. G) is B with 
a green “healing” area, which broke off and recrystallized later with 
a superposition of many pyramidal sector zones and prismatic layers. 
H) is B, with blue “healing” areas, which first corroded and then recrys-
tallized (healed) with a superposition of many pyramidal sector zones 
and prismatic layers.
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HEALING PHENOMENA AFTER 
FRACTURATION

Sometimes parts of the original tourmaline crystal are 
broken off due to tectonic events. Often the missing parts 
of the crystal then recrystallize in a different color, and thus 
indicate, that new elements came into the pocket (Fig. 2). 
These healing areas are frequently strongly structured (Ru-
stemeyer, 2003; 2015). They show different ways of how 
the fractured surface offers germination points for many 
small, needle shaped crystals, which then more and more 
unify. Often an irregularly shaped borderline between origi-
nal crystal and healing area indicates a fracturation (Fig. 6).

HEALING PHENOMENA AFTER CORROSION
When the fluid in the pocket with the growing tourma-

lines passes through a period of undersaturation, the cry-
stals are partially dissolved again (Rustemeyer, 2003; 
2015; London, 2016). This corrosion often takes place 
along faulty areas in the crystal and it leads to an enor-
mous variety of shapes and forms. Often the crystals rec-
rystallize on the etched surface in different, face specific 
colors. Additional oriented overgrowth with needle sha-
ped crystals makes the structures in the healing areas qui-
te complex (Fig. 7).

Fig. 6 - Example of a fractured and healed tourmaline from Minas 
Gerais, diameter 2.5 cm.

“DIVISION” PHENOMENA
There are tourmalines, in which a single crystal de-

velops into a bunch of parallel or subparallel sub-indivi-
duals. The author proposes to classify this as: “division” 
phenomena. Different cases can be observed: first, a ba-
sic single crystal is overgrown with many needle shaped 
crystals; second, the crystal divides itself due to a high 
number on lattice defects gradually into sub-individuals; 
third, the tourmaline develops dislocations and crevasses 
with trigonal orientation. In all these cases slices show a 
specific mosaic-structure (Figs. 8-9).

Fig. 7 - Example of a corroded and healed tourmaline from Minas 
Gerais, diameter 2 cm. A regular crystallographic shape of the border-
line between original yellow crystal and the dark olive and blue healing 
areas indicates the former corrosion.

Fig 8 - “Division” structures, left: needle shaped overgrowth (Elba), 
middle: gradual division into sub-individuals (Erongo, Namibia), right: 
trigonal dislocations (Minas Gerais, Brazil).

Fig. 9 - Tourmaline with “division” phenomena from Erongo, Namibia, 
4 cm wide. The crystal on the top was cut into a series of 25 slices, from 
which six are shown here. From a second crystal of the same pocket a 
slice parallel to the c-axis was produced. The letters indicate the level of 
the cross-slices in the corresponding slice along the c-axis.
A) initial single crystal. B) dark skeleton structure. C) mosaic structure 
of hundreds of parallel crystals. D) collective of parallel crystals form-
ing joint concentric growth zones. E-F) some subindividuals prevail 
and become wider.
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SKELETON AND DENDRITIC GROWTH
Parallel aggregates of tourmalines from many locations 

have been sliced. Often they have a surprisingly complex 
inner structure: In the center of these tourmalines there is 
a skeletal structure of a hollow tubular tourmaline crystal 
which widens towards the top. In addition, dendrites in the 
form of lamellae arms have grown on the inner and outer 
wall side of that pipe. At the outside these arms often are 
germination points for a wreath of parallel satellite cry-
stals, which sometimes in turn form further satellite cry-
stals on their own dendritic arms. In the late stage this fra-
gile framework structure is overgrown with a more or less 
massive tourmaline layer (Fig. 9; Rustemeyer, 2018).

Skeletal and dendritic tourmaline structures are often 
found as graphic intergrowth of tourmaline, quartz and 
sometimes feldspar (Figs. 10-12).

Fig. 10 - From the hollow Skeleton crystal in the center brownish dendritic 
arms have grown on which a wreath of satellite crystals has been formed. 
In later growth periods the structure was overgrown with blue tourmaline. 
“Apatite”-pocket, Amerika-quarry, Penig, Saxony, Germany, diameter 2 cm.

Interestingly dendritic parallel aggregates and massive 
single crystals with an identic sequence of color zones can 
be found in the same pocket. This could be seen as conse-
quence of a phase separation into a supercritical aqueous 
phase producing compact crystals and a high viscosity 
melt phase, in which the dendrites grow.
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About the aesthetics of tourmaline slices and “TourmalineArt”

Paul Rustemeyer

After the first mention of the inner beauty of tourmali-
ne slices cut across the c-axes from Madagascar reported in 
Lacroix (1908), several natural history museums acquired 
tourmaline slices for their highly decorative qualities. After 
the two world wars, the pegmatite of Anjanabonoina was re-
discovered, and in 1960 (Petsch, 2011) started delivering nu-
merous large zoned tourmaline crystals, which were mostly 
sliced in Germany. Some members of the anthroposophical 
community started to collect such crystal slices, as they were 
seen as gemstones of Jesus Christ and as symbols of me-
tamorphosis. Highlights of this movement were the special 
exhibitions at the Munich Show in 1985 and the large sized 
book “Der Turmalin” (Benesch, 1990), which helped a lot to 
bring the beautiful phenomena to the public awareness. The 
hype around the Madagascar slices was one of the motiva-
tors to look “deeper” into the dark tourmalines, to grind them 
thin enough to make their fantastic structures visible. These 
discoveries have been presented in the 2003 Munich Show, 
and in the book “Faszination Turmalin” (Rustemeyer, 2003).

The feedback from people was so encouraging, that from 
2007 on, the temporary exhibition “Crystal Magic – fasci-
nating structures in dark tourmaline crystals” was created. 
It combines an aesthetic view of tourmaline slices, crystals 
and “TourmalineArt” pictures with a holistic view on crystal 
growth phenomena. Art arouses curiosity about earth scien-
ce - and vice versa. By now the exhibition was shown in 
more than twenty natural history museums in Europe. Until 
August 2022 it is exhibited in Salzburg (Austria).

There are different approaches to transform the struc-
tures of tourmaline slices into a “feast for the eyes”.

1. CHOICE OF MOST BEAUTIFUL SLICES
Among the most expressive slices are those with per-

fect trigonal symmetric sector and growth zoning. Trian-
gles and tree-ailed stars are strong symbols. And someti-
mes the sequences of colors are overwhelming.

Sometimes the picture in the slice reflects the stress 
field, in which, on one hand, the tourmaline is striving 
to obtain its natural perfect symmetric structure. On the 

other hand the growing crystal is often faced with exter-
nal events, to which it reacts sensitively changing its color 
and shape. Such “strokes of fate” are i.e. other minerals 
growing on the crystal, breakage events, natural corrosion, 
and healing processes. They cause a disruption of the exact 
symmetry of the crystal structure and enrich the pictures of 
the tourmaline slices with a multitude of new forms.

2. CHOICE OF THE MOST ATTRACTIVE DETAIL
At best the whole slice is well proportioned and attrac-

tive like a small mandala. But there are more tourmaline 
slices with confusing patterns. Those are shifted and turned 
under the microscope until an interesting structure appears. 
An idea of a detailed picture and how to show it to its best 

Fig. 1 - A Series of tourmaline slices from Madagascar, height 18 cm. 
(Federico Pezzotta collection).
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advantage is developed and documented with micro-photo-
graphic tools as “TourmalineArt” (Rustemeyer, 2015).

In a projection, a zoom tacking shot into the most fa-
scinating area of the slice provides attractive effects.

3. “FLIGHT” THROUGH A TOURMALINE CRySTAL
To project the pictures of a series of tourmaline slices 

using the dissolve technique enables the unique adventure 
to “fly” through the crystal.

4. CRySTAL GROWTH ANIMATION
A picture of a slice can be processed into a series of 

photos cut along the concentric growth zones stepwise 
from the outer to the inner zone. Projecting this series of 
photos using the dissolve technique shows in a quite im-
pressive manner, how the crystal grew.

Fig. 2 - Schorl-slices with nearly perfect trigonal symmetric sector and 
concentric growth zoning, Minas Gerais, 2-3 cm in diameter.

Fig. 3 - Schorl-slices with Delta-structures, Minas Gerais, 2-4 cm in 
diameter. (Paul Rustemeyer collection).

Fig. 4 - Schorl-slices with Delta-structures, Minas Gerais, 2-4 cm in 
diameter. (Paul Rustemeyer collection).
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Tourmalines from the eastern cover of the Karkonosze 
granite crystallized as multi-zoned crystals during the Var-
iscan metamorphic events and the contact metamorphism 
event. The study is aimed at determination of a protolith 
and processes, which resulted in the final composition of 
the tourmalines.

The eastern cover of the Karkonosze granite, a part 
of the Karkonosze–Izera Massif (NE part of the Bohemi-
an Massif), consists of Neoproterozoic-Paleozoic meta-
morphic rocks, and is divided into four lithostratigraphic 
units (Kryza & Mazur, 1995); Kowary Gneiss Group and 
Czarnów Schist formation (merged to Kowary-Czarnów 
unit) closer to the Karkonosze granite, and more distal 
Niedamirów Schist formation and Leszczyniec meta-ig-
neous complex. The Kowary-Czarnów unit is interpret-
ed as a unit composed of the nappe structure elements 
metamorphosed regionally under medium P-T condi-
tions in the Upper Devonian (Kryza & Mazur, 1995). 
The structure was modified in the Lower Carboniferous 
and intruded by the Karkonosze granite ~320 Ma. The 
intrusion formed a contact aureole several hundred me-
tres up to 2 km in width (Mierzejewski & Oberc-Dzied-
zic, 1990).

Tourmalines are accessory mineral components in 
granitic gneisses of the Kowary Gneiss unit, occur-
ring in quartz-chlorite-tourmaline veins, e.g. in a milky 
quartz vein with brannerite at the Wołowa Mt. (Pieczka 
et al., 2018), in quartz veins cutting a metabasite (am-
phibolitic) body with Ti-oxide/Fe-Cu-Ni-Co-Zn-Pb 
sulphide-sulphoarsenide mineralization at Budniki near 
Kowary, in Tu+Qtz+Ms+Chl±Grt veins near Malá Úpa 
Mt. (Čopjaková et al., 2012), and as accessory minerals 
in a hornfels body cropping out in the Rędziny dolostone 
quarry (Majka et al., 2018). This study is focused on yel-
lowish and greenish crystals from the qtz-tur-chl vein 
from Wołowa Mt., black crystals from quartz veinlets cut-
ting the metabasite body at Budniki, and tourmaline from 

hornfelses from Rędziny. Crystal chemistry of tourma-
lines was studied based on electron-probe microanalysis 
(EPMA).

Crystal chemistry of the tourmalines from all men-
tioned localities revealed that they are formed generally 
in two main stages; the first generation grown as multi-
zoned crystals, and the second one forms rims on the crys-
tals or fillings of cracks within them.

The first generation is represented by species of the 
alkali series (rarely the X-vacant series) with a variable 
Mg/(Mg+Fetot) ratio from 0.47-0.58 at Rędziny, 0.46-
0.63 at Budniki, and up to 0.99 in the Wolowa Mt. area. 
In general, the first generation of all the tourmalines is 
characterized by relatively low content of XCa and WF 
and variable Ti content. The presence of Ti-bearing min-
erals (like ilmenite) in the tourmaline crystals is respon-
sible for the formation of Ti-rich zones in the core or 
mantle of the first-generation tourmaline. The Rędziny 
tourmalines, with the Ti content up to 0.30 apfu, have 
been classified as dutrowite (~60 mol.%). In most cases, 
the W site is occupied by OH with increasing amounts 
of WO-. Generally, the tourmalines of the first generation 
are represented by oxy-dravite, Fe-rich dravite, dravite, 
and rarely foitite.

The second generation is marked by increasing role of 
Ca, F and, in some cases, Ti. The increasing XCa evolves 
up to compositions corresponding to uvite (0.60 apfu) in 
crystals hosted by the Budniki metabasites, and Ca-rich 
dravite and fluor-dravite (0.32 apfu) in crystals from the 
Wołowa Mt. area. The Mg/(Mg+Fetot) ratio is similar to the 
older generation, except crystal rims and crack fillings in 
yellowish crystal of oxy-dravite from Wołowa Mt. In the 
last crystals an increasing content of Fe (up to 1.72 Fe2+ 
apfu) could be noticed as well. Tourmaline group mem-
bers from the second generation are represented mainly as 
fluor-dravite, F-rich dravite and F-rich uvite.

The W-site occupancy suggests that the first generation 
of tourmalines grew from fluids depleted in F, whilst the 
presence of F in the second generation could be caused by 
a change of external factors, including the fluid composi-
tion (Henry & Dutrow, 2011).

The increasing role of XCa should be related to decom-
position of Ca-plagioclase and calcic amphibolite-group 
members at decreasing temperature of the late phase of 
Variscan regional metamorphism and decomposition of 
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Ca-plagioclases during the late phase of the contact meta-
morphism. The formation of Ca-poor tourmalines of the 
first generation in a relatively Ca-rich environment of 
metabasites could be caused by crystallization under rela-
tively high pressure during the prograde metamorphism 
with the peak conditions (7.3 kbar at 620-630ºC – Iln-
icki, 2011). Formation of the second generation of Ca-rich 
tourmaline could have started during the retrogression ± 
contact metamorphism under decreasing pressure and 
increasing temperature (Berryman et al., 2016). In me-
tabasite body from Budniki Ca-rich tourmaline coexists 
with Al-rich titanite that is explained as a product of ret-
rogression (635–470 oC) (Mochnacka et al., 2008). The Ti 
content range is strictly connected with co-occurrence of 
ilmenite and other Ti-bearing mineral inclusions interact-
ing with B-, H2O-, F-bearing fluids, which mobilized Ti4+ 
from the inclusions.

Crystallization of the tourmalines is generally con-
nected with remobilization of some protolith [mixed 
sedimentary and bimodal, pre-Variscan volcanism prod-
ucts (Oberc-Dziedzic et al., 2010)] components by B-, 
H2O- and F-bearing fluids during the prograde regional 
metamorphism, and the contact metamorphism that could 
overlap a retrograde event. The diversified crystal chem-
istry of the tourmalines analysed, sampled from various 
localities of the Kowary-Czarnów unit, may be interpret-
ed as a result of similar geological processes that trans-
formed more or less differentiated local protoliths.

The study was supported by the National Science Centre 
(Poland) grant 2017/27/N/ST10/01579 to M.S.
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Tourmaline crystals have unique physical properties, 
such as piezo- and pyroelectricity, permanent spontane-
ous polarization, infrared radiation water electrolysis, an-
ion releasing and other (Pandey & Schreuer, 2012). The 
currently researchers partially solved the problem of tour-
maline crystals growth on seed crystals (Setkova et al., 
2019).

Incorporation of large cations into the tourmaline 
structure has significance in the crystal chemistry of the 
tourmaline supergroup minerals. Ga, Ge-rich tourmalines 
with larger cations in Y, Z- and T-sites can be considered 
as the potential structural analogue models of tourmalines 
at high pressure, with corresponding compression of the 
structure (Pushcharovsky et al., 2020). Crystal growth 
and characterization of novel tourmaline compounds is an 
important field of research from both fundamental and ap-
plied points of view.

In the present work, we carried out experiments in 
order to find crystallization conditions for Ga, Ge-rich 
tourmaline at hydrothermal condition of 600/650 °C and 
100 MPa. Single crystals were grown in Ni–Cr alloy high-
pressure autoclaves using either boric, boron-alkaline, bo-
ron-fluoride solutions as the solvent. The seeds from natu-
ral elbaite were cut perpendicular to the с-axis (0001). We 
applied two growth schemes: i– (direct solubility factor) 
nutrients containing germanium and gallium oxides with 
mixture of quartz and corundum were located in the lower 
hotter zone (650 °C), the seeds were fixed in the upper 
colder zone (600 °C); ii– (reverse  solubility factor) seeds 
and germanium and gallium oxides were located in the 
lower hotter zone, and the powdered mixture consisting 

of crystalline topaz and quartz was placed in the upper 
colder zone of autoclave.

The composition of the new formed crystals were de-
termined by electron microprobe analysis (Tescan Vega II 
XMU). Raman spectra excited by the monochromatic ra-
diation with the wavelength 532 nm were obtained using 
a JY Horiba XPloRA Jobin confocal Raman microscope 
attached to an Olympus BX41 polarizing microscope to 
characterize the tourmaline.

Overgrowths of Ga, Ge-rich tourmaline on seed crys-
tals were obtained in all solutions. Depending on the 
growth conditions, solution and nutrient composition, the 
growth rate can vary from 9 to 60 μm per day (Fig. 1). 
The maximum growth on the seed was 1.2 mm according 
to growth scheme ii in boron-fluoride solution. The color 
of the overgrown layers is varied (black, brown, green), 
depending on the new tourmaline composition. In some 
experiments, simultaneously with the tourmaline crystal 
growth, spontaneous nucleation tourmaline crystals were 
formed on the surface of the seeds and nutrient.

The maximum gallium and germanium content in 
grown tourmaline crystals reaches 20.8 wt% Ga2O3 and 
12.4 wt.% GeO2. Iron, nickel and titanium are also abun-
dantly observed in the grown crystals. High content of 
these elements in tourmaline is associated with insignifi-
cant corrosion of the walls of the autoclave and internal 

Fig. 1 - Overgrown layer of Ga, Ge-rich tourmaline on elbaite seed.
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equipment (wire, frame). In boric, fluoride and alkaline 
solutions, the iron, nickel and titanium solubility is differ-
ent; therefore, their content varies depending on the solu-
tion composition and autoclaves deterioration. The FeO 
content varies 3.1 – 14.68 wt.%. and NiO – 0.27 – 9.55 
wt.%. Titanium up to 1.51 wt.%. (TiO2) was found mainly 
in tourmalines grown in boron and boron-alkaline solu-
tions.

For boron-alkaline solutions, the Na contents in ana-
lyzed tourmalines ranging from 1.11 wt.% of Na2O up to 
1.92 wt.%, which is evidence for the role of Na during the 
crystallization process. However, according to the X-site 
occupancy we cannot classify those synthetic tourmalines 
as alkali group members, only as X-vacant.

In the Raman spectra of Ga, Ge-rich tourmaline with 
high Ge content, the elbaite band at 976 cm-1 almost dis-
appears and new band of Gе – O vibrations at 869-875 
cm-1 appears (Fig. 2). Its intensity correlates with Ge con-
tent in the sample. This band shifts to the higher frequen-
cies for 25-30 cm-1 in comparison with cyclogermanates 
Raman spectra (Sitarz et al., 2002). The stretching Si – O 
vibrational bands shift toward the lower wavenumbers in 
comparison with natural tourmaline spectra (Hoang et al., 
2011). The band’s shifts indicate the longer Si – O bonds 
in Ge-bearing tourmalines relative to those in elbaite, and 
the shorter Ge – O bonds than in cyclogermanates. Ga3+ 
ions, could occupy both Y and Z octahedral sites (Veresh-
chagin et al., 2016).

The high-frequency O–H stretching modes (3300–
3900 cm−1) can provide important information about ionic 
substitutions in the different types of tourmaline, because 
OH vibration frequencies will be modified by the ion sub-
stitution in the X, Y and Z sites. The previous investigations 
of natural tourmalines revealed VOH stretching modes in 
the region between 3400 and 3615 cm-1 and WOH stretch-
ing modes have been found above ~3615 cm–1 (Watenphul 
et al., 2016). In the region of VOH stretching vibrations, 
we observed the broad overlapping bands, indicating the 

wide range of isomorphic substitutions. The preliminary 
Mössbauer spectroscopy data suggests that the prevalent 
iron is in Fe2+ form in the Y sites. Taking into account the 
fact that the Z site in grown tourmaline is predominantly 
occupied by trivalent cations, we suggest the deconvolu-
tion of Raman spectra in the region of VOH vibrations for 
four bands, corresponding the different combination of 
di- and trivalent cations in Y sites of YZZ-YZZ-YZZ triplet 
in the unit cell. The bands at 3430 – 3450 cm-1 correspond 
to vOH group surrounded by only trivalent ions, the band 
at 3470 – 3500 cm-1   - by one divalent and two trivalent Y 
cations in unit cell, the bands at 3530 – 3550 cm-1 charac-
terize 2Y2+Y3+ combination, and high frequency bands at 
3560-3590 cm-1 were assigned to the local configuration 
of only divalent cations in 3Y sites.

We also observed the weak bands in the region 3615 
– 3645 cm-1. This suggests that there is a small amount of 
OH in wOH position and that the OH groups are present 
only in local combination with an X-vacancy.

The overgrown layer of Ga, Ge-rich tourmaline ob-
tained was of sufficient size to establish the piezoelectric 
characteristics, which will be determined in the near fu-
ture.

This work is fulfilled under the Research Program АААА-
А18-118020590150-6 of the IEM RAS.
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The lepidolite-subtype Lhenice pegmatite is a mem-
ber of the South Bohemian pegmatite field in the is locat-
ed in the southern part of the Moldanubian Zone of the 
Bohemian Massif, Czech Republic (Novák & Cempírek, 
2010). It forms a flat tabular body ca. 4 m thick and 20 
m long in its most fractionated part. The dike has con-
centric zoning with (from border to center) graphic zone, 
granitic zone, Qtz-Ms-Ab zone and Ab-Lpd zone. We 
present results of textural and mineralogical analysis 
combined with data acquired using electron microprobe 
and LA-ICP-MS.

Primary tourmaline that originated from melt(s) 
evolved in several generations in the pegmatite. The crys-
tallization trend of primary generation in early pegmatite 
zones is (Fig. 1): Mg-bearing Al-rich schorl → foitite to 
schorl (up to 0.52 WO) → foitite to F-rich schorl (up to 
0.51 WO). Primary generations of tourmaline and other 
minerals like biotite, primary muscovite, K-feldspar crys-
tallized from potassic melt and were later affected by al-
bitization. In the inner Ab-Lpd zone, primary tourmaline 
crystallized from residual albite melt and is characterized 
by zoning and variable contents of F (and Na); evolu-
tional trend is Ca-bearing fluor-elbaite → Mn-bearing 
darrellhenryite-rossmanite (up to 0.65 apfu WO) → fluor 
elbaite (Fig. 1).

Metasomatic tourmaline partly replaced the primary 
generations in all pegmatite zones mainly at the rims and 
along fractures, and in some cases replaced it completely. 
Its composition is quite similar in all zones and depends 
on the composition of replaced mineral: Li-rich schorl 
to Fe-rich elbaite → fluor-elbaite → fluor-elbaite → Fe-
bearing fluor-elbaite.

Our data show contrasting compositions of primary 
tourmaline generations from early units and from albite-
lepidolite zone, both with medium to elevated contents of 

F and Na. The textural-paragenetic evidence shows that 
all compositions with very high F and Na contents be-
long to secondary tourmalines, formed by metasomatic 
or hydrothermal replacement of earlier generations (Fig. 
1).

The most pronounced process in the Lhenice I peg-
matite is the albitization that took place in all early-
crystallized units and almost completely replaced the 
K-feldspar in the blocky unit and allowed crystalliza-
tion of muscovite I in coarse crystals. Most notably, it 
caused partial or complete recrystallization of primary 
tourmaline generations, resulting in Fe-enrichment of 
the sodic melt and formation of green Li,Fe-tourmaline 
(Fig. 1 - green triangles). Albitization of the K-feldspar 
of the blocky zone raised the K2O content in the melt 
and allowed formation of micas in the Qtz-Ms-Ab and 
Ab-Lpd zones.

The Ab-Lpd zone contains primary euhedral and fi-
brous tourmaline (as well as cassiterite, Nb,Ta-oxides, 
and muscovite I) that formed in albite. The euhedral tour-
maline crystallized together with albite, rarely likely in 
albite pockets subsequently filled by quartz; the fibrous 
tourmaline could have formed in pockets at the end of 
the euhedral tourmaline crystallization. The change of 
the crystal habitus could indicate the beginning of the hy-
drothermal stage (Dutrow & Henry, 2016). All minerals 
were fractured before (or during) formation of lepidolite. 
In this context, the exact cause of the temporary decrease 
in F reflected in the “darellhenryite-rossmanite loop” re-
mains an open question; the most significant process that 
removes F from the albitic melt is most likely the onset of 
crystallization of lepidolite.

K,Li-metasomatism took place along with solidifica-
tion of the two albite-rich zones. Crystallization of lepi-
dolite in Ab-Lpd zone was associated with K,Li-metaso-
matism (formation of lepidolite rims around muscovite I 
in Qtz-Ms-Ab zone).

In early zones it affected especially garnet and par-
tially also the associated primary tourmaline that were 
both altered by metasomatic assemblage zinnwaldite ± 
muscovite.

Late hydrothermal processes altered all earlier mi-
cas, K-feldspar, primary tourmaline, and even the metaso-
matic Fe-enriched tourmaline to a fine-grained muscovite 
III and Fe-enriched lepidolite II.
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The tourmaline in the Lhenice pegmatite shows ap-
parently gradual evolution from the pegmatite border to 
its core from the most primitive to the most fractionated, 
with significant presence of oxy-tourmaline in all pegma-
tite zones. Tourmaline evolution is characterized by the 
crystallization of two primary tourmaline groups that, to-
gether with metasomatic generations, form the apparently 
continuous trend described by Selway et al. (1999).

Study of the Lhenice pegmatite revealed complex evo-
lution of tourmaline, mica and other accessory minerals 
that were very significantly affected by metasomatic and 
hydrothermal processes.
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Stratiform tourmalinites are rocks concordant with 
the compositional layering of host lithologies and contain 
more than 15 volume percent tourmaline. These distinc-
tive rocks are metallogenically important in locally hav-
ing a spatial association with a variety of metal deposits 
including Cu, Pb, Zn, Ag, Au, W, Co, and U (e.g., Slack, 
1996). Syngenetic or diagenetic origins for stratiform 
tourmalinites have been proposed from myriad geologi-
cal, structural, and geochemical studies. However, de-
tailed field-based textural studies have also documented 
epigenetic origins involving metamorphic or magmatic 
processes. Such discordant and epigenetic tourmalinites 
are generally distinguished by a lack of lateral continuity 
(<10 m) along strike, and by proximity to shear zones, 
veins, or the margins of granitic intrusions. This paper is 
not concerned with epigenetic varieties of hydrothermal, 
metamorphic, or magmatic origin, but is focused on strati-
form tourmalinites.

Importantly, some stratiform tourmalinites can be 
misidentified as compositionally different rock types. For 
example, in weakly metamorphosed terranes, very fine-
grained tourmalinite may superficially resemble carbo-
naceous argillite, siltstone, or chert. In highly metamor-
phosed terranes, coarse-grained tourmalinite has been 
mistaken for hornblende amphibolite. Because of the po-
tential for associated mineral deposits, it is thus crucial 
during field work and later laboratory studies that strati-
form tourmalinites not be overlooked or misidentified.

Host lithologies are typically dominated by siliciclas-
tic metasedimentary rocks with locally important felsic 
metavolcanics. Meta-carbonates, meta-basalts, and other 
lithologies are less common. Some tourmalinites are inter-
bedded with iron formation or coticule (fine-grained Mn-
garnet-quartz rock). Thicknesses of tourmalinites range 
from <1 cm up to several meters and include interlamina-
tions of siltstone, argillite, or chert, and their metamor-

phosed equivalents. Characteristically, only tourmaline 
and quartz are essential constituents, together making up 
>90 vol % of the rock in most cases. Textural studies in-
dicate that the tourmaline can be randomly oriented, espe-
cially in weakly deformed sequences, or strongly aligned 
in highly deformed metamorphic terranes.

The dominant deposit type associated with stratiform 
tourmalinites is sediment-hosted, stratiform (SEDEX) Zn-
Pb-Ag ores. Less common are occurrences with Cu- or 
Zn-rich volcanogenic massive sulphide (VMS) deposits. 
These and many other metallogenic associations are sum-
marized in Slack (1996). Tourmalinites commonly form 
beds or lenses <1 m thick in the hanging wall of the ore 
deposits, or lateral equivalents along strike. Although not 
wholly stratiform, alteration zones in both sediment- and 
volcanic-hosted deposits may contain abundant tourma-
line, such as in the footwall tourmalinite pipe of the large 
Sullivan Pb-Zn-Ag deposit (British Columbia) in which 
very fine-grained (<10 µm) tourmaline makes up 20 to 60 
vol % of the rock over 450 m of vertical extent.

Many studies have reported on bulk compositions of 
tourmalinites including data for major elements (ME), 
trace elements (TE), and rare earth elements (REE). Con-
tents of ME largely record the composition and propor-
tion of tourmaline, whereas TE and REE contents mainly 
reflect accessory detrital minerals such as monazite, ilme-
nite, rutile, and zircon. In hydrothermal systems with rela-
tively low fluid/rock ratios (i.e., rock-buffered), as record-
ed in many tourmalinites like those from the Broken Hill 
district, ME can be enriched or depleted relative to unal-
tered host metasedimentary rocks, whereas TE and REE 
contents tend to be broadly similar (Slack et al., 1993). 
However, in high fluid/rock systems, as shown by foot-
wall tourmalinites in the Sullivan deposit, ME can be both 
enriched and depleted, and TE and REE differ greatly due 
to preferential mobility of some elements, especially light 
REE, during metasomatic formation of tourmaline within 
precursor aluminous sediments (Slack, 1996).

Tourmaline is especially valuable in typically retain-
ing original chemical and isotopic compositions, even in 
metamorphosed terranes, thus providing a potential re-
cord of primary fluid chemistry (Slack & Trumbull, 2011). 
Among stable isotope systems, boron isotopes have been 
widely applied to tourmaline and tourmalinites (Palmer & 
Slack, 1989; Trumbull et al., 2020). Tourmalines in most 
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tourmalinites have δ11B values from -16 to 5 ‰ that re-
flect boron sourced chiefly from marine sediments, felsic 
volcanics, or basement rocks. Early work suggested that 
isotopically light boron in tourmaline, lower than ca. -17 
‰, records a predominantly non-marine evaporite source. 
However, results of more recent studies cast doubt on this 
interpretation, due to the recognition that some normal 
marine sedimentary rocks also have very light isotopic 
boron, as low as -24.9 ‰ (Trumbull et al., 2020, and ref-
erences therein). Based on currently available data, only 
tourmaline with δ11B values higher than ca. +10 ‰ can be 
confidently assigned to have a major B component from a 
marine source, either evaporites or carbonates.

High alumina contents of tourmaline (~28-35 wt % 
Al2O3) greatly limit models of tourmalinite formation. 
The precipitation of tourmaline directly from an aqueous 
phase, such as metalliferous hydrothermal fluids, requires 
the transport of significant Al in solution. However, in hy-
drothermal fluids with temperatures of less than 300°C, 
Al has appreciable solubility under low or high pH condi-
tions, and with high contents of fluoride, sulphate, or or-
ganic acids. In modern seafloor-hydrothermal systems, Al 
contents are very low (<0.02 mmol/kg) and hence prob-
ably insufficient to permit tourmaline saturation within 
vent fluids. In contrast, in high-temperature Si- and Cl-
bearing metamorphic and magmatic fluids, Al solubility 
can be very high (up to ~80 mmol/kg), thus explaining the 
presence of abundant tourmaline in such settings where 
fluid B concentrations are also relatively high.

The minimum temperature of tourmaline stability is 
a further constraint. Although the lowest possible forma-
tional temperature is unknown, a reasonable estimate is 
100 to 150°C, based on data for diagenetic tourmaline 
overgrowths in sandstones and authigenic grains in the 
cap rocks of salt domes. In modern seafloor-hydrothermal 
systems distal (>100 m) from vent sites, temperatures 
at or near the sediment-seawater interface are generally 
<50°C. These and other considerations led to early sug-
gestions that tourmaline does not form in modern seafloor 
environments, instead being derived from an original B-
rich gel or colloid precursor (Slack, 1996).

Importantly, modern analogs of tourmalinites are un-
known. However, in seafloor environments there appears 
to be a general affinity of B for Mn, such as on the East 
Pacific Rise where 300 to 800 ppm B (carbonate-free 
basis) is preferentially associated with Al-poor Fe-Mn 
sediments. In this setting, B-rich precursors to tourma-
line may exist, a possibility supported by the interbedded 
nature of tourmalinites and coticules in numerous meta-
morphosed metasedimentary and metavolcanic terranes. 
Overall, tourmalinite components that formed at or near 
the seafloor had sources from (1) hydrothermal plumes: 
Fe, Mn, Si, B; (2) sediments and felsic volcanics: B, Al, 
Si, Mg, Ca, Na; and (3) seawater: Si and B. In the Red Sea, 
metalliferous brines in several deep basins have tempera-
tures and B concentrations up to 68°C and 4580 µmol/kg, 
respectively. Although probably too low for tourmaline 
growth on the seafloor, such elevated temperatures may 
permit the formation of a B-rich gel or colloid.

The importance of precursor aluminous sediments or 
felsic volcanic rocks in the formation of stratiform tourma-
linites supports a diagenetic origin involving the influx of 
B-rich hydrothermal fluids. This model is consistent with 

numerous observations of tourmalinites that preserve se-
dimentary structures such as graded beds, cross-lamina-
tions, and rip-up clasts (Slack, 1996). Within these struc-
tures, tourmaline shows preferential replacement of the 
clay and/or feldspar matrix. A preferred origin involves 
the migration of B-rich hydrothermal fluids along perme-
able, sandy beds and the selective replacement of argilla-
ceous beds or laminae. This replacement may occur at or 
near the sediment-water interface, or tens to hundreds of 
meters below. Such a model is also applicable to perme-
able felsic volcanics, especially volcaniclastic rocks. The 
timing of the proposed replacement most likely is during 
sedimentation or early diagenesis, but a much later timing 
(e.g., metamorphic) is also possible, if sufficient permea-
bility is maintained for fluid transport over large distances 
within individual beds or laminae.
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In the gem and jewelry trade, tourmaline species are 
typically made by sight-identification based on the typical 
colors of the various species rather than on accurate che-
mical analyses. However, the same color can be exhibited 
by several species because color is not species specific. 
Electron Probe MicroAnalysis (EPMA) is the most wi-
dely accepted method to determine tourmaline species. 
Unfortunately, EPMA is expensive and time consuming, 
requiring considerable sample preparation.  Most ge-
mological laboratories do not have EPMA instruments 
and cannot justify the overhead costs associated with 
outsourcing this analysis. Therefore, EPMA is not a prac-
tical everyday tool for a gemological laboratory. Here, we 
present a comprehensive method for using LA-ICP-MS 
analyses to accurately determine (most) tourmaline spe-
cies. The new method allows for inexpensive, clean, fast, 
and largely non-destructive analysis of tourmaline chemi-
stry by LA-ICP-MS.

With adequate standards (GSD-1G, GSE-1G and NI-
ST 610) and calibration, this technique can measure six 
common major elements (Na, Mg, Al, Si, Ca and Fe ) 
in tourmaline as well as trace elements. Analyses of the 
fourteen tourmalines by both the EPMA (Electron Probe 
MicroAnalysis) and LA-ICP-MS for major elements de-
monstrates that an LA-ICP-MS system with proper cali-
bration, standardization and normalization procedures is 
capable of accurate measurements of six major elements 
in tourmalines generally within ±10% error (Sun et al., 
2019).

The species classification presented here is a simpli-
fied version of Henry et al. (2011) necessary for the limi-

tations of LA-ICP-MS analysis. Our inability to measu-
re F or transition metal oxidation states by LA-ICP-MS 
means that we are unable to determine the occupancy of 
the V-site and W-sites; therefore we cannot determine the 
flour- or oxy species. Consideration of these limitations 
provides the following groups of 11 tourmaline species 
(below). If the tourmaline data falls outside these simpli-
fied classification categories, the tourmaline is assigned to 
Alkali-subgroup 3, 4 and 5, or Calcic-subgroup 3 and 4, 
or Vacant-subgroup 3 (Henry et al., 2011, Tab. 1). None of 
these tourmaline species are considered in this method as 
they are rarely encountered as gem quality specimens.

1.  Dravite
XNaYMg3

ZAl6
TSi6O18(BO3)3(OH)3(OH) 

2.  “Vanadium-dravite”
XNaYMg3

ZV6
TSi6O18(BO3)3(OH)3(OH)

3.  Chromium-dravite
XNaYMg3

ZCr6
TSi6O18(BO3)3(OH)3(OH)

4.  Schorl
XNaYFe2+

3
ZAl6

TSi6O18(BO3)3(OH)3(OH)
5.  Elbaite

XNaY(Li1.5Al1.5)
ZAl6

TSi6O18(BO3)3(OH)3(OH)
6.  Uvite

XCaYMg3
Z(MgAl5)

TSi6O18(BO3)3(OH)3(OH)
7.  Feruvite

XCaYFe2+
3

Z(MgAl5)
TSi6O18(BO3)3(OH)3(OH)

8.  “Liddicoatite”
XCaY(Li2Al)ZAl6

TSi6O18(BO3)3(OH)3(OH)
9.  Foitite

X□Y(Fe2+
2Al)ZAl6

TSi6O18(BO3)3(OH)3(OH)
10. Magnesio-foitite

X□Y(Mg2Al)ZAl6
TSi6O18(BO3)3(OH)3(OH)

11. Rossmanite
X□Y(LiAl2)

ZAl6
TSi6O18(BO3)3(OH)3(OH)

Many gem quality tourmaline have unusal and inte-
resting chemical composition, such as Paraiba “liddico-
atite” tourmaline (Katsurada & Sun, 2017, Fig. 1, bot-
tom row) and the high Pb (17400 ppmw) and Mn (23400 
ppmw) “liddicoatite” tourmaline shown in Fig. 2. Many 
large complexly set stones, such as the rainbow tourma-
line bracelet (Fig. 3) mounted with 33 square step cut 
stones, can be easily analyzed with good precision and 
accuracy.



104

The ability to accurately measure the range of chemi-
cal compositions found in gem tourmaline using LA-ICP-
MS allows GIA to help the colored stone industry better 
understand the varieties of tourmaline being bought and 
sold and to ensure that all stones are tourmaline.

Fig. 1 - “Liddicoatite” tourmaline. Top three red stones from left to 
right: 7.54 ct purple-red “liddicoatite”, 3.57 ct purple-red “liddicoatite”, 
4.60 ct purple-red “liddicoatite”, courtesy of GIA museum; Bottom row 
two pear shaped stones from left to right: 3.80 and 4.14 ct blue-green 
cuprian “liddicoatite”, courtesy of Hubert Gesser at Hubert Inc.. Bottom 
center stone: 3.16 ct bluish-green cuprian “liddicoatite”, courtesy of 
John R. Evans. Photo © GIA.

Fig. 2 - 3.34 ct colorless “liddicoatite” with extremely high Pb (17400 
ppmw) and Mn (23400 ppmw) concentration, courtesy of Bruce A. Fry. 
Photo © GIA.

Fig. 3 - This rainbow-colored tourmaline bracelet was examined for 
identification and species classification in GIA Carlsbad, USA, Labo-
ratory. The tourmaline species are from red -pink elbaite and orange 
dravites, to green-blue elbaites and violet-purple “liddicoatites”. Stone 
21 and 22 were two citrines that had been mixed with other two orange 
dravites, courtesy of Barbara L. Dutrow.
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Granitic pegmatites of NYF, LCT, and mixed NYF-
LCT families are found throughout the Peninsular Ranges 
Batholith (PRB), an assemblage of Mesozoic subduction-
derived early arc volcanics and gabbros (western zone) 
followed by I-type tonalites and monzogranites that intru-
ded Paleozoic metasediments and older Mesozoic S-type 
granitic gneisses. Black tourmaline is common in peg-
matites of all families, which span the entire length and 
width of the PRB; however, only LCT and mixed families 
may have polychrome varieties. Locally, PRB pegmatites 
are the last intrusive rocks, becoming younger with the 
eastward movement of the center of arc magmatism with 
time. Hydrous (i.e., hornblende + biotite-bearing) tona-
lites are parental to NYF pegmatites when shear of the 
mostly brittle outer parts of crystal-rich mushes sudden-
ly opened fissures for hydrous fractionated, intergranular 
fluids to rapidly fill. These NYF pegmatites lack fluorine 
(i.e., no topaz or fluoride minerals) through its probable 
removal by abundant hornblende and biotite in their to-
nalitic parents.

Tectonic squeezing of larger hydrous tonalitic cry-
stal-rich mushes (e.g., La Posta-type tonalites of the ea-
stern zone) extracts more hydrous and aluminous inter-
granular melts that accumulate and crystallize peripheral 
to these tonalites as monzogranitic satellites (biotite- or 
biotite + muscovite ± garnet-bearing) that due to their ve-
ry hydrous nature become locally contaminated by par-
tially assimilating their metamorphic sidewalls. Quartz-
tourmaline clots and nodules and tourmaline replacing 
biotite may occur locally within monzogranites, and lo-
cal tourmalization of the exocontact can extend outward 
for several meters. Through shear, fissures develop in 
the mostly brittle carapaces of crystal-rich mushes and 
their brittle host rocks for the most fractionated, hydrous 
intergranular fluids to flow into and to crystallize to be-
come LCT to mixed NYF-LCT pegmatites. The degree 
of mixed family affiliation appears related to the amount 
of titanite present in the larger tonalitic sources regula-

ting Ti and REE available for monzogranitic parents of 
mixed pegmatites.

The process of fissuring the brittle parts of crystal-rich 
(90-99 vol%) mushes from hydrous melts regardless of 
their bulk compositions generates seismic waves and the 
resulting drop in pressure induces the intergranular melt 
within the sidewalls of fissures to suddenly boil (i.e., spon-
taneously exsolve copious vapor) and to travel towards 
these areas of extreme low pressure. This process breaks 
up the supersaturated melt into droplets that must travel 
through a network of irregular gaps and orifices between 
crystals of the mush to be sprayed, likely with supersonic 
flow, from the sidewalls into the newly created void spa-
ces. During their travel, the impact upon numerous sur-
faces of crystals of the mush reduces the melt droplets in 
size and makes them spherical in shape in the expanding 
vapor-propelled spray. The drop in pressure also causes a 
drop in the vapor’s temperature, the suspended melt na-
nospheres becoming undercooled, conceivably at times to 
glass, while traveling to and within fissures. The complete 
process causes a typical melt-vapor system (i.e., vesicu-
lated melt) to transform into a pegmatitic fluid: underco-
oled silicate melt/glass nanospheres that are suspended in 
their exsolved supercritical aqueous fluid. This process is 
akin to techniques used in the commercial manufacturing 
of nanospheres whereby liquid is drawn from a reservoir 
through the expansion of an exsolving gas whose spray is 
directed upon a plate to break-up the droplets further, pro-
ducing spherical nanoparticles of uniform size after rapid 
cooling or drying (e.g., Biskos et al., 2008; Charitidis et 
al., 2014).

Once at rest, short-range attraction and spinodal de-
composition (e.g., spontaneous melt-vapor phase sepa-
ration) of the undercooled nanospheres leads to networ-
ks developing between particles, sticking them together 
to form a particle gel (Lu et al., 2008) that supports the 
growth of giant crystals, pegmatitic textures, and repla-
cement phenomena. Gel ageing (i.e., long-range orde-
ring and the expulsion of hydrous fluid) causes dikes 
to shrink during consolidation, at times fracturing and 
displacing primary minerals (e.g., blocky K-feldspar, 
black and polychrome tourmaline) found in massive 
quartz (i.e., crystallized silica gel), and generates the 
hydrothermal fluids that cause autometasomatism and 
clay mineralization.
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The processes of forming pegmatitic fluids and parti-
cle gels depend only on the exsolution of a supercritical 
aqueous vapor phase and are not dependent on the pre-
sence of fluxes that lower the solidi and viscosities of gra-
nitic melts (e.g., Li, B, P, F); pegmatites typically show 
trace amounts of these components. The occurrences of 
tourmaline are a consequence of the strong partitioning of 
boron into the vapor phase of hydrous intergranular melts 
within crystal-rich mushes.
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Tetravalent and pentavalent rare litophile elements: 
Zr, Hf, Nb and Ta (also HFSE – High Field Strength El-
ements), represent very important markers of magmatic 
fractionation in granite-pegmatite suites as well as es-
sential elements of rare and economic important miner-
als (zircon to hafnon, Nb-Ta oxide minerals). However, 
these elements occur in trace contents in many other rock-
forming and accessory minerals of evolved granites and 
pegmatites (e.g., micas, garnet, phosphate phases).

Concentrations of Zr, Hf, Nb and Ta in tourmaline-
supergroup minerals (dravite, schorl, fluorschorl, fluore-
lbaite) were investigated in various suites of tourmaline-
bearing granites, LCT and NYF granitic pegmatites with-
out or with Li mineralization worldwide, determined by in-
situ LA-ICP-MS method (e.g., Roda-Robles et al., 2004, 
2015; Peretti et al., 2009; Bačík et al., 2012; Čopjaková 
et al., 2013; Marks et al., 2013; Hong et al., 2017; Breiter 
et al., 2018; Sciuba et al., 2021; Zhao et al., 2021; unpub-
lished data of authors). The contents of Nb and Ta in tour-
malines are generally 5−10 times higher than their Zr and 
Hf counterparts; they reach ≤30 ppm Nb (usually 1−15 
ppm), ≤25 ppm Ta (0.2−5), ≤7 ppm Zr (0.1−1), and ≤0.4 
ppm Hf (0.02−0.2). The atomic Hf/(Hf+Zr) = 0.01−0.41 
and Ta/(Ta+Nb) = 0.07−0.83 in the studied tourmalines. 
There are usually missing any systematic relationships 
between concentration of Zr, Hf, Nb and Ta in tourmalines 
and parental rocks (granites versus pegmatites), between 
barren (Li-poor) and Li-rich pegmatites, or between LCT 
and NYF pegmatites. However, some (fluor)elbaite (in-
cluding Cu-rich compositions) show local enrichment in 
Ta. Some positive Hf−Zr, Ta−Nb and Hf/(Hf+Zr) versus 
Ta/(Ta+Nb) correlations were observed rather in regional 
than general scale (within granite batholith or pegmatite 
field).

Effective ionic radii of the investigated cations in six-
fold (octahedral) coordination (Shannon, 1976) are simi-
lar to dominant octahedral cations in Y and Z sites of tour-
malines: Zr4+ (0.72 Å) and Hf4+ (0.71) are close to Mg2+ 
(0.72), Sn4+ (0.69), Li+ (0.76) and Fe2+ (0.78), whereas 
smaller Nb5+ and Ta5+ (both 0.64 Å) are analogous to Fe3+ 
(0.645) and Ti4+ (0.605). Consequently, Zr4+, Hf4+, Nb5+ 
and Ta5+ are most probably located in the octahedral Y and 
Z sites of tourmalines.

This assumption is also supported by the bond length 
calculation constraints. Calculated bond length parameters 
of Zr4+, Hf4+, Nb5+ and  Ta5+ in tourmalines were compared 
to bond lengths typical for the T, Y and Z sites defined as 
the “Goldilocks zone” of stable bond lengths for each site 
(Gagné & Hawthorne, 2015; Bačík & Fridrichová, 2021).

All studied cations have very similar calculated bond 
length with O2– for both tetrahedral and octahedral coor-
dination. For tetrahedral coordination, it varies between 
1.909 Å (Nb5+) and 1.923 Å (Hf5+). However, this is sig-
nificantly larger than upper limit of the “Goldilocks zone” 
for the tourmaline T site. Therefore, it is extremely unlike-
ly that these cations despite their high charge occupy the 
T site substituting for Si4+. In the octahedral coordination, 
studied elements split into two pairs. Four-valent Zr and 
Hf have slightly longer bonds of 2.075 Å (Zr4+) and 2.078 
Å (Hf4+), while Ta5+ forms 2.055 Å and Nb5+ 2.059 Å long 
bonds. These values are situated perfectly in the middle 
of the “Goldilocks zone” for the octahedral sites in tour-
malines. Since it is slightly lower than ideal Mg2+–O bond 
length and higher than Fe2+–O bond length, it cannot be 
strictly defined if these cations would prefer Z or Y site.

However, high charge of Zr4+, Hf4+, Nb5+ and Ta5+ for 
the octahedral sites compared to their most usual occu-
pants (Al3+, Fe2+, Mg2+) limits the possible substitutional 
mechanisms allowing the incorporation of these four- and 
five-valent cations in the tourmaline octahedral sites. The 
charge balancing can be achieved by subsequent substitu-
tion of Li+ at the Y site, divalent cations for Al3+ at the Z 
site, vacancy at the X site, and deprotonation of the W or 
V site.
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Eastern margin of the Moldanubian Zone is character-
ized by common occurrences of rare-element pegmatites, 
loosely grouped in two large pegmatite fields (Strážek and 
Vratěnín-Radkovice; Fig. 1). The area is characterized by 
presence of S-type granites and leucogranites in the ther-
mal aureole of the Třebíč durbachite pluton, and various 
metamorphosed, strongly migmatized paragneiss to mig-
matites of the Gföhl Unit of the Moldanubian Zone. 

The two pegmatite fields include ca. 15 fractionated 
pegmatite dikes containing rare elements such as Li, Rb, 
Be, Cs, Nb, Ta, Sn and W. The pegmatites range from lep-
idolite subtype to elbaite subtype of the complex type of 
the rare-element class of granitic pegmatites, with thick-
ness from 10 cm to more than 20 m. We studied mineral-
ogy and tourmaline evolution in three highly to moderate-
ly fractionated elbaite-subtype pegmatites – Ctidružice, 
Hrotovice and Křižínkov.

The most evolved elbaite-subtype pegmatite is the 
Ctidružice dike (e.g. Buřival & Novák 2018), which 
contains common fine-grained greenish cleavelandite, 
tourmaline, garnet and accessory Mn-rich polylithionite-
masutomilite, fluorapatite, topaz, zircon, W-rich ixiolite, 
columbite, cassiterite, monazite, and secondary stokesite 
and Be,B-minerals (e.g. hambergite, bertrandite). Tourma-
line evolves from vacant, Fe,Mg-rich composition (foitite 
to schorl) → Mn-rich compositions (Mn-rich schorl, tsi-
laisite) → fluor-elbaite Intense metasomatic processes are 
present in all units, with variable F and Na contents (Fig. 2a).

The pegmatite from Hrotovice in relatively poor in 
rare-element mineralization which, however, locally 
reaches a high degree of fractionation. Besides F-rich 
tourmaline in contains minor lepidolite with unusual com-
position (polylithionite and sokolovaite), accessory topaz, 
Be-rich cordierite, W-rich Nb-Ta oxides with strong Mn/
(Mn+Fe) fractionation (columbite, ixiolite, qitianlingite), 
fluorapatite, cassiterite, uranmicrolite, xenotime, and 

monazite. The evolution of tourmaline is rather simple, 
from primary Mg,Fe-tourmalines with lower amounts of 
F to late (dark green) tourmaline (fluor-elbaite) with high 
content of Na, F and Li. Metasomatic and recrystallized 
tourmalines are affected by composition of the replaced 
tourmaline (Fig. 2b).

In the Křižínkov pegmatite group, pegmatite albite-
rich zones are characterized by presence of fine-grained 

Fig. 1 - Studied localities and the pegmatite fields in the eastern part 
of the Moldanubian Zone (after Novák & Cempírek, 2010). Names 
of the pegmatite fields: 1) Strážek, 2) Třebíč, 3) Jihlava, 4) Vratěnín-
Radkovice, 5) Vlastějovice, 6) Vepice, 7) Písek, 8) South Bohemian 
pegmatite field.
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greenish cleavelandite that contains the lithium min-
eralization, topaz, tourmaline, fluorapatite, cassiterite, 
wodginite, ixiolite, Nb-rutile, zircon, xenotime. masuto-
milite and garnet. Tourmaline evolution (foitite → schorl 
→ fluor-schorl → fluor-elbaite) documents an increase of 
Na, F, Li, and Mn (Fig. 2c).

The three localities show several common features 
such as F-rich mineral assemblages (topaz, F-rich tourma-
line), metasomatic micas with locally very high fraction-
ation of Cs and Mn (sokolovaite, masutomilite), and high 
contents of W present in Nb,Ta-oxides (W-rich columbite, 
ixiolite, qitianlingite).

The observed evolution of tourmaline with high ini-
tial contents of Fe and high Na,F-contents corresponds to 
relatively high initial fractionation of the melt. The tour-
maline composition and presence of HFSE such as Nb, Ta 

Fig. 2 - Evolution of tourmaline from Ctidružice (A), Hrotovice (B) and Křižínkov (C) pegmatites.

and W in combination with high F-contents supports their 
origin as fractionation products of the associated S-type 
granites and leucogranites present in the thermal aureole 
of the Třebíč melasyenite (durbachite) pluton.
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Tourmaline often occurs in the border and wall zo-
nes of internally zoned pegmatite dikes (London, 2008). 
Apart from coarse grain-sizes, granitic pegmatites are 
distinguished by anisotropic mineral textures, inter-
preted to result from disequilibrium crystallization and 
liquidus undercooling. Textures include unidirectional 
solidification textures and graphic intergrowths of mine-
rals (Simmons & Webber, 2008). The crystal morpholo-
gy is controlled mainly by nucleation and growth rates, 
which are controlled by water content and the degree of 
undercooling (Sirbescu et al., 2017). Here, tourmaline 
textures and chemical compositions from the outer zo-
nes of the Emmons Pegmatite (Oxford County, Maine, 
USA) are examined to provide insights into the early 
crystallization processes of an internally zoned pegma-
tite.

The Emmons Pegmatite is a thin dike with sharp con-
tacts with the migmatite host-rock, indicating undercoo-
ling likely influenced the crystallization of the dike. The 
dike is internally zoned (Falster et al., 2019) (Fig. 1). 
Tapered, subhedral prisms and quartz-tourmaline inter-
growths (QTIs) have been observed in the border and 
wall zone, respectively (Sirbescu & Hulsbosch, 2020). 
Tourmaline is black in hand sample in both assemblages. 
The subhedral prisms nucleate on the border growing 
to sizes up to, at least, 5 cm. The prisms flare inwards, 
creating a comb-like structure on the border. Based on 
transmitted light microscopy, tourmaline is zoned with 
pink-purple cores and brown rims. Fluid inclusions (FI) 
and melt inclusions (MI) both occur, but the assemblage 
is dominated by MI. The QTIs also form perpendicu-
lar to the host rock contact creating assemblages up to 

50 cm. QTIs can be split in three different crystal mor-
phologies: 1) large, eu- to subhedral central tourmaline, 
which is elongated in the growth direction, 2) second 
tier tourmaline, often more subhedral, extending from 
the tip of the central tourmaline and 3) the actual skeletal 
intergrowths with quartz (Fig. 2A). Type 3 tourmaline 
is mostly skeletal (branch-like), but, it can also inclu-
de elongated, satellite portions. In transmitted light, the 
coarser satellite portions may possess the core-rim zona-
tion seen in types 1 and 2 morphologies (Fig. 2A). Most 
importantly, all types of tourmaline within an individual 
QTI are optically coherent, indicating that they form a 
single crystal, branching out from a single initial nuclea-
tion site. The number of FI increases from the central to 
skeletal tourmaline. The assemblage also evolves from 
being MI dominated, in the central tourmaline, to being 
FI dominated in the skeletal tourmaline.

Electron microprobe analyses (EMPA; JEOL 8200 
Superprobe at the University of Copenhagen) were per-
formed to classify the tourmaline and to examine com-
positional variations during tourmaline growth. The 
tourmaline crystals belong to the alkali group (Henry 
et al., 2011), with cores trending towards the X-vacant 
group (Na/(Na+X-vacancy) ranging 0.52-0.68 apfu/ap-
fu and 0.60-0.73 in cores and rims, respectively). Fur-

Fig. 1 - Simplified cross-section of the Emmons Pegmatite showing the 
internal zonation. (Modified from Hanson et al., 2018).
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thermore, the tourmaline is classified as schorl species 
(Henry et al., 2011). The prismatic tourmaline, however, 
has a larger dravite component, with Fe/(Fe+Mg) ran-
ging 0.67-0.72, whereas Fe/(Fe+Mg) in the QTIs ranges 
0.82-0.93.

Micro X-ray fluorescence (µXRF; Bruker M4 Torna-
do at Vrije Universiteit Brussel) mapping was performed 
to provide a high-resolution (25 µm) semi-quantitative 
overview of the major- and trace element variations 
between and within different schorl crystals (Kaskes 
et al., 2021). The µXRF maps clearly show that part of 
the core-rim zonation can be attributed to variations in 
Ti content (Fig. 2B) (Ti ranging 0.010-0.020 apfu and 
0.026-0.052 apfu in cores and rims, respectively). Fur-
thermore, these maps indicate an increase in Fe, Mn and 
Zn with progressive internal crystallization of the peg-

matite dike from the prismatic schorl in the border zone 
to the QTI schorl in the wall-zone.

QTI textures are also identified elsewhere (e.g., Black 
Hills pegmatites, South Dakota, USA) but their forma-
tion mechanisms are currently not well understood. Ho-
wever, they can be of great significance for understan-
ding the magmatic evolution of pegmatites within the 
light of disequilibrium crystallization (see also: Sirbescu 
& Hulsbosch, 2020). The different crystal morphologies, 
potentially indicate variations in crystallization condi-
tions. Therefore, we plan to perform coupled tourmaline 
geochemistry and FI studies in order to provide valuable 
information on the crystallization conditions, potential 
boundary layer formation and localized fluid saturation 
in pegmatitic melts.
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Tourmaline’s elemental and isotopic composition has 
been used with great success as an indicator of prove nance 
(e.g. Henry & Dutrow, 1996; Nascimento et al., 2007), 
pressure-temperature conditions (e.g. van Hinsberg & 
Schumacher, 2007; 2009), fluid composition (e.g. Berry-
man et al., 2015; von Goerne et al., 2011; van Hinsberg 
et al., 2017) and as an ore deposit vector (e.g. Duchoslav 
et al., 2017; Slack & Trumbull, 2011). However, the com-
position of a mineral in a natural rock is the net result 
of a range of physical and chemical para meters that both 
enhance and counteract each other, and in doing so may 
mask the variable of interest.

At equilibrium, a mineral’s major and trace element 
com position is controlled by: 1. The bulk composition of 
its growth environment, including any melt or fluid that 
has since departed; 2. Physical conditions (P,T,fO2); 3. 
The element-exchanging mineral assemblage (not neces-
sarily co-genetic); and 4. The mineral’s crystal structu-
re as well as the crystal structure of its growth surfaces. 
Kinetics can modify this equilibrium composition in a 
number of ways, including by limiting element transport 
to and from the site of growth, characterized by lowered 
compatible over incompatible element ratios; inheritan-
ce of the elemental signature of a precursor phase; or in 
the meta-stable persistence of a mineral. In natural rocks, 
most of these parameters are not independent, but rather 
highly correlated. For example, P and T largely co-vary 
in the Earth’s crust; a mineral’s crystal structure reflects 
P-T conditions as well as major element composition; and 
element valence tracks fO2.

To use a mineral’s composition as an indicator of the 
physico-chemical conditions of its growth environment 
thus requires a compositional parameter that is either do-
minantly sensitive to only one variable, or for which the 
impact of other variables can be accounted for. Absolute 
element contents in tourmaline predominantly reflect the 
local bulk composition (e.g. Kalliomaki et al., 2017), ex-
plaining tourmaline’s success as a provenance indicator.

The strong sensitivity to bulk composition compli-
cates quantifying the impact of other variables. Element 
partitioning among phases cancels out the impact of bulk 
composition. Moreover, knowledge of element partitio-
ning behaviour allows for evaluating and modelling the 
(re-)distribution of elements during progressive meta-
morphism, during melting, and in water-rock interaction. 
It can also identify the (ore) elements a given mineral is 
most sensitive to.

The element partitioning systematics of tourmaline ha-
ve yet to be fully explored. Work on meta-pelites indica-
tes that tourmaline has a strong preference for Mg over Fe 
compared to coexisting phases (Henry & Guidotti, 1985; 
van Hinsberg & Schumacher, 2009) and tourmaline-fluid 
experiments elucidate Ca and Na exchange (von Goerne 
et al., 2011). Only preliminary data are available for trace 
elements, which show minimal fractionation of the trace 
elements between tourmaline and a Si-poor, high-B, low 
XMg melt (van Hinsberg, 2011) and high D values for Cr, V 
and Pb with aqueous fluid (van Hinsberg et al., 2017).

This contribution will review existing element par-
titioning data for tourmaline, and present new data for 
tourmaline – mineral pairs in well-equilibrated natural 
samples, as well as experiments with granitic melts and 
aqueous fluids. Results indicate that tourmaline prefe-
rentially incorporates Cr, V, the base metals and Sn, with 
low D values for Rb, Cs, and Ba (Fig. 1). The REE are 
compatible in tourmaline in melt and fluid experiments, 
and tourmaline prefers the LREE compared to coexisting 
minerals. D values range from highly incompatible to 
compatible, and the pattern for melt and fluid is similar, 
showing that tourmaline has a distinct element incorpo-
ration fingerprint. This has important implications for in-
terpreting its composition as tourmaline will not simply 
sample the chemistry of its environment, but fractionate 
the elements as governed by the partition coefficients.
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Tourmaline’s trace element composition is of growing 
interest as an indicator of provenance and an ore deposit 
vector (e.g. Marks et al., 2013; Duchoslav et al., 2017; Kal-
liomaki et al., 2017; Sciuba et al., 2021), and as an archive 
of the trace element mobility in its host rock (e.g. van Hin-
sberg et al., 2017). The latter use stems from tourmaline’s 
common growth zoning that can record a surprisingly large 
part of its geological history combined with tourmaline’s 
negligible volume diffusion, which ensures preservation of 
this compositional record (see van Hinsberg et al., 2011).

Ensuring the accuracy of these trace element data and 
permit inter-lab comparability greatly benefits from the 
availability of matrix-matched standards. Here, we report 
on the progress towards developing a set of natural tour-
malines for use as reference materials for trace elements. 
These reference materials will be made available to the 
community to promote consistency in trace element data.

Eleven natural tourmalines of sufficient size and 
homo geneity were selected (out of a total of more than 
100 grains), spanning a wide range of tourmaline com-
positions from the schorl – dravite series towards uvite, 
elbaite, and foitite. Aliquots of these tourmalines were 
measured for their major element composition by EPMA 
in 4 labs (Barbara Dutrow and Darrell Henry – Louisiana 
State University; Wancai Li – University of Science and 
Technology of China; Jan Cempírek and Radik Škoda – 
Masaryk University; and our lab at McGill University), 
and by laser ablation ICP-MS in 5 labs (Jan Cempírek 
and Radik Škoda – Masaryk University, Czech Repub-
lic; Longbo Yang – Laurentian University, Canada; An-
dré Poirier – Université de Quebec à Montréal, Canada; 
Yanwen Tang – Institute of Geochemistry, Chinese Acad-
emy of Sciences; and our lab at McGill University). Their 
crystal structure was determined by Lee Groat’s research 
group at the University of British Columbia, Canada, and 

Mössbauer measurements for Fe valance were conducted 
by Filip Jan (Palacky University, Czech Republic). Ad-
ditional work is currently taking place to extend this set to 
Cr-rich tourmaline (samples courtesy of Ivan Baksheev).

The tourmaline reference materials cover a remarka-
bly large range in minor and trace element concentrations 
(Figs. 1 and 2), with Pb, for example, varying by over 3 
orders of magnitude from less than 1 to close to 700 mg/
kg. REE patterns show a consistent LREE over HREE 
enrichment with both positive and negative Eu anoma-
lies, and with ∑REE concentrations from 0.5 to 1620 mg/
kg (Fig. 3). We expect that this compositional range will 
permit bracketing tourmaline analyses for most natural 
samples.

The tourmaline reference materials are to become 
available for distribution towards the end of 2021, and 
will be free of charge with a data-sharing requirement to 
allow for periodic updating of reference values.

Fig. 1 - EPMA results for the tourmaline samples. Preferred reference 
values are given as the solid black line with 1 sd uncertainty.
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Fig. 2 - Selected trace element data for the tourmaline reference materials showing a remarkable range in concentrations.

Fig. 3 - REE patterns for selected tourmaline reference materials, nor-
malized to bulk upper crust. REE contents and patterns vary, but share 
a LREE/HREE enrichment.
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Natural tourmalines could contain sufficient amounts 
of rare earth elements (up to ~1000 ppm; Bačík et al., 
2012), exhibit both positive and negative Eu anomalies 
(Čopjaková et al., 2013) and are characterized by differ-
ent light / medium / heavy rare earth elements (REE) ra-
tios (Gadas et al., 2012). Even though REE patterns of 
natural tourmalines were studied for decades, no direct 
information on REE speciation in tourmaline and factors 
affecting REE pattern are available. Exploring the way 
lanthanides incorporate in tourmaline structure one could 
get both new functional materials and explain REE pat-
terns of natural tourmalines.

In the course of current work we report on synthetic 
REE3+- tourmalines (REE3+ = La, Nd, Eu, Yb) and discuss 
the role of the X-site cations.

REE3+- tourmalines were synthesized in 11 experi-
ments at temperatures of 700 °C and pressures of 0.2 
(Fig. 1) or 4.0 GPa. Besides REE-tourmaline, other REE 
borates were obtained (<10 vol. %;): REEAl2.07(B4O10)O0.6 
in La-, Nd- and Eu-synthesis, REEBSiO5 (stillwellite-like 
compounds) in La- and Nd-synthesis, Eu2B2SiO8 and Yb-
BO3. In Yb-synthesis Yb2(Si2O7) (keivyte-(Yb)) was also 
obtained.

Elongated or needle-like prismatic tourmaline crystals 
from high-pressure experiments are much smaller (up to 
0.5×6 μm) than those from the low-pressure experiments 
(up to 100×300 μm).

Based on elemental analysis data we have found that 
REE-content in tourmalines varies significantly (0.05 - 
1.05 atoms per formula unit (apfu)) with Yb<La≤Nd<Eu 
independent of the pressure conditions. REE-content in 

tourmalines, obtained at low pressure, is 2-3 times higher 
than that obtained from high-pressure experiments. The 
Nd- and Eu-tourmalines exhibit cathode- and photolumi-
nescence properties, which confirm their trivalent oxida-
tion state. Single-crystal X-ray diffraction data show that 
Eu3+ and Nd3+ occupy the 9-coordinated X-site in the tour-
maline structure (Table 1).

Our investigations indicate pressure effect and crystal-
chemical constraints on REE incorporation in tourma-
lines, which is of great importance for geoscientific im-
plications.

It was suggested that the dominant factor govern-
ing the species of REE is temperature (e.g., Sverjensky, 
1984). Our data on synthetic tourmalines, obtained at 
same temperature (700 ˚С) but at different pressures (0.2 / 
4.0 GPa), clearly show that additional pressure could be a 
main factor, affecting tourmalines REE pattern.

It was also proposed that significant enrichment of 
heavy REE in tourmaline (in contrast to the REE patterns 
of the whole-rock samples) indicates a mobilization of 
heavy REE during hydrothermal processes (Yavuz et al., 
2011). However, according to our data predominance of 

Fig. 1 - BSE images of REE-tourmalines (Tur), obtained at low pressure 
(2 kbar): (a) La-tourmaline and LaBSiO5 (R1), (b) Nd-tourmaline and 
NdBSiO5 (R2), (c) Eu-tourmaline, (d) Yb-tourmaline and Yb2(Si2O7) 
(KV).
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light and medium REE (e.g., Eu, Nd, La) over heavy 
REE (Yb) in tourmalines, could be due to tourmaline 
crystal structure constrains, not crystallisation medium 
effects.

Preliminary experimental data on trace-element 
partitioning between tourmaline and silicate melt (van 
Hinsberg, 2011) predicted that Eu2+ is the preferential 
valence state in the tourmaline crystal structure and 
Eu3+ occur at octahedral sites. We have found that (1) 
the tourmaline crystal structure can accommodate REE 
as trivalent cations; and (2) REE3+ cations are located 
at the 9-coordinated X-site. The latter is also in a good 
agreement with published data, as Eu3+ is not even ob-
served as six-coordinated polyhedral (Gagné et al., 
2018). Besides that, we can conclude that tourmalines 
could be a phase that concentrates REE during crystal-

no a, Å с, Å X0-1 <X-O>, Å Y3 <Y-O>, Å Z6 <Z-O>, Å Reference

1. 15.903(5) 7.168(3) □0.72Eu3+
0.28 2.708 Al1.74Mg1.26 1.990 Al5.22Mg0.78 1.927 Eu-tourmaline

2. 15.8934(15) 7.1304(7) □0.83Nd3+
0.17 2.705 Al1.95Mg1.05 1.979 Al5.28Mg0.72 1.922 Nd-tourmaline

3. 15.910(1) 7.131(1) □0.91Na0.09 - Al1.62Mg1.38 1.992 Al4.92Mg1.08 1.920 Berryman et al., 2016

lization process, as total amount of REE3+ can reach 
amounts up to 1 apfu.

It is worth to note, that the REE+ valence state (e.g., 
Eu3+ or Eu2+) depends on the redox conditions at which 
tourmaline formed and that Eu2+-rich tourmaline should 
not be completely excluded for natural occurrence. Our 
data do not exclude the prediction, that divalent rare-earth 
cation could occur at the X-site as REE2+ cations are even 
larger than REE3+ cations.

Additionally, one might conclude that natural tour-
malines could contain other trivalent cations at the X-site 
(e.g., Bi3+; Ertl & Bačík, 2020) and that the general clas-
sification scheme for tourmaline group may be expanded, 
as not only monovalent (e.g., Na, K, Li, Ag, NH4) and 
divalent (e.g., Ca, Sr, Pb), but also trivalent cations could 
occupy this site.

Table 1 - Variations of X-site occupancies of natural and synthetic tourmalines.
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Boron geochemistry can track fluid–rock interaction 
during metamorphic evolution and provides important in-
sights into mass-transfer processes in subduction zones. 
This study presents boron concentration and B isotope 
data for tourmaline and white mica (phengite and para-
gonite) in ultrahigh-pressure (UHP) metamorphic pelitic 
schists from the Chinese southwestern Tianshan (Xinji-
ang Province, China; Fig. 1).

Boron isotope ratios of tourmaline and white micas 
were measured in-situ using a Nu plasma II MC-ICPMS 
coupled with a Coherent Geolas HD excimer laser-abla-
tion system (193 nm) at the School of Earth and Space 
Sciences, Peking University.

The sample investigated in detail was collected from 
the central part of the Kebuerte Valley, where blueschists, 
eclogite-facies rocks, greenschists, metabasites and ser-
pentinites are exposed. Tourmaline and coexisting white 
mica record detailed information of fluid evolution from 
peak UHP metamorphism to late-stage exhumation.

The micaschist experienced some degree of dehydra-
tion during decompression-heating from peak conditions 
of 500 ºC, 3.1 GPa to 550 ºC, 2.4 GPa. This led to pheng-
ite recrystallization recorded in a correlated decrease of 
phengite δ11B and Si content. Tourmaline grain size also 
increased, fed from B liberated from phengite.

During protracted exhumation at P–T conditions be-
low 500 ºC and 1.5 GPa the rock was infiltrated by ex-
ternal fluid leading to the formation of the assemblage 
paragonite + tourmaline rims + chlorite.

Accessory tourmaline is hypidiomorphic to euhedral 
with grain diameters between 50 and 400 µm. It is ob-
served in the rock matrix in contact with quartz and white 
micas (both phengite and paragonite). In thin section, 

tourmaline grains show (asymmetric) zonation with blue 
cores and brown rims. No detrital tourmaline cores were 
observed. The composition of all analysed tourmaline is 
dravitic with nearly fully occupied X-site dominated by 
Na (0.79–0.94) and minor Ca (≤0.08) and Mg# increase 
in the blue core domains from 62 to 67. The brown rims 
in contact to paragonite are lower again in Mg# (appr. 63) 
and show the highest X-site vacancy.

Boron in phengite grew isotopically lighter with a de-
crease in δ11B from -5.71 ‰ to -16.01 ‰ (relative to NIST 
SRM 951) with the increase of temperature from 500 ºC to 
550 ºC, which correlates positively with B abundance and 
Si content. Tourmaline formed at this stage also shows a 
decrease in δ11B from core outwards concomitant with the 
increase in Mg# (Fig. 2).

Boron isotope fractionation during partial dehydra-
tion was modelled using known temperature-dependent B 
isotope fractionation factors among white mica, tourma-
line and hydrous fluid (Kowalski & Wunder, 2018). The 

Fig. 1 - Location of study sample in the Chinese southwestern Tian-
shan.
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results suggest that fluids in equilibrium with the peak-
pressure assemblage had a δ11B of -1.91 ±1.35 ‰, which 
decreased to -6.74 ±0.93 ‰ at peak temperature.

Boron abundances in paragonite formed during ex-
humation and cooling shows an increase from 98 to 323 
μg/g, with a concomitant increase in δ11B from -15.55 to 
-5.63 ‰. Tourmaline rims, which grew during this stage 
also record the rehydration process with zonation increas-
ing in δ11B from -10.3 ‰ near the grain cores to -2.2 ‰ at 
the rim in contact with paragonite.

[B] and δ11B of the external fluid were estimated by 
modeling partitioning and fractionation at 340 ±20 µg/g 
and +4 ±3 ‰. A likely source of this external fluid are 
serpentinites that are exposed nearby. Unpublished boron 
isotope data from serpentinite form the Chinese south-
western Tianshan revealed δ11B values of +3.5 ±4.5 ‰ 
(Shen, unpubl.). The hypothesis of fluids derived (or in-
teracted with) serpentinite is supported by elevated Co 
and Ni contents in the investigated sample compared to 
other micaschist samples from the area (Peng et al., 2018). 
Influx of fluids from serpentinite was also suggested for 
eclogites from the same locality by van der Straaten et al. 
(2008).

This study demonstrates that tourmaline is a faithful 
recorder of the geochemical evolution of metamorphic 
fluids in subduction zones that enables us to trace inter-
nally- and externally-derived fluids and relate it to the 
P–T history of the rocks.
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Fig. 2 - Photomicrographs and profiles of tourmaline in studied sample K9108. (a, b and c): Mg p.f.u. and boron isotope profiles for 
tourmaline; (d) tourmaline coexisting with phengite; (e and f): tourmaline coexisting with phengite that showed non-monotonic zona-
tion from core to rim. Error bars correspond to internal precision (2σ). (g,h) Primitive Mantle-normalized REE patterns and multi-
element diagram for tourmaline.
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