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Me4+-bearing (Me4+ = Sn, Ti) dravite analogs were synthesized in the system MeO2–MgO–Al2O3–B2O3–SiO2–NaO–H2O 
at 700 °C and 4 / 0.2 GPa in four hydrothermal experiments. Tourmalines form rosette-like aggregates and needle-like 
crystals that are chemically homogeneous. Tourmaline crystals obtained in high-pressure runs (4 GPa) are much smaller 
(up to 0.1 × 2 μm) and have lower Me4+ (0.27 wt. % SnO2, 0.57 wt. % TiO2) than those from the low-pressure (0.2 GPa) 
runs (up to 1 × 5 μm; 1.77 wt. % SnO2, 2.25 wt. % TiO2). Synthetic analogs of rutile, quartz and coesite were obtained 
in the system TiO2–MgO–Al2O3–B2O3–SiO2–NaO–H2O, whereas synthetic analogs of cassiterite, tin-rich (up to ~19.55 
wt. % SnO2) Na-pyroxene, MgSn(BO3)2 (Mg-analogue of tusionite), quartz and coesite were synthesized in the system 
SnO2–MgO–Al2O3–B2O3–SiO2–NaO–H2O. We suggest that at a high temperature (≥ 700 ºC), the pressure negatively 
affects the Ti incorporation into the tourmaline structure. In contrast, at relatively low pressures, the Ti incorporation in 
tourmaline structures is governed by the Ti content in the mineral-forming medium. Low-pressure conditions are feasible 
for Sn incorporation in the tourmaline structure. The presence of Ti4+ and Sn4+ cations in structures of the synthesized 
tourmalines (probably at octahedrally coordinated sites), is also indicated by changes in the unit-cell parameters.
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mum contents of different cations, and (3) influence of  
PT-parameters on tourmaline composition, crystal struc-
ture and crystallization. 

Recently, synthetic tourmalines were studied systemati-
cally, including those containing monovalent (Ag+, Li+, K+, 
NH4

+, Na+; London et al. 2006; Berryman et al. 2014, 2016; 
Wunder et al. 2015; Kutzschbach et al. 2017), divalent (Pb2+, 
Ca2+, Fe2+, Co2+, Ni2+, Cu2+; Rozhdestvenskaya et al. 2012; 
Vereshchagin et al. 2013, 2020), and trivalent cations (Cr3+, 
Fe3+; La3+, Nd3+, Eu3+, Yb3+, Ga3+; Vereshchagin et al. 2014, 
2015, 2018, 2021). Studies on synthetic tourmalines that 
contain less frequent tetravalent cations are scarce (e.g., 
Ge4+-tourmaline; Pushcharovsky et al. 2020).

This work is focused on Ti4+- and Sn4+-bearing tour-
malines. In relatively small amounts, tin and titanium are 
found in natural tourmalines: ~1.8 and 4.6 wt. % MeO2, 
respectively (e.g., Vezzoni et al. 2018; Drivenes 2021). 
Nevertheless, they have high significance as titanium 
content in tourmaline correlates with bulk TiO2 content 
of the host rock, and is a good indicator of magmatic 
evolution (e.g., da Costa et al. 2021). Furthermore, tin-
bearing tourmalines are proposed as efficient indicators 

1.	Introduction

The tourmaline-supergroup minerals with generalized 
structural formula [9]X[6]Y3

[6]Z6 ([4]T6O18) ([3]BO3)3V3W 
(Henry et al. 2011) are widespread in nature (Grew et al. 
2017) and may form in various geological environments 
(e.g., Trumbull et al. 2008; Arif et al. 2010) under a wide 
range of thermodynamic conditions (London 2011; Set-
kova et al. 2019). Tourmaline is widely used not only as a 
geochemical recorder (e.g., van Hinsberg and Schumacher 
2007; Marschall and Jiang 2011) but also as promising 
material with piezoelectric (e.g., Li et al. 2012) and py-
roelectric properties (e.g., Chernyshova et al. 2021), and 
ultraviolet optical nonlinearity (Xia and Kang 2022).

The tourmaline crystal structure (space group R3m) 
may accommodate ca. ¼ from elements of the Periodic 
Table in significant amounts (> 1 wt. %; Vereshchagin et 
al. 2018). However, as natural tourmalines could contain 
up to 10 different cations at the same crystallographic site 
simultaneously (e.g., Ertl et al. 2019), data on synthetic 
tourmaline analogs are needed to determine (1) prefer-
able crystallographic sites for each element, (2) maxi-
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of porphyry-style and granitoid-related Sn deposits (e.g., 
Mlynarczyk and Williams-Jones 2006; Baksheev et al. 
2012, 2020).

The objectives of this work were: 1) to synthesize Ti4+ 
and Sn4+-bearing tourmalines; 2) to analyze the pressure 
effect on Me4+ (Me4+ = Ti4+, Sn4+) content of tourma-
lines, the morphology of crystals and the composition 
of associated phases; 3) to compare data on synthetic  
Me4+-tourmalines and natural counterparts to correlate the 
experimental data with geological observations.

2.	Materials and methods

2.1.	Synthesis

Titanium- and Sn-bearing tourmaline analogs were 
synthesized in experiments with 8-day runtimes at the 
temperature of 700 °C and pressures of 0.2 and 4.0 GPa 
(Tab. 1). Hydrothermal pressure equipment (2 runs; at 
0.2 GPa) and end-loaded piston-cylinder press (2 runs; 
at 4.0 GPa) were used. A homogeneous mixture of solid 
Na2O, MgO, γ-Al2O3, SiO2 (quartz) and H3BO3 in the 
atomic proportions of ideal dravite [NaMg3Al6(Si6O18)
(BO3)3(OH)3(OH)] was prepared, and then mixed with Ti 
or Sn (added as TiO2 or SnO2, respectively) in the oxide-
to-dravite weight ratio of 1 : 10. Welded Au-capsules (10 
mm length, 3 mm outer diameter, 0.25 mm wall thick-
ness) for the piston-cylinder experiments (No 1 and 2, 
Tab. 1) were placed in pairs side by side in an assembly 
consisting of a steel furnace with NaCl as a pressure me-
dium. The pressure was calibrated based on the quartz–
coesite transition (Mirwald and Massonne 1980), which is 
accurate within 50 MPa. The temperature was measured 

during all experiments with a 
Ni–CrNi thermocouple; its er-
ror is estimated to be ± 10 °C 
(Schilling and Wunder 2004). 
At the end of the experiment, 
samples were quenched iso-
barically to a temperature below 
200 °C in less than 15 seconds 
prior to the slow release of 
pressure. Welded Au-capsules 
(15–30 mm length, 3 mm outer 
diameter, 0.25 mm wall thick-
ness) for the low-pressure ex-
periments (No 3 and 4; Tab. 
1) were placed in standard, 
cold-seal hydrothermal pres-
sure vessels, with the pressure 
maintained within 10 MPa of 
the target pressure. After the 
experiment, the samples were 

quenched by cooling the autoclave with compressed air 
to less than 100 °C in 5 min. Finally, the sample material 
was removed and prepared for analysis by powder X-ray 
diffraction, optical and scanning electron microscopy and 
electron microprobe analysis. 

2.2.	X-ray Diffraction

Powder X-ray diffraction (PXRD) patterns of newly-
formed phases were recorded on an STOE StadiP dif-
fractometer (CuKα1 radiation, curved Ge (111) monochro-
mator, 40 kV accelerating voltage, 40 mA beam current, 
2Θ range 5–125°, 0.01° scan step). Relative phase mass 
proportions (Tab. 1) were determined using the Rigaku 
PDXL v. 2.0 software. Unit-cell dimensions were deter-
mined by Rietveld refinement using the software package 
GSAS (Larson and VonDreele 1987). Initial structure 
parameters for dravite were taken from the Inorganic 
Structure Database (ICSD 98377, FIZ Karlsruhe). In the 
tourmaline structure-refinements (T = Si; B = B; Z = Al, 
Mg; Y = Al, Mg, Ti, Sn; X = Na), site-occupancy values 
as determined by electron microprobe analysis were used. 
Occupancies of Al and Mg at Y and Z sites were fixed.

2.3.	Elemental Analysis

The composition and morphology of synthesized crys-
tals were studied on the epoxy-mounted, polished, and 
carbon-coated samples utilizing a JEOL Hyperprobe 
JXA-8500F electron microprobe (EPMA) equipped with 
a thermal field-emission cathode and five wavelength-
dispersive spectrometers (WDS) using 15 kV, 20 nA and 
a probe size appropriate to the size of the tourmaline 

Tab. 1 Synthesis conditions (T = 700 °C, duration 8 days) and phase composition of synthesis products 
(PXRD data).

Synthesis conditions Phase composition (PXRD)
No Run Pressure, GPa Dopant Phase / Formula ICSD Content, %

1 3-1

4

TiO2

Tourmaline 98377 83
Rutile 51930 11

Coesite 54065 6

2 3-2 SnO2

Tourmaline 98377 80
Jadeite 10232 7

Cassiterite 154960 5
MgSn(BO3)2 28266 4

Coesite 54065 4

3 3-3

0.2

TiO2

Tourmaline 98377 79
H3BO3 52290 10
Rutile 51930 8
Quartz 41414 3

4 3-4 SnO2

Tourmaline 98377 83
H3BO3 52290 8
Quartz 41414 3

MgSn(BO3)2 28266 6
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crystals. Large, radially arranged crystals were meas-
ured individually. Needles formed under HP conditions 
and <0.1µm in size could only be measured completely 
in their rosette-shaped structure. Moreover, a Hitachi  
S-3400N scanning electron microscope (SEM) equipped 
with an AzTec Energy X-Max 20 energy dispersive spec-
trometer (EDS) was used for additional imaging. During 
EPMA quantitative analyses, the following analytical 
standards were used: Harvard schorl (Si, Al), jadeite 
(Na), diopside (Mg), cassiterite (Sn), and rutile (Ti). 
WDS raw data were processed by applying a φ(ρZ) cor-
rection scheme (CITZAF; Armstrong 1995). To monitor 
possible peak shifts during measurements, the calibration 
material was analyzed before, during and after the analy-
sis. Tourmaline structural formulae were calculated on the 
basis of 15 (Y + Z + T) atoms per formula unit (apfu), con-
sidering that: (1) vacancies may occur at the X-site, (2) no 
excess of boron (B = 3 apfu), (3) tin and titanium occur 
at octahedrally coordinated sites. H2O was calculated on 
the basis of an electroneutral formula as: WO/OH ratio, 
based on Y + Z + T = 15 apfu. Pyroxene structure formulae 
were calculated based on 6 oxygen apfu.

3.	Results

3.1.	Phase composition and morphology of 
the run products

Synthetic tourmalines were the main phases in all four 
syntheses (78–83 vol. % of the resultant phase composi-
tion; Tab. 1) and occurred as rosette-like, acicular ag-
gregates (Figs 1a, b) or elongated colorless crystals and 
their intergrowths (Figs 1c, d). 
Tourmaline crystals obtained 
in high-pressure experiments 
are much smaller (up to 0.1 × 
2 μm; Figs 1a, b) than those 
from the low-pressure runs (up 
to 1 × 5 μm; Fig. 1c, d). Syn-
thetic analogs of rutile, quartz 
and coesite were obtained in  

Ti-experiments. Rutile was formed regardless of pressure 
conditions (runs 3-1 and 3-3; Tab. 1). 

Synthetic analogs of cassiterite, pyroxene (jadeite – 
Sn-pyroxene solid solution), quartz, coesite along with 
MgSn(BO3)2 were produced along with tourmaline in 
Sn-experiments (runs 3-2 and 3-4; Tab. 1). The phase 
MgSn(BO3)2 occurred both in the high- and low-pressure 
experiments, but its proportion (Tab. 1) and morphol-
ogy (Fig. 1) differ significantly. In the low-pressure ex-
periment, MgSn(BO3)2 occurs as well-shaped elongated 
crystals (Fig. 1d), whereas it is rare and forms shapeless 
colloidal aggregates at high pressure. Cassiterite and 
pyroxene only occurred in the high-pressure experiment 
(No 3-2; Tab. 1). 

3.2.	Titanium and tin valence state in studied 
tourmalines

Both tin and titanium are present in the synthetic tourma-
lines as tetravalent cations; this is supported by the syn-
thesis conditions and the composition of the run products. 
All synthesis runs were carried out under acid conditions 
(boric acid solution) with high oxygen fugacity using 
tetravalent precursors (TiO2 and SnO2); moreover, the 
oxidized conditions are indicated by all newly-formed 
by-product compounds (rutile, cassiterite, MgSn(BO3)2) 
that contain dominant Ti4+ or Sn4+.

Boric acid solution with high oxygen fugacity pre-
cludes divalent/trivalent titanium and divalent tin for-
mation. Reports on divalent titanium are confined to 
solid-state compounds, and the aqueous chemistry of Ti2+ 
in F-free solutions is almost unknown. In acidic media, 
trivalent titanium is quite stable; however, unusually 

Fig. 1 BSE images of synthesis prod-
ucts, obtained at high (a, b) and low 
pressure: (c, d): a – tourmaline and 
rutile (run 3-1), b – tourmaline, Sn-rich 
pyroxene, coesite and cassiterite (run 
3-2), с – tourmaline and rutile (run 3-3), 
d – tourmaline, quartz and MgSn(BO3)2 
(run 3-4). Abbreviations: Tur – tour-
maline, Rt – rutile, Coe – coesite, Cst 
– cassiterite, Jd – Sn-rich pyroxene, 
Qz – quartz, MSB – MgSn(BO3)2. The 
scale bar is 20 μm. Mineral symbols, 
according to Warr (2021).
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strong reducing conditions must be present to produce 
Ti3+ (e.g., Ma and Rossman 2009). Up to date, only four 
Ti3+-dominant minerals are known (tistarite, kaitianite, 
grossmanite and colomeraite), which were all found in 
meteorites or in ultra-low oxygen fugacity assemblages. 
In aqueous solutions, both divalent and tetravalent tin 
could exist as complex ions. However, pronounced reduc-
ing conditions are necessary to produce Sn2+ from Sn4+. 
Up to date, only six Sn2+-dominated minerals are known 
(abhurite, foordite, hydroromarchite, romarchite, stan-
nomicrolite, and thoreaulite). Conditions of exceptionally 
low oxygen fugacity are required for their formation 
(e.g., Černý et al. 1988). Alternatively, Sn2+ could be 
derived from corrosion of tin or bronze (e.g., Ramik et 
al. 2003), which is also not our case. 

3.3.	Chemical composition of the run  
products

No chemical zonation was observed in the obtained 
tourmalines. Based on the EPMA data that indicate XNa 
~1 atoms per formula unit (apfu), Y+ZAl > 6 apfu, Y+ZMg 
> 2 apfu, and WOH > WO (Tab. 2), all obtained tourma-

lines are synthetic analogs of 
dravite species. Depending on 
the pressure conditions, the ob-
tained tourmalines contain from 
0.57 to 2.25 wt. % TiO2 (runs 
3-1, 3-3, respectively) or from 
0.27 to 1.77 wt. % SnO2 (runs 
3-2, 3-4, respectively). In all 
cases, tourmalines obtained at 
low-pressure conditions contain 
more Me4+ than those obtained 
by high-pressure synthesis. 

As tourmalines were the main 
products in all synthesis runs 
(Tab. 1), it was possible to col-
lect powder X-ray data in suf-
ficient quality to calculate the 
tourmaline unit-cell parameters 
(u.c.p.). The synthesized tour-
malines (Tab.  2) have lower a 
and similar c parameters com-
pared to natural dravite (a ~ 
15.946, c ~ 7.172 Å; Pertlik et 
al. 2003); with an increase in the 
contents of Me4+ cations, their a 
and c parameters either increase 
or decrease. In Ti-tourmalines, 
where the Ti contents increase 
from 0.07 to 0.27 apfu, both a 
and c increase (a by 0.018 Å 
and с by 0.008 Å); on the other 

hand, in Sn-tourmalines, where Sn contents increase from 
0.02 to 0.11 apfu, both a and c parameters decrease (a 
by 0.005, c by 0.007 Å). The changes of all parameters 
exceed their respective errors, i.e., the observed changes 
are significant.

The synthetic Na-pyroxene analog has various SnO2 
contents (from 3.20 to 19.55 wt. % SnO2; Tab. 2) in dif-
ferent crystal zones; in most cases, Sn-enrichment was 
found in inner zones of pyroxene crystals (Fig. 1). No 
chemical zonation that could be traced by EMPA was ob-
served in all other phases (quartz, coesite, MgSn(BO3)2, 
rutile and cassiterite).

4.	Discussion

4.1.	Titanium-enriched tourmalines

Titanium-bearing tourmalines from high- and low-
pressure experiments differ significantly in titanium 
content and morphology. As the Ti content in synthetic 
tourmalines from the low-pressure experiment (run 3-3; 
Tab. 2) is higher compared to the high-pressure one (run 

Tab. 2 Chemical composition (wt. %) and atomic ratios (apfu) of synthetic tourmalines and pyroxenes 
and unit-cell parameters (Å) of synthetic tourmalines.

tourmaline pyroxene
Component 3-1 3-3 3-2 3-4 3-2*
SiO2 37.45 36.93 36.11 37.43 57.25 53.55
Al2O3 34.55 33.43 35.92 34.01 23.86 9.41
MgO 10.63 11.08 10.46 11.03 2.11 5.45
TiO2 0.57 2.27 – – – –
SnO2 – – 0.27 1.77 3.20 19.55
Na2O 2.41 2.78 2.91 2.71 13.29 13.16
H2Ocalc 3.54 3.43 3.59 3.53 – –
B2O3calc 10.94 10.95 10.91 10.97 – –
Total 100.10 101.01 100.16 101.44 100.01 101.12
Calculated 15 (T + Y + Z) apfu             6 oxygen apfu

X
Na 0.74 0.86 0.90 0.83

M1
Na 0.88 0.96

□ 0.26 0.14 0.10 0.17 Mg 0.11 0.04
Sum 1.00 1.00 1.00 1.00 Sum 0.99 1.00

Y+Z

Al 6.41 6.11 6.50 6.28

M2

Al 0.92 0.41
Mg 2.52 2.62 2.48 2.61 Mg 0.00 0.26
Ti 0.07 0.27 – – Ti – –
Sn – – 0.02 0.11 Sn 0.04 0.29
Sum 9.00 9.00 9.00 9.00 Sum 0.96 0.96

T
Si 5.95 5.86 5.75 5.93

T
Si 1.96 2.01

Al 0.05 0.14 0.25 0.07 Al 0.04 –
Sum 6.00 6.00 6.00 6.00 Sum 2.00 2.01

V+W
O 0.24 0.36 0.18 0.27
OH 3.76 3.64 3.82 3.73
Sum 4.00 4.00 4.00 4.00

a 15.903(1) 15.921(1) 15.908(3) 15.903(1) – –
c 7.169(1) 7.177(1) 7.175(2) 7.168(1) – –
V 1570.3(3) 1575.5(3) 1574.6(6) 1570.0(3) – –
* – data from pyroxene zones with minimum and maximum content provided.
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geochemical signature (Be, REE, Ti, U, Th, Zr, Nb > Ta, 
F) (Zachař et al. 2020), the NYF pegmatites of the Třebíč 
Pluton, Czech Republic, hold Ti-rich dravite possibly 
replacing titanite and ilmenite (Novák et al. 2011), which 
were formed at relatively low temperature and pressure 
(500–650 oC and 0.1–0.2 GPa; Zachař et al. 2020). The 
Ti concentration in tourmalines from altered rocks of 
hydrothermal deposits formed at lower temperature and 
pressure is highly variable. This depends probably on the 
chemical composition of the replaced rock. For example, 
at the Berezovskoe gold deposit in the Central Urals, 
Russia, formed over the temperature and pressure ranges 
~250–370 ºC and 0.1–0.3 GPa, respectively (Baksheev et 
al. 2001; Vikent’eva et al. 2017), the Ti content in dravite 
from altered gabbro and ultramafic rock ranges from 0.11 
to 1.24 and from the detection limit to 0.31 wt. % TiO2, 
respectively (Kudryavtseva and Baksheev 2003).

Summarizing our experimental data and literature data 
on natural Ti-rich tourmalines, we tentatively suggest 
that at high T (≥ 700 ºC), the pressure negatively affects 
the Ti incorporation into the tourmaline structure. In 
contrast, at relatively low pressures, the Ti incorporation 
in tourmaline structures is governed by the Ti content in 
the mineral-forming medium.

There is no direct information on titanium speciation 
in the tourmaline crystal structure. However, both natural 
observations (e.g., Žáček et al. 2000; Konzett et al. 2012) 
and our data on synthetic tourmalines (EMPA and u.c.p.) 
indicate that titanium most likely occupies octahedrally 
coordinated sites in the tourmaline crystal structure ac-
cording to the substitution: 2Y,ZAl3+ ↔ Y,ZTi4+ + Y,ZMg2+. 
Data on Ti-rich tourmalines from meta-evaporite in Alto 
Chapare, Cochabamba, Bolivia (Žáček et al. 2000) are 
indicating that Ti4+ incorporation in tourmaline is coupled 
with a decrease of OH and an increase of O. This pattern, 
which is also typical for our synthetic Ti-tourmalines 
(Tab. 2), indicates the following substitution scheme: 
Y,ZAl3+ + V,WOH– ↔ Y,ZTi4+ + V,WO2–. Both schemes should lead 
to an increase in unit-cell parameters with an increasing 
titanium content (rMg > rTi > rAl; Shannon 1976), which was 
actually observed in our samples (Tab. 2). Thus, changes 
of the u.c.p. values confirm the incorporation of titanium 
ions into the synthesized tourmalines.

4.2.	Tin-enriched tourmalines 

Our study of synthesized Sn-bearing tourmalines showed 
that their Sn content also increases with decreasing pres-
sure and can reach 1.77 wt. % SnO2. It is known that 
tin content in tourmalines, which were found in several 
hydrothermal deposits, varies significantly. In tourmalines 
from Nanjizal, Land’s End in England, it is 2.48 wt. % 
SnO2 (Drivenes 2021); in Solnechnoe in Russia – 1.02 
wt. % SnO2; (Baksheev et al. 2020); in Pridorozhnoe in 

3-1; Tab. 2), we found out that a pressure increase influ-
ences the titanium content negatively in our synthetic 
tourmalines. The well-shaped tourmaline crystals (up 
tp 500 µm) from the Kreuzeck Mountains contain rutile 
(TiO2) and fluorapatite (Ca5(PO4)3F) inclusions (Konzett 
et al. 2012). This observation could indicate (1) an 
elevated Ti and F content in the system and/or (2) Ti-
enrichment of tourmaline by recrystallization at the late 
rock-forming stage. Fluorine content is known to enhance 
rutile crystallization along the specific facets (e.g., Lai et 
al. 2013) and thus can affect Ti-content in tourmaline by 
fractionation effects. In the products of both syntheses, 
titanium oxide (rutile) is present, but it is rarer in the 
low-pressure experiment. It is worth noting that in the 
low-pressure experiment (run 3-3; Tab. 1) well-shaped 
elongated tourmaline crystals spike intergrowths of rutile 
crystals, which indicate tourmaline crystallization prior to 
rutile (Fig. 1c). Further, Ti content in tourmaline is almost 
4-times higher in the LP than in the HP experiment. In the 
case of the high-pressure experiment (run 3-1; Tab. 1), 
acicular tourmaline and octahedron-like rutile are two 
separate phases with no clear evidence of crystallization 
sequence (Fig. 1a). This suggests that pressure affects the 
incorporation of titanium into the synthesized tourmalines 
indirectly, by controlling the rutile content and the avail-
ability of Ti from the system.

Our data show, that synthetic tourmalines could con-
tain up to 2.27 wt. % TiO2, which is quite a high value, 
but which is still smaller than found in some natural 
tourmalines. Among the Ti-richest tourmalines are those 
with 4.62 wt. % TiO2 in massive porphyritic rocks of 
the Alpi Apuane in Italy (Vezzoni et al. 2018), 3.80 
wt. % TiO2 in pegmatites of the Třebíč Pluton in Czech 
Republic (Novák et al. 2011); 3.60 wt. % TiO2 in meta-
evaporite in Alto Chapare, Cochabamba in Bolivia (Žáček 
et al. 2000); and 3.42 wt. % TiO2 in eclogites from the 
Kreuzeck Mountains, Eastern Alps in Austria (Konzett 
et al. 2012). Review on titanium in tourmalines from 
granitic pegmatites and their exocontacts provided in 
Gadas at el. (2019), while Ti-bearing, Al-deficient tour-
maline assemblage associated with lamprophyre dikes 
(O’Grady Batholith, Canada) described in Scribner et al. 
(2018), where authors emphasize the Al-deficiency as 
the key common feature of all Ti-rich tourmalines. It is 
worth noting that Ti-rich tourmaline species, dutrowite, 
was recently approved (IMA 2019-082; Biagioni et al. 
2020). Tourmalines from the high-pressure high tem-
perature (HPHT) experiment (run 3-1; Tab. 2) contain 
much smaller amounts of titanium than tourmalines found 
in eclogites, which were formed at 2 GPa and 650 ºC 
(Konzett et al. 2012). Data from Žáček et al. (1998) sug-
gest that tourmalines, including Ti-rich varieties, associ-
ated with rutile at Alti Chapare were formed at relatively 
low temperature and pressure. Taking into account the 
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Russia – 0.96 wt. % SnO2 (Baksheev et al. 2012); in Kidd 
Creek in Canada – 0.46 wt. % SnO2 (Slack et al. 1999); 
in San Rafael in Peru – 0.38 wt. % SnO2 (Mlynarczyk 
and Williams-Jones 2006); and in Roche in England – 
0.35 wt. % SnO2 (Williamson et al. 2000). Therefore, 
the maximum content of tin in natural tourmalines from 
hydrothermal deposits and synthetic samples obtained 
at 700 °C at a pressure of 0.2 GPa is similar (~2 wt. % 
SnO2), although natural hydrothermal tourmalines pre-
cipitated at much lower temperatures. 

In our HPHT experiment, the tin content in tourma-
lines reaches only 0.27 wt. % SnO2 (Tab. 2). Cassiterite 
(along with coesite) was found inside (1) well-shaped 
poikilitic pyroxene crystals and (2) MgSn(BO3)2 aggre-
gates and (3) between acicular tourmaline crystals (Fig. 
1b), which indicates its precipitation at the first stage 
of crystallization. Pyroxene crystals are surrounded by 
rosette-like tourmalines, which shows their crystallization 
prior to tourmaline. Tourmalines form acicular aggregates 
that are overgrowing tin-rich pyroxene (up to ~19.55 
wt. % SnO2), possibly precipitated after cassiterite. This 
could explain the low Sn content (0.02 apfu) in the tour-
malines. In addition, Sn incorporated into MgSn(BO3)2 
(Tab. 1) could also decrease the availability of Sn for 
tourmaline. No direct analogs of obtained synthetic as-
semblage have been found in nature yet, but synthesis 
products resemble the composition of tin slags (e.g., 
Butler 1978). Previously, tin-rich pyroxene (aluminous 
hedenbergite with ~12 wt. % SnO2) was reported from 
a high-temperature (> 1100 °C) Sn-bearing slag in as-
sociation with tin-rich garnet, spinel and cassiterite 
(Butler 1978). Our data show that Na-pyroxene can host 
sufficient amounts of tin (up to 0.29 apfu), and Sn-rich 
pyroxene could occur in HPHT rocks.

Tourmaline from low-pressure, high-temperature 
experiments has a much higher Sn content (1.77 wt. % 
SnO2) compared to HPHT tourmaline (Tab. 2). It is as-
sociated with quartz and MgSn(BO3)2 (Tab. 1). It is note-
worthy to mention that previously MgSn(BO3)2 was syn-
thesized at 1000 °C (Aléonard and Vicat 1966) / 500 °C 
(Nekrasov et al. 1970). This phase is an Mg-analogue 
of tusionite mineral (Konovalenko et al. 1984; Cooper 
et al. 1994). Tusionite was found in granitic pegmatites 
in association with elbaite, danburite, hambergite and 
quartz, containing up to ~1 wt. % MgO, and is replaced 
by cassiterite (Cooper et al. 1994). In our low-pressure 
experiment, cassiterite is not precipitated and tin is con-
centrated in tourmaline and “tusionite-Mg”. We believe 
that high temperature at relatively low pressure (0.2 GPa) 
negatively affects cassiterite precipitation, although the 
pressure is close to that of rare-metal pegmatites, where 
cassiterite is a typical mineral. 

Data on tin slags (Butler 1978) along with our data 
on HPHT hydrothermal synthesis (Tab. 1) indicate that 

tin preferably partitions into pyroxene (up to ~20 wt. % 
SnO2) at HP conditions, whereas under low-pressure, 
high-temperature conditions (LPHT) it partitions into 
tourmalines (up to ~2 wt. % SnO2). Published data on nat-
ural Sn-rich tourmaline (see above) testify to its forma-
tion in relatively low-temperature low-pressure (LPLT) 
environments. For example, at the San Rafael deposit, the 
Sn-bearing tourmaline associated with cassiterite could 
precipitate over the temperature range of ~270–360 °C 
(Mlynarczyk and Williams-Jones 2006) and pressure of 
0.2 GPa (Kontak and Clark 2002). Ore-stage minerals, 
including Sn-rich schorl, were precipitated at the Sol-
nechoe hydrothermal Sn-deposit at 300–400 °C (Ban-
nikova et al. 1994). These published data are testimony 
that LPLT conditions are feasible for Sn incorporation 
into the tourmaline structure. Thus, tin ions incorporate 
into the tourmaline structure under low-pressure condi-
tions, independent of the temperature.

Our data on tin-tourmaline and tin-pyroxene (Tab. 2), 
data on tin-tourmaline (Baksheev et al. 2020), and coex-
isting tin-free melilite and tin-enriched pyroxene (Butler 
1978), suggest that Sn4+ occupies octahedral sites in the 
tourmaline and pyroxene crystal structures. Baksheev et 
al. (2020) pointed out that, despite the Si content varia-
tion in Sn-bearing schorl, no correlation between Si and 
Sn was found and suggested the substitution scheme for 
the Sn-bearing schorl as follows: XCa2+ + Y,ZFe2+ + Y,ZAl3+ ↔ 
XNa+ + Y,ZMg2+ + Y,ZSn4+ (Baksheev et al. 2020). 

Based on chemical data and the ratios of the ionic 
radii of octahedral cations coexisting in the same crystal 
(rMg > rSn > rAl; Shannon 1976), the observed insignificant 
decrease of the u.c.p. values with increasing tin content 
(Tab. 2) can be explained by assuming that the entry of 
Sn-ions into tourmalines occurs not only according to 
prevoulsy discussed schemes (see text above; 2Y,ZAl3+ ↔ 
Y,ZSn4+ + Y,ZMg2+; Y,ZAl3+ + V,WOH– ↔ Y,ZSn4+ + V,WO2–), but also 
according to an additional scheme: 2Y,ZMg2+ = Y,ZSn4+ + 
Y,Zvacancy. Unlike the first two schemes, the latter leads 
to a decrease in u.c.p. due to a decrease in Mg content 
and an increase in Sn content.

Summarizing our experimental data and published data 
on natural Sn-rich tourmalines, we conclude that the Sn 
concentration in tourmaline depends in general on the 
Sn content of the tourmaline-forming medium. The PT 
parameters control the composition of the phases which 
co-exist with tourmaline, including phases in which Sn 
is present, either as a major or minor element. 

5.	Conclusions

Me4+ (Me4+ = Sn, Ti) bearing dravites were synthesized 
in the system MeO2–MgO–Al2O3–B2O3–SiO2–NaO–H2O 
under hydrothermal conditions of 700 °C and 4/0.2 GPa. 
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The incorporation of Ti4+ and Sn4+ ions into the synthe-
sized tourmalines is confirmed by changes of the unit cell 
parameters. It was found that a pressure increase reduces 
the maximum content of Me4+ in tourmalines and the size 
of the synthesized crystals and also affects the resulting 
assemblage of different phases. The incorporation of Ti 
and Sn ions into the synthesized tourmalines is confirmed 
by changes in the unit-cell parameters. 

Divalent (Pb, Ca, Fe, Co, Ni, Cu) and trivalent cations 
(Cr, Fe; La, Nd, Eu, Yb, Ga) can easily incorporate into 
the tourmaline crystal structure in a rather low-pressure 
regime. In this study, we show that this is also the case 
for tetravalent cations (Sn, Ti). It is clear that enhanced 
incorporation of a trace element points to enrichment of 
that element in the system. Our experiments combined 
with literature data indicate that enhanced tourmaline 
growth occurs at a low pressure, independent of the 
temperature. This is of general interest to use abundant 
tourmaline as an indicator mineral in shallow or upper-
most crust environments.
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