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Tourmalines commonly contain minor amounts of Ti. However, Ti-rich compositions are relatively rare, with only two
approved tourmaline species — dutrowite and magnesio-dutrowite, showing significant Ti** occupancy at the Y site. Ac-
cording to the currently valid tourmaline nomenclature, Ti*" is assigned exclusively to the Y site. To evaluate the structural
mechanisms capable of introducing Ti*" into the tourmaline structure, a series of modelled mechanisms was examined
to identify the most plausible and locally stable arrangements involving Ti. For this purpose, short-range bond-valence
requirements, distortion indices characterizing local polyhedral geometry, and long-range constraints expressed through
the <Y-O> and <Z-O> ratios were applied to assess the likelihood of individual components containing Ti* at various
crystallographic sites and within different local environments. Most tested structural mechanisms exhibited severe anion
underbonding, overbonding, or produced unrealistic distortion indices. Nevertheless, the calculations indicate that Ti*" can,
in principle, be accommodated at the Y, Z, and even T sites, and prove that its higher valence and larger cation size are
efficiently redistributed within the structure. The total amount of Ti*" appears to be structurally limited to approximately
one apfu, as higher Ti*" contents (> 1 apfir) lead to substantial structural deformation resulting in an unstable arrangement.
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1. Introduction

Tourmaline-supergroup minerals are silicates crystalliz-
ing in the space group R3m and have the general formula
XY.Z(T 0, )(BO,).V.W (Hawthorne and Henry 1999).
The most common ions at each site are: X = Na*, Ca?",
K", and site vacancy; Y = Fe?", Mg>", Mn?, AI**, Li",
Fe**, Cr*, and V3%, Z = AI**, Fe¥", Mg*, Cr*', and V37,
T = Si*, AP’*, and B*; B = B*; V= OH™ and O*; and
W= OH-, F-, and O* (Henry et al. 2011). The structure
(Fig. 1) contains 5 different cation crystallographic sites
with various coordination — tetrahedral T site, two dif-
ferent octahedral Z and Y sites, polyhedral 9-coordinated
X site, triangular B site, and eight different anion sites —
01-08 (Donnay and Buerger 1950). Titanium can occur
at the Y and Z sites, and possibly also at the 7 site. How-
ever, owing to the significantly longer bonds compared
to Si*, its presence at the 7 site is unlikely, although not
impossible (Bacik and Fridrichova 2021).

Tourmalines containing significant amounts of Ti, are
quite uncommon, and currently there are only two ap-
proved tourmaline species with Ti*"at the Y site, dutrowite
(Biagioni et al. 2023) and magnesio-dutrowite (Pieczka et
al. 2023). However, many studies described tourmaline

species with minor but significant amounts of Ti*" at the ¥
site, typically uvite-feruvite series with up to 0.35 apfit Ti*
(e.g., Jiang et al. 1996; Grice and Robinson 1989; Selway
et al. 1998; Scribner et al. 2018; Gadas et al. 2014, 2023),
schorl-dravite series up to 0.32 apfue Ti*' (e.g., Henry and
Dutrow 1996; Pesquera and Velasco 1997; Povondra et
al. 1998; Bloodaxe et al. 1999; Camara et al. 2002; Bosi
and Lucchesi 2004; Bosi et al. 2005, 2012; Pesquera et al.
2005; Bacik et al. 2008, 2013, 2022; Bosi 2008; Baksheev
etal. 2010; Clark et al. 2011; Ertl et al. 2010, 2012; Scrib-
ner et al. 2018; Harlaux et al. 2020) or povondraite with up
to 0.56 apfu (Zacek et al. 2000; Bacik et al. 2008; Bosi et
al. 2013, 2023; Watenphul et al. 2016). Zagek et al. (2000)
characterised tourmaline of povondraite composition with
0.56 apfu Ti; unfortunately, the crystal structure was not
determined. Vereshchagin et al. (2022) experimentally
synthesized dravite with 0.27 apfu Ti*" and described the
positive correlation between the low pressure and the
incorporated amount of Ti. Jiang et al. (1996) described
feruvites with Ti** assigned also to the Z and 7 sites, which
is very unusual; however, based on the site allocation rules
in Henry et al. (2011), all Ti*" should be assigned to the ¥
site, and for the purposes of this study, all chemical analy-
ses of Jiang et al. (1996) were recalculated.
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Titanium in tourmaline is almost always considered
to be four-valent, although some spectroscopic interpre-
tations assume intervalence charge transfer transitions
(IVCT) between Ti**~Ti* and Ti**~Ti*—Fe*" (da Fonseca-
Zang et al. 2008). However, this is not supported by the
structural data. Even though the presence of Ti*" was
determined in meteorites or mantle-derived silicates (Ma
and Rossman 2009; Oliveira et al. 2021; Ma et al. 2023),
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Fig. 1 The structure of tourmaline-
-supergroup minerals with highlighted
structural sites. Based on the structure
of dutrowite (Biagioni et al. 2023).

for the purpose of this paper, titanium is solely consid-
ered to be Ti*. In crustal conditions, Ti*" is restricted
to highly reducing environments (Borisov 2012; Kom-
mescher et al. 2023), which are extremely rare during
tourmaline crystallization.

The goal of this paper is to identify the structural
mechanisms that can introduce Ti*" into the tourmaline
structure, determine the most likely local arrangements

involving Ti, and test their sta-
bility. For these purposes, the
short-range bond valence con-
straints, the distortion indices
describing the local geometry,
and the long-range (<Y-O> and
<Z-O> ratio) constraints were
applied to determine the likeli-
hood of proposed components
containing Ti*" at various sites
and in various local arrange-
ments.

08
07 2. Methods

Possible structural arrangements
involving Ti*" in tourmaline
were studied with the bond-
valence topological modelling
(BVTM, Bacik 2026), and the
bond-valence topological field
(BVTE, Bacik 2026).
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Fig. 2 The topological graph of three ¥
and neighbouring six Z sites.
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Bond-length calculations use the following equation:
d. =R —blnv,
if 0 ij

where d_ is the bond length (in A) between the two
ions, the bond valence (v,) is their bond strength (in vu
— valence units), R is the unit bond length, and b is the
universal parameter for each bond (Brown 2016). The
R, and b values for each cation are taken from the list of
Gagné and Hawthorne (2015).

Firstly, a bond-valence topological graph (BVTG)
with crystallographic sites as nodes and bonds as edges
for the studied structural segment was prepared (Fig. 2).
Secondly, the bond-valence topological model was ap-
plied with respect to the following steps (Bacik 2026).

2.1. Proposing possible components

A component is defined by the composition of the struc-
tural fragment, which obeys the following rules: 1) the
split occupancy at a unique node in the structural arrange-
ment is not allowed; 2) the structural stability is required.
The unique node is treated not as every instance of that
specific structural site within the arrangement. When the
structural site occurs multiple times in the arrangement,
each node can be occupied by exactly one atom, mol-
ecule, or vacancy.

2.2. Construction of initial models:

2.2.1. Construction of BVTM for each
component with ideal values

The model for each component, with bond valence values

attached to each edge of the graph (bond), was calculated.

For the calculation, the program BoVaToM 1.2 (https://

kmplg.sk/?page 1d=3275) was used, following these rules

for the determination of bond valence values:

1) The Bond-Valence Sum (BVS) rule — the sum of bond
valences at each ion should be equal to the formal
valence (FV).

2) If the formal charge of an ion at the specific site
changes, stronger bonds obtain a larger increase and
a smaller decrease in bond valence than weaker bonds
to satisfy electrostatic forces in the structure (Brown
2016).

3) The change in FV of any coordinated ion requires
a commensurate change in incident bond strengths,
such that the valence sum rule is maintained — large
differences in bond valences of one site produce large
to even unreasonable distortion of the site, which re-
sults in unstable local structural arrangements (Bacik
2026).

2.2.2. Construction of BVTF

The construction of BVTF is based on transforming the
edges of BVTG into points of BVTF based on their spa-
tial positions (Bacik 2026). This allows the calculations
of bond valence and bond length values at each point,
resulting in BVTF, which is represented by the colour
gradient.

2.3. Testing of initial models

The stability of components can be evaluated by both
short-range and long-range structural constraints. Short-
range stability can be determined using the Bond Valence
Theory (Hawthorne 2002). There are two possible criteria
for assessing structural stability: 1) realistic bond lengths
and 2) realistic bond-valence arrangements.

2.4. Refinement of models

During refinement, the bond-valence values for each
bond-valence topological graph are corrected according
to empirical data

The refined values followed these requirements:
(1) BVS should not differ from cation and anion FV
significantly (difference of <0.2 vu); (2) at the same
site with the same occupancy at neighbouring sites, the
refinement values are the same for all arrangements;
(3) different occupancy at neighbouring sites was always
considered in calculation.

2.5. Testing of refined models

Component stability is evaluated based on short-
and long-range structural constraints. The bond-va-
lence values of disordered dravite, Na(Mg,Al)(Al.Mg)
Si 0 ((BO,),(OH),0OH, were used as an initial model for
the bond-valence calculations reflecting heterovalent
substitutions. Dravite was chosen because the holotype
samples of dutrowite (Biagioni et al. 2023) and magne-
sio-dutrowite (Pieczka et al. 2023) contain a significant
amount of Mg, which favours dravite; however, the
modelling would also work with Fe-dominant tourmaline
end members.

2.6. Bond length distortion calculations

Octahedral bond length distortion DI (M-O) was calcu-
lated as

DI (M - O0) :(Z?:1|di - dml)/(6 X dpn),
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Tab. 1 Proposed Ti-bearing components ordered according to the X-, then V-, and finally W-site occupancy.

X Y z T vV w
0 Na Mg Mg Al Al Mg Si OH, OH
1 Na o Al Al Al Si, Ti OH, OH
2 Na Mg Mg Al Al Mg Si; Ti OH, OH
3 Na Mg Mg Mg Al Ti Si; Al OH, OH
4 Na Mg Al Ti Al, Mg, Si; Al OH, OH
5 Na Mg Mg Mg Al, Mg Ti Si, OH, OH
6 Na Mg Mg Al Al, Mg, Ti Si, OH, OH
7 Na Mg Mg Ti Al Mg Si OH, (6}
8 Na Mg Al Ti Al, Mg, Si, OH, (6}
9 Na Mg Mg Mg Al Ti Si, OH, (6]
10 Na Mg Al Ti Al Mg Si, Al OH, (¢}
11 Na Mg Al Ti Al Si; Al 0, OH OH
12 Na Mg Mg Al Al Ti Si 0, OH OH
13 Na Al Al Al Al Ti Si Al 0, OH
14 Na Mg Al Ti Al, Si, 0, OH
15 Na Al Al Mg Al Ti Si 0, OH
16 o Mg Mg Ti Al Mg Si OH, OH
17 o Mg Mg Mg Al Ti Si, OH, OH
18 o Mg Al Ti Al Mg Si, OH, O
19 u] Al Al Ti Al Si, Al, OH, (6]
20 o Al Al Mg Al Ti Si Al OH, O
21 m] Mg Mg Mg Al, Ti, Si, OH, (6]
22 o Ti Ti Mg Al, Si, 0, OH
23 Ca Mg Mg Ti Al Mg Si; Al OH, (e}
24 Ca Mg Mg Ti Al, Mg, Si, OH, O
25 Ca Mg Mg Ti Al Si, 0, OH
26 Ca Mg Al Ti Al, Si Al 0, OH

where d, is an individual bond length, and d_ is the aver-
age bond length in each octahedron.

3. Results and discussion

There were 26 different components involving Ti*" at
various sites (Tab. 1) calculated using BVTM (ESM 1).
Only the Mg-dominant components were evaluated to
keep the number of components reasonable. We did not
focus on compositions that can be derived from selected
components by monovalent substitutions, as these sub-
stitutions have no effect on the model. Li-bearing tour-
malines were not studied because they usually do not
contain a significant amount of Ti.

The stability of selected components was estimated
based on several criteria. Firstly, the models were refined
to achieve the Bond Valence Sum (BVS) of the O sites as
close to 2 vu as possible. This allowed us to discriminate
components with poor BVS assignment with a difference
of more than 0.15 vu from 2 vu, good BVS assignment
with at 0.10-0.15 vu difference, and very good with less
than 0.10 vu. Secondly, the distortion of polyhedra was
used to determine components that are not unlikely from
a bond-valence perspective but have unusually large
distortion. Finally, long-range structure constraints (after

Bosi 2018) were used to compare long-range stability
with short-range local structure effects.

3.1. Bond-valence topological models

3.1.1. Ti** at the Y site

Titanium in octahedral coordination is, similarly to Al*",
quite small in size in comparison with elements typically
occupying the Y site, like Mn*", Li*, Fe?", Mg*, or Fe**
(see Tab. 2); however, according to Henry et al. (2011),
Ti* should be exclusively assigned to the Y site. The in-
corporation of Ti*" leads to the shortening of bond lengths
and volume compression of the octahedron.

The incorporation of Ti*" into the tourmaline structure
often requires the presence of the oxy-component at
the W site to compensate for the higher sum of positive
charges. We tested several possible arrangements of
Ti* at the Y site, (R*R*Ti*"), (2R*Ti*), (2R*Ti*"), and
(R?2Ti*), always accompanied by heterovalent substitu-
tion at other sites to maintain electroneutrality.

We modelled 14 substitutional mechanisms involving
Ti*" at the Y site (Tab. 3), including all tourmaline groups
(sodic, vacant, and calcic) and oxy- and hydroxy-species
(fluor-species were not considered). In general, substitu-
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Tab. 2 The comparison of the ionic radii of elements in tetrahedral
and octahedral coordination (CO) and their bond lengths with oxygen
(BL), typically occupying the Y and 7 site (values after Hawthorne
and Gagné 2024).

CO [6] BL [6] CO [4] BL [4]
Mn 0.833 2.199 - -
Li 0.812 2.178 - -
Fe** 0.781 2.147 - -
Fe** 0.649 2.015 - -
Mg 0.723 2.089 - -
Ti 0.605 1.971 0.455 1.821
Al 0.537 1.903 0.380 1.746
Si - - 0.259 1.625

tions involving "O* . (11, 14, 22, 25, and 26) showed
a strong tendency to underbond O3 (Tab. 3). Even after
refining individual bond valence values, the resulting
BVS values ranged between 1.464 and 1.665 vu, which
is insufficient to maintain structural stability. The BVS
of the Y-site cations showed significant deviations and
imbalances, resulting in strongly distorted YO, octahedra.
Substitution 11 appears to be possible, despite the pres-
ence of "O*,.

The (R*R*Ti*") arrangement provided three potential
mechanisms for Ti*" incorporation — components 8, 10,
and 11 (discussed above). The first two showed efficient

redistribution of the increased bond valence at the Y site
(0.49 vu) throughout the decrease in bond valences at the
Z and T sites, while maintaining low, comparable distor-
tion indices to those of dravite and dutrowite (Tabs 3 and
5). The components that appeared to be impossible are 4,
14, and 26. Component 4 produced significant overbond-
ing of Ol (2.276 vu) and O2 (2.226 vu), although this
overbonding had no apparent impact on the distortion of
the YO, octahedron. Component 14, similar to 26, showed
underbonding of O3 and was accompanied by overbond-
ing of O6 (Tab. 4); both arrangements also featured in-
creased (nearly doubled) distortion of the Y octahedron.
The arrangement 18 may be theoretically possible, even
though its probability appears lower than that of arrange-
ments 8 and 10 due to a slightly underbonded O5 (1.919
vu). Nevertheless, all other bond-valence sums and distor-
tion indices remain within acceptable limits (difference
of <0.05 vu and DI<0.02, respectively).

The (2R*Ti*") arrangement seems to be the most
feasible mechanism for Ti* incorporation into the tour-
maline structure. All proposed substitutions, excluding
those with "O?, were reasonable, with component 16
(*00’Ti*Na_"Al ) emerging as the most likely (Tab. 3).
This mechanism yields well-balanced BVS values at all
oxygen sites (1.95-2.02 vu), and deviations in cation
BVS do not exceed £0.05 vu (Tabs 3, 4). The calcula-

Tab. 3 The formal and calculated average bond valence of disordered dravite, dutrowite, and substitutional mechanisms involving Ti*" at the Y site.

No. Substitutional mechanism o1 02 03 04 05 06 o7 08
1. "OYAVAI'TI'Mg Mg "Si 1.947 1.905 1.962 2.066 2.007 1.949 2.053 2.034
2. 'Ti'Si, 1.995 2.012 1.961 2.066 2.007 1.972 1.996 1.974
3. "Mg’Ti"AI"Al Mg "Si 2.085 1.861 2.003 2.013 1.934 1.900 2.067 2.090
4. 'TiYMg'Al'Mg Al "Si 2.276 2.266 1.996 2.013 1.934 1.985 1.897 1.914
5. 'Mg’Ti"Al “Al 2.085 1.861 1.954 2.066 2.007 1.941 2.051 2.030
6. “TiYMg’Al, 2.089 1.995 1.982 2.066 2.007 1.971 1.994 1.970
7. 'Ti"O"Al-"OH 1.942 1.985 1.946 2.066 2.007 2.030 1.996 1.974
8. 'Ti"Mg"0'Mg_“Al "OH 1.903 2.095 1.989 2.066 2.007 2.055 1.939 1.914
9. 'Mg’Ti"0O"Al “Mg "OH , 1.135 1.861 2.003 2.066 2.007 1.973 2.109 2.090

10. 'Ti"Al1"O'Mg 'Si "OH 1.903 2.095 2.037 2.013 1.934 2.015 1.954 1.974

11. 'Ti’AI"AI"0,"Mg Mg 'Si "OH , 2.000 2.095 1.947 2.013 1.934 2.046 2.011 2.034
12. “Ti"O,"Mg_"OH , 2.005 1.924 1.947 2.066 2.007 2.032 2.109 2.090
13. YAL/Ti"AlI"0,'Mg ,"Mg 'Si "OH , 2.025 2.048 1.796 2.013 1.934 2.078 2.067 2.090
14. 'Ti"A"0,'Mg “Mg "OH , 2.006 2.026 1.642 2.066 2.007 2.121 2.053 2.034
15. YAI’Ti"O,'Mg Mg "OH , 2.010 2.056 1.428 2.066 2.007 2.091 2.109 2.090
16. *CI'Ti*Na "Al 2.012 2.001 2.056 1.997 1.949 2.015 1.996 1.974
17. *O'Mg"Ti"Na "Al ‘Mg 2.085 2.285 2.003 1.997 1.949 1.958 2.109 2.090
18. *O'Ti"O*Na Mg "OH 1.993 1.947 2.037 1.997 1.919 2.087 1.996 1.974
19. TI'Ti"AI’AI"AL"0*Na Mg Mg 'Si,"OH 2.173 2.009 2.133 1.891 1.773 2.033 1.970 2.034

20. *O0AITi"A1"O*Na Mg “Mg Si "OH 1.675 1.838 2.098 1.944 1.846 2.019 2.067 2.090

21. “0O0'Mg"Ti,”O"Na "Al ’Al Mg "OH 1.135 1.714 2.058 1.997 1.919 2.000 2.164 2.145

22. “O'Ti Al'O,"Na "Al 'Mg ‘Mg "OH 1.972 2.075 1.648 1.997 2.000 2.133 2.053 2.034

23. “Ca’Ti"Al"O*Na "Al- "Si "OH 2.063 2.010 1.990 2.041 2.001 1.955 1.954 1.974

24. “Ca’Ti"Mg"0*Na_ "Al- “Al "OH 2.063 2.010 1.942 2.094 2.075 1.996 1.939 1.924

25. “Ca'Ti“Al"O,*Na "Al- “Mg "OH | 2.021 2.059 1.464 2.094 2.075 2.062 2.053 2.034

26. “Ca’Ti“AlI’A1"0,"Na Mg Mg Si "OH | 2.006 2.077 1.665 2.041 2.001 2.049 2.011 2.034
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Tab. 4 Substitutional mechanisms and calculated bond valence sums at the O1-O8 sites. Green indicates likely components, orange reasonable,

and red unlikely.

Arrangement ~ No. Substitutional mechanism related to disordered dravite (fv";r)“‘ (‘v“;“)“l (fs;:‘)a' (\;;4[3 é;‘“) (‘;;“)
Dravite 0. Na(Mg,Al)(Al,Mg)Si O, (BO,),(OH),OH 0.39 0.47 1.00 0.38 0.48 1.01
Dutrowite 0. Na(Fe, Ti )AlSi O, (BO,),(OH),0 0.39 0.50 1.00 0.42 0.47 0.99
4. 'Ti'Mg’Al'Mg ‘Al "Si 0.45 0.96 0.49 0.45 0.97

8. 'Ti*Mg"0'Mg “Al "OH 0.45 1.00 0.50 0.45 1.01

10. 'Ti"Al1"O"Mg_"Si "OH 0.47 0.96 0.50 0.48 0.97

R¥*R*Ti I1. 'Ti*AI"AI"0,"Mg_“Mg 'Si 'OH, 0.49 0.50 0.96 0.53 0.51 0.97
14. 'Ti*Al'0,'Mg “Mg "OH , 0.50 1.00 0.51 0.51 1.01

18. “TO'Ti"O*Na ‘Mg ,"OH 0.47 1.00 0.50 0.48 1.01

26. *“Ca'Ti‘AlI'AlI"0,"Na 'Mg ‘Mg "Si "OH 0.50 0.96 0.50 0.51 0.96

7. 'Ti"O"Al- "OH, 0.47 1.00 0.45 0.48 1.01

16. *O'Ti*Na Al 0.44 0.47 1.00 0.44 0.48 1.01

2R*'Ti 23. *Ca'Ti"AlI"O*Na "Al- 'Si "OH ’ 0.47 0.96 0.44 0.48 0.96
24. “Ca'Ti'Mg"0Na,, "Al- ?Al "OH 0.45 100 044 045 1.01

25. *Ca'TiAl"0,*Na "Al- ‘Mg "OH | 0.50 1.00 0.44 0.51 1.01

2R*'Ti 19. “TI'Ti"AI“AI"AL"0*Na Mg “Mg 'Si,"OH 0.55 0.50 0.92 0.55 0.51 0.92
R**2Ti 22. “O0'Ti‘Al"O,*Na "Al "Mg ‘Mg "OH 0.54 0.50 1.00 0.56 0.51 1.01

tions showed that the elevated BVS at the Y site (2.64
vu), relative to the initial dravite model (2.34 vu), can be
efficiently redistributed within the tourmaline structure
without significantly compromising structural stability.
Components 7, 23, and 24 (Tab. 3) also appear feasible;
however, all exhibit considerably greater distortion of the
YO, octahedron compared to the initial model (Tab. 5).
The octahedral distortion is, in the case of 23 and 24,
partially compensated by the reduction of the tetrahedral
distortion.

Substitutions involving (2R*Ti*") and (R*?2Ti*) are
not feasible. Both mechanisms are characterised by
substantial underbonding of O4 and OS5, and O3, re-
spectively, along with overbonding of O1 and O3, and
06, respectively (Tab. 4). Despite these considerable

deviations in oxygen BVS, the distortion indices are only
minimally affected (Tab. 5).

3.1.2. Ti** at the Z site

The ionic radii of Ti* and Al cations in octahedral coordi-
nation differ moderately (0.605 and 0.537 A, respectively,
see Tab. 2); therefore, only minor octahedral distortion is
expected. Moreover, from the basic bond valence point
of view, the Z site could be more favourable for Ti*,
because it already accepts the bonds with 0.5 vu, which
is closer to 0.67 vu necessary for accepting Ti*" than the
Y site with the usual 0.33 vu for each bond (Bosi and
Andreozzi 2012). Consequently, we modelled 10 sub-
stitutional mechanisms with #Ti*', including sodic and

Tab. 5 The calculated distortion indices (DI) of disordered dravite, dutrowite, and substitutional mechanisms involving Ti*" at the Y site. Green

indicates likely components, orange reasonable, and red unlikely.

Arrangement No. Substitutional mechanism related to disordered dravite DIY DI Z DIT DI X
Dravite 0. Na(Mg,Al)(Al,Mg)Si O,,(BO,),(OH),OH 0.022 0.017 0.008 0.045
Dutrowite 0. Na(Fe, Ti, )AlSi O (BO,),(OH),0 0.019 0.016 0.011 0.043
4. '"Ti'Mg'Al'Mg ‘Al "Si 0.022 0.017 0.010 0.045
8. 'Ti"Mg"0"Mg “Al "OH | 0.025 0.017 0.008 0.045
10. 'Ti"A1"O'Mg 'Si "OH 0.025 0.017 0.010 0.045
R¥*R>Ti 11. 'TI¥AI'AI'O,'Mg Mg Si "OH,, 0.040 0.017 0.010 0.045
14. 'TAl"O,'Mg Mg "OH 0.039 0.017 0.008 0.045
18. “0'Ti"O*Na Mg "OH 0.026 0.017 0.008 -
26. “Ca'Ti’AI"A"0O,*Na 'Mg “Mg "Si "OH 0.044 0.017 0.012 0.036
7. 'Ti"O"Al-"OH , 0.040 0.017 0.008 0.045
16. “O0'Ti'Na Al 0.019 0.017 0.006 -
2R*Ti 3. “Ca'Ti"Al"0O'Na "Al-'Si "OH 0.036 0.017 0.012 0.036
24. “Ca'Ti*Mg"0O'Na_ "Al- “Al "OH 0.036 0.017 0.010 0.036
25. “Ca'Ti*AI'O,*Na "Al- "Mg "OH 0.029 0.017 0.010 0.036
2R*Ti 19. “O'Ti"AI”AI"A1,"O*Na "Mg Mg "Si,”OH 0.027 0.017 0.012 -
R*2Ti 22. “O0Ti’Al"O,"Na "Al "Mg ‘Mg "OH 0.032 0.017 0.004 -
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Tab. 6 The formal and calculated average bond valence of disordered dravite, dutrowite, and substitutional mechanisms involving Ti* at the Z site.

Green indicates likely components, red unlikely.

Arrangement No. Substitutional mechanism related to disordered dravite Yioma Ziomal T Yo Zeae Teae
(vu) (vu) (vu) (vu) (vu) (vu)

Dravite 0. Na(Mg,Al)(ALMg)Si O, (BO,),(OH),OH 0.39 0.47 1.00 0.38 0.48 1.01
. "MgTi"AI"Al “Mg Si 0.34 0.96 0.33 0.54 0.97

9. ™g’Ti"O"Al “Mg "OH | 0.34 1.00 0.50 0.45 1.01

12.  “Ti"0,’Mg_ "OH, 0.39 1.00 0.39 0.54 1.01

ALTi 13. "ALTi"Al"O,'Mg,“Mg "Si "OH 0.50 0.52 0.96 0.53 0.54 0.97
15. YAITIO,'Mg Mg, "OH 0.45 1.00 0.45 0.54 1.01

17. *O'Mg?Ti*Na "Al Mg, 0.34 1.00 0.33 0.54 1.01

20.  YOYAFTI’AI"O*Na 'Mg Mg Si "OH | 0.45 0.96 0.44 0.54 0.97

ALTi, 21.  “O0'Mg?Ti,"O'Na Al Al ‘Mg "OH, 034 055 100 033 056 1.01
AléMgTi 5. "Mg’Ti ”Al_]‘Al_l 0.34 0.50 1.00 0.33 0.51 1.01
Al Mg Ti 6. ‘Ti"Mg”Al 0.39 0.47 1.00 0.39 0.48 1.01

vacant tourmaline groups, and oxy- and hydroxy-species
(fluor-species were not considered).

Substitutions involving occupancy of 2 or 3 apfu
O? at the V' site (12, 13, and 15) to compensate for the
excess positive charge and maintain electroneutrality
exhibited similar behaviour to that observed at the Y
site. These substitutions resulted in a notable decrease in
BVS at O3, reaching values as low as 1.428 vu (Tab. 3).
Likewise, substitutions with all Mg ordered at the Y site
(components 3, 5,9, 17, and 21) confirmed the structural
instability of such tourmaline configurations, a phenom-
enon repeatedly documented in previous studies (Grice
and Ercit 1993; Hawthorne 1996, 2002; Bosi and Luc-
chesi 2007; Bosi and Skogby, 2013; Pieczka et al. 2018;
Skiapkova et al. 2023). As in dravite or schorl, disorder
of divalent cations between the Y and Z sites is essential
to achieve a stable short-range structural arrangement. In
these cases, the O2 site showed a pronounced decrease
in BVS (down to 1.861 vu for mechanisms 3, 5, and 9).
Conversely, in mechanism 17, O2 was strongly over-
bonded (2.285 vu), likely due to the vacant X site.

The only structurally feasible configuration appears to
be A(AlsMg.Ti*), involving the substitution “Ti*Mg’Al ,,
which represents a straightforward cation-exchange

mechanism. Although this component cannot be regarded
as an end-member composition, it exhibits well-balanced
BVS values across all oxygen sites and cations, along
with low distortion indices (Tabs 6 and 7). The substitu-
tion “Ti”"Mg”Al , would result in significant stretching
of the Z-O bonds due to large cations occupying half of
the Z sites. This expansion of the local structure can be
favourable for the “Ti substitution (Bosi and Andreozzi
2012). However, the lower total Al content in this com-
ponent might limit its occurrence in the natural samples.

3.1.3. Ti** at the T site

Titanium has the same valence as Si; therefore, the BVS
at the 7 site remains unchanged. It is important to note,
that the probability of Ti*" occupancy at the T site is
low, as Ti* strongly prefers incorporation into larger,
higher-coordination sites within the tourmaline structure.
However, both proposed configurations (1 and 2) appear
to be generally feasible; all BVS values fall within ac-
ceptable limits, and the distortion indices are negligible
(Tabs 8 and 9).

Evidence for the natural occurrence of Ti*" at the T'
site of tourmaline could be derived from bond length

Tab. 7 The calculated distortion indices (DI) of disordered dravite, dutrowite, and substitutional mechanisms involving Ti*" at the Z site. Green

indicates likely components, red unlikely.

Arrangement No. Substitutional mechanism related to disordered dravite DIY DI Z DIT DI X
Dravite 0. Na(Mg,Al)(ALMg)Si O (BO,),(OH),OH 0.022 0.017 0.008 0.045
Dutrowite 0. Na(Fe,Ti, )AlSi O (BO,),(OH),0 0.019 0.016 0.011 0.043
3. 'M’Ti"AI"Al “Mg "Si 0.022 0.016 0.010 0.045
9. 'Mg’Ti"OAl ‘Mg "OH 0.022 0.016 0.008 0.045
12. “Ti"O,"Mg "OH , 0.022 0.014 0.008 0.045
AlLTi 13, "AL/Ti"Al"O,"Mg Mg 'Si "OH | 0.042 0.016 0.010 0.045
15. "AFTI"O,'Mg “Mg 'OH , 0.016 0.016 0.008 0.045

17. *O0'Mg’Ti*Na "Al ‘Mg 0.022 0.016 0.006 -

20. YO7AFTI’AI"O*Na Mg ‘Mg Si "OH 0.027 0.016 0.010 -

AL Ti, 21, “O'Mg”Ti,"0"Na "Al Al Mg "OH 0.022 0.015 0.008 -
Al MgTi 5. "Mg’Ti*Al “Al | 0.022 0.016 0.008 0.045
Al Mg Ti 6. ‘Ti'Mg’Al, 0.022 0.016 0.008 0.045
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considerations. The substantially larger ionic radius of
Ti** (0.455 A), nearly twice that of Si (0.259 A), results
in an increase in 7-O bond lengths. Based strictly on
the bond valence, which is not changed by homovalent
substitution, it is not expected to induce any signifi-
cant tetrahedral distortion, although the relaxation of
local strain due to the increased 7-O bond lengths in
the neighbouring sites might result in some distortion.
This, however, is impossible to calculate based on cur-
rent knowledge, given the lack of structural data on
tourmaline with tetrahedral Ti*". Consequently, we used
the distortion of the Si**-bearing tetrahedron as a basis
for assessing the Ti*"O, tetrahedron, taking the local
neighbourhood into account during model refinement.
Our models revealed that the calculated bond lengths
are slightly larger than the theoretical tetrahedral Ti-O
bond, shifting them outside the “Goldilocks zone” of
the 7 site in tourmaline (Fig. 3; Bac¢ik and Fridrichovéa
2021). This is likely the reason for the Ti* preference
for octahedral sites in tourmaline.

3.2. Bond-valence topological fields

Changes in bond valences and bond lengths induced
by Ti* substitution at various sites can be visualised
and studied using the Bond Valence Topological Field
method (Bacik 2026). The Bond Valence Topological
Field (BVTF) and Bond Length Topological Field (BLTF)
were constructed for a structural fragment that included
3 Y sites and adjacent 6 Z and one X site (Figs 2, 4-7,
ESM 2). Although there are possible substitutions of
Ti*" at the T site, these are homovalent and manifest only
a difference in the bond lengths in the tetrahedra. The
BVTF and BLTF for stable components based on BVS
were constructed. The differences between components
are more clearly evident in the gradient topological field
diagrams (Figs 4-7).

The BVTF and BLTF of disordered dravite are used
as a starting point, and all other fields are compared to
it (Figs 4-7). Component 1 has a vacancy at the Y site,
resulting in a significant decrease in both BV and BL.

Tab. 8 The formal and calculated average bond valence of disordered dravite, dutrowite, and substitutional mechanisms involving Ti*" at the T site.

Green indicates likely component, orange indicates reasonable.

Arrangement No. Substitutional mechanism related to disordered dravite formal Ziomal Troama Yoae, Zene Teae
(vu) (vu) (vu) (vu) (vu) (vu)
Dravite 0. Na(Mg,Al)(AlMg)Si O (BO,),(OH),OH 0.39 0.47 1.00 0.38 0.48 1.01
1. "OYAIPAI'TiI'Mg_*Mg 'Si 0.50 0.50 0.51 0.51 1.01

P 5. =B -1
SLTi 2. TiTSi, 039 047 M0 o33 048 101

Tab. 9 The calculated distortion indices (DI) of disordered dravite, dutrowite, and substitutional mechanisms involving Ti*" at the T site. Green

indicates likely components, orange indicates reasonable.

Arrangement No. Substitutional mechanism related to disordered dravite DIY DI Z DIT DI X
Dravite 0. Na(Mg,Al)(ALMg)Si O (BO,),(OH),OH 0.022 0.017 0.008 0.045
Dutrowite 0. Na(Fe, Ti )AlSi O (BO,),(OH),0 0.019 0.016 0.011 0.043
SiTi 1. "OYAFAI'TiI"Mg /Mg "Si | 0.019 0.017 0.008 0.045

s 2. Ti'Si, 0.022 0.017 0.008 0.045

10
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Fig. 4 The gradient bond valence topological fields of components 1-8. Red colour indicates an increase and blue a decrease in bond valence

relative to disordered dravite (a).

This is compensated for by the substitution of Al for Mg
at both the Y and Z sites, resulting in increased BV and
decreased BL (Figs 4b, 5b). The substitution of Ti*"at T
site does not affect the BVTF and BLTF. Both BVTF and
BLTF of component 2 are the same as they are for com-
ponent 0 because the Ti** substitution is also at the 7 site
and, therefore, does not influence octahedral sites. In the
6 and 8 components, excessive Mg at the Z site increases
bond lengths and decreases bond valence. However,
while no significant compression is observed in 6, Al at
the Y site compresses the local structure in component 8.

Component 7 shows an increase in bond valence resulting
from the substitution of Ti*" at the Y site. This is compen-
sated by deprotonation at the W site, which decreases the
neighbouring Mg-O2 bond valences required to balance
the Mg BVS. However, due to the increase in bond length
due to the TiAl | substitution, only expansion of the local
structure occurs.

In component 10, Ti* is substituted for Mg, lead-
ing to an increase in BV and a decrease in BL at the
Y site. The substitution requires deprotonation at the W
site; therefore, there is a slight decrease in BV and an
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Fig. 5 The gradient bond length topological fields of components 1-8. Red colour indicates an increase and blue a decrease in bond length relative

to disordered dravite (a).

increase in BL at the neighbouring Y sites with Al and
Mg. Component 11 is derived from 0 by substitutions
at Y, Z, T, and V sites. However, to maintain charge bal-
ance, only two V sites are deprotonated, resulting in a
large increase in the BV of the two Y-O3 bonds. It was
also necessary to increase the BV of the Ti-O2 bond
to obtain a BVS for O2 close to 2 vu. As a result, the
distortion of the Y octahedra increased relative to that
observed in dravite and dutrowite, and Y3 was signifi-
cantly overbonded (4.36 vu), which is not in compliance
with a stable structure.

12

Components 16 and 18 are both X-vacant; they dif-
fer in W-site occupancy and in the substitution of Ti*'
at the Y site. Component 16 has the substitution of Ti**
for Al, which elevated BV but slightly shortened BL at
the Y site. In 18, Ti* substitutes for Mg, resulting in the
larger increase in BV and decrease in BL at Y (Figs 6c,
d, 7c, d).

In contrast, both components 23 and 24 are Ca-bear-
ing. Consequently, X-O2 bonds shortened, and their BV
increased. This resulted in the opposite behaviour of all
Y-02 bonds. The only obvious difference between them
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Fig. 6 The gradient bond valence topological fields of components 10-24. Red colour indicates an increase and blue a decrease in bond valence

relative to disordered dravite (a).

is the additional Mg at the Z site in 24, which caused a
decrease in BV and prolongation of BL (Figs 6e, f 7e, f).

3.3. Polyhedral distortion

One parameter that is highly useful for assessing struc-
tural stability is polyhedral distortion (Robinson et al.
1971; Baur 1974; Wildner 1992; Ertl et al. 2002). This
distortion can be caused by structural properties, such as
the short- and long-range effects of neighbouring atoms
(Bacik 2018; Bosi 2018; Bacik and Fridrichova 2021).
The larger the distortion, the less stable the polyhedron.

The distortion of the individual sites has already been
discussed; here, we focus specifically on the octahedral
distortion and the relations between octahedra based on
their distortions. However, it must be noted that distor-
tions calculated from BVTM are purely theoretical. The
real structure can relax by additional decrease or increase
in the degree of distortion at each polyhedron, which
BVTM cannot well predict without actual structural data.
Calculated octahedral distortions were compared with the
observed values for dutrowite.

However, despite all the above-mentioned shortcom-
ings, the comparison of octahedral distortions is useful

13
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Fig. 7 The gradient bond length topological fields of components 10-24. Red colour indicates an increase and blue a decrease in bond length

relative to disordered dravite (a)

for distinguishing between stable and potentially un-
stable geometries (Fig. 8). There was a large variability
in DI (Y-O) from 0.015 to 0.045, while DI (Z-O) varied
between 0.014 and 0.017. This is obviously due to the
lower variability in Z-site occupancy and the fewer dis-
tinct arrangements at this site. Only components 12 and
21 show significant deviation, with a very low DI (Z-0O).
Components 12 and 21, as well as other components with
lower DI (Z-O) (3, 5, 6, 9, 13, 15, 17, and 20), contain
Ti*" at the Z site. Therefore, it is possible to assume that
the presence of Ti*" at the ZO, octahedron decreases its
distortion. However, no component shows DI (Z-0),

14

which would be outside of the range for natural tourma-
lines of 0.012—0.020 (Ertl et al. 2002).

The YO, octahedron of the calculated components has
opposite behaviour. Some components exhibit extremely
high DI (Y-O) values of more than 0.025, the highest ob-
served in natural samples (Ertl et al. 2002). This makes
these components very unlikely. It is the case of compo-
nents 7, 11, 13, 14, 22, 23, 24, 25, and 26. However, all
of these except 7, 23, and 24 were already unlikely if the
BVS of O1-08 sites were considered; therefore, it is not
surprising in any way that these components have very
distorted geometry.
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Fig. 8 The comparison of distortion indices
at the Y and Z sites for all modelled com-
ponents (red squares) and dutrowite (green
circle). Green numbers are for components
with very good O1-O8 BVS, orange num-
bers for components with good O1-0O8
BVS, and red numbers for components
with poor O1-O8 BVS.

Components 7, 22, and 23 have the same (2R*'Ti)
arrangement and differ only by the occupancy of X,
Z, and T sites. We could consider them unlikely, but
the real structure could relax their extreme distortion

by increasing Al-Mg disorder,
resulting in the Y(R**R?>'Ti) ar-
rangement, which has a more
optimal DI (Y-O) value as evi-
denced by components 4, 8,
and 10. The main reason not to
refuse these components, mainly
22 and 23, is the fact that posi-
tive correlation of Ti*" and Ca
was observed in natural tour-
malines on Elba Island, Italy
(Dini et al. 2008), in Leinster
Granite, Ireland (Gallagher and
Kennan 1992), tourmalinites
from Velké Zernoseky, Czech
Republic (Houzar et al. 2014),

Fig. 9 Comparison of <Z-O> and <Y-O>
defining the possible structural-stability
limits of the tourmaline supergroup (after
Bosi 2018) with calculated values for all
modelled components (red squares) and
dutrowite (green circle). Solid diagonal
lines are for the ratio 1:1 between <Z-O>
and <Y-O> (left), and the ratio shifted by
0.15 A (right; after Bosi and Lucchesi
2007). Green numbers are for components
with very good O1-O8 BVS, orange num-
bers for components with good O1-08
BVS, and red numbers for components
with poor O1-O8 BVS.
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the Black Hills, South Dakota, USA (Nabelek 2021),
and Zlata Idka, Slovakia (Bacik et al. 2022), while
the components 22 and 23 are likely considering all

2.02
2.00
1.98
: ¢
24 R 4
] (O ,O
— S ON
<C 1.96 LoV
O
5 <5
N dutrowite 3 o/l ro&,
V194 R
0 X167 IS
| had | | 2 By
2 23 5 =
1.92 2
3
i 15m m20 12 om
. 17
19 11 26 22
1900m1 = EE B
14
1.90 1.95 2.00 2.05 2.10 2.15
<Y-O> [A]

15



Peter Bacik, Lenka Skrdpkova

Tab. 10 Evaluation of the proposed components likelihood based on short-range and long-range constraints.

Substitutional mechanism Short-range constraints Long-range constraints Likelihood
01-08 BVS Distortion <Y-0> and <Z-O> ratio
0 Very good Balanced Stable Likely
1 "OYAVAI'TI'Mg Mg "Si | Good Balanced Borderline stable Reasonable
2 'Ti'Si Very good Balanced Stable Likely
3 'Mg’Ti’Al"Al Mg 'Si Poor Balanced Unstable Unlikely
4 'Ti'Mg’Al'Mg “Al 'Si Poor Balanced Stable Unlikely
5 ™™g”Ti"Al Al Poor Balanced Unstable Unlikely
6 “Ti"Mg’Al, Very good Balanced Stable Likely
7 'Ti"O’Al- "OH | Very good Big DI(Y-O) Stable Reasonable
8 'TiYMg"0'Mg “Al "OH , Very good Balanced Stable Likely
9 "Mg’Ti"0"Al “Mg "OH Poor Balanced Unstable Unlikely
10 'Ti"A1"0'Mg 'Si "OH , Very good Balanced Stable Likely
11 '"Ti"AlI"A1Y0,'Mg “Mg "Si "OH, Very good Big DI(Y-0) Stable Reasonable
12 “Ti"0,’Mg "OH, Poor Small DI(Z-0O) Stable Unlikely
13 "AL’Ti'Al'0,"Mg ,"Mg "Si "OH | Poor Big DI(Y-0) Unstable Unlikely
14 'Ti’Al0,'Mg ‘Mg "OH Poor Big DI(Y-0) Stable Unlikely
15 "AFTi"O,'Mg ‘Mg "OH Poor Balanced Stable Unlikely
16 “0O0'Ti'Na "Al Very good Balanced Stable Likely
17 “O0'Mg’TiNa 'Al Mg Poor Balanced Unstable Unlikely
18 *“O'Ti"O*Na 'Mg "OH Good Balanced Stable Reasonable
19 “O'Ti"AI“AlI"AL"O*Na "Mg_“Mg "Si ,”OH Poor Balanced Stable Unlikely
20 “OAFTI’AI"O*Na Mg “Mg 'Si "OH Poor Balanced Stable Unlikely
21 *0O0'Mg’Ti,"O"Na Al Al ‘Mg "OH Poor Small DI(Z-0O) Unstable Unlikely
22 0O0'Ti,’Al"0,"Na "Al 'Mg ‘Mg "OH Poor Big DI(Y-0O) Stable Unlikely
23 *Ca'Ti’Al"O*Na *Al-'Si "OH , Very good Big DI(Y-0O) Stable Reasonable
24 *Ca’Ti'Mg"0"Na_ "Al- “Al "OH Very good Big DI(Y-0) Stable Reasonable
25 *Ca'TV’Al"0,"Na 'Al- ‘Mg "OH , Poor Big DI(Y-0) Unstable Unlikely
26 “Ca'Ti*AlI’"A"0O,"Na_ "Mg “Mg Si "OH , Poor Big DI(Y-0) Stable Unlikely

3.4. Long-distance structure constraints

Short-range constraints (here bond valences and their
sums) control the nearest neighbourhood of atoms at
structural sites and thus determine the short-range struc-
ture. The stable local arrangements, as building blocks,
determine the formation of larger clusters of polyhedra,
which can have either ordered or disordered distribu-
tions of cations (Bosi 2011). This forms the long-range
structure, which is mainly determined by spatial/steric
constraints (imposed by translational symmetry) that
restrict the number of ion-bonding ways in three-dimen-
sional space. For a long-range structure to be stable, it
must satisfy both short-range and long-range constraints.
Therefore, all involved short-range arrangements must
be consistent with geometrical requirements and with
specific long-range interatomic distances (Bosi 2018).
This allows for the empirical determination of the long-
range stability field based on the structural geometry and
size of ions.

In tourmalines, the long-range structural stability can
be determined from the ratio of <Y-O> and <Z-O> bond
lengths (Bosi 2018). Their ratio can be expressed by the
maximum difference of ca 0.15 A between <Y-O> and
<Z-O> (Bosi and Lucchesi 2007); the empirical borders

are shown in Fig. 9. Based on the empirically determined
field of stability, we can refute components 3, 5, 9, 13,
17,21, and 25 as long-range unstable and unlikely to oc-
cur in a tourmaline structure. Component 1 is very near
the edge of the stable-structure field, which lowers its
likelihood but does not negate it. All other components
are likely stable considering long-range constraints.
Among them, components 2, 7, 16, and 23 are closest
to the natural dutrowite (Biagioni et al. 2023), which
increases their likelihood, though it does not make the
other components unlikely.

However, comparing the calculated short- and
long-range constraints reveals contrasting results. All
components with <Z-O> below 1.92 A, including those
that seem to be long-range stable, are unstable when
short-range constraints are applied. The common feature
of these components is Z-site occupancy exclusively by
Al**, or by a combination of AI** and Ti*". This clearly
indicates that in R**-bearing tourmalines, short-range
constraints strictly require a certain (nonzero) degree
of R**-R3" disorder at octahedral sites. A divalent cat-
ion, usually Mg?", stabilizes the local structure. This is
clearly different from Li-bearing tourmalines, which
can be stable even with “Al**, occupancy (Bacik and
Ertl 2025).
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4. Conclusions

The probability and structural stability of all 26 compo-
nents were assessed using the BoVaToM 1.2 program,
<Z-O> vs. <Y-O> diagram (Fig. 9), and evaluation of
reasonable distortions/bond-length deviations (Figs 3 and
8). On the basis of these criteria, the components were
classified into three categories: likely, reasonable, and
unlikely (Tab. 10). Most components were designated
as having poor calculated bond valences, which were
fully consistent with the results of the <Z-O> vs. <Y-O>
diagram. Following this initial selection, only nine com-
ponents (2, 6, 7, 8, 10, 11, 16, 23, 24) were considered
likely, and two (1 and 18) were considered reasonable.
Considering the known stability range of distortion pa-
rameters, components 7, 11, 23, and 24 were excluded
due to the pronounced distortion of their YO, octahedra.
Subsequently, the diagram illustrating acceptable bond-
length deviations at the 7 site (Fig. 3) further reduced the
number of the most likely components to six: 2, 6, 8, 10,
16, 18 (plus possibly component 1, which is likely to be
only of marginal stability).

The results indicate that the most probable mechanism
of Ti*" incorporation into the tourmaline structure in-
volves substitutions at the octahedral sites. The increased
bond valence at the Y site is efficiently distributed among
the remaining sites, resulting in a reasonable adjustment
of both bond-valence sums and bond-length values.
Incorporation of Ti*" at the Z site appears less favour-
able, yet reasonable. The only acceptable component
(6) does not induce any significant structural changes;
the slightly elevated BVS values for O1 and O4 remain
within reasonable limits. Calculations further show that
Ti*" incorporation at the 7 site is unlikely but not impos-
sible; the minor underbonding of O3 and overbonding of
04 remain structurally tolerable.

The incorporation of Ti* into the tourmaline struc-
ture is indisputably feasible; however, its abundance
is likely limited. The attempt to introduce two Ti*" at-
oms per formula unit resulted in substantial distortion
of the O, octahedron and severe underbonding of O1
and O2 (Tab. 4). Consequently, the structurally toler-
able amount of Ti*" is restricted to approximately one
apfu and is further dependent on the specific chemical
composition.
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