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The crystal-chemical autopsy of octahedral sites in Na-dominant
tourmalines: octahedral metrics model unconstrained by the
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The structure of tourmaline-supergroup minerals includes two types of octahedral sites: the ZO, octahedron is smaller and
more distorted than the YO, octahedron. The octahedral sites metrics were studied and their dependency on the chemical
composition unconstrained by Y,Z-site disorder assignment. Published chemical and structural data were collected from
American Mineralogist Crystal Structure Database for tourmaline samples belonging to dravite—schorl, schorl-elbaite
(including tsilaisites) and schorl (+ dravite)—olenite series. Correlation analysis of this dataset provided the evidence of
cation distribution between sites — Al and Mg are disordered between Z and Y sites, while Fe (mostly ferrous), Li and
Mn strongly prefer Y site. Irregular cation distribution results in the variable metrics of both octahedra in tourmalines.
It is the function of well-balanced relations between cations at octahedral and neighbouring sites based on bond-valence
variations due to different ionic charges. Considering Z and Y cations, there is a dependence of the cation charge difference
and the octahedral metrics. The most pronounced irregularity of both octahedra was observed in elbaite samples with the
largest charge difference between Li and Al. In contrast, “buergerite” samples with trivalent Fe and Al at both octahedral
sites have both octahedra almost isometric. Schorl and dravite samples display an increasing metric irregularity related
to the Al and Mg content; increase in Mg reduces irregularity because Mg is distributed between both octahedral sites
balancing charge difference. In contrast, Fe-rich and Al-rich schorl samples display larger irregularity which may result
from selective incorporation of Fe* to the ¥ site. In olenite samples, the irregularity of both octahedra decreases with an
increasing Al content. These variations are related to the shared edge of ZO, and YO, octahedra including both O3 and
06 site where bonds of both anions are balancing bond-valence requirements of the stable electroneutral structure. In
addition to the bond-valence relations, effects of the internal geometry of atomic shells should be also considered, i.e.
Jahn-Teller distortion that can be decisive factor in cation occupancy. Especially Fe** can strongly prefer YO, octahedron
whose prolonged tetragonal dipyramidal geometry is more favourable for Fe*" in (tzg)“(eg)2 configuration.
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vacancies (Henry et al. 2011), although Ti structural
position is not clear yet.

Although the site occupancy usually follows Gold-
schmidt rules (ionic radii of cations occupying the Z site
are lower and therefore the ZO, octahedron is smaller),
local structural and bond-valence requirements may result
in various cation disorder. Along with the AI-Mg disorder
(Hawthorne et al. 1993), the Cr and V disorder between Y
and Z sites was documented (Bosi et al. 2004; Cempirek
et al. 2013; Bosi et al. 2017).

1. Introduction

The structure of tourmaline-supergroup minerals with
the general formula XY,Z (7,0 )(BO,),V, W includes
two types of octahedral sites (Henry et al. 2011). The
Z0, octahedron is smaller than the YO, octahedron and
is more distorted (Henry and Dutrow 1996). Although
the Z site is predominantly occupied by trivalent cat-
ions, usually Al, some tourmaline end-members have
Cr, V, or Fe’" as the dominant Z-site cation accompa-

nied by Mg. Moreover, some Ca-dominant tourmalines
have Z-sites occupied by both Mg and Al (Henry et
al. 2011) and ‘Mg occupancy also can increase due to
Al-Mg disorder (Hawthorne et al. 1993). The Y site
can accommodate a larger range of valences of avail-
able elements such as monovalent Li, divalent Fe, Mg,
Mn, trivalent Fe, Al, Cr, V and tetravalent Ti and also

The order-disorder reactions were previously studied
in detail by structure refinement methods (Grice and Er-
cit 1993; Hawthorne et al. 1993; Bloodaxe et al. 1999;
Ertl et al. 2003, 2010, 2012; Bosi and Lucchesi 2004;
Marschall et al. 2004). More general statistical approach
was applied on Mg, Al and Fe ordering at octahedral
sites in schorl—dravite series (Bacik 2015). Here, the
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focus is broadened to include other Na- and Al-dominant
tsilaisitic—elbaitic, olenitic and buergeritic tourmalines
(including those artificially prepared by heating experi-
ments that, however, may not be stable regarding bond
lengths and disorder). The mutual dependence of selected
octahedral bond lengths, bond-valences, octahedral met-
rics and the site occupancy is studied. This allowed to

Fig. 2 Framework of ZO, sites connected to triplets of YO, octahedra.

Fig. 1 Structure of tourmaline-super-
group minerals.

assess structural factors contributing to geometry of the
octahedral sites in Na-dominant tourmalines.

2. Tourmaline crystal structure

Tourmaline-supergroup minerals are cyclosilicates with
a relatively complex structure (Fig. 1). The oldest pub-
lished structure analysis of tourmalines featured five
different cation sites of variable coordination — one tet-
rahedral T site, two octahedral Z and Y sites, polyhedral
X site, triangular B site, and eight different anion sites —
— 01-08 (Hamburger and Buerger 1948; refined by Ito
and Sadanaga 1951). The “Buerger” structure is accepted
until now. The tourmaline structure can be described as
the 3D framework of edge-connected ZO, octahedra,
interconnected by regularly distributed structural “is-
lands” (Fig. 2). These comprise six-member rings of 70,
tetrahedra, triplets of YO, octahedra, large 9-coordinated
X sites and BO, triangles (Bosi 2017).

2.1. Cationic sites

The most prominent feature of the tourmaline structure is
represented by the ring of six 70, tetrahedra, which are
connected by two O* anions. The apical oxygen atoms
(06) are directed to the same (—c) pole of the crystal
structure (Donnay and Buerger 1950; Barton 1969). The
T site is in majority occupied by Si; it usually shows only
a low degree of substitution. The most usual substituent
is Al (Henry and Dutrow 1996), which in some cases can
reach 0.85 apfu (Nishio-Hamane et al. 2014). The tetra-
hedron can also be occupied by B (e.g. Ertl et al. 2002a,
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2006, 2007, 2008, 2015; Hughes et al. 2004; Lussier et
al. 2008, 2009; Kutzschbach et al. 2016, 2017).

The rings of tetrahedra are connected to two types of
octahedra — ZO, and YO,. The ZO, octahedron is smaller
than the YO, octahedron and is more distorted. It is con-
nected to the 7' (3x), Y (2x), and B (2x) sites (Ertl et al.
2002b). As mentioned above, ZO, octahedra form 3D
framework (Bosi 2017).

The Z site is dominantly occupied by trivalent cations,
usually by Al, but the end members of the tourmaline
group including chromium-dravite, oxy-vanadium-
dravite, oxy-chromium-dravite, vanadio-oxy-chromium-
dravite, and povondraite have Cr’**, V3, or Fe’' as the
dominant cation at the Z site. In uvite, fluor-uvite,
feruvite, povondraite and chromo-alumino-povondraite,
oxy-dravite, and bosiite, the Z site is occupied by Mg in
addition to Al (Henry et al. 2011; Bosi and Skogby 2013;
Ertl et al. 2016).

The Y site is relatively regular octahedron larger in
size than the Z site. The YO, octahedron is connected by
O atoms with X (2x), T (2x), Z (3%), and B (2%) sites. The
Y site can accommodate a range of cation valences such
as monovalent Li, divalent Fe, Mg, Mn, trivalent Fe, Al,
Cr, V, and tetravalent Ti. Excess or decrease in charge can
be balanced in neighbouring Y sites (Li* and AI*") or in
other cation or anion sites (Al** in 7, Mg in Z, O for OH
in V and W) (Foit and Rosenberg 1979).

The polyhedron around 9-coordinated X site has a
shape of a trigonal antiprism centred on the threefold
symmetry axis (Henry and Dutrow 1996). The XO, poly-
hedron is connected through O atoms to 7 (6x), Y (3%),
and B (3x) sites. The X site is usually occupied by Na and
Ca but often can be vacant. According to the valence of
cations present at the X site, tourmalines can be divided
into three groups: (1) alkali (Na + K are dominant),
(2) calcic (Ca) and (3) vacant (Hawthorne and Henry
1999; Henry et al. 2011).

Triangular BO, groups are nearly perpendicular to ¢
and connect to the vertices of ZO, and YO, octahedra.
The BO, group shares O with Z (2x), ¥ (2x), and X
(3%) sites. Boron is the only cation entering the B site.
Although some presence of vacancies in the B site was
expected, no spectroscopic or structural studies found a
clear evidence for the hypothesis (Grice and Ercit 1993;
Hawthorne 1996).

2.2. Anionic sites

There are 31 anions in the structural formula of tourma-
line. Anions present at the vertices of polyhedra are lo-
cated at 8 sites, O1-O8. Oxygen occupies O2 and O4-08
exclusively. The O2 site connects two Y sites, X and B
site. The O4 and OS5 sites connect two tetrahedra within
T,0,, rings. The O6 site links Z and Y sites to T site, O7

site connects the Z site with T site. The B site shares O8
with the Z site.

One O1 (W) site and three O3 (V) sites can accom-
modate monovalent anions OH, F-, or a divalent anion
O? (Henry et al. 2011). The W (O1) site is located on the
threefold axis and represents the common vertex of three
YO, octahedra. Therefore, all Y-O1 bonds are crystal-
lographically equivalent (Hawthorne 1996, 2002). From
the bond-valence point of view, there are two different
situations possible: 1) W = OH~ or F~ with bond valence
¢. 0.33 vu; 2) W= 0> — bond valence is ¢. 0.67 vu (vu
= valence units; Hawthorne 1996, 2002). The substitu-
tion of O for OH results in/from the increase of charge
requirements in the neighbouring Y sites and the substitu-
tion of R** for divalent cations.

The V (O3) site is coordinated by one Y and two Z
cations forming triangular pyramid, an arrangement simi-
lar to the W position, but with a different bond valence
among the J and cations in octahedra (Hawthorne 1996,
2002). In most tourmalines, this site is occupied by an
OH™ anion with an exception of fluor-buergerite and (the
hypothetical endmember) olenite with O>". The pres-
ence of O at this site increases negative charge, which
is balanced by substitution of trivalent (Fe**, AI*") for
the divalent cations in the octahedral Y site (Hawthorne
1996). Fluorine cannot occupy V site for steric reasons
(Hawthorne 2002).

3. Bond length vs. occupancy dependency

Published chemical composition and structural data were
collected from American Mineralogist Crystal Structure
Database (Downs and Hall-Wallace 2003) for tourmaline
samples belonging to dravite—schorl, schorl—clbaite (in-
cluding tsilaisites) and schorl (+dravite)-olenite series.
These are divided according to their general composi-
tion and dominant substitution trends. Shortened names
(schorl—dravite, elbaite, olenite and “buergerite” samples)
are used. Consequently, schorl—clbaite series (shorter
name — clbaite samples) includes not only elbaite but
also Li-rich schorl, Mn-rich elbaite and tsilaisite. Olenite
samples include Al-rich schorl, dravite and olenite. Note
that some of “olenite” samples in the database have ole-
nite formula (Al dominant at Y site) only in disordered
form, in ordered form these have dravite or oxy-dravite
formulae. Full list of samples is in the supplementary
material (Tab. S1).

Chemical composition was determined from electron-
microprobe data (EMPA) because its accuracy exceeds
other analytical methods. Several compositions were
determined, along with EMPA, also by Mdssbauer spec-
troscopy and various techniques for Li-B—H measure-
ment. Total cation contents unconstrained by Y,Z-disorder
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assignment, which may suffer subjective inconsistencies,
were utilized. Structural information is focused on the
all specific bond lengths at octahedral sites, not only on
their average (Fig. 3), because the quality of the modern
structural analyses is very high and errors in the specific
sites locations and, consequently, bond lengths are very
low. Cation contents and bond octahedral lengths were
subjected to the correlation analysis.

3.1. YO, octahedron

Bond-length and chemical composition analysis in YO,
octahedra revealed some intricate dependencies.

Total Fe displays positive correlations with all bond
lengths except Y—O2 that is without a clear correlation
or with a weak negative correlation in schorl-dravite
series (Fig. 4a—d). In olenitic tourmalines, similar be-
haviour is observed but there is a positive trend indicated
between Fe and Y—0O2. It is similar to elbaitic—tsilaisitic
tourmalines, which, however, have weaker positive or
even no clear correlations of Fe to other bond lengths.
”Buergerite” samples are totally outside the general trend
due to the dominance of Fe**, which have a significantly
smaller ionic radius than Fe*".

In contrast, Mg displays negative trends with all
bond lengths except with Y-O2, which shows a positive
correlation in the schorl-dravite series (Fig. 4e—h). In
other tourmalines, correlations are limited due to low
Mg content. However, part of olenite samples are inside
the schorl-dravite trend. Their composition expressed
in ordered formula is mostly dravitic but they were
described as olenite samples due to extensive Al-Mg
disorder resulting in Al-dominance at the Y site (Ertl et
al. 2003; Bosi and Lucchesi 2004). However, there is
no difference in bond-length and occupancy dependen-
cies between these tourmalines and those described as
dravite samples.

There is a difference between the schorl-dravite series
and other tourmalines based on the Y-O bond-lengths
and the total Al content (Fig. 5). Schorlitic and dravitic
tourmalines and “buergerite” samples display a negative
correlation only between Al and O2, which was described
as result of bond-valence requirements in Al-rich tourma-
lines with preferential “Al occupancy resulting in a weak-
ened Y-0O6 bond and consequent Y—O2 bond shortening
(Bacik 2015). In contrast, Al-rich and Mg-poor olenite
samples, elbaite samples and tsilaisites display a negative
correlation of Al to all bond lengths. However, in case of
Y-02 and Al, all tourmalines fall into one unique trend,
which suggests that this is a general property of (at least)
YAl-dominant tourmalines.

The Mn and Li content in schorl-dravite and
“buergerite”—fluor-buergerite series is distinctly lower
than in elbaitic and olenitic tourmalines, in most cases
one or both cations were not analysed or listed in the
chemical composition (Electronic Supplementary Mate-
rial, Figs S1-2). Consequently, these tourmalines are
missing in the above-mentioned correlation plots. Inter-
estingly, Mn does not display any correlation with bond
lengths except Y—06, although Mn*" has a larger ionic
radius than A3, Mg?" and Li* and similar to Fe*". This
different behaviour to chemically similar Fe likely results
from its affinity to Li-bearing tourmalines, in which in-
creased YAl content has an opposite effect on expansion
induced by the presence of "Mn. It is well documented
by the negative correlations between Li and bond lengths
in YO, octahedra. However, there is a difference between
olenite samples and elbaite—tsilaisite samples; olenite
samples display larger reduction in bond lengths.

=
Fig. 4 Plot of total Fe vs. a — Y-O1, b — Y-02, ¢ — Y-03, d — Y-06
bond lengths and total Mg vs. e — Y-O1, f — }-02, g — Y-03, h — Y-06
bond lengths.
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Fig. 5 Plot of total Al vs. a — Y-O1, b — Y-02, ¢ — Y-03, d — Y-06 bond lengths.

By comparing O1-Y-03 and O2-Y-06 distances,
which represent the dimensions of the whole YO, octahe-
dron, we can get a visualisation of octahedron geometry
(Fig. 6). There are two distinct trends visible; the first
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Fig. 6 Plot of O1-Y-03 vs. 02-Y-06 distances.
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includes schorl—dravite series and “buergerite” samples,
the second elbaite and olenite samples. The latter trend
displays larger reduction in O2—-Y-06, which suggests
more pronounced expansion in O1-Y—03 direction. This
may result from an increase in Al**, which, if oversatu-
rated, occupies a larger proportion of YO, octahedra in
the formula unit. A compression due to stronger bonding
is, therefore, more pronounced in Y-0O2 and Y—O6 bonds.

3.2. ZO, octahedron

Similar analysis in ZO, octahedra also revealed differenc-
es between compositional types of tourmalines; olenite
samples, elbaite samples and tsilaisites formed different
trends compared to schorl samples and dravite samples.
Moreover, differences were observed in the behaviour of
selected cations.

The relationship between Fe content and bond lengths
in the ZO, octahedron is somehow ambiguous (Fig. 7).
There are differences among schorl—dravite, elbaite,
olenite and “buergerite” samples. The set of schorl to
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Fig. 7 Plot of total Fe vs. a — Z-03, b — Z-06, ¢ — Z-07, d — Z-07’, e — Z-08, f — Z-08’ bond lengths.

dravite samples (updated from Bacik 2015) displays the =~ show no significant dependency of Fe on any bond length

same behaviour as already described — negative correla-  which also indicates the absence of Fe?' at the Z site.
tion to Z-03, Z-06, Z-07, Z-08 and Z-0O8’ bonds, no  “Buergerite” samples are out of the general trend in most
dependency on Z-O7’ bond. These counterintuitive cor-  cases which can be attributed to the dominant O* at the

relations suggest that Fe?* with ionic radius larger than O3 site. Moreover, “buergerite” samples display signifi-
Al and Mg does not enter the Z site in any significant  cantly larger Z-07°, Z-08 and Z-0O8’ bond lengths than
proportion (Bacik 2015). Elbaite and olenite samples  other tourmalines suggesting possible presence of “Fe*".
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A positive correlation of Mg and Z-O bond lengths docu-
ments partial presence of this element at the Z site in all Mg-
bearing tourmalines (Fig. 8). It is also the only cation other
than Al, whose presence at the Z site is indicated by this
analysis. This supports previous observations (Bacik 2015).

The relations between Al and Z-O bond lengths are
the most interesting because this element is in abun-

dance in all studied samples (Fig. 9). The Z—O3 bond
length correlates negatively with Al in all tourmalines
except “buergerite” samples, which deviate from the
general trend due to "O dominance. This Z-O3 short-
ening induces expansion of other bonds, which is the
most pronounced in Z—07’ and Z—08’ bonds. In other
tourmalines, there is one general trend of the negative
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correlation between Al and Z-03, Z-07, Z-0O7’

, Z—08

and Z-08’. There is, however, difference in depen-
dency of Al and Z—06 bond length between schorl and
dravite samples on the one side and elbaite, tsilaisites
and olenite samples on the other side. The first group
displays a negative correlation, while the second cor-
relates positively. A negative correlation in tourmalines

with lower Al can be explained by the presence of “Mg
substituting for “Al; with decreasing “Mg and increasing
“Al, the bond length shortens. However, due to the low
Mg content and no other possible elements substituting
for Al, this mechanism cannot be applied to explain
positive correlation in Al-rich tourmalines. This requires
further analysis of bond valence.
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In contrast, Mn and Li display no significant correla-
tions and only small variability in bond lengths (Figs S3—
4). It suggests that the Z site of Mn- and Li-rich tourma-
lines is almost completely occupied by Al and variations
in bond lengths result from either the small proportion of
“Mg (Mg-rich olenite samples) or variable occupancy
of neighbouring sites, mainly Y site with Al, Mn and Li.

A comparison of O3-Z-07’, 06-Z-07 and O8-Z-08’
distances allows us to visualize the ZO, octahedron geom-
etry (Fig. 10). We can see linear dependency of O3—Z-07’
and O8-Z-08’ in all samples suggesting linear contraction
of the octahedron in these directions presumably due to an
increase in “Al. “Buergerite” samples are out of the trend
which is influenced, as already mentioned, by "O. However,
06—7-07 forms “smoking pipe” trend with O3—Z—07’ and
similarly strange behaviour, if compared to O8-Z-08".
Both figures (Fig. 10a, c) suggest that contraction of oc-
tahedron in the O6—Z—07 direction changes to expansion,
although the contraction continues in the other two direc-
tions. This can be explained by the bond-valence analysis.

4. Bond valence estimation

Bond valence can be calculated using the following equa-
tion (Brown 2002):

v, = exp (R, d[.[.)/b),

where: the bond valence v, is a measure of the bond
valence between two given atoms at the distance of d,-,-
(= bond length), R, is the length of a single bond (for
which v = 1) and b is a universal parameter with a typi-
cal value of 0.37 A. Default values of R, and b parameters
for were taken from Gagné and Hawthorne (2015) and
Bond valence parameters file version 2013 (Brown 2013).

For complex system of octahedral sites such as in
tourmaline, it is too complicated, or even impossible, to
determine the exact bond valences, if the exact site oc-
cupancy is not considered. The reason for this complexity
is that the bond length measured from structural refine-
ment (SREF) is the average value for many different ar-
rangements with variable occupancy. In selected mineral
series, we can use values for Al-O bond as a dominant
type in the ZO, octahedron. These resulting values are,
however, only approximate and used only to interpret the
bond-length variations at the Z site. In case of Y site, the
occupancy is too diverse to reveal any meaningful values
and therefore, will not be examined here.

Calculated bond valences for each bond were com-
pared to the total Al content. As expected, the trends are
reverse to those from bond length to Al comparison. The
Z site has a positive correlation of all bonds to Al, except
Z—06 which displays a negative correlation (decrease in
bond valence) in olenite samples.

In addition, this calculation provides approximate
values of bond valence which can be studied in further
detail. Ideal bond valences for all studied bonds (Tab. 1)
can be used for interpretation of general trends. Bonds
in the ZO, octahedron can be divided into several groups
according to bond valence values (Fig. S6):
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Tab. 1 Ideal bond lengths for selected cation—-oxygen bonds in octa-
hedral coordination calculated for empirical bond-valence parameter
values by Brown (2013) and Gagné and Hawthorne (2015)

Bond Bond valence [vu] Bond length [A]
Al-O 0.50 1.904
Fe*-O 0.33 2.1536
Mg-O 0.33 2.0991
Mn?*-O 0.33 2.2023
Li-O 0.17 2.1996
Fe*-F 0.33 2.0602
Fe3*—F 0.50 1.9355

(a) Z-03 — most tourmalines have bond valence be-
tween 0.36 and 0.40 vu. This is consistent with values
calculated for "Mg + 2 Al + ©*0OH arrangement — 0.23 vu
+ 2x0.46 vu (Hawthorne 2002) as in the case of the Y-O
bond. Similarly, the bond valence in “buergerite” samples
increases to 0.47 vu. There is a relatively well-correlated
increase in bond valence from schorl and dravite samples
to elbaite and olenite samples.

(b) Z-0O6 — “buergerite” samples have distinctly lower
bond valence (0.40-0.43 vu) which compensates the
high valence of the Z-O3 bond. It increases in schorl
and dravite samples from 0.45 to 0.52 vu. The highest
bond valence is observed in elbaite samples (0.52—0.54
vu) but it decreases again in olenite samples to 0.50 vu.
06 is shared edge of the both YO, and ZO, octahedra.
Therefore, if one considers the relatively rapid increase
in Y-O6 bond valence due to enrichment in AI** at Y, it
cannot be effectively compensated by the 7-06 bond,
although substitution of AI** for Si*" can balance it partly.
Consequently, Z—06 and Y-O6 bonds influence each
other and balance bond valence variations.

(c) Z-O7’ — this bond has a different behaviour to Z—O7
because it is the counterpart of Z—O3 bond in the octahe-
dron and furthermore, in two ZO, octahedra joint by O3
site, two O3—-Z-07’ body diagonals are interconnected
in almost straight line (bending only due to bond angles
different than 90°). Therefore, the Z—O7’ bond reflects the
variations at O3 site. “Buergerite” samples have lower
bond valence (0.34 vu) than other tourmalines again. It
results from the presence of O% at O3 which induces
higher bond valence and attractive force on the cation at
Z. This prolongs and weakens the Z—O7’ bond. In other
tourmalines, the bond valence increases from 0.39 to 0.44
vu which is consistent with the increase in Al content.

(d) Z-07, Z-08 and Z-08’ — these bonds display
similar trend of linear increase in bond valence from
0.45 to 0.50 vu. It needs to be mentioned that 0.50 vu is
the bond valence of Al-O bond in the ideal octahedron
(Tab. 1). It is supported by the upper limit of Z-O7 and
Z—08 bond valence at 0.50 vu. The O7 and OS sites are
shared between two Z sites and B (O7) and T site (O8).
Cations in these sites have relatively high valence (Si*,
A", B*) and a low coordination number (3-6), therefore,

their bonds are stronger and less variable. Consequently,
the bond valence of Z-07, Z-08 and Z-08’ at full “Al**
occupancy tends to approach an ideal value of 0.50 vu.

If the sum of bond valences in the ZO, octahedron
is calculated, general trends can be observed (Fig. 11).
The bond valence sum increases monotonously from
2.5 vu in Al-poor tourmalines to 2.8 vu in elbaite and
olenite samples. In Al-poor tourmalines, there is usually
a proportion of Mg at the Z site present due to Al-Mg
disorder (Grice and Ercit 1993; Hawthorne et al. 1993;
Bloodaxe et al. 1999; Bosi and Lucchesi 2004; Marschall
et al. 2004; Ertl et al. 2010). Such a bond-valence sum
brings relatively clear evidence of this disorder, although
the sum would get higher, if disorder is considered and
Mg—O values would be used. Consequently, the real pro-
portion of ‘Mg surely is not half of the site occupancy as
suggested by the values near 2.5 vu. The bond valence
sum does not increase further than around 2.8 vu in el-
baite and olenite samples which is the upper limit for the
Z[O/(OH)] octahedron. In these tourmalines, it can be
supposed with confidence that the Al occupancy of the Z
site is close to 100%.

5. Octahedral metrics

For determination of the overall octahedral geometry, the
most frequent distortion parameters used in mineralogy
and crystallography are: 1) quadratic elongation (Robin-
son et al. 1970) and volume distortion (Makovicky and
Balic-Zunic 1998), which give a measure of the global
distortion of an octahedron; 2) bond-length distortion
(Brown and Shannon 1973), which contributes to vary
the global distortion; 3) bond-angle variance (Robinson
et al. 1970), which is a measure of angular distortion with
respect to a regular octahedron and also contributes to the
global distortion.
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Fig. 11 Plot of total Al vs. bond valences sum in the ZO, octahedra.
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If individual bond lengths are considered, the octahe-
dral geometry can be expressed by the octahedral metrics
and the deviation from the ideal octahedron. Consider-
ing O* ionic radius (1.36 A in 3-fold and 1.38 in 4-fold
coordination, Shannon 1976), the R—O bond length is
equal to 1.92 A. By subtracting the O* ionic radius, we
get a central-cation ionic radius of 0.54-0.56 A. The
ionic radius of AI*" in octahedral coordination is equal
to 0.535 A (Shannon 1976). It is very close to the ideal
value; consequently, isolated Al**-bearing octahedron
should not be subjected to any bond-length distortion in
the rigid-sphere model. If any distortion occurs in real
structures, it should be attributed to the influence of sur-
rounding polyhedra.

However, the ideal AI-O bond length for octahedral
coordination calculated using bond-valence approach
(Brown 2002) is slightly shorter — 1.9043 A. This indi-
cates that attractive electrostatic force of AI** results in
larger shortening of Al-O bonds compared to the ideal-
octahedron model with bond-length determined by (cat-
ion + anion) ionic radii. This can explain decrease of the
average bond lengths of the ZO, octahedron of all studied
tourmalines, where the <Z-O> distance is below 1.92
A (Tab. S2). This is the case for both Z-O7 and Z-O8
bonds. Both Z-03 and Z-O7’ bonds are longer. The Z-03
bond length is expanded due to OH group dominance at
O3 site which also causes the elongation of Z—O7’ bond.
The O-H bond valence, which is slightly lower than 1 vu
due to hydrogen bond, reduces in the Z—O3 bond valence
to 0.36 vu (Fig. S5a).

However, the Z-O6 bond length in the most Al-rich
tourmalines is distinctly lower than 1.8765 A, calculated
for the ideal Al1-O bond. The straightforward explana-
tion results from the comparison of each bond valence. It
exceeds 0.50 vu in elbaite samples and in part of olenite
samples where it balances the bond-valences in a very
complicated relationship between YO, and ZO, octahedra.
This suggests that the usually used rigid-sphere model is
insufficient, not only in the case of the Jahn-Teller distor-
tion (e.g. Goodenough 1964; Burns and Strens 1967; Faye
1968; Ito and Hafner 1974; Burns and Hawthorne 1996;
Kyono et al. 2012; Bacik et al. 2014; Ertl et al. 2015;
Fridrichova et al. 2017), but short-range bond-valence ef-
fects also influence the geometry of ions and coordination
bodies in the interaction between “spherical” ions.

5.1. Octahedral bond-length metrics

The bond-length distortion can be calculated as A =
1/6 3. [(d, — d )/ d_]*, where d, is each individual Y-O
or Z-O bond length and d_ is <Y-O> or <Z-O> (aver-
age) bond length (Ertl et al. 2002b). However, the shape
of octahedral and its divergence from the ideal metrics
can be also expressed as the ratio of two opposite bond

lengths sums, which approximates for the octahedral
space diagonals. The YO, octahedron has a monoclinic
m symmetry and is prolonged in the O1-Y—03 direction
due to the dominant OH occupancy of both O1 and O3
sites in most tourmalines. Because both Y—0O2 and simi-
larly both Y-O6 bonds are related to each other by the
mirror plane, both O2-Y-06 distances are equal. Only
“buergerite” samples display a shortening in O1-Y-03
direction, which produces an almost regular, only slightly
flattened YO, octahedron.

The ZO, octahedron is also prolonged in the O3-Y-07
direction due to the dominant OH occupancy at the O3
site in most tourmalines. However, it has lower symme-
try because none of the bonds is related to any other by
any symmetry operation. Consequently, the ZO, octahe-
dron has triclinic metrics with O3—-Y-07 > 08-Z-08’
> 06-Z-07. The reasons for variations in each of the
octahedron metrics will be discussed in detail in sections
5.2 and 5.3.

5.2. Metrics of the YO, octahedron

Variations in bond and angular distortions in the YO,
octahedron are larger than in the ZO, octahedron. Such
distortions are influenced by both the occupying cation
size and the neighbouring polyhedra. However, the effects
of individual factors are difficult to separate (Ertl et al.
2002b). The cation influence on the octahedral angular
distortion decreases from Li—Al tourmalines with the
largest distortion to Mg tourmalines (dravite, uvite) with
the smallest distortion. Therefore, the smallest Ti*" and
AP cations produce the highest distortion (Ertl et al.
2002b).

The largest octahedral distortion (A ) was observed
in Al-rich tourmalines elbaite and olenite (Ertl et al.
2002b). In the studied set, such tourmalines display a
relatively uniform negative correlation of Al to all bond
lengths in YO, octahedron (Fig. 5). The octahedral met-
rics ratio, calculated as O1-Y-03/02—-Y-06, is also the
largest in elbaite samples — more than 1.05 (Fig. 12).
Manganese displays no correlation to any bond length,
except Y—0O6. Lithium shows a negative correlation to
each bond length, although the Li—O bond length is
similar to Mg—O and Fe*—O (Tab. 1). Such a negative
correlation is present in elbaite and olenite, although the
trend is different in these tourmalines. This suggests that
in this case, the degree of the octahedral distortion is a
function of the Al content.

“Buergerite” samples (fluor-buergerite, buergerite) dis-
play the lowest O1-Y—03/02-Y-06 ratio of 0.99-1.01.
Consequently, the YO, octahedron is relatively regular in
such tourmalines. However, there is a difference between
(natural) fluor-buergerite samples (Tippe and Hamilton
1971; Grice and Ercit 1993) and buergerite produced
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from schorl by the heat treatment (Ertl et al. 2012). Fluor-
buergerite has a relatively long Y-O1 bond — ¢. 2.10 A,
while Y-03 is significantly shortened (c. 1.95 A — Tippe
and Hamilton 1971). The shortening can be attributed to
the dominant occupancy of O3 site by O*. Interestingly,
the observed Y-O1 bond length does not approach the
ideal Fe**—F bond length of 1.9355 A. The ideal Fe**—F
bond length is closer to the measured values — 2.0602 A.
The most likely explanation is that Y-O1 bond length is
the average of Fe**—F, Fe**—F, and Fe>*~OH bond lengths
(possibly with additions of other cations). Nevertheless,
nothing indicates that O* is present at O1 in any signifi-
cant amount. In contrast, synthetic buergerite displays
significant shortening of both Y-O1 and Y-O3 bond
lengths. This suggests a relatively homogeneous deprot-
onation of the OH sites by heat treatment. Interestingly,
the sum of Y-O1 and Y-O3 bond lengths in both types of
“buergerite” samples is very similar. This suggests that
a deprotonation at the O3 (+ O1) site results in a smaller
irregularity of the YO, octahedron.

A reduced YO, octahedral irregularity can also be
observed in tourmalines of the schorl-dravite series.
This is consistent with a very small A__ in dravite (Ertl
et al. 2002b). The O1-Y-03/02-Y-06 ratio is highly
negatively correlated with the Mg content. Magnesium
reduces the octahedral irregularity because it is usu-
ally distributed among both Y and Z sites. Therefore,
although it significantly shortens the Y-O3 and Y-0O6
bond lengths (Fig. 4g-h), the presence of ‘Mg results
in elongation of Y-O2 bond (Fig. 4f). This effect is
typical of Mg-rich tourmalines in which simultaneous
weakening of Z-03 and Z-06 bonds due to “Mg pres-
ence results in a valence increase and a reducing of
the Y-0O6 bond. This, moreover, induces a Y-02 bond
expansion (Bacik 2015).

In contrast, Fe induces larger YO, octahedral bond-
length variations in tourmalines of the schorl-dravite
series; very Fe-rich schorl samples have an irregularity
similar to elbaite with a O1-Y-03/02-Y-06 ratio of
almost 1.05. The Y site of these tourmalines is relatively
strongly distorted octahedron prolonged in the O1-Y—
O3 direction. This geometry is typical of Fe**-bearing
Jahn-Teller distorted octahedra, which was also ob-
served, e.g., in spinels, chlorites, micas, and gadolinite-
supergroup minerals (Goodenough 1964; Faye 1968; Ito
and Hafner 1974; Kyono et al. 2012; Bacik et al. 2014).
Ferrous iron in the octahedral ligand field has the high-
spin [Ar]3d*: (tzg)“(eg)2 electronic configuration, which
is degenerated and according to Jahn-Teller’s theory
(Jahn and Teller 1937), it leads to distortion to remove
the degeneracy and spontanecously reduces its symmetry
(Burns 2005). The YO, octahedron with two weaker
opposite ligands is an ideal environment for the Fe*
cation which can also choose energetically lower and
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more stable (t, )*(e,)’ configuration with two d electrons
in axial orbitals. Consequently, it is possible that the
Jahn-Teller distortion of a Fe**-bearing YO, octahedron
is just a normal feature of a Fe**-bearing tourmaline.
Furthermore, it could be one of the important factors for
Fe?" to preferentially occupy the Y site instead of the Z
site, which is not only smaller, but also more (triclini-
cally) distorted than the Y site.
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5.3. Metrics of the ZO, octahedron

There is a very high negative correlation between
bond-angle distortion of the ZO, octahedron and <Y-
O> bond length for all tourmalines where O3 site is oc-
cupied by OH (Ertl et al 2002b and references therein).
Thus, the occupancy of the Y site greatly influences
the distortion of the Z site with which it shares edges.
Only a few tourmalines with relatively high amounts
of Y-site cations with a 3+ charge (Fe’* and Al*") do
not fit the linear correlation. These samples include
fluor-buergerite, in which O3 is occupied mainly by
O* (Dyar et al. 1998), and oxy-rossmanite (Ertl et al.
2005) and olenite (Ertl et al. 2012), where some O*
occupies the O3 site. The A | values vary between 0.34
and 0.48 (Ertl et al. 2002b).

As mentioned above, the ZO, octahedron displays
triclinic metrics with three variable O3-Y-07’,
06-2-07, O8-Z-08’ sizes. Therefore, the metrics of
the ZO, octahedron compared to an ideal undistorted
octahedron should be expressed by three ratios: O3—Y—
07°/06-Z-07, 03-Y-07°/08-Z-08’ and 0O6-2Z-07/
08-7Z-08".

Schorl and dravite samples display similar trends of an
03-Y-07’/06-Z-07 increase and O6—Z-07/08-2-08’
decrease with an increasing Al and Fe (Fig. 13). Because
usually no significant proportion of Fe?* enters the Z site
(Bacik 2015), these trends can be attributed to Al solely.
In case of Mg, the relationships are reverse, which means
that Mg is negatively correlated to O3—Y-07’/06—2-07
and positively to the 06—-Z-07/08-Z—08’ ratio (Fig. 13).
Consequently, variations in metrics can be related to an
Al-Mg substitution at the Z site. Interestingly, there is
no clear correlation between the O3—-Y-07’/08-Z-08’
ratio and the content of any studied cation. This suggests
that expansion and compression in these directions are
regular and the octahedral metrics is changing due to
the irregularity in the O6—Z—07 direction and mostly by
the Z—O6 bond.

This can also explain the behaviour in elbaite and
olenite samples. In elbaite, the Z—O6 bond is the shortest
because the AlI-O bond of the Z site which is (almost)
fully occupied by Al is distinctly stronger (ideally 0.5
vu) than the Li-O bond (0.17 vu) of the YO, octahedron.
Therefore, elbaite samples display the largest compression
in the O6—Z—-07 direction and thus also, the octahedral ir-
regularity of all studied tourmalines. This is in agreement
with the observation of the largest distortion of the YO,
octahedron in elbaite samples. Consequently, the signifi-
cant differences in charge of Li* and Al** and their bond
valence result in a relatively large bond-length irregularity
of both octahedra to accommodate these cations.

This is different in olenite samples, in which >8
apfu Al occupies the octahedra. The proportion of "Al

increases with balancing of the bond valences between
Z-06 and Y-06. Therefore, the compression of the ZO,
octahedron stops and then it starts to expand in O6—-Z-07
direction with increasing Al, while it continues with a
relatively regular compression in the other directions. The
decrease of the Z—O7 bond length goes hand in hand with
an increase of Z—06, resulting in a consequent decrease
of the ZO, distortion. All ZO, metrics are shifting towards
1.00 representing an ideal octahedron.

As expected, “buergerite” samples (fluor-buergerite,
buergerite) are completely different. Comparing Z—07
and both Z—O8 bond lengths, such tourmalines are in the
general trend with schorl and dravite samples (Fig. 9), be-
cause these bonds are relatively limited in bond-valence
variations due to their neighbourhood with high-valence
bonds (Si—O, B-0O). The Z-03 bond is distinctly shorter
due to O* occupancy at the O3 site. This is balanced by
weakening and elongation of Z—06. Furthermore, these
effects are accompanied by a strengthening of Y-06 due
to Fe’* at the Y site. Consequently, the ZO, octahedron
exhibits a very low irregularity, which is close to the ideal
value of 1.00 (Fig. 13).

6. Conclusions

The metrics of octahedra in tourmalines result from well-
balanced and intertwined relations among cations. These
are based on bond-valence variations due to different
charges of occupying cations and anions. The influence
of the O1 and O3 occupancy on the octahedral sites was
already described. However, more significant on the
octahedral metrics are the Y- and Z-site cations. The ir-
regularity at these sites is larger, when the difference in the
charge of the occupying cations is larger. Elbaite samples
with the largest charge difference between Li and Al dis-
play the largest irregularity of both octahedra. In contrast,
“buergerite” samples (fluor-buergerite, buergerite) with tri-
valent Fe and Al show only small irregularity of octahedral
sites closely approaching ideal octahedral metrics in both
cases. These variations mainly occur at the shared edge of
the ZO, and YO, octahedra — not only at the O3, but also at
06 site. This demonstrates the problems of the rigid-sphere
ionic model for the description of some structural issues.
Moreover, effects of internal geometry of atomic shells
should be considered — such as Jahn-Teller distortion,
which can be the critical factor for the cation occupancy.
Mainly Fe?" but also Mn*" (which was not addressed here)
can be very specific in favour of the YO, octahedron.
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