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Abstract: Twelve tourmaline specimens spanning the entire range of Fe—~Mg substitu-
tion were analyzed by electron microprobe and crystal-structure refinement to deter-
mine partitioning of these elements into the 2 octahedral sites, ¥ and Z. For each speci-
men the empirical formula, cell parameters, atomic coordinates, mean bond lengths,
atomic site occupancies and bond-valence sums are given. Disorder of Mg between the ¥
and Z sites of the tourmaline structure is relatively common for many compositions and
significantly complicates formula calculation. To enable formula calculation in the
absence of detailed structural information, structural-compositional correlations were
sought. A good correlation exists between the partitioning behaviour of Mg and total
Fe/(Fe+Mg), i.e. Mg(Y) = 3 [1 — Fe/(Fe+Mg)], but the Y=site Mg content can only be
reliably calculated with this equation for compositions with FeOf(total) greater than
7 wt.%. However, the Mg content at the Z site (and by deduction, at the Y site) can be
calculated for all compositions from the chemical composition and unit cell volume (1)
by: “[Mg/(Mg+Al)] = 0.209 {exp[(V-1540)/40] — 1]. The substitutions of Ti** and B for
Si and of OH and F for O are discussed. The method of calculation for the correct
empirical formula of a tourmaline is given.

Introduction

The crystal structure of tourmaline was first correctly solved by Ito & Sapa-
NAGA (1951). Subsequent structure refinements of the various tourmaline
species include: dravite (BuerGeR et al., 1962), buergerite (BarTon, 1969), el-
baite (Donnay & Barton, 1972), schorl (Fortier & DonnNay, 1975), uvite
(ScuMETZER et al., 1979), liddicoatite (NuBer & ScHMETZER, 1981). Al-rich el-
baite (olenite) (Gorskaya et al., 1982), feruvite (Grice & RoNson, 1989) and
povondraite (GRiCE et al., 1993). At present the only species of tourmaline for
which there is no structure refinement is chromdravite (RumanTseva, 1983),
but NUBER & ScHMETZER (1979) have refined the structure of a Cr-rich dravite.

During the crystal-structure refinements of feruvite and povondraite it be-
came apparent that Fe and Mg do not follow previous assumptions for site par-
titioning, i.e. Mg and Fe?* at the larger Y'site and Al’* and Fe** at the smaller Z
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site. The first exception to these assumptions was the determination of Fe’* in
the Y site of buergerite (BaRTON, 1969). ForTIER & DONNAY (1975) refined the
crystal structure of schorl, assigning Fe’* and Fe** to the ¥ site and Fe’* to the
Z site, but on the basis of questionable interpretation of ¥Fe-M&ssbauer data
(HermonN et al., 1973).

In order to resolve the problem of Fe and Mg substitution in tourmaline, 12
specimens were chosen from approximately 50 analyzed samples which span
the entire range of Fe and Mg compositions in the tourmaline group. Care was
taken to select specimens with a minimum amount of Ti, Mn, V, Zn and Cr.

Chemical composition

The 12 specimens used in this work are listed in Table 1. In all cases, the crys-
tal used in the structure refinement was subsequently chemically analyzed.
The sample of schorl from Cross Lake, Manitoba was analyzed at the Univer-
sity of Manitoba with a MAC 5 electron microprobe using a Kevex energy-dis-
persion (ED) spectrometer and MAGIC V software. Operating conditions
were 15kV, 10nA (measured on synthetic fayalite), point-focus beam, 100
collection time. ED data were corrected for voltage and current drift, and line
overlaps were corrected by non-iterative spectral stripping techniques. Stand-
ards were: synthetic fayalite (Fe, Si), YAG (Al), willemite (Zn), MnF; (Mn),
NalnS$i,Os (Na), chromite (Mg). All other samples were analyzed at the Can-
adian Museum of Nature with a JEOL model 733 electron microprobe using
Tracor-Northern 5500 and 5600 automation and TASK software. These wave-
length-dispersion analyses used an operating voltage of 15kV, a beam current
of 25nA, and a beam diameter of 10 um. The following standards were used:
synthetic gehlenite (Ca, Al), synthetic fayalite (Fe), almandine (Si, Mg, Fe),
sodic amphibole (Na), riebeckite (F), synthetic tephroite (Mn), titanite (Ti),

Table 1. Tourmaline samples used in this study.

Sample Mineral Specimen  Locality
No. Species No.
1 povondraite 144,478 San Francisco mine, Villa Tu nari, Bolivia
2 schorl 2,672 Silver Crater, Hastings Co., Ontario, Canada
3 schorl 49,356 York River, Hastings Co., Ontario, Canada
4 schorl CROSS Cross Lake, Manitoba, Canada
5 buergerite 43,293 Mapimi, Durango, Mexico
6 feruvite 53,776 Cuvier Island, New Zealand
7 dravite 43,167 Moctezuma, Sonora, Mexico
8 dravite 32,008 Bronson Station, Hastings Co., Ontario, Canada
9 dravite 43,873 Pierrepont, St. Lawrence Co., New York, USA
10 dravite 43,230 Yinnietharra, Western Australia
11 uvite 52,210 Gouverneur, St. Lawrence Co., New York, USA
12 elbaite 55,224 Minas Gerais, Brazil

All specimens are from the Canadian Museum of Nature, except povondraite (Smith-
sonian Institution, specimen No. 144,478).
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VP,0O; (V), sanidine and microcline (K). Vanadium was measured with a LiF
crystal so as to avoid potential Ti—V overlap. The Li analyses were by
ICP-AES on samples of 300-400mg. Powder infrared absorption spectra
were collected for five samples using a Boem MB 120 FTIR equipped with a
diamond-anvil microsample cell. Crystals were crushed in the cell, minimizing
the amount of adsorbed water.

The chemical analyses are given in Table 2. The calculation of the number of
cations in Table 2 from the electron-microprobe and ICP-AES data is not a
straightforward operation as it involves three unknown quantities: the OH
content, the B,O; content and the valence state of Fe. With the information de-
rived from the crystal structure analysis these quantities can be derived in the
following manner: (1) the anion sum is fixed, O+ OH+F = 31 with the OH

Table 2. Chemical composition of tourmaline samples.

Pov Sch Sch Sch Brg Fuv Drv Drv Drv Drv Drv  Eb
144,478 2,672 49,356 Cross 43,293 53,776 43,167 32,008 43,873 43,230 52,210 55,224

SiO; 3074 3273 33.58 3397 3292 33.13 3404 3534 3527 3642 3627  36.50
SiO, 0.00 287 163 - 054 219 039 039 052 095 045 0.00
BO3* 917 947 1036 1036 10.14 1038 10.83 1027 1033 1099 1052 1156
ALO, 140 1626 30.62 3122 3070 2338 2733 27.42 2669 3198 2805 4007
V203 0.04 Q16 000 - 000 000 000 000 000 000 000 0.00
Fe,O; 4389 1478 086 517 1237 544 7.63 481 546 026 0.12 0.00
FeO 269 1124 12.65 9.89 598 866 491 345 220 024 000 0.22
MnO 000 010 006 056 011 007 000 01 000 000 000 3.07
ZnO - - - 124 - - - -
MgO 645 466 269 067 016 780 734 928 1077 1131 14.24 0.00
CaO 000 004 000 000 020 330 099 192 167 050 3.07 0.20
Na,O 212 271 284 144 249 116 235 166 215 262 131 2.15
K,0 104 019 006 - 007 005 0.00 000 005 000 0.0 0.00
Li,O - 0.005 0.032 0.13* 0000 - 0.005 0058 0.003 0.003 0.009 1607
H,O* 256 294 29 315 115 310 318 284 292 331 287 33
F 000 000 034 - 132 000 000 083 079 034 131 124
-O=F 000 000 014 000 056 000 000 035 033 014 055 0.52
100.10 98.16 98.82 97.80 98.70 98.66 99.00 9872 99.15 99.06 98.77 100.27

Unit Cell Contents

Si 594 601 580 590 583 577 578 598 594 590 599 5.82
Ti 000 040 021 - 007 029 005 005 007 012 006 0.00
B 306 300 309 310 310 312 317 3.00 300 308 3.00 3.18
Al 032 352 624 639 641 480 547 547 529 611 546 7.53
v 001 002 0.00 000 000 000 000 000 000 0.0 0.00

Fe’* 638 204 011 068 165 071 098 061 069 003 002 0.00
Fe?* 0.43 173 183 144 089 126 070 049 031 003 0.00 0.03

Mn 000 002 001 008 002 001 000 001 000 000 000 041
Zn - - - 016 - . - - - - - -

Mg 186 128 069 017 004 203 186 234 270 273 351  0.00
Ca 000 001 000 000 004 062 018 035 030 009 054 003
Na 079 096 095 049 086 039 077 055 070 082 042 066
K 026 004 001 - 002 001 000 000 001 000 000 000
Li - 0004 0022 009 0000 - 0003 0039 0002 0002 0006 1.03
OH 330 360 341 365 136 3.60 360 321 328 358 316 333
F 000 000 019 - 074 000 000 044 042 017 069 062
o) 2770 2740 27.40 27.35 2890 27.40 27.40 2735 2730 27.25 2715 27.05

~: not sought, 0.0: not detected, *: calculated by stoichiometry. Pov: povondraite, Sch: schorl, Brg:
buergerite, Fuv: feruvite, Drv: dravite, Uvt: uvite, Elb: elbaite.
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Table 3. Tourmaline cell dimensions, bond lengths and orientation.
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content being derived from the bond valence sums (BVS) to 01 and 03, (2) the
sum of all cations excluding Na, K and Ca (i.e. X-site cations) is 18; the number
of B atoms are determined by stoichiometric difference, and (3) Fe?*/Fe** is
determined by charge balance. Understandably it is not practical to do a crys-
tal-structure analysis just to determine a tourmaline formula; consequently, in
the Discussion section we present a method for estimation of the correct for-
mula solely from chemical data.

X-ray crystal structure refinements

For the crystal-structure refinements, a sphere (approximately 0.2mm in
diameter) was ground, whenever possible, and the intensity data were collected
on a fully automated Nicolet R3m four-circle diffractometer with graphite~
monochromatized MoKo radiation and using the method of Grice & Ercit
(1986). Refined cell parameters for each crystal are given in Table 3. The
atomic coordinates of feruvite (GRICE & RoBINsON, 1989) were used to begin
each refinement and during the final stages of refinement the absolute orienta-
tion was checked. Positional parameters and anisotropic temperature factors
for each site except H were refined, as were the occupancy parameters of X, ¥
and Z cation sites. The final positional parameters, equivalent isotropic tem-
perature factors and residuals are given in Table 4. Mean bond lengths are
given in Table 3.

Discussion

The structural formula of tourmaline is XY3Z¢(BO;);S1c01(O, OH, F)i.
The tourmaline structure (Fig. 1 a), in the acentric space group R3m, hosts
six-membered rings of SiOy tetrahedra. The absolute orientation is exem-
plified by the fact that all apices of these tetrahedra point in the same direc-
tion (—z). BaRTON (1969) established the absolute orientation of the tour-
maline structure based on anomalous dispersion; the Fe in buergerite
fluoresced strongly with CuKa X-radiation. Although we used MoKa radia-
tion, which should produce less anomalous dispersion than CuKe radiation,
the effects are measurable (Table 3) and generally increase in magnitude with
Fe content.

Three BO; triangles lie parallel to the (001) plane directly above and below
the tetrahedral ring. All of the major cation substitutions occur at the three
atomic sites X, Y and Z (Fig. 1 b). The X site, a nine-fold trigonal antiprism, is
centered in the tetrahedral ring while the octahedral sites ¥ and Z are just in-
side and outside the ring, respectively.

In the unit cell of tourmaline there are 31 anions. Of these 27 are oxygen
atoms, corresponding to the sites O2 and O4 to O8; the remaining 4 are O,
OH or F (1 associated with the O1 site and 3 with O3). With the exception of
buergerite, the O3 site hosts only OH, and has a mean bond-valence sum (BVS-
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Fig. 1b
a) Si tetrahedra and B

1 of the tourmaline structure showing
d 7 cations shown as shaded circles (X largest, Z smallest) and

b) X, Y and Z polyhedra with light to dark shading respectively.

Fig. 1. A [001}projectio
triangles with the X, Y'an

calculated from the constants of Brown & Wu, 19~76)’ of 1.14(2) v, (Fxg. 2).
This low mean BVS and small standard deviation indicates tl‘}aF mgmﬁcame
bonding is absent for O3, and that 1.14 v.u. is probably the minimum BVSOc;r
03, i.e. indicating full occupancy by OH or F. For samples with OH at O3,
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Fig. 2. Plot of bond valence sum of O3 versus O1.

the proton can readily be found from difference Fourier maps (Table 4). For
buergerite (sample # 5 in Fig. 2) the BVS to O3 indicates that O, not OH or F
is dominant at the site. Further support for this conclusion is in (1) the IR
spectrum (Fig. 3) which shows that the OH content of buergerite is low, (2)
fully saturated BVS to all non{OH,F) oxygen sites, which indicates that the
high BVS to O3 is not due to strong H bonding to other sites, and (3) although
indirect, in the fact that the H atom normally associated with O3 could not be
located in the structure refinement of buergerite.

Fig. 2 shows that the BVS to O1 varies considerably, indicating an almost
full range (70 %) of substitution of F, OH for O. The minimum observed BVS of
1.05 v.u. indicates (1) that H bonding is not significant for H1, and (2) suggests
that the natural minimum BVS for O1 is in the neighbourhood of 1.00 v.u.
Fig. 4, a plot of F content versus the BVS to O3, indicates that F variation is
independent of the O3 site. Conversely, Fig. 5 shows that F is localized at the
O1 site, and that as the F content increases, the BVS to this site decreases. This
correlation with the BVS indicates that F2O is the dominant substitution at
O1; O20H and F220H are of lesser importance. Furthermore, the distribu-
tion of data in Fig. 5 suggests the likelihood of end-members with F or O at 01,
but not OH.

Given the above relationships, we conclude that the normal assumption of
4(OH,F) per formula unit is not acceptable. OH contents, and by deduction,
O contents, at O1 and O3 can be calculated as follows. For O1: OH = 2 —
BVS(O1) - F. For O3: OH = [2 - BVS(O3))/[2 - 1.14].

In all refinements, except for that of elbaite (sample # 12), O1 was found to
lie on the 3-fold axis. For elbaite, (1) the high value of U, (0.035 A% and (2) the
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Fig. 3. Infrared spectra of tourmalines.

anisotropy of the displacement parameters, extending in a plane perpendicular
to the 3-fold axis indicate that O1 is positionally disordered about the 3-fold
axis (Table 4). This displacement fo O1 s probably due to local ordering of Li
and Al at Y; due to their disparity in size and charge.

Further evidence of local ordering of Li and Al is shown by Fig. 3, IR spectra
of five tourmaline samples in the O—H stretching region. All tourmaline
samples less elbaite have a single absorption maximum in this region; elbaite
differs in having two, well-separated maxima. This behaviour seems to be
species-rather than sample-dependent, as comparison to previous compilations
indicates (FErrARO, 1982). Given the above structural information for elbaite,
interpretation of the splitting of the O-H bands seems relatively straightfor-
ward. Some preliminary observations: (1) hydroxyl is much more abundant at
O3 than at O1 (approximately 10 times so for elbaite), thus the IR spectra
should be dominated by hydroxyl at O3, and (2) OH at both O1and O3 is not
accompanied by significant hydrogen bonding, and the nearest-neighbour en-

Fe and Mg in the tourmaline crystal structure 255

0.80
n
[ ]
[ |
0.60 |
-
3
= [ )
6 0.40f
&g
[V
0.20 '
0.00 BN L L
1.20 1.40 1.60

BVS to 03 (v.u.)

Fig. 4. Plot of number of F atoms per formula unit (p.f.u.) vs. bond valence sum to O3.

0.80
n
[ ]
0.60 =
-~
3
- "
a 0.40
&
w
0. r
20 = ]
0.00 . P s
1.00 1.20 1.40 1.60

BVS to 01 (v.u)

Fig. 5. Plot of number of F atoms p.f.u. vs. bond valence sum to O1.

vironments of O1 and O3 are often similar, thus considerable overlap of
O-H b'ands for O1 and O3 is expected; consequently, (3) interpretation of IR
spectra in the O—H stretching region need only involve consideration of O3
For.elbaite, as both O1 and O3 are in the coordination sphere of the Y site-
(Whlc‘h hosts Li and Al), local ordering of Li and Al about O1 necessarily re-
sults in similar ordering about O3. Li and Al differ sufficiently in electrone-

17 N.]b. Miner. Abh. 165
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gativity (1.0 and 1.5, respectively), ionic radius (0.76 and 0.535 A) and charge
that local ordering results in resolution of their respective O —H stretching fre-
quencies into what is essentially 2 (*Li2AlZA)OH band at 3580cm™" and a
(TALMnJ?AIZAl)OH band at 3475cm™". A shift of this kind (to higher wave-
numbers) has been noted for substitution of Li for Al in montmorillonite
(CaLvet & Prost, 1971).

Fig. 3 shows a shift in the O-H stretching frequency toward lower wave-
numbers with progression from uvite to dravite to schorl to buergerite. The
band shift corresponds to increasing amounts of substitution of more highly
electronegative Fe for less electronegative Mg and Al; i.e., increased substitu-
tion of Fe results in more energetic cation-oxygen bonds, thus decreased O-H
bond strengths and lower band frequencies. As one would expect from the
earlier discussion of bond-valence analysis of the O1 and O3 sites, the effects of
FeOH substitution upon frequency shifting are of little importance. This is
best shown by Ferich uvite 52210 which has the highest principal O-H
stretching frequency of all studied samples, whereas it should have one of the
lowest frequencies if F*OH substitution plays a major role. For all samples the
principal stretching frequency is relatively high, which again indicates an
absence of significant H bonding in the tourmaline structure.

In the present and previous studies, Si is often observed to be deficient to a
small extent (Table 2). Various substitutions have been proposed for this site
but the most common suggestion is Al>* @5i**, coupled with heterovalent sub-
stitutions at other sites (BUERGER et al., 1962; Forr & ROSENBERG, 1979; Forr,
1989). This type of substitution should have the effect of increasing the mean
tetrahedral bond length ((T—O)); however, for our data, a positive correla-
tion does not exist between hypothetical M[Al] (= 6-Si) and (T-O). More
recently, Povonpra (1981) suggested TieSi substitution was significant in
tourmaline. It is evident that some of the Si-deficient samples are rich in Ti
(Table 2) and have anomalously long 7-O distances. However, a well de-
veloped positive correlation between Ti content and (T-O) does not exist for
all samples. Barton (1969) and NovozHILOV et al. (1969) proposed substitution
of excess B for Si. However, for our data, the necessary contraction in (T-0)
accompanying hypothetical V[B]&Si substitution is not observed. In order to
account for deficits in the number of Si atoms per formula unit, yet no
systematic increase in either the (T-O) distance or in the number of
electrons at the Si site, we invoke a model involving substitution of minor
amounts of both Ti and B at the Si site for our samples. In order to match the
refined number of electrons at the Si site, variable amounts of cations heavier
and lighter than Si must be involved; if the relatively large V[ Ti] represents the
heavier cation, then (T—O) distances indicate that the lighter cation must be
smaller than Si, hence M[B] and not M[Al]. Fig. 6, the result, shows a rela-
tively good correlation of tetrahedral bond length versus mean ionic radius
(radii of SHANNON, 1976) where any Si deficiencies in the site are first filled by
Ti then B.
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For the BO,; triangle, a small variation in mean bond length was found (1.370
to 1..378 AK); however, scattering data indicate that there is always sufficier.n: B
to fill the site and the BVS does not imply any substitutions of other cations
Consequently, the slight variation in (B—O}) is inferred to be due to nearest-.
neighbour effects.

For the X, Y and Z sites linear relationships between the mean bond lengths
of.the polyhedra and the mean ionic radii of the constituent cations should
exist (H‘AWTHORNE et al,, 1993). Using the ionic radii of SHannon (1976), com-
bl{]ed with cation contents derived from the chemical analyses, these rel’ation-
ships are plotted in Fig. 7 for the X site (R = 0.920) and in Fig. é for a weighted
a}\lfe.rage of .the Y and Z sites (respectively weighted 2 to 1 in accordance with
their atomic percentages; R = 0. N i 1
o thi}; approagc N 992). The linearity of the plots attests to the

The'X site hosts the large cations Na, Ca and K in the nine-fold coordination
ofa t.ngonal antiprism. From Table 5 it can be seen that the sum of the cations
at X is often low, in agreement with the results from chemical analyses; this al:
kali deficiency has been noted before (RosenserG & Forr, 1979; For:; 1989)
The relatively high degree of scatter in Fig. 7 is attributed to the’ fact t,hat the'
calculation of mean ionic radii cannot account for the effect of vacancies. For
the samples of our study, the X site is dominated by Na in nine samples éa in
two samples, and vacancies in one sample. Due to small sample sizes K’-domi-
nant Fompositions could not be investigated, although they have be’en found

associated with povondraite (Grick et al., 1993).
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Although Fig. 8 attests to the merit of the harfi sphere m.odel in the correla-
tion of bond length with ionic size for the coml.Jmed behaviour of the .Yand z
sites, it is of limited practicality. Hence, individual curves for each site were
constructed in order to determine the cations present, to assess cation par-
titioning and to facilitate the calculation of the empirical formulae.
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The Z site octahedron shows very little variation in BVS (2.85 to 3.03 v.u.)
but a considerable range in mean bond length (1.904 to 2.006 A). Due to the re-
stricted range of BVS, there are few substitutions possible at this site, hence it is
relatively easy to predict Z-site constituents. The Fe contents of the site are
known from refinement of Fe and Al occupancy in the structure refinement
(number of electrons in structure, Table 5). As pointed out by HAwTHORNE et
al. (1993) the Mg content of this site cannot be determined on the basis of scat-
tering power alone because of the similarity of Mg and Al with respect to X-
ray scattering. However, as there is considerable difference in ionic radius be-
tween Mg and Al, their proportions can be determined from mean bond
lengths. Assignments to the Y and Z sites were initially made using the curves
of HAwTHORNE et al. (1993). However, as our data span a broader composi-
tional range than those of HAWTHORNE et al. (1993), we recalculated the regres-
sion curve. Least-squares regression of our data gives: (r(Z)) = 0.94(8) (Z-O)
— 1.267(3) A; the coefficient of determination (R?) is 94.3 % (Fig. 9).

The Y site octahedron has the most varied cation occupancy in the tour-
maline structure and it is at this site that the substitutions critical to determin-
ing the formula, and hence the species, take place. Although variation in the
mean Y- O bond length (2.004 to 2.059 A) is not as great as in the mean X—O
or Z—O lengths (Table 3), the BVS to the ¥ site varies quite extensively (2.10
to 2.87 v.u.). The Y site is assigned the remainder of the Al, Fe?*, Fe’*, Mg
(after Z-site assignments) and the lesser cations Li, Mn, Zn and V. Fig. 10
shows the fit of these data for the ¥ site calculated on the basis of the remaining
cations. Least-squares regression of our data gives (r(¥)) = 1.85(15) (Y-O)
- 3.065(8) A with R = 94.3%.

Problems exist with povondraite; the data for povondraite do not fit the re-
gressed curves for the Y and Z sites well (Figs. 9, 10). In particular, the mean
radius for the Z site is larger than expected, and for the ¥ site, smaller than ex-
pected. No simple improvement can be made: (1) the fits have already been max-
imized by adjusting the amount of Mg disorder between Y and Z, (2) although
addition of Li (not measured for povondraite) would better the agreement be-
tween the calculated and observed number of electrons at ¥ (Table 5), it renders
aworse fit in Figs. 9, 10. As both the quality of the dataand, consequently, the re-
finement for povondraite were significantly worse than for all other data sets
(Table 4), we have assumed that the deviations for povondraite are due to the
poorer data quality. Consequently, povondraite was not included in the regres-
sion data set.

The lengthy discussions above give the means by which the cations for each
site were determined for each of the samples studied. These iterative calcula-
itions satisfy the basic crystal chemical properties of charge balance and ionic
size. The proof, although indirect, that these are valid principles for tour-
maline is the agreement between the calculated and experimentally measured
(a) electron scattering power and (b) average bond length at each site. How-
ever, the curves of Figs. 8 to 10 are of no practical use in deriving the correct



Table 5. Cation ordering for X, Y, Z and Si sites.

09T

Pov Sch Sch Sch Brg Fuv Drv Drv Drv Drv Uvt Elb
144478 2672 49356  Cross 43293 53776 43,167 32,008 3873 43230 52210 55224
X Site
Ca 0.00 001 000 000  0.04 0.62 0.18 0.35 0301 0.09 0.54 0.03
Na 0.79 096 095 049 086 039 077 0.55 0702 082 0.42 0.66
K 026 004 001 - 0.02 0.01 0.00 0.00 0011  0.00 0.00 0.00
1.05 102 096 049 091 1.02 095 0.89 1013 091 0.96 070 S
8
Y Site o
Li - 0004 0022 009 000 - 0003 0039 0002 0002 0006 103
Al 0.00 000 063 062 091 0.08 0.42 0.00 0.00 070 0.00 153 &
Mg 0.05 071 044 017 004 1.21 1.40 1.88 222 223 3,01 o0 @
Mn?* 0.00 0.02 0.01 0.08 0.02 0.01 0.00 .01 0.00 Q.00 Q.00 041 a
Fe?* 0.43 1.73 1.79 1.21 0.38 1.26 0.21 0.45 0.09 0.03 0.00 0.03 -
A% 0.01 0.02 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 w
Fe** 2.51 Q.52 0.11 0.67 1.65 0.44 0.97 Q.61 0.69 0.03 0.02 0.00 §
Zn - - - 0.16 - - - - - - - - o
3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.03 3.00 E
&
Z Site
Al 0.32 3.32 5.61 5.77 5.50 4.72 5.05 5.47 5.29 5.41 5.46 6.00
Fe* 3.88 1.53 0.00 0.23 0.50 0.28 0.49 0.04 0.22 0.00 0.00 0.00
Fe?* 0.04 0.00
Mg 1.80 C.56 0.25 0.00 0.00 0.82 0.46 0.46 0.48 0.50 Q.50 0.0
Ti 0.00 0.40 0.10 - 0.00 0.18 0.00 0.03 0.00 0.09 0.05 0.00
6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.01 6.00
Table 5. (Continued).
Pov Sch Sch Sch Br:
4 Fuv Drv Drv Drv D "
144478 2,672 49 rv Uvt Elb e
— 49,356 Cross 43,203 53776 43,167 32,008 43873 43,230 52210 55224 p
Si Site > =3
Si 5.94 6.01 5.80 5.90
o - - - . 5.83 . =
Ti 0.00 000 o1l - 00 o >98 594 590 599 582 T
B . 07 0.10 0.05 0.02 0.06 0.02 0 5
0.06 000 009 010 010 0.12 0.17 0.00 0.00 0. o 000 g
6.00 601 600 600 600 600 600 600 600 6'8§ 2'88 2'52 d
BVS (V) 2.80 251 253 253 ‘ ' ' ' S
- - . . 2.87 2. £
BVS (Y, pred) 2.84 218 224 239 285 2 ig ﬁ'iﬁ 5"1‘; ggg 2'31 byt 210 4
- : . - . 24 2.00 217 B
BVS (2) 2.85 2.99 2.93 298 ' 5
- - . X 3.01 2. 5
BVS (Z,pred) 270 2 2w 30 0 3w 3m  am  am amo ;s
#e(Y,chem) 2575 2261 2104 2199 2187 2001 17.63 16.91 15.62 5 2 303
#e (Y, str) 23.79 2263 2083 2199 2225 2016 1584 1634 1573 }i;_i 2o ue &
:e g Chjm) 2 1681  13.03 1350 1408 1374  13.99 13'05 13‘41 13.06 i: ;;-43 E
e(Z, str 21.09 16.61 13.4 ¥ . ' . 2 .00 a
0 1350 1408 1391 14.03 1317 1331 1274 1284 1300 &

See Table 2 for abbreviations and numbering styles. BVS calculated from curves of Brown & Wu (1976).
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Fig. 9. Plot of calculated vs. observed arithmetic mean of constituent-ion radii for the Z
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Fig. 10. Plot of calculated vs. observed arithmetic mean of constituent-ion radii for the ¥’
site. Hollow square: povondraite.

formula and species designation solely from the chemical composition of a
tourmaline. Various structural-chemical relationships were investigated; one of
the most useful correlations is presented in Fig. 11, the Mg content of the Y'site
versus total Fe/(Fe+Mg). It is evident that solid solution of Fe and Mg at the Y
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site is almost ideal, i.e. Mg(Y) = 3 [1 — Fe/(Fe+Mg)]. The higher degree of
scatter at the Mg-rich end of the plot is due to Mg~ Al disorder between the ¥
and Z sites. From the point of view of formula calculation, it is fortunate that
most tourmalines contain significant amounts of Fe; for compositions with
greater than 7 wt.% FeO (total), the line in Fig. 11 could be used to determine
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Fig. 11. Plot of the number of Mg atoms at the Y site as a function of the Fe/(Fe+Mg)
atomic fraction. The line denotes ideal Fe = Mg substitution for ordered Mg.
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the number of Mg atoms at ¥; with any remaining Mg assigned to Z. As Fig. 11
uses Fe(total), knowledge of the valence state of Fe is not crucial to making a
correct assignment of Mg atoms.

The size of the Z site has the greatest control on cell volume (Forr & RoOsEN-
BERG, 1979; Forr, 1989). Fig. 12 shows a good correlation between Mg/
(Mg+Al) at Z and the unit cell volume. Regression of an exponential model
tied to the Xeaxis at V = 1540A° gives “[Mg/(Mg+AD] = 0.209(8)
{exp[(V—1540)/40] — 1} with R? = 98.4%. The curve may be of questionable
use at the Mg-rich end because of the paucity of data used to model it in this
range. However, it serves to estimate Z-site Mg contents well (standard error of
estimate = 3 %) over the normal range of tourmaline compositions (dravites,
schorls, elbaites and buergerites). As Fig. 12 takes Mg-disorder into considera-
tion, it is preferred over Fig. 11 as a means of estimating the partitioning be-

haviour of Mg.
Conclusions

This study has led to the recognition of trends indicative of Fe—Mg and
Mg- Al disorder in tourmaline. We have been able to determine relationships
that resolve the disorder problems such that the correct formula and subse-
quent species may be derived.

L. ‘The empirical formula can be derived from the following procedure:

1. Sum of all cations exclusive of Na, K, Ca (i.e. Y + Z +Si+ B) =18

2. Anion sum = 31 where () OH = 3 + (1-F)/2 (an approximation to the
data of Fig. 5) and (b) O = 31 — (F+OH).

. Fe**/Fe’* derived by charge balance.

i site contains 6 atoms, Si + Ti (added first) + B = 6.

. X site contains Na, K, Ca + site vacancies.

" Y site contains transition metals + Mg, which is estimated by deduction

oW W

from Fig. 12.
7. 7 site contains Al + the remainder of Fe from Y + some Mg (estimated
from Fig. 12).
IL. Some generalities that were observed for the crystal chemistry of tour-
maline:

1. For uvite or dravite low in Al and with approximately equal numbers of Fe
and Mg atoms, the empirical formula is often incorrect if not derived as
outlined above.

_ The number of Si atoms is always close to, but often lower than, 6.

. There is always enough B to fill the trigonal site.

4. The X site can be K dominant (GricE et al., 1993), and site-vacancy domi-

nant (schorl sample CROSS).

5. Substitutions at the ¥ site are constrained more by size than valence, hence

a large variety of cations is possible: Li, Al, Mg, Fe?*, Fe’*,Mn, V, Zn.

6. Substitutions at the Z site are constrained by valence more than by size,

thus fewer cations are involved: Al, Fe’*, Cr and to a lesser extent, Mg.

w N
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7. The 31 anions occupy 8 atomic sites. The O3 site tends to be fully occupied
by .O.H, and the O1 site is often partially occupied by F or OH. The re-
maining sites are all fully occupied by O. The broad IR peak for O-H
stretching is split for elbaite due to local ordering of Al and Li at X, which
causes the OH at the O1 site to be displaced. '

Es.tlmation of Li persists as a problem; thus for many compositions of tour-
maline, electron microprobe analyses alone are not enough for accurate for-
mula ‘calculation, and will need to be supplemented with the results of other
chemllcal analytical methods, or the results of a structure analysis.

tfl:us study emphasizes the importance of crystal structure analysis for deter-
mining the systematics of mineral groups. Assumptions as to ionic substitution
within complex crystal structures can often be erroneous and should be
checked experimentally whenever possible.
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