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Arsrnecr

The structure of an Andreasberg schorl tourmaline,
with hexagonal cell content (Naz.oa Cao.se Ko.oa)
(Fe!.f, AL.sa Fe?.fo E o.oz Mgo.gz Cao.rr Ti6.*o
Lio.m Mn3.ila) (ALo.ra Fe!.$) Be.oo Sirg.oo Oer.es
(F, OH)rr.rr has been relined to & : 3.4/s for the
3961 observed reflections. A comparison of schorl
with the other tlree tourmaline species, dravite,
buergerite and elbaite, shows significant differences
in atomic coordinates (rrp to 53o). Thus the crystal
structure of a solid solution will generally be compo-
sition-dependent, provided only that not all atomic
positions are parameterless.

INrnooucrtoN

Structure refinements of dravite @onnay &
Bnerger 195O; Buerger et al. 1962), buergerite
(Barton 1969; Tippe & Hamilton 1971) and el-
baite @onnay & Barton 1972) have preceded
the present schorl refinement. This is astound-
ing in a way, :rs the Andreasb€rg schorl was the
first tourmaline to be studied by r-ray analysis
on this continenL This work was begun in the
thirties by William Parrish, it was taken up again
by II. T. Evans Jr. in the forties, both times un-
der the direction of M. J. Buerger at the Mass-
achusetts Institute of Technology. We kept
searching for a ferrous-iron tourmaline closer in
composition to the end-member than the An-
dreasberg material, but this search was unsuc-
cessful. Pure schorl has not been found in
nature, and has not been synthesized as yet
(Barton L967). The conditions that prevail dur-
ing the growth of terre.strial schorl ar,e evidently
not sufficiently reducing to prevent partial oxi-
dation of hon from the ferrous to ferric state,
Non-terrestrial tourmaline has not as yet been
reported; perhaps some day we shall find lunar
ferrous tourmaline with F instead of OH-.

The reason for the four sucoessive tourma-
line refinements is the following. Since 1912
mineralogists have assumed that a crystal struc-
ture, no matter how wide a tange of chemical
composition it may cover, will not show any
measurable variation in fractional coordinates
with composition. Since the concept of mineral
species has been tied to a crystal structure, such
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a species is thus supposed to remain "isostruc-
tural" (also spoken of as isomorp'hic) through-
out any range of solid solution not intemrpted
by a first-order transition. Compositional changes
do, of course, lead to changes in cell geometry,
cell volume and density. Just \rhy the fractional
coordinates should remain constant, has not, to
out knowledge, been discussed in any mineralo-
gical or crystallographic paper or textbook and
one of us has indeed, for the last 25 years, har-
bored the suspicion that this assumption is onE
of convenience or, rather, of practical necessity.
How could mineralogical crystallographers claim
to be doing useful work, if the atomic coordi-
nates they obtain at the end of a lengthy and
expensive mineral structure refinement were
valid only for the particular specimen mounted
on tho goniometer head? Tourmaline, which is
famous as one of nature's catch-all or garb-
age-can minerals (Bragg 1937), seemed as good
a species as any on which to test the assumption.
Donnay, Wyart & Sabatier (1959) suggested
variability of atomic coordinates with composi-
tion in silicates, which was misconstrued as a
suggestion of tourmaline polymorphism by
Buerger et al. (1962).

CnYsru, CrreMrsrRY

The shiny black Andreasberg crystal we used
came ftom the above-mentioned hand-specimen
No. 246 of the Institute of Mineralogy of the
Technical University of Berlin. An irregular
fragment, 0.4 mm in its largest dimension, was
used for intensity collection. Another fragment
from the same crystal was used for an electron
microprobe analysis carried out by Professor
W. H. Maclean (Table 1). All elements except
B and Li were determined directly with an esti-
mated acrrracy of.z wI fi of. the amount present
for Si, A1, Fe, and about 5 wt % of. the amounL
present for Na, Ca,Ti, Mg, Mn, K. Boron was
issumed to fill completely its position (90) since
it is the only cation to be expected in regular
triangular coordination. The analysis was con-
verted from weight per cent oxides to chemical
formula on t}re basis of 18 Si per hexagonal cell.
The subsequently refined mean r"Si-ttto distance
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*!1.H. Maclean, analyst. **Fmm l4ossbauer r€sults (Hemon
et aL. 1972). tAnounts ol catlons per cell have been assunm

of 1.620(1)*.6. a$ees with the one predicted
from effective ionic radii for tYSi4+ and jrio2-

(Shannon & Prewitt 1969), namely 0.26A -r

1.36.{ : 1.62A. From MOssbauer data (Hermon
et al. 1972), which gave the Fe'?*/Fe8+ ratio
(4.89) and which also led to the percentages of
total iron present as Fez+ n Y (67%) and. n Z
(L6fi) and as FeB+ n Y (L7%), we deduced the
cell-content formula. On the basis of 93 anions
per cell, the balanced formula can be written
Xs Ys Z$ Be Sira Osr.ae (F, OH)rr.rr. with 3X
: Naz.ao Cao.a, IG.oa, 9Y : Fe?i, AL.uu
FelSo E 6.5s Mgo.ar Cao.zo Ti6Iu Lio.20 Mn8lg
and l8Z : Alo.sz Fe?lg.

Crr,r, Dern

The cell dimensions CIable 2) are based on
the least-square refinement of twelve accurate-
ly measured general reflections with 20 values
greater than 5O'. These reflections, like all our
data, were collectd on an autsmated 4-circle
Picker diffractometero using graphite-mono-
clromated MoKar radiation (I - 0.70926A).
The d - 20 gc,an method was used and the crystal
was turned through the angle d at the rate
of 0.5o,/srinute.

IAELE 2. CELL DATA
rc@la relgnl ot Cell-Con!€tlt

(z . l  ) :  3 l l l .4o
Ibnslqy (calc.): 3.244 glq3 ^
De6f tJ (meas. ): 3.m?l slod
Linsf absorptlon @efflclent for lb.&!: 25.6 m-l
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TABLE 
'I. 

ELECTRON PROBE AMLYSIS* OF ANDREASBERG TOUR!4ALINE
0N A FRr4Gl,lEl[ FROM CRYSTAL USED IN STRUC'IURE REFINETEi{r

lons present refe-til
oxides Wt % Element to l8 Sl

EXPERIMENTAL PRocEDURE

The crystal fragment. was mounted randomly,
on a Eulerian c.radle. From the minimum 2d
value of 5.084" (for reflection 11.0) up to 2d=
3O", all six symmetry-related reflections were
measqled; for 30" < 2d < 80o, only two, hk.l
and kh.l, were used; for 80o < 2d< 1t5.43",
only one, hk.l, was measured. The indices & and
k ranged from -34 to *34, / ranged from -17
to *17. Of the 4101 symm,etry-independent re-
flections contained in the molybdenum sphere,
3961 had integrated intensities that were at least
2o above background intensity. The intensities
of symmetry-related reflections showed a mean
per cent deviation of. 3.8Vo, so that we felt justi-
fied in negl,ecting absorption corrections.

SrnucrunE DntBnlvrmettoN

From the X-RAY '72 programs (Stewart er
al. L972) we chose the "DATRDN" program to
correct intensities for Lorentz and polarization
factors and the 'CRYLSQ' prograrn to carry
out a full-matrix least-square refinement of the
Andreasberg structure, beginning with the buer-
gerite coordinates of Barton (1969). Atomic
scattering factors for neutral atoms were taken
from Hanson et al. (1964). Anomalous disper-
sion corrections were introduced for Fe, Mn,
Cq K, Al, Si, Ti, (Internat. Tables lll, p. 215,
1962). Observed Fs were w,eighted in inverse
proportion to their variance in the refinement
calculations, vrhere the values of (r Fors wer€
based on counting statistics. Employing aniso-
tropic temperature factors, the refinement ter-
minated with an unweighted residual R of 3,4%
and a weighted one, Rrr, of 5,47o. T\e residual
of the "less-than-2a reflections" alone is l3/o.
Tho "less-than" refl'ections for which lF"r"l is
greater than lF"ul are included in the refinernent
calculations. Table 3 lists lF.u"l, lF*r"l and the
calculated phase angles, *

The absolute orientation of the structure \ilas
determined by carrying out separate refinements
for the two possible orientations, as Barton
(1969) had previously done for buergerite. The
unweighted residual for the alternate orientation

J O . W
s . 6

r0 .43
2.72
I  .01
u . s
0 .42
0 . l l
0 . 0 5

99.74

'18.00'

I 8 . l 5
6 noo**

1.240*
9.000
t . o 5
0 .543
0 . a l
0 . 4 1 5
0.048
0.033

56.359

si
AI'i;?1
F e ' '
R

t6

Ti
lilg
l4n

x&t
q.l 5,992(2)i
d  7 . t90( l  )
Fl59?.413

*Tho number in parenthasis following a numerical
value gives the standaf,d deviation referred to the
last-given decimal place as calculated by the least-
squsre program.

ETable 3 has been deposited with the Depository of
Unpublished Data. Copies may be obtained on re-
quest to: Depository of Unpublished Data, National
Science Library, National Research Council of Can-
ada, Ottawa, Ontario, Canada.
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is found to be about 6Vo. It schorl, as in buer-
gerite @arton & Donnay 1966), the SiOa tetra-
hedra point towards the analogous pole, i.e.
toward the negative end of the z-axis of the
morphological description (Dana 1892). The
final ato,mic coordinates (Iable 4) and their
anisotropio temperatute factors (fable 5) refer,
of course, to the traditional mineralogical orien-
tation, in which the antilogous pole defines the
positive end of the e-axis.

It follows that, for any such mineral, careful de-
cisions have to be made before chemical or
physical properties (cation occupancy' in partlc-
ular) can be meaninglully correlated with the
crystal structure.

TABLE 4., ATOI.IIC COORD1MTES OF ANDREASBERO SCHORT

PoaLfon ftemical atom u

DISCUSSION

Bond lengths and bond valences (Iable 6)
yield satisfactory agreement between calculated
and ideal anionic valence sums (Donnay & All-
mann 1970), with a discrepancy value Av-" :
0.O40 v.u., as compared with 0.049 v.u. for
elbaite @onnay & Barton L972), O,OBI v.u. for
buergerite (Barton 1969) and 0.034 v.u. for dra-
vite @uerger et al. 1962)**.

Tho ditrigonality I of the SieOre ring was de-
fined by Barton (1969) as the ratio of the dif-
ferenc,e between tle longer and the shorter dis'
tance from tle center of gravity of the ditrigon
to its vertices, divided by the shorter distance.
In schorl, the silicon ring deviates the least from
hexagonal symrnetry, 0 - 0.005, in elbaite the
value is 0.009, in dravite it is considerable,
namely 0.032, and in buergerite even more so'
I - 0.038.

The interbond angles and the interatomic ap'
proaches under 3.2A in length are listed in Ta-
6le 7. The edges of coordination polyhedra,
which can ,be readily computed from the ,bond
lengths given in Table 6 and the interbond
angles in Table 7, are not explicitly listed. No
major topological differences between the four
species are evident. Nevertheless, highly signifi'
cant differences appear between the fractional
atomic soordinates of the four species (Iable
8), bearing out the suspicion that led to this se-
ries of structure refinements. The observed dif-
ferencer in rEfined crystal structure with com-
position should generally apply to rnineral struc'
tures that cover large compositional ranges and
in which not all atomic positions are invariant.

*".,Dravite, unfortunateln was not refined accurate-
ly enough, nor s/as the chemical oomposition deter-
mined for the specimen use4 so that its low bond-
valence discrepancy value is not as meaningful as
it looks.
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Sll lco0 r€trahedron

0 4 - s l - 0 5 - 1 0 4 . 0 5 ( 5 ) "
Q 4 - s t - 0 6 = 1 1 1 . 6 9 ( 7 ) '
. o 4 - s l - 0 7 - 1 1 0 . 4 0 ( 6 ) "
0 5 - s l - 0 6 - 1 1 0 . 6 4 ( 7 ) "
0 5 - s l - 0 7 - 1 1 0 . 2 0 ( 6 ) '
0 6 - s l - 0 7 - 1 0 9 . 7 4 ( 4 ) '

Z octahedron

TABLE t. II{TERB0ND ANOLES AND INTERI0NIC APPROACIIES BEII'IEIN I0NS 0F
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RAY '72 program. Professor J. D. H. Donnay
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