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ABSTRACT

Some vesuvianite crystals show sums of Y-group cations [Al, Mg, Fe3*, Fe?*, Ti**, Cu?*, Zn, Mn] significantly in excess
of 13, the number of sites available to accommodate these cations in the current model of the vesuvianite structure, The struc-
tures of four such crystals were refined in the space group P4/nnc to R indices of 3-4% using single-crystal MoKo X-ray
intensity data. The same crystals were subsequently examined by wavelength-dispersion electron-microprobe analysis; the
mean Y-group sum is 13.57 apfu. The crystals show an additional site, 7(1), that is tetrahedrally coordinated by four oxygen
atoms. This site is occupied by (AlFe), which replaces two H atoms at adjacent H(1) positions. Local bond-valence arguments
show that the substitution is accompanied by the incorporation of a vacancy at an adjacent X(3) site according to the mecha-
nism TW(ALFe3), + B0, 4 X3 — T, + HOY, 4 XCy, or by the substitution TH(ALFe®) + HO, + ¥(Mg,Fe?*) —
T[] + HOH, + Y(ALFe?*).

Keywords: vesuvianite, crystal structure, electron-microprobe data, chemical formula, vacancies.

SOMMAIRE

Certains cristaux de vesuvianite font preuve d’un exces de cations dans la position Y (Al, Mg, Fe?*, Fe?*, Ti*, Cu®t, Zn,
Mn), en fait plus que 13, le nombre de sites disponibles pour les cations de ce groupe dans le modgle courant de la structure de
cette esp&ce. La structure de quatre cristaux montrant un tel exces a été affinée dans le groupe spatial P4/nac jusqu’a un résidu
R de 3 & 4% en utilisant des données d’intensités en diffraction X obtenues avec rayonnement MoK, Les mémes cristaux ont
ensuite été analysés avec une microsonde élecironique en dispersion de longueurs d’onde; ces résultats donnent un total de
13.57 atomes par unité formulaire. Les cristaux révelent un site additionnel, 7(1), & coordinence téiraédrique avec quatre
atomes d’oxygene. Ce site accommode (ALFe), qui remplace deux atomes d’hydrogéne a des sites H(1) avoisinants. Pour des
raisons de satisfaction locale des valences de liaison, la substitution serait accompagnée par la création d’une lacune sur un site
X(3) adjacent selon le schéma TO(ALFe?), + B[], + X3 — T, + HOH, + X3Ca, ou bien O(ALFe™) + 1], +
YMg,Fe?*) — T[] + HOY, + Y(ALFe3*).

(Traduit par la Rédaction)

Mots-clés: vésuvianite, structure cristalline, données de microsonde électronique, formule chimique, lacunes.

INTRODUCTION

Groat et al. (1992a) showed that results of chemical
analyses of vesuvianite crystals from a wide variety of
localities and parageneses can be satisfactorily renor-
malized to the formula X,g Y3 Z;g T5 Ogg W;q, Where
X = Ca, Na, REE, Pb*, Sb*; Y = Al, Mg, Fe’*, Fe?*,
Ti*, Mn, Cu, Zn; Z = Si; T=B, [J; W= OH, F, O. If

renormalized on the basis of 50 cations, these assign-
ments to X, ¥ and Z groups (for B-free vesuvianite
crystals) agree well with the number of available sites
in the ideal structure (Groat et al. 1992a, Fitzgerald
et al. 1992, Hoisch 1985). However, for a small
number of crystals, the Y-group sums are significantly
larger than the ideal value of 13.0 apfu (atoms per
formula unit), values reaching up to 13.6 apfu. Re-
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analysis showed that these “excess” values are repro-
ducible. Groat er al. (1992a) and Allen & Burnham
(1992) have drawn attention to the constraints that the
close Y(1)-X(4) and X(4)-X(4) separations down
the channels in the vesuvianite structure impose on
channel chemistry. The sum of the Y(1) and X(4)
cations cannot exceed half the number of Y(1) + X(4)
sites, and the X(4) site cannot be more than half occu-
pied. These constraints allow the Y-group cation sum
to be greater than 13.0 apfu as suggested by the
above formula. Hence it is of considerable interest to
examine the structure of crystals of vesuvianite show-
ing an excess of Y cations to determine where these
reside; do they occur at the ¥(1) site, the occupancy of
which therefore exceeds one-half, or do they occupy
another (new) site in the structure?

High Y-group sums also are a prominent character-
istic of B-bearing vesuvianite crystals, but careful
electron-microprobe analysis of the anomalous
crystals showed no detectable boron. However, it is
notable that both these anomalous crystals and the
B-bearing crystals show high Y-group sums. This
suggests that the former could be incorporating other
constituents in a manner structurally similar to the
mode of incorporation of boron in B-bearing vesu-
vianite crystals (Groat et al. 1994). To resolve this
problem, four crystals of B-free vesuvianite with high
Y-group sums were examined by crystal-structure
refinement.

EXPERIMENTAL
Two samples were selected from those described by

Groat et al. (1992a): V40 and V60, together with two
additional samples, N3 and N8. Crystal fragments

were ground into spheres and mounted on a Nicolet
R3m four-circle diffractometer. Unit-cell and intensity
data were measured and processed according to the
procedure of Groat et al. (1992b). Miscellaneous
information concerning data collection, data reduction
and structure refinement is given in Table 1.
Subsequent to the collection of the intensity data,
the crystals used in the data collection were analyzed
by electron-microprobe techniques as described by
Groat et al. (1992a). Ten points were analyzed on each
crystal to get a representative composition of the
crystal used for the collection of X-ray intensities.

STRUCTURE REFINEMENT

Scattering factors for neutral atoms were taken
from the International Tables for X-ray Crystal-
lography, Vol. IV (1974). All calculations were done
with the SHELXTL system; R indices are of the usual
form and are expressed as percentages.

Only a small number of weak reflections violate the
criteria for P4/nnc symmetry, and this space group
was used throughout. The refinements were started
with the positional and displacement parameters of a
structure of F-free vesuvianite (unpublished), and
rapidly converged to R indices of 4-6% for an
anisotropic displacement model; site-scattering values
for Y(1), ¥(2) and Y(3) were allowed to vary freely.
The Y(1) and O(10) sites showed very anisotropic
displacement parameters, with large displacement
values along the ¢ axis. We interpret these large
displacement values as static disorder of the atoms
occupying the ¥(1) and O(10) sites, and modeled this
by splitting the ¥(1) and O(10) sites into pairs of half-
occupied sites: Y(1A), Y(1B) and O(10A), O(10B). We

TABLE 1. PHYSICAL DATA AND INFORMATION ON REFINEMENT FOR VESUVIANITE CRYSTALS

N3 N8 V40 V60

Locality Crestmore, Culfeightrin, Monte Somma, Plumas Co.,

Riverside Co., CA Co. Antrim, Ulster  (taly CA
Sample No. CMN 36124 CMN 428560 ROM E1541 ROM M28840
alA) 16.589(2) 16.571(2) 15.584(1} 15.596(2)
clA) 11.885(3) 11.797(4) 11.834(1) 11.843(2)
ViR3) 2888.3(9) 2860.3(8) 2874.0(6) 2880.6(7)
Space group Palnnc Painnc Painnc Painne
Radiation MoKa MoKa MoKa MoKa
Monochromator Graphite Graphite Graphite Graphite
Tota! no. |F| 4688 4255 2118 2122
No. of |F| obs 2124 2005 1969 1984
R (observed) % 3.6 3.3 3.1 4.1
wR {observed) % 2.9 2.7 2.7 3.7
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have no justification for assuming equal occupancy for
each of the sites in a pair; however, we could not
adequately refine relative occupancies because of the
high correlation resulting from the very small separa-
tions of the split-atom sites. Nevertheless, the resulting
arrangement gives us a better picture of the local
stereochemistry than would a single-site model.

At this stage, difference-Fourier maps showed
significant residual density at the following positions,
here labeled 7(1) and 7T(2):

(1) 0.045 0.045 1/4
(2) 1/4 1/4 1/4

Electron density at these positions was noted by Allen
& Burnham (1983) in a preliminary report of a struc-
ture refinement of vesuvianite from Ludwig, Nye
County, Nevada. Aluminum was inserted at these
positions (with fixed displacement-factors), and the
site scattering and allowed positional parameters were
considered as variable. Full-matrix least-squares
refinement of all variable parameters converged to R
indices of 3-4%, significant reductions for each
crystal. No further peaks were observed in subsequent
difference-Fourier maps.

TABLE 2, ATOMIC PARAMETERS FOR VESUVIANITE CRYSTALS

N3 N8 V40 V60
an  x 314 a4 314 314
vy 14 174 14 14
z 0 0 0 0
U, 81(2) 67(2) 70(2) 88(3)
a2 x -0.18081(4) -0.18051(41 -0.18078(4) -0.18064(4)
y 0.04122(4)  0.04051(4)  0.04083(4)  0.04141(4)
z 0.87163(6)  0.87126(6)  0.87165(65)  0.87181(6)
Uu 67(2) 70(2) 70(2) 68(2)
z8 x ~0.08376(4) ~0.08338(6) -0.08332(4) ~0.08361(5)
y -0.15067(4) -0.16078(4) -0.15058(4) ~0.15054(4)
z 0.36432(6)  0.36465(5)  0.36441{5)  0.38438(6)
U., 72 81(2) 80(2) 82(2)
X x 34 34 34 34
v 174 74 174 14
z 174 14 174 14
Uy, 82(2) 92(2) 94(2) 95(3)
X2 x -0.18928(3) -0.18914(3) -0.18807(3) -0.18925(3)
y 0.04481(3)  0.04407(3]  0.04442(3)  0.04479(3)
z 0.37941(4)  0.37957(4)  0.37932(4)  0.37931(4)
U 82(1) 86(1) 87(1) 86(1)
X3 x ~0.10146(3)  ~0.10070(3) -0.10073(3) -0.10111(4)
y -0.18186(4) -0.17088(3) ~-0.18046(3) -0.18166(4)
2 0.89085(5)  0.88689(5)  0.88866(5]  0.89037(8)
Uy 204(2) 148(1) 178(2) 208(2)
X4  x 314 314 314 34
y 34 34 3/4 34
z 0.1602(2)  0.1422(2)  0.1460(2)  0.1487(2)
U, 26(5) 123(8) 113(8) 121(6)
YUA)  x a4 a4 a 3
y a4 34 34 3/4
z 0.0416()  0.0B60(3)  0.0624(3)  0.0403(4)
Uy 84(6) 58(7) 73(6) 79(6)
Ve x a4 34 344 3/4
y 34 34 34 34
z 0.0267(6)  0.0281(3)  0.0304(3)  0.0286(4)
U, 64(6) 88(7) 7316) 79(8)

TABLE 2. continued
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N3 N8 V40 veo
V2 x 0 0 ) 0
y 0 0 0 0
z 0 0 0 0
U, 67(3) 65(3) 74(3) 82(3)
v x -0.11230(4) -0.11214(4) -0.11226(4] -0.11231(4)
y 0.12126(4)  0.12098(4)  0.12088(4)  0.121154)
z 0.12688(8)  0.12682(5)  0.12632(6)  0.12688(6)
Us 712 76(2) 76(2) 7742)
om  x -0.2202(1)  -0.2204(1)  ~0.2205(1)  ~0.2202(1)
y 0.47271)  0.1726(1)  0.1727(1)  0.1729(1)
z 0.0853(1)  0.0865(1)  0.0867(1)  0.0853(1)
Uy 88i4) 95(4) 98(4) 95(5)
02y x -0.1176(1)  -0.1176(1)  -0.1173(1)  -0.1176{1)
y 0.1600(1)  0.1602(1)  0.1602(1)  0.1802(1)
z 0.2785(1)  0.2797(1)  0.2796(1)  0.2798(2)
s 98(5) 103(6) 99(4) 97(6)
o  x ~0.0467(1)  ~0.0478(1)  -0.0478(1)  -0.0470(1)
y 0.2226(1)  0.2223(1)  0.2222(1)  0.2227(1)
z 0.0756(1)  0.0769(2)  0.0763(1})  0.0763(1)
Us 92(4) 93(6) 922(4) 86(6)
o4 x ~0.0613(1)  -0.0613(1)  -0.0614(1)  ~0.0815(1)
y 0.1057(1)  0.1089(1)  0.1080(1)  0.1058(1)
z 0.4897(1)  0.4703(1)  0.4696(1)  0.4696(2)
U, 90(6) 90(6) 94(4) 91(6)
oE  x -0.1709(1)  -0.1706(1)  -0.1708(1)  -0.1710(1)
y 0.0135(1)  0.0143(1)  0.0141(1)  0.0137(1)
z 0.1785(2)  0.1792(2)  0.1788(1)  0.1785(2)
U 116(6) 110(8) 111(8) 117(68)
ol x 0.8788(1)  0.8810(1)  0.8801(1)  0.8780(1)
y ~0.273111)  -0.2718(1)  -0.2728(1)  -0.2732(1)
z 0.0887(2)  0.0686(1)  0.0587(2)  0.0586(2)
(2 181(8) 154(8) 168(8) 168(6)
o x 0.0865(1)  0.0657(1)  0.0857(1)  0.0650(1)
y 0.4717(1)  0.1733(1)  0.1730(1)  0.1718(1)
z 0.3207(2)  0.3211(2)  0.3214(2)  0.3208(2)
U, 143(6) 142(6) 136(6) 161(6)
o’ x -0.0607(1)  -0.0807(1)  -0.080B(1)  -0.0805(1)
y -0.0912(1)  -0.0808(1)  -0.0808(1)  -0.0914(1)
z 0.0674{2)  0.0865(1)  0.0873(1)  0.0676(2)
Uy, 20i4) 95(5} 1004) 95(6)
o  x ~0.14B1(1)  -0.1448(1)  ~0.1447(1)  -0.14B1(1)
y ~0.14BUT)  -0.1448(1)  -0.1447(1)  -0.1451(1)
z 174 1/4 114 1/4
Us, 113(6) 119(6) 118 116(6)
O(10A) x 3/4 3/4 34 asm
y am 3/ a4 34
z 0.8569(8)  0.8516(7)  0.8526(8)  0.B550(9)
Uy, 163(12) 163(16) 162(13) 184(16)
01108 x 314 34 34 34
y 34 a4 3/4 34
z 0.8767(9)  0.8790(7)  0.8788(7)  0.8768(8)
Une 163(12) 163(16) 182(13) 194(16)
onn  x -0.0036(1)  ~0.0037(1)  -0.0038(1)  ~0.0040(1)
y 0.0808(1)  0.0816(1)  0.0817(1)  0.0812(1)
z 0.1360(1)  0.1362(1)  0.1355(1)  0.1365(1)
Us, 103(3) 83(4) 8444) 100(6)
m  x 0.0661(3)  0.052(2) 0.0850(4]  0.0852(3)
y 0.0661(3)  0.062(2) 0.0560(4)  0.0662(3)
z 114 1/4 1/4 174
"y, 100 100 - 100 100
2 x 1/4 1/4 1/4 1/4
y 1/4 1/4 114 114
z 174 14 14 174
U, 100 100 100 100

* Uy = Ugx 10° (A%

** Fixed during refinement
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TABLE 3. REFINED SITE-SCATTERING* IN VESUVIANITE CRYSTALS

N3 N8 V40 veo
i) 20.0(2) 23.9(3) 22.2(2) 21.3(2)
(3} 109.4(9) 116.1(9) 118.0(3) 105.2(2)
1 10.4(2) 2.5(2) 8.7(1) 9.3(1)
T2) 0.8(2) 0.9(2) 1.0(1) 1.3(1)

* in epfu (electrons per formula unit}

RESULTS
Structure refinement

Unit-cell data are given in Table 1. Final positional
parameters and equivalent isotropic displacement-
factors are given in Table 2, and the refined site-
scattering values are given in Table 3. Tables of struc-
ture factors and anisotropic displacement-parameters
may be obtained from the Depository of Unpublished

TABLE 4, SELECTED INTERATOMIC DISTANCES (A) IN VESUVIANITE CRYSTALS

NS N8 V40 V&0

Zi1)-0(1)a x4 1.640(2) 1.838(2) 1.841(2) 1.638(2)
<211)-0> 1.640 1.638 1.841 1.838

Z(2)-02)b 1.645(2) 1.645(2) 1.645(2) 1.842(2)
Z12-0(3) 1.638(2) 1.641(2) 1.6412) 1.636(2)
Z(2}-0i4)b 1.878(2) 1.878(2) 1.676(2) 1.674(2)
Z2-0716 1.629(2) 1.615(2) 1.621(2) 1.825(2)
<Zi2)-0> 1.848 1,645 1848 1844
2131-0(6Kd 1.631(2) 1.837(2) 1.832(2) 1.832(2)
Zi31-016le 1.609(2) 1.807(2) 1.808(2) 1.608(2)
2(3)-0(8)d 1.623(2) 1.624(2) 1.624(2) 1.624(2)
Z3)-0i9) 1.861(1) 1.860(1) 1.860(1) 1.662(1)
<2(3)-0> 1.631 1.632 1.631 1.632

X11-0ll)a x4 2.341(2) 2.331(2) 2.334(2) 2.338(2)
X(1-0(2la x4 2.622(2) 2.616(2) 2.622(2) 2.518(2)
<X(11-0> 2.432 2.424 2.428 2.420

x(2)-0(1) 2.479(2) 2.481(2) 2.480(2) 2,482(2)
Xi2)-0(2) 2.424(2) 2.420(2) 2.428(2) 2.424(2)
X2)-0i3)b 2.383(2) 2.374(2) 2.377(2) 2,380(2)
Xi21-014) 2.485(2) 2.487(2) 2.486(2) 2.453(2)
X12)-0(8) 2.448(2) 2.426(2) 2.4368(2) 2.444(2)
Xi2)-0(8) 2.337(2) 2.337(2) 2.340(2) 2.335(2)
x2)-0t8le 2.801(2) 2.938(2) 2.964(2) 2.980(2)
x2)-08)d 2.332(2) 2.326(2) 2.32%2) 2.32012)
<X(2)-0> 18] 2.481 2.471 2,476 2.480

<X(2)-0> [71 2,408 2.404 2.408 2.407

X(3)-0(37} 2.428(2) 2.444(2) 2.442(2) 2.432(2)
x31-0161p 2.467(2) 2.496(2) 2.490(2) 2.471(2)
X13)-0(8} 2.947(2) 2.991(2) 2.973(2) 2.951(2)
X(3-07) 2.811(2) 2.564(2) 2.586(2) 2.607(2)
Xi3)-0(7)m 2.532(2) 2.613(2) 2.518(2) 2.633(2)
Xi8)-0(71b 2.402(2) 2.371(2) 2.384(2) 2.408(2)
Xi31-0(8)k 2.606(2) 2.808(2) 2.8112) 2.606(2)
Xi3)-010AIN x%  2.579(2) 2.802(1) 2.601(2) 2.689(2)
X@3-0(10BIn x%  2.863(1) 2.570(1) 2.569(1) 2.560(1)
Xi31-001 1) 2.517(2) 2471(2) 2.438(2) 2.512(2)
<X13)-0> 18] 2,664 2669 2.660 2.568

<X13)-0> 18] 2516 2.608 2.607 2618

X41-08lq x4 2.310(2) 2.305(2) 2,208(2) 2.308(2)
Xi4)-010)f x4 2.697(2) 2.842(2) 2.633(2) 2.807(2)
<Xi44-0> 2.454 2,474 2.486 2.456
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Data, CISTI, National Research Council of Canada,
Ottawa, Ontario K1A 0S2. Selected interatomic
distances are given in Table 4.

Chemical composition

The chemical composition of each crystal is given
in Table 5. The calculation of the unit formulae is not
straightforward. Groat et al. (1992a) recommended
that the composition of B-free vesuvianite be renor-
malized on the basis of 50 cations pfu, and showed
that this is an appropriate procedure for most samples
of vesuvianite. However, the crystals chosen for this
study were selected because their unit formulae show
the maximum deviations from the ideal cation-sums of
19, 13 and 18 apfu for the X, Y and Z groups, respec-
tively. Thus it is not at all apparent that a 50-cation
scheme of renormalization is appropriate. As can be
seen in Table 4, the <Z-O> bond-lengths are reason-
ably constant in these (and most other) crystals of
vesuvianite, suggesting that the Z sites are occupied
only by Si. Thus, as a first approach to the problem,

TABLE 4. continued

N3 N8 V40 veo
YI1A}-0(8)q x4 2.080(2) 2.087(2) 2.088(2) 2.047(2)
Y1A)-O{10Alg 2.187112) 2.411(9} 2.482(9) 2.301(12)
Y(1A)-O{10Big 1.953(12) 2.088(8) 2.172(9) 2.043(11)
YU1B)-0(8la x4 2.0765(2) 2,098{2) 2.085(2) 2.078(2)
Y11B}-0(10A)g 2.013{12) 2.083(8) 2.10448) 2.033(12)
¥(1B)-0(10B)g 1.778(12) 1.76918) 1.79448) 1.776011)
Yi2)-0(4)d x2 1.838(2) 1.837{2) 1.842(2) 1.844(2)
Y12)-018) x2 1.885(2) 1.873(2) 1.878(2) 1.886(2)
Y12)-0(11) x2 1.871(2) 1.873(2) 1.870(2) 1.867(2)
<Y(2)-0> 1.898 1.894 1.897 1.899
¥(3)-0(1} 1.924{2) 1.928(2} 1.830(2) 1.827(2)
Y13)-0(2) 1.820(2) 1.908(2) 1.916(2) 1.824(2)
Y13)-0(3} 1.973(2} 1.983(2) 1.866(2) 1.976(2)
Y13)-041h 2.077(2) 2.070(2) 2.076(2) 2.074(2)
Y13)-0(6) 20112 1.882(2) 1.297(2) 2.009(2}
Y(3)-0(11) 1.844(2) 1.928(2) 1.929(2) 1.935(2)
<YI8)-0> 1.976 1.265 1.969 1.974
Xi4)-Xi4)d 2,366(4) 2.543(4) 2.486(4) 2.400(4)
X14)-Y11A) 1.289(8) 1.017(4) 0.978(4) 1.177(8)
Xi4)-Y(1B) 1.464{6) 1.348(4) 1.386(4) 1.445(8)
YIA-Y18} 0.176(8) 0.320(5) 0.378(8) 0.288(8)
Ol10A)-X(3)f x4 2.579(2) 2.602(1) 2.801{2) 2.588(2)
O({10A)-Y1A)K 2.187(12) 24118 2.482(8) 2.801(12)
O({10A}-YT1B)k 2.013(12) 2.083(9) 2.104(8) 2.033(12)
0110B)-X(3} x4 2.883(1 2.670(1) 2.869(1) 2.880(1)
O(10B)-Y{1A}k 1.863(12) 2.088(8) 2.172(8) 2.043(11}
0(10B)-¥{1B)k 1.778(12) 1.769(8) 1.794(8) 1.778(11)
-0y x2 1.887(8) 2,084(23) 2.024{6} 2,003(6)
T-0(11)  x2 1.6842(3} 1.807(11) 1.839(3) 1.843(3)
T12)-0(10A)r x2 1.268{10) 1.198(8} 1.214(8) 1.243(11)
T12)-0(10B)r 1.802(10) 1.622(8) 1.624(8) 1.602(11)

Equivalent positions: a: 1+x, ¥, 2 bt ¥, X, 1242 ¢ 1/2+y=1,%, 1~z dy, x, 112~z
o ~1+x, 1/2~y-1, 1/2-z; £t 1+x, 1+y, 22 @ %, ¥, z-1; h: Y. X, U2+z=1; it 1/2-x=1,
v U2z XY Nz kix, v, 142 5 U2-p-1, ~T4x, 142 mi X, 12+y-1, 12+2
m 12-x, 1/2~y, z; oiy, =1 +X, U2~z; p: -14+%, v, 142 @ x, 1+y, 2 1 -x+1,
~y+1, ~z+ 1,
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TABLE 5. AVERAGE COMPOSITION OF VESUVIANITE CRYSTALS*

N3 N8 V40 V8o
Si0, 36.75 38.15 36.51 37.02
ALO, 17.19 14.57 15.96 18.39
Tio, 0.14 1.00 0.92 0.22
MgO 3.80 3.17 3.00 3.47
Mno 0.00 0.49 0.29 0.00
FeO 2.87 4.44 4.15 0.63
Fo,0, - - - 3.08
Ca0 35.90 34.92 35.33 36.62
Na,0 0.00 0.02 0.08 0.00

*Ln,0q 0.00 0.21 0.00 0.00
SO0, 0.00 0.00 0.00 0.15
F 0.10 1.18 1.43 0.00
a 0.04 0.05 0.07 0.00
H0** 2.12 1.39 2.52 2.77

98.91 97.59 100.17 99.33
O=F,Cl 0.05 0.51 0.60 0.00
TOTAL 98.86 97.08 99.57 99.33
si 18.00 18.00 18.00 18.00
Al 9.93 8.55 9.26 9.39
Tis+ 0.05 0.37 0.34 0.08
Mg 2.78 2.35 2.21 2.52
M2 0.00 0.21 0.12 0.00
Fo?* 1.18 1.85 1.71 0.28
Fe®* - - - 1.12
Ca 18.84 18.63 18.66 18.55
Na 0.00 0.02 0.07 0.00

L+ 0.00 0.04 0.03 0.00
s 0.00 0.00 0.00 0.04
F 0.16 1.86 2.22 0.00
cl 0.03 0.04 0.06 0.01
OH 7.00 4.70 8.29 8.98
X 18.84 18.69 18.76 18.55
A 13.93 13.34 13.66 13.34
5z 18.00 18.00 18.00 18.00

* Analyses are normalized on 18 Si.
** Caiculated for charge balance.
*Ln = total REE

we renormalized the compositions on the basis of
18 Si apfu; this does not make allowance for the
possibility of Si being in excess of 18 apfu, with Si
occupying another site. Table 5 shows the unit formu-
lae renormalized on this basis.

SITE-SCATTERING CONSIDERATIONS

All structures show significant scattering at the T(1)
and T(2) positions. However, the assignment of this
electron density is not straightforward, as determina-
tion of the local stereochemistry is complicated by
extensive positional disorder and partly occupied sites.

T(1) site

The O(7) and O(11) anions form a tetrahedron
around the T(1) site, with 7(1)-O(7) and T(1)-O(11)
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distances of ~2.02 and 1.64 A, respectively. The tetra-
hedral coordination and mean bond-lengths suggest
that 7(1) is occupied by Al or Fe**. This is in accord
with the observation that the Y-group cation sum is
generally in excess of 13 apfu.

T(2) site

In all crystals, the refined site-scattering at 7(2) is
~1 e, and the O(10) position is fully occupied. This is
compatible with half-occupancy of the H(2) position
(Groat et al. 1992a) by H, the positional disorder of
the half-occupied site (Lager er al. 1989) giving rise to
electron density at the 7(2) position. Hence the local
composition and stereochemistry are similar to those
observed in normal stoichiometric vesuvianite.

CHEMICAL COMPOSITION

Inspection of Table 5 shows that the crystals have
Y-group surns significantly in excess of the ideal value
of 13 apfu. As discussed above (Fig. 1), the incorpora-
tion of (Al,Fe3*) at 7(1) is accompanied by the intro-
duction of vacancies at the adjacent H(1) positions.
This substitution results in an excess positive charge,
and hence must be coupled to a complementary
charge-balancing substitution. Some possible substitu-
tions are listed in Table 6. Inspection of Table 5
allows us to dismiss some of these possible substitu-
tions immediately. The crystals examined here contain
negligible Na, and thus substitution (1) can be dis-
counted. If substitution (6) is significant, the amount
of excess Y-cations should correlate with increasing
<<Z-0>> distance as Al replaces Si. Examination
of Table 4 shows that <Z(2)-O0> and <Z(3)-O> are
constant in these vesuvianite crystals, and fall
within the ranges observed in refined structures of
vesuvianite (Groat et al. 1992a, Fig. 6a). Observed
<Z(1)-O> values are similar to those observed in most
other vesuvianite crystals (including boron-bearing
vesuvianite; Groat ef al. 1994). This indicates

TABLE 6. POSSIBLE SUBSTITUTIONS INVOLVING THE
INCORPORATION OF (Al,Fe®*) AT THE 7(1) SITE IN VESUVIANITE

Substitutions involving X-group cations
(1 ™AiFe**] + "Na —~ ""H, + *Ca
(2) ﬂl)(A['Fea-(-]z + XD - H")H4 + Xca

Substitutions involving Y-group cations

(3) RU[ALFe®*] + Y(Mg,Fe?*) — HUH, + YAl
@ TUMALFe®], + O - "TH, + Mg

(B)  TUALFe®*l, + YO - "UH, + YAl

Substitutions involving Z-group cations
6) TALFe®] + 2Al - HUH, 4 Z5i
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Fie. 1. The proposed local arrangements around the 7(1) site. (a) 7(1) vacant; note that the H(1) positions are occupied.
(b) T(1) occupied by Al, and H(1) positions vacant. To avoid complications in the figure, bond valences are not shown,

but may be read directly from Table 7.

that there is little Al occurring at Z(1), certainly
insufficient for substitution (6) to be the primary
mechanism for incorporation of excess Y-group
cations; substitution of 0.57 Al at Z(1) would increase
<Z(1)-0> by ~0.037 A over that value corresponding
to full Si occupancy, whereas the observed differences
are less than or equal to 0.005 A. Hence we discount
substitution (6) as an important mechanism in this
context. Substitutions (4) and (5) also can be dis-
counted, as the observed scattering values at the
Y-sites and at T(1) are not compatible with these
mechanisms. This leaves substitutions (2) and (3) to
be considered.

Groat et al. (1992a, 1994) have shown that boron is
incorporated into the vesuvianite structure primarily
by substitution (3). In addition, the fact that >,(X-19)
is greater than Y(Z-18) in boron-bearing vesuvianite
suggests that substitution (2) is not important in boron-
bearing vesuvianite (which invariably has Y-cation
sums significantly larger than 13 apfu). The situation
is less clear in the vesuvianite crystals examined here.
Firstly, the amount of substitution at the 7(1) site is far
less in boron-free vesuvianite than in boron-bearing
vesuvianite, and hence the mechanism is less clear.
Secondly, unlike boron-bearing vesuvianite, >.(X-19)
is less than X(Z-18) in Y-cation-excess vesuvianite,

TABLE 7. LOCAL BOND-VALENCE ARRANGEMENTS AROUND THE 7(1} POSITION IN VESUVIANITE

7(1) vacant
2(2) X(3) Y(2) Y3) 2 H{1) 3
o 1.013 0.202 1.764 0.29 2.064
0.23¢9
0.310
oY 0.238 0.548 0.508 1.282 0.71 2,002
711) occupied*
Z(2) X{3) Y(2) Yi3) 3 FIsS! z
0o(7) 1.00 0.20 1.76 Q.75 1.95
0.27 **
0.29
onn 0.24 0.56 0.51 1.30 0.75 2.05

* these values are only approximate as the observed bond-lengths are for a combination of 7(1)-vacant

and T{1}-occupied configurations;

** for satisfaction of the O(7) hond-valence requirements, one or two of these bonds must be absent
{i.e., there must be local vacancies at the X(3) position).
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suggesting that substitution (2) is significant. Thirdly,
the lack of knowledge of Fe?* and Fe3* contents in
these boron-free vesuvianite crystals prevents quanti-
tative evaluation of the importance of substitution (3).
At the moment, we must be content with accepting
both substitutions (2) and (3) (Table 6) as being
involved with the occurrence of (AL Fe3*) at the T(1)
site in boron-free vesuvianite. In this regard, it is
notable that detailed consideration of the X-, Y- and
Z-group cation-sums (Groat ef al. 1992a) shows negli-
gible skew for the Z group, a positive skew for the
Y group and a negative skew for the X group, in line
with the substitutions (2) and (3) deduced to be of
importance here.

Local stereochemistry and (Al Fe) incorporation
at the T(1) site

If the 7(1) site is locally occupied by (AlFe), the
two neighboring H(1) positions must be vacant.
Figure 1 shows the local arrangements with 7(1)
vacant and occupied, and Table 7 shows the local
bond-valence arrangements. If 7(1) is vacant and H(1)
is fully occupied, H(1) provides 0.71 v.u. to O(11) and
0.29 v.u. to O(7). If H(1) is vacant and 7(1) is occu-
pied by (AlFe), the T(1) cation provides ~0.75 v.u. to
O(11) (where this site is now occupied by 0?) and
~0.75 v.u. to O(7); this arrangement results in excess
incident bond-valence at O(7) (Table 7). As discussed
above, the occurrence of (Al,Fe3*) may occur via sub-
stitutions (2) and (3) (Table 6). Groat et al. (1994) deal
with the local details of substitution (3) in regard to
the incorporation of boron at 7(1). Here, we will con-
sider the stereochemical details of substitution (2). The
bond-valence excess at O(7) caused by occupancy of
the 7(1) site may be compensated by a vacancy or
vacancies at one or more of the three X(3) positions
that coordinate O(7), reducing the bond-valence
incident at O(7) to ~2.0 v.u. This suggests that the
occurrence of (Al,Fe) at T(1) should be accompanied
by the occurrence of vacancies at the X(3) site. This
mechanism accounts for the lower-than-ideal X-group
cation sums in these vesuvianite crystals (Table 5).

The proposed substitution may be written as

T ALFe), + B, + X300 —
T, + BOH, + X3 Cq 1)

where the — indicates that the constituents on the left
are replacing the constituents on the right. This is the
simplest form of this substitution, but more complex
formulations are possible. The vacant X(3) site can
potentially be associated with three different T(1)
sites, and the electroneutrality constraint would also
require an additional heterovalent substitution, possi-
bly involving substitution (3) (Table 6). Hence a
simple relation between TD(AlLFe) and the X-group
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sum is not expected. However, the fact that 2.X is less
than 19 apfu in all of these crystals is compatible with
the above substitution. This result requires a modifica-
tion to the site-group contents of the general formula
proposed by Groat et al. (1992a). The formula itself
remains the same, X;q Y13 Z3 Ts Ogg Wi, but the T
constituents must be modified to include Al and Fe
[T = B, Al, Fe, [], and the X constituents must be
modified to include [1.

CONCLUSIONS

1. Some vesuvianite crystals may have an excess of
Y-group constituents; in such crystals, (Al,Fe) in
excess of 13.0 apfu occupies the T(1) site, a tetra-
hedrally coordinated site linked to anions occupying
the O(7) and O(11) sites.

2. Excess (ALFe) is incorporated into the vesuvianite
structure via the substitutions

T()(ALFe)* + B, + X3 ] —
T, + HOH, + X3Ca

T(l)(Al,F63+) + H(l)lj2 + Y(Mg,Fe2+) RN
T[] 4 HOH, + Y(ALFe™).
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