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Tetrahedral vacancies and cation ordering in low-temperature Mn-bearing vesuvianites:
Indication of a hydrogarnet-like substitution
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ABSTRACT
Strongly zoned Mn-rich vesuvianites with MnO concentrations up to 14.3 wt% from the
N’chwaning II mine of the Kalahari manganese field (South Africa) crystallized at hydrothermal
conditions below 450 °C. These vesuvianites are by far the most Mn-rich samples hitherto described
and have either space group P4nc or P4/n due to partial long-range ordering. Most crystals are
assembled of P4nc and P4/n domains yielding P4 average symmetry. The crystal structure of one
Mn-rich crystal of average composition Ca19Mn3.5Al9.5Si17.4(O,OH)78 was refined from single-crystal
X-ray data (R1 = 3.85%) in space group P4/n (a = 15.571(2), c = 11.789(2) Å). Mn2+ and Mn3+ are
concentrated on the fivefold-coordinated square pyramidal Y' site. Additional Mn3+ was located on
the octahedral sites Y2a (35%), Y1a (22%), Y2b (13%) and Y1b (8%). Electron microprobe analyses and crystal-structure refinements indicated tetrahedral vacancies in the orthosilicate tetrahedra
(Z1 and Z2) but not in the disilicate units (Z3). Z1 tetrahedra with up to 17% vacancies have strongly
increased Z1-O distances of 1.67 Å. Structural and chemical evidence combined with the similarity
of the structures of vesuvianite and garnet suggest a partial hydrogarnet-like substitution of SiO4
tetrahedra by H4O4.

INTRODUCTION
Vesuvianite is chemically and structurally one of the more
complicated rock-forming minerals. It occurs in calc-silicate
rocks equilibrated under a wide range of metamorphic pressures and temperatures but also in rodingites and altered alkaline rocks, e.g., nepheline syenites (Valley et al. 1985). An
idealized formula may be written as Ca 19 Mg(MgAl 7 )
Al4Si18O69(OH)9. Important substitutions like F → OH, Fe2+ →
Mg2+, Fe3+ → Al3+, and (Mg + Fe2+ + Mn2+) + Ti4+ → 2 (Al +
Fe3+) have recently been studied and the corresponding local
configurations have been discussed (Groat et al. 1992a, 1992b,
1994a, 1995; Fitzgerald et al. 1992; Ohkawa et al. 1992). Furthermore, the vesuvianite structure is able to accomplish up to
4 wt% B2O3 mainly by the coupled substitution B + Mg → 2H
+ Al (Groat et al. 1992a, 1994b, 1996, 1998).
The true symmetry of vesuvianite is under discussion. Transmission electron-microscopy of several samples show monoclinic symmetry combined with pseudomerohedral twinning
(Veblen and Wiechmann 1991; Groat et al. 1993). Symmetry
lower than tetragonal is also indicated by biaxial optical properties of many vesuvianites (Groat et al. 1993).
From a crystal chemical point of view, a simplified formula
of vesuvianite may be written as X18X'Y12Y' Z18O69(OH,F)9
where X and X' are sevenfold- to ninefold-coordinated, Y has
octahedral coordination, Y' has square pyramidal coordination,
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and Z represents tetrahedral coordination. The positions X and
X' are commonly occupied by Ca. The sites Y and Y' host elements with an average valence of 2.85 (e.g., 11 Al and 2 Mg)
and Z is mainly occupied by Si.
Vesuvianites are commonly classified among orthosilicates
(Deer et al. 1982) although the structure contains four disilicate
units (Z3) in addition to ten SiO4 orthosilicate groups (Z1 and
Z2) per formula unit (pfu). The structure is closely related to
that of grossular and mainly differs from that of garnet by the
virtue of additional atoms (X' and Y') on the fourfold axes.
The vesuvianite structure exhibits channel-like arrangements
along the fourfold axes. These channels are occupied by Y' and
X' cations at various z levels. It is assumed that the Y' and X'
periodicity is preserved within a single channel but adjacent
channels may have Y' and X' at different z levels (e.g.,
Giuseppetti and Mazzi 1983; Fitzgerald et al. 1986b; Allen and
Burnham 1992; Pavese et al. 1998; Armbruster and Gnos 2000).
The different Y' and X' arrangements lead to various tetragonal space groups. Allen and Burnham (1992) provided strong
arguments that ordered channel arrangements are favored in
vesuvianites grown at low temperature (<300 °C). Such crystals exhibit either P4/n (centrosymmetric) or P4nc (acentric)
space group symmetry. In addition, a macroscopic crystal may
be assembled of domains representing both space groups. Thus
the resulting symmetry becomes P4. Armbruster and Gnos
(2000) discussed how the end-member polytypes can be distinguished based on diffraction experiments. Vesuvianites
grown at high temperature (400–800 °C) exhibit long-range
disordered channel arrangements and the resulting symmetry
is P4/nnc (e.g., Allen and Burnham 1992).

