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ABSTRACT

The crystal structure of yoshimuraite, ideally Ba2Mn2TiO(Si2O7)(PO4)(OH), has been determined and refined to residuals of
R = 3.0% and wR = 4.1% using material from the Taguchi mine, Aichi Prefecture, Honshu, Japan. It is triclinic, P1̄, with cell
parameters a 5.386(1), b 6.999(1), c 14.748(3) Å, a 89.98(1), b 93.62(2), g 95.50(2)%, V 552.3(1) Å3, with Z = 2. The mineral
is strongly layered on (001), consisting of two quasi-tetrahedral layers composed of TiO5 polyhedra cross-linked by corner-
sharing (Si2O7) clusters. These layers bound on two sides a layer of closest-packed Mnf6 octahedra, thus forming a composite
unit reminiscent of that found in 2:1 phyllosilicates. Such composite units are subsequently linked along [001] via an interlayer-
like [Ba2(PO4)] sheet, the bonding between the two being relatively weak and resulting in the pronounced {001} cleavage ob-
served in the mineral. Yoshimuraite is a member of the BMn heterophyllosilicate polysomatic series [specifically, the BM0 poly-
some series], which includes phases such as astrophyllite, bafertisite and seidozerite.

Keywords: yoshimuraite, barium manganese titanium silicophosphate hydrate, heterophyllosilicate polysomatic series, Taguchi
mine, Japan.

SOMMAIRE

Nous avons résolu la structure cristalline de la yoshimuraïte, dont la composition idéale est Ba2Mn2TiO(Si2O7)(PO4)(OH),
jusqu’à un résidu R de 3.0% (wR = 4.1%) en utilisant un échantillon de la mine Taguchi, préfecture d’Aichi, île de Honshu, au
Japon. Il s’agit d’un minéral triclinique, P1̄, dont les paramètres réticulaires sont a 5.386(1), b 6.999(1), c 14.748(3) Å, a 89.98(1),
b 93.62(2), g 95.50(2)%, V 552.3(1) Å3, avec Z = 2. La yoshimuraïte possède des feuillets (100) prominents, et contient de
couches quasi-tétraédriques contenant des polyèdres TiO5 liés entre eux par des groupes (Si2O7) à coins partagés. Ces feuillets
sont disposés de chaque côté d’une couche d’octaèdres Mnf6 à agencement compact, agencement composite ressemblant à celui
des phyllosilicates 2:1. De tels feuillets sont liés entre eux le long de [001] par un inter-feuillet de [Ba2(PO4)]; les liaisons entre
les deux composants sont relativement faibles, ce qui rend compte du clivage {001} prononcé. La yoshimuraïte fait partie de la
série polysomatique BMn dite hétérophyllosilicate, et en particulier de la série des polysomes BM0, qui inclut les espèces
astrophyllite, bafertisite et seidozerite.

(Traduit par la Rédaction)

Mots-clés: yoshimuraïte, silicophosphate de baryum, manganèse et titane hydraté, série polysomatique hétérophyllosilicatée,
mine Taguchi, Japon.
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preponderance of P5+ over S6+ in the isolated tetrahe-
dral site.

X-RAY CRYSTALLOGRAPHY

AND CRYSTAL-STRUCTURE DETERMINATION

For X-ray-diffraction intensity data, a plate measur-
ing 0.09 3 0.06 3 0.04 mm was selected. Although
Watanabe et al. (1961) indicated that the crystals of
yoshimuraite examined by them all exhibit what they
interpreted to be polysynthetic twinning on {001} (twin
law unknown), the crystal used in this present study
shows no evidence of such twinning after being studied
by optical microscopy and X-ray-precession techniques.
Single-crystal X-ray-precession photographs confirm
that the mineral is triclinic, with possible space-groups
P1 and P1̄. Intensity data were collected on a fully auto-
mated Nicolet R3m four-circle diffractometer. A set of
25 reflections was used to orient the crystal and to re-
fine the cell dimensions. Intensity data were collected
out to 2u = 60° using the u:2u scan mode and a scan
range of 2°. A variable scan-rate inversely proportional
to the peak intensity was used, with maximum and mini-
mum scan-rates of 29.3° 2u/min and 4.0° 2u/min, re-
spectively. Data pertinent to the collection of the
intensity data are given in Table 2.

The data were subsequently corrected for Lorentz,
polarization, background effects and absorption and re-
duced to structure factors using the SHELXTL PC
(Sheldrick 1990) package of computer programs. For
the ellipsoidal absorption correction, eleven intense
diffraction-maxima in the range of 10 to 53°2u were se-
lected for C diffraction-vector scans (North et al. 1968).

INTRODUCTION

Yoshimuraite, Ba2Mn2TiO(Si2O7)(PO4)(OH), was
originally described from the Noda–Tamagawa mine,
Iwate Prefecture, Honshu, Japan, where it occurs in
alkali syenite pegmatites located between a mangani-
ferous hornfels unit and a layered Mn orebody
(Watanabe et al. 1961). It was subsequently found in
samples from the Taguchi mine, Aichi Prefecture,
Honshu, Japan, where it occurs in orange-brown platy
to tabular crystals, with Mn-bearing aegirine and rhodo-
nite. Its structure has been solved and refined to evalu-
ate the extent to which Si and P are ordered, and to
investigate its crystal-chemical relationship with other
layered Ti-bearing silicates.

CHEMICAL COMPOSITION

The material used in this study is from the Taguchi
mine; it was obtained from the National Mineral Col-
lection of Canada at the Geological Survey of Canada
(NMC 63546). In order to confirm the chemical com-
position of the yoshumuraite used in this study, wave-
length-dispersion data were collected on a Cambridge
Microscan MK5 electron microprobe using an operat-
ing voltage of 15 kV and an estimated beam-current of
30 nA. The following standards were used: Ba–Si glass
(BaLa), celestine (SrLa, SKa), Kakanui hornblende
(TiKa, SiKa, FeKa, MgKa), and fluorapatite (PKa).
Also sought but not detected were Na, K, Ca, Al, Nb, Cl
and F. Analytical results are provided in Table 1. The
average composition gives the empirical formula (based
on 13 atoms of oxygen, as determined from results
of the crystal structure analysis): (Ba1.95Sr0.28)S2.23
(Mn1.64Fe0.49Mg0.03)S2.16 (Ti0.78 Fe0.22)S1 O(Si2O7)
[(P0.46S0.34Si0.17)S0.97O4] (OH), which suggests the
essentially ordered occurrence of Si4+ and confirms a
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This approach reduced the R(azimuthal) from 4.59 to
2.09% and resulted in minimum and maximum values
of transmission of 0.624 and 0.815, respectively. There
was no appreciable deterioration of the crystal due to
radiation damage during the experiment.

The structure was solved using Patterson methods,
and the refinement was done with the SHELXTL PC
(Sheldrick 1990) package of computer programs. Phas-
ing of a set of normalized structure-factors gave a mean
| E2 – 1 | value of 0.968, suggesting the centrosymmet-
ric space-group P1̄ as the most probable choice. A sharp-
ened Patterson map was calculated, from which the
positions of all the major cations and eleven O2– atoms
were identified. This model refined to R = 9.9% and wR
= 10.7%. Subsequent difference-Fourier maps revealed
the positions of the two additional O2– atoms. Refine-
ment of this model included conversion to anisotropic
displacement-factors, introduction of a weighting
scheme based on [1/s2(Fo)], and modification of the
scattering factor for the site assigned to P5+ to
(P0.5S0.3Si0.2)S1.0 to be consistent with the electron-mi-
croprobe data. Furthermore, least-squares refinement of
the site occupancy for the Ti site converged to 0.69(3)
Ti and 0.31(3) Fe; in good agreement with the electron-
microprobe results (Table 1). This model converged to
R = 3.0% and wR = 4.1% for 1842 observed reflections
[F > 6s(Fo)]. No improvement in the final residual was
noted when an extinction condition was included, and
the final difference-map showed no maxima greater than
1 e–/Å3.

Final positional and thermal parameters are pre-
sented in Table 3, selected bond-lengths and angles, in
Table 4, and calculated bond-valence sums, in Table 5.
Observed and calculated structure-factors are available
from the Depository of Unpublished Data, CISTI, Na-

tional Research Council of Canada, Ottawa, Ontario
K1A 0S2, Canada.

DESCRIPTION OF THE STRUCTURE

The structure of yoshimuraite is layered on (001). It
contains a heterophyllosilicate layer (Ferraris et al.
1996) of composition [TiSi2O8]4– formed from TiO5
polyhedra cross-linked with corner-sharing (Si2O7) clus-
ters (Fig. 1). A layer of closest-packed octahedra (O),
composed of three crystallographically distinct edge-
sharing Mnf6 octahedra [f: O2–, (OH)–; (Fig. 2)], is
surrounded on two sides by heterophyllosilicate layers,
producing a 2:1 composite unit reminiscent of that found
in 2:1 phyllosilicates (Fig. 3). Linkages between the
heterophyllosilicate layers and the O layers occur
through apical O2– of the TiO5 and SiO4 polyhedra, and
misfit results in the slightly divergent apical arrange-
ment evident in the two crystallographically distinct
SiO4 tetrahedra (Fig. 3). Along the c axis and inter-
leaving between adjacent 2:1 composite sheets is a
[Ba2(PO4)] polyhedral layer (Fig. 3). This interlayer unit
is composed of non-polymerized PO4 tetrahedra joined
to BaO11 polyhedra through both shared edges and
faces. Some relatively distant O2– atoms (i.e., >3 Å)
have been included in the BaO11 polyhedra, which may
explain the high bond-valence summations for Ba(1)
and Ba(2) (Table 5). The interlayer-like [Ba2(PO4)]
polyhedral layer is very similar to that found in the bar-
ite structure, where layers of SO4 tetrahedra alternate
with layers of BaO12 polyhedra (Hill 1977). In
yoshimuraite, weak bonding between the 2:1 composite
unit and the [Ba2(PO4)] polyhedral layer probably re-
sults in the distinct {001} cleavage observed in the min-
eral. The mineral is most closely related on a structural
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basis to innelite, Na2Ba3(Ba,K)(Ca,Na)Ti(TiO2)2
(Si2O7)2(SO4)2 (Chernov et al. 1971). The major struc-
tural difference between the two is that innelite contains
both [5]Ti and [6]Ti, occupying crystallographically dis-
tinct sites. The location of these sites in the crystal struc-
ture eliminates the center of symmetry, and results in
that mineral adopting the noncentrosymmetric space-
group P1.

DISCUSSION

Yoshimuraite contains essentially ordered Si and P,
as constrained by results from electron-microprobe
analyses (Table 2), mean T–O bond distances (Table 4)
and calculated bond-valence sums (Table 5). As such, it
is recommended that this mineral be classified as a
silicophosphate (McDonald et al. 1994). It should be
noted, however, that yoshimuraite does contain a sig-
nificant amount of S6+ (presumably substituting for P5+),
which results in shorter observed cation–oxygen bond
distances for P5+ and hence, higher bond-valence sums
for P5+ and some of the associated bonding atoms of
oxygen (Table 5).

Yoshimuraite is also a member of a large group of
layered Ti- and Zr-bearing silicates and silicophosphates
that have been collectively referred to as the BMn
heterophyllosilicate polysomatic series (Ferraris et al.
1996). These minerals are generally restricted to silica-
deficient hyperalkaline [(Na + K)/Al >> 1] igneous
rocks, which are enriched in incompatible elements that
are able to proxy for Si4+, most notably VITi4+ and
VIZr4+. This results in the formation of unusual, exotic
minerals whose structures possess strong similarities
with those of more common minerals found in silica-
rich environments. For example, although chemically
distinct, the above minerals are structurally relatable to
2:1 phyllosilicates. Their a value is very similar or ra-
tionally related to the amica value (ca. 5.4 Å). They are
also of low symmetry (monoclinic or triclinic), exhibit
a perfect basal cleavage, and possess a strongly
pseudohexagonal character.

The crystal chemistry and some of the topological
relationships that exist among the members of the BMn
heterophyllosilicate series have been discussed by
Egorov-Tismenko & Sokolova (1990) and Ferraris et
al. (1996). In short, members of this series are 2:1
phyllosilicate-like minerals containing brucite-like Mf6
layers [M: Mn, Mg, Fe; f: unspecified ligand, e.g., O2–,
(OH)–, F–] bounded on two sides by heterophyllosilicate
layers consisting of (Si2O7) clusters linked by Ti and Zr
polyhedra. The series ideally has two end-members,
bafertisite [BaFeTiO(Si2O7)(OH)2], which gives rise to
a B module [(A,M)2 (M,M)4(X2T4O17)(OH)2, and
dioctahedral mica, which gives rise to a M module
[(A,M)(M,M)3(T4O10)(OH)2]. The M module is given
the subscript n to denote the number of such modules
present in a given member of the series. For example,
bafertisite has n = 0, astrophyllite [(K,Na)3Fe7Ti2Si8O28
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FIG. 1. Yoshimuraite, (001) heterophyllosilicate layer showing the TiO5 polyhedra (green)
and the diorthosilicate groups (red). The unit cell is outlined.
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FIG. 2. Yoshimuraite, (001) heterophyllosilicate layer overlying the closest-packed Mnf6
layer of octahedra (blue). The unit cell is outlined.

FIG. 3. Yoshimuraite, (010) plane showing the development of the 2:1 composite layers
and the interlayer-like [Ba2(PO4)] component. The PO4 tetrahedra are orange, and the
Ba atoms are represented as yellow spheres. The unit cell is outlined.
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(OH,O)3] has n = 1, and the mineral nafertisite
[(Na,K)3(Fe2+,Fe3+,M)10{Ti 2Si12O37}(OH,O)6; Ferraris
et al. 1996] has n = 2. The BM0 polysome of this series
(i.e., bafertisite) can be further divided on the basis of
the presence or absence of an interlayer component, and
where present, its composition. Members of this
subseries include minerals in which the interlayer space
is vacant, as in seidozerite [Na4MnTiZr(Si2O7)2O2
(F,OH)2], where alkalis or alkaline earths are present
with or without H2O, as in murmanite [Na3Ti4O4
(Si2O7)2•4H2O], with (SO4)2–, as in innelite, or with
(PO4)3–, as in yoshimuraite.

The occurrence of [5]Ti in minerals such as yoshimu-
raite is unusual and worthy of comment. Titanium is the
first member of the d-block transition elements and has
four valence electrons. Although it can adopt several
oxidation states, Ti4+ is by far the most common in min-
erals. As significant energy is required to remove the
four electrons, Ti4+ compounds are generally highly
covalent in character. The electronic configuration
d0 for Ti4+ gives rise to either [5]- or [6]- coordination
in minerals. For [6]-coordination, the octahedral geom-
etry has Ti–O bond lengths typically in the range of 1.91
to 1.95 Å. The occurrence of [5]Ti4+, as in yoshimuraite,
is uncommon but has been recognized in a number
of related phases, including lamprophyllite, [Sr2Na3Ti
(TiO)2(Si2O7)(O,OH,F)2], fresnoite, [Ba2TiO (Si2O7]
and innelite, [Na2Ba4CaTi(TiO2)2[Si2O7]2 (SO4)2]. The
TiO5 polyhedron may be best described as a square or
tetragonal pyramid, with the apical Ti–O distance being
relatively short (ca. 1.68 Å) and the four basal bond
distances being relatively long (ca. 1.98 Å). These bond
distances and coordination geometry are in excellent
agreement with those observed for [5]Ti in synthetic
alkali titanosilicate glasses (1.67–1.70 Å and 1.94–1.96
Å; Cormier et al. 1997). The short apical bond-length is
indicative of p-bonding, whereas the other four bonds
are consistent with s-bond lengths.

Whereas it may seem contradictory to discuss Ti
coordination polyhedra in terms of Lewis strengths
(owing to the uncertainty of the degree of covalent char-
acter), certain generalities can be deduced to help eluci-
date the occurrence of [5]Ti4+ in nature. It is noteworthy
that [5]Ti4+ occurs in crystal structures with a high con-
centration of large, low-valence cations that are weak
Lewis acids; i.e. Na, Ca, Sr and Ba. In keeping with the
valence-matching principle, these structures are moder-
ately to highly polymerized (sheet) silicates, which low-
ers the Lewis basicity. Casual thought may lead to the
perception that lowering the coordination of Ti from [6]
to [5] would increase the Lewis acidity, but the sp3d
hybridization effectively shifts the Ti atom off the
square equatorial plane of O atoms toward the apex of
the pyramid. This shift lowers the bond valence
(i.e., lowers the Lewis acidity) of the equatorial oxygen
atoms, making them suitable for bonding to the alkali
or alkaline-earth elements that form the interlayers in
these heterophyllosilicates. Similar arguments can

explain the same coordination observed for [5]W6+ in
pinalite [Pb3WO5Cl2] (Grice & Dunn 1999), since W
has the same electronic configuration, d0, as [5]Ti4+.
Furthering this concept, Grice et al. (1999) discussed
other phases structurally related to pinalite and showed
how the unique electronic character of Pb2+and Bi3+,
which have stereoactive lone-pair behavior, lowers
the Lewis acidity to stabilize the formation of oxy-
carbonates and oxy-chlorides.

Whereas the above provides a rationale for the
development of [5]Ti4+, it does not explain why Ti4+ can
be [4]-, [5]- or [6]-coordinated in minerals. An answer
to this may lie in the character of the melt structure from
which Ti-bearing minerals crystallize. For example,
[5]Ti4+ is probably the dominant species in systems
where TiO2 levels are below rutile saturation, followed
by [4]Ti4+ (Farges et al. 1996, Farges 1997). However,
the actual coordination of Ti4+ is also influenced by a
number of factors besides TiO2 content, including total
alkalinity, Al content of the melt, etc. (Romano et al.
2000). In the system Na2O–SiO2–TiO2, Henderson &
Fleet (1995) noted that [4]Ti4+ dominates at low TiO2
concentrations, but above 7.1 wt.% TiO2, [5]Ti4+ is found
to dominate instead. In alkali-depleted systems, [4]Ti4+

dominates at low TiO2 concentrations, with [6]Ti4+ domi-
nating at high (>7 wt.% TiO2) contents. However, in
systems enriched in alkalis, notably those of large radii
(e.g. K+, Ba2+, etc.), [5]Ti4+ dominates (Dingwell et al.
1994). Since Al tends to destabilize the local environ-
ment around [5]Ti4+ (resulting in formation of [4]Ti4+),
low concentrations of Al also favor this coordination.
As melts are polymerized to a certain extent, albeit on a
short-range level, “crystal-like” fragments do exist,
upon which minerals might nucleate in a template man-
ner. It is plausible, therefore, that the coordination of Ti
in minerals may be strongly influenced by the coordi-
nation of Ti dominant in the melt itself. Most hyper- to
peralkaline igneous systems, such as those found at
Mont Saint-Hilaire (Quebec, Canada), Ilímaussaq
(Greenland) and the Khibina and Lovozero massifs
(Russia), are characterized by high Ti and low Al
contents, along with high alkalinities. Such factors tend
to favor development and stabilization of [5]Ti4+ in the
melt structures. Therefore, alkali titanosilicates found
in these environments would be predicted to preferen-
tially contain [5]Ti4+, with the presence of [6]Ti4+ possi-
bly being favored by a selective Ti content or by the
nature of the alkalis (i.e. the alkali field-strength; Gan
et al. 1990).
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