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ABSTRACT

The crystal structure of yoshimuraite, ideally Ba;Mn,TiO(Si,07)(PO4)(OH), has been determined and refined to residual s of
R = 3.0% and WR = 4.1% using material from the Taguchi mine, Aichi Prefecture, Honshu, Japan. It is triclinic, P, with cell
parameters a 5.386(1), b 6.999(1), ¢ 14.748(3) , a 89.98(1), b 93.62(2), g 95.50(2)%, V 552.3(1) 3, with Z = 2. The mineral
is strongly layered on (001), consisting of two quasi-tetrahedral layers composed of TiOs polyhedra cross-linked by corner-
sharing (Si,Oy) clusters. These layers bound on two sides a layer of closest-packed Mnfg 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 [Bap(PO4)] sheet, the bonding between the two being relatively weak and resulting in the pronounced {001} cleavage ob-
served in the mineral. Y oshimuraite is amember of the BM,, heterophyllosilicate polysomatic series [specifically, the BMg 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 r solu la structure cristalline de la yoshimura te, dont la composition id ae est Ba ;,Mn,TiO(Si,07)(PO4)(OH),
jusqu unrsidu Rde3.0% (WR = 4.1%) en utilisant un chantillon de la mine Taguchi, pr fecture d Aichi, le de Honshu, au
Japon. Il sagitd unminral triclinique, PL, dontlesparam tresr ticulairessont a5.386(1), b6.999(1), c14.748(3) , a89.98(1),
b 93.62(2), g 95.50(2)%, V 552.3(1) 3, avec Z = 2. La yoshimurate poss de des feuillets (100) prominents, et contient de
couches quasi-t tra driques contenant des poly dres TiO s li s entre eux par des groupes (Si ;O;7) coins partag s. Ces feuillets
sont dispos sdechaquect dunecouched octadresMn g agencement compact, agencement composite ressemblant celui
des phyllosilicates 2:1. De tels feuillets sont li s entre eux le long de [001] par un inter-feuillet de [Bay(PO,)]; lesliaisons entre
les deux composants sont relativement faibles, ce qui rend compte du clivage {001} prononc . Layoshimurate fait partie de la
srie polysomatique BM, dite ht rophyllosilicate , et en particulier de la srie des polysomes BMy, qui inclut les esp ces
astrophyllite, bafertisite et seidozerite.

(Traduit par la R daction)

Mots-cl s: yoshimurate, silicophosphate de baryum, mangan se et titane hydrat , srie polysomatique h t rophyllosilicat e,
mine Taguchi, Japon.
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INTRODUCTION

Y oshimuraite, BaoMn,TiO(Si,O7)(PO,)(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. Thefollowing 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, CI
and F. Analytical results are provided in Table 1. The
average composition givesthe empirical formula(based
on 13 atoms of oxygen, as determined from results
of the crystal structure analysis): (Bay.o5Sr0.28)s2.23
(Mny 64F€0.49M Jo.03)s2.16 (Tio.78 F€0.22)s1 O(Sio07)
[(Po.4650.34Si0.17)s0.9704] (OH), which suggests the
essentially ordered occurrence of Si** and confirms a

TABLE 1. CHEMICAL COMPOSITION OF YOSHIMURAITE

1 2 3 4 5 6 7
BaO wt.% 3975 3929 3895 3834 3908 3351 4209
Sr0 264 305 319 316 301 462 -
MnO 1527 1511 1501 1522 1515 1764 1947
TiO, 846 827 788 786 812 1000 1097
Fe,0, 785 795 829 806 804 132 -
MgO 013 012 024 022 018 056 -
sio, 1696 1683 1697 1722 1700 1825 1649
P,0, 437 419 401 428 421 398 974
S0, 356 384 402 428 392 540 -
H,0 (124 (1.23) (123) (1.23) (1.23) (234) 124
Total 10023 9988 ©99.79 99.00 9994 10010 100

Column 5: Average of compositions 1-4 determined on one grain.

Column 6: Data reported by Watanabe ef al. (1961) for yoshimuraite from the
Noda-Tamagawa mine. The total includes 1.47% FeO (by weight), 0.50% ZnO,
0.16% Na,0, 0.03% K,0, 0.41% Cl and O=C! -0.09.

Column 7: Composition calculated for ideal formula, Ba,;Mn,TiO(Si,0,)(PO,)(OH).
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preponderance of P°* over S°* 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
P1and PL. Intensity datawere collected on afully 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-maximain the range of 10 to 53°2u were se-
lected for C diffraction-vector scans (North et al. 1968).

TABLE 2. MISCELLANEOQUS INFORMATION FOR YOSHIMURAITE

Space Group PT(#2) Diffractometer  Nicolet R3m
a(A) 5.386(1)" Radiation MoKo.(S0kV, 40 mA)
b 6.999(1)" Monochromator Graphite
¢ 14.748(3) Crystal shape  Plate, flattened on
{001}
«(°) 89.98(1)" Crystal size 0.09%0.06 x 0.04 mm
8 93.62(2) #(MoKa) 10.94 mm™
¥ 95.50(2)" z 2
vV (A% 552.3(1)

Chemical formula Ba,Mn, TiO(51,0,)(PO)(OH)

Intensity-data collection

20 limit

Intensity standards

Orientation standards

Number of unique reflections
Number of observed reflections
Criterion for observed reflection
Weighting scheme

Final R for all observed reflections
Final wR for all observed reflections

6-26 scan mode

55°

Two every 58 reflections

Two every 58 reflections

2353

1842

F>60(l)

WR=[Ew(F, ~FY/EwE2", w= /o
3.0%

4.1%

* values refined from four-circle diffractometer data.
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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 aset of normalized structure-factors gave amean
| E2 — 1| value of 0.968, suggesting the centrosymmet-
ric space-group P asthemost probable choice. A sharp-
ened Patterson map was calculated, from which the
positions of all the major cations and eleven O>—atoms
wereidentified. Thismodel refined to R=9.9% and wR
=10.7%. Subsequent difference-Fourier maps revealed
the positions of the two additional O>—atoms. Refine-
ment of this model included conversion to anisotropic
displacement-factors, introduction of a weighting
scheme based on [1/s?(Fo)], and modification of the
scattering factor for the site assigned to P5* to
(Po.5S0.3Si0.2)s1.0 t0 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
thefi ngl difference-map showed no maximagreater than
let -

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-
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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 [TiSi,Og]*formed from TiOs
polyhedracross-linked with corner-sharing (Si>O7) clus-
ters (Fig. 1). A layer of closest-packed octahedra (O),
composed of three crystallographically distinct edge-
sharing MnFg octahedra [F: 0> (OH)7 (Fig. 2)], is
surrounded on two sides by heterophyllosilicate layers,
producing a2:1 composite unit reminiscent of that found
in 2:1 phyllosilicates (Fig. 3). Linkages between the
heterophyllosilicate layers and the O layers occur
through apical O%>of the TiOs and SiO,4 polyhedra, and
misfit results in the slightly divergent apical arrange-
ment evident in the two crystallographically distinct
SiO, tetrahedra (Fig. 3). Along the ¢ axis and inter-
leaving between adjacent 2:1 composite sheets is a
[Bax(PO,)] polyhedral layer (Fig. 3). Thisinterlayer unit
is composed of non-polymerized PO, tetrahedra joined
to BaO;; polyhedra through both shared edges and
faces. Some relatively distant O>—atoms (i.e., >3 )
have been included in theBaO,; polyhedra, which may
explain the high bond-valence summations for Ba(1)
and Ba(2) (Table 5). The interlayer-like [Bap(POy)]
polyhedral layer isvery similar to that found in the bar-
ite structure, where layers of SO, tetrahedra alternate
with layers of BaOi, polyhedra (Hill 1977). In
yoshimuraite, weak bonding between the 2:1 composite
unit and the [Bax(PO,)] polyhedral layer probably re-
sultsinthedistinct { 001} cleavage observed inthe min-
eral. The mineral is most closely related on a structural

TABLE 3. POSITIONAL AND THERMAL PARAMETERS FOR YOSHIMURAITE

x ¥ z Ui Uz s U Uy Uns Uy
Ba(l) 022065(9) 033664(7)  032839(4) 160(2)  166(2) 256(3)  13Q2) 82) 972 189(2)
Ba(2) 0.73074(8) 0.82198(6)  0.39244(3) 157(2)  1122)  1202) 42) 02 s@  130(1)
Mn(1) 0 0 0 90(7)  95(7)  192(8)  46(6)  -18(5) -116)  126(4)
Mn(2) 04993(2)  02482(2)  0.99516(8) 9l(6)  76(5)  125(6) A4)  6(4) 0@y 98(3)
Mn(3) 0 12 0 132(8) 163(8) 265(1)  84(7)  426) 8XT) 179(5)
T 0.1990(2)  0.7948(2)  0.2028(1) 30(6)  746)  101(6)  -2(4)  -3(4)  0(4)  69(3)
Si(1)  0.6949(3)  00644(2)  0.1881(1) 0B 248)  T4B) 6 96 86)  44(5)
Si(2)  0.6955(3)  051302)  0.1852(1) SO(8) 26(8)  65(8)  6(6)  -6(6) O  47(5)
P 02537(4)  07181(3)  05229(2)  129(12) 138(12) 197(14)  2(9) 38)  4(9) 156(8)
O(1)  02364(12) 06897(10) 04190(5)  233(32) 438(39) 210(34) 63(27)  -2(29) -62(29) 297(21)
0@2)  009527(9) 0.6080(8)  0.2322(4)  107(24) 267(29) 63(24) 34(19) 94Q21) 26(22) 144(15)
0(3)  09527(9)  0.9905(8)  0.2353(4) 88(24) 284(3) 108(26) -73(20) 136(21) -54(23) 168(16)
O(4)  04561(9)  09918(8)  0.2365(4)  158(27) 283(30)  6(25) 61(21) -121(22) -17(22) 169(16)
O(5)  09510(10)  0.60798)  0.2309(4) 98(24) 262(30) 125(27) -26(20) -10(21) 40(23) 162(17)
O(6)  0.0376(10) 0.8286(8)  0.5536(4)  137(26) 263(30) 160(29)  8(22) -24(22) 25(24) 186(17)
O(7)  05180(10) 0.1718(8)  0.4476(4)  151(26) 238(30) 142(28) 13(22) 38(22) -9(23) 179(17)
0(8)  03254(9)  0.4886(7)  0.9247(3) 113(23) 91(22)  57(22) -41(18) 21(18)  8(18) 89(13)
0(9)  0.1834(9)  0.7720(7)  0.0818(4) 50(22) 106(23) 133(25)  7(19) 16(18)  5(19) 100(14)
O(10)  0.6974(13)  02960(7)  0.2149(4) S05(39) 36(23) 114(27) 29(26) -42(23) -4(20) 218(18)
0(11)  0.1731(10)  02622(7)  0.0666(4)  121(24) 116(24) 169(27) 21(21) -25(19)  8(20) 135(15)
O(12)  06736(8) 0.0174(7)  0.0782(3)  39(21) 109(22) 69(23) 6(18) -14(17) -3(18) 73(13)
O(13)  02624(14) 0.5397(10)  0.5703(6)  370(40) 204(33) 628(54) 72(37)  -8(28) 169(34) 390(25)

Note: Anisotropic temperature factors have the form exp [-2n’(ha™ Uy, + 6™ Uy 2hka b Uny]; all U values are in A” x 10%;

estimated standard deviations in parentheses.
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TABLE 4. SELECTED INTERATOMIC DISTANCES (A) AND BOND

ANGIES (°) IN YOSHIMURAITE

Bal Polyhedron

Ba(1) - 06
- 07
- 01
- 02
- 05
- 04
- 03
- 010
- 013
- 013
- O10

<Bal - O>

Mn1 Octahedron

Mnl - 012 x2
o11 x2
-0% x2

<Mnl - O>

Mn2 Octahedron
Mn2 - Ol1

- 09

- 012

- 08

- 0%

- 012
<Mn2 - O>

Mn3 Octahedron
Mn3 - 08 x2
- 011 x2
- 09 x2

<Mn3 - O>

2.645(6)
2.650(6)
2.693(7)
2.827(6)
2.835(6)
2.976(6)
2.992(5)
3.151(7)
3.156(7)
3.161(8)
3.184(6)
2934

2.160(5)
2.177(5)
2.279(5)
2205

2.103(6)
2.108(5)
2.232(5)
2.236(5)
2.264(5)
2.286(5)
2.205

2.131(5)
2.191(5)
2.338(5)

2220

Ti Tetragonal pyramid

Ti - 09
- 03
- 05
- 04
- 02
<Ti - O>

Sil Tetrahedron

Sit - 04
- 012
- 03
- 010
<8il - 0>

$i2 Tetrahedron

Si2 - 05
- 02
- 08
- 010
<§i2 - 0>

P Tetrahedron

P - 06
- 07
- 013
- 01
<p - O>

1.773(6)
1.954(6)
1.960(6)
1.962(6)
1.967(6)
1.923

1.615(6)
1.620(6)
1.621(6)
1.631(6)
1.622

1.608(5)
1.609(6)
1.616(5)
1.621(6)
1.614

1.468(6)
1.471(6)
1.488(8)
1.52(7)
1.487

012 -

o1

on

09

012

08
08

08

0g'

o1l

o

09

03

05
04

03

02

08

06

07

013 -

Ba2 Polyhcd ron

Ba2

<Ba2

-~ Mn2 -

- Mn2 -
- Mn2 -
- Mn2 -

- Mn3

- Mn3 -

- Mn3 -

- Ti

- Ti

- Ti

- Ti

- 8il

2 - Sil

- Sit

- Siz

- Si2

- Si2

- 0y

- 013
- 06
- 07
- 07
- 06
- or
- 01
- 02
- 04
- 05
- 03
- 0>

- 011
- o

- 03
- 05
- 04
-2
- 05
- 04
- 02
- 02

- 012
- 03
- 010

- 010
- 010

- 02
- 08
- 010

- 010

x2
x2

x2

x2
x2

x2

x2
x2

2.641(7)
2.771(6)
2.776(6)
2.782(6)
2.804(6)
2.881(6)
2.892(6)
2.979(5)
2.996(6)
3.000(5)
3.011(6)
2.867

95.6(2)
84.4(2)
93.7(2)
86.3(2)
101.8(2)
78.2(2)

84.4(2)
$3.9(2)
94.4(2)
93.5(2)
93.3(2)
95.4(2)
88.0(2)
78.8(2)
104.7(2)
78.8(2)
77.3(2)
99.1(2)

83.3(2)
85.5(2)
95.7(2)

94.5(2)
1033(2)

76.7(2)

104.5(2)
103.0(2)
103.7(2)
102.3(2)
86.1(2)
87.6(2)
88.0(2)
86.0(2)

113.13)
111.6(3)
103.6(3)
113.0(3)
110.1(3)
104.6(3)

111.5(3)
112.7(3)
104.8(3)
112.9(3)
103.5(3)
110.7(3)

109.1(3)
107.3(3)
109.0(4)
107.4(4)
108.0(4)
115.9(4)

basis to innelite, NayBaz(Ba,K)(Ca,Na)Ti(TiO,),
(Si207)2(S0O4)2 (Chernov et al. 1971). The major struc-
tural difference between thetwoisthat innelite contains
both (BITi and [1Ti, occupying crystallographically dis-
tinct sites. Thelocation of these sitesin the crystal struc-
ture eliminates the center of symmetry, and results in
that mineral adopting the noncentrosymmetric space-
group P1.

Discussion

Y oshimuraite contains essentially ordered Si and P,
as constrained by results from electron-microprobe
analyses (Table 2), mean T—O bond distances (Table 4)
and cal culated bond-valence sums (Table 5). Assuch, 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 S** (presumably substituting for P5*),
which results in shorter observed cation—oxygen bond
distances for P>* and hence, higher bond-valence sums
for P°* and some of the associated bonding atoms of
oxygen (Table 5).

Y oshimuraite is also a member of alarge group of
layered Ti- and Zr-bearing silicates and silicophosphates
that have been collectively referred to as the BM,
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 incompatibl e elements that
are able to proxy for Si**, most notably V'Ti** and
ViZr#, 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 apjca Vaue (ca. 5.4 ). They are
also of low symmetry (monaoclinic 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 BM,
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 mineral's containing brucite-like Mg
layers [M: Mn, Mg, Fe; F: unspecified ligand, e.g., 0%
(OH)~, F T bounded on two sides by heterophyllosilicate
layers consisting of (Si,O-) clusterslinked by Ti and Zr
polyhedra. The series ideally has two end-members,
bafertisite [BaFeTiO(Si,O7)(OH),], which givesrise to
a B module [(A,M)2 (M,M)4(X2T4017)(OH),, and
dioctahedral mica, which gives rise to a M module
[(AM)(M,M)3(T4010)(OH),]. 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 hasn =0, astrophyllite[(K,Na)sFe; Ti,SigOos



