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Abstract

A survey of high-pressure silicates reveals 12 distinct
high-density structural topologies with octahedral Si.
Seven of these structure types - stishovite, perovskite,
ilmenite, hollandite, calcium ferrite, pyrochlore and
K;NiF, type - contain only six-coordinated silicon.
Other high-pressure silicates, including those with the
garnet, pyroxene, wadeite, anhydrous phase B and
phase B structures, contain both tetrahedral and
octahedral Si. Five systematic trends among these
dozen structures suggest the existence of other, as yet
unobserved, possible mantle Si phases. The criteria
are: (1) structures like rutile, hollandite and calcium
ferrite formed from edge-sharing chains of silicon
octahedra; (2) germanates synthesized at room press-
ure with octahedral Ge; (3) isomorphs of room-
pressure oxides with 3+ or 4+ transition-metal
cations; (4) high-pressure magnesium silicates related
to room-pressure aluminates by the substitution 2Al »
Mg+ Si; and (5) the homologous structures in system
Mg-Si-O-H that includes phase B and anhydrous
phase B. Each of these criteria can be used to predict
other potential octahedral Si phases. Of special inter-
est are predicted structure types that fulfill more
than one criterion: diaspore-type (MgSi)O,(OH),,
aerugite-type Mg,,S1;0,6, sphene-type CaSi,O,
benitoite-type BaSi,O,, gibbsite-type MgSi(OH), and
pseudobrookite-type Fe,SiOs.

Introduction

Silicon and oxygen are the most abundant elements
in the earth’s outer layers. Silicates comprise the
commonest minerals on the earth’s surface and pre-
sumably they dominate throughout the earth’s mantle
(to a depth of about 2900 km). Many hundreds of
silicate structures have been determined and
catalogued (see e.g. Liebau, 1985), but only about 50
different structures account for the vast majority of
all crustal silicates (Smyth & Bish, 1988). A common

* Editorial note: This invited paper is one of a series of compre-
hensive Lead Articles which the Editors invite from time to time
on subjects considered to be timely for such treatment.

0108-7681/91/050561-22303.00

feature of all these low-pressure mineral structures is
the presence of silicon cations exclusively in four
coordination ('V18i) by oxide anions. The polymeriz-
ation of Si0O, groups dictates many mineral properties
and it provides the basis for most silicate classification
schemes.

Research on silicates synthesized at high pressures
and temperatures plays a major role in our efforts to
understand the earth’s deep interior. Cosmochemical
assumptions regarding the earth’s bulk composition,
coupled with seismological investigations of radial
inhomogeneities, establish important constraints for
modeling our planet. Even so, actual crystalline
materials, erupted from depths of more than 100 km
or produced in high-pressure laboratory apparatus,
provide our best opportunities for deriving a detailed
picture of the inaccessible 99-8% of the earth’s solid
volume. The first experiments on common rock-
forming silicates at pressures up to 10 GPa (100 kbar
or approximately 100000 atmospheres) revealed
striking changes in mineral structure and properties.
Sergei Stishov’s seminal investigation of SiO,, for
example, demonstrated the transition from a rela-
tively open quartz framework of corner-sharing sili-
cate tetrahedra to the dense rutile-type structure of
stishovite with edge-sharing chains of silicate
octahedra (Stishov & Popova, 1961). The correspond-
ing increase in density - more than 66%, from 2-65
to 4-41gcm °, between 0 and 8 GPa (Ross, Shu,
Hazen & Gasparik, 1990) - has profound implica-
tions for interpretation of seismic velocity data.

Subsequent high-pressure experiments have
demonstrated that all common crustal silicates
undergo phase transitions to new structures with six-
coordinated silicon (¥'!Si) at pressures between
8 GPa (for pure Si0,) and about 30 GPa, which corre-
sponds to the pressure at the top of the earth’s lower
mantle. Many researchers now assert that the
dominant mineral structure type in the earth’s lower
mantle - indeed, the structure that may account for
more than half of the solid earth’s volume - is
perovskite of the approximate composition
(Mg,.4sFey.12)Si04, in which silicon occurs in a cor-
ner-linked array of octahedra. Silicate perovskites,
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mixed with the oxide magnesiowistite (Mg, Fe)O, are
thus believed to account for the relatively high seismic
velocities of this region, from 670 to 2900 km, in which
velocities increase smoothly with depth (Fig. 1).
Mineral physicists identify silicon coordination num-
ber as the major crystal-chemical difference between
the earth’s crust and lower mantle: silicon is virtually
all four-coordinated above about 250 km, but is
entirely six-coordinated below 670 km.

The upper mantle and transition zone, which lie
above the lower mantle, possess a much more com-
plex seismic character with depth. This region,
extending to a depth of 670 km, displays several dis-
continuities and changes in slope of the velocity-
depth profile (Fig. 1). Such features might be caused
by either compositional variations or phase transi-
tions. However, given the suspected pattern of mantle
convection and the well documented variety of high-
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Fig. 1. Velocity-density profile for the earth’s crust and mantle.
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Fig. 2. The phase diagram for MgSiO, reveals three '''Si phases -
perovskite (PV), garnet (GT), and ilmenite (IL) - as well as
pyroxene (PX), spinel (SP), stishovite (ST), 8-Mg,SiO, (8) and
liquid (L) (from Fei et al., 1990).
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pressure phase transitions in silicates, the latter expla-
nation seems the more plausible. Specific phase
transitions have been proposed for each of the major
seismic features and mineralogical models have been
proposed that account for most of the complexities
between 200 and 670 km (Fig. 2).

One of the most fascinating aspects of the earth’s
transition zone is the appearance of a %roup of high-
pressure silicates with both {'V'Si and 'VV'Si. The stabil-
ity of these minerals is apparently confined to a rather
narrow pressure range from approximately 10 to
30 GPa. Within these limits, however, are silicate
structures of remarkable complexity and great topo-
logical interest. Five mixed-coordination high-
pressure silicate structures are now known for rela-
tively simple chemical systems that contain Si and
one or two other cations, but recent high-pressure
experiments on more-complex systems suggest that
many other mixed silicon coordination structures may
await discovery.

While earth scientists have studied six-coordinated
silicon in high-pressure environments, other re-
searchers have focused on an intriguing group of
room-pressure synthetic silicates with V''Si. When
coupled with other electronegative cations such as
phosphorus or carbon, silicon can become an octa-
hedrally coordinated network former. Polyhedra in
these unusual materials tend to be linked entirely by
corner sharing (i.e. O atoms are two-coordinated),
thus leading to framework structures quite distinct in
character from the high-pressure silicates of the
earth’s deep interior, all of which have O atoms in at
least three coordination. Octahedral corner sharing
also occurs in a variety of organic molecular crystals
with MISi (see, for example, Flynn & Boer, 1969)
and there are several dozen silicon-organic com-
pounds for which "Y"1Si occurs in aqueous solution
(Liebau, 1985). Molecular crystals with six-coordin-
ated silicon are not considered in this review.

The objectives of this review are to describe all
known non-molecular silicate structures with six-
coordinated or mixed-coordinated silicon, to identify
crystal-chemical similarities among these structures
and to suggest other possible high-pressure silicate
structure types.

Review of structures with six-coordinated silicon

There are fewer than 20 known structures with SiO,
polyhedra (Table 1). These silicates can be divided
conveniently into three groups. Above about 25 GPa,
corresponding to the earth’s lower mantle, all silicates
studied to date are observed to transform to one of
seven dense structures in which all Si is six-coordi-
nated. These structures - rutile, perovskite, ilmenite,
hollandite, calcium ferrite, pyrochlore and K,NiF, -
are well known room-pressure topologies for transi-
tion-metal oxides. In the high-pressure silicate
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Table 1. Compositions and calculated densities of
silcates with SiQ,, octahedra

Mineral Structure p, calc®

Composition name type (gem™3)
(a) High-pressure phases with SiO, groups only
Si0, Stishovite Rutile 4-29
CaSiO, - Cubic perovskite 4-25
MgSiO, - Ortho perovskite 410
MgSiO, - limenite 3-81
ZnSi0, - Iimenite 5-25
KAISi;04 - Hollandite 39
BaAl,;Si,04 - Hollandite 5-3
CaAl,Si,04 - Hollandite 39
NaAlSiO, - Calcium ferrite 391
S¢,5i1,0, - Pyrochlore 4-28
In,Si,0, - Pyrochlore 6-34
Ca,Sio, - K,;NiF, 3-56
(b) High-pressure phases with SiO4+ SiO, groups
MgSiO, Majorite Garnet 3-51
MnSiO; - Garnet 4-32
Na(Mgg.sSig.5)Si,04 - Pyroxene 328
K,S5i4,0¢ - Wadeite 3-09
Mg, 4Si50,, - Anhydrous phase B 3-44
Mg,;5i40,6(OH); - Phase B 3.37

(c) Compounds with SiOg4 synthesized at room pressure

SiP,05-1 - ZrP,0, 3-22
SiP,0,-111 - - 3-05
SiP,0,-1V _ - 311
SisPeO,s . . 266
(NH,);SiP4O,5 - - 237
Ca3(H,0),,[Si(OH)¢]- Thaumasite - 1-87

(CO3)(SO,)

* py calc = density calculated from unit-cell parameters at room
pressure and temperature.

isomorphs silicon occupies the octahedral transition-
metal site, while other cations may adopt six or greater
coordination.

At pressures between about 10 and 20 GPa some
silicates form with mixed four and six coordination.
These high-pressure phases, all of which may occur
in the earth’s transition zone, include silica-rich
modifications of the well known garnet, pyroxene and
wadeite structures, as well as complex new mag-
nesium-bearing phases designated ‘phase B’ and
‘anhydrous phase B’.

The third group of ™'ISi silicates, including a
variety of silicon phosphates, is distinguished by rela-
tively open framework structures with corner sharing
between silicon octahedra and other polyhedra of
electronegative cations, notably !'"Y)P. We describe
each of these structures in the following section.

High-pressure silicates with all "Y!Sj

The stishovite structure. Stishovite, the form of SiO,
synthesized above 10 GPa, is believed to be the stable
form of free silica throughout most of the earth’s
volume. In addition to its assumed role in mantle
mineralogy, stishovite has elicited considerable inter-
est as a product of the transient high-pressure high-
temperature environments of meteorite impacts
(Chao, Fahey, Littler & Milton, 1962). The discovery
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Table 2. The SiO, stishovite structure

Tetragonal, P4,/mnm (D), Z=2, a=b=4-18, c=2674A,
V=466A5

Site Symmetry x y
Si 2(a) mmm 0 0 0
o} 4 mm 0-306 x 0

of stishovite grains in sediments near the Cretaceous-
Tertiary boundary layer (McHone, Nieman & Lewis,
1989) has provided support for the hypothesis that a
large impact, rather than volcanism, led to a mass
extinction approximately 65 million years ago.

Stishovite has the simple rutile (TiO,) structure
(Table 2; Fig. 3), with edge-linked chains of SiO,
octahedra that extend parallel to the ¢ axis and
octahedra corner linked to four adjacent chains. Two
symmetrically distinct atoms - Si at (0, 0, 0) and O at
(x, x, 0) with x approximately 0-3 - define the struc-
ture in space group P4,/ mnm.

The first stishovite structure refinements were
obtained by powder diffraction on small synthetic
samples (Stishov & Belov, 1962; Preisinger, 1962,
Baur & Khan, 1971). A much improved refinement
was presented by Sinclair & Ringwood (1978), who
synthesized single crystals up to several hundred
micrometres in diameter. Subsequent single-crystal
structure studies by Hill, Newton & Gibbs (1983)
under room conditions and by Sugiyama, Endo &
Koto (1987) and Ross et al. (1990) at high pressure,
amplify the earlier work (Table 3).

The silicate perovskite structure. Synthesis and struc-
tural description of silicate perovskites (CaTiO,) have
posed a significant challenge to earth scientists since
Ringwood (1962, 1966) originally suggested the
existence of perovskite forms of MgSiO, and CaSiO,.
High-pressure transformations from pyroxene and
garnet structures to perovskite in the analogous sys-
tems Ca(Ge,Si)O; and Ca(Ti,Si)O; (Marezio,
Remeika & Jayaraman, 1966; Ringwood & Major,
19674, 1971; Reid & Ringwood, 1975) supported this
hypothesis. Pure silicate perovskites were first pro-
duced at the Australian National University (Liu,
1974,1975a,b, 19764a,b,c; Liu & Ringwood, 1975) and
results were quickly duplicated in Japan and the
United States (Sawamoto, 1977; Ito, 1977; Ito &
Matsui, 1977, 1978, 1979, Mao, Yagi & Bell, 1977).
These workers demonstrated that above pressures of
about 27 GPa many silicates transform to the perov-
skite structure, in which silicon octahedra form a
three-dimensional corner-linked network, while
larger R cations fill positions with oxygen coordina-
tion of eight or greater. By the late 1970s many earth
scientists were persuaded that the earth’s 670 km seis-
mic discontinuity, which divides the transition zone
from the lower mantle, coincides with a perovskite
phase-transition boundary, and that perovskite of
approximate composition (Mgg,Fe,)SiO; is a
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Table 3. Stishovite structure refinements

Distances are given in A and angles in °.

(1)
a 4-1772(7)*
¢ 2-6651 (4)
Xq 0-3062 (2)
Si-O (4] 1-7568 (5)
Si-0[2] 1-8089 (10}
Mean Si-O 1-774
0-Si-0 81:34(5)
Octahedral volume (A%)* 7-359 (4)
Quadratic elongationt 1-0081 (3)
Angle variance® 27-3

(2) ) (4)
4-1773 (1) 4-1797 (2) 4-1801 (6)
26655 (1) 2-6669 (1) 2:6678 (6)
0-30608 (6) 030613 (7) 0-3067 (3)
1-7572(1) 1-7582(2) 1-7564 (6)
1-8087 (2) 1-8095 (3) 1-8130(10)
1-774 1-775 1-775

81-34 (1) 81-35(2) 81:17 (5)
7-361(1) 7-373 (1) 7-369 (6)
1-0081 (1) 1-0080 (1) 1-0084 (2)

27-3 273 284

References: (1) Sinclair & Ringwood (1978), R=0-015; (2) Hill er al (1983), R =0-012; (3) Sugiyama er al. (1987), R =0-015; (4)
Ross, Shu et al. (1990), data collected on crystal in high-pressure cell, R =0-014.

* Parenthesized figures represent e.s.d.’s.

+ Qctahedral volume calculated with VOLCAL (Hazen & Finger, 1982). Quadratic elongation and angle variance are as described

by Robinson, Gibbs & Ribbe (1971).

Table 4. The cubic (a) and orthorhombic (b) silicate
perouskite structures

(a) CaSiO,, cubic, P4/m32/m (O)), Z=1, a=b=c=
3-567 (1) A, V=45-37 (8) A**

Site Symmetry X ¥ z
Si 1(a) m3im 0 0 0
Ca 1(b) m3m ) ) )
0o 3(d) 4/ mmm : 0 0

(b) (Mg,Fe)SiO;, orthorhombic, Phnm (D)%), Z=4, a=4-78,
b=493 c=690A, V=162-4A°

Site

Symmetry X y z
Mg 4(c) m 0-51 0-56 .
Si 4(b) 1 4 0 H
01 4(c) m 0-10 0-47 :
02 8(d) 1 0:20 0-20 0-55

* From Mao ef al. (1989).

dominant lower mantle mineral (Anderson, 1976; Liu,
1977a, 1979; Yagi, Mao & Bell, 1978).

The simplest perovskite variant is the cubic form,
represented by CaSiO,, which is stable above about
15 GPa (Table 4a; Fig. 4a). This phase, first syn-
thesized by Liu & Ringwood (1975), has a structure
that is completely specified by the cubic cell edge, q,
because all atoms are in invariant special positions.
The Si- and O-atom positions, for example, are
(0,0,0) and (1/2, 0, 0), respectively, so the Si-O dis-
tance of the regular silicon octahedron is a/2.
Similarly, the octahedral volume is a®/6. Calcium
silicate perovskite cannot be quenched metastably to
room pressure; samples invariably transform to glass
upon release of pressure. Nevertheless, equation-
of-state measurements of CaSiO, by Mao, Chen,
Hemley, Jephcoat & Wu (1989) to 134 GPa define
the structure as a function of pressure and allow

reasonable extrapolation to room-pressure values
(Table 4a).

The corner-linked silicate perovskite framework
will tilt to accommodate divalent cations smaller than
Ca. Thus, the structure of (Mg,Fe)SiO,, widely
thought to be the earth’s most abundant mineral, is
orthorhombic (Table 4b; Fig. 4b). Silicon occupies
near-regular octahedral coordination, while mag-
nesium is in a larger site with eight nearest-neighbor
O atoms. Orthorhombic cell parameters possess a
2v2x2v2 x 2 relationship to the simple cubic axes.
Initial studies of this structure were performed by
Yagi, Mao & Bell (1978, 1982) and Ito & Matsui
(1978) on powders. Recent synthesis by Ito & Weidner
(1986) of single crystals has led to much more precise
structure refinements under room conditions
(Horiuchi, Ito & Weidner, 1987) and at high pressure
(Kudoh, Ito & Takeda, 1987; Ross & Hazen, 1990),
as recorded in Table 5.

All silicate perovskite structure studies based on
X-ray diffraction indicate complete ordering of Si and
the divalent cations in the octahedral sites and the
larger sites, respectively. Recently, however, Jackson,
Knittle, Brown & Jeanloz (1987) examined a poly-
crystalline iron-bearing silicate perovskite of approxi-
mate composition (Mg,.oFe,.1)S10; with EXAFS.
Observation of significant 'Y"'Fe led them to propose
that some Si enters the eight-coordinated larger site.
Single-crystal studies by Kudoh, Prewitt, Finger,
Darovskikh & Ito (1990) and powder diffraction data
by Parise, Wang, Yeganeh-Haeri, Cox & Fei (1990)
on iron-bearing samples do not support this interpret-
ation - they find all Fe in the larger site, as would be
expected from crystal-chemical arguments. Kirk-
patrick, Howell, Phillips, Cong, Ito & Navrotsky
(1991) came to the same conclusion based on *Si
NMR spectroscopy of MgSiO; perovskite.

The ilmenite structure. The ilmenite (FeTiO;) and
corundum (a-Al,O;) structures have long been
recognized as likely candidates for high-pressure sili-
cates in which all cations assume octahedral coordi-
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Table 5. MgSiO; perovskite structure refinements

Distances are given in A and angles in °.
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(1) (2) 3) (4) (5)
a 4-7754(3) 4-780(1) 47787 (4) 4-745 (2) 4772 (2)
b 49292 (4) 4933 (1) 49313 (4) 4907 (1) 4927 (1)
c 6-8969 (5) 6:902 (1) 6-9083 (8) 6853 (2) 6-8977 (1)
Xnig 0-524 (6) 0-524(7) 0-5141 (1) 0-5169 (14) 1-S131(7)
Yatg 0-561 (5) 0-563 (5) 0-5560 (1) 0-5573 (10) 0-5563 (4)
X0 0-096 (8) 0-096 (10) 01028 (2) 0-1087 (24) 0-1031(12)
Yo 0-468 (12) 0-477(11) 0-4660 (2) 0-4659 (22) 0-4654 (9)
X002 0-201 (9) 0-196 (7) 0-1961 (1) 0:1965 (15) 01953 (7)
Yor 0-205 (8) 0-209 (7) 0-2014(2) 0-2037 (15) 0-2010 (6)
Zo 0-558 (4) 0-556 (4) 0-5531(1) 0-5558 (7) 0-5510 (4)
Si-01[2] 1:79(1) 1-79 (1) 1-8005 (3) 1-797 (3) 1-801 (1)
Si-02[2] 1:79 (1) 1-76 (3) 1-7827(7) 1-794 (7) 1:795 (4)
$i-02[2) 1-79 (1} 1-82(3) 1-7960 (7) 1-769 (7) 1-779(3)
Mean $i-O 1-79 1-79 1:793 1-787 1-792
01-5i-02 865 879 88-66 (5) 886 (4) 88-2(2)
01-8i-02 89-6 886 88-49 (5) 88-8 (4) 89-0(2)
02-§i-02 88-9 89-4 89-43 (3) 89-4 (3) 89-59 (5)
Octahedral volume (A*)* 765 (17) 7-63(15) 7-702(3) 7-60 (3) 7-657 (14)
Quadratic elongation 1-002 (15) 1-001 (15) 1-0005 (3) 1-00 1-005 (16)
Angle variance 63 23 1-6 1-4 17

References: (1) Ito & Matsui (1978), based on powder XRD; (2) Yagi et al. (1978), based on powder XRD, R =0-10; (3) Horiuchi et
al. (1987), single crystal in air, R =0-035; (4) Kudoh et al. (1987), single crystal at 4-0 GPa, R = 0-079; (5) Ross & Hazen (1990), single

crystal in pressure cell at room pressure, R =0-042.

* See Table 3.

Table 6. Refinement of the MgSiO, ilmenite structure, from Horiuchi et al. (1982), R =0-049

Rhombohedral, R3 (C3,), Z=6, a=4-7284(4), ¢ =13-5591 (16) A, V =262-5 A>. Distances are given in A and angles in °.

Site Symmetry X y z

Mg 2(g) 3 0 0 0-35970(12)

Si 2(g) 3 0 0 0-15768 (10)

O 6(h) 1 0-3214 (5) 0-0361 (4) 0-24077 (11)
Si-0[3] 1-830(2) Mg-0 (3] 2-163(2)
Si-0 3] 1-768 (2) Mg-0 3] 1990 (2)
Mean Si-O 1-799 Mean Mg-O 2-077
0-Si-0 80-8 (1) 0-Mg-O 70-5(1)
0-8i-0 86-1(1) O-Mg-0O 90-1 (1)
0-Si-0 96-4 (1) 0O-Mg-0 94:5(1)
0-Si-0 97:2(1) 0O-Mg-0 101-2(1)
Octahedral volume (A%)* 7:59 (1) Octahedral volume (A*) 11:30(1)
Quadratic elongation 1-015 Quadratic elongation 1-04 (1)
Angle variance 52-8 Angle variance 141-6

* See Table 3.

nation [J. B. Thompson in Birch (1952)]. (The two
structures differ only in the lack of ordered cations
in corundum.) Ringwood & Seabrook (1962) demon-
strated such a transformation in the germanate
analog, MgGeO;, and other high-pressure germanate
isomorphs were soon identified. The silicate end
member MgSiO, was subsequently produced by
Kawai, Tachimori & Ito (1974) and this material was
identified by Ito & Matsui (1974) as having the
ilmenite (R3) structure, in which silicon and mag-
nesium must be at least partially ordered (Table 6,
Fig. 5).

Horiuchi, Hirano, Ito & Matsui (1982) synthesized
single crystals of MgSiO; ilmenite and documented

details of the crystal structure. Silicon and magnesium
appear to be almost completely ordered in the two
symmetrically distinct cation positions (Table 6). Sili-
cate ilmenites are unique in that each silicon octa-
hedron shares a face with an adjacent magnesium
octahedron - no other known silicate structure dis-
plays face sharing between a silicon polyhedron and
another tetrahedron or octahedron. Magnesium-
silicon ordering may be facilitated by this feature, for
only in a completely ordered silicate ilmenite can face
sharing between two silicon octahedra be avoided.
The stability of silicate ilmenites is rather restricted,
in terms of both pressure and composition. Pressures
above 20 GPa are required to synthesize the MgSiO,
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Table 7. Refinement of the KAISi;Oy hollandite Table 8. Refinement of the NaAlSiO, calcium ferrite

structure, from Yamada et al. (1984), R =0-137

Tetragonal, I4/m (C5,), Z=2, a=9-3244(4), ¢ =2-7227 (3) A,
V =236-7 A*. Distances are given in A and angles in °.

Site Symmetry x y z
K 2(b) 4/m 0 0 !
MAL+3SD  8(h) m 0-348(4) 0-170(3) 0
o1 8(h) m 0-143 (5)  0-219(5) 0
02 8(h) m 0-541(6) 0-162(6) 0
M-0O1 1-97 (4} O1-M-Q2 79 (2)
M-01 (2] 1-71 (1) 01-M-02 89 (3)
M-02 1-80(4) 01-M-02 96 (2)
M-02(2] 1-82(4) 02-M-02 91 (3)
Mean M-O 181 02-M-02 ‘ 97(3)

4 ” A% .
O1-M-01 85 (3) OCldhed}'dl volu'm_e (A% 7.62 (i])
O1-M-01 106 (3) Quadrauclelongdnon 1-02 (4)
Angle variance 60-5

* See Table 3.

phase, but above about 25 GPa perovskite forms
instead (Fei, Saxena & Navrotsky, 1990; see Fig. 2).
Addition of more than a few atom percent iron for
magnesium stabilizes the perovskite form at the
expense of ilmenite; 10% iron completely eliminates
the ilmenite field. Of the other common divalent
cations, only zinc¢ has been found to form a stable
silicate ilmenite - ZnSiO; (Ito & Matsui, 1974; Liu,
1977b).

The hollandite structure. Feldspars, including
KAISi;O4, NaAlISi;O4 and CaAl,Si,0q, are the most
abundant minerals in the earth’s crust. Accordingly,
a number of researchers have examined high-pressure
phase relations for these minerals (Kume, Matsumoto
& Koizumi, 1966; Ringwood, Reid & Wadsley, 1967;
Reid & Ringwood, 1969; Kinomura, Kume &
Koizumi, 1975; Liu, 1978a,b). All of these inves-
tigators concluded that feldspars ultimately transform
to the hollandite (BaMnyO,4) structure at pressures
above about 10 GPa. Hollandite-type silicates have
thus been proposed as a primary repository for alkalis
in the earth’s mantle.

The ideal hollandite structure is tetragonal, 14/ m,
with double chains of edge-sharing (Si,Al) octahedra
(Fig. 6; Table 7). Large alkali or akaline-earth cations
occupy positions along large channels that run
parallel to c¢. The structure of KAISi;O, hollandite
was refined from powder diffraction data by Yamada,
Matsui & Ito (1984). They detected no deviations
from tetragonal symmetry and so assumed complete
disorder of aluminium and silicon on the one sym-
metrically distinct octahedral site. Natural hollan-
dites, however, are typically monoclinic (pseudo-
tetragonal) owing to ordering of Mn** and Mn** or
other octahedral cations, as well as distortion of the
channels. Single crystals of KAISi;Og hollandite have
recently been synthesized at the Mineral Physics
Institute, State University of New York (Jaidong Ko,
personal communication) and these samples may

structure, from Yamada et al. (1983), R = 0:039, with
revised and corrected atomic coordinates

Orthorhombic, Pbnm (D), Z =4, a =10-1546 (8), b = 8-6642 (8),
c=2-7385(4) A, V=240-93 (3) A’

Site Symmetry x¥ y z
Na 4(c) m 0-339(3) 0-236 (3) :
Mi* 4(c) m 0-890(3) 0-577 (4) M
M2* 4(c) m 0-398 (3) 0-556 (3) i
o1 4(c) m 0-635(5) 0-303 (5) M
02 4(c) m 0-982 (5) 0-388 (5) N
03 4(c) m 0-216* 0-479 + 4
04 4(c) m 0-430 (4) 0-438 (6) it

* Octahedral sites treated as disordered Al+ Si.

+ Published coordinates are approximately correct, but they yield
several unreasonably short octahedral bond distances. Refined O3
coordinates, 0-201 (5) and 0-461 (5), have been replaced in this
table for consistency.

1 z coordinate of O4 was incorrectly given as 1/4 in the original
paper.

reveal if aluminium-silicon ordering lowers the
apparent tetragonal symmetry.

A number of other silicate hollandites have been
synthesized but not fully characterized by X-ray
diffraction. Reid & Ringwood (1969) made hollan-
dites with compositions approximating SrAl,Si,O,
and BaAl,;Si,04 (though reported alkaline-earth con-
tents are significantly less than 1:0), while Madon,
Castex & Peyronneau (1989) described synthesis of
(Cay.sMg, 5)AlL,Si,04 hollandite. Given the 1:1 ratio
of aluminium to silicon in these samples, ordering of
Al and Si into symmetrically distinct octahedra is
possible, though structure-energy calculations by Post
& Burnham (1986) suggest that octahedral cations
are disordered in most hollandites. This proposition
is supported by Vicat, Fanchan, Strobel & Qui’s
(1986) orderin% studies of synthetic hollandite
(K, 33Mng;;Mny5;0,), which  displays  diffuse
diffraction effects characteristic of some short-range
order, but long-range disorder of Mn** and Mn?*".

The calcium ferrite structure. High-pressure studies
of NaAlGeO, (Ringwood & Major, 1967a; Reid,
Wadsley & Ringwood, 1967) and NaAlSiO, (Liu,
1977¢, 1978a; Yamada, Matsui & Ito, 1983) revealed
that these compounds adopt the orthorhombic cal-
cium ferrite (CaFe,0,) structure in which all Si and
Al are in octahedral coordination. Yamada et al.
(1983), who synthesized NaAlSiO, at pressures above
24 GPa, used X-ray diffraction to identify their poly-
crystalline product and propose atomic coordinates.
The basic topology of the high-pressure NaAlSiO,
structure is thus well established (Fig. 7; Table 8).
Bond distances calculated from their refined coordin-
ates, however, yield unreasonably short cation-
oxygen distances, so details of the structure remain
in doubt.

The calcium ferrite structure bears a close relation-
ship to hollandite (Yamada et al., 1983). Both struc-
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Fig. 4. The cubic (a) and orthorhombic (b) silicate perovskite Fig. 7. The NaAlISiO, calcium ferrite structure, modified from the
structures, after Hazen (1988). refinement of Yamada et al. (1983).
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Fig. 12. The structure of anhydrous phase B, from Finger er al.
(1989).

Fig. 10. The structure of Na(Mg,.sSi;.5)Si,0, pyroxene, from

Fig. 13. The structure of Mg,,Si,0,,(OH), (phase B), from Finger
Angel et al. (1988).

et al. (1989).
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Table 9. Refinement of silicate pyrochlore structures,
Jrom Reid et al. (1977), R =0-031 for Sc,Si,0; and
R =0-015 for In,Si,0,

Cubic, Fd3m (0]), Z=8. $¢,8i,0,: a=9287(3)A, V=
800-98 (1) A%, 1n,Si,0,: a=9-413 (3) A, V =834-03 (1) A°. Dis-

tances are given in i and angles in °.

Site

Symmetry x y z

Sc, In 16(c) Im 0 0 0
Si 16(d) 3m ; 2 H
o1 8(a) 43m 5 s 8
02 48(f) mm Sc: 0-4313 (21) M H

In: 0-4272 (15)

S¢,Si,0, In,Si,0,
Si-02[6] 1-761(7) 1-800 (5)
02-5i-02 (6] 92:5(7) 94:0(6)
02-Si-02[6) 87:5(7) 86-0 (6)
Octahedral volume (A*)* 7-26 (3) 7-71(2)
Quadratic elongation 1-:002 (9} 1-005 (7)
Angle variance 6-7 17-8

* See Table 3.

tures consist of double octahedral chains which are
joined to form ‘tunnels’ parallel to ¢ that accommo-
date the alkali or alkaline-earth cations. In hollandite
four double chains form square tunnels, whereas in
calcium ferrite four chains define triangular tunnels.

The pyrochlore [(Na,Ca),(Nb,Ta),0,(OH,F)]
structure. Thortveitite, Sc,Si,0,, contains Si,0,
groups and Sc in distorted octahedral coordination.
The structure is unusual in that the Si-O-Si linkage
is constrained to be collinear because the O atom lies
on a center of inversion. Reid, Li & Ringwood (1977)
studied high-pressure transformations of Sc,Si,0,
and its isomorph, In,Si,O,, from the thortveitite
structure to the pyrochlore structure at 12 GPa and
1273 K. They report structures based on powder X-
ray diffraction data from these two high-pressure
compounds.

The cubic pyrochlore structure (space group
Fd3m) contains four independent atoms with only
one variable positional parameter, the x coordinate
of O2 (Table 9). It features silicon in an octahedral
framework corner-linked by 02, with scandium in
distorted cubic eight coordination corner-linked by
O1. The increase in coordination number of both
cations, from 4 and 6 in thortveitite to 6 and 8 in
pyrochlore, leads to a significant density increase,
from 3:30 g cm ™ in thortveitite to 4-28 gcm * in the
high-pressure phase.

The K,NiF, structure. The potassium nickel
fluoride structure, in which K and Ni are nine- and
six-coordinated respectively, is well known among
transition-metal oxides such as Sr,TiO,. Reid & Ring-
wood (1970) proposed K;,NiF, as a possible high-
pressure silicate structure following their synthesis of
Ca,GeO,. Liu (1978b) synthesized a high-pressure
polymorph of Ca,SiO, at between 22 and 26 GPa and
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Table 10. The structure of K,NiF,-type Ca,SiO,, after

Liu (1978b)

Tetragonal, I4/mmm (D)), Z=2, a=3-564(2), c =11-66 (1)A,

V=148-1(1) A’. Distances are given in A and angles in °.

Site Symmetry X y z*
Ca 4(e) 4mm 0 0 ~0-36
Si 2(a) 4/ mmm 0 0 0
01 4(c) mmm 0 Iz 0
02 4(e) 4mm 0 0 ~0-15
Si-01[4] 1-782 (1) 01-5i-01[4] 90
Si-02(2] ~1-78 01-Si-02[8] 90

* Fractional coordinates not reported.

1273 K and recognized the distinctive tetragonal cell
[a=3-564(3), c=11-66 (1) A]as characteristic of the
K,NiF, structure. 25 powder diffraction lines con-
sistent with this unit cell were recorded by Liu,
although structural details of the high-pressure cal-
cium silicate were not provided.

The aristotype structure with K,;NiF, topology
(Table 10; Fig. 8) is tetragonal, space group 14/ mmm,
with four atoms in the asymmetric unit and only two
variable positional parameters. Octahedrally coordin-
ated Ni (or Si) at the origin is coordinated to four
F1 (or O1) at (0, },0) and two F2 (or 02) at (0, 0, z).
Four Ni-F (or Si-O1) bond distances are exactly a/2
and all adjacent F-Ni-F (or O-Si-O) angles are 90°.

Slight distortions of the I4/ mmm structure lead to
a number of subgroups of lower-symmetry variants
(Hazen, 1990). These topologically identical struc-
tures have received much attention recently because
the first copper oxide superconductor, (La,Ba),Cu0,,
adopts the K,NiF, topology. Additional studies of
Ca,Si0, will be required to resolve the exact nature
of this high-pressure phase.

High-pressure silicates with mixed ""VSi and ""VSi

The garnet structure. Garnets are common crustal
silicates of the general formula (VA2 IVIIB3+.
l'V18i$*0,,, where eight-coordinated A is commonly
Mg, Fe, Mn or Ca and six-coordinated B is usually
Fe, Al or Cr. The structure may be viewed as a
corner-linked framework of alternating Si**
tetrahedra and trivalent octahedra. This framework
defines eight-coordinated sites that accommodate
divalent cations (Fig. 9). The ideal garnet structure
is cubic (space group Ia3d), with only four symmetry-
independent atoms: A, B, Si and O.

Ringwood & Major (1967a) and Prewitt & Sleight
(1969) demonstrated that germanate garnets of
compositions  V""ICd,V(CdGe)''V'Ge,0,, and
Vica,M(CaGe)"vIGe;0,, form because ger-
manium plus a divalent cation can substitute for the
trivalent B cation. These garnets are topologically
identical to the cubic aristotype, but ordering of
octahedral B cations yields a garnet of symmetry
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Table 11. Refinement of the structure of MgSiO; garnet, from Angel et al. (1989), R =0-043

Tetragonal, 14,/a (C$,), Z=32, a=11-501 (1), c=11-480 (2) A, V =1518-5 A”. Distances are given in A and angles in °.

Occupancy Site* Symmetry
D1 Mg 16(f) 1
D2 Mg 8(e) 2
Oct. 1 0-8Si+0-2Mg 8(c) 1
Oct. 2 0-2Si+0-8Mg 8(d) 1
T1 Si 4(b) 4
T2 Si 4(a) 3
73 Si 16(f) 1
01 (o) 16(£) 1
02 (¢] 16(1) 1
03 [0} 16(f) 1
04 o 16(f) 1
05 0 16(f) 1
06 0 16(f) 1
QOct. 2-02[2] 1:792(7)
Qct. 2-03 (2] 1-836 (7)
Oct. 2-06[2] 1-793 (7)
Mean Oct. 2-O 1-807
02-Oct. 2-03 89-0(3)
02-0ct. 2-06 89:4 (3)
03-Oct. 2-06 89-8 (3)
Octahedral volume (A’)t 7-86 (3)
Quadratic elongation 1-000 (4)
Angle variance 0-5

x y z
0:1253 (4) 0-0112 (4) 0-2587 (3)
0 M 0-6258 (6)
0 ] 5
0 0 0
0 § 5
0 i 5
0-1249 (3) 0-0065 (3) 0-7544 (3)
0-0282 (6) 0:0550 (6) 0-6633 (6)
0-0380 (6) —-0-0471 (6) 0:8562 (6)
0-2195(7) 0-1023 (6) 0:8021 (6)
0:2150(6) —0-0894 (6) 0-7000 (6)
-0-0588 (6) 0-1617 (6) 0:4680 (6)
—-0-1040 (6) 0-2080 (6) 0-7851 (6)
Oct. 1-01[2] 2-004 (7)
Oct. 1-04[2] 1-976 (7)
Oct. 1-05(2] 2:012(7)
Mean Oct. 1-O 1-997
0O1-Oct. 1-04 86-8(3)
O1-0Oct. 1-05 86:21(3)
04-0ct. 1-05 85-8(3)
Octahedral volume (A"} 10-56 (4)
Quadratic elongation 1:004 (4)
Angle variance 15-4

* Origin of atomic coordinates shifted by 4, 0, 0 relative to standard origin at Wyckoff position 8(c), in conformity with previous

descriptions of tetragonal garnets.
+ See Table 3.

group lower than the Ia3d form. Ringwood & Major
(1967a) were the first to synthesize a high-pressure
silicate garnet, MnSiO;, which Akimoto & Syono
(1972) subsequently indexed as tetragonal. High-
pressure silicate garnets thus incorporate silicon in
both four and six coordination.

The significance of these synthetic samples has
been enhanced by discovery of natural high-pressure
garnets with 'V'!Si. Smith & Mason (1970) described
a natural silica-rich garnet from the Coorara
meteorite. The composition of this mineral, which
they named majorite, is V'"(Mg,.46Nag.10000.04)-
[v”(FCO»97A|0-22Cl'0»ossio-78)[W]Si30|2~ Haggerty &
Sautter (1990) recently discovered mantle-derived
nodules with silica-rich garnet of composition of more
than four Si atoms per 12 O atoms (as opposed to
three Si in crustal garnets). These observations led
the authors to propose that the nodules originated
from a depth greater than 300 km - by far the deepest
terrestrial samples thus identified.

Single crystals of MnSiO, garnet were first synthe-
sized by Fujino, Momoi, Sawamoto & Kumazawa
(1986), who determined the space group to be
tetragonal (I4,/a). Mn and Si atoms were found to
be fully ordered in two symmetrically distinct octa-
hedral sites (Table 11). At pressures above 15 GPa
and temperatures greater than about 1973 K, MgSiO,
forms the garnet [V'"Mg,"V"(MgSi)'Si,0,, - the
same composition as the silicate ilmenites and perov-
skites described above. Angel et al. (1989) synthesized

single crystals of this phase and determined the crystal
structure (Table 12). In that sample, octahedral Mg
and Si were slightly disordered, yielding a site compo-
sition of (Si,.sMgg.2).

The pyroxene structure. Pyroxenes, among the most
common constituents of igneous and metamorphic
rocks, typically have compositions ASiO;, where A
may consist entirely of divalent Mg, Fe and Ca or
may contain a mixture of cations with +1, +2 and
+3 valences. Angel, Gasparik, Ross, Finger, Prewitt
& Hazen (1988) recently described an unusual high-
pressure synthetic pyroxene with composition
NaV'(Mg,.sSio.s)!'V!Si,04. Silicon and magnesium
form an ordered edge-sharing octahedral chain in this
structure (Fig. 10; Table 13).

Angel et al. (1988) note that it is doubtful such a
pyroxene plays a significant role in the earth’s mantle,
for its stability is limited to silica-rich compositions
with an excess of sodium with respect to aluminium -
a situation rarely encountered in nature.

The wadeite structure (K5'YVSil™1Si,0,). The
wadeite (K,ZrSi,0,) structure features Si;O, three-
tetrahedra corner-linked rings cross linked by Zr
octahedra, forming a framework with hexagonal sym-
metry (space group P6,/m). Potassium occupies large
nine-coordinated cavities between adjacent three-
member Si tetrahedral rings. Germanate isomorphs,
including K,GeSi;O, (Reid et al, 1967), K,Ge,Oq
(Voellenkle & Wittmann, 1971) and (LiNa)Ge,O,
(Voellenkle, Wittmann & Nowotny, 1969), pointed
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Occupancy

D1 Mn

D2 Mn

Oct. 1 0-:98Mn +0-02Si
Oct. 2 0-98Si +0-02Mn
T1 Si

T2
T3
(6]
Q2
03
04
oS
06

oOooooovx

Oct. 2-02(2]
Oct. 2-03[2]
Oct. 2-06[2)

Mean Oct. 2-O
02-Oct. 2-03

02-Oct. 2-06
03-Oct. 2-07

Oclahedral volume (A“)?
Quadratic elongation
Angle variance

Site
16(f)
8(e)
8(c)
8(d)
4(b)
4(a)
16( )
16(f)
16 (f)
16( )
16(f)
16( f)
16( /)

1:757 (4)
1-805 (4)
1-823 (4}

1:795
89-8 (2)

89:0(2)
87-2(2)

769 (2)
1-:001 (3)
31

Symmetry

—_— e o e o e f ] ] el B —

x y
0-1258 (1) 0-0079 (1)
0 :

0 0
1} 0
0 X
0 .
0-1262(2) 0-0143 (1)
0-0302 (4) 0-0617 (4)
0-0465 (4) —0-0411 (4)
0-2224 (4) 0-1099 (4)
0:2098 (4) -0-0796 (4)
—0-0649 (4) 0-1665 (4)
-0-1034 (4) 0-2152(4)

Oct. 1-01[2]
Oct. 1-04[2]
Oct. 1-05(2]
Mean Oct. 1-O
O1-Oct. 1-04
01-Oct. 1-05
04-Oct. 1-05

Octahedral volume (A")
Quadratic elongation
Angle variance

Table 12. Refinement of the structure of MnSiO, garnet, from Fujino et al. (1986), R =0-052

Tetragonal, 14,/a (CS$,), Z=32, a=11-774(1), ¢ =11-636 (2) A, V = 16131 A®. Distances are given in A and angles in °.

z

0-2590 (1)
0-6235(2)

xexw O -

0-7597(2)
0-6730 (4)
0-8627 (4)
0-8064 (4)
0-7039 (4)
0-4654 (4)
0-7858 (4)

2170 (4)
2130 (4)
2-142(5)

2-147
85-8(2)
89-7(2)
85-1(2)
13:11 (3)

1-004 (3)
15-2
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* Origin of atomic coordinates shifted by 3, 0, 0 relative to standard origin of Wyckoff position 8(c), in conformity with previous
descriptions of tetragonal garnets.

+ See Table 3.

Table 13. Refinement of the structure of Na(Mg,.sSiy.5)Si,0¢ pyroxene, from Angel et al. (1988), R = 0-045

Monoclinic, P2/n (C3,), Z=4, a=9-418(1), b=8-647(1), c=5-274(1) A, B=108-13 (1)°, V =408-2 A*. Distances are given in A

and angles in °.

Occupancy

MI1A Mg
MI1B Si
M2A Na
M2B Na
T1 Si
T2 Si
O1A (o)
O1B o]
024 o]
02B o]
03A o]
03B (0]

M1B-Ol1A4[2]
M1B-O1B[2)
M1B-02A[2]

Mean M1B-0O

Ol1A-M1B-O1B
O1A-M1B-0O1B
O1A-M1B-O2A
O1A-M1B-02A
O1B-M1B-018B
O1B-M1B-02A
02A-M1B-02A

Octahedral volume (A%)*
Quadratic elongation
Angle variance

Site
2(f)
2(e)
2(S)
2(e)
4(g)
4(g)
4g)
4(g)
4(g)
4(g)
4(g)
4(g)

1-826 (2)
1-924(2)
1-782(3)

1-811

84-7
94-2
923
88-6
86-6
89-3
985
7-87(1)

1-004 (3)
13-5

Symmetry

S

_— e == NN

X ¥ z

i 0-6549 (2) i

bt 0-8469 (2) :

3 0-0513(2) :

: 0-4567 (3) :
0-0447 (1) 0-8486 (1) 0-2270(2)
0-0372(1) 0-6652(1) 0-7355(2)
0-8620(3) 0-8443 (3) 0-1017 (4)
0-8567 (3) 0-6934 (3) 0-6562 (S)
0-1234(3) 0-0146 (3) 0-3077 (5)
0-0982(3) 0-4950 (3) 0-7911 (5)
01128 (3) 0-7665 (3) 0-0119 (S)
0-0930(3) 0-7527 (3) 0-5070(S)

MI1A-O1A 2:219(3)
M1A-O18B 2-090(2)
M1A-O28 1-991 (3)
Mean M1A-O 2100
01A-M1A-01A 84-8
O1A-M1A-O18 96-6
01A-M1A-0O1B 696
Ol1A-M1A-02B 90-3
O1B-M1A-02B 94-7
CIB-M1A-02B 97-2
02B-M1A-02B 98-8
Octahedral volume (A%) 11-76 (2)
Quadratic elongation 1-035(2)
Angile variance 106:6

* See Table 3.



570

Table 14. Refinement of the structure of wadeite-type
K,'YUSil™vISi 04, from Swanson & Prewitt (1983),
R=0-020

Hexagonal, P6,/m (C2,), Z=2, a=6-6124(9), c=9-5102 (8) A,
V =360-11(7) A*. Distances are given in A and angles in °.

Site Symmetry X ¥ z
4(f) 3 ! H 0-05778 (5)
M 2(b) 3 0 0 0
™Msi 6(h) m 0-36532(7)  0-23343(7) i
ol 6(h) m 0-49150 (18)  0-07339 (19) 1
02 12(i) 1 0-23203 (13)  0-20907 (13)  0-10611 (8)
Si-02 (6] 1-7783 (1) Octahedral volume (AY)*  7-495 (4)
02-5i-02[6]  90-973(9) gﬁ:ﬁ"’v‘;ﬁi::’c';ga""" Lo
02-Si-02[6] 89027 (9)

* See Table 3.

the way for Kinomura et al. (1975), who observed
the high-pressure 'Y''Si analog, K,Si,O,. Their
polycrystalline sample was produced at 9 GPa and
1473 K.

In the silica-rich isomorph, K,Si,0,, silicon occurs
in all network-forming positions, in both four and six
coordination. Each bridging O1 atom is coordinated
to two 'Y'ISi and two K, while O2 atoms are linked
to one 'YVSi, one "VISi and two K.

Swanson & Prewitt (1983) synthesized single crys-
tals of K,Si,O, in a piston-cylinder apparatus at
2:4GPa and 1173 K. Their structure refinement
(Fig. 11; Table 14) confirmed the wadeite structure
type and provided details of the extremely regular
silicon octahedral environment.

The anhydrous phase B (MgM[V”Si['V]Si‘,OM) struc-
ture. Studies by Ringwood & Major (1967b) on
hydrous magnesium silicates at high pressure revealed
a complex material, designated phase B. This struc-
ture, although frequently observed in subsequent
studies of magnesium silicates, remained unidentified
until Finger er al. (1989) obtained single crystals of
a closely related anhydrous magnesium silicate, desig-
nated anhydrous phase B. The crystals of anhydrous
phase B, identified as Mg,,Si50,,, facilitated the sol-
ution of both unknown structures.

Anhydrous phase B crystals were produced at the
Mineral Physics Institute, State University of New
York, Stony Brook, at 16:5 GPa and 2653 K. Routine
solution by direct methods resulted in a structure that
was subsequently found to be isostructural with
Mg,,Ge:0,4 (Von Dreele, Bless, Kostiner & Hughes,
1970). The orthorhombic ( Pmcbh) structure, based on
close packing of O atoms, contains a six-layer (b=
14-2 A) stacking sequence. Layers of the first type
contain Mg and Si in octahedral coordination, while
the second type of layer contains magnesium
octahedra and silicon tetrahedra in an olivine
arrangement (Fig. 12, Table 15). Layers are stacked
2-1-2-2-1-2. One surprising consequence of this
sequence is that each silicon octahedron shares all
twelve edges with adjacent magnesium octahedra.

CRYSTAL CHEMISTRY OF SIX-COORDINATED SILICON

Table 15. Refinement of the structure of Mg,,Sis0,,
(anhydrous phase B), from Finger & Prewitt (1990),
R =0-040

Orthorhombic, Pmch (D3,), Z =2, a=5-868 (1), b=14-178 (1),

c=10-048 (1) A, V =8359 A*. Distances are given in A and
angles in °.

Site  Symmetry X v z
Sil 2(a) 2/m 0 0 0
Si2 a(h) m ; 0-31141(S) 0-17445(T)
Si3 4a(g) m 0 0-37524 (5)  0-99754(8)
Mgl 2(d) 2m ! 0 2
Mg2 4(h) m ! 0-17460 (6)  0-35469 (9)
Mg3 2(b) 2/m 5 0 0
Mgé4 8(1) 1 0-24050 (9) 0-00241(4) 0-25354 (6)
Mg$ 4(g) m 0 0-17612(6)  0-82058 (9)
Mg6 8(i) 1 0-24396 (10}  0-16958 (4)  0-08108 (6)
01 4(g) m 0 0-91394 (13) 0-34705(18)
02 4(g) m 0 0-57564 (12) 0:35375(19)
03 4(g) m 0 0-24165(12) 0-49605 (19}
04 ath) m A 0-08599 (13) 0-17186 (18)
05 4(h) m ! 0-42488 (12) 0-16958 (19)
06 4(h) m '3 0-76001 (13} 0-47153 (16)
07 (1) 1 0-2342(2) 0-08741 (8)  0-42136(11)
08 8(1) 1 0-2147 (2) 0-42653 (8)  0-42534(12)
09 8(1) 1 0-2824 (2) 0:76221 (8) 0-25276(12)
Sil-02(2] 1-818(2) 08-5i1-08[2] 88-9
Si1-08 [4] 1797 (1) 08-Si1-08 2] 911
Mean Sil-O 1-804 Octahedral volume [A‘}* 7-846 (8)
02-Sil-08[4] 897 (A):a:iravtlxcuelo?gation (1):2002 (3)
02-5i1-08[4] 903 gle varlance

* See Table 3.

Details of the structure are provided by Finger, Hazen
& Prewitt (1991).

The phase B [Mg,,'V"1Si""V18i,0,4(OH),] structure.
The phase B structure was solved by Finger et al
(1989), who recognized its close similarity to anhy-
drous phase B and identified its composition as
Mg,;,Si,0,4(OH),. Single crystals, synthesized at
12 GPa and 1473 K, display similar cell parameters
(both structures have b and ¢ axes of about 14:2 and
10-0 A, respectively). The six-layer arrangement is
similar in hydrous and anhydrous phase B, but the
presence of OH causes periodic offsets in the layers
and thus reduction to monoclinic ( P2,/ ¢) symmetry.
Details of the structure are given by Finger et al
(1991) (see Fig. 13 and Table 16).

Room-pressure framework structures with 'Y'Sj

The SiP,0;-1 structure. Three polymorphs of silicon
diphosphate, SiP,O,, have been synthesized at low
pressure. In each phase pairs of phosphate tetrahedra
join to form P,0, groups that are cross linked by SiO,,
octahedra. All O atoms in these framework structures
are two-coordinated, either to two P or to one P and
one Si.

Cubic ( Pa3) SiP,0,-1 is topologically identical to
ZrP,0, (Tillmanns, Gebert & Baur, 1973) (Table 17),
but it adopts a superstructure of lower symmetry. In
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Table 16. Refinement of the structure
Mg,,Si,0,,(OH), (phase B), from Finger & Prewitt
(1990), R =0-080

Monoclinic, P2,/c (C3,), Z=4, a=10-588(2), b=14-097 (1),
¢=10-073(1) A, B =104-10 (3)°, V =1458-4 (3) A*. Distances are
given in A and angles in °.

Site  Symmetry x y z
Sil 4(e) 1 0-79007 (9) 0-00099 (8) 0-07415(10)
Si2 4(e) 1 0-49753 (9) 0-18964 (7) 0-67358 (10)
Si3 4(e) 1 0-21336 (10)  0-12550(7)  0-42675(10)
Si4 4(e) 1 0-78120(10)  0-12333(7)  0-57300(10)
Mgl 2(d) il ) 0 )
Mg2 4(e) 3 0-49776 (11) 0-17451(9)  0-35639(12)
Mg3 2(b) i 3 0 0
Mgd 4(e) 1 0-65272(11)  0-00249(12) 0-29314(10)
Mg$ 4(e) 1 0-07515(11)  0-00035(10) 0-15240(11)
Mgé 4(e) 1 0-06509 (11)  0-00035 (10) 0-63472(12)
Mg7 4(e) 1 0-35160 (11) 0-00277 (10) 0-21545(12)
Mg8 4(e) 1 0-64927 (11)  0-16994(9)  0-12361(12)
Mg9 4(e) 1 0-07005 (11)  0-17303 (9)  0-96971(12)
Mgl10 4(e) 1 0-21857(11) 0-17720(9)  0-75197 (11)
Mgll 4(e) | 0-77446 (11)  0-17593(9)  0-89486(12)
Mgl2 4(e) 1 0-35095 (11) 0-16857(9) 0-04510(12)
Mgl13 4(e) 1 0-93431 (11) 0-17750(9)  0-19882(12)
01 4(e) 1 0-4984 (2) 0-0752(2) 0-6696 (2)
02 4(e) 1 0-6474(2) 0-0869 (2) 0-4613 (2)
03 4(e) 1 0-7832(2) 0-2400 (2) 0-5726 (2)
04 4{e) 1 0-7830(2) 0-0858 (2) 0-7289 (2)
0s 4(e) 1 0-2152(2) 0-2425(2) 0-4249 (2)
06 4(e) 1 0-3472(2) 0-0875(2) 0-3842(2)
07 4(e) 1 0-2104 (2) 0-0871 (2) 0-5816(2)
(821 4(e) 1 0-0806 (2) 0-0881 (2) 0-3171(2)
o9 4(e) 1 0-4989(2) 0-2413(2) 0-5293(2)
010 4(e) 1 0-6203 (2) 0-2386 (2) 0-7795(2)
ol 4(e) 1 0-5002 (2) 0-0851 (2) 0-1721(2)
012 4(e) 1 0:6667 (2) 0-0744 (2) 0-9698 (2)
o13 4(e) 1 0-7928 (2) 0-0757(2) 0-2192(2)
Ol4 4(e) | 0-0863 (2) 0-0714(2) 0-8220(2)
15 4(e) | 0:9182(2) 0-0796 (2) 0-0279 (2)
ol6 4(e) | 0-3331(2) 0-0734(2) 0-8838 (2)
017 4(e) 1 0-2088 (2) 0-0729 (2) 0-0711(2)
018 4(e) 1 0-3748 (2) 0-2392(2) 0-7155(2)
o19 4(e) 1 0-9116 (2) 0-0852 (2) 0-5285(2)
020 4(e) 1 0-0675(2) 0-2477 (2) 0-6369 (2)
021 4(e) 1 0-9218 (2) 0-2481 (2) 0-3639 (2)
H1 4(e) 1 0-025(5) 0-193 (4) 0-600 (5)
H2 4(e) 1 0-918 (5) 0-204 (4) 0-416 (5)
Si1-012 1-795(3) 012-Si-013 90-3(1)
Si1-013 1:797 (3) 012-Si-Q14 179-6 (1)
Si1-014 1:787 (3) 012-Si-015 89-0(1)
Si1-0O1Ss 1-897 (3) 012-Si-016 90-4 (1)
Si1-016 1-804 (3) 012-8i-017 90-2(1)
Sil1-017 1-800 (3) 013-Si-014 89-6 (1)
0O13-Si-015 89:2(1)
Mean Sil1-O 1-813 013-Si-016 91-1(1)
Qctahedral volume (A‘)* 7-919 (12) 013-8i-017 178-6 (1)
Quadratic elongation 1-0008 (19) 014-Si-015 90-6 (1)
Angle variance 0-4 014-Si-016 90-0(1)
014-8i-017 89-9(11)
Q15-8i-016 179-3(1)
QO15-8i-017 89-5(1)
016-Si-017 90-2 (1)

* See Table 3.

the Pa3 substructure Si-O bonds would be unusually
short - only 1-716 A - yielding a near regular octa-
hedron with by far the smallest volume [6-74 (7) A’]
of any known 'Y'Sj site. This aristotype structure is
also unusual in that P-O-P bonds lie along a threefold
axis, so the P-O-P angle is constrained to be 180°
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of Table 17. Refinement of the SiP,0,-1 structure, from

Tillmanns et al. (1973), R =0-061

Cubic, Pa3 (T%), Z=4, a=7-473(1)A, V=417-34(5) A%
Distances are given in A and angles in °.

Site Symmetry X ¥ z
Si 4(a) 3 0 0 0
P 8(¢) 3 0-3833 (5) x X
o1 4b) 3 ) 5 X
02 24(d) 1 0-441 (2) 0-202(2) 0-408 (2)
Substructure Si octahedra
Si-O1[6] 1-716 Octahedral volume (A%)* 674 (7)
Quadratic elongation 1-001 (3)
02-Si-02{6] 887 Angle variance 2-0
02-5i-02 (6] 913
Proposed superstructure Si octahedra
Mean Si-O Approximate volume (A?)
1-730 69
1-750 71
1-750 7-1
1-755 72
1-755 7-2
1-758 7-2

* See Table 3.

To compensate for these unfavorable features, the
SiP,0;-1 structure undergoes framework tilting to a
lower-symmetry form. Tillmanns et al (1973) pro-
posed a tilted structure with six symmetrically
independent octahedra. The mean Si-O distances of
these octahedra, ranging from 1-730 to 1-758 A, are
still unusually short but are at least closer to those
of other framework V''Si compounds.

The SiP,0O;-111 structure. The monoclinic (P2,/c¢)
SiP,O;-HI structure features sharply bent P,O,
dimers, with 139-2° P-O-P angles (Bissert & Liebau,
1970). All ten symmetrically distinct atoms in the
structure are in the general position, but the silicon
octahedron is close to regular (Table 18).

The SiP,0;-1V structure. Liebau & Hesse (1971)
solved the SiP,0,-1V structure and an improved
refinement was published by Hesse (1979) (Table 19).
The monoclinic (P2,/n) arrangement is topologically
similar to SiP,0;-111. The P-O-P angle is 133° and
the Si octahedron is close to regular.

The ™Y'1Si,1"VISi,P,O,s structure. The crystal struc-
ture of SisP4O,s was reported by Mayer (1974), fol-
lowing the solution of the isostructural compound
GesPsO,: (Mayer & Vollenkle, 1972). Isolated Si
octahedra and pairs of Si tetrahedra (Si,0,) are cross
linked by P tetrahedra to form a three-dimensional
framework. Structural details appear in Table 20.
Subsequent synthesis of Y'Ge;!"™V1Si,P,0,5 by
Leclaire & Raveau (1988) emphasizes the close
relationship between structures containing octahedral
Ge and Si.

The (NH,),SiP;0,; structure. Durif, Averbuch-
Pouchot & Guitel (1976) solved the complex triclinic
(P1) structure of (NH,),SiP;0,;, which contains
four-tetrahedra P,O,; chain-like groups linked by Si
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Table 18. Refinement of the SiP,0,-111 structure, from Table 20. Refinement of the SisP,O,s structure from

Bissert & Liebau (1970), R =0-070

Monoclinic, P2,/¢ (C3,), Z=4, a=473, b=633, c= 1471 A,
B =90-1°, V =440-4 A>. Distances are given in A and angles in °.

X y z

Si* 0-2495 (4) 0-0825 (3) 0-1353 (1)
P1 0-7457 (4) 0-8080 (3) 0-0725 (1)
P2 0-7381 (4) 0-3937 (3) 0-1684 (1)
o1 0-7110 (13) 0-5622 (10) 0-0881 (4)
02 0-6607 (12) 0-8314 (1) —0-0248 (4)
03 0-5449 (12) 0-9171 (9) 0-1376 (4)
04 0-0498 (12) 0-8643 (10) 0:0916 (4)
05 0-9507 (13) 0-2404 (10) 0-1311 (4)
06 0-4515(12) 0-2951 (10) 0-1794 (4)
07 0-8387 (13) 0-5084 (10) 0-2525(4)
Si-02 1-766 03-Si-04 881
Si-03 1-746 03-8i-05 1782
Si-04 1-793 03-Si-06 91-0
Si-05 1-732 03-Si-07 90-6
Si-06 1-774 04-8i-05 90-1
$Si-07 1:765 04-Si-06 173-4

4 X 04-Si-07 90-4
Mean Si-Q 1-763 05-Si-06 90-8
02-Si-03 90-7 035-8i-07 89-7
02-8i-04 92-0 06-Si-07 89-2
8;_;::82 gg; Octahed}'al volum‘e (AHt 7-30(3)
02-5i-07 177-4 Quadrauct elongation 1-001 (2)

Angle variance -3

* All atoms in general position 4(e).
t See Table 3.

Table 19. Refinement of the SiP,O,-1V structure, from
Hesse (1979), R =0-050

Monoclinic, P2,/n (C3,), Z=4, a=4-713(1), b=11-987(2),
c=7-628(2) A, B=91 20 (2)°, V=430-8(1) A*. Distances are
given in A and angles in °

X y z
Si* 0-2195 (4) 0-8505 (2) 0:3474 (3)
P1 0-7991 (4) 0-5182 (2) 0-1962(2)
P2 0-7203 (4) 0-6970 (2) 0-4483 (3)
o1 0-7073 (10) 0-5725 (4) 0:3743 (6)
02 0-0805 (10) 0:4645 (4) 0-2364 (6)
a3 0-5788(10) 0-4350 (4) 0-1412(6)
04 0-8249 (10) 0-6109 (4) 0-0651 (6)
05 0-6224 (9) 0-6873 (4) 06315 (6)
06 0-0215(10) 0-7364 (4) 0-4303 (6)
07 05153 (9) 0-7624 (4) 0-3379 (6)
Si-02 1-786 (5) 03-8i-04 90-7 (3)
Si-03 1-736 (5) 03-8i-05 90-1 (3)
Si-04 1:784 (5) 03-Si-06 90-0(3)
Si-05 1-759 (5) 03-5i-07 178-5(3)
Si-06 1-779 (5) 04-8i-05 178-9(2)
Si-07 1-752(5) 04-5i-06 90-4 (3)
. 04-5i-07 89-3(3)
Mean Si-O 1:766 05-Si-06 90-4 (3)
02-Si-03 90-3 (3) 05-8i1-07 89-9 (3)
02-8i-04 89-8(3) 06-Si-07 88:6 (3)
02-5i-035 89:5(3)
02-Si-06  179-7(3) Octahedral volume (A*)t  7-34(2)
03-Si-07 91-1(3) Quadratic elongation 1:000 (5)
Angle variance 0-5

* All atoms in general position 4(e).
T See Table 3.

octahedra (Table 21). Each Si octahedron contacts
four phosphate chains to create a three-dimensional
framework. The NH, groups lie between adjacent P
chains.

Mayer (1974), R =0-060

Rhombohedral, R3 (C%), Z=3, a=7-86(9), c=24-13(8) A,
V =1294-5(10) A>. Distances are given in A and angles in °.
Site Symmetry X ¥ z
Sil 3(a) 3 0 0 0
Si2 6(c) 3 0 0 0-1797 (1)
Si3 6(c) 3 0 0 0-4340(1)
P 18(f) 1 0-2863 (3) 0-2675(3) 0-0924 (1)
O1 3(b) 3 0 0 5
02 18(f) 1 0-1309 (7) 0-2136 (8) 0-1372(2)
03 18(f) 1 0-2095 (8) 0-1459(7) 0-0403 (2)
04 18(f) 1 0-3549 (8) 0-4871 (8) 0-0769 (2)
05 18(f) 1 0-4602 (8) 0-2530(8) 0-1116(2)
Si1-03 [6] 1-758 Octahedral volume (A*)*  7-22(3)
Quadratic elongation 1-:002 (1)
03-Sil-03 (6] 877 Angle variance 5-9

03-Si1-03 6] 92-3

* See Table 3.

Table 21. Refinement of the (NH,),SiP,0,, structure,
Jrom Durif et al. (1976), R =0-035

Triclinic, P1 (C!), Z=2, a=1514(1), b=7-684(5), c=

4-861 (5) A, a=97-86(1), B=96-74(1), y=83-89(1), V=

553-97 A3, Distances are given in A and angles in °.

x y z
Si* 0-75896 (6) 0-0618 (1) 0:0439(2)
P1 0-85025 (5) 0-2134 (1) 0-6039 (1)
P2 0-69218 (6) 0-6806 (1) 0-1797 (2)
P3 0-78874 (5) 0-6806 (1) 0-1797 (2)
P4 0-66334 (5) 0-9138 (1) 0-4800 (1)
01 0-9367 (1) 0-2872 (3) 0-6948 (5)
02 0-8281 (1) 0-764 (3) 0-7814 (4)
03 0-8445 (1) 0-1365 (3) 0-2960 (4)
04 0-7704 (2) 0-3706 (3) 0-6272 (5)
(o1} 0-6032(2) 0-4221 (3) 0-6638 (5)
06 0-7093 (1) 0-2806 (3) 0-0342 (4)
07 0-7076 (1) 0-6003 (3) 0-9791 (4)
08 0-8654 (2} 0-5528 (3) 0-2301 (5)
09 0-8076 (1) 0-8417 (3) 0-0537 (4)
ol10 0-7414 (1) 0-7522(3) 0-4523 (4)
ol1 0-5748 (2) 0-8509 (3) 0-3834(S)
012 0:6894 (1) 0-0485 (3) 0-3060 (4)
013 0-6721 (1) 0-9846 (3) 0-7892 (4)
N1 0-4940 (2) (-7438 (4) 0-8266 (6)
N2 0-0322 (2) 0-3140(5) 0-2310(6)
Si-02 1-765 Mean Si-O 1:771
Si-03 1761 Octahedral volume (A*)f 7-39 (1)
Si-06 1772 . X
. Quadratic elongation 1-001 (2)

Si-09 1776 Angle variance 43
Si-012 1-765
Si-013 1-788

* All atoms in general position 2(i).
+ See Table 3.

The thaumasite [Ca;Si(OH)¢12H,0(S0,)(CO,)]
structure. Thaumasite, a hydrothermal mineral
formed in near-surface (ie. low pressure) veins and
cavities, is the only known mineral with Si(OH),
octahedra. The hexagonal (P6,;) structure was
described by Edge & Taylor (1971), and an improved
refinement was given by Effenberger, Kirfel, Will &
Zobetz (1983) (Table 22). These authors recognized
that structural columns of approximate composition
VICa,IYISi(OH)g.12H,0 run parallel to c. The SO,
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Table 22. Refinement of the structure of thaumasite,
Ca,(H,0),{Si(OH)¢](CO;)(SO,), from Effenberger
et al. (1983), R =0-027

Hexagonal, P63 (C8), Z=2, a=11-030(7), ¢=10-396(6) A,
V =1095-3 (6) A>. Distances are given in A and angles in °.

Site  Symmetry X vy z
Ca*  6(c) 1 0:19486 (5) 0-98829(5)  0-25133%
Si 2(a) 3 0 0 0-0026 (2)
C 2(b) 3 § 3 0-4660 (6)
S 2(b) 3 3 H 0-9847 (2)
o1 6(c) 1 0-3910(2)  0-2282(2)  0-2546(4)
02 6(c) 1 02618 (2)  0-4024(2)  0-2521(4)
03 6(c) 1 0-0029 (3)  0-3395(3)  0-0719(4)
04 6(c) 1 0-0242(4)  0-3485(3) 04329 (4)
05  6lc) 1 0-2010(3)  0-6229(3)  0-4602(3)
06  6(c) 1 0-1920(3)  0:6227(3)  0:0337(3)
07 6lc) 1 0-1304(3)  0-1245(3)  0-1071(3)
08  6(c) 1 0-1308(3)  0-1250(3)  0-3981(3)
09  2b) 3 H 3 0-8436 (4)
Si-07[3] 1-778 (3) 07-Si-08 93-4(1)
Si-08 3] 1:781(3) 08-Si-08 86:7 (1)
Mean Si-O 1:779 Octahedral volume (A%} 7:48(2)
07-Si-07 86-5 (2) Quudrati({elongation 1-003 (1)

Angle variance 12-5

* Positions of ten H atoms not listed.
T z coordinate of Ca held constant.
i See Table 3.

and CO; groups lie in between these columns. The
silicon octahedron is relatively undistorted, with three
longer (1-781 A) and three shorter (1-778 A) bonds
and O-Si-O angles between 86-5 and 93:4°. The
octahedral volume (7-50 A*) and interoctahedral
angles are typical of other 'V'ISi polyhedra.

Systematics of 'V''Si coordination

Octahedral Si-O distances, polyhedral volumes, dis-
tortion indices and interpolyhedral linkages for ['Si
structure types described above are summarized in
Table 23. Of special interest is the variety of linkages
between Si octahedra and other octahedra and
tetrahedra. The four low-pressure silicon phosphates
feature low-density corner-linked arrays of tetrahedra
and octahedra. Dense high-pressure phases, however,
commonly incorporate shared edges between octa-
hedra. In stishovite, hollandite and pyroxene a combi-
nation of edge and corner sharing is observed, but in
phase B and anhydrous phase B each Si octahedron
shares all 12 edges with adjacent Mg octahedra. In
pyrochlore, garnet and wadeite the Si octahedra form
part of a corner-linked framework, but additional
cations in eight or greater coordination share edges
and faces with the octahedra. Iimenite presents yet a
different topology, with unusual face sharing between
Mg and Si octahedra, as well as corner and edge
sharing.

In spite of the variety of polyhedral linkages, the
size and shape of SiO, polyhedra are similar in all
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these compounds. Polyhedral volumes vary by only
about +4% from an average 7-57 A* value. All Si
octahedra are close to regular (i.e. distortion indices
are small) relative to the range observed for many
divalent and trivalent cation octahedra. These trends
are consistent with the observation of Robert Downs
(personal communication) that SiO4 groups, in all
structures for which anisotropic thermal parameters
have been determined, display rigid-body vibrational
motion. Similar behavior is displayed by SiO, and
AlOQ, tetrahedra in silicates (Downs, Gibbs & Boisen,
1990). Stebbins & Kanzaki (1991) used the distinctive
NMR signature of these rigid groups to determine
structural characteristics of a number of as yet un-
identified '¥V'Si phases in the system Ca-Si-O.

Baur (1977) noted a strong correlation between
oxygen coordination number and mean octahedral
Si-O distance. He proposed the approximate relation:

(Si-0)mean = 1:729+0-013CN,

where CN is the mean coordination number of O
atoms in the octahedron. This trend, although expec-
ted from bond length-bond strength systematics,
leads to the situation that dense high-pressure silicates
(with higher oxygen coordination) also display the
longest Si-O bond distances. This trend is evident
from the data in Table 23. Two-coordinated O atoms
in the room-pressure framework silicon phosphates
are accompanied by mean 'V''Si-O that are relatively
short, averaging just 1-73 A, with polyhedral volumes
less than 7-4 A*>. The dense high-pressure [V'ISi
phases, on the other hand, have O atoms in three or
four coordination. Mean Si-O bond lengths in these
compounds average greater than 1-78 A, while
octahedral volumes average almost 7-7 A*,

Other possible 'V"'Si structures

The 18 structure types detailed above form an eclectic
group of silicate compositions and topologies. A few
systematic relations among the structures, however,
can be used to predict other possible {Y'ISi phases.
These criteria include:

1. Three structure types (rutile, hollandite, calcium
ferrite) are formed from edge-sharing chains of silicon
octahedra.

2. Most of the high-pressure silicate structures
were first synthesized at room pressure as germanate
isomorphs.

3. All seven high-pressure ['ISi structures without
tetrahedral Si are isomorphs of room-pressure oxides
with trivalent or tetravalent transition metals (Ti, Mn
or Fe) in octahedral coordination.

4. Three high-pressure magnesium silicates
(ilmenite, garnet, pyroxene) are derived from room-
pressure [V'Al structures by the substitution 2(VJAl -
V(Mg + Si).
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Table 23. Summary of octahedral sizes, distortions and linkages for viigj

Min. Max. Mean Octahedral
Si-O Si-O Si-O volume

Structure (A) (A) (A) (A3%)
SiO, stishovite 1:757 1-809 1-774 7-36
CaSi0; perovskite 1-784 1-784 1-784 7-55
MgSiO; perovskite 1-783 1-801 1-793 763
MgSiO, ilmenite 1-768 1-830 1-799 7-59
KAISi,O4 hollanditet 1-71 1-97 1-81 7-62
Sc,Si0; pyrochlore 1-761 1:761 1-761 7-26
In,Si,0; pyrochlore 1-800 1-800 1-800 7-71
MgSiO, garnett 1-792 1-826 1-807 7-86
MnSiO; garnet 1-757 1-805 1-795 7:69
NaMg,. o "si, s/ 'V1si,0, 1-782 1-826 1-811 7-87

pyroxene

K,'V'Isi'v1si,0, wadeite 1-797 1-818 1-804 7-85
Mg, Vsit"™Isi 0,, 1:797 1-818 1-804 7-85
Mg, VISiVISi;0,6(OH),  1-787 1-897 1-813 7-92
SiP,0,-111 1-732 1-793 1-863 7-30
$iP,0,-1V 1-736 1-786 1-766 734
'V”Si;E'V'SiZP(,OZS 1-758 1758 1-758 7-22
(NH,),SiP,0,; 1-761 1-788 1-771 7-39

Interpolyhedral linkages*
Quadratic Angle
elongation variance  Corners Edges Faces
1-008 27 410 Vsi; 210 YVsi -
210 2'VVsj

1 0 6 to 'Vsi - -
1-001 2

1-015 53 30 VMg, 310 !V'si 10 VMg

30 2V Mg

1-02 61 3o VIS 4o Vs -
1:002 7 6 to Vi - -
1-005 8 - -
1-000 1 6 to !'VIsi - -
1-001 3

1-004 14 6to"™VIsi 210 VMg -
1-000 1 6 to 'VIsi - -
1-000 1 - 12 10 VMg -
1-001 0 - 12 to V'IMg -
1-001 1 610 '"Vip - -
1-000 1 610!'Vlp - -
1-002 6 610 "Vlp - -
1-001 4 610"Vip - -

* Linkages to octahedra and tetrahedra only.
t Site composition constrained to be Sig.;sAly.os.
t Site composition refined to be Si;.4,Mgg.20.

5. Phase B and anhydrous phase B are closely
related structures that form a homologous series of
phases in the Mg-Si-O-H system.

Each of these criteria can be used to predict other
potential [Y'1Si phases.

High:pressure silicates with 'Y"Si edge-sharing chains

The close structural relationship among rutile, hol-
landite and calcium ferrite - three of the seven known
high-pressure structures with all silicon in octahedral
coordination - suggests a number of other likely
structure types. All of these structures consist of edge-
sharing octahedral chains that are linked to adjacent
strips by corner sharing, as systematized by Wadsley
(1964), Bursill & Hyde (1972) and Bursill (1979).
Rutile has single chains, leading to 1 x 1 square chan-
nels, while hollandite and calcium ferrite have double
chains, yielding larger channels. Many similar octahe-
dral chain structures, such as ramsdellite (1 x2) and
psilomelane (2 x 3), are also known (Fig. 14) and each
of these could provide a topology suitable for silicon
in six coordination (Table 24).

Bursill (1979) explored a wide variety of hypo-
thetical MX, structures created by juxtaposition of
single-, double- and triple-width octahedral chains.
Both ordered and disordered phases with mixtures
of rutile, ramsdellite, hollandite and psilomelane
channels were examined. A surprising feature of these
structures is that all could be constructed from the
simple stoichiometry, SiO,. In fact, most of the com-
pounds in this group of structures display coupled
substitution of a channel-filling alkali or alkaline-
earth cation plus Al for the octahedral cation. Only

Fig. 14. Relationships among the rutile (a), IrSe, (b), ramsdellite
(c¢), hollandite (d), psilomelane (e) and a hypothetical composite
structure (f), after Bursill (1979).
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Table 24. Predicted and observed high-pressure '¥'IS;
compounds, based on edge-sharing chains of octahedra

Structure Chain
Composition* type widths Channel shape and size
Si0, Rutile 1 Square 1x1
KAISi;Oqt Hollandite 2 Square 2x2 and 1 x1
BaALSi, 04t
KAISisO,, Todorokitet 3 Square 3x3 and 1x1
BaAl,Si,0,,
Si0, Ramsdellite 2 Rectangular 1x2
(MgSi)O,(OH), Diaspore
KAISi,O4 IrSe, 1 and 2 Rectangular 1x2 and 1x1
BaAl,SiO,
KAISi,04 ? 1 and 3 Rectangular 1x3 and 1x1
BaAl,Si,0,
KAISi Oy Romanechitet 2 and 3 Rectangular 2x3 and 1x1
BaAl,Si,0,,
NaAlSiQ,* Calcium ferrite 2 Triangular 2x2x(1+1)

* All of these octahedral chain structures could have composition
Si0O,. Al substitution for Si is coupled with introduction of alkali
or alkaline earth in channels.

+ Known ISi phase.

1 Todorokite and romanechite are unlikely candidates for high-
pressure structures owing to their large channels.

the structures of rutile (TiO,), iridium selenide (IrSe,)
and ramsdellite (y-MnQ,) are known without addi-
tional cations in the channels.

Bursill (1979) extended his discussion to a number
of more-complex structures that combine the MX,
forms described above with 8-Ga,0, topology, which
is based on the same type of double edge-shared
chains as found in hollandite. A range of gallium
titanates, such as Ga,TiOg, Ga,Ti;0,y and Ga,Ti, O,y
(all members of the homologous series Ga,Ti,,_4-
O;.. . > that couple rutile and y-Ga,O; units) are illus-
trated, as are ternary Ba-Ga-Ti oxides that unite
components of rutile, hollandite and y-Ga,0,. All of
these phases could accommodate “'ISi at high
pressure.

Silicates based on substitution of "Y'ISi for 'V!Ge

Nine of the twélve known YIS high-pressure struc-
ture types were first synthesized as germanates at
lower pressures. We have conducted a systematic
search of the Inorganic Crystal Structure Database
(ICSD, FIZ, Karlsruhe, Germany) for germanates
with "'IGe in systems containing the additional
cations Na, K, Mg, Fe, Ca, Al, Ti, Si and P. More
than two dozen structure types, only nine of
which have known silicate analogs, were identified
(Table 25).

In predicting high-pressure silicate isomorphs of
these known room-pressure germanates, it is impor-
tant to take into account the relative compressibilities
of the different cation polyhedra. Large monovalent
and divalent cations, such as Na, K and Ca, form
polyhedra that are much more compressible than
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tetravalent Ge or Si. Since the stability of many struc-
tures depends critically on the cation radius ratio
(Pauling, 1960), it may be appropriate to substitute
a smaller divalent cation when attempting to synthe-
size high-pressure forms. Thus, a high-pressure
isomorph of CaGe,Os might be MgSi,Os while
CaSi,0; might be unstable.

IS silicate isomorphs of transition-metal oxides

All known high-pressure silicates with all silicon
as V'ISi adopt the structures of room-pressure oxides
with Ti, Mn or Fe. Structures of other binary oxides
with octahedral titanium, manganese or iron thus
represent possible topologies for mantle minerals. A
complete survey of the dozens of transition-metal
oxide structures is beyond the scope of this review,
but several promising structure types are listed in
Table 26.

Numerous other octahedral transition-metal struc-
tures could be listed. For example, there are many
complex Ti, Mn and Fe borates (e.g. Moore & Araki,
1974), based on frameworks of BOj; triangles and
columns and sheets of transition-metal octahedra.
The K,NiF, structure, adopted by Ca,SiO, at high
pressure, is just one of a wide variety of layered
perovskite-related phases (Subramanian, Gopala-
krishnan & Sleight, 1988; Hazen, 1990). A perplexing
array of natural and synthetic tantalates, niobates and
uranium compounds incorporate Ti, Mn, Fe and
other transition-metal octahedra with larger irregular
caticn polyhedra. As the search for '¥'!Si compounds
extends beyond common rock-forming elements, new
'¥1Si structures will undoubtedly be found among
isomorphs of these known phases.

Silicates based on substitution of 'Y')(Si+Mg) for 2Al

High-pressure ilmenite, garnet and pyroxene forms
of magnesium-bearing silicates are all related to
room-pressure phases by the substitution of octa-
hedral Mg and Si for a pair of aluminium cations.
Similar substitutions might occur in several other
common rock-forming minerals at high pressures
(Table 27). Note that this substitution scheme will
not work for many common aluminium-bearing
minerals with mixed four- and six-coordinated
aluminium. The substitution in  muscovite,
K™MAL!"Y(AISi;)0,,(OH),, for example, would
P/livellq the magnesian mica celadonite, K'"'!(MgAl)-

Si,010(OH),, in which all Si is tetrahedrally coor-
dinated. Octahedral Al, thus, must constitute more
than two thirds of all aluminium to produce an 'V''Sj
phase by the substitution 2Al - (Mg+ Si).

Systematics of phase B and other high-pressure hydrous
magnesium silicates

Finger & Prewitt (1990) documented the close struc-
tural relations among a number of hydrous and
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Table 25. Predicted and observed high-pressure '¥''Si compounds based on the substitution ™V \Ge »V1sj

Known MGe
compound

GeO,

MgGeO,
MgGeO,
Mg,4GesOsq
Mg,4Ge; sO05:F 0
(Mg, Ni),,Ge;0,6

Fe Ge,;0,
Fe,Ge, 0,5
FeGe(OH),

CaGeO,
Ca,GeO,
CaGe,04
Ca,Ge,0,4

Ca Ge,0,0(H,0)
BaGe;Si0,
BaGe,.;Si, Oy
K,Ge O
K,GeSi;,04
(LiNa)Ge, O
NaAlGeO,
Na,SrGe, O,

K,Ge(10,),
KH,Ge,0,,(H,0),

(Na, K);HGe,0,,(H,0),

K,BaGe,O,q

CaCu;Ge 0,
Ca;Ga,Ge,0,,
Ba;Fe,Ge, 0,
Pb;Al(GeO;q

Structure
Rutile
Iimenite
Garnet
Anhydrous B

Aerugite

Stottite

Perovskite
K,NiF,
Sphene

Benitoite

Wadeite

Calcium ferrite

Related cubic
(a=7-7A) phases

Gehlenite-related
phases

Analogous V'Si
compound

Sio,*
MgSio,*
MgSio;*
Mg,48i50,,"
Mpg;55i;05,F o
Mg 051306

Fe,S8i,0,
FegSi,0,4
MgSi(OH),
CaSiO;*
Ca,Si0 *
CaSi,04
Ca,Si,0,
Ca,Si;0,4(H,0)

BaSi,0,

K,Si,0,*

(LiNa)Si, 04

NaAlSiO,*
Na,SrSi 0,

K,Si(10y),

(Na, K, H),Ge,0,,(H,0),

K,BaSig0,,

CaCu;8i,0,,
Ca;Ga,Si,0,,
Ba,Fe,Si 0,4
Pb3Al1,4S10,4

VIGe reference

Smyth & Bish (1988)

Ringwood & Seabrook (1962)

Ringwood & Major (1967a)

Von Dreele et al. (1970)

Bless, Von Dreele, Kostiner & Hughes (1972)
Fleet & Barbier (1989)

Modaresi, Gerardin, Malaman & Gleitzer (1984)
Agafonov, Kahn, Michel & Perez-y-Jorba {1986)
Ross, Bernstein & Waychunas (1988)

Marezio et al. (1966)

Reid & Ringwood (1970)

Nevsky, Ilyukhin & Belov (1979)

Nevsky, Ilyukhin, Ivanova & Belov (1979)
Nevsky, Ilyukhin, Ivanova & Belov (1978)

Goreaud, Choisnet, Deschanvres & Raveau (1973)

Voellenkle & Wittmann (1971)
Reid er al. (1967)
Voellenkle ef al. (1969)

Ringwood & Major (1967a)
Nadezhina, Pobedimskaya & Belov (1974)

Schellhaas, Hartl & Frydrych (1972)

Stura, Belokoneva, Simonov & Belov (1978)
Nowotny & Wittmann (1954)

Baumgartner & Voellenkle (1978)

Ozaki, Ghedira, Chenavas, Joubert & Marezio (1977)
Belokoneva, Simonov, Batushin, Mill & Belov (1980)

Al Ge(Nd, Pb),.,04.; Mullite
GeP,Oos -
Ge;SizP0ns

SisPs0,¢*

Al sSi(Nd, Pb)y ;001

Vinek, Voellenkle & Nowotny (1970)
Saalfeld & Klaska (1985)

Mayer & Voellenkle (1972)

Leclaire & Raveau (1988)

* Known YISi phase.

Table 26. Predicted and observed high-pressure VVSi
isomorphs of Ti, Mn and Fe oxides

Analogous V'si

Known oxide Structure compound

TiO, Rutile Sio,*

CaTiO, Perovskite MgSi0,*
CaSiOy*

FeTiO, Iimenite MgSiO;*
ZnSio;*

BaMn,O,, Hollandite KAISi,04*
BaAl,Si,04*

CaFe,0, - NaAISiO,*

Ca,TiO, K;NiF, Ca,Sio,*

CaZrTi,0, Pyrochlore Sc¢,Si,0,*
CaZrSi,0,

CaTiSiOq Sphene CaSi,04

Fe,TiOg Pseudobrookite Fe,SiOq

BaTiSi; 04 Benitoite BaSi, O,

ZrTiO, . Z1Sio,

Ga,TiO, - Ga,Si0,

Ga,Ti;0, - Ga,Si, 04

Pb(Ti,Fe,Mn),,055 Senaite Pb(Si,Fe,Mn),,0,4

* Known (Y11Si phase.

anhydrous magnesium silicates and used those sys-
tematics to propose several as yet unobserved struc-
tures, including high-pressure hydrous phases with
octahedral silicon (Table 28). They recognized that
several known phases, including chondrodite,
humite, forsterite, phase B and anhydrous phase B,

are members of a large group of homologous mag-
nesium silicates that can be represented by the general
formula

R Vil
m[Mgdn+2“\”S|2n08n(OH)G]Mgén-‘demod(n.Z)[ ]SInomuu(n,z)osm4

where mod(n,2) is the remainder when »n is divided
by 2. Finger & Prewitt (1990) examined cases where
n=1,2,3,4,00 and m=1,2,0. Structures with
octahedral silicon result for all cases where m is not
infinity.

Of special interest is the proposed structure of
superhydrous phase B, a compound predicted by the
logical progression from Mg,,Sis0,, (anhydrous
phase B) to Mpg;,Si;0,,(OH), (phase B) to
Mg,0Si30,4,(OH),. The third phase, superhydrous
phase B, bears a close topological relationship to the
other two compounds (Fig. 15). Gasparik (1990) sug-
gested that an as yet unanalyzed hydrous magnesium
silicate synthesized at 18-6 GPa and 1873 K possesses
this structure and further studies on that material are
in progress.

Predicted structures that fulfil more than one criterion

Tables 24-28 predict 'V'Si compounds based on
completely different compositional and structural
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Table 27. Predicted and observed high-pressure '¥''Si compounds based on the substitution 21V Al > V(M g+Si)

Structure type Known VYA} phase Possible (V'1Si phase
Corundum/ilmenite Al O, MgSiO,*
Pyroxene NaAlSi, O, Na(Mg, sSig.s)8i,0*
Garnet Mg;AlLLSi;0,, Mg3(MgSi)Si,0,,*
Pseudobrookite Al TiOs (MgSi)TiO,
Gibbsite AI(OH), (MgSi)(OH),
Diaspore AIO(OH) (MgSi)O,(OH),
Kyanite AlLSiO; (MgSi)SiO,
Staurolite FeaAl, §Si3046(OH), Be, Al o(Mg,Si;)Sig0.46(OH),
Clinozoisite Ca,Al,5i,0,,(OH) Ca,Al(MgSi)Si;0,,(OH)
Lawsonite CaAl,Si,0,(0H),H,0 Ca(MgSi)Si,0,(0H),H,0
Cordierite Mg,SisAl O Mg,Sis(Mg,8i,)0,4

* Known high-pressure phase.
t In staurolite Fe?* is four-coordinated a configuration unlikely in a high-pressure phase. Thus Be is substituted for Fe.

Table 28. Predicted and observed high-pressure hydrous ~ criteria, yet several structures types appear more than
magnesium silicates (after Finger & Prewitt, 1990) once (Table 29). These structures thus seem par-
ticularly promising for further study.

* * iti o . . . .
m-.n [v?]of‘:f’v‘l’sf"on Notes Of special interest to earth scientists are CaSi,0s
! Vo Mey S S1010(0H), - with the titanite structure, Fe,SiO; with the pseudo-
1 2 Mg,y " 'Siy" 7 'Si,0,5(0OH), - b ki - : -

. 3 Mgy, VISLOVISE O (OH), rookite structure and Mg,,Si;0,¢ with the aerugite

17 2 3V2e - . -

1 4 Mgy MsiVISi,0,,(0H), _ structure. Each of these phases, or their isomorphs
1 ®© Mg.u[::]Si,[::]SiZOw Acrugite type with other cations replacing Ca, Mg and Fe, might
2 L Mgy 7SIy Si;0,,(0H), Superhydrous B be represented in the earth’s mantle. In fact, Stebbins
2 2 Mey  Siy | Si00(OH), - & Kanzaki (1991) mention the existence of titanite-
2 3 Mgy, " 7Si; 'Sig055(OH), Phase B CaSi.O h hid ifi . f thi h

N 4 M USi VIS On(OH), N type CaSi,Os, though identification of this phase was
2 © Mgy VIS VISi;0 Anhydrous phase 8 provisional.

Also worthy of further study are the proposed
hydrous phases MgSiO,(OH), and MgSi(OH),
m{Mgy, 281,04, (OH)aIM84s +4- 2moacn2)  SinsmoainzsOsnes  which are isomorphs of diaspore and stottite, respec-
where mod(n,2) is the remainder when n is divided by 2. tively. Such hydrogen-rich phases would be expected

* Coefficients in the general structural equation:

R

N

N
& & %
SRR \ S S
7N \

|N 7
S Y 2N N
X Z/"lh. /’/"h-.., §/\

A\ )
| L)
-v;.'~‘;\\\§\;l N

: %
"I/ E’ \ \\‘7 N A

(b) (¢)

Fig. 15. Proposed structure of Mg,,Si;0,,(OH),, superhydrous magnesium silicate structure, from Finger & Prewitt (1990). This
structure includes norbergite layers (a), deformed as in (b), combined with an octahedral layer (c¢). Octahedral silicon is indicated
by the small circles.
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Table 29. Predicted "™V"ISi structures that conform to
more than one criterion

Formula Structure 1* 2* 3* 4% 5
(MgSi)O,(0H), Diaspore x x
Ga,SiOg — x x
Ga,ySin059 — X x
Mg;05i304¢ Aerugite X x
CaSi,0 Sphene X x
MgSi(OH), Stottite/gibbsite x X
BaSi, Oy Benitoite X X
Fe,Si0O4 Pseudobrookite x X

* Criteria for predicting 'Y"8i structures: (1) Edge-sharing octa-
hedral chains (see Table 24 and Bursill, 1979). (2) Germanate
isomorphs (see Table 25). (3) Ti, Mn and Fe oxides (see Table
26). (4) Substitution of (Mg+ Si) for 2Al (see Table 27). (5) System
Mg-Si-O-H (see Table 28).

to occur only locally in the earth’s deep interior, but
their presence, integrated over the earth’s volume,
could represent a major repository of water.

Most common rock-forming cations, including Na,
Mg, Fe, Ca, Mn, Al, Ti and Si, are small enough to
fit into the tetrahedral or octahedral interstices of a
close-packed oxygen net. However, the presence of
many other cations, including H, B, K, Rb, Pb, rare
earths and U, could disrupt the close-packed array
and lead to other, as yet unrecognized, structure types.
The gallium and barium silicates in Table 29 are just
three of the dozens of possible new [V'Si structures
likely to be observed as high-pressure investigations
extend beyond the traditional rock-forming elements.
These structures are not likely to play a significant
role in mantle mineralogy, but they will provide a
more complete understanding of the crystal chemistry
of octahedral silicon.

Concluding remarks

Is the earth’s deep interior mineralogically simple?
Are there only a few dominant structure types, or is
there an unrecognized complexity in the crystal
chemistry of octahedral silicon?

There are hundreds of different crustal silicates
with '"VISi, but only a dozen high-pressure (Y'1Si struc-
tures have been produced. This disparity may reflect
the relatively small number of high-pressure studies,
but it also arises, at least in part, from the nature of
oxygen packing. Numerous crustal silicates, from the
commonest minerals quartz and feldspar to the
dozens of zeolites and other framework silicates,
possess open, low-density topologies with corre-
spondingly loose packing of oxygen. There are no
obvious limits to the variety of silicates based on
irregular oxygen packing. For this reason, there are
probably dozens of possible room-pressure silicon
phosphates with open framework structures, in addi-
tion to those described above.

Volume constraints imposed by high pressure,
however, favor structures with approximately close-
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packed O atoms. These restrictions on anion topology
reduce the number of possible cation configurations
as well and it is thus anticipated. that the number of
different structural topologies in the earth’'s deep
interior will be much smaller than at the surface.
Dense close-packed and for the most part high-
symmetry structures, such as those represented by the
seven known topologies with all ''ISi (Tables 2-10),
will predominate. Nevertheless, within these restric-
tions there exists opportunity for considerable struc-
tural diversity based on three factors - reversible
phase transitions, cation positional ordering and
modularity, particularly based on different close-
packed layer-stacking sequences. This potential
diversity is only hinted at by the known phases.

Several of the known high-pressure structure types,
including perovskite, K,NiF, and pyrochlore, can
adopt numerous structural variants based on slight
changes in lattice distortions and cation distribution.
The perovskite structure, in particular, can undergo
dozens of phase transitions based on octahedral tilt-
ing, cation ordering, cation displacements and anion
defects (Megaw, 1973; Hazen, 1988). We must study
proposed mantle phases at the appropriate conditions
of pressure and temperature to document the equili-
brium structural variations.

Close packing of O atoms leads to modular struc-
tures, with certain features (e.g. edge-sharing octa-
hedral chains of rutile; the double chains of
hollandite; the corner-sharing octahedral sheets of
perovskite; the face-sharing topology of ilmenite) that
can link together in many ways to form ordered
superstructures of great complexity. Such complexity
was recognized by Wadsley (1964) and Bursill (1979)
in their descriptions of modular rutile-hollandite-3-
Ga,0; structures, and it is realized in the homologous
series including phase B, anhydrous phase B and
several other structures. Phase B, for example, is
based on oxygen close packing, yet it has 40 indepen-
dent atoms in its asymmetric unit to yield one of the
most complex ternary silicates yet described. Vari-
ations on the phase-B structure could be based on
changing the relative number and position of the two
different structural layers by introducing other types
of layers or by staggering layers to produce clino-
and ortho-type structures as observed in other close-
packed systems, for example, the biopyriboles as
described by Thompson (1978) and Smith (1982).
The structure could be further complicated by ele-
ment ordering among the 17 different cation sites as
Al, Fe, Ti, Mn and other elements enter the structure
in a natural environment.

The study of octahedrally coordinated silicon is
still in its infancy, yet clear trends are beginning to
emerge from the scattered data on diverse structures
and compositions. [t is now evident that while silicate
perovskite may be the predominant phase in the
earth’s lower mantle, a number of other dense silicate
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phases will compete for elements such as K, Ba, Ca
and Al. It appears that the earth’s transition zone will
display the varied mineralogy of mixed V"'Si and
VIG; silicates, including some of the most complex
structures known in the mineral kingdom. And it is
certain that a detailed understanding of the mantle
must await studies of these fascinating phases at
temperatures and pressures appropriate to the earth’s
dynamic interior.

We thank C. W. Burnham, R. J. Hemley, H. K.
Mao, P. B. Moore, C. T. Prewitt and D. J. Weidner
for useful discussions and constructive reviews of the
manuscript. This work was supported by NSF grant
EAR-8916709 for crystallographic studies of mantle
minerals.
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