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High-pressure crystal chemistry of KAlSirOr hollandite
JrNnrrN Zn.lxc
Geophysical Laboratory and Center for High-PressureResearch,CarnegieInstitution of Washington,
5251 Broad Branch Road NW, Washington,DC 20015, U.S.A.

JarooNc Ko*
Center for High-PressureResearch,Department of Earth and SpaceScience,State University of New York,
Stony Brook, New York I1794, U.S.A.

Ronnnr M. H,q.zrN,CHanr.nsT. Pnnwrrr
Geophysical Laboratory and Center for High-PressureResearch,CarnegieInstitution of Washington,
5251 Broad Branch Road NW, Washington,DC 20015, U.S.A.

Ansrn-lcr
A high-pressuresingle-crystal XRD study of KAlSi3Os with the tetragonal hollandite
structurehas beencompletedto 4.47 GPa. The a axis is approximatelytwice as compressible as c, so c/a increaseswith pressure.This anisotropy is similar to that of the structurally
related mineral stishovite, though KAlSi3O8 hollandite is approximately 53olomore compressiblealong both axes.The relative incompressibility of the c axis can be explained by
the strong cation to cation repulsive forces acrossthe sharedoctahedraledgein the double
chain; Si(Al)-O bonds perpendicular to c are more compressiblethan those in other directions.P-V data give an isothermal bulk modulus of 180(3)GPa using a Birch-Murnaghanequation of state with Ki: 4.0 and constraint of Zo.The polyhedral bulk modulus
of the Si(Al)Ouoctahedronis 153(9)GPa, the smallestamong rutile-relatedoxides.The
KO, tetragonalprism has a polyhedralbulk modulus of 181(43)GPa, which is unusually
large for an alkali cation site. The volume of the K coordination polyhedron is constrained
by the rigid tetragonal octahedral framework, so the bulk modulus is expectedto be independent ofthe size and chargeofthe central cation.

tive wastes (Ringwood et al., 1979). The structure may
adopt either monoclinic or tetragonal symmetry, depending on the ratio of the averageionic radius of the octahedral cations to that ofthe tunnel cations (Post et al.,
1982).High-pressuresystematicssuggestthat the (Si,Al)
octahedron and the K tetragonal prism should compress
at different rates. Typically, large alkali cation polyhedra
are many times more compressible than Si polyhedra
(Hazen and Finger, 1982). In the KAlSi3O' hollandite
structure, however, the volume of the K tetragonal prism
is largely constrained by the framework of (Si,Al) octahedra. One would expect that the K site would have a
compressibility similar to that of the entire structure, significantly smaller than those of K-O sites without such a
constralnt.
Ringwood et al. (1967) first synthesizedKAlSi.O, hollandite and determined the crystal structure using powder
film intensity data. A structure refinement was reported
by Yamada et al. (1984) using the powder method. An
important feature of the structure is that Si is in sixfold
coordination-one of the few high-pressurephasesso far
observed to have t6tSi(Finger and Hazen, 1991). It is
indeed one of the only three aluminosilicates known in
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legeof Engineering,Inha University, 253 Yonghyun-Dong,NamKu. Inchon 402-751.Korea.
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KAlSi3O8,which crystallizesas potassiumfeldsparat
near-surfaceconditions of the Earth's crust, assumesthe
hollandite structure at much higher pressureand temperature. It may be a common minor phasein the mantle,
and, if so, becauseof the presenceof large open tunnels
in the structure and its ability to immobilize radioactive
elements, it could be a repository of light elements and
radioactive elements.In addition, the barium manganese
mineral hollandite containszeolitic HrO (Gruner,1943),
and much of the HrO can be retained to at least 500 "C
in some speciesat room pressure(Bish and Post, 1989).
Thus, compounds with the hollandite structure may be
additional candidatesfor HrO storagein the mantle.
Many studies of the structures of hollandite-related
compounds have been conducted (e.g.,Post et al., 1982;.
Cheary and Squadrito, 1989; Miura, 1987).The interest
lies in the complex problems associatedwith manganese
oxides as well as the role of hollandite in the synthetic
rock (Synroc),which contains hollandite as a major phase
and has been proposed for use in the storageofradioac-
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Traue 1, Unit-cellparameters,axial ratio cla, and unit-cellvolumes between O and 4.47 GPa
P(GPa)

0
0.70
1.17
1.64
2.04
2.17
2.55
2.95
3.06
328
3.40
3.60
4.28
4.47

a (A)

9.315(4)
9.301(2)
9-292(2)
9.285(1)
9.271('t)
9.268(1
)
9.268(2)
9.261(1)
s.256(2)
9.253(2)
9.2s4(1
)
9.247(2)
9.237(2)
9.237(1
)

c (A)

2.723(4)
2.719(2)
2.717(2)
2.717(1)
2.714(2)
2.713(1)
2.713(2)
2.7124(8)
2.7't2(2)
2.712(2)
2.711(11
2.710(2)
2.709(21
2.706(21

cta

0.2923(5)
0.2923(3)
0.2924(31
0.2926(21
0.2927(2)
0.2928(1)
0.2927(2)
0.2929(1)
0.2930(2)
0.2931(2)
0.2929(21
0.2931(21
0.2933(2)
0.2930(3)

9.320

v(A')
236.26(36)
235.15(19)
234.59(19)
234.19(121
233.30(14)
233.06(10)
233.00(17)
232.63(9)
232.31(16)
232.23(16)
232.13(11)
231.76(16)
231.15(16)
230.89(19)

rovskite (Liu, 1974). The variation of the structure with
pressure,especiallythe effectofthe substitutionofAl for
Si on the compression of the octahedron, will be of great
crystal chemical interest. In this study, we have undertaken to measurethe compressibilityof the unit-cell and
refine the structure at pressuresup to 4.47 GPa.

I

9.280
o{

s g.zoo
9.240
9.220
- 0.0028(4)P
c = 2.7204(12)
r = -0.946
pc= 1.04(15)
x 103GPa

2.725
2.720

.< 2.715
t)

2.710
2.705

ExppntttnNr,q,L
The single crystal used in this study was synthesizedat
approximately 1700'C and l3 GPa (held for 2h) using a
mix of KrCO3,AlrOr, and SiO, as starting material in a
2000-tonuniaxial split-sphereapparatus(USSA-2000)at
the High-PressureLaboratory of the State University of
New York at Stony Brook. The crystal was chosenon the
basisofoptical examinationand precessionphotographs.
A subequantcrystal0.04 x 0.06 x 0.08 mm in sizeand
a small piece of fluorite crystal were mounted in a diamond-anvil cell designedfor single-crystalXRD studies
(Hazen and Finger, 1982).The fluorite crystal was used
as an internal standard of pressurefollowing the method
of Hazen and Finger (198la); the estimateduncertainty
in the cell pressurewas +0.1 GPa. An Inconel 750x
gasketwith a hole 0.40 mm in diameter was centered
over one 0.60-mm diamond anvil; the crystal was then
affixed to the anvil face inside the hole with a small dot
of the alcohol-insolublefraction of Vaseline petroleum
jelly. A mixture of 4: I methanol to ethanol was used as
the hydrostaticpressuremedium.
All X-ray measurements
were performedwith a Huber
four-circle diffractometer with graphite monochromated
MoKa radiation (I : 0.7093 A;. Unit-cell parameters
were measuredat 14 pressures.At each pressure,7-12
reflectionswith 20" < 20 < 38'were centeredfollowing
the procedureof King and Finger (1979). Unit-cell parameters were initially refined as triclinic; at all pressures
the unit-cell anglesconform to the tetragonal dimensionality within 2 esd. Refined values of unit-cell parameters
were determined using tetragonalconstraints and are listed in Table l. Whereasthe unit-cell parametersat room
conditions were somewhat different from those reported
b y R i n g w o o de t a l . ( 1 9 6 7 )( a : 9 . 3 8 ,c : 7 . 7 4+ 0 . 0 1A ) ,
they were comparable to the results of Yamada et al.
( 1 9 8 4 )[ a : 9 3 2 4 a ( 4 )A , c : 2 . 7 2 2 7 Q ) A ] .

- 0.0169(4)P
a = 9.3094(10)
r = -O.932
x 1O-3
GPa
Ba=1.82(4)

9.300

v = 235.78(11
) - 1.10(4)P
r = - 0.942
fr/ = 4.67(17)x 10-3GPa

235.0
235.0
(i

234.0

o{

f

233.0
232.0
231.0
230.0

0.0

1.0

2.0

3.0

4.0

Pressure,GPa
with pressure.
Fig. l. Variationsof unit-cellparameters
Intensities were measured for all accessiblereflections
in a hemisphereof reciprocalspacewith sin(d/I) < 0.7.
The fixed-@mode of data measurement(Finger and King,
1978) was used to optimize reflection accessibilityand
minimize attenuation by the diamond cell. Corrections
were made for Lorentz and polarization effects and for
absorption by the diamond and Be componentsof the
pressurecell. Omega step scanswith step increments of
0.025'and 8-s counting time per step were used. Digitized step data were integrated by the method of Lehmann and Larsen(1974).
The structure of priderite (Sinclair and Mclaughlin,
1982)was usedas the initial model in the presentwork.
The space group, I4/m, was assumed for the structure
refinements. The scattering factor curves for K, Al, Si,
and O are those of neutral atoms in International Tables
for X-ray Crystallograpfty (Ibers and Hamilton, 1974).
Refinements were carried out with RFINE6 (Finser and
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TABLE3, Positionaland isotropicthermalparameters

TAELE2. Summaryof refinementresults
P(GPa)

0
1.64
2.95
3.60
4.47

F>2o,

P (GPa)

R"

0.045
0.048
0.055
0.069
0.051

91
96
99
97
103

0 040
0.041
0 037
0.059
0.037

- R : > l l F . -l
lF"llDlF.l.
.' R. :
Pw(F. - F.)2l2wF2.los

Prince, 1975) applying the robust-resistantweighting
method of Prince et al. (1977). Crystal absorption and
type I isotropic extinction corrections(Beckerand Coppens, 1975)were made in the refinements.

Rrsur,rs
Linear compressibilitiesand
bulk modulus
Unit-cell parametersat l4 pressures,
recordedin Table
I and Figure l, define the axial compressibilitiesof the
crystal.The a axis is more compressible10,: 1.82(4) x
l0 3/GPalthan the c axis [0.: 1.04(15)x l0 ]/GPal. As
in rutile-type compounds,a is approximately twice as
compressibleas c (Rosset al., 1990).Consequently,the
c/a ratio increaseswith increasingpressure.
P-V data were fitted to a Birch-Murnaghan equation of
state. The bulk modulus (K) is quite insensitiveto the
assumed pressurederivative (K'r). For example, if Zo is
not constrained,the bulk modulus has the following val) P aa t K , : 4 . 0 ; 1 8 7 ( 6G) P aa t K ; : 6 . 0 , t h e
u e s :1 9 1 ( 6G
common K, value for rutile oxides (Ross et al., 1990);
and 193(6)GPa at K, : 2.8, a K'. reportedby Rosset al.
(1990) for stishovite.On the other hand, the calculated
bulk modulus is sensitiveto the constraintof tr/..Assuming K, to be 4.0 and including the constraint of Zo, the
bulk modulus is 180(3),significantlysmaller than the bulk
modulus calculated without constraining Vo. As a recommended procedure (Jeanloz and Hazen, l99l), Vo
should be constrainedin deriving equationsofstate from
P-V data. Here, the value of 180(3) is reported as the
bulk modulusof KAlSirO, hollandite.This bulk modulus
is smaller than the bulk moduli of rutile-type oxides,which
rangefrom 212 to 313 GPa.
Structure refinements
The calculations for the structure refinements converged quickly to the R values listed in Table 2. The
extinction coemcients,atomic coordinates,and isotropic
displacementparametersare listed in Table 3. Bond distances, polyhedral volumes, distortion indices, O. .'O
separations,and bond anglesare summarizedin Table 4.
Tabulated observed and calculated structure factors are
given in Table 5A-5E.1
' A copy of Table 5 may be ordered as Document AM-93-525
from the BusinessOffice, MineralogicalSocietyof America, 1130
SeventeenthStreet NW, Suite 330, Washington, DC 20036,
U.S.A. Pleaseremit $5.00 in advancefor the microfiche.

1.64

Parameter
Extinction
coef (10')
K,x,y
z
B
Si(Al),x
z
B
01,x
z
d

02, x
z
B

0.19(5)
0

0.16(5)
0

2.95

3.60

4.47

0.13(3)
000

0.1s(6)

0.27(4)

Y2
Vz
Y2
0.98(8) 0.97(11) 0.95(7)
0.3501(3)0.3501(3)0.3503(3)0.3507(4) 0.3503(3)
01661(3)0.16s8(3)0.1659(3)0.1662(4)0.1662(3)
00
000
0 53(6) 0.43(6) 0.44(s) 0.41(8) 0.5q5)
0.1526(7)0.1532(7)0.1542(6)0.1546(9)0.1541(7)
0 2036(7) 0.2036(6) 0.2035(6) 0.2030(9) 0.2027(71
00
000
1) 0.87(15) 0.75(10)
0.93(12) 0.76(121 0.82(1
0.5406(6)0.5411(6)0.5400(5)0.5401(8)0.s406(5)
0 1648(6) 0.1659(6)0.1651(6)0.1651(9)0.1623(6)
00
000
0.83(10) 0.58(10) 0.61(10) 0.60(14) 0.67(10)
V2

V2

1 18(8)

1.12(8)

DrscussroN
The hollandite structure can be thought of as a rearranged rutile structure with open tunnels that accommodate large cations and HrO molecules(Fig. 2a). The
Si(ADO6 octahedra share edges to form double chains
parallel to the c axis (Fig. 2b, 2c). These chains in turn
share corners with neighboring double chains to form a
framework structure. No ordering between Si and Al has
been found in KAlSirO, hollandite, and Post and Burnham (1986)concludedthat the octahedralcationsin hollandite-type structures are probably disordered because
of the narrow range of energies.The size of the 5(A1)06
octahedrondeterminesthe a and c axis lengths (Ringwood et al., 1967);c correspondssimply to the Olb"'
O 1b and O2b. . 'O2b distancesin the octahedron.
It may be a coincidencethat B, and B. of KAISiTO'
hollandite are both 52.9o/ogrealerthan B, and P,, respectively, of stishovite. The compressibility along a of
KAlSi3O8hollanditeis closeto the value 0": 1.80 x
l0'/GPa for TiO, (Hazenand Finger, l98lb), but the
compressibilityof c is largerthan any of the B. valuesfor
the rutile-type compounds.As in stishovite,the difference in a and c axial compressibilitiescan be explained
in large part by the stronger repulsive forces in the direction ofc acrossthe sharededge.
There are four unique bond distancesin the distorted
S(ADO6octahedron.For the convenienceof description,
the O atoms in the equatorial plane parallel to c are denoted as Olb and O2b, respectively, and the apical O
atoms as Ola and O2a, respectively(Fig. 2b). Although
Ola and Olb are symmetricallyrelated,as are O2a and
O2b, the Si(Al)-Ola and Si(Al)-Olb distancesin one octahedron are different; also different are the Si(Al)-O2a
and Si(Al)-O2b distances.In the octahedron shown in
Figure 2b, the pyramid with apical O2a has no shared
edgesother than the basal O I b ' ' ' O2b. The pyramid with
apical Ola has two shared edgesother than the basal
Olb'..O2b. Si(Al)-Ola is longer than Si(Al)-O2a,in-
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Polyhedralparameters,O...O separations,and bond anglesat differentpressures
P(GPa)

Parameter

1.64

2.95
KOs polyhedron

K-O1[8].

v(A')
Si(Al)-O1a

s(AD-o1bt2l
Si(Al)-O2a

s(AD-o2b[2]
Mean

v(41
Quad.elon.
Anglevari.
O1a...O2bI2l
01a.. .O2b[2]
01b . .o2a[2]
olb o2b[2]
O2a---O2bl2l
01-K-O1[4]'
o1-K-O1[8]
o1-s(AD-o1t2l
o1-s(Ar)-o2
o1-s(AD-o2t2l
o1-s(AD-O1
o1-s(AD-o2[2]
o1-s(AD-O2t2l
o1-s(AD-O2[2]
o2-s(AD-o2[2]
o2-s(AD-O2
s(AD-O1-s(ADt2l
s(AD-O1-s(AD
s(AD-O2-s(Ar)t2l
s(Ar)-o2-s(AD

2.733(5)
30.58(7)

2.728(sl
30.41(7)

't.873(71
1.825(s)
1.774{6)
1.800(4)
1.81q5)
7.86(3)
1.011(3)
36.81

Si(Al) octahedron
1.862(7)
1.849(6)
1.821(4)
1.817(4)
1.773(6)
1.757(6)
1.791(4)
1.794(41
1.810(5)
1.80s(s)
7.77(3)
7.70(2)
1.011(3)
1.012(3)
39.23
38.98

2.428(10)
2.655(8)
2.568(8)
2.386(8)
2.618(71

O...O separation
2.412('tOl
2.393(9)
2.636(7)
2.633(7)
2.562(7)
2.561(7)
2.373(8)
2.377(7)
2.623(7)
2.605(6)

59.76(1
4)
75.63(6)
82.1(3)
169.7(3)
s2.6(2)
96.s(3)
91.1(3)
82.3(21
174.7(3)
94.2(3)
e8.3(3)
e7.9(3)
e6.5(3)
130.5(2)
98 3(3)

2.726(4)
30.34(6)

Bond angle
59.72(',t21
59.67(11)
75.65(5)
7s.67(5)
81.8(3)
81.5(2)
169.1(3)
169.4(3)

s2.3(2)
96.5(3)
s0.s(3)
82.2(21
174.1(3)

s4.8(3)
s8.6(3)
98.2(3)
96.5(3)
130.3(2)
e8.6(3)

92.s(21
96.s(3)
91.5(2)
823(2)
174.0(3)
s4.4(3)
98.2(3)
98.5(2)
e6.5(3)
130.6(1)
98.2(3)

2.721(7',t
30.19(9)

2.71q5)
29.90(7)

1.844(9)
1.817(6)
1.752(8)
1.793(5)
1.803(7)
7.68(4)
1.012(3)
39.03

1.843(6)
1.816(4)
1.759(5)
1.786(3)
1.801(4)
7.65(3)
1.011(3)
37.38

2.388(13)
2.624('tOl
2.563(10)
2.377(111
2.602(1
0)
s9.73(1
7)
75.64(8)
81.4(3)
169 7(s)
s2.3(3)
96.4(4)
91.8(3)
82.4(3)
173.7(4)
94.4(s)
98.2(4)
s8.6(3)
96.4(4)
130.6{2)
98.2(4)

2.3es(e)
2.636(6)
2.573(6)
2.372(7)
2.57q6)
5s.83(12)
75.60(6)
81.8(2)
170.7(3)
s3.1(2)
96.3(3)
92.112)
82.4(2)
174.9(3)
s3.0(3)
98.5(3)
98.3(2)
96.3(3)
130.6(1)
s8.5(3)

'Bracketed figures represent
multiplicity The unit of length is angstrdm, and the unit of angle is degree.

creasing the cation to cation separations across shared
edges.Also note that S(A1)-Olb is slightly longer than

s(Al)-o2b.
Each octahedronhas four shared edges,two Olb. .
O2b and two Ola...Olb. The sharededgesare significantly shorter than the unsharedones.At room pressure,
the unshared vertical edgesare 2.723(4\ A, whereas the
shared horizontal edgesare 2.386(8) A. Of ttre O. .'O
separations,
Ola."Olb and O2a...O2b (lyingon the left
front and right rear, respectively, of the octahedron in
Fig. 2b) are the most compressible(Fig. 3). The relarive
incompressibilityof the vertical O I b' . .O I b (or O2b. . .
O2b) separationcan be explained by the strong repulsive
force between the Si(Al) atoms across the shared edge.
The horizontaledges,Olb'..O2b, are also incompressible becauseoftheir short length and the consequentstrong
repulsive force betweenthe 02 ions. Two other O.'.O
s e p a r a t i o n sO,l b ' . . O 2 a a n d O l a . . . O 2 b , a r e l e s sc o m pressible becausethey are parallel to the plane of the
doublechain.SinceOla. ..Olb andO2a..'O2b aremore
compressible,the net result of compressionis a decrease
in the dimension of the octahedron in the direction per-

pendicularto the plane of the double chain, i.e., the wall
formed by the double-chainbands becomesthinner as
the pressureincreases.
The Si(Al)-O bond distancesdecreaselinearly with increasingpressure(Fig. a). The Si(Al)-O bond compressibilities are not determined by bond length alone. Although the longestSi(Al)-Ola bond is more compressible
than the intermediateSi(Al)-Olb and Si(Al)-O2bbonds,
the shortestSi(Al)-O2abond is as compressibleas Si(Al)Ola. The largercompressibilitiesof the axial Si(Al)-Ola
and Si(Al)-O2a bonds can be rationalized based on the
thinning of the double-chainwall causedby the larger
compressibilities
of the Ola...Olb andO2a...O2b separatlons.
The following is a comparison of the Si(Al)O6 octahedron in KAlSi3O8 and the SiOu octahedron in stishovite
(data for the latter are resultsby Ross et al., 1990).The
5(AI)06 octahedron in KAlSirO, is slightly more distorted than the SiOuoctahedron in stishovite. The difference
betweenthe longestand shortestS(AD-O bond distances
in KAlSi.O, is -0. I A gaUte 4), larger than the differenceof -0.05 A in stishovite.At room pressure,the qua-
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2.76

olD-'o1,

.< 2.66
tr
F 2.s6

OLb-.O2o

q)
(h

A 2.45

2.35

2.0

3.0

4.0

Pressure,GPa
Fig.3. Compressions
of O...O separations.

t2.386(8)A1 are longer than the correspondingO..'O
separationsin stishovite (2-29 A) but still much shorter
than twice the traditional ionic radius of O, , 2.64-2.80
A lshannon, 1976).As observedin stishovite,the axial
bonds in KAlSi3O8are approximatelytwice as compressible as the equatorialbonds.
The Si(Al)Ouoctahedronhas a bulk modulus of 153(9)
GPa, obtainedby fitting a Birch-Murnaghanequationof
state with K+ : 4.0 to the pressure-polyhedral
volume
data (Fig. 5). The constraint of Zo was not included for
the reason that, unlike the unit-cell volume, Vo of the
octahedronwas not well determined.The calculationof
(b)
the polyhedral bulk modulus did not take into account
the volume data error, which is largerelativeto the small
Fig. 2. (a) Structureof KAlSirO, hollandire,c perspective; volume of the (Si,Al) octahedron.As a consequence,
the
opencirclesstandfor K atoms.(b) Labelingof O atomsin the real
error of the polyhedral bulk modulus should be larger
Si(ADO6octahedron;coarselines stand for sharededges.(c)
than the error reported above. However, for all the rutileDoublechainformedby the octahedra.
type oxides,the polyhedralbulk moduli of the octahedra
are generally equal to or slightly greater than the bulk
dratic elongation and angle variance for the Si(Al)Ou oc- moduli of the structures(Ross et al., 1990). With the
tahedronin KAlSi.O, are 1.01I (3) and 36.8,respectively, assumptionthat KAlSi3O, hollanditebehavesin a similar
comparedwith 1.008 and28.4 in stishovite.As in stish- manner,the polyhedralbulk modulus of the Si(Al)Ouocovite, no significantchangein either distortion index is tahedron should be close to that of the structure. i.e..
observedin KAlSirO, with increasingpressure.The angle 180(3) GPa, which is still remarkably smaller than the
Olb-S(Al)-O2b subtendedby the sharedhorizontal edge value of 342 GPa by Ross et al. (1990) or the value of
is 82.3(2)",largerthan the corresponding
81.3'angle in 250 GPa by Sugiyamaet al. (1987) for the SiOuoctahestishovite, probably owing to the weaker cation to cation dron in stishovite.It is difficult to explain this unexpectrepulsive force acrossthe sharededgecausedby the sub- edly small polyhedral bulk modulus by the substitution
stitution of Al3- for Sio..In this study, this angledid not of Al for Si, since the AIO. octahedronin severalstrucshow any changewith increasingpressure,in agreement tures has a common bulk modulus of -220 GPa (Hazen
with the result of Ross et al. (1990) but contrary to the and Finger, 1982).One explanationis that the calculated
result of Sugiyamaet al. (1987), who reported a slight polyhedralbulk modulus is inaccurateand that the polydecreasefrom 81.35"at room pressureto 80.1' at 6.09 hedral bulk modulus is much larger than the bulk modGPa. The Olb-S(Al)-O2a ang)e,however,increasedfrom ulus of the structure.That is consideredquite unlikely,
9l.l(3)" at room pressureIo 92.1(2) aI 4.41 GPa. The on the basis that the unit-cell volumes of hollandite-reshared horizontal edges of the Si(Al)O6 octahedron lated minerals are almost solelv determinedbv the sizes
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Fig. 4. Variationsof Si(Al)-Obonddistances
of the octahedra(RingwoodeI al., 1967 Postet al., 1982).
An alternative explanation is that the substitution of Al
for Si can greatly reduce the bulk moduli of the octahedron as well as that ofthe entire structure.The reasonis
not clear,but this explanationis supportedby the drastic
in the well-definedlinear compressibiliincreaseof 530/o
ties of the crystal as a result of the replacement of TaSi
by Al.
As was observedby Ringwood et al. (1967) and Post
et al. (1982), the unit-cell volume is linearly related to

the averageoctahedralbond distance(Fig. 6). This would
lead to the implication that the size of the unit-cell and,
therefore,the sizesof the tunnel and the KO' polyhedron,
are mainly determined by the Si(AD-O framework and
are quite independent of the size of the tunnel cation.
The compressionsof the two coordinationpolyhedraare
compared in Figure 5. The polyhedral bulk modulus of
the prism is 181(43)GPa, obtained by fitting a BirchMurnaghan equation of statewith Ki : 4.0 and no constraint of %. This value is severaltimes largerthan that
of the KOu polyhedronin phlogopite(27 GPa)and about
twice that of CaO, in grossular(l 15 GPa) listed in Hazerr
and Finger (1982),in spite ofthe shorterCa-O bond distance and the higher charge on Ca2-. We conclude that
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the KO, polyhedronin KAlSi,O* hollandite is not determined by its central cation and the coordinatinganion
but rather is constrainedby the framework formed by the
octahedra.
We observean intriguing decreaseof the isotropic temperature factor of the K atom with increasing pressure
(Fig. 7). As the tunnel getssmaller, the thermal vibrations
of K are more constrained. This trend servesas an indirect indication of good structure refinements.
CoNcr,usroNs
In general,the responseof the KAlSirO, hollandite
structure is similar to that of the stishovite structure,with
primary variations being the linear compressionof cation
to O bonds and O...O separations.As a first approximation, the shapeof the unit cell and the atomic coordinatesdo not changewith pressure.This is due to the
constraint imposed by the tetragonalsymmetry, which
also causesthe structureas well as the K site to compress
at a rate similar to that of the Si(Al)O6octahedron.Consequently, the K-O, tetragonal prism has an apparent
polyhedralbulk modulus unusuallylargefor the K* cation. Compared with stishovite,the KAlSi.O, hollandite
structure,as well as its octahedralsite, has an unexpectedly small bulk modulus. Sincethe octahedralsite is so
compressible,one would expectthat it would not be able
to sustainthe compressionat higherpressure,and a phase
transformationwould take place.
It would be of interestto subjectKAlSi3O8hollandite
to higher pressureto test the possibility ofa phasetransformation-perhaps to the monoclinic form. In that
eventuality the K polyhedron would be free to compress
as the octahedralwalls tilt. Consequently,such a highpressurevariant might be expectedto display much greater compressibilitythan the tetragonalform. In this regard, it would also be ofinterest to study the variations
of a hollandite structure with lower symmetry to find out
if there is any clear distinction betweenthe octahedral
and tunnel-cationsite compressibilities.
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