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Abstract KAlSi3O8 sanidine dissociates into a mixture of
K2Si4O9wadeite, Al2SiO5 kyanite and SiO2 coesite, which
further recombine into KAlSi3O8 hollandite with
increasing pressure. Enthalpies of KAlSi3O8 sanidine and
hollandite, K2Si4O9 wadeite and Al2SiO5 kyanite were
measured by high-temperature solution calorimetry.
Using the data, enthalpies of transitions at 298 K were
obtained as 65.1 ± 7.4 kJ mol)1 for sanidine fi wadeite
+ kyanite + coesite and 99.3 ± 3.6 kJ mol)1 for
wadeite + kyanite + coesite fi hollandite. The isobaric
heat capacity of KAlSi3O8 hollandite was measured at
160–700 K by differential scanning calorimetry, and was
also calculated using the Kieffer model. Combination of
both the results yielded a heat-capacity equation of
KAlSi3O8 hollandite above 298 K as Cp ¼ 3.896 · 102–
1.823 · 103T )0.5–1.293 · 107T )2 +1.631 · 109T )3 (Cp

in J mol)1 K)1, T in K). The equilibrium transition
boundaries were calculated using these new data on the
transition enthalpies and heat capacity. The calculated
transition boundaries are in general agreement with the
phase relations experimentally determined previously.
The calculated boundary for wadeite+kyanite+ coesite
fi hollandite intersects with the coesite–stishovite tran-
sition boundary, resulting in a stability field of the
assemblage of wadeite + kyanite + stishovite below
about 1273 K at about 8 GPa. Some phase–equilibrium
experiments in the present study confirmed that sanidine
transforms directly to wadeite + kyanite + coesite at
1373 Kat about 6.3 GPa, without an intervening stability
field of KAlSiO4 kalsilite + coesite which was previously
suggested. The transition boundaries in KAlSi3O8 deter-
mined in this study put some constraints on the stability
range of KAlSi3O8 hollandite in the mantle and that of
sanidine inclusions in kimberlitic diamonds.

Keywords High-pressure transition Æ Thermodynamic
property Æ Kieffer model Æ Sanidine Æ Hollandite

Introduction

Potassium feldspar is one of the most abundant minerals
in the Earth’s crust. Experimental studies have shown
that at around 1300 K KAlSi3O8 feldspar transforms to
an assemblage of K2Si4O9 wadeite, Al2SiO5 kyanite, and
SiO2 coesite at about 6 GPa, and the three phases fur-
ther recombine into KAlSi3O8 hollandite at about
9 GPa (Urakawa et al. 1994; Yagi et al. 1994). K2Si4O9

wadeite has a structure based on rings of three SiO4

tetrahedra connected by octahedrally coordinated Si
(Kinomura et al. 1977; Swanson and Prewitt 1983). The
structure of KAlSi3O8 hollandite has a large square
tunnel formed by double chains of edge-shared (Si,Al)O6

octahedra, and K resides in the tunnel (Ringwood et al.
1967; Yamada et al. 1984).

The hollandite-structured silicate has been considered
as a host phase for large cations of geochemical interest
such as K, Na, Sr, Ba, and Pb at high pressures and high
temperatures (Ringwood 1975; Prewitt andDowns 1998).
Recently, hollandite phases with KAlSi3O8- and
NaAlSi3O8-rich compositions were discovered in shocked
meteorites, and the geochemical significance of hollandite
in the mantle was discussed (Akaogi 2000; Gillet et al.
2000; Langenhorst and Poirier 2000; Tomioka et al.
2000). Recent studies on high-pressure transitions and
melting in potassium-bearing basalts and pelitic rocks
indicated the formation of KAlSi3O8 hollandite at pres-
sures greater than 10 GPa (Schmidt 1996; Domanik and
Holloway 1996, 2000; Wang and Takahashi 1999). These
experimental results suggest a possible significance for
KAlSi3O8 hollandite in recycling potassium through the
subductionof oceanic crust into thedeepmantle.Also, the
behavior of phases which might host potassium in
the deep mantle is of great interest because it is widely
accepted that 40K played an important role in heat
generation in the Earth’s thermal evolution.
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Although experimental studies on potassium-bearing
silicates have been reported extensively, thermodynamic
properties of the potassium-bearing high-pressure pha-
ses are still insufficient to elucidate a stable topology of
phase relations and to accurately calculate the transition
boundaries in the system K2O–Al2O3–SiO2. In this
study, we have measured enthalpies of KAlSi3O8 sani-
dine and hollandite and of K2Si4O9 wadeite by high-
temperature solution calorimetry. The heat capacity of
KAlSi3O8 hollandite was measured, and also estimated
from vibrational modeling based on the Kieffer model.
Using the resulting thermodynamic data, phase-transi-
tion boundaries of KAlSi3O8 sanidine to the mixture of
wadeite, kyanite, and coesite, and further to hollandite
are calculated. The possible stability of an assemblage of
KAlSiO4 kalsilite and coesite in the KAlSi3O8 compo-
sition is discussed on the basis of phase-equilibrium
experiments. The stability of KAlSi3O8 hollandite and
sanidine in the mantle is also discussed.

Experimental

Sample synthesis

The samples for calorimetric measurements were synthesized
using reagent grade chemicals as follows. For synthesis of the
samples at high pressures and high temperatures, a Kawai-type
double-staged multianvil apparatus of Gakushuin University was
used, except for KAlSi3O8 sanidine. Tungsten carbide anvils of 5-,
8-, and 12-mm-edge lengths were used in combination with
MgOÆ5wt%Cr2O3 octahedra of 10, 14, and 18 mm in edge,
respectively, depending on pressure. A powdered starting material
was put into a cylindrical Pt or Re capsule/furnace. The starting
material was kept at 5–15 GPa and 1173–1373 K for 1–6 h,
quenched isobarically, and recovered to ambient condition.
Temperature was measured at the outer surface of the central part
of the furnace with a Pt/Pt–13%Rh thermocouple. The effect of
pressure on the emf of the thermocouple was not corrected. More
detailed description of the high-pressure techniques is given in
Akaogi et al. (1999, 2002).

The KAlSi3O8 sanidine sample synthesized by Urakawa et al.
(1994) was kindly provided by Drs. S. Urakawa and T. Taniguchi.
The sample was examined by powder X-ray diffraction and ana-
lyzed with an electron probe microalalyzer (EPMA), confirming
single-phase sanidine.

K2Si4O9 wadeite was synthesized from a stoichiometric mix-
ture of K2CO3 and SiO2. The mixture was heated at 973 K for 3
days for decarbonation, melted at 1377 K for 2 h, and quenched
to form glass. The glass was crystallized at 5 GPa and 1173 K for
3 h using 12-mm-edge anvils. The synthesized material was con-
firmed as K2Si4O9 wadeite by powder X-ray diffraction and
EPMA analysis.

KAlSi3O8 hollandite was synthesized from a gel starting
material prepared by the same method as described by Yagi et al.
(1994). K2CO3 and Al metal were dissolved in nitric acid, and were
mixed with a solution of tetraethyl orthosilicate (C2H5O)4Si in
alcohol. Gel precipitated from the solution was dried and heated at
about 973 K for 3 h. The heated gel was kept at 15 GPa and
1373 K for 1 h using 5-mm-edge anvils. The recovered sample was
examined by powder X-ray diffraction and EPMA analysis, con-
firming the hollandite phase of KAlSi3O8 composition, with a very
small amount (<5%) of kyanite as an impurity. The effect of the
kyanite on measured thermodynamic properties was ignored be-
cause of the small abundance.

A natural kyanite sample from Capelinha, Minas Gerais,
Brazil, was used to measure the drop-solution enthalpy. EPMA

analysis indicated that the kyanite composition was almost Al2SiO5

with a trace amount of FeO (0.19 wt%). The kyanite sample was
pulverized and heated in air at 1273 K for 1 h. The heated sample
was confirmed to be single-phase kyanite by powder X-ray dif-
fraction, and was used for calorimetric measurements.

Lattice parameters of the above samples of sanidine, wadeite,
kyanite, and hollandite were determined by powder X-ray dif-
fraction with Cr Ka radiation (45 kV, 250 mA). High-purity Si
was used as the standard to calibrate 2h. The lattice parameters
were refined using 15–32 diffraction lines by the least-squares
method.

Two runs of KAlSi3O8 composition were also made at 5.9 and
6.6 GPa at 1373 K to examine the phase relations, using 8-mm-
edge anvils. In the first run, the single phase of KAlSi3O8 sanidine
was kept at 6.6 GPa and 1373 K for 6 h. In the second run,
K2Si4O9 wadeite and Al2SiO5 kyanite described above and SiO2

coesite synthesized in Akaogi et al. (1995) were thoroughly mixed
in the stoichiometric ratios of KAlSi3O8 composition. This mixture
was kept at 5.9 GPa and 1373 K for 5 h. The recovered samples
were examined by powder X-ray diffraction and EPMA analysis.

Heat capacity and enthalpy measurements

The heat capacity at constant pressure (Cp) of hollandite was
measured at 1 atm using a differential scanning calorimeter
(Rigaku, DSC 8230B). The hollandite powder (24.94 mg) and a-
Al2O3 powder (24.53 mg) were crimped in Al pans. The latter was
used as the standard material for heat capacity. The measurement
was repeated in two different temperature ranges, 160–390 and
320–700 K, eight and ten times, respectively. In the low-tempera-
ture measurements, the sample was first cooled with liquid nitro-
gen, and then heated at a rate of 6 K min)1. In the
high-temperature measurements, the sample was heated from near-
room temperature at 7 K min)1. Powder X-ray diffraction
confirmed that hollandite retained the structure after the high
temperature measurements. The average heat capacities at 10-K
interval were obtained, with an average standard deviation of
4.3 J mol)1 K)1. More detailed description of the heat–capacity
measurements is given in Akaogi et al. (1990).

A twin Calvet-type microcalorimeter (Setaram, HT-1000)
operated at 978 ± 1 K was used for the enthalpy measurements at
Gakushuin University. Detailed descriptions of the calorimeter and
enthalpy measurements are described in Akaogi et al. (1990). A
differential drop-solution method described in Akaogi et al. (1995)
was adopted, and lead borate (2PbOÆB2O3) solvent was used. In
this method, a powder sample of about 5–10 mg was put into a thin
silica glass capsule of about 1.5–3 mg with a Pt wire of about 100–
140 mg, and dropped from outside the calorimeter at room tem-
perature into the calorimeter detector at 978 K. The sample and
capsule then dissolved in the solvent. Simultaneously, another set
of silica-glass capsule and Pt wire, without sample, was dropped
into the other calorimeter detector, and the capsule was dissolved in
the solvent. The weights of the two silica-glass capsules and of the
two Pt wires were adjusted to cancel the heat effects in the two
detectors of the twin calorimeter. All the samples and silica-glass
capsules were completely dissolved in the solvent within about
30 min. The sample amount for each run of differential drop-
solution calorimetry was 4.65–5.71 mg for sanidine, 4.75–8.35 mg
for wadeite, 7.03–10.65 mg for kyanite, and 4.38–5.98 mg for
hollandite.

Results and discussion

Measured enthalpies

The compositions and lattice parameters of sanidine,
wadeite, kyanite, and hollandite used for measurements
of enthalpy and heat capacity are shown in Table 1.
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The cell parameters of sanidine, wadeite, and kyanite
are consistent with JCPDS files 25–618, 39–212, and
11–46, respectively. The lattice parameters of hollandite
agree with those by Yamada et al. (1984) and Yagi
et al. (1994). The drop-solution enthalpies (DH�d-s)
measured for the samples are shown in Table 2, to-
gether with the data on coesite and stishovite measured
by the same techniques by Akaogi et al. (1995).
The DH�d-s of sanidine is consistent with
288.6 ± 0.6 kJ mol)1, which is the sum of the enthalpy
of solution of (K0.99Na0.01)AlSi3O8 sanidine measured
at 977 K in lead borate by Hovis and Navrotsky (1995)
and the heat content (H�978–H�298) of sanidine calcu-
lated using the heat-capacity equation of Robie and
Hemingway (1995). The DH�d-s of kyanite agrees well
with 153.2 ± 0.5 kJ mol)1, the sum of the heat of
solution in lead borate at 973 K from Kiseleva et al.
(1983) and the heat content of kyanite calculated from
the Cp equation of Robie and Hemingway (1995).
Differences between the measured drop-solution
enthalpies give the enthalpies of transition s at 298 K.
Using the DH�d-s data in Table 2, the transition
enthalpies at 298 K (DH�tr,298) for the reactions:

KAlSi3O8(san)!1=2K2Si4O9(wa)þ 1=2Al2SiO5(ky)

þ 1=2SiO2ðcoÞ ð1Þ

1=2K2Si4O9(wa)þ 1=2Al2SiO5(ky)

þ 1=2SiO2ðcoÞ ! KAlSi3O8(hol) ð2Þ
are obtained to be 65.1 ± 7.4 and 99.3 ± 3.6 kJ mol)1,
respectively. DH�tr,298 for Eq. (1) is consistent with the
calorimetric datum by Geisinger et al. (1987),
72.6 ± 5.5 kJ mol)1, within the errors. We calculated
the enthalpy of formation at 298 K (DH�f,298) of KAl-
Si3O8 hollandite from elements by combining our data
for Eq. (1) and (2) with the DH�f,298 of sanidine by Robie
and Hemingway (1995), resulting in )3801 ±
8 kJ mol)1. This value is considerably higher than
)3921.2 kJ mol)1 estimated by Domanik and Holloway
(2000) using the phase-relation data.

Measured heat capacity and vibrational modeling

The measured molar heat capacity (Cp) of KAlSi3O8

hollandite as a function of temperature is shown in
Table 3 and Fig. 1. Cp increases from 98.3 J mol)1 K)1

at 160 K to 305.9 J mol)1 K)1 at 700 K. Next, we have
calculated the heat capacity of hollandite using the lat-
tice vibrational model by Kieffer (1979b, 1980). KAl-
Si3O8 hollandite has I4/m symmetry (Ringwood et al.
1967; Yamada et al. 1984), and its primitive unit cell
contains 13 atoms. In 39 degrees of freedom in total,
three are acoustic modes, and the rest are optic modes.
Because acoustic velocities of KAlSi3O8 hollandite have
not yet been measured, we first estimated a compres-
sional velocity (Vp) of 10.04 km s)1, using Birch’ s
(1961) law on the compressional velocity vs. density (q)
[Vp(km s)1) ¼ )1.87 + 3.05 q (g cm)3)]. Shear veloc-
ity (Vs) was evaluated as 6.41 km s)1, using the above Vp

Table 1 Compositions and lattice parameters of the samples used
for calorimetric measurements

Phase KAlSi3O8 K2Si4O9 Al2SiO5 KAlSi3O8

sanidine Wadeite kyanite hollandite

SiO2 (wt%) 64.64 71.63 36.22 63.70
Al2O3 18.52 – 64.54 19.00
FeO – – 0.19 –
K2O 16.82 27.69 – 16.93
Total 99.98 99.32 100.95 99.63

O = 8 O = 9 O = 5 O = 8
Si 2.992 4.004 0.970 2.996
Al 1.010 – 2.037 1.043
Fe – – 0.004 –
K 0.993 1.975 – 1.006
Total 4.995 5.979 3.011 5.045

a (Å) 8.602(4) 6.614(1) 7.114(5) 9.327(3)
b (Å) 13.024(3) – 7.847(2) –
c (Å) 7.186(2) 9.512(1) 5.564(2) 2.724(1)
a (�) – – 89.9(6) –
b (�) 116.05(8) – 101.1(2) –
c (�) – – 106.0(1) –

Table 3 Measured heat capacities of KAlSi3O8 hollandite

T Cp T Cp T Cp

(K) (J mol)1K)1) (K) (J mol)1K)1) (K) (J mol)1K)1)

160 98.33 350 226.13 540 280.50
170 105.98 360 231.56 550 282.02
180 112.01 370 235.15 560 283.79
190 122.37 380 238.70 570 286.18
200 126.86 390 242.52 580 287.88
210 139.82 400 245.24 590 289.33
220 148.22 410 246.72 600 291.32
230 154.12 420 251.97 610 290.44
240 161.99 430 254.59 620 292.64
250 166.13 440 258.20 630 294.27
260 176.60 450 260.94 640 297.50
270 182.77 460 262.83 650 298.55
280 187.24 470 265.79 660 299.48
290 193.62 480 268.44 670 301.29
300 200.49 490 270.19 680 304.06
310 204.86 500 272.59 690 303.43
320 211.96 510 272.98 700 305.87
330 214.98 520 277.57
340 220.42 530 278.26

Table 2 Measured drop-solution enthalpies. Error is two standard
deviations the mean. Number in brackets is number of runs

Sample DH�d-s Reference
(kJ mol)1)

KAlSi3O8 sanidine 284.13 ± 7.07[6] a
K2Si4O9 wadeite 246.26 ± 2.93[13] a
Al2SiO5 kyanite 155.14 ± 2.89[13] a
KAlSi3O8 hollandite 119.75 ± 2.94[5] a
SiO2 coesite 36.65 ± 0.43[10] b
SiO2 stishovite 3.04 ± 0.91[6] b

a This study; b Akaogi et al. (1995)
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value and measured bulk modulus (K0) of 180 GPa
(Zhang et al. 1993). Directionally averaged acoustic
velocities (u1, u2, u3) were obtained as 6.05, 6.87 and
10.04 km s)1, respectively, from the Vp and Vs values
using the method by Kieffer (1979a), where we have
made use of the well-known structural similarity
between hollandite and rutile.

Infrared and Raman spectra are generally used for
modeling of optic modes. However, only the Raman
spectrum has been reported for KAlSi3O8 hollandite
(Gillet et al. 2000), and we used this to constrain the
optic modes. The reported Raman spectra showed
several bands in the wavenumber range from about 200
to 975 cm)1. Because the lower limit of the spectrum

range was not well constrained, we adopted it as an
adjustable parameter xl. We constructed a single optic
continuum model in the range from the lower cutoff
wavenumber (x1) to 975 cm)1. The heat capacity at
constant volume (Cv) was calculated on the basis of the
model of acoustic and optic modes described above. To
calculate Cp from Cv, we used the equation
Cp ¼ Cv + TVa2K0, where T, V, and a are temperature,
molar volume, and thermal expansion coefficient,
respectively. Thermal expansion coefficients are given
in Table 4. xl of the optic continuum was determined as
160 cm)1 as this gave the best fit between the observed
Cp (Table 3) and calculated Cp values. Calculated values
of Cp agree well with the measured Cp within the stan-
dard deviation of the measured Cp. We further fitted a
heat-capacity equation by Berman and Brown (1985) to
the calculated Cp over the range 298–1500 K, as (Cp in
J mol)1K)1, T in K):

Cp ¼ 3:896� 102 � 1:823� 103T�0:5 � 1:293� 107T�2

þ 1:631� 109T�3 ð3Þ

Equilibrium phase relations in KAlSi3O8

High-pressure phase transitions in KAlSi3O8 were
examined in detail at 5–12 GPa by Yagi et al. (1994)
and Urakawa et al. (1994). The latter determined the
pressures by in situ X-ray measurements on the basis

Fig. 1 Molar heat capacities (Cp) of KAlSi3O8 hollandite at 1 atm.
Open diamonds show the measured heat capacities, and a solid curve
the calculated Cp using the Kieffer model

Table 4 Physical properties of the phases in the system K2O–Al2O3–SiO2 used for phase-boundary calculation

Phase V�
298 a = a0+a1T+a2T

)2 (K)1) K0T K¢0T

(cm3 mol)1) a0 · 105 a1 · 109 a2 (GPa)

KAlSi3O8 (san) 109.05a 1.297 8.683 0d 67j 4k

K2Si4O9 (wa) 108.44b 2.950 0 0e 90l 4k

Al2SiO5 (ky) 44.15a 2.505 0 0f 190m 4k

SiO2 (co) 20.64a 0.543 5.000 0g 97n 4.3n

SiO2 (st) 14.01a 1.574 7.886 0.150h 302o 5.3o

KAlSi3O8 (hol) 71.28c 3.300 0 0i 180p 4k

Phase Cp = c1+c2T
)0.5+c3T

)2+c4T
)3 (J mol)1K)1)

c1 · 10)2 c2 · 10)3 c3 · 10)6 c4 · 10)8

KAlSi3O8 (san) 4.023 )2.639 )7.723 11.088a

K2Si4O9 (wa) 4.991 )4.350 0 0q

Al2SiO5 (ky) 2.449 )1.295 )7.109 8.407a

SiO2 (co) 0.789 )0.164 )5.065 8.250r

SiO2 (st) 0.858 )0.346 )3.605 4.511r

KAlSi3O8 (hol) 3.896 )1.823 )12.934 16.307s

a Robie and Hemingway (1995)
b Swanson and Prewitt (1983)
c Yamada et al. (1984)
d Skinner (1966)
e Swanson and Prewitt (1986)
f Winter and Ghose (1979)
g Saxena et al. (1993)
h Ito et al. (1974)
i a at 1 atm calculated from Urakawa et al.’s (1994) data
j Angel et al. (1988)

k Assumed
l Geisinger et al. (1987)
m Yang et al. (1997)
n Angel et al. (2001)
o Li et al. (1996)
p Zhang et al. (1993)
q Fasshauer et al. (1998)
r Akaogi et al. (1995)
s This study
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of an NaCl pressure scale. However, in the quench
experiments by Yagi et al. (1994), transition pressures
were determined in the range 7–10 GPa at high tem-
peratures, based mostly on determination using the
coesite–stishovite transition by Yagi and Akimoto
(1976). Zhang et al. (1996) redetermined the equilib-
rium boundary of the coesite–stishovite transition
more accurately on the NaCl scale, and the transition
boundary is consistent with calorimetric studies
(Akaogi et al. 1995; Liu et al. 1996). The coesite–sti-
shovite transition pressure at 1273 K was 9.1 GPa as
given by Yagi and Akimoto (1976), but 8.7 GPa as
given by Zhang et al. (1996). We therefore revised the
pressure values of phase equilibrium experiments of
KAlSi3O8 by Yagi et al. (1994), using the coesite–
stishovite transition pressure by Zhang et al. (1996).
The revised results of Yagi et al. (1994) are shown
in Fig. 2 together with the data of Urakawa et al.
(1994).

Next, we calculated the equilibrium boundaries of
transitions (1) and (2), using the transition enthalpies
and heat capacity obtained above and the revised phase
relations shown in Fig. 2. The transition boundary is
defined by the equation:

DGðP ; T Þ ¼ DH�T � TDS�T þ
ZP

1 atm

DV ðP 0; T ÞdP 0 ¼ 0; ð4Þ

where DG(P, T) and DV(P, T) are free energy and molar
volume differences, respectively, at P and T. DH�T and
DS�T are the enthalpy and entropy of transition, respec-
tively, at 1 atm and temperature T. Using DH�T and one
(P, T) point on the assumed equilibrium boundary, we
calculated DS�T and the slope of the boundary. Effects of
temperature on DH�T and DS�T were corrected using heat
capacities of the relevant phases, and the effect of
pressure on molar volume was corrected using the

third-order Birch-Murnaghan equation of state with
bulk moduli and their pressure derivatives. The effect of
temperature was calculated using thermal expansion
coefficients. The heat capacities, thermal expansivities,
and bulk moduli and the pressure derivatives of the
relevant phases in the system K2O–Al2O3–SiO2 are listed
in Table 4. More details on the calculation method of
phase boundary are given in Akaogi et al. (1995). We
adopted 6.2 GPa and 1273 K on the boundary of sani-
dine fi wadeite + kyanite + coesite, and 8.7 GPa and
1273 K on the boundary of wadeite + kyanite + coesite
fi hollandite. The calculated DS�298 for the transitions
(1) and (2) are –49.0 ± 5.8 and –18.5 ±
2.8 J mol)1K)1, respectively. The calculated boundaries
are shown in Fig. 2, and the boundary slopes are
2.4 ± 0.3 and 1.1 ± 0.2 MPa K)1 for Eqs. (1) and (2),
respectively, where the uncertainties of the slopes result
from the errors of the measured enthalpies.

The calculated boundary for the sanidine fi wadeite
+ kyanite + coesite transition in Fig. 2 has a slightly
steeper gradient than that defined by the experiments by
Yagi et al. (1994) and Urakawa et al. (1994). The dif-
ference may result from uncertainties in the thermal
expansivities, bulk moduli, and heat capacities of
wadeite and kyanite that have not been very accurately
determined. The sluggish reaction at temperature below
about 1100 K in the phase-transition experiments might
also be one of the reasons for the difference. The cal-
culated boundary of the wadeite + kyanite + coesite fi
hollandite transition is almost consistent with the
experimental data. At about 8.7 GPa and 1273 K, the
boundary for wadeite + kyanite + coesite fi hollandite
intersects with the coesite–stishovite transition boundary
from Zhang et al. (1996). This indicates that an assem-
blage of wadeite, kyanite, and stishovite is stable in a
narrow field below about 1273 K. DH�tr,298 for the
transition:

1=2K2Si4O9(wa)þ 1=2Al2SiO5(ky)

þ 1=2SiO2ðstÞ ! KAlSi3O8(hol) ð5Þ

was calculated to be 82.5 ± 3.6 kJ mol)1, using the data
in Table 2. Using this value and the crossing point,
DS�298 of Eq. (5) was calculated as –11.0 ±
2.8 J mol)1 K)1 and the slope of (5) as 0.8 ±
0.3 MPa K)1. The calculated boundary for transition
(5) is shown in Fig. 2. Because the slopes of the reactions
(2) and (5) are very similar, the hollandite formation
reaction in Fig. 2 looks like an almost straight line. It is
interesting that Yagi et al. (1994) and Urakawa et al.
(1994) had already found the occurrence of stishovite
with wadeite and kyanite in some runs at 8–9 GPa and
950–1300 K. This observation would be consistent with
the presence of the field of wadeite + kyanite + sti-
shovite in Fig. 2.

Fasshauer et al. (1998) developed an internally
consistent thermodynamic dataset for the system K2O–
Al2O3–SiO2, using available calorimetric and phase-
equilibrium data. On the basis of their dataset, they

Fig. 2 Phase relations in KAlSi3O8. Solid lines represent calculated
transition boundaries using thermodynamic data in this study, and a
dashed line shows the coesite–stishovite transition boundary from
Zhang et al. (1996). Circles represent experimental runs by Yagi et al.
(1994) after pressure correction, and squares by Urakawa et al. (1994).
Shaded, closed, and open symbols show sanidine, wadeite + kyanite +
coesite(or stishovite), and hollandite, respectively. San Sanidine; Wa
wadeite; Ky kyanite; Co coesite; St stishovite; Hol hollandite
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suggested that KAlSi3O8 feldspar would dissociate first
to KAlSiO4 kalsilite + coesite at 5–6 GPa at tempera-
tures above 823 K and then change to the mixture of
wadeite, kyanite, and coesite at higher pressure. Their
calculated result is inconsistent with the experimental
work of Yagi et al. (1994) and Urakawa et al. (1994),
who reported that sanidine directly dissociates to a
mixture of wadeite, kyanite, and coesite at 973–1673 K,
at 5–7 GPa. The transition boundaries proposed by
Fasshauer et al. (1998) are shown in Fig. 3 for com-
parison with our calculated boundaries. To test the
suggestion by Fasshauer et al. (1998), we made two
experimental runs at 1373 K at 5.9 and 6.6 GPa. Both of
the runs are in the field of kalsilite + coesite proposed
by Fasshauer et al. (1998), as shown in Fig. 3, but they
are below and above our boundary for the transition of
sanidine to wadeite + kyanite + coesite. In the first run
at 6.6 GPa and 1373 K for 6 h, single-phase sanidine of
KAlSi3O8 transformed in part to the mixture of wadeite,
kyanite, and coesite, but no kalsilite was detected in the
run product. In the second run at 5.9 GPa and 1373 K
for 5 h using the mixture of wadeite, kyanite, and coesite
as the starting material, almost single-phase sanidine,
with very small amounts of wadeite, kyanite, and coesite
was observed in the run product, but no kalsilite was
found. The results of the normal and reverse runs indi-
cate that the phase boundary of sanidine to wadeite +
kyanite + coesite represents the equilibrium transition
boundary, and this strongly suggests that the assemblage
kalsilite + coesite is not stable at temperatures at and
below 1373 K. It is suggested that the narrow field of
kalsilite + coesite would be sensitive to the small vari-
ation in thermodynamic data used in the calculation,
because the triple point of Fasshauer et al.’s boundaries
could move about 500–600 degrees in temperature due

to changes of enthalpy and entropy data with the esti-
mated uncertainties.

KAlSi3O8 phases in the mantle and meteorites

Our study indicates that KAlSi3O8 hollandite is stable at
pressures above 8.5–9 GPa at 1000–1600 K. This is
consistent with the stability of K-rich hollandite at
pressures above about 9–10 GPa at 1100–1300 K in
sediments reported by Domanik and Holloway (1996,
2000) and in hydrous mid-ocean ridge basalt by Schmidt
(1996) and by Wang and Takahashi (1999). Tutti et al.
(2000) demonstrated that KAlSi3O8 hollandite was
synthesized at pressure–temperature conditions up to
95 GPa and 2600 K. All these results suggest that hol-
landite can be stable in the depth range from about
250 km to at least 2200 km in the mantle as a possible
K-host phase, when basalts and sediments are entrained
into the deep mantle by slab subduction.

Langenhorst and Poirier (2000) discovered KAlSi3O8

hollandite coexisting with stishovite in melt veins of the
shocked meteorite Zagami. They also reported the ab-
sence of coesite in the meteorite. These observations are
consistent with the stability field of hollandite in the
phase diagram shown in Fig. 2, where the formation
boundary of KAlSi3O8 hollandite is very close to the
coesite–stishovite transition boundary.

Sanidine crystals with compositions close to KAl-
Si3O8 have been found as inclusions in natural diamonds
in some kimberlites such as the Sloan kimberlite, Colo-
rado, and the Shengli kimberlite, China (Meyer and
McCallum 1986; Wang 1998). Comparing the stability
limit of sanidine and the graphite–diamond transition
boundary (Kennedy and Kennedy, 1976) in Fig. 3, we
suggest that the sanidine crystals were incorporated into
the diamonds at pressure of about 4–7 GPa in the
mantle, when the continental mantle geotherm is used.
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