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High-pressure behavior of kyanite: Compressibility and structural deformations
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ABSTRACT

The lattice parameters of kyanite were measured at various pressures up to about 60
kbar by single-crystal X-ray diffraction in a diamond anvil cell. Unit-cell dimensions de-
creased linearly with an almost uniform rate:

B. = 2.00(8) X 1074, B, = 1.90(4) X 10, B, = 2.00(4) X 104 kbar'. The principal
compressibility coefficients were B, = 2.23 x 104, 8, = 2.04 X 10-* B, = 1.65 x 10~
kbar~!, with B, forming an angle of 35° with the ¢ axis. K,, calculated by fitting pressure-
volume data to a third-order Birch-Murnaghan equation of state, was 1560(100) kbar, with
K’ 5.6(5.5); when K' was set at 4, K, became 1600(30) kbar.

Structural refinements were carried out on data collected at 0.001 kbar with the crystal
in air and at 0.1, 25.4, 37, and 47 kbar with the crystal in the diamond anvil cell. Whereas
the Si tetrahedra and Al4 octahedron were incompressible in this P range, the polyhedral
bulk modulus for All and Al2 was 1280(150) kbar and 2380(200) kbar for Al3. These
octahedra became more regular with increasing pressure.

The almost isotropic compression pattern was due to the many shared edges between
the polyhedra, uniformly distributed in the cell. The evolution of Al-Al separation showed
that the largest reduction regarded the Al2-Al3 and AI2-Al4 distances, whereas the average
All-Al2 distance was almost unchanged, resulting from linkage with Si tetrahedra having
rigid edges. The result was that the largest reduction did not occur along the ¢ axis but
along the Al4-Al1-Al2-Al3 directions.

The geometrical structural invariance, expressed by the B,/a, ratio and obtained from
the average compressibility and average thermal expansion of the cell volume (Winter and
Ghose 1979), was 23 °C/kbar. The following equation of state, which applies in crustal
P-T conditions, may be defined as: V/V,= 1 + 3.00(7) X 10~ T — 5.8(1) X 10-* P, where
Tis in °C and P in kbar.

The present volume-pressure data support multi-anvil experiments by Schmidt et al.
(1997) defining the P-T conditions necessary for decomposition of kyanite into stishovite

+ corundum.

INTRODUCTION

Kyanite, andalusite, and sillimanite, the three poly-
morphs of ALSiO;, are extensively used to characterize
metamorphic rocks. Although the petrologic literature
contains numerous attempts at localizing the exact posi-
tion of the triple point in the 7-P stability diagram of
andalusite-sillimanite-kyanite, small changes in thermo-
dynamic properties greatly influence the position of
ALSiO; phase transitions, and the precise stability fields
of the three polymorphs are still uncertain.

Kyanite is the high-pressure polymorph of ALSiO;. In
nature, kyanite is a common accessory mineral in eclo-
gite-facies rocks in both metabasaltic and metasedimen-
tary bulk compositions. When such crustal rock types are
subducted, kyanite is involved in several breakdown re-
actions that increase its abundance at pressures higher
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than 20 kbar. These reactions involve paragonite (Chat-
terjee 1972), zoisite and lawsonite (Poli and Schmidt
1995), pumpellyite (Schreyer 1988) in mafic rocks, and
chloritoid and staurolite in metagreywackes or metapeli-
tes (Schreyer 1988).

Neither kyanite nor corundum is reported from typical
mantle compositions, i.e., lherzolites or harzburgites. As
long as its structure remains stable (to ca. 200 kbar), garnet
is capable of hosting the alumina present in an average
upper mantle. However, when the subducted slab is dis-
rupted at or below the transition zone, accretion of fertil-
ized peridotite is expected (Ringwood 1991), and Al-phas-
es other than garnet probably play a major role in mantle
evolution. Furthermore, in experiments in a laser-heated
diamond-anvil cell, Ahmed-Zaid and Madon (1991) iden-
tified a new high-pressure form of ALSiO,. This phase,
with a structure similar to that of V,0,, was proposed as
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TaBLE 1. Refinement details of kyanite

P (kbar) 0.001 0.1 25.4 37 47
No. measured reflections 1940 1114 1118 1113 1106
No. unique {/ > 30) 1660 364 373 359 343
No. parameters 146 65 65 65 65
R — 7.6 4.9 7.0 4.0
Scan speed (°/s) 0.12-0.04 0.05 0.05 0.05 0.05
Scan width (°) 2.6 2.4 2.4 2.4 2.4
R% 2.8 8.2 5.9 6.8 8.0

Note: 8 range was 3-35° and w scans were adopted for all data collections.

a candidate for hosting aluminum in the lower mantle. Liu
(1974) found that kyanite decomposes to its oxide com-
ponents, corundum and stishovite, at pressures of 160 kbar
and temperatures of 1000-1400 °C. Similar behavior was
observed in the germanate analogue of kyanite Al,GeO;,
which disproportionates at pressures of 70 kbar (Ringwood
and Reid 1969).

Despite the importance of kyanite both for thermody-
namic data retrieval of high-pressure phases and for sub-
ducted slab evolution, equations of state for kyanite are
still poorly known. For example, with the exception of
preliminary compressibilities determined by Brace et al.
(1969) on synthetic pressed aggregates and shock wave
data of Marsh (1980), X-ray single-crystal compressibil-
ity measurements on this phase are not available. An at-
tempt to determine the bulk modulus of kyanite was made
by Irifune et al. (1995) from a thermodynamic analysis
of phase equilibrium data based on an experimental study
of kyanite decomposition at high pressure and tempera-
ture. The aims of the present study, together with a com-
panion paper on the experimental reversal of the kyanite
= corundum + stishovite reaction (Schmidt et al. 1997),
were to determine the high-pressure behavior of kyanite
and to evaluate its thermodynamic properties. This first
paper deals with crystal structure meodifications at high
pressures and the determination of compressibilities
through single crystal X-ray diffraction in a diamond-
anvil cell. Comparisons of high-pressure and high-tem-
perature data (Winter and Ghose 1979) may also clarify
structural evolution with P and 7 and the geometric sta-
bility of the structure of kyanite to define its equation of
state.

EXPERIMENTAL PROCEDURE

The kyanite specimen comes from Minas Gerais, Bra-
zil. Its chemical formula, resulting from the average of
several points of SEM-EDS microanalysis, is
Al Fe, ,Si0;.

A Merrill-Bassett diamond anvil cell (DAC) with %
carat diamonds of 800 pm as culet face diameter was
used for the high-pressure study. Steel foil, 250 pm thick
and with a hole of 300 pm diameter, was used as gasket
material. A Sm?*-BaFCl powder for pressure calibration
(Comodi and Zanazzi 1993) and a 16:3:1 methanol:eth-
anol:water mixture as pressure-transmitting medium were
introduced into the DAC together with the sample. Pres-

sure was monitored by measuring the wavelength shift of
the Sm?* line excited by a 100 mW argon laser and de-
tected by a 100 cm Jarrell-Ash optical spectrometer. The
precision of pressure measurements was 0.5 kbar. The
lattice parameters of four crystals, with dimensions up to
0.12 X 0.10 X 0.06 mm, selected from the same sample
and independently mounted in the DAC, were determined
at various pressures between 0.001 and 58 kbar by ap-
plying the least-squares method to the Bragg angles of
about 30 accurately centered reflections in the range 10—
300 °6. The measurements on different crystals allowed
us to repeat the compressibility determinations and to in-
vestigate the effect due to a different mounting of the
sample and a different set of accessible refiections. Un-
fortunately because of the perfect (100) cleavage of ky-
anite, all selected crystals had [100] coinciding with the
DAC axis, and therefore access to the reciprocal lattice
was reduced in this direction.

Diffraction data were collected at room conditions on
a Philips PW1100 four-circle diffractometer from a crys-
tal of 0.14 X 0.10 X 0.08 mm, using a graphite mono-
chromater for MoKa radiation (A = 0.7107 A); scans
with scan width 2.6° and speed in the range 0.04-0.12°
s~ were employed. 1940 integrated intensities (up to
3506 ) were collected for structural refinement (Table 1).
Empirical absorption correction based on the method of
North et al. (1968) was applied: transmission factors were
in the range 1.0-0.85. A value of 1660 unique refiections
with intensities higher than 3¢ were employed for the
refinement with anisotropic displacement parameter in
space group P using the SHELX-76 program (Sheldrick
1976) and starting from the atomic coordinates of Burn-
ham (1963). The final agreement index was 2.8% for 146
parameters. The neutral atomic scattering factor values
from the International Tables for X-ray Crystallography
(Ibers and Hamilton 1974) were used.

The intensity data of kyanite were collected at 25.4,
37, and 47 kbar up to 35°, adopting nonbisecting geom-
etry (Denner et al. 1978) and 2.4° w scans; when possible,
the measurements were repeated at different azimutal ¥
angle. Data were corrected for pressure-cell absorption by
an experimental attenuation curve (Finger and King
1978). Because systematic errors may be introduced by
comparison of refinement results obtained by reflections
measured in room conditions belonging to the whole re-
ciprocal lattice with results obtained by reflections mea-
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TaBLE 2. Atomic fractional coordinates and dis
factors (A?)
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placement

Atom X ¥ z UllUeq
Sit 0.2963(1) 0.0649(1) 0.7067(1) 0.0040(1)
0.297(1) 0.0651(5) 0.7070(7) 0.0052(8)
0.298(1) 0.0660(5) 0.7073(6) 0.0025(7)
0.299(2) 0.0660(6) 0.7080(7) 0.0034(8)
0.298(2) 0.0655(8) 0.7069(9) 0.003(1)
Si2 0.2910(1) 0.3318(1) 0.1892(1) 0.0038(1)
0.292(2) 0.3321(5) 0.1893(7) 0.0053(8)
0.292(2) 0.3316(5) 0.1895(6) 0.0031(7)
0.293(2) 0.3319(5) 0.1892(7) 0.0026(8)
0.294(2) 0.3325(8) 0.1897(9) 0.003(1)
Al 0.3254(1) 0.7042(1) 0.4582(1) 0.0047(1)
0.323(2) 0.7038(5) 0.4582(7) 0.006(1)
0.326(2) 0.7043(6) 0.4592(7) 0.0037(7)
0.328(2) 0.7051(7) 0.4600(9) 0.0055(9)
0.326(3) 0.705(1) 0.458(1) 0.006(1)
Al2 0.2974(1) 0.6988(1) 0.9505(1) 0.0046(1)
0.298(2) 0.6991(5) 0.9501(7) 0.0061(9)
0.299(2) 0.6992(5) 0.9506(7) 0.0045(7)
0.297(2) 0.6989(6) 0.9495(8) 0.0040(8)
0.295(2) 0.6989(9) 0.950(1) 0.006(1)
Al3 0.0997(1) 0.3861(1) 0.6405(1) 0.0045(1)
0.101(2) 0.3856(6) 0.6409(7) 0.0052(9)
0.103(2) 0.3866(6) 0.6403(7) 0.0036(7)
0.102(2) 0.3867(7) 0.6409(8) 0.0041(9)
0.102(2) 0.3879(9) 0.641(1) 0.000(1)
Al 0.1120(1) 0.9174(1) 0.1648(1) 0.0047(1)
0.111(2) 0.9170(5) 0.1648(8) 0.0053(9)
0.112(2) 0.9181(5) 0.1652(7) 0.0037(8)
0.113(2) 0.9184(7) 0.1653(8) 0.0053(9)
0.110(2) 0.9144(8) 0.163(1) 0.001(1)
o1 0.1094(2) 0.1469(2) 0.1288(2) 0.0054(2)
0.104(4) 0.146(1) 0.128(2) 0.01(2)
0.108(4) 0.148(1) 0.132(2) 0.006(2)
0.109(5) 0.148(2) 0.130(2) 0.011(3)
0.119(5) 0.150(2) 0.134(2) 0.002(3)
02 0.1231(2) 0.6855(1) 0.1815(2) 0.0049(2)
0.130(5) 0.686(1) 0.184(2) 0.003(2)
0,129(4) 0.687(1) 0.184(2) 0.003(2)
0.128(5) 0.685(1) 0.181(2) 0.003(2)
0.116(6) 0.680(2) 0.181(2) 0.001(3)
03 0.2750(2) 0.4546(1) 0.9546(2) 0.0058(3)
0.272(3) 0.454(1) 0.954(1) 0.004(2)
0.272(3) 0.455(1) 0.956(1) 0.004(2)
0.276(4) 0.454(1) 0.951(2) 0.005(2)
0.280(5) 0.455(2) 0.953(1) 0.002(3)
04 0.2832(2) 0.9356(1) 0.9357(2) 0.0056(3)
0.282(4) 0.935(1) 0.934(2) 0.006(2)
0.283(4) 0.936(1) 0.936(2) 0.004(2)
0.283(4) 0.933(2) 0,935(2) 0.008(2)
0.278(5) 0.934(2) 0.937(2) 0.000(3)
05 0,1083(2) 0.1521(2) 0.6666(2) 0.0052(2)
0.106(5) 0.150(1) 0.664(2) 0.004(2)
0.110(5) 0.151(1) 0.665(2) 0.008(2)
0.113(5) 0.152(1) 0.666(2) 0.002(2)
0.119(6) 0.155(2) 0.667(2) 0.002(3)
06 0.1221(2) 0.6306(2) 0.6390(2) 0.0051(2)
0.119(4) 0.629(1) 0,637(2) 0.005(2)
0.118(4) 0.631(1) 0.638(2) 0.004(2)
0.115(5) 0.629(2) 0.638(2) 0.012(3)
0.121(5) 0.633(2) 0.640(2) 0.001(3)
o7 0.2823(2) 0.4452(2) 0.4288(2) 0.0058(3)
0.284(4) 0.445(1) 0.429(2) 0.009(2)
0.285(4) 0.446(1) 0.429(2) 0.004(2)
0.284(4) 0.444(2) 0,429(2) 0.012(3)
0.287(5) 0.447(2) 0.429(2) 0.000(3)
08 0.2914(2) 0.9469(1) 0.4659(2) 0.0058(3)
0.292(3) 0.948(1) 0.463(1) 0.005(2)
0.292(3) 0.947(1) 0.465(1) 0.006(2)
0.292(4) 0.946(1) 0.465(1) 0.004(2)
0.291(5) 0.946(2) 0.462(2) 0.003(3)
09 0.5007(2) 0.2751(2) 0.2447(2) 0.0055(3)
0.499(4) 0.277(1) 0.245(2) 0.008(2)
0.499(4) 0.275(1) 0.245(2) 0.004(2)
0.504(5) 0.275(2) 0.245(2) 0.010(2)

TaBLE 2. Continued

Atom x ¥ z UllUeq
0.511(6) 0.273(2) 0.247(2) 0.005(3)

010 0.5012(2) 0.2310(2) 0.7561(2) 0.0053(3)
0.494(6) 0.231(2) 0.753(2) 0.005(2)
0.498(5) 0.232(1) 0.754(2) 0.004(2)
0.499(6) 0.232(2) 0.753(2) 0.001(2)
0.511(7) 0.237(2) 0.758(2) 0.005(3)

Note: For each atom, values from top to bottom correspond to the re-
finement at 0.001, 0.1, 25.4, 37, and 47 kbar respectively. Estimated stan-
dard deviations are in parentheses and refer the last digit. For HP refine-
ments the isotropic thermal parameters (U) is reported, whereas for the
room condition refinement U,, is shown.

sured from a limited part of the reciprocal space within
the DAC, the same set of intensity data was collected at
0.1 kbar from the same crystal with the use of the same
procedure.

Intensity data were analyzed with a digital procedure
(Comodi et al. 1994) and visually inspected to eliminate
errors due to the overlap of diffraction effects from var-
ious components of the DAC or to shadowing by the
gasket. Reflections measured at different ¥ angles were
then merged to form an independent data set.

The structure was refined with individual isotropic
atomic displacement parameters. Final R values were 8.2,
5.9, 6.8, and 8.0% for 364, 373, 359, and 343 independent
observed reflections and 65 parameters, respectively, for
refinements at 0.1, 25.4, 37, and 47 kbar. Details of re-
finements are listed in Table 1 and resulting fractional
atomic positions and thermal parameters are given in Ta-
ble 2. Observed and calculated structure factors are listed
in Table 3'.

RESULTS AND DISCUSSION
Compressibility

Unit-cell parameters of kyanite are given as a function
of pressure in Table 4 and in Figure 1. As is clear from
the standard deviation of the measurements, both lattice
parameter a and 8 and vy angles were determined with a
precision less than that of the other cell parameters be-
cause of the mounting of the crystal in the DAC. Kyanite
deformed linearly in the pressure range examined, follow-
ing an almost isotropic compression pattern. Linear re-
gressions yielded mean axial compressibilities for a, b,
and c axes of 2.00(8) X 104, 1.90(4) X 10~ and 2.00(4)
X 10~* kbar~! respectively. The linear volume compress-
ibility was 5.8(1) x 10~* kbar~', with K = 1720(30) kbar
(Fig. 2).

The principal axes of the strain ellipsoid were calcu-
lated with the STRAIN program (Ohashi 1982), using
lattice parameter values from regression equations. The
principal strain axes, reported in Table 5 with their ori-
entation with respect to the unit-cell axes, show a com-

' A copy of Table 3 may be ordered as Document AM-97-637
from the Business Office, Mineralogical Society of America,
1015 Eighteenth Street, NW, Suite 601, Washington DC 20036
USA. Please remit $5.00 in advance for the microfiche.
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TaBLE 4. Lattice parameters of kyanite at different pressures
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Sample P (kbar) a (A) b (A) c(A) a () B () v () V(A
| 0.001 7.124(2) 7.856(2) 5.577(2) 89.99(2) 101.15(2) 105.95(2) 293.9(3)
| 0.1 7.117(5) 7.860(3) 5.575(2) 90.02(3) 101.02(5) 106.06(5) 293.7(4)
| 7.9 7.106(5) 7.848(3) 5.566(2) 90.07(3) 100.96(5) 106.03(5) 292.4(4)
| 15.2 7.100(5) 7.837(3) 5.556(2) 90.11(3) 100.91(5) 106.06(5) 291.2(4)
| 25.4 7.079(5) 7.824(3) 5.547(2) 90.13(3) 101.00(5) 105.98(5) 289.4(4)
| 238 7.083(5) 7.825(3) 5.549(2) 90.1(3) 101.02(5) 106.00(5) 289.7(4)
| 33.0 7.068(5) 7.811(3) 5.538(2) 90.13(3) 101.00(5) 105.98(5) 288.0(4)
I 37.0 7.065(5) 7.805(3) 5.537(2) 90.12(3) 101.08(5) 105.86(5) 287.7(4)
Il 0.1 7.107(5) 7.858(3) 5.576(2) 90.06(3) 100.74(5) 105.95(5) 293.7(4)
I 45 7.118(5) 7.848(3) 5.578(2) 90.01(3) 101.10(5) 105.99(5) 293.5(4)
I 115 7.110(5) 7.837(3) 5.571(2) 90.02(3) 101.08(5) 105.97(5) 292.4(4)
il 14.4 7.104(5) 7.830(3) 5.565(2) 90.02(3) 101.08(5) 105.98(5) 291.6(4)
It 15.8 7.009(5) 7.821(3) 5.560(2) 90.06(3) 101.13(5) 105.90(5) 290.8(4)
v 305 7.088(5) 7.804(3) 5.539(2) 90.11(3) 101.30(5) 105.99(5) 288.3(4)
v 345 7.077(5) 7.803(3) 5.536(2) 90.09(3) 101.29(5) 106.03(5) 287.6(4)
v 39.5 7.063(5) 7.796(3) 5.528(2) 90.13(3) 101.09(5) 105.92(5) 286.7(4)
v 415 7.050(5) 7.796(3) 5.532(2) 90.14(3) 101.03(5) 106.00(5) 286.4(4)
v 425 7.053(5) 7.788(3) 5.528(2) 90.12(3) 101.01(5) 106.00(5) 286.1(4)
v 48.0 7.056(5) 7.785(3) 5.525(2) 90.13(3) 101.14(5) 105.90(5) 285.9(4)
v 46.0 7.070(5) 7.783(3) 5.524(2) 90.14(3) 101.19(5) 105.81(5) 286.5(4)
v 50.0 7.052(5) 7.783(3) 5.524(2) 90.18(3) 101.18(5) 105.90(5) 285.6(4)
v 52.0 7.052(5) 7.782(3) 5.521(2) 90.17(3) 101.20(5) 105.90(5) 285.4(4)
v 58.0 7.031(5) 7.776(3) 5.517(2) 90.16(3) 101.15(5) 105.90(5) 284.1(4)

pression pattern more anisotropic than that of the cell
edges, ratios B,:B,:B; being 1.4:1.2:1.

The compressibility distribution may be related to the
hardness pattern after the inverse relationship proposed
by Yang et al. (1987). Buttgenbach (1923) showed that,
in kyanite, hardnesses determined parallel to [001] on
both (100) and (010) planes were less than those mea-
sured normal to [001] by about one unit on the Mohs
scale. The compressibility pattern found here partly ex-
plains the hardness pattern: the greatest compressibility
and smallest hardness are found approximately along
[001].

Isothermal bulk modulus K, and its pressure derivative
K' were found by fitting the pressure-volume data to a
third-order Birch-Murnaghan equation of state (Birch
1978). The equation has the form:

P = 32K, [(V/V)" ~ (VJ/V)"]
{1 + 3/4(K" — HI(V/V)*» — 1]}

and was solved using a Levenberg-Marquardt algorithm
(Press et al. 1986). K, was 1560(100) kbar and K’ was
5.6(5.5), with a reference volume V, of 293.92(9) A,
When K’ was set at 4, K, became 1600(30) kbar. The
bulk modulus, calculated as the reciprocal of average vol-
ume compressibility, obtained by the linear least-squares
fit of volume-pressure data, was 1720(30) kbar.

The K, value compares well with the bulk moduli of
other compact phases such as pyrope, with K, = 1430-
1750 kbar (Hazen and Finger 1978; Levien et al. 1979).
In effect, if structural compactness is expressed in terms
of the volume occupied by one O atom in the unit cell,
the value for kyanite is 14.7 As, that for pyrope is 15.7
A, and the value for corundum is 14.2 A*. In the silica
phase§, the O volume decreases from 18.8 to 17.1 and to
11.6 A* for a-quartz, coesite, and stishovite, respectively.

Previous determinations of the compressibility of alu-
minosilicates were made by Brace et al. (1969) on hot-
pressed synthetic aggregates. For kyanite they found a
compressibility value of about 0.65 Mbar ' (K, = 1540
kbar), higher than our value of 0.58 Mbar~!. As reported
by the above authors, the compressibility data obtained
from pressed materials may be overestimated because of
porosity. Our K, value (1560 kbar) shows excellent agree-
ment with that determined by Marsh (1980) with wave
method: K, = 1560 (100) kbar. K, inferred from ther-
modynamic data in the study of Irifune et al. (1995),
2020(100)kbar, is significantly higher than that observed
in either Marsh’s (1980) study or this study.

The bulk modulus of kyanite is about 15% larger than
that of andalusite, the low-temperature, low-pressure
polymorph of aluminosilicate. Ralph et al. (1984) mea-
sured a value of 1350 kbar for this phase.

Pressure induced changes on kyanite structure

The results of refinement of kyanite in air (Table 2) are
very similar to those of Winter and Ghose (1979). The
structure of Kyanite is based on a distorted cubic close-
packing of O atoms, with 10% of the tetrahedral sites
filled with Si and 40% of the octahedral sites with Al
The structure can be described as infinite chains com-
posed of a sequence of All and Al2 octahedra parallel to
the ¢ axis, with Al3 and Al4 octahedra on alternate sides
of the chains. The octahedral chains are linked by isolated
Si tetrahedra. This octahedral configuration gives rise to
ten independent shared octahedral edges: All and Al3
share five edges with neighboring octahedra, whereas Al2
and Al4 have four shared edges with other octahedra. On
the whole, there are a great number of shared edges uni-
formly distributed in the unit cell, and this may explain
the almost isotropic compressibility of the phase.
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FiGure 1. Unit-cell parameters a, b, and ¢ of kyanite vs.
pressure. Open squares: sample I; full circles: sample II; dia-
monds: sample IIT; full triangles: sample IV. Error for pressure:
about 0.5 kbar. Top right: regression line equation.

To examine structural evolution with pressure more in
detail, we may compare the structural refinements ob-
tained with data collected at 0.1, 25.4, 37, and 47 kbar,
as well as in room conditions. The results are as follows.
(1) The Sil and Si2 silicon tetrahedra do not change with
increased pressure, either as regards the average bond dis-
tances or the polyhedral volumes (Tables 6 and 7); this
result is normal in silicates in this pressure range. (2) In
room conditions, the four crystallographically indepen-
dent Al octahedra show a limited variational range both
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VIVo = 1 -0.00058(8) P
ViVo = 1-6.43) 104 P + 1.3(5) 108 P2

P (kbar)

FiGure 2. V/V, as a function of P. Symbols as in Fig. 1.
Dashed line: linear fit of volume-pressure data; continuous line:
fit with a quadratic curve.

in average bond lengths (from 1.897 A of Al4 to 1.918
A of Al3) and in volumes [(from 8.93(1) A® of Al4 to
9.17(1) As of Al3)]. However, with increased pressure the
behavior of the four polyhedra changes. The average bulk
moduli for the various polyhedra calculated from linear
regressions are the same for All and Al2, equal to
1280(150) kbar, and equal to 2380(200) kbar for Al3. The
Al4 octahedron turns out to be incompressible. In effect,
the (Al4-O) mean distance is very short, smaller than the
sum of the ionic radii of Al and O (1.915 A; Shannon
1976). Also in other structures, for example clinozoisite
(Comodi and Zanazzi 1997), Al octahedra with short
Al-O distances are incompressible in this pressure range,
whereas the Al3 octahedron, in spite of its larger average
bond distance, has a bulk modulus about twice that of
All and Al2.

Octahedral bond lengths decrease with pressure at a
rate which is sometimes independent of bond strength.
That is, some shorter distances, with higher bond
strengths, decrease with P more than the longer ones.
This is the case, for example, of the short Al1-O9 and
Al1-O10 (Table 6) which decrease more than the longer
Al1-O7. Nevertheless, on the whole, Al octahedra tend to
become more regular with pressure. Table 7 lists the lin-
ear and angular distortions as calculated with Robinson’s
relationship (Robinson et al. 1971) for all polyhedra. In
the Al2, Al3, and Al4 octahedra, a trend toward regular-
ization with pressure is evident, especially the angular
distortion. Since the octahedra form a complex arrange-
ment sharing edges, the structural evolution with P must

TaBLE 5. Principal strain components of compressibility

Principal strain Orientation of principal axes (°) with respect to

components
(per kbar x 10-4) a b c
2,23 101 54 37
2.04 14 106 88
1.65 82 40 127
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TaBLE 6. Bond distances (A) of kyanite at different pressures

P (kbar) 0.001 0.1 25.4 37 47

Si1-05 1.644(2)  1.65(3) 1.62(3) 161(4) 1.58(4)
Si1-010 1.645(1) 1.61(3) 1.61(2) 1.62(3) 1.69(3)
Si1-04 1.632(1)  1.63(1)  1.63(1) 1.63(1) 1.64(2)
Si1-08 1.621(1)  1.63(1)  1.62(1) 1.62(1) 1.62(2)
(Si1-0) 1.635 1.63 1.62 1.62 1.63

Si2-01 1.642(1) 1.67(2) 163(2) 1642 1592
8i2-07 1627(2)  1.62(1) 161(1) 161(2) 1612
Si2-09 1647(2)  162(3) 163(3) 164(4) 1.69(4)
Si2-03 1.630(1)  1.63(1)  1.63(1)  1.63(1)  1.62(1)
(Si2-O) 1.636 1.63 1.63 1.63 1.63

AI-02 1.872(1) 1.83(2) 1.84(2) 1.86(3) 1.88(3)
AI-06 1.885(1)  1.88(3) 1.89(2) 1.91(3)  1.88(3)
AI-07 1.975(2)  1.98(1)  1.97(1)  1.97(1)  1.96(2)
Al1-08 1.088(1)  1.99(1)  1.98(1) 1.96(2) 1.96(2)
Al1-09 1.845(1)  1.86(2) 1.84(2) 1.80(2) 1.78(2)
Al1-010 1.854(1)  1.88(3) 1.85(3) 1.83(3)  1.79(4)
(A-0) 1.903 1.90 1.89 1.89 1.88

Al2-03 1.881(1)  1.89(1) 1.87(1) 1.87(1) 1.87(2)
Al2-04 1.892(1)  1.89(1)  1.89(1) 186(2) 187(2)
Al2-06 1.913(1)  1.94(2)  1.92(1) 1.92(2) 1.88(2)
Al2-02 1.939(2)  1.91(3) 1.91(3) 1.90(3)  1.94(4)
Al2-010 1.923(1)  1.96(2) 1.93(2) 1.93(2) 1.87(3)
Al2-09 1.934(2) 1.93(2) 1.92(3) 1.90(3) 1.88(4)
(A12-0) 1.914 1.92 1.91 1.90 1.89

AI3-03 1.924(1)  1.92(1)  1.90(1)  1.89(1)  1.90(2)
AI3-05 1.861(2) 1.86(2) 1.86(2) 1.86(2) 1.86(2)
AI3-08 1.883(2)  1.88(1) 1.88(1) 1.87(2) 1.87(2)
AI3-07 1.888(1)  1.89(2) 1.87(2) 187(3) 1.89(3)
Al3-02 1.985(1)  2.01(3) 202(3) 2.01(3) 1.94(4)
AI3-06 1,069(1) 1.96(2) 1.95(2) 1.93(3) 1.96(3)
(AI3-O) 1.918 1.92 1.91 1.90 1.90

Al4-02 1.847(1)  1.86(2) 1.85(2) 1.85(2) 1.84(2)
Al4-08 1875(1)  1.88(1)  1.86(1) 1.86(2)  1.85(2)
Al4-O1 1.819(2)  1.82(1) 1.81(1) 1.81(2) 1.83(2)
Al4-04 1.9102) 1.91(2) 1.90(2) 1.90(3) 1.86(3)
Al4-05 1.935(1)  1.91(3) 1.94(3) 1.95(3)  1.98(4)
Al4-01 1.997(1)  1.98(2) 1.99(2) 1.99(2) 2.03(2)
(Al4-0) 1.897 1.89 1.89 1.89 1.90

be analyzed by determining the Al-Al separation across
the shared edges. Looking at the changes in Al-Al sepa-
ration (Table 8) an unexpected result stands out: the larg-
est reduction involves Al2-Al3 and Al2-Al4, whereas the
average distances between All-Al2, the two most com-
pressible octahedra, remain almost unchanged. In fact, the
All and AI2 octahedra are linked along the c¢ axis by
tetrahedral edges O8-04 and O7-03 (see Fig. 11 in Win-
ter and Ghose 1979), which do not change with pressure:
04-08 is 2.64(1) A at 0.1 kbar and 2.65(2) at 47 kbar,
and 03-07 is 2.63(1) A at 0.1 kbar and 2.62(2) A at 47
kbar. So the reduction of the distance between All and
Al2 does not occur along the ¢ axis, but along the Al4-
Al1-Al3 and Al4-Al2-Al3 directions.

High-pressure high-temperature behavior

Thermal expansion data obtained from single-crystal
X-ray diffraction by Winter and Ghose (1979) and those
previously determined by powder diffraction by Skinner
et al. (1961) allow us to compare the structural behavior
of kyanite with different intensive variables and to verify
whether the antisymmetric behavior observed in many
crystal structures (e.g., Hazen and Finger 1982) is also
followed by this phase.

The thermal strain ellipsoid for kyanite determined be-
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TaBLE 7. Polyhedral volumes (As), distortion parameters, and
polyhedral bulk moduli (kbar) of kyanite

P

(kbar)  0.001 0.1 254 37 47 K
VSi1 2.242(4) 2.22(8) 2.18(8) 2.17(8) 2.23(9) —
) 1.00 1.00 1.00 1.00 1.00

&2 4.6 6.4 6.2 8.9 7.2

VSi2 2.243(4) 2.24(8) 220(8) 222(8) 2.21(8) —

) 1.00 1.00 1.00 1.00 1.00

&2 741 8.9 8.5 5.3 7.8

VAN 8.99(1) 9.0(2) 8.8(2) 8.8(2) 8.6(2) 1280(150)
) 1.02 1.01 1.01 1.02 1.02

& 47.7 40.0 448 50.6 53.6

VAI2 9.15(1) 9.2(2) 9.0(2) 8.9(2) 8.8(3) 1280(150)
N 1.01 1.01 1.01 1.01 1.01

82 50.8 58.4 499 47.7 46.4

VAI3 9.17(1) 9.2(2) 9.1(2) 9.0(2) 9.0{3) 2380(200)
) 1.02 1.02 1.02 1.02 1.02

82 57.0 58.4 57.8 52.4 48.6

VAl4 8.93(1) 8.9(2) 8.9(2) 8.9(2) 8.9(3) —

) 1.01 1.01 1.00 1.01 1.01 —

32 42.0 42.0 42.6 45.9 37.8

Note:

N = 3 (WP

8 = 3 166, - 0F(n — )]

tween 25 and 800 °C by Winter and Ghose (1979), shows
a slightly more anisotropic strain with respect to the com-
pressibility strain, with o,:0,:a, = 1.8:1.4:1. The largest
thermal expansion coefficient forms an angle of about 15°
with the ¢ axis. So with T and P the largest variation
occurs along a direction forming a small angle with the
C axis.

By comparing our data with those of Winter and Ghose
(1979), the inverse relationship is observed in all geo-
metrical parameters. The « angle increases with P where-
as it decreases with T. The angles 3 and -y remain almost
unchanged with P as well as with the T increase. Whereas
the octahedra become more regular with pressure, their
distortion in terms of both longitudinal and shear strain
increases with temperature.

Assuming that the variations induced by T and P are
cumulative and that (60/dP), and (9p/aT), derivatives are
zero, we may determine the conditions that do not change
the structure with respect to room conditions, at least
from the volumetric point of view. The B,/a, ratio, ob-
tained from the cell volume average compressibility and

TasLe 8. Al-Al separation (A)

P (kbar) 0.001 0.1 25.4 37 47
Al-Al4  2.869(1) 2.87(1)  287(1)  2.86(1)  2.83(2)
Al-AI3  2.879(1) 2.867(8) 2.852(9) 2.86(1)  2.85(1)
AI2-AI3  2.858(1) 2.864(6) 2.841(6) 2.829(7) 2.814(9)
AI2-Al4  2.825(1) 2.82(1)  282(1)  280(1)  277(1)
Al-Al2  2791(1) 2781(7) 2.768(7) 2.760(9)  2.77(1)
Al-Al2  2799(1) 2.805(8) 2791(6) 2.792(7)  2.770(9)
AIB-AI3 2.866(1) 2.89(1)  287(1)  2.86(1)  2.84(2)
AH-AI3  2.855(1) 2.84(2)  286(2)  2.86(2)  2.85(2)
AIB-AlA  2792(1) 2.781(8) 2792(8) 279(1)  2.77(1)
Ald-Al4 2759(1)  276(1)  274(1)  274(1)  2.74(2)
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the average thermal expansion as determined by Winter
and Ghose (1979), is 23 °C/kbar. This result is similar to
that measured for high-pressure minerals such as mag-
nesiochloritoid (Comodi et al. 1992), for which the geo-
metric invariance condition is obtained at gradients of
about 23 °C/kbar, or for lawsonite (Comodi and Zanazzi
1996) with a gradient of 29 °C/kbar.

The observed antisymmetric behavior of kyanite with
T and P shows that, at first approximation, the effects of
pressure and temperature are additive, and the following
equation of state may be defined: V/V, = 1 + 3.00(7) x
105 T — 5.8(1) x 10~* P, where T is in °C and P in kbar.
This equation may be applied at crustal P-T conditions.

The stability of kyanite

Kyanite decomposes with increasing pressure to its
constituents stishovite and corundum between 140 kbar
at 1000 °C and 175 kbar at 2000 °C (Schmidt et al. 1997)
through a reaction with a gently positive dP/dT slope with
kyanite lies on the high-temperature, low-pressure side of
the reaction. Lower pressures (120-130 kbar, depending
on temperature) for breakdown of kyanite were observed
by Irifune et al. (1995). On the contrary at low pressure
Harlov and Newton (1993) reversed the metastable equi-

librium kyanite = corundum + quartz which again has a.

positive dP/dT slope, but with kyanite is on the low-tem-
perature, high-pressure side of the reaction. Such meta-
stable reaction has been claimed to be of significance in
natural occurrences for high-grade metamorphic rocks
(Harlov and Newton 1993, and references therein).

New volume properties of kyanite may help to unravel
reaction mechanisms which determine the stability field
of kyanite and its breakdown reactions at both low and
high pressure. Figure 3a shows the evolution with pres-
sure of molar volumes of kyanite compared with those of
corundum + quartz, corundum + coesite, and corundum
+ stishovite (see Schmidt et al. 1997, for the data used).
As long as quartz or coesite are present in association
with corundum, kyanite should be favored on the high-
pressure side of decomposition reactions by a signifi-
cantly lower volume.

Coesite-stishovite transformation causes a decrease of
the volume for the assemblage corundum + SiO, in the
order of 10%, and purely from a geometrical point of
view, the breakdown of kyanite should occur. Despite
such volumetric handicap, kyanite persists more than 40
kbar in excess of coesite-stishovite transition. This be-
havior can be explained by entropy properties of SiO,
polymorphs. Figure 3b demonstrates that coesite-stishoy-
ite transition causes a large decrease of the entropy for
corundum + SiO,, which becomes much lower than that
of kyanite. Thus, the relatively high entropy of kyanite
counterbalances its relatively large volume and kyanite is
stable as long as the free energy function for kyanite is
lower than the one for corundum + stishovite,

Because of the large AV and AS of the reaction coesite
to stishovite and because of their opposite sign, the break-
down reaction kyanite = corundum + SiO, conserves the
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FiGure 3. (a) Molar volumes (J/kbar) vs pressure (bar) of

corundum + quartz, corundum + coesite, kyanite, and corundum
+ stishovite calculated at 1500 °C. (b) Molar entropy, S (J/K)
vs. P (kbar) of corundum + silica polymorphs and kyanite. Data
for reaction kyanite <> corundum + stishovite from Schmidt et
al. (1997). Steps correspond to pressures at which quartz <> coe-
site and coesite <> stishovite transitions take place. See Schmidt
et al. (1997) for references.

sign of dP/dT slope both in quartz, and in coesite, and in
stishovite stability fields, but products and reactants
should interchange at coesite-stishovite transformation.
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