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Abstract The unit-cell dimensions and crystal structure
of sillimanite at various pressures up to 5.29 GPa have
been refined from single-crystal X-ray diffraction data.
As pressure increases, a and b decrease linearly, whereas
¢ decreases nonlinearly with a slightly positive curvature.
The axial compression ratios at room pressure are
Ba:Pp:Bc=1.22:1.63:1.00. Sillimanite exhibits the least
compressibility along ¢, but the least thermal expansivity
along a (Skinner et al. 1961; Winter and Ghose 1979).
The bulk modulus of sillimanite is 171(1) GPa with
K'=4 (3), larger than that of andalusite (151 GPa), but
smaller than that of kyanite (193 GPa). The bulk moduli
of the [AllOg], [AlI204], and [SiO4] polyhedra are
162(8), 269(33), and 367(89) GPa, respectively. Compar-
ison of high-pressure data for Al,SiOs polymorphs reveals
that the [SiO4] tetrahedra are the most rigid units in all
these polymorphic structures, whereas the [AlOg] octah-
edra are most compressible. Furthermore, [AlOg] octa-
hedral compressibilities decrease from kyanite to sillima-
nite, to andalusite, the same order as their bulk moduli,
suggesting that [AlOg¢] octahedra control the compression
of the Al,SiOs polymorphs. The compression of the
[Al10¢] octahedron in sillimanite is anisotropic with the
longest Al1-OD bond shortening by ~1.9% between
room pressure and 5.29 GPa and the shortest All-OB
bond by only 0.3%. The compression anisotropy of silli-
manite is primarily a consequence of its topological an-
isotropy, coupled with the compression anisotropy of
the Al-O bonds within the [Al110g] octahedron.

Introduction

The Al,SiOs polymorphs, sillimanite, andalusite, and kya-
nite, have been considered as primary thermobarometry
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for metamorphic rocks, because of their abundance in
metamorphosed pelitic sediments and simple pressure-
temperature phase equilibrium relations. From the crys-
tal-chemical point of view, the Al,SiOs polymorphs are
of particular interest because Al occurs in three different
coordinations; in addition to one-half of total Al that is
octahedrally coordinated in each structure, the remaining
Al is four-, five-, and six-coordinated in sillimanite, and-
alusite, and kyanite, respectively. Therefore, a detailed
knowledge of the responses of three polymorphic struc-
tures, especially the different types of Al-O bonds, to high
temperature and pressure is essential to the understanding
of the crystal chemistry, physical properties, and phase re-
lations of the Al,SiOs polymorphs. The high-temperature
crystal-chemistry of sillimanite, andalusite, and kyanite
was investigated by Winter and Ghose (1979). Ralph et
al. (1984) and Yang et al. (1997a) studied the pressure ef-
fects on the crystal structures of andalusite and kyanite,
respectively. In this paper, we report a high-pressure X-
ray structure study of sillimanite up to 5.29 GPa and com-
pare our results with those for andalusite and kyanite to
provide a better understanding of the high-pressure crys-
tal-chemistry of the Al,SiOs system.

The crystal structure of sillimanite was first determined
by Taylor (1928) using X-ray diffraction intensities esti-
mated from rotation photographs. Further structure refine-
ments were carried out by Burnham (1963) and Winter and
Ghose (1979) from single-crystal X-ray diffraction data.
Neutron diffraction studies of the sillimanite structure were
performed by Finger and Prince (1972) and Peterson and
McMullan (1986). Summaries of crystal structural studies
on three Al,SiOs polymorphs have been given by Papike
and Cameron (1976), Ribbe (1980), and Kerrick (1990).

Experimental procedures

Room-pressure X-ray diffraction data measurements

The sample used in this study is from Reinbolt Hills, Antarctica,
and was kindly supplied by Pete J. Dunn of the Smithsonian Insti-



40

Table 1 Crystal data and other relevant information on sillimanite at various pressures

P(GPa) a (A) b (A) c (A) V (A% Total Refls. R (int.) Rw R
refls. >3 0 ()
0.00* 7.4857 (8) 7.6750 (9) 5.7751 (7) 331.80 (7) 532 409 0.036 0.033
0.65 7.4803 (13) 7.6600 (9) 5.7687 (11) 330.54 (6)
1.23* 7.4732 (14) 7.6520 (9) 5.7631 (12) 329.56 (7) 1134 198 0.027 0.034 0.034
1.96 7.4595 (13) 7.6372 (9) 5.7580 (11) 328.03 (7)
2.54%* 7.4537 (11) 7.6238 (8) 5.7560 (10) 327.09 (6) 1112 195 0.030 0.027 0.029
322 7.4446 (12) 7.6094 (8) 5.7515 (11) 325.82 (7)
3.72% 7.4345 (10) 7.5989 (7) 5.7507 (10) 324.88 (5) 1100 192 0.029 0.032 0.034
4.61 7.4224 (12) 7.5836 (8) 5.7462 (10) 323.44 (6)
5.29% 7.4146 (12) 7.5739 (7) 5.7450 (10) 322.61 (6) 1086 185 0.028 0.029 0.030
* X-ray intensity data were collected at these pressures
Table 2 Atomic positional and
isotropic displacement parame- P (GPa) 0.00 1.23 2.54 3.72 5.29
ters of sillimanite at various
pressures All x 0 0 0 0 0
y 0 0 0 0 0
z 0 0 0 0 0
Biso 0.37 (2) 0.34 (3) 031 (3) 031 (3) 0.32 (3)
Al2 x 0.1417 (1) 0.1414 (2) 0.1411 (2) 0.1409 (2) 0.1405 (2)
y 0.3452 (1) 0.3444 (2) 0.3437 (2) 0.3434 (2) 0.3427 (2)
z 0.25 0.25 0.25 0.25 0.25
Biso 0.44 (2) 047 (4) 0.38 (4) 0.39 (4) 0.41 (4)
Si x 0.1532 (1) 0.1536 (2) 0.1541 (2) 0.1543 (2) 0.1548 (2)
y 0.3404 (1) 0.3394 (2) 0.3395 (2) 0.3389 (2) 0.3386 (2)
z 0.75 0.75 0.75 0.75 0.75
Biso 0.42 (2) 043 (4) 0.44 (3) 043 (4) 0.47 (3)
OA x 0.3602 (2) 0.3611 (5) 0.3618 (5) 0.3620 (5) 0.3633 (5)
y 0.4089 (2) 0.4069 (5) 0.4062 (5) 0.4060 (5) 0.4055 (5)
z 0.75 0.75 0.75 0.75 0.75
Biso 0.52 (3) 0.60 (8) 0.59 (8) 0.54 (8) 0.53 (8)
OB x 0.3566 (2) 0.3554 (5) 0.3557 (4) 0.3559 (5) 0.3551 (5)
y 0.4339 (2) 0.4348 (5) 0.4336 (5) 0.4334 (5) 0.4330 (5)
z 0.25 0.25 0.25 0.25 0.25
Biso 0.55 (3) 0.48 (8) 0.39 (7) 0.51 (8) 0.60 (8)
oC «x 0.4767 (2) 0.4758 (5) 0.4748 (5) 0.4745 (5) 0.4728 (5)
y 0.0009 (2) 0.0010 (7) 0.0021 (7) 0.0028 (7) 0.0031 (7)
z 0.75 0.75 0.75 0.75 0.75
Biso 091 (4) 0.87 (8) 0.81 (7) 0.78 (8) 0.76 (8)
OD «x 0.1255 (2) 0.1255 (3) 0.1262 (3) 0.1266 (3) 0.1269 (3)
y 0.2232 (2) 0.2228 (3) 0.2219 (3) 0.2211 (3) 0.2204 (3)
z 0.5145 (2) 0.5150 (7) 0.5141 (7) 0.5152 (7) 0.5146 (7)
Biso 0.63 (3) 0.47 (5) 0.56 (4) 0.51 (5) 0.53 (5)
tution [specimen no: NMNH 139740; also sample no. 566 de- powder X-ray diffraction: a=7.4885(7), b=7.6756(3), and

scribed by Grew (1980)]. Because of its good quality, this sample
has been used for optical absorption studies (Grew and Rossman
1976), determination of elastic constants (Vaughan and Weidner
1978), infrared absorption studies (Kieffer 1979), and low-
temperature heat-capacity measurements (Robie and Hemingway
1984; Hemingway et al. 1991). The chemical composition of the
sample reported by Grew (1980) is SiO,, 36.73; Al,Os, 61.98;
Fe,03, 1.10 (wt.%) or (Al;.ggFe(.2)SiOs. A single-crystal fragment
(0.11x0.08%0.04 mm) showing sharp diffraction profiles was select-
ed from a crushed sample for the study. A Picker four-circle dif-
fractometer equipped with a Mo X-ray tube (B-filtered) was used
for all X-ray measurements. Unit-cell parameters were determined
by fitting the positions of 18 reflections with 20°<26<35° following
the procedure of King and Finger (1979), yielding a=7.4857(8),
b=7.6750(9), and ¢=5.7751(7) A (Table 1). These values are compa-
rable to those reported by Grew (1980) for the same material from

¢=5.7734(5) A.

X-ray diffraction intensity data from one octant of reciprocal
space with 0°<20<60° were collected using o scans of 1° width in
step increments of 0.025° and 3-s per step counting time. Two stan-
dard reflections were checked every 5 hours; no significant or sys-
tematic variations in intensities of the standard reflections were ob-
served. Digitized step data were integrated by the method of Leh-
mann and Larsen (1974) with background manually reset when nec-
essary. Corrections were made for Lorentz and polarization effects,
but not for X-ray absorption by the crystal (u=10.95 cm™).

The initial structural model of sillimanite was taken from Winter
and Ghose (1979). Least-squares refinements were performed using
an updated version of RFINE4 (Finger and Prince 1975) in the space
group Pbnm. The small amount of Fe was ignored in the refinements
and the structure was assumed to have an ideal composition of Al
SiOs with the All and Al2 sites fully occupied by Al and the Si site
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Table 3 Selected interatomic

distances (A) in sillimanite at P (GPa) 0.00 1.23 2.54 3.72 5.29

various pressures
AII-OA (x2) 1.915 (1) 1.913 (3) 1.909 (3) 1.905 (3) 1.898 (3)
All1-OB (x2) 1.869 (1) 1.869 (2) 1.867 (2) 1.863 (2) 1.864 (2)
AI1-OD (x2) 1,956 (2) 1,948 (2) 1,937 (2) 1.928 (2) 1918 (2)
Avg. 1913 1.910 1.904 1.899 1.893
AI2-OB 1.747 2) 1742 (4) 1.740 (4) 1.739 (4) 1732 (4)
Al2-0OC 1.709 (2) 1.712 (5) 1.708 (5) 1.702 (5) 1.706 (5)
A2-OD (x2) 1796 (1) 1792 (4) 1785 (4) 1.789 (4) 1.783 (4)
Avg. 1.762 1.760 1.755 1.755 1.751
Si-OA 1.636 (2) 1.634 (4) 1.630 (4) 1.626 (4) 1.627 (4)
Si-0C 1,569 (2) 1,570 (5) 1.568 (5) 1,571 (5) 1.564 (5)
Si-OD (x2) 1.644 (1) 1.635 (4) 1.640 (4) 1.633 (4) 1.635 (4)
Avg. 1.623 1.619 1.620 1.616 1.615

Table 4 Selected interatomic

angles (°) in sillimanite at vari- P (GPa) 0.00 1.23 2.54 3.72 5.29

ous pressures
OA-Al1-OB 99.8 (1) 99.6 (1) 99.7 (1) 99.8 (1) 99.9 (1)
OA-Al1-OB' 80.3 (1) 80.4 (1) 80.3 (1) 80.2 (1) 80.1 (1)
OA-Al1-OD 88.6 (1) 882 (2) 88.1 (2) 883 (2) 88.1 (2)
OA-Al1-OD' 91.4 (1) 91.8 (2) 91.9 (2) 91.7 (2) 91.9 (2)
OB-Al1-OD 90.3 (1) 90.6 (2) 90.6 (2) 90.5 (2) 90.7 (2)
OB-AI1-OD' 89.7 (1) 89.4 (2) 89.4 (2) 89.5 (2) 89.3 (2)
OB-AI2-OC 1133 (1) 1129 (2) 1133 (2) 1135 (2) 1135 (2)
OB-AI2-OD 105.4 (1) 105.5 (1) 105.2 (1) 105.0 (1) 104.9 (1)
OC-AI2-OD 1082 (1) 108.1 (1) 108.2 (1) 108.3 (1) 108.3 (1)
OD-AI2-OD' 116.6 (1) 1169 (2) 116.8 (2) 1169 (2) 117.0 2)
OA-Si-0C 109.6 (1) 109.6 (2) 109.6 (2) 109.3 (2) 109.1 (2)
OA-Si-OD 107.2 (1) 107.1 (1) 106.9 (1) 106.9 (1) 106.9 (1)
OC-Si-OD 110.6 (1) 110.5 (1) 110.8 (1) 111.0 (1) 1.1 (1)
OD-Si-OD' 111.7 (1) 111.8 (2) 1117 (2) 111.6 (2) 111.6 (2)
Al1-OA-Si 129.4 (1) 129.2 (1) 129.0 (1) 129.0 (1) 128.7 (1)
Al1-OB-AI2 129.4 (1) 129.6 (1) 129.5 (1) 129.5 (1) 129.6 (1)
AI2-OC-Si 172.0 (1) 1717 (3) 1713 (3) 170.0 (3) 170.4 (3)
Al1-OD-AI2 116.9 (1) 1167 (2) 1167 (2) 1163 (2) 1163 (2)
Al1-OD-Si 125.1 (1) 1252 (2) 125.0 (2) 1252 (2) 125.1 (2)
AI2-OD-Si 1142 (1) 1145 (1) 114.4 (1) 114.4 (1) 114.4 (1)
OB-OA-OB 172.3 (1) 171.4 (2) 1715 2) 171.5 (2) 171.4 (2)

L [SiO4] OTPA 19.75 3) 19.58 (6) 19.41 (6) 19.35 (6) 19.05 (6)
* OPTA — out of-plane tilting — (A1>0,] OPTA 27.75 (3) 27.89 (6) 28.21 (6) 28.32 (6) 28.62 (6)

angle (see the text for definition)

by Si. Neutral atomic scattering factors, including anomalous disper-
sion corrections for Al, Si, and O, were taken from Ibers and Ham-
ilton (1974). Weighting schemes were based on w:[cz(F)+(pF)2]‘1,
where p is adjusted to ensure that the errors were normally distrib-
uted through probability plot analysis (Ibers and Hamilton 1974).
Type II isotropic extinction corrections (Becker and Coppens
1975) were applied in the refinements. Atomic positional coordi-
nates and isotropic displacement parameters are presented in Table 2.

High-pressure X-ray diffraction data measurements

After the X-ray intensity data collection at room pressure, the crys-
tal was mounted in a Merrill-Bassett diamond-anvil cell with a
mixture of 4:1 methanol:ethanol as the pressure medium. Four
small (~10 pm) ruby chips were included as the internal pressure
calibrant (Mao et al. 1986), from which pressure was determined
from the position of the R; laser-induced fluorescence peak, with

an error of approximately 0.05 GPa. The fixed-¢ mode of data mea-
surement (Finger and King 1978) was employed throughout the
high-pressure experiments to maximize reflection accessibility and
minimize attenuation by the diamond cell. Lattice constants were
determined using the same method as described for the room-pres-
sure experiment.

X-ray diffraction intensities were collected at 1.23, 2.54, 3.72,
and 5.29 GPa for all accessible reflections with 0°<26<60°. The ex-
perimental procedures for X-ray data collection, reduction, and
structure refinements were similar to those described above for the
data collected at room pressure. In addition, corrections were made
for absorption by the diamond and beryllium components of the
pressure cell. After the data collection at 5.29 GPa, the pressure
of the crystal was raised to 5.62 GPa. However, some peak profiles
of reflections used to determine the unit-cell dimensions became sig-
nificantly broadened at this pressure; thus, no further attempt was
made to collect X-ray diffraction data at or above this pressure.
Unit-cell dimensions and final refinement statistics are given in Ta-
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Table 5 Polyhedral volumes

(A3) and distortion indices of P (GPa) 0.00 1.23 2.54 3.72 5.29
sillimanite at various pressures
[Al1O¢] V* 9.197 (8) 9.150 (16) 9.066 (15) 8.985 (16) 8.907 (16)
QE 1.0107 (1) 1.0105 (2) 1.0105 (2) 1.0106 (2) 1.0108 (2)
AV 354 (1) 35.1(3) 358 (3) 36.3 (3) 37.4 (3)
[AI204] V 2.782 (3) 2.772 (9) 2.747 (9) 2.745 (9) 2.728 (9)
QE 1.0062 (1) 1.0061 (2) 1.0064 (2) 1.0070 (2) 1.0070 (2)
AV 204 (2) 204 4) 21.6 4) 22.29 (4) 23.5 (4)
* V — polyhedral volume; QE — .
quadratic elongation; AV — an- [SiO4] A% 2.192 (3) 2.174 (8) 2.177 (8) 2.161 (8) 2.159 (8)
gle variance (Robinson et al. QE 1.0014 (1) 1.0015 (1) 1.0015 (1) 1.0014 (1) 1.0016 (1)
AV 3.6 (1) 3.8 (2) 4.3 (2) 43 (2) 4.6 (2)
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Fig. 1 Unit-cell parameters of sillimanite as a function of pressure

ble 1; atomic positional and isotropic displacement parameters are
listed in Table 2; selected interatomic distances and angles are pre-
sented in Table 3 and 4, respectively. Polyhedral volumes and dis-
tortion indices are given in Table 5.

Results

Unit-cell compressibilities and bulk modulus

Figure 1 plots the unit-cell parameters of sillimanite as a
function of pressure. With increasing pressure, a and b de-

320 A 1 " 1 1 1 i 1 1 1 A

Pressure (GPa)

crease linearly, whereas ¢ decreases nonlinearly with a
positive curvature, reflecting the increase in the stiffening
of the structure along ¢ at higher pressures. As a conse-
quence, the unit-cell volume also decreases nonlinearly
with a slightly positive curvature as pressure increases.
The linear compressibilities of the a and b cell dimensions
(Ba and By) are 0.00187(4) and 0.00250(5) GPa™!, respec-
tively, whereas B, is 0.00153 (4) GPa™! at room pressure
and 0.00046(5) GPa™! at 5.29 GPa. Thus, there is a con-
siderable increase in the unit-cell compressional anisotro-
py with increasing pressure. The axial compression ratios
(Ba: Po: Be) change from 1.22:1.63:1.00 at room pressure
to 4.07:5.43:1 at 5.29 GPa. Weighted volume and pres-



sure data fit to a second-order Birch-Murnaghan equation
of state yields V(=331.81(5) A3, K, =171(7) GPa, and
K'=4(3).

Structural variations with pressure

Three different polyhedra form the sillimanite structure:
the [Al10Og¢] octahedron, and the [AI204] and [SiOy4] tet-
rahedra. All Al-O bond lengths within the [Al10g¢] octa-
hedron decrease nearly linearly with increasing pressure
(Fig. 2). The linear compressibilities of individual All-
O bond distances appear to be a function of their length.
Between room pressure and 5.29 GPa, the shortest All-
OB bond compresses by ~0.3%, whereas the longest
Al1-OD bond compresses by ~1.9%. The average All-
O bond distance shortens by ~1.0% over this pressure
range with a linear compressibility of 0.00204 GPa™'.
Correspondingly, the [Al10g¢] octahedral volume changes
from 9.197(8) to 8.907(16) A3; the octahedral bulk mod-
ulus is 162(8) GPa.

At room pressure, the Al atom within the [AI204] tet-
rahedron and the Si atom within the [SiO4] tetrahedron
are displaced substantially toward the bridging OC atom
such that the Al2-OC and Si-OC bond distances (1.709
and 1.569 A, respectively) are abnormally short, as noted
by Burnham (1963). Within the experimental errors, these
two short bond distances are virtually unaffected by pres-
sure up to 5.29 GPa. Compared to the average Si-O bond
distance, the relatively longer average Al2-O bond length
is more compressible; between room pressure and
5.29 GPa, the average Al2-O bond distance decreases
by 0.6% (B=0.00118 GPa!), whereas the average Si-O
bond length shortens by 0.5% (3=0.00089 GPa™!). Simi-
larly, the volume of the [Al20,4] tetrahedron shows a larg-
er decrease (1.9%) in the experimental pressure range
than that of the [SiO4] tetrahedron (1.5%). The bulk mod-
uli of the [Al204] and [SiOy4] tetrahedra are 269(33) and
367(89) GPa, respectively.

Due to the sharing of OA-OB edges, the [Al10¢] octa-
hedron in sillimanite at room pressure is considerably dis-
torted, as measured by the polyhedral quadratic elonga-
tion (QE) and angle variance (AV) (Robinson et al.
1971). Within the experimental uncertainties, the
[AI10g¢] octahedral quadratic elongation does not change
significantly as a function of pressure, whereas its angle
variance increases slightly from 35.4(1) at room pressure
to 37.4(3) at 5.29 GPa. The QE values of the [A1204] and
[SiOy4] tetrahedra are also essentially unchanged between
room pressure and 5.29 GPa, while their AV values in-
crease from 20.4(2) and 3.6(1) to 23.5(4) and 4.6(2), re-
spectively.

The pressure effects on the relative orientations of the
[AI10¢], [A1204], and [SiO4] polyhedra are also apparent.
For instance, between room pressure and 5.29 GPa, the
All-OA-Si and AI2-OC-Si angles decrease from
129.4(1) and 172.0(1)° to 128.7(1) and 170.4(3)°, respec-
tively. The angle between b and the Al1-OD bond, the
most compressible bond within the [Al10Og4] octahedron,

43

1.96

1.94

Al-O bond length (A)
o
o

1 L i i

P (GPa)

Fig. 2 Variations of the Al-O bond distances within the [AlOg] oc-
tahedron with pressure

Fig.3 a Crystal structure of sillimanite
b down a

projected down c and
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changes from 28.84(3)° at room pressure to 29.51(7)° at
5.29 GPa. Because the interatomic bond angles within
the [Al1Og] octahedron do not change significantly with
pressure (Table 4), the increase in the angle between b and
the Al1-OD bond indicates a relatively clockwise rotation
for the [Al110g4] octahedra located at the unit-cell corners
as pressure increases and an anti-clockwise rotation for
the octahedra at the center of the unit cell (Fig. 3a). The
change in the relative orientations of the [Al204] and
[SiO4] tetrahedra can also be described by the out-of-
plane tilting angle, the angle between the (100) plane
and one of the tetrahedral faces defined by the OC, OD,
and OD' atoms (Fig. 3a). This angle decreases from
19.75(3)° at room pressure to 19.05(6)° at 5.29 GPa for
the [SiO4] tetrahedron, but increases from 27.75(3)° to
28.62(6)° for the [Al204] tetrahedron (Table 4).

Discussion
Bulk moduli of the Al;SiOs polymorphs

The isothermal compressibilities of the Al,SiOs poly-
morphs were first determined by Brace et al. (1969); the
bulk moduli calculated from their data are 127(3),
133(2), 132(5) GPa for kyanite, andalusite, and sillimani-
te, respectively. Using the Brillouin scattering technique,
Vaughan and Weidner (1978) obtained the respective
bulk moduli of 166 and 175 GPa (Voigt bound values)
or 158 and 166 GPa (Reuss bound values) for andalusite
and sillimanite. The bulk moduli determined from high-
pressure single-crystal X-ray diffraction data are
135(10) GPa for andalusite (Ralph et al. 1984),
193(1) GPa for kyanite (Yang et al. 1996a), and
171(1) GPa for sillimanite (This study). Our value for sil-
limanite is in agreement with that of Vaughan and
Weidner (1978). It also agrees well with the value of
175 GPa derived by Matsui (1996) for sillimanite based
on the molecular dynamics calculation. However, there
is a significant difference between the bulk moduli for
andalusite reported by Vaughan and Weidner (1978)
and Ralph et al. (1984). According to Ralph et al.
(1984), this discrepancy is unlikely to originate from the
difference between isothermal and adiabatic bulk moduli
because the correction for the two different moduli is only
on the order of 0.1%. An examination of the unit-cell pa-
rameters reported by Ralph et al. (1984) suggests that the
smaller bulk modulus of andalusite obtained by Ralph et
al. (1984) could stem from the unit-cell volume data they
used in the calculation. In their study on andalusite, Ralph
et al. (1984) did not directly measure the room-pressure
unit-cell parameters of the crystal they used for the
high-pressure study; instead, they adopted the room-pres-
sure data from Winter and Ghose (1979). These two
groups of workers used different methods for their unit-
cell dimension measurements. By summarizing all avail-
able unit-cell parameters for andalusite from Minas
Gerais, Brazil [the same sample studied by Winter and
Ghose (1979) and Ralph et al. (1984)], Robie and

1.00 T T T T T T
®  Andalusite
®  Kyanite
0.99 F Sillimanite
o
2
>
0.98 -
0.97 1
0 1 2 3 4 5 6

P (GPa)

Fig. 4 Relative compressibilites (V/V0) of andalusite (Ralph et al.
1984), kyanite (Yang et al. 1996a), and sillimanite as a function
of pressure

Hemingway (1984) noticed that the room-pressure unit-
cell volume of 342.45(6) A3 given by Winter and Ghose
(1979) is significantly larger than are the other values
(~342.00 A% (e.g., Skinner et al. 1961; Burnhan and
Buerger 1961; Brace et al. 1969; Holdaway 1971). To
be consistent with the high-pressure data determined by
Ralph et al. (1984), we re-determined the unit-cell param-
eters of the andalusite crystal from Minas Gerais, Brazil
(NMNH R3717) using the same method as that employed
by Ralph et al. (1984). The unit-cell dimensions we ob-
tained are a=7.7939(5), b=7.8978(6), ¢=5.5544(4) A,
and V= 341.90(4) A°. Refitting the high-pressure data of
Ralph et al. (1984) with the room-pressure unit-cell vol-
ume we determined in this study results in a bulk modulus
of 151 (3) GPa for andalusite, which is comparable with
the value given by Vaughan and Weidner (1978). Regard-
less of the possible difference between isothermal and
adiabatic bulk moduli, it is evident that the bulk moduli
for the Al;SiOs polymorphs determined by the Brillouin
scattering technique and high-pressure single-crystal X-
ray diffraction decrease as the polymorphic molar vol-
umes increase from kyanite, sillimanite, to andalusite.
Figure 4, which plots V/Vj as a function of pressure, illus-
trates the relative compressibilities of the three Al,SiOs
polymorphs. The greater incompressibility of kyanite is
attributed to the nearly cubic close-packed arrangement
of oxygen atoms and the complex edge-sharing among
four distinct [AlOg] octahedra in its crystal structure
(Yang et al. 1997a).

Polyhedral compressibilities

At high pressure, the [SiOy4] tetrahedra in three Al;SiOs
polymorphs are the most incompressible units of all var-
ious polyhedra; their bulk moduli are 410(150) GPa in
andalusite (Ralph et al. 1984), 361(88) GPa in kyanite



(Yang et al. 1997a), and 367(89) GPa in sillimanite. On
the other hand, the [AlOg¢] octahedra are the most com-
pressible units in all AlSiOs polymorphic structures.
Moreover, the bulk moduli of the [AlO¢] octahedra appear
to decrease in these structures as their octahedral volumes
increase, with the largest octahedral bulk moduli found in
kyanite (~247 GPa) (Yang et al. 1997a) and the smallest
in andalusite (132 GPa) (Ralph et al. 1984), reinforcing
the conclusion of Yang et al. (1997a). Note that the bulk
modulus of kyanite is also the largest in three polymorphs
and that of andalusite the smallest. This correlation sug-
gests that the high-pressure behavior of [AlO¢] octahedra
plays an important role in controlling the compressibili-
ties of the Al,SiOs polymorphs. A similar conclusion
was drawn by Vaughan and Weidner (1978) based on
their Brillouin scattering experiments on andalusite and
sillimanite.

Angel (1988) and Downs et al. (1994) determined the
structures of anorthite up to 3.1 GPa and low-albite up to
3.78 GPa, respectively. In contrast to our observations,
they found little pressure dependence of the [AlO4] tetra-
hedral volumes or the AI-O bond distances within the
[AlQ4] tetrahedra. The rigid behavior of the [AlOy] tetrah-
edra in anorthite and low-albite is understandable consid-
ering the relatively low pressure range and the great flex-
ibility of the framework structures. However, owing to the
symmetry restriction and the configurations of two types
of polyhedral chains (Fig. 3), the structure flexibility of
sillimanite is much less than that of anorthite or low-al-
bite, especially along c¢. Hence, when subjected to pres-
sure, the AI-O bonds within the [Al1204] tetrahedron are
no longer as rigid as those in anorthite and low-albite.
In fact, the [Al204] tetrahedron [bulk modulus=
267(23) GPa] in sillimanite is nearly as compressible as
the [AlOg¢] octahedra [average bulk modulus=
247(27) GPa] in kyanite (Yang et al. 1997a).

Compressional anisotropy

The compression anisotropy of sillimanite (B,:By:Bc=
1.22:1.63:1.00) at room pressure is not as pronounced
as that of andalusite (B,:Bp:Bc=2.13:1.47:1.00) (Ralph et
al. 1984), but it is more apparent than that of kyanite
(le1] : |e2] - |&3]=1.00:1.16:1.33) (Yang et al. 1997a). Note
that kyanite is triclinic, so the unit strain coefficients of
the compression ellipsoid are used for comparison. The
compression anisotropy of sillimanite is primarily a result
of its inherent structural anisotropy and the markedly dif-
ferential compression of the AI-O bonds within the
[AI10¢] octahedron. As illustrated in Fig. 3, parallel to
¢ are not only the edge-shared [Al10¢] octahedral chains
(a common structural feature shared by all three Al;SiOs
polymorphs), but also the corner-shared double [Al204]
and [SiOy4] tetrahedral chains. Octahedral chains are
cross-linked by the relatively rigid tetrahedra through cor-
ner sharing, leaving open structural tunnels running paral-
lel to ¢ as well. Thus, the compression along a or b can be
readily achieved through changes in the interpolyhedral
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angles or relative orientations of polyhedra, such as the
out-of-plane tilting of the [Al204] and [SiO4] tetrahedra
and the relative rotation of the [Al10Og¢] octahedra in the
a-b plane. Such a compression mechanism is rather com-
mon in the case of open structures, especially when these
structures consist of relatively rigid polyhedral units (Ha-
zen and Finger 1979, 1985; Comodi et al. 1990, 1991). In
contrast, compression along ¢ requires the compression of
the polyhedra forming the two kinds of chains, which is
normally more difficult than changes in interpolyhedral
angles. Consequently, the sillimanite structure is least
compressible along ¢. The greater compressibility along
b than that along a arises principally from the noticeably
differential compression of the individual Al-O bonds
within the [Al10g] octahedron. Of all cation-anion bonds
in the structure, the longest Al1-OD bond, which lies
nearly on the a-b plane at ~30° to b, compresses most;
it is twice as compressible as the Al1-OA bond and six
times more so than the Al1-OB bond. Similar results have
also been observed in andalusite (Ralph et al. 1984), in
which the a dimension is more compressible than b, main-
ly because of the long All-OD bond lying on the a-b
plane at ~30° to the a axis. In addition, the relative rota-
tions of the [A1204] and [SiO4] tetrahedra within the a-b
plane also contribute to the compressional anisotropy of
the structure (see below).

Comparison of structural changes with pressure
and temperature

In a number of silicate minerals, structural changes result-
ing from increasing pressure are opposite to those caused
by increasing temperature (Hazen and Finger 1982). For
alumiosilicates, high-pressure structure studies of Ralph
et al. (1984) on andalusite and Yang et al. (1997a) on kya-
nite demonstrated that this inverse relationship holds only
qualitatively because of the different response of two
structures to temperature and pressure. Compared to and-
alusite and kyanite, sillimanite shows even more pro-
nounced deviation of the structural changes from the in-
verse relationship. In andalusite and kyanite, the most
and least thermally expandable directions correspond ap-
proximately to the most and least compressible directions,
but in sillimanite the direction of the least compressibility
is along ¢, whereas the direction of the least thermal ex-
pansivity is along a (Skinner et al. 1961; Winter and
Ghose, 1979) (Fig. 5). These observations can be ex-
plained in terms of different behavior of the [AI204]
and [SiOy4] tetrahedra at high temperature and pressure.
Winter and Ghose (1979) noted that the relatively rigid
[Al204] and [SiOy4] tetrahedra both rotate in the same di-
rection (clockwise) with increasing temperature. Howev-
er, the two different tetrahedra rotate in the opposite di-
rections with increased pressure, with the [A1204] tetrahe-
dron rotating anticlockwise and the [SiO4] tetrahedron
clockwise, as shown by the changes in their out-of-plane
tilting angles. According to Winter and Ghose (1979), a
clockwise rotation of the tetrahedra facilitates the expan-
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Fig. 5 Ratios of unit-cell dimensions (d/dg) vs. V/V for sillimanite.
High-temperature data are taken from Winter and Ghose (1979)

sion along b and works against the expansion along a. As
a result, the linear thermal expansion coefficient of the a
dimension at 800°C (a,,=0.19x1075/°C) is only about half
that of the ¢ dimension (0,:=0.44x107/°C). In fact, the o,
value in sillimanite is the smallest linear thermal expan-
sion coefficient in all three Al,SiOs polymorphs up to
800°C. Consequently, the volume thermal expansion co-
efficient of sillimanite at 800°C (oy=1.36x107/°C) is
smaller than that of kyanite (oy=2.42x107/°C) (Winter
and Ghose 1979), in spite of the fact that sillimanite is
more compressible than kaynite at high pressure. With in-
creasing pressure, the clockwise rotation of the [SiO4] tet-
rahedron becomes a factor contributing to the compres-
sion of the a dimension, resulting in a being more com-
pressible than c.

Burnham (1963) noted that the displacement factor of
the OC atom, which is only bonded to the Al2 and Si at-
oms, is nearly twice as great as that of the other oxygen at-
oms in the sillimanite structure. A similar result has been
observed in other structure refinements (Winter and Ghose
1979; Peterson and McMullan 1986), including the present
study (Table 2). Burnham (1963) suggested that the large
displacement factor of OC could be due to the static posi-
tional disorder as compensation for a local charge imbal-
ance on the OC atom and further proposed that a low-tem-
perature structure refinement would help to determine the
cause for this. If the OC atom has static positional disorder,
its displacement factor should not diminish with decreasing
temperature; however, if the large displacement factor ac-
tually represents thermal vibration, it will be measurably
reduced at low temperature. No low-temperature structure
study on sillimanite has been undertaken thus far. Since
pressure and temperature may be often considered as oppo-
site variables (Hazen and Finger 1982), our high-pressure
data might contain information regarding the abnormally
large displacement factor of OC. However, differing from
low temperature, high pressure has little influence on atom-
ic displacement factors that primarily represent thermal vi-

bration (Finger and King 1978); instead, it could consider-
ably reduce large atomic displacement factors that result
predominately from statically positional disorder, as found
in akermanite (Yang et al. 1997b). From room pressure to
5.29 GPa, the magnitude of the OC displacement factor de-
creases by 16(8)%, the largest decrease of all atomic dis-
placement factors in the sillimanite structure. This observa-
tion could favor the suggestion of Burnham (1963). Never-
theless, the amount of the decrease is only two standard de-
viations up to 5.29 GPa. It is, therefore, difficult for our da-
ta to rule out the possibility that the large displacement fac-
tor of OC is a real representation of thermal vibration.
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