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Thermal expansion and high-temperature crystal chemistry
of the Al,SiO; polymorphs

JOoHN K. WINTER AND SUBRATA GHOSE

Department of Geological Sciences, University of Washington
Seattle, Washington 98195

Abstract

The crystal structures of sillimanite and andalusite have been refined from intensity data
collected at 25, 400, 600, 800, and 1000°C. R factors following refinement were 0.033+.002
and 0.029+.002 for the sillimanite and andalusite data sets respectively. For kyanite 2140,
1773, and 1741 reflections were measured at 25, 400, and 600°C, and the final R factors were
0.033, 0.031, and 0.036 respectively.

Unit-cell dimensions of all three polymorphs vary linearly with temperature. Although the
unit-cell dimensions determined at room temperature agree within error limits with those of
Skinner et al. (1961), significant deviations occur between the two data sets at elevated
temperatures. All the Al octahedra exhibit considerable expansions with increasing temper-
ature. In contrast, Al- or Si-tetrahedra in all three polymorphs remain relatively constant in
size and shape as temperature is increased. Within the five-coordinated Al; polyhedron in
andalusite the four short bonds remain relatively unchanged, whereas the longest bond, Al,-
Oc, expands considerably. The orientation of the long Al,-Op bonds in sillimanite and
andalusite, which are more expandable than the other octahedral A1-O bonds, determines the
direction of maximum unit-cell expansion. The chains of fully stretched tetrahedra (and Al,
trigonal bipyramids in andalusite) restrict expansion in the ¢ cell direction for these two
minerals. The greater number of shared octahedral edges in kyanite, as well as the lack of
continuous tetrahedral chains, results in more evenly distributed coefficients of unit-cell
expansion.

Polymorphic transitions involve major reconstructive transformations. In addition, the
andalusite-sillimanite transition requires diffusive interchange of half the Si and Al, atoms.
Consequently, although metastable coexistence of two or three polymorphs is commonly
observed, coherent replacement textures are rare. The present volume-temperature data agree
well with the experimentally-derived thermodynamic properties of the aluminum silicate
minerals.

Introduction

Andalusite, kyanite, and sillimanite, the three
Al,SiO; polymorphs that commonly occur in meta-
morphosed pelitic sediments, have been the subject of
a great deal of study in the fields of metamorphic and
experimental petrology. Due to the small changes in
thermodynamic properties associated with the poly-
morphic phase transitions, metastable coexistence of
these phases is common, and the mode of occurrence
and relative fields of stability of the polymorphs are
not completely clear.

The crystal structures of sillimanite and andalusite
were first determined by Taylor (1928, 1929), using
estimated intensities from rotation photographs. The
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kyanite structure was deduced by inference from the
staurolite structure by Naray-Szabo er al. (1929).
From diffractometer-counter data, the structures of
andalusite, sillimanite, and kyanite were refined by
Burnham and Buerger (1961) and Burnham (1963a,
b) respectively. Refinements of sillimanite and an-
dalusite structures based on neutron diffraction data
have been performed by Finger and Prince (1972).
Thermal expansions of the three polymorphs were
determined by Skinner er al. (1961), using the pow-
der-diffraction technique with a heating stage.

We wish to relate the details of the crystal struc-
tures of the three polymorphs determined at elevated
temperatures to the thermal expansion data, and
thereby provide a basis for understanding the behav-
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TABLE 5 Continusd
25°¢C 400°¢C 600°¢C 800°¢ 1000°¢C
Si Ry 0.047 0.078 0.08¢% 0,102 0.112
Rp 0.063 0,085 C.0%% C.103 0,114
Ry 0.087 0.103 0.111 0,118 0.126
B 0.36(2) G.82(2> 06.77(1) G.92(13 1.0e01)
QA R3 0.068 0.093 C.3.05 0.113 0.124
Ry 0.073 0.102 0.108 0.11¢ 0.126
Rj 0.095 0.119 0.133 0,146 C.1lex
B 0.50(5) 0.87(5) 1.07(3) 1.26(3) 1.514{4)
OB R 0.055 0.084 0.096 0.104 0.3117
Ro 0.070 0.094 0.103 0.110 0.121
Ra 0.101 0.124 0.139 G.155 0.166
B 0.48(5) C.83(3) 1.03(3) 1.24(3) 147 (4
OC Ry 0.055 C.G85 0.093 0.099% 0.110
’ Rp 0.092 0.111 0.120 £.125 0.134
Ra 0.116 G.160 0.18¢4 0.201 5.219
B 0.65(5) 1.19(8) 1.52(3) 1.73(4> 2.05(5)
OD R3 0.062 C.0387 0.0%6 C.106 0.114
’ Rp 2.072 0.1056 0.119 0.129 0.132
Ra 0.103 0,137 0.153 0.166 6.182
B 0.52(3) 0.97{43 1.23(2) 1.45(23 1.71(3)
Ryanite
All By C.047 0.073 0.084
- Ro 0.075 0.104 0.123
Ry 0.088 0.111 3.127
B 0.41(1) C.75(1) 1.01(0)
A12 R 0.055 0.081 0.093
Ro 0.067 0.081 0,107
Rg 0,092 0.113 0.132
3 0.42(1 0.73(1) 0.99(1)
AL, By 0,052 C.078 0.088
N Ry 0.068 0.032 0.109
Ra 0.094 0.117 0.136
B 0.42(1) 0.75(1) 1.00(%)
AlA Ry 0.050 0.071 0.077
’ Ro 0.069 0.097 0.116
Ry 0.094 0.116 0.134
3 0.43(1) 0.74(1) 0.98(1)
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Sillimanite

Al

Si
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89.73(9)
113.3(1)
105.43(7)
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116.6(1)
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107.31(8)
110.60(8)
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25°C 600°C

82.58(7) 82.26(7) 82.29(9)

104.84(7) 105.21(8) 105.15(9)

82.74(7) 82.57(8) 82.51(9)
02.37(7) 92.43(3) 92.48(9)

173.42(7) 173.26(8) 173.4(1)
172.54(7) 172.50(8) 172.51(9)
83.76(7) 88.80(8) 88.84(9)
96.34(7) 96.47(8) 96.41(9)
90.86(6) 90.1 90.12(9)
92.94(7Y 92. 92.94(9)
82.72(7) 82. 82.60(9)
81.73(6) &1 81.45(9)

172.44(7) 172.25(9) 172.2(3)
96.65(7) 96.78(8) 96.86(9)
88.87(7) B8R.83(8) 88.82(9)
., F-C 82.98(7) 83.05(8) 83.18(%)
Y F-C 82.42(7) 82.22(7) 82.17(9)
F-3B 97.78(7) ©7.92(7) 97.96(9)
F-E. 173.01(7) 172.82(8) 172.75(9)
T-F 83,85(7% 82.756(8) 83.85(%9
G-C 101.21(7) 101.64(8) 101.8(1)
G-3B 171.59(7) 171.26(8) 171.1(1)
G~% 95,23(7) 95.09(8) 95.02(9)
G-F' 90.01(7) 89.94(8) 89.78(9)
C-B 87.18(6) 87.06(7) 87.06(%9)
C-E 91.33(7) 91i.41(7) 91.36(9)
C-F1! 161.03(7) 160.54{8) 160.6(1)
R-E 84.98(7) 84.97(8) 84.90(9)
B~ 81.76{(6) 81.58(7) 81.63(9)
E-T' 102.93(7) 103.20(8) 103.19(9)
i, B-H 82.93(7) 83.20(8) 83.33()
ToB-A 175.73(7) 175.71(8) 175.6(1)
B-A' 91.,29(7) 91.22(7) 60.97(%)
B-D 84.59(7) S&4,54(8) 84.50(9)
-E 86.93(7) 286.81{8) 86.79(9)
A 98.89(7) 98.72(8) 98.8(1)
4-D 102.23¢7) 102.81(8) 103.0(1)
o 89.91(7) &9.89(8) 89.9(1)
87.43(7) 87.42(8) 87.50(9)

170.12(7) 170.04(8) 169.5{(1)

©1.24(7) 91.29(8) Si.2(1)
96.91(7) §7.00(8) 297.08(3)
85.11(7) 84.78(8) 84.79(9)
81.76(7) 81.54(8) 81.38(9)

164.19¢7) 163.64(8) 163.4(1)




TABLE 7., Continued

25°C 400%C 600°C
81, E-D 102.30(8) 109.20(2) 109.2{1)
E-I 111,52(8) 111.51(9) 111.5(1)
BE-M 106.89(8) 106.93(3) 107.0(1)
D-4 107.89(8) 107.98(9) 108.1(1)
D-M 112.52(8) 112.60(9) 112.6(1)
H-M 108.76(8) 108.50(9) 108.4(1)
8i, G-A 112.97(8) 112.91(9) 112.8(1)
G-C 107.97(8) 107.99(S) 108.1(1)
G-X 108.27(8) 108.10(9) 108.2(1)
A~C 108.44(8) 108.63(S) 108.5(1)
A-X 106.68(8) 106.69(9) 106.8(1
C-K 112.60(8) 112.61(9) 112.4(1)
0, Ala~A14 92.57(7) 92.5578) 92.50(9)
Al,-8i,  130.60(9) 120.7(1) 130.6(1)
AL,-Si5  127.69(9) 127.6(i) 127.9(1)
0p Al -AL, 94.44(7) 94.62(8) 54.6(1)
AlT=517 95.44(7) 95.50(8) 95.49(9)
AlT-AL; 101.05(7) 101.12(8) 161.1(1)
Aly-Al,  164.31(9) 164.0(1) 163.9(1)
Alo-ALY 96.61(7) 96.67(8) 96.89(%)
ALS-AL) 93.42(7) 93.45(8) 93.47(9)
Oc Al,-Al, 97.26(7) 97.32(8) 97.28(9)
Aly-817  128.81(9) 129.1(1) 129.0(1)
Alo-8i5 126.83(%) 126.7(1) 126.8(1)
0y  AL-AL, 96.08(7) 95.12(8) 96.01(9)
Al,-8i,  129.12(9) 129.3(1) 129.3(1)
Al,-8i7  126.73(9) 1256.8(1) 127.0(1)
0 Al,-AL, 94.66(7) 94.74(8) 94.81(9)
Als-Si,/ 131.40(9) 131.5(1) 131.53(1)
AL, =81y 124.32(8) 124.3(1) 124.4(1)
Op Al -Al, S4.51(7) SL.57(8) 94.66(9)
: Ali—ﬁlg' 99.43(7) 99.71(8) 99.7(1)
ALT-AIZT 95.71(7) 95.72(8) 95.60(9)
Aly-al3 97.57(7) 97.89(8) 98.0(1)
ALS-ALZ'  161.30(9) 160.8(1) 160.8(1)
ALL-A1Z' 96.15(7) 96.24(8) 95.14(9)
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TABLE 7. Continued

25°C 400°C 600°C
0, Al -Al, 96.35(7) 96.15(8) 96.14(9)
A17-8i  126.21(9) 126.2(1) 126.1(1)
Alg—SiZ 128.35(9) 128.7(1) 129.0(1)
0, AL -Al, 96.00(7) 95.70(8) 95.65(9)
o Ali-Si, 126.69(9) 126.6(1) 126.6(1}
AL,-SiT7 127.33(9) 127.6(1) 127.7(1)
0, Al-AL 95.14(7) 95.26(8) 95.33(9)
T Al-Sin 126.67(9) 126.8(1) 126.7(1)
Aly-Sig  130.05(9) 130.0(1) 130.1(1)
0, Al-Al, 95.67(7) 95.89(8) 95.86(9)
BoAlT-siT 0 125.49(8) 125.6(1) 125.6(1)
AL -5iT  128.75(9) 125.8(1) 128.8(3)
AL, A-B" indicates the 0,-Al,-0 angle etc
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C# STORAGE

CYBER LOADEF

SED

1e3w460
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NITE . #T 25 DEGREES C PEGE
u K L FI08S) F(CALC) ALCALCS R{CALF) DELT . FACTOR

) 0 2 €3 .78 £5.65¢ ~65e655 -.3%73 -1.,771 ~11.6593 1.00¢C0

0 o 4 157,351 156,666 150. 666 LE54 =13 315 ~6145250 1.,0000 *
) o 6 29,212 29.752 ~26.750 -.303 ~ 5LC ~1.7423 1.0000

9 o e 62,107 60597 6C.593 (633 1:516 64,1736 1.0000

9 2 0 150521 12.708 12,808 074 Z,713 12,0101 1.0000

0 2 ) 4.032 4,101 -4,101 ~oCES - 086 - 1770 1.0060

9 2 2 22.263 16,668 ~18.661 572 4,195 21.6300 1.0000

0 2 3 6377 €017 66017 083 36 2. 0410 1.00C0

9 2 4 G,U13 2.056 £.096 .023 2917 504600 1.00CC

0 P 5 1,160 * 351 c34E ~, 058 J78 <9534 1.00CC % 4
o ? 6 132 7.512 7698 AN L320 7. 0846 1.0000

n 7 7 552 4567 LeBGT RLES -.018 - 0570 1.00C0

a 2 6 70 3.060 2,860 010 1.71¢ £.6633 1.0C0C

0 ¢ o G 20,165 20.165 — 148 i.02¢8 4,6998 1.0000

n 4 ) 2 66608 €608 D052 -.10% -, 60693 10000

o “ 2 3 51.75°P G1.756 677 “1.727 ~Bo 4612 1.00C0

0 4 3 92 10870 ~10.870 -. 075 ~e37€ -2.2980 1.00CC

5 » 4 06 7.239 7.237 137 -1.633 G hBTY 1.000¢8

0 4 5 76 # (948 2545 074 LY <£3286 1.0000 @
o & 6 739 48,787 48, TBG (583 «2.04¢ “6e 4386 1.00C0

0 ‘ 7 7.560 R.025 ~8,025 -0t - 065 ~e3456 1.0000

0 4 g 1410 3 <787 <779 ~.108 623 < €187 1.00CC

B 6 0 55 858 56,958 564,952 L815 .50¢ 3.7135 1.00¢C

0 6 1 £.003 8.497 §.497 -022 - 453 ~2.€106 1.0000

0 € 2 24,111 254176 ~25.174 -.290 ~1.065 ~3,7506 1,006CC

2 & 3 1109 * 1.037 ~1.037 £023 (072 .0913 1.000C o %
0 6 4 42,553 43 .862 43,876 .757 -1.326 4 4966 10000

0) e 5 Beb4l 2,808 8.808 -.010 - 166 ~1.0906 1.00C¢

0 6 b 13,762 14088 ~14.086 -.249 - 578 ~3,C684 1.0660

0 & 7 1.375 4 7.067 20067 . 020 -e722 -~ 7348 1.66C0 %
0 & 0 19.439 19.164 196163 (202 (274 1.3799 1.00¢C0

6 2 1 3,305 3.517 3.516 -.069 - 212 - 414 1.00C0

0 8 2 26,657 254586 25,385 .23 -.526 ~3.9263 1.00C¢

o f g 6,678 7.325 ~7.32% 067 - 447 -2.,4684 1.0000

0 8 4 13.8641 14,102 14.101 J1R8 =261 ~1,6818 1.0000

0 8. 5 2.113 % 1.784 -1.783 -.060 2329 e5437 1.,0000 *
0 8 6 15,062 15.998 15.996 (244 -.G3¢ -5,1052 1.0000

0 10 0 3,661 3.764 ~3.758 -.219 ~.102 -e2721 1.000C

0 10 1 5.316 5.120 5.11% 008 196 <7353 1,000¢C

o 10 7 33,168 33,943 33.937 L6h2 © o778 “2.6412 1.G000

0 10 3 1.386 % e743 727 -.003 643 L E4GT 1.00CC

o 10 4 3,171 3.060 ~3,054 ~.203 L11¢ c239% 1.0000

1 0 1 12630 12.312 12.312 078 <318 13797 1.0000

1 0 3 2,673 1.902 1.901 -, 075 $771 2.8582 1.000C

1 0 5 9.521 9,766 G, 766 L0689 -.245 ~1.,4202 1.00CC

1 0 7 1,703 % 24491 2.490 —.082 -,788 «1¢1609 1.0000 *
1 1 0 26132 25.028 25.028 071 16104 86461 1.00CC

1 1 1 44960 615 615 L027 4e345 10.2230 1.00CC

1 1 2 62.386 ¢4 0190 64,188 c&T9 ~1.803 -11.2127 1.6000

1 1 3 9.123 8513 8,813 -.026 0310 1.€859 1.0000

1 1 4 13.623 14.082 14.082 0066 - 459 22,5065 1.0600

1 1 5 4,561 54021 5.021 .025 ~ 460 -2.1569 1.000C

1 1 6 32.383 31,932 31.929 0413 0452 14802 1.00C0




GTLLIMANITE (SRANDYWINE SPRINGS. AT 25 DEGREES C PAEE 3
H K L £ FLCALC) AL{CALCY BICALCY EACTOR
1 1 7 5,491 5,431 §.431 . CE $2612 1.06000
1 1 & 5,993 6.160 26160 - 187 A 1.000C
1 2 0 2,011 £2.860 82.958 ~oC4E - 23502 1.06CC
1 2 1 7.690 7.773 7773 210€ £ 4370 1.0000
1 2 2 £6.967 £8.057 ~86.056 «1.07¢ 56,2813 1.00C0
1 2 3 2577 26352 ~2.352 c22° CT60E 1.0C0C
1 2 4 4e,823 49,837 4G, 235 ~1:C14 “4,2638 1.0680
1 2 5 7677 8,238 ~8,238 - 567 -3,7438 1.00CC
3 5 . 40 .033 40,710 ~4 (0,708 - ETE -2.7122 1.00¢C
1 2 7 3,142 2,714 7713 $43C 1.153¢ 1.06C0
1 ? & 23.517 27.935 27.932 (582 24750 1.0000
1 3 0 45,312 46,291 46,287 ~.58¢C 5,833 1.00C0
1 2 1 T 54825 5,835 <308 1.6812 1.60CC
1 3 2 2,672 34379 ~3.378 - G0 ~2.9970 1.660C
1 3 3 2.210 2.127 ~2.127 0B 4 22178 1.0000 %
1 3 4 36.501 36,325 36,321 - &24 ~3.2562 1.000C
1 E 5 5,782 6.529 o529 - 747 64,2665 1.€0C0
1 3 & ?2.834 3,105 ~3.10¢4 -.271 - 7240 1.00CC
1 3 7 2.510 3.21% ~3.214% - o404 - G034 1.00CC
1 3 8 20.204 20150 20.184 W77 .Cl4 L0728 1.0000
1 4 0 2375 1e244 1,189 - 363 1.131 3.2311 1.00CC
1 2 1 2,078 2.021 -z.821 - 03] e257 1.0468 1.000C
1 & 2 27047 26,719 28,717 357 -.872 ~3.7997 1.00CC
1 4 3 6+737 74195 76194 <030 ~ o457 264961 1.00C0
1 8 4 7.058 6aTh —fe ~¢ 337 o584 3,9525 1.6CCC
1 4 5 1.155 % 16399 1 - 027 ~o743 2949 1.0000 ¥
1 4 & 16et12 164996 16 .307 -o384 -2.2720 1.000C
1 4 7 6.011 5.617 5 c028 $164 <£603 1.00CC
3 4 8 3,10% 4362 -4 ~e 769 “1.16% ~2.6017 1.0000
1 & 0 10,528 6,190 q 180 1.337 72960 1,060
1 5 1 7.021 6751 & - 022 EL 1.3035 1.008C
1 2 60,071 706465 70 c344 w2424 104570 1.000C
1 3 1.211 * 1.300 -1 L0622 ~oCEBS -e1119 1.0000
1 4 Sehak 84200 & L1168 243 1.7442 1.6000
1 5 5 5,110 5.623 5 -.018 -4713 ~3,2599 1.00C0
1 5 6 34,795 36,164 36 297 ~1.37C ~3,9392 1.00CC
1 5 7 30141 1.546 1 L0179 1.56% 23,7676 1.000C
1 o 0 25,354 25469 -25 - 153 -.C9E - 3444 1.00CC
1 & 1 2.820 3,022 3 <083 - 6102 ~¢5150 1.00CC
1 & 2 1.172 % 1.630 -1 <151 - 45€ ~e 5460 1.00C0
1 6 3 5,509 5.489 -5 ~.050 .07¢ L1096 16000
1 & 4 17.762 170744 ~-17 o142 <018 <0898 10000
1 & 5 1.226 2902 L074 328 .3711 1.006C
1 & 6 1.332 529 <1390 803 cBH4L 1.60CC
1 & 7 50457 4,735 -4 ~ 056 .722 2.76878 1.00C0
1 7 e 2645858 300424 «30 -, 018 “le56€ “5,4258 1.00CC
1 7 1 6,677 6756 e . 045 ~e319 ~1,8982 10000
1 7 2 46639 47684 47 <514 =1.025 “3.6268 1.0060
1 7 3 6804 7455 -7 - 042 -.651 ~3,7213 1.00C0
1 7 4 200424 21.194 -21 - 016 = o770 ~3,7847 1.00CC
1 7 5 3,108 3.534 ,041 - 426 «1,0475 1.00C0
1 7 6 27858 28,952 28 $643 -1.094 ~3,9716 1.00C6
1 5 0 27,498 360406 366404 st 1.092 3.6211 1.00C0




SPRINGS. AT 25 DEGREES C STRYCTURE FACTORS PAGE 3

H L FEN8SH FLCALCY ELCELCY BLCALCH DELTA T DELTA/S .

1 o 1 2,043 * 2+060 7.059 2182 « 3REG L.0CC0 ko
i & ? 13921 i3.862 ~13.855 LGS « 4223 1.0CCC

1 g 3 7.592 -820 ~:819 1.772 £.2325 1.000C

1 & 4 26,359 272899 27:896 ~1l.544 -5 EELS 1.000C

1 8 5 1.34, % 2.012 2.012 0 = &5 - 6311 1.00CC
1 & « G601 G.0786 ~GL, 068 <o 2TL ~ebl5 ~2eb%55 1.006C¢C

1 G 0 37197 37117 37113 . 511 «C8C 02408 1.0

1 G 1 1,293 % 976 ~e Q76 - 022 2 21¢ 34258 1.00C0C  # #»
1 G 7 16,227 1451E 166518 ~038 -eZS1 —~1.6305 1.00CC

1 G 3 2782 Le2h1 1,241 022 1.54¢C 3,4009 1.000C

1 G 4 28460 265387 28,983 o hTh “s 527 ~1.6960 1,00CC

1 G 5 1,063 % 207 ~206 ~eC18 1.777 2+5613 1.0000 # %
1 1o 0 26707 25.599 ~25.5986 -.193 N eps 2e 4GB0 1.000¢C

1 1¢ 1 €e34H 5931 5.931 ~. 032 41E 17657 1.0000

1 1< 2 BTG99 9.0C4 ge.002 <191 ~eZ0E ~1.1261 1.00¢¢C

1 10 3 56349 5.072 ~5.072 2031 0217 1,0084 1.0CCC

1 10 4 20:.797 20:4G5 AL ~e179 «302 15694 1.000C

1 i1 ¢ Tet3 5480 EabTh 0 266 “ e (&R ~e1673 1.000C

1 11 1 G040 3,900 -3.,900 ~e 031 s 140 3654 l.C0CC0

1 11 2 Be217 5.070 T 0006 ¢ LRS 14T 05000 1.000C

2 o) 0 33¢R51 32.010 32,010 <038 1.841 11,7933 i.cCCC

2 0 Z G4 RET 464 547 L4y 545 e 45% . 30C 1.7265 1.00cCC

2 0 4 17428 17432 174431 «CRY ~.C04 - 0170 1.0¢CC

2 0 6 27150 26463 26461 301 687 3.0413 l.00CC

2 G 8 6,878 be469 Lo & 69 072 c40E 1.7R09 t.00CC

2z 1 e 88090 QL obED ~GheOYA - 500 “&.58% 4T €027 1.0C6C %
2 1 ] 7.8022 7312 -7Te212 - 027 «57¢C 22633 1.0000

2 1 2 5eb 34 1,505 - 420 ¢ 59T G129 247642 1.00CC

4 1 3 £.140 6.28% 6285 027 —e 796G3 1.000C

2 1 4 46093 54950 =56 948 = ATL =~ BB7 =3 6245 1.008¢C

2 1 5 1,127 % 1575 ~1eB7E =024 =obh ¢ ~e 5565 1.000C

2 )3 & 11918 11659 11651 629 <26¢C 16263 1.00CC

2 i 7 4,225 363060 3.366 G2z Mage 28308 1.0GCC

2 1 8 ?74.309 23.354 ~23.351 ~e370 «G5E 40773 1.00¢C

2 2 0 64,999 £3.801 £2.800 <251 1.198 Teti22 1.00¢CC

2 Z 1 5ot 40 5ettT Fe&hb <059 -, CC7 -o 0336 1.000¢C

2 2 2 12828 12514 1263512 2198 «314 1.7035 l.00CC

2 z 3 46391 4o282 ~4.282 - 056 <106 « 2052 1.00C0

2 2 4 38666 39.646 3C.645 326 - 98L ~3.9108 1.00CC

2 2 5 3989 3325 3,328 <053 N 28219 1s00C0C

2 z 6 9.790 9,473 G./7T1 172 « 317 202348 1,0C60

2 z 7 3.269 2.422 ~2:422 ~a Q&6 B4 E 21887 1.00CC

2 2 e 18095 17.174 17.172 2267 G231 5,0867 1.6000

2 3 0 65125 610620 61.620 -¢100 3,505 19,8908 3.00CG

2 3 1 15750 14,567 =1&e567 066 1.183 5.0515% 1.00CC

2 3 2 T.960 76207 7.206 099 <76¢ bo b2 1.00CC

2 3 3 565064 5.529 £.529 ~.063 032 1.00CC

2 3 4 26,910 29632 29631 -, 083 =Z2:121 -9 1.0C0¢C

2 3 5 8.213 8,200 ~E4200 <059 <012 1.00CC

2 3 & 4,080 30312 3310 2085 o168 Ze 1.0000

2 E 7 1.336 % 798 -~ 796 <. 052 538 1.0000 %
2 3 8 11.896 11.220 11.220 -~ 074 ETE 4 1.00CC

2 4 0 6241066 60,870 60.869 387 - le29%€ 6 1.00CC
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PAGE

w

3 H K L CL0BSY FACALCY A{CALCS B{CALCH DELTA

EXT. FLCTCR

3 0 3 4,793 4 408 4408 036 J3R3 107775 1.00¢
3 o 5 5.918 50521 £.521 ~e 022 L3971 ze2221 1.060C¢
3 ¢ 7 5,438 5,129 5.139 EN .29 i.1928 1.000C
3 1 ¢ 120297 15.658 15,647 CA00 ~3,267 ~18:2941 1.00CC
3 ] 1 4,715 4,908 4,907 . 0837 —192 “eG6H9E 1.0000

oy 3 1 2 3¢,213 27,659 37.659 ~ 045 1554 7.8201 1.00CC

i 3 1 3 4,055 3.257 ~3,256 084 .798 5.3069 1:006CC

q 3 1 4 23.91¢ 22.3¢€8 22.381 <557 7.530 5,4854% 1.0000

3 1 7 7.555 74753 “~7.753 -~ 077 ~.19% ~1.37 1.000CC
1 6 12,462 13.609 13,600 -.038 ~e117 - 655 1.000

3 1 7 5.378 2.677 “2.672 <059 L7058 1o61 11,0000
3 ] £ 12.366 12495 17487 s ~.107 - 6763 1.00C0
3 2 C 26040 28,414 28,613 $196 J707 41078 1.09CC
3 7 1 £e150 5,576 5.976 (009 W174 e 9402 1.000C
g 2 2 39.765 40,109 0,109 191 o244 ~1.6533 j.0CCC
3 2 3 10.655 10,707 C.707 -, 009 — 051 - 2760 1.00CC
3 2 4 18,770 19,604 S 603 S1R2 -, 834 ~3,8513 1.06C0
3 2 5 2.005 % 1.311 “1¢31] 009 NE 1.,4097 1,00CC  * =%
3 2 18 19.117 19,352 -19.352 - 165 “l23% ~1.17.14 1.00C0
3 2 7 6ok 5E 665 ~6.657 - 0N7 ~.19¢ - B8l 1,00CC
3 7 8 9,557 9 9,450 Q165 L10¢ LE73 1.0CC0
3 5 0 34,636 3% -34,341 ~¢300 $294 14215 1.,0000
3 3 1 3h58 3 3,610 .009 -.152 - £427 1.0000
3 3 2 106,051 110,295 110292 829 “2o24% ~10. 6609 1.00CC
3 3 3 1,174 * 2,553 2.552 8 “1.37% Y 1.00CC % #3
3 3 4 23,7269 244340 24,338 278 1,071 ~3, (955 1.000C
5 2 £ 4,852 5 5466 ) -l 632 -“2.7667 1.00CC
3 3 & 59,787 58 58,974 & - £93 1.06CC
3 3 7 3.511 3.539 2.53% “. 006 -o078 1.0000
3 3 & 12.809 11.975 ~11.97%2 221 (B34 1e
3 4 0 10.517 8.725 §.724 —.146 2.092 : 1e
3 4 1 7.968 7.929 7.928 .03z 03¢ L1571 1.
3 4 2 15.013 15.275 15.275 c145 “.262 164208 1s
3 4 3 3.104 1.874 -1.873 -.031 1.231 3.6514 1s
3 4 4 1.035 * 2.863 2.860 ~e136 ~31,07¢ ~1.6887 1.000C %
3 4 5 7.228 7300 7.29% .02% - o071 e 4250 1.000C
3 4 6 8341 8,230 £,229 2125 L1131 CE62H 1.00C0
3 4 7 2,653 * 1.367 1.366 -, 025 1.28¢ 2.5117 1.0006 * %%
3 5 o 31,916 30,469 30,467 c401 1o447 5.5624 1.06CC
3 5 1 4.952 4,653 4 o653 .082 L2586 1.3273 3.0CC0
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STLLIMANITE (BRANDYWINE TPRINGSe AT 25 DEGREES C © STRUCTURE FACTORS PAGE 11
WK L FLORS) FICALC) AECALC) BACALC) DELTA F  DELTA/SIGHA  EXT. FACTCR
7 5 0 4 4.150 4.148 <126 .25¢ 8923 1.000C
7 5 1 5 5.661 5.661 - 032 ~.085 - 3647 1.0000
7 5 2 45 46,268 46,266 (372 “o 645 ~1¢9693 1.000C
7 5 3 3 2.6506 ~2.656 032 J71¢ 1.7797 1.0000
7 5 4 3 2914 2.912 (117 <9532 1.00¢CC
7 5 5 5 5,388 5.383 -.028 <9816 1.0000
7 6 0 o 6.138 6,138 - 022 (1171 1.00¢CC
7 6 1 15 15.249 154249 148 -e9174 1.00C0
7 6 2 8 8e425 8e425 028 -.9827 10600
7 6 3 11 11.608 ~11.687 ~e141 -.058 ~e5679 1.00CC
7 S 5 40683 4.683 ~.021 +535 1.7395 1.000¢
7 & 5 12 12,205 12.264 0133 194 161868 1.0000
7 70 29 29.817 -29,816 ~e16% -.219 ~e5833 T.ccce
77 ) §.81 8.687 8.887 £ 0635 “eC77 - 4016 1.0000
7 72 41135 41,974 41,969 (634 ~.839 ~2.2739 1.0000
T 3 §.932 8,962 ~£.962 - 061 - 030 ~¢1509 1,00C0
7 7 4 74,966 23.999 ~23,998 ~.153 0968 3.9337 1.00CC
7 8 0 3,603 2362 -.340 1723 3,441 BoER42 1
7 8 ) 1470 * 2.513 2,513 ~.026 ~1.043 ~.9932 1.0060 # *#
7 3 2 15,0585 12.725 ~12.725 ~e113 ~$330 1.6503 1.000C
7 ¢ 3 1,487 % 2.970 ~2.970 <026 ~1483 ~13968 1.0000 * %%
7 g 0 26360 354360 35,354 536 1,500 3.7632 1.0000
791 10695 % ¢319 317 - 031 117¢ 1.1014 1.0000 %
8 ¢ © 66,675 £7.849 67.848 482 -1.175 ~3.9735 1.0000
8 0 2 3,437 44516 4e516 <040 ~1.084 ~2.9473 1.0000
S 51.063 51469 51.467 449 - 40 ~1.1796 1.0000
B0 6 b6 17 1.936 1,935 035 2.€61 7.5631 1.0660
CON 0 26,401 26,245 ~ZEe242 ~et40 .15 <4722 10006
8 i 1 11.%39 114355 ~11359 - 070 -.02¢C ~e1231 1.0060
2 12 23.87% 244169 44145 433 - 274 ~16120%7 10000
8 i 3 9.764 106057 10.057 669 - e294 ~1,7867 1.00CC
g 1 4 20,769 204626 -20.622 “e408 cléé 7056 16060
8 1 5 8141 7.730 ~7.730 - 061 “e411 1.9860 1.0000
8 1 6 15455 15.060 15.056 <373 049 248959 1.00C0
3 e 0 9.972 o368 Be360 178 1.604 10.1205 1.0000
8 2 1 7540 7.537 7.536 115 ~6004 0209 10000
3 2 2 4,060 3,654 3,638 €335 <406 1.3259 1.00CC
8 g 3 4,974 50078 ~5.077 ~.110 -.104 ~e3774 1.0600
R 2 4 60662 6.925 6.923 166 - o264 ~141372 1.000C
e z 5 6ot 35 6327 o327 103 107 <4155 10060
8 2 6 2,551 % 2,555 2.538 .28 ~.004 ~.0061 1.0000 % *%
8 30 50630 5660 5¢603 ~e080 6027 e1211 1.0000
&3 1 2,498 * 14563 ~1.556 140 PCEL 1.9425 1.0000 % **
8 3 2 4¢833 4.781 ~4s 761 <082 0052 <1870 1.000C
5 3 3 2,019 * <985 <976 -.133 1.034 1.5360 1.000C * *%
8 3 4 4.901 4e429 4,428 - 074 o472 105051 1.0000
8 305 1,455 * 588 ~e574 126 867 ¢5350 1.0000 #
8 4 0 16,009 16,097 16,096 <099 -.CBE ~e4693 1,0000
5 4 1 6.869 64908 ~6¢907 =079 -4035 -01926 100000
8 & 2 37,967 38,337 384334 «401 ~ 4370 ~1.0714 1.0000
8 4 3 3,434 30516 3,515 <077 ~.082 ~+1911 1.0000
8 4 &4 120458 2.154 120153 092 304 1.7859 1.00C0
8 4 5 64909 6.811 ~6e811 =070 +6097 <3979 10000
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5 GEGREES € STRUCTURE FACTORS PAGE 13

=
=
e}

iy

H K L F(nes) FACALC) A{CALCY CLCARLCY DELTA F DELTA/SIGHA EXTs. TACTCR

10 3 1 2 % 20110 2.107 105 e 457 7606 L.00CC
10 1. 2 3 10.872 ~10.872 043 161 11367 1e00CT

10 1 3 4 3k 1,234 ~12390 =100 «24C 02276 leCOCC =
10 1 4 63 Beb24 =Bab 24 =039 2340 1. 5951 1.000C

10 z ¢ 1.33¢ 22.06% 22,0861 4632 =e 128 ~Z.,0010 1.006¢

19 2 1 3,357 3,350 3249 «ORE 007 L0165 1.0000

10 fa 2 .023 86356 2.359 <037 =337 ~1e5384 1.00C0

10 2 3 2565 3158 =3:157 - 084 -S4 =.5182 1,06G60 & %4
¢ 3 0 14.772 14665 14665 —o 020 «C77 e 4330 1.00CC

10 3 1 16.87% 16879 -165e8 - 18§ -, Q0% ~, 0784 1.000C

10 A 7 he723% 4,191 fre . 0724 (532 1.5516 1.0060

10 3 3 13628 134525 135 178 103 L6322 1.000¢

i¢ 4 34859 36.284% Jbe 0592 ~1e42% ~3:5555 1.00C0

10 % i Gl 72 §.951 ~£.9 ~-e 08I 271 « ROGE 1.0000

10 4 A 8379 7994 =76 —e 101 e 2BE L7986 1.00CC

in o 0 2519 7 093 Y <059 2.42¢€ 2.86411 10000 =
10 4] 1 4,248 3.609 =30 e 042 «£3% 18790 1:0000

11 ¢ 1 3755 3.047 =30 e 20 e {07 1.6571 10000

11 1 0 12232 13.037 13030 « 430 “ 806 o AGHD 1.05CC

11 1 1 5:.604 5.5G9 5.599 s 083 005 « 0169 1.00C0

11 1 2 10.324 10754 1C.T754 08T ~e430 =2.2558 1.00CC

11 2 0 21.211 21:874& ~21.871 —-e 342 -o 062 -2 8720 1.000¢C

11 2 1 Gefi 15 9215 G214 <091 200 « 5953 1.0C0C




STARDARD DEV

OF UNIT WEIGHT 0BS

3,80

RANDYWINE SPRINGS. AT 25 DEGREES C RESULTS GF STRUCT FACTOR
| S RUHERATOR DENOMINATOR NUMBER R
1
| WEIGHTED R 1335383 7158729.14 659 LG43
i UNWELGHTED R 403,97 $822.30 659 041
FANGES OF F(OBS)
3739.33 G20855.41 430 084
154422 1142885,87 105 <037
54115 1048900.95 4% 0212
96742 142269721 17 026
: 27934 66360821 6 S017
2363.39 99352477 4 649
113666 26346862 1 <021
3765632 402767.91 1 L0897
PANGES OF (SIN(THETAI/LAMBDA)#¥2
| 519626 223234990 33
4 ~,ga,uw 1813287.90 56
i 977410 792730, 78 67
wmq.qﬁ 672276437 )
506694 407768414 @0
352,70 £43261.88 o8
46858 44793916 133
692437 369125.92 113
UMREJECTED REFLE
WEIGHTED R 7103.74 6369655 ,.55 557 .032
EIGHTED R 269,52 9368306 537 03
RANCGES OF F(OBS)
3542044 919946682 260 062
1564422 1142985.87 165 <037
541615 104890099 &5 2023
967042 142269721 17 .026
279034 §63608,21 6 $017
115,512 58814767 3 014
113666 263468682 1 021
QOQ hOQ O P.ms
RANGES OF (SIN(VHETA)}/LAMBDA}®#2
2928039 1826972951 37 <040
979,65 1410459,18 50 <026
961687 79269866 56 <035
361083 672106108 67 2023
460,92 407595,89 71 .034
239,83 443159619 f .028
417060 467745,15 89 .031
653065 368918,5 83 0063
SUM FCAL 974B.97
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The thermal expansion and the high temperature crys:tal chemistry

-»,V J i ma a 1S
of .;quow polymorphs

John . Winter

7

and

Subrata Ghose

Department of CGeological Sciences
University of Washington

Seattle, Wachingten 98195

Table §. Sillimanite, andalusite and kyanite: observed and
calculated structure factors at various temperatures.
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The thermal expansion and the high temperature crystal chemistry
2 g I y 3

of >vawow polymorphs

Jehn K. Winter
and
Subrata Ghose
Department of Geological Sciences

ci
University of Washington
Seattle, Washington 98195

\©
Table §. Sillimanite, andalusite and kyanite:

e: observed and
calculated structure factors at various temperatures.
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STLLIMANITE (BRAMDYWIME SPRINGS. AT 600 DEGREES C RESULTS 0F FACTOR CHLCULATINNS
1 ALL REFLECTIONS NUMERATCR DENOMINATOR NUMRER R
WETGHTED R 10290.2¢ 6E3700C,55 661 L 036
- UNWEIGHTED 392,27 E6T3.66 661 045
PANCES £{083)
5 3271.40 3 76 505 062
i 1423.C7 G472 35 g3 L0336
660.26 10; 83 27 .02%
! 839,56 123340%.19 14 .0z¢
377.91 115659669 7 018
, 57¢ B4 G520G7.52 3 .025
6048 26217852 1 (0158
3INTELEL 412022.68 1 LORE
PANCES 37 (SIMITHETAY/LAMBDA}#%?
3134.27 2612865,09 26 L03¢6
3971.44 1810921.26 55 047
68864 T4REG2,96 €7 L03C
485,53 £75794,10 €7 L0269
iy 567,98 32672653 87 042
- 349,08 378722.57 104 L03C
41006 342617040 110 .03%
662,98 23036C.67 112 .052
UNREJECTED REFLECTIONS
P 69E3,00 6423122.52 500 L0323
UNWETGHTED ® 275,65 8261.06 500 L0332
EANGES OF F(ORS)
2942.€5 B4 R1ICE. &3 3Eg OFG
1423.07 94728635 Q3 . 039
660630 1020445,83 2 <025
839,56 1232409,19 14 028
377.91 115956869 7 «01E
57884 C570G7.52 3 L 025
650:48 26217852 1 .015
.00 .00 s 000
PANGES OF (SIN(THETAY/LANBDA}®#*2
3121.1¢ 2612632,65 ER L03E
AR5, &9 1398823.726 4G 025
66372 748597.44 =5 03¢
429,67 E75560,22 €6 027
528643 326504.62 £6 « 040
318453 379423.41 2 £ 029
363,55 342532.84 &0 .023
572,31 238B4E,07 73 2049
SUM FCAL 8553,24
STANDARD DEV QF UNIT WEIGHT 0BS 3.86
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bosILLI 'TNE SPRINGS. AV 600 DEGREES C STRUCTURE FACTORS PAGE 1
j H K i F{0BS) FICALC) A{CALCY B{CALC) DELTA F DELTA/SIGHMA  EXT, FACTCR
] 0 < z £7.536 £3.712 ~63,710 ~.348 ~1¢1758 -8, 4851 1.000C
: 0 0 & 130,200 140,702 140.700 <808 ~10.502 ~53.0573 1.00CC =
| o o 6 24,387 23.851 «23.850 - 265 £536 1, 8632 1.0000
C 0 5 48,0323 45,654 46,650 L5458 1.376 £.1399 1.0000
0 2 G 15:56% 13.221 13221 <030 2343 11,4636 1.0000
0 - . 4,310 4,536 —4 o535 ~ 065 -.225 - 5396 1.000C
o 2 2 22.57" 16624 ~18c617 L5072 3.951 22.1377 1.0000
0 2 3 62311 6,168 60168 L0872 L1432 L €383 1.60C0
6] z 4 Te31E 663Gl Gedtl 0728 <977 58275 1e£0CC
¢ F: 5 1.045 056 L0110 - 056 LGBE 1.324% 1.000¢
0 z 6 8.207 G 015 €.008 SARE .187 13517 1.060¢
o 2 7 561 4,121 412 L0649 L340 1.3952 1.0006
0 F @ Z.h91 1.696 1.696 021 LT85 1,6293 1.00C0  #
0 4 0 21.220 19,147 19,142 “e152 2.078 10,4979 11,0000
o 1 G211 6e217 6.217% 081 - CUE ~e 0355 1.0000
0 2 87,435 €8.736 £6.7 34 YA 1301 65528 1.0000
0 4 3 9.86¢ 10109 ~10.10% - 076 - 211 -1,2169 1.6060
0 ¢ 4 4,127 5oh5T 5,456 ~.133 «1 ¢330 -6 4T06 1.0000
0 4 5 1.078 # 1.05% 1.053 L070 .022 L0302 1.0000 =
0 4 &6 41.029 43,162 42,159 e 498 “2.133 ~7.3030 1.00¢
o 4 7 6.707 6,633 by 633 -~ 056 <069 <3641 1.000C
o 4 8 1.283 * c286 - 2T ~. 087 (597 1.0885% 1.00CC % %=
G 6 0 g 47 537 G7e552 CT27 723 3.2471 1.0000
o 6 1 2 6.928 6.928 - 020 “-e202 ~1c.1201 1.0000
0 6 Fi 21 23,051 ~23,050 - 286 3491 ~5,.5¢812 1.0000
o 6 3 1 & L2084 - 703 L0020 772 1.0G235 1.00CC
0 6 4 34 25680 L 67 L6730 - GEZ ~3.5208 i G
0 & 5 6 6863 e e G14 - 024 -.1513 1.0C00n
o 6 6 10 11.047 o 195 - 601 2152 1,000
0 6 7 z # 19186 9 L01& 759 16910 1.0000
0 8 0 18 17741 L1686 0G24 4,1476 1.000¢
0 4 1 1 * 1.836 - 066 .08% 1822 1.,0000 % %%
0 & 2 20 21.389 207 T84 -2, 5360 1.0000
0 € 3 4 4,805 064 -~ 498 -2,0929 1.0006
0 g 4 11 12179 12 e 164 - s251 ~1.6675 1.0000
0 & 5 2 # 2247 —2.247 - 055 e 268 5770 1,00C0 % =
0 g 6 12 124513 12,517 .161 -.215 ~1.5675 10000
o LG 0 6 6.70% ~6e 70 -, 182 - 056 “ 2796 16000
0 10 1 4 4,397 4,395 L081 .153 L5490 1.0000
6 10 2 25 26.254 26,249 457 -s205 “1.2280 1.0000
¢ 1G 3 Zs * 1.053 ~1.051 ~ 074 1.267 2.4299 1,0000 =
0 10 4 7 5,455 55653 w159 2,019 106645 1,00C8
1 0 1 12 12,073 12.07¢ L0777 W 558 26712 10000
1 0 3 2 2,009 2.008 - 072 604 2.1814 10000
1 Y 5 675 8.831 8,831 L0668 - o077 -~ %991 10000
1 G 7 2,918 2.128 2.128 -~ 055 <790 7.1609 1.00CC
1 1 0 25.231 23,7586 23.758 L0686 16473 1263756 1,0000
1 3 1 5,263 1,091 1,091 $029 40172 5.2068 1.0000
| 1 ? 6leb1é 62.322 62.320 e G73 - 708 -4 B159 1.0000
1 i 3 8338 8,265 8,265 -,027 «073 6563 10000
1 1 4 13.619 14,066 14,065 060 o6 7 “Zo1761 10000
1 1 5 4585 5,056 5053 .025 “ o469 ~2.4895 1.00C0
1 1 s 260454 26,936 26,932 2366 o 480C «1,6636 1.0000
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