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PREFACE

The purpose of this Handbook is to provide, in highly accessible form, selected
critical data for professional and student solid Earth and planetary geophysicists.
Coverage of topics and authors were carefully chosen to fulfill these objectives.

These volumes represent the third version of the "Handbook of Physical Constants."
Several generations of solid Earth scientists have found these handbooks to be the most
frequently used item in their personal library. The first version of this Handbook was
edited by F. Birch, J. F. Schairer, and H. Cecil Spicer and published in 1942 by the
Geological Society of America (GSA) as Special Paper 36. The second edition, edited
by Sydney P. Clark, Jr., was also published by GSA as Memoir 92 in 1966. Since
1966, our scientific knowledge of the Earth and planets has grown enormously, spurred
by the discovery and verification of plate tectonics and the systematic exploration of the
solar system.

The present revision was initiated, in part, by a 1989 chance remark by Alexandra
Navrotsky asking what the Mineral Physics (now Mineral and Rock Physics) Committee
of the American Geophysical Union could produce that would be a tangible useful
product. At the time I responded, "update the Handbook of Physical Constants."” As
soon as these words were uttered, I realized that I could edit such a revised Handbook.
I thank Raymond Jeanloz for his help with initial suggestions of topics, the AGU's
Books Board, especially Ian McGregor, for encouragement and enthusiastic support.
Ms. Susan Yamada, my assistant, deserves special thanks for her meticulous
stewardship of these volumes. I thank the technical reviewers listed below whose
efforts, in all cases, improved the manuscripts.

Thomas J. Ahrens, Editor
California Institute of Technology
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Crystallographic Data For Minerals

Joseph R. Smyth and Tamsin C. McCormick

With the advent of modern X-ray diffraction instruments
and the improving availability of neutron diffraction
instrument time, there has been a substantial improvement
in the number and quality of structural characterizations of
minerals. Also, the past 25 years has seen great advances in
high pressure mineral synthesis technology so that many
new high pressure silicate and oxide phases of potential
geophysical significance have been synthesized in crystals
of sufficient size for complete structural characterization by
X-ray methods. The object of this work is to compile and
present a summary of these data on a selected group of the
more abundant, rock-forming minerals in an internally
consistent format for use in geophysical and geochemical
studies.

Using mostly primary references on crystal structure
determinations of these minerals, we have compiled basic
crystallographic property information for some 300
minerals. These data are presented in Table 1. The minerals
were selected to represent the most abundant minerals
composing the crust of the Earth as well as high pressure
synthetic phases that are believed to compose the bulk of the
solid Earth. The data include mineral name, ideal formula,
ideal formula weight, crystal system, space group, structure
type, Z (number of formula units per cell), unit cell edges, a,

J. R. Smyth, and T. C. McCormick, Department of Geological
Sciences, University of Colorado, Boulder, CO 80309-0250
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AGU Reference Shelf 2

Copyright 1995 by the American Geophysical Union.

b, and ¢ in Angstrom units (10-10 m) and inter—axial angles
a, B, yin degrees, unit cell volume in A3, molar volume in
cm3, calculated density in Mg/m3, and a reference to the
complete crystal structure data.

To facilitate geochemical and geophysical modeling, data
for pure synthctic end members arc presented when
available. Otherwise, data are for near end—member natural
samples. For many minerals, structure data (or samples) for
pure end members are not available, and in thesc cases,
indicated by an asterisk after the mineral name, data for an
impure, natural sample are presented together with an
approximate ideal formula and formula weight and density
calculated from the ideal formula.

In order to conserve space we have omitted the precision
given by the original workers in the unit cell parameter
determination. However, we have quoted the data such that
the stated precision is less than 5 in the last decimal place
given. The cell volumes, molar volumes and densities are
calculated by us given so that the precision in the last given
place is less than 5. The formula weights presented are
calculated by us and given to one part in approximately
20,000 for pure phases and one part in 1000 for impure
natural samples.



Table 1. Crystallographic Properties of Minerals.

i Formula Crystal Space  Structure Z a b c o B ¥  UnitCell Molar  Density Ref.
Mineral - Fommuls Weigh Sysiem Group  Type D A D OO O VR Vol em?) (cale)Mgm?)
Single Oxides
Hemi-oxide
Cuprite Cu0 143.079 Cub. Pn3m Cuprite 2 4.2696 77833 23439 6.104 25
Monoxides Group
Periclase MgO 40312 Cub. Fm3m  Halite 4 4211 74.67 11.244 3.585 93
Waustite FeO 71.848 Cub. Fm3m  Halite 4 43108 80.11 12062 5956 67
Lime Ca0 56.079 Cub. Fm3m  Halite 4 4.1684 11132 16.762. 3346 235
Bunsenite NiO 74709 Cub. Fm3m  Halite 4 4.446 7243 10906  6.850 235
Manganosite MnO 70937 Cub. Fm3m  Halite 4 48105 8788 13223 5365 195
Tenorite CuO 79.539 Mono.C2/c Tenorite 4 46837 34226 5.1288 99.54 81.080 12209  6.515 1
Montroydite HgO 216.589 Orth. Pnma  Montroydite 4 6612 5.20 3.531 12851 19350 11.193 12
Zincite Zn0 81.369 Hex. P6smc  Wurtzite 2 32427 5.1948 47306 14246 5712 189
Bromellite BeO 25.012 Hex, P6smc  Wurtzite 2 2.6984 42770 26970 8122 3.080 189
Sesquioxide Group
Corundum Alx03 101.961 Trig. R3c Corundum 6 4.7589 12.9912 254.80 25577 3986 157
Hematite Fes03 159.692 Trig. R3c Corundum 6 5.038 13.772 302.72 30388  5.255 23
Eskolaite Cry03 151.990 Trig. R3c Corundum 6 4.9607 13.599 28992  29.093 5224 157
Karelianite V103 149.882 Trig. R3c Corundum 6 4952 14.002 29736  29.850  5.021 157
Bixbyite Mn303 157.905 Cub. Ia3 Bixbyite 16 9.414¢ 83446 31412  5.027 75
Avicennite T1,04 456.738 Cub. Ia3 Bixbyite 16 10.543 11719 44115 10353 167
Claudetite Asy03 197.841 Mono.P2;/n  Claudetite 4 799 4.65 9.12 78.3 3318 49961 3960 176
Arsenolite Asy03 197.841 Cub. Fd3m  Arsenolite 16 11.0744 135819 51127 3870 177
Senarmontite Sba03 291.498 Cub. Fd3m  Arsenolite 16 11.1519 1386.9 52208 5583 217
Valentinite Sba0s 291498 Orth. Pccn Valentinite 4 4911 12464 5412 33127  49.881  5.844 216
Dioxide Group
Brookite TiO; 79.890 Orth. Pbca Brookite 8 0184 5447  5.145 25738 19377 4123 17
Anatase TiO; 79.890 Tetr. /4)/amd Anatase 4 37842 9.5146 13625  20.156 3.895 105
Rutile TiO3 79.890 Tetr. P4y/mnm Ruiile 2 4.5845 2.9533 62.07 18693 4.2743 204
Cassiterite SnO, 15069 Tetr. P4y/mnm Rutile 2 4.737 3.185 7147 21523 7.001 15
Stishovite Si0y 60.086 Tetr. P4z/mnm Rutile 2 4.1790 2.6651 46.54 14017  4.287 20
Pyrolusite MnO, 86.94 Tetr. Pdy/mnm Rutile 2 4.39% 2.871 55.48 86.937 5203 121
Baddeleyite ZrO, 123.22 Mono.P2,/c Baddeleyite 4 5.1454 52075 5.3107 99.23 14045 21.149 5826 208
Uraninite U0, 27003 Cub. Fm3m  Fluorite 4 54682 163.51 24,620 10968 126
Thorianite ThO, 26404 Cub. Fm3m  Fluorite 4 5.5997 17559 26439  9.987 227
Multiple Oxides
Chrysoberyl BeAl,O4 12697 Orth, Pnmb  Olivine 4 4424 9396 547 22742 34244 3.708 96
Spinel Group
Spinel MgAl204 14227 Cub. Fdlm  Spinel 8 8.0832 528.14 39762 3578 61
Hercynite FeAl,04 17381 Cub. Fd3m  Spinel 8 8.1558 54250  40.843  4.256 99
Magnesioferritc ~ MgFeaO4 20000 Cub. Fd3m  Spinel 8 8.360 584.28 43989 4547 100
Magnesiochromite  MgCra04 19230 Cub. Fd3m  Spinel 8 8.333 57863 43564 4414 100
Magnetite FeFe 04 231.54 Cub. Fd3m  Spinel 8 83% 59143 44528 5200 100
Jacobsite MnFe;0,4 23063 Cub. Fd3m  Spinel 8 8.5110 61651 46416 4969 100
Chromite FeCry04 22384 Cub. Fd3m  Spinel 8 8.3794 58831 44293 5054 100
Ulvoespinel TiFe;04 22359 Cub. Fd3m  Spinel 8 8.536 62196 46826 4.775 106
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Table 1. Crystallographic Properties of Minerals (continued).

. ormula Crystal Space  Structure Z a b c a p Y  UnitCell Molar  Density Ref.
Mineral Formula fVeri!;]ht Sythem G[:‘;up Type A) A) (A) © ©) () Vol (A3) Vol (cm?) (calc)(M)é/m?‘)
Titanate Group
Ilmenite FeTiO3 151.75 Trig. K3 [Imenite 6 5.0884 14.0855 315.84 31705 4786 229
Pyrophanite MnTiO3 150.84 Trig. R3 Imenite 6 5.137 14.283 326.41 32766  4.603 235
Perovskite CaTiO3 135.98 Orth, Pbnm Perovskite 4 53670 54439 7.6438 223.33 33.63 4044 13
Armalcolite Mg sFe sTi;Os 215.88 Orth. Bbmm  Pseudobrookite 4 9.7762 10.0214  3.7485 367.25 55298 3904 230
Pseudobrookite ~ Fe;TiOs 239.59 Orth. Bbmm  Pscudobrookite 4 9.767  9.947  3.717 361.12 54375 4406 3
Tungstates and Molybdates
Ferberite FeWO0, 303.70 Mono.P2/c Ferberite 2 4730 5703 4952 90.0 133.58 40228 7549 225
Huebnerite MnWO, 302.79 Mono.P2/c Ferberite 2 48238 57504 4.9901 91.18 138.39 41676 7265 231
Scheelite CaWOy 28793 Tew. l4dy/a Scheelite 4 5243 11.376 312.72 47.087 6115 114
Powellite CaMoO4 200.02 Tetr. I4y/a Scheelite 4 523 11.44 301.07 45333 4412 101
Stolzite PbWO4 455.04 Tetr. l4y/a Scheelite 4 546 12.05 359.23 54.091 8412 101
Walfenite PbMoO4 367.12 Tetr. I4y/a Scheelite 4 5435 12.11 357.72 53864 6816 101
Hydroxides
Gibbsite Al(OH)3 78.00 Mono.P2i/n Gibbsite § 8684 5078 9.736 94,54 427.98 32222 2421 188
Diaspore AlO(OH) 59.99 Orth. Pbnm  Gocthite 4 4401 9421 2845 117.96 17.862 3377 34
Bochmite AIO(OH) 59.99 Orth. Amam  Boehmite 4 3693 12221 2.865 12930 19507 3.075 98
Brucite Mg(OH), 58.33 Trig. P3ml Brucite 1 3124 4.766 40.75 24524 2377 243
Goethite FeO(OH) 88.85 Orth. Pbnm  Goethite 4 4587 9937 3.015 13743 20693 4294 65
Lepidochrosite FeOQ(OH) 88.85 Onh. Cmc2;  Boehmite 4 308 12.50 3.87 148.99 22435 3961 43
Carbonates
Magnesite MgCOs 84.32 Trig. Ric Calcite 6 4.6328 15.0129 279.05 28.012 3.010 54
Smithsonite ZnCO3 125.38 Trig. R3c Calcite 6 4.6526 15.0257 281.68 28276 4434 54
Siderite FeCO4 115.86 Trig. R3c Calcite 6 4.6916 15.3796 293.17 29429 3937 54
Rhodochrosite MnCO3 114.95 Trig. R3c Calcite 6 4.7682 15.6354 307.86 30904 3720 54
Otavite CdCO; 17241 Trig. R3¢ Calcite 6 4.923 16.287 341.85 34316  5.024 26
Calcite CaCO3 100.09 Trig. R3c Calcite 6 4.9896 17.0610 367.85 369257 27106 54
Vaterite CaCO3 100.09 Hex. P63/mmc Vaterite 12 7151 16.937 750.07 37.647 2659 146
Dolomite CaMg(COs)2 184.41 Trig. R3 Dolomite 3 4.8069 16.0034 32024 64293 2868 182
Ankerite CaFe(CO3), 215.95 Trig. R3 Dolomite 3 4830 16.167 326.63 65576 3293 21
Aragonite CaCO3 100.09 Orth. Pmcn  Aragonite 4 49614 79671 5.7404 226.91 34.166 2930 5t
Strontianite $tCOs 147.63 Orth. Pmcn Aragonite 4 5000 8358  5.997 255.13 38416  3.843 51
Cerussite PbCO3 267.20 Orth. Pmcn Aragonite 4 5180 8492 6.134 269.83 40629 6577 191
Witherite BaC03 197.39 Orth. Pmcn Aragonite 4 53126 8.8958 6.4284 303.81 45745 4314 51
Azurite Cus{OH)x(CO3), 344.65 Mono.P2y/c Azurite 2 50109 5.8485 10.345 9243 302.90 91.219 3778 245
Malachite Cuy(OH),CO4 221.10 Mono.P2)/a Malachite 4 9502 11.974  3.240 98.75 364.35  54.862 4.030 244
Nitrates
Soda Niter NaNOs 8500 Trig. R3c Calcite 5.0708 16.818 374.51 37594 2261 198
Niter KNO3 101.11 Onh. Pmcn Aragonite 54119 9.1567 6.5189 323.05 48643 2079 159
Borates
Borax NayB405(OH)4.8H,0 381.37 Mono.C2/c Borax 11.885 10.654 12.206 106.62 1480.97  223.00 1710 128
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Table 1. Crystallographic Properties of Minerals (continued).

: Formula Crystal Space Structure Z a b c o B Y  UnitCell Molar Density  Ref.
Mineral Formula Weight Sgtem G‘:oup Type A& R @ ©) ) Vol (A3) Vol (cm?) (cale)(Mg/m3)
Kemite NayB406(OH)2.3H,0 273.28 Mono. P2 /c Kernite 4 7.0172 9.1582 15.6774 108.86 953.41  143.560 1.904 48
Colemanite CaB304(0OH)3.H,0 205.55 Mono.P2i/a Colemanite 4 8.743 11.264 6.102 110.12 564.30 84.869 2419 42
Sulfates
Barite BaSO, 23340 Orth. Pbam  Barite 4 7157 8884 5457 346.97 52245 4467 147
Celestite S804 183.68 Orth. Pbnm Barite 4 6870 8371 5.355 307.96 46.371 3961 147
Anglesite PbSO, 303.25 Orth. Pbnm Barite 4 6959 8.482 5.398 318.62 47977 6321 147
Anhydrite CaSOy 136.14 Orth. Amma Anhydrite 4 7.006 6.998 6.245 306.18 46.103 2953 118
Gypsum CaS042H,0 172.17 Mono.I2/a Gypsum 4 5670 15201 6.533 118.60 494.37 74.440 2313 46
Alunite* KAI3(SO4)2(0H)g 414.21 Trig. Rim Alunite 3 7.020 17.223 735.04 147572 2807 145
Jarosite* KFe3(S04)(OH)g 500.81 Trig. R3m Alunite 3 7304 17.268 797.80 160.172 3127 112
Antlerite Cus(SO4)XOH)4 35471 Ornh. Pnma Antlerite 4 8244 6.043  11.987 597.19 89.920 2.959 91
Thenardite NaySOy 142,04 Orth. Fddd Thenardite 8 9.829 12302 5.868 709.54 53.419 2.659 90
Arcanite K7S804 174.27 Orth. Pmcn Arcanite 4 5763 10.071 7.476 433.90 65.335 2.667 142
Epsomite MgS047H,0 24648 Ornh. P2;2121 Epsomite 4 11.846 12002  6.859 975.18 146.838 1.678 36
Phosphates
Hydroxyapatite Cas(P04)30H 502.32 Hex. P63/m Apatite 2 9424 6.879 529.09 159.334 3.153 214
Fluorapatite Cas(POg)sF 50431 Hex. Pb63/m Apatite 2 9.367 6.884 523.09 157.527 3201 215
Chiorapatite Cas(PO4)3Cl 520.77 Hex. Pé3/m Apatite 2 9.628 6.764 543.01 163.527 3185 137
Monazite CcPOy 235.09 Mono.P2y/n Monazite 4 677 7.04 6.46 104.0 298.7 4498 523 76
Xenotime YPO, 183.88 Tetr. I41/amd Zircon 4 6.878 6.036 285.54 43.00 4277 123
Whitlockite MgFeCa;gHo(PO g4 2133, Trig. R3 Whitlockite 3 10.330 37.103 3428.8 688386 3099 38
Triphylite LiFePOy 15776 Onh. Pmnb  Olivine 410334 6010 4.693 29147  43.888 3595 237
Lithiophyllite LiMnPO;, 156.85 Orth. Pmnb  Olivine 4 605 1032 4. 204.07 44280 3.542 101
Amblygonite* LiAF,OH)PO4 1469 Tric. P1 Amblygonite 2 5.18 7.15 5.04  112.11 97.78 67.88  160.20 48.242 3.045 16
Augelite* AlxOH)3PO4 199.9  Mono.C2/m Augelite 4 13.124 7.988 5.066 112.42 490.95 73.924 2705 101
Berlinite AIPO, 121.95 Trig. P321 Quartz 3 4.943 10.974 232.21 46.620 2616 206
Orthosilicates
Garnet Group
Pyrope Mg3AlSia012 403.15 Cub. 1d3d Garnet 8 11.452 1501.9 113.08 3.565 8
Almandine Fe3A1Sis0p2 497.76 Cub. Id3d Garnet 8 11.531 1533.2 11543 4312 8
Spessartine Mm3AlLSi3012 495.03 Cub. la3d Garnet 8 11.612 1565.7 117.88 4.199 161
Grossular Ca3Al,Si3043 403.15 Cub. ld3d Garnet 8 11.845 1661.9 12512 3.600 161
Andradite CasFe;Sis012 508.19 Cub. la3d Garnet 8 12.058 1753.2 13199 3.850 161
Uvarovite Ca3Crs8iz012 500.48 Cub. la3d Garnet 8 11.988 1722.8 129.71 3859 161
Olivine Group
Forsterite Mg2SiO4 140.70 Orth. Pbam Olivine 4 47534 10.1902 5.9783 289.58 43.603 3.227 69
Fayalite FesSi04 203.77 Orth. Pbam Olivine 4 48195 104788 6.0873 307.42 46.290 4.402 69
Tephroite Mn3Si0y 201.96 Orth. Pbnm Olivine 4 49023 105964 6.2567 325.02 48.939 4127 69
Liebenbergite NipSi04 209.50 Orth. Pbam Olivine 4 4726 10118 5.913 282.75 42.574 4921 124
Ca-olivine CagSi0y 17224 Orth. Pbwm Olivine 4 5078 11225 6.760 385.32 58.020 2969 50
Co—olivine C028i04 209.95 Orth. Pbum Olivine 4 47811 102998 6.0004 29549 44493 4719 32
Monticellite CaMgSiO4 15648 Orth. Pbam Olivine 4 4822 11.108 6.382 341.84 51.472 3.040 165
Kirschsteinite CaFeSiOg 188.01 Orth. Pbam Olivine 4 4844 10577 6.146 314.89 47415 3.965 32

STVIANIN 04 VIVA DIHAVIDOTIVISAYD ¢



Table 1. Crystallographic Properties of Minerals (continued).

i Formula Crystal Space  Structure Z a b c a p ¥  UnitCell Molar  Density Ref.
Mineral Formula Weight System Group  Type A D D OO O VoA Vol (o) (cale)Mgm?)

Zircon Group
Zircon ZrSi0y4 183.30 Tetr. /4)yumd Zircon 4 6.6042 5.979 260.80 39270  4.668 95
Hafnon HfSi04 27057 Tetr. [dy/amd Zircon 4 6.5725 5.9632 25760 38787 6976 212
Thorite* ThSiO4 324.1 Tetr. [4)famd Zircon 4 71328 6.3188 32148 48407 6696 222
Coffinite* USi0, 3302 Tetr. Mdyfumd Zircon 4 6995 6.236 305.13 45.945 7.185 115
Willemite Group
Phenacite BesSiOy 110.10 Trig. R3 Willemite 18 12472 8.252 11116 37197 2960 241
Willemite Zn,8i0, 22282 Trig. B3 Willemite 18 13.971 9.334 1577.8 52795 4221 207
Eucryptite LiAISIOq4 12600 Trig. R3 Willemite 18 13.473 9.001 1415.0 47347 2661 97
Aluminosilicate Group
Andalusite AlLSiOs 162.05 Orth. Panm Andalusite 4 77980 79031 5.5566 342.44 51.564 3.1426 233
Sillimanite ALSiOs 16205 Orth. Pbrm  Sillimanite 4 74883 7.6808 5.7774 33229 50035 32386 233
Kyanite AlLSiOs 162.05 Tric. Pi Kyanite 4 7.1262 7.8520 5.5747 89.99 101.11 106.03 293.72 44227 3.6640 233
Topaz ALSi04(0H,F), 182.0 Orth. Phnm Topaz 4 4.6651 8.8381 83984 346.27 52140 3492 242
Humite Group
Norbergite* Mg3SiO4F, 203.0 Orth. Ponm Norbergite 4 47104 10.2718 8.7476 42325 63.73 3.186 73
Chondrodite* Mgs(SiOg)oF; 343.7 Mono.PYi/b Chondrodite 2 4.7284 10.2539 7.8404 109.06 359.30 108.20 3.158 74
Humite* Mg#(SiO4)3F, 4844 Orth. Pwm  Humite 4 47408 10.2580 20.8526 1014.09 15270 3159 183
Clinohumite* Mgo(SiO4)4F2 624.1  Mono.P/b Clinchumite 2 4.7441 10.2501 13.6635 100.786 652.68 19655 3259 186
Staurolite* Fe4AlygSigO46(0H); 1704.  Mono.Clm Staurolite 1 7.8713 16.6204 5.6560 90.0 73994 445,67 3.823 209
Other Orthosilicates
Titanite CaTiSiOs 196.06 Mono.Phfa  Titanite 4 7069 8722  6.566 37023 55748 3517 213
Datolite CaBSi0O4(OH) 159.94 Mono.P2j/c Datolite 4 4.832 7.608 9.636 90.40 354.23 53.338 2999 63
Gadolinite* RE2FeB;8i2019 604.5 Mono PY/a Datwolite 2 10.000 7565  4.786 90.31 360.69 108.62 5565 148
Chloritoid* FeAl,Si05(OH), 2519  Tric. PT Chloritoid 4 946 5.50 9.15 97.05 101.56 90.10 462.72 69.674 3.616 88
Sapphirine* Mgz 5Al98i; 5020 690.0 Mono.PY/a Sapphirine 4 11.266 14.401 9.929 125.46 1312.11 19757 3493 149
Prehnite* CazAl(ALSi3)0;o(0H), 412.391 Orth. Paxcm  Prehnite 2 4.646 5483 18486 470.91 141.82 2908 170
Pumpelleyite Cag(Mg2FeAl)AlgSii2043(0H)141915.1 Mono.CYm Pumpelleyite 1 8.831 5.894 19.10 97.53 985.6 5936 3226 172
Axinite HFeCazAlhBSisO16 57012 Tric. PT Axinite 2 7157 9199 8959 918 98.14 7730 569.61 171.54 3324 220
Sorosilicates & Cyclosilicates
Epidote Group
Zoisite CaAl38i301 2(0OH) 454.36 Orth. Pama Zoisite 4 16.212 5.559 10.036 904.47 136.19 3336 52
Clinozoisite CaAl3Si3012(0H) 45436 Mono.P/m Epidote 2 B8.879 5.583 10.155 115.50 45436  136.83 3321 52
Hancockite* Ca(Pb,Sr)FeAl;S13012(0H) 5906  Mono.P2)/m Epidote 2 896 5.67 10.30 1144 476.5 143.5 4.12 53
Allanite* CaRE(Al,Fe)3S8i30,(OH) 5652 Mono.P2j/m  Epidote 2 8927 5761 10150 114.77 47397 14274 3.96 53
Epidote* CapFeAl;Si30;2(0OH) 4544  Mono.Pj/m  Epidote 2 8.8877 5.6275 10.1517 115.383 458.73 13815 3465 70
Melilite Group
Melilite* CaNaAlSi;07 2582 Tetr PE2ym  Melilite 2 7.6344 5.0513 20441 88662 2912 134
Gehlenite* CasAlAISIOy 2742  Ter. P82ym  Melilite 2 77173 5.0860 302.91 91.220 3.006 135
Akermanite CasMgSin07 27264 Ter. P&2im  Melilite 2 7.835 5.010 30755 92619 2944 116
QOther Sorosilicates and Cyclosilictaes
Lawsonite CaAl;Si07(0H),H,0 31424 Orth. Ccmm  Lawsonile 4 8.795 5.847 13.142 67582  101.76 3.088 19
Beryl BesAl2SicOr8 537.51 Hex. Pé/mmc Beryl 2 9.2086 9.1900 674.89 20324 2645 152
Cordierite* Mg2Al4SisOrg 58497 Onh. Ccmm  Beryl 417079  9.730  9.356 1554.77  234.11 2499 45
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Table 1. Crystallographic Properties of Minerals (continued).

i FormulaCrystal Space ~ Structure  Z @ b c « B Y  UnitCell Molar  Density Ref.
Mineral Formula Weight S)r/}s,tem G‘:)up Type &) R A © ) (®) Vol (A3) Vol (cm?) (calc)(Mg/m?)
Tourmaline* NaFe3AlgB3Sig07{OH)4 10433 Trig. R3m Tourmaline 3 15.992 7.190 1592.5 319.7 3.263 66
Vesuvianite* CajgFe,MgAl 0Sijg070(OH,F)g2935. Tetr. Pd/anc  Vesuvianite 2 15.533 11.778 2841.8 4279 3429 6

Chain Silicates

EnstatitelFerrosilite Group

Enstatite Mg;Si;0¢ 200.79 Orth. Pbca Orthopyroxene 8 18.227  8.819  5.179 83249 62676 3204 197
Ferrosilite Fe;,8i,06 263.86 Orth. Pbca Orthopyroxene 8 18.427  9.076 5.237 875.85 65941  4.002 197
Clinoenstatite Mg28i206 200.79 Mono.P2;/c Clinoenstatite 4 9.626  8.825 5.188 108.33 418.36 62994 3.18 150
Clinoferrosilite Fe3Si206 263.86 Mono.P2i/c Clinoenstatite 4 9.7085 9.0872 5.2284 108.43 43760 65892  4.005 33
Clinopyroxene Group

Diopside CaMgSi0¢ 216.56 Mono.C2/c Clinopyroxene 4 9.746  8.899  5.251 105.63 438.58  66.039 3279 39
Hedenbergite CaFeSi0¢ 248.10 Mono.C2/c Clinopyroxene 4 9.845  9.024 5.245 104.70 450.72 67867  3.656 39
Jadeite NaAlSizOg 202.14 Mono.C2/c Clinopyroxene 4 9423 8564  5.223 107.56 401.85 60.508  3.341 39
Acmite NaFeSi2Og 231.08 Mono.C2/c Clinopyroxene 4 9.658  8.795 5.294 107.42 429.06 64.606  3.576 44
Cosmochlor NaCrS8i0g 227.15 Mono.C2/c Clinopyroxene 4 9.579  8.722  5.267 107.37 41998 63239  3.592 39
Spodumene LiAlSi;Og 186.09 Mono.C2/c Clinopyroxene 4 9.461 8.395  5.218 110.09 389.15 58.596  3.176 39
Ca-Tschermaks CaAlAISiOg 218.20 Mono.C2/c Clinopyroxene 4  9.609 8.652 5.274 106.06 421.35 63.445 3438 164
Pyroxenoid Group

Wollastonite Ca38i309 34849 Tric. CT Wollastonite 4 10.104  11.054 7.305 9953 100.56 8344 788.04 118.66 2937 163
Bustamite* (Caz 4Fe 6)Siz0q 3586 Tric. I Bustamite 4 9994 10946  7.231 99.30 10056  83.29 76430 115.09 3.116 163
Rhodonite MnsSisO; 5 655.11 Tric. PT Rhodonite 2 7616 11.851 6.707 9255 9435 10567 579.84 174.62 3752 155
Pyroxmangite Mn;S8i70,; 917.16 Tric. PT Pyroxmangite 2 6.721 7.603 17455 113.18 8227 94.13 81231 24463 3.749 155
Aenigmatite* NayFesTiSigO20 8675 Tric. PT Aecnigmatite 2 10406 10.813 8.926 10493  96.87 12532 74452 22421 3.869 40
Pectolite* HNaCa38i309 3324 Tric. PI Pectolite 2 7980 7.023 7.018 9054 95.14 102.55 38220 115.10 2.888 163
Petalite LiAlSis1O1¢ 306.26 Mono.PYa Petalite 211737 54N 7.630 112.54 42771 128.80 2378 219
Amphibole Group

Gedrite* Na 5(MgsFe)ALSigO22(0H); 853.23 Orth. Puma Orthoamphibole 4 18.531  17.741 5.249 172565 259.8 3.184 169
Anthophyllite* (MgsFe2)Sig02(CH), 84394 Orth. Pama Orthoamphibole 4 18.560 18.013 5.2818 17658 2659 311 58
Cummingtonite*  (MgsFe2)SigO2(0OH); 843.94 Mono.C2/m Amphibole 2 951 18.19 5.33 101.92 902.14  271.7 3.14 60
Tremolite* Na sCaMgsSIg02(0OH), 823.90 Mono C2/m Amphibole 2 9.863 18.048 5.285 104.79 909.60 2739 3.01 92
Pargasite* NaCayFeMg4Al,SigO22(0H), 864.72 Mono.C2/m Amphibole 2 9910 18.022 5312 105.78 912.96 2749 3.165 185
Glaucophane* Nay(FeMg3AI)SigO22(OH), 78944 Mono.C2/m Amphibole 2 9541 17740  5.295 103.67 870.8 2622 3.135 168
Sheet Stlictaes

Talc and Pyrophyllite

Take Mg35i401¢(0OH), 37965 Tric. C1 Talc 2 5290 973 9.460 90.46  98.68 90.09 453.77 136654 2.776 175
Pyrophyilite A1Sig019(0OH), 36031 Tric. CT Tale 2 5160 8966 9347 91.18 10046 89.64 42516 128.036 2.814 125
Trioctahedral Mica Group

Annite* KFe3(AlSi3)010(0H), 5119 Mono.C2/m M 2 538 9.324 10268 100.63 506.82 152.63 3.215 94
Phlogopite* KMg3Al8i30;5(0H); 417.3  Mono.C2/m M 2 5308 9190 10.155 100.08 487.69 14687 2.872 94
Lepidolite* KAILi;AISi301¢(OH); 3852 Mono.C2/c 2M; 4 5.209 9.053 20.185 99.125 939.82 141.52 2.724 192
Lepidolite* KAILi;AI8i30;(CH)2 3852 Mono.C2/c 2M; 4 9.04 522 2021 99.58 940.38  141.60 2791 193
Lepidolite* KALL#,Al8i301((OH)3 3852 Mono.C2/m M 2 520 9.01 10.09 99.28 466.6 1405 2825 194
Zinnwaldite* K(AIFeLi)AlSi3010(OH), 4341 Mono.C2/m iM 2 529  9.140 10.096 100.83 480.0 14455 2.986 82
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Table 1. Crystallographic Properties of Minerals (continued).

: Formula Crystal Space Structure Z a b [4 [+ B Y Unit Cell Molar Densily Ref.
Mineral Formula Weight Sywtem Group  Type A D D e 6 O Vol(A® Vol (em? (calc)Mghmd)
Dioctahedral Mica Group
Muscovite* KAAISi3016(0H)2 3983  Mono.C2/c M, 4 51918 9.0153 20.0457 95.74 933.56  140.57 2834 187
Paragonite* NaAAlSi30,0(OH)2 3843  Mono.Clc ™M, 4 5128 8.898 19.287 94.35 877.51 132.13 2909 129
Margarite* CaALAISi3019(0H), 3993 Mono.C2/c M, 4 51038 8.8287 19.148 95.46 858.89 12933 3061 83
Bityite* Ca(LiA)2(AlBeSip)010(0H); 3872 Mono.C2/c M 4 5058 8763 19.111 95.39 84332 12698 3049 130
Chlorite Group
Chlorite* (MgsAl)(AlSi3)010(0H), 5558 Mono.C2/im Chlorite-1162 2 5327  9.227 14327 96.81 699.24 21057 2640 109
Chlorite* (MgsAI)(AlSi3)010(0H), 5558 Tric. CT Chlorite-1Ib4 2 5325  0.234 14358 9033 9738  90.00 700.14 21085 2636 108
Clay Group
Nacrite Al;8i05(0H)4 25816 Mono.Cc Nacrite 4 8909 5.156 15.697 113.70 658.95 99221  2.602 24
Dickite AlSi;05(0H)4 258.16 Mono.Cc Dickite 4 5178 8937 14.738 103.82 662.27  99.721 2588 22
Kaolinite AlSiz05(0H)y 258.16 Tric. P1 Kaolinite 2 51554 8.9448 74048 91.700 104.862 89.822 1329.80  99.347 2599 22
Amesite* (Mg2AIXAISiYO 5(OH)4 2787 Tric. Cl Amesite 4 5319 9208 14.060 90.01 90.27 80.96 688.61 103.69 2.778 86
Lizardite* Mg3Si;05(0H)4 2711  Trig. P3lm Lizardite 1T 1 5332 7.233 178.09 107.26 2625 144
Tektosilicates
Silica Group
Quartz $i0; 60.085 Trig. P3;21 Quartz 3 41934 5.4052 113.01 22688 2648 127
Coesite $i02 60.085 Mono.C2/c Coesite 16 7.1464 123796  7.1829 120.283 548.76 20657 2909 210
Tridymite §i0; 60.085 Mono.Cc Tridymite 48 18494 4991 25.832 117.75 2110.2 26478 2269 111
Cristobalite SiO;y 60.085 Tetr. P41212  Cristobalite 4 4978 6.948 172.17 25925 2318 173
Stishovite Si02 60.085 Tetr. P4p/mnm Rutile 2 41790 2.6651 46.54 14017  4.287 20
Feldspar Group
Sanidine KAISi3Og 27833 Mono.C2/im Sanidine 4 8595 13.028 7179 115.94 72248 108.788 2558 199
Orthoclase KAISi;Og 278.33 Mono.C2im Sanidine 4 8561 12996  7.192 116.01 719.13  108.283 2571 47
Microcline KAISi303 27833 Tric. C1 Sanidine 4 8560 12964 7215 90.65 115.83  87.70 720.07 108425 2567 31
High Albite NaAlSi;Og 26223 Tric. C1 Albite 4 8161 12875 7.110 9353 11646 90.24 667.12 100452 2610 234
Low Albite NaAlSi;Og 26223 Tric. CT Albite 4 8142 12785  7.159 9419 11661  87.68 664.48 100054 2621 89
Anorthite CaAl38i,0g 27836 Tric. PT Anorthite 8 8173 12.869 14.165 93.11 11591  91.261 1336.35 100610 2.765 228
Celsian BaAlz8i203 37547 Mono.f2/c Anorthite 8 8.627 13.045 14408 115.22 1466.90 110440 3400 158
Feldspathoid Group
Leucite KAISiz06 21825 Tetr. [41/a Leucite 16 13.09 13.75 2356. 88.69 2461 139
Kalsilite KAISiO4 158.17 Hex. P63 Nepheline 2 516 8.69 2004 60.34 2621 178
Nepheline KNa3ALlSis016 58433 Hex. P63 Nepheline 2 9993 8374 724.19 21809 2679 64
Meionite* CagAlgSig0CO4 9329 Tetr. Piyn Scapolite 2 12.194 7.557 1123.7 33840 27571 131
Marialite* NagAlgSig024Cl 8635 Tetr. Pdy/n Scapolite 2 12.059 7.587 1103.3 33226 2599 132
Zeolite Group
Analcime* NaygAl; 6Si39096-16H20 3526.1 Tetr. J4)/acd  Analcime 113.721 13.735 25858 15574 2264 138
Chabazite* CaAl48ig024-13H,0 10309 Trig. R3m Chabazite 1 13.803 15.075 2487.2 4994 2.065 37
Mordenite* KgAlgSiggOgs24H,0 36204 Orth. Cmem  Mordenite 1 18.167 20.611 7.529 2819.2  1698.0 2132 153
Clinoptilolite* KNaxCaAlgSizg07224H,0 27500  Mono.C2/m Heulandite 117633 17.941 7.400 116.39 2097.1  1263.0 2177 211
Heulandite* CagKy 2Al108i2607226H,0  2827.7  Mono.C2/m Heulandite 117715 17.831 7.430 115.93 21322 12843 2221 4
Thomsonite* NaCapAlsSisO20-6H,0 6718 Orth Pncn Thomsonite 4 13.089 13.047 13.218 22573 3399 2373 5
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Table 1. Crystallographic Properties of Minerals (continued).

: Formula Crystal Space Structure 7 a b ¢ a B Y Unit Cell Molar Density Ref.
Mineral Formula Weight System Group Type A D D OO Vol (A3 Vol em?) (cale)Mg/m?)
Harmotome* BayCasAlsSi|03p-12H,0 14667 Mono. P2y/m Phillipsite 1 9.879 14.139 8.693 124.8 996.9 600.5 2443 184
Phillipsite* K25Ca; 5AlsSig03212H;0 12915 Mono.P2y/m  Phillipsite 1 9865 14300  8.668 1242 10113 609.1 2120 184
Laumontite* CaAl3Sig01-4H0 47044 Mono Am Laumontite 4 7549 14740 13.072 90. 90. 111.9 13496 2032 2315 202
Natrolite* NapAl;Si30,¢-2H50 38023 Orh. Fdd2 Natrolite 8 18.326 18.652  6.601 2256.3 169.87 2238 174
Sodalite* NayAl3Sis0,,.Cl 4846 Cub. P43n Sodalite 2 8.870 697.86 210.16 2306 133
Stilbite* Nay 3Cas 2Al10Si126072:3¢H202968.  Mono.C2/m Stilbite 11364 1824 1127 128.0 2210.  1331. 223 71
Scolecite* CaAl38i30;9:3H,0 39234 Mono Fd Natrolite 8 18.508 18.981 6.527 90.64 22928 17262 2273 107
Gonnardite* NagCapAlgSi 040 12H,0  1626.04 Tetr. 1424 Natrolite 11321 6.622 1155.6  696.00 233 141
Edingtonite* BasAlsSig0,0-8H,0 997.22 Tetr. P42;m  Edingtonite 1 9.581 6.526 599.06 360.81 27764 140
Gismondine* CayAlgSig032-16H,0 1401.09 Mono.P2/a Gismondine 110.024 10626  9.832 92.40 10243 630.21 2223 226
Garronite* NaCaj sAlgSij0032-13H,0 131212 Tetr. fdm2 Gismondine 1 9.9266 10.3031 1015.24 61148 2.146 9
Merlinoite* K 5CazAlgSiz30e4-24H0 2620.81 Ornh. Immm Merlinoite 1 14.116 14.229 9.946 1982.28 1193.92 2.195 72
Ferrierite* NajKMgAlsSis O7218H0 26142 Mono.P2y/a Ferrierite 1 18.886 14.182 7470 90.0 2000.8 1205.1 2.169 79
Ferrierite* NaKMgoAl;Sixn07218H20 25903  Orth, /mmm  Ferrierite 119.236 14162  7.527 90.0 2050.5 12350 2.097 80
Faujasite* NayCaAlySig0Oy4-16H,0 10909 Cub. Fd3m  Sodalite 16 24.74 15142. 570.02 1914 18
Erionite* MgNaKCayAlgSiz7072-18H202683.1  Hex. P63/mmc Erionite 113.252 14.810 22524  1356.6 1.978 201
Cancrinite* Caj 5NagAlgSic024-1.6CO,  1008.5 Hex. P63 Cancrinite 1 12.590 5.117 7024  423.05 2.383 81
Pollucite* CsAlSixOg 312.06 Cub. Ja3d Anaicime 16 13.682 2561.2 96.41 3237 156
Brewsterite* SrAl;Sig0,6-5H;20 656.17 Mono.P2)/m  Brewsterite 2 6767 17455  7.729 94.40 9102 27412 2.394 10
High Pressure Silicates
Phase B Group
Phase B Mg;25i4019(0H); 741.09 Mono.P2/c PhsB 4 10.588 14.097 10.073 104.10 1458.4  219.567  3.380 59
Anhydrous B Mg14Si5094 864.78 Orth. Pmcb  AnhB 2 5868 14.178 10.048 83596 251.749 3435 59
Superhydrous B Mg;0Si30;4(OH)4 61940 Orth. Prnm  PhsB 2 5.0804 13968  8.6956 618.16 186.159  3.327 166
MgSiO3-Group
MgSiOs-perovskite MgSiO3 10040 Orth. Pbam Perovskite 4 47754 49292 6.8969 162,35 24445 4107 103
MgSi0O3-ilmenite  MgSiO3 10040 Trig. R3 Iimenite 6 4.7284 13.5591 262.54 26.354 3810 102
MgSiO3—garnet MgSiO3 10040 Tew. I4y/a Garnet 32 11.501 11.480 1518.5 28.581 3.513 7
Wadsleyite Group
Wadsleyite Mg2SiOq 140.71 Orth. Imma Wadsleyite 8 5.6983 11.4380 8.2566 538.14 40.515 34729 104
B—C0,8i04 Co,8i04 20995 Orth. Imma Wadsleyite 8 5.753 11524 8.340 552.92 41.628 5.044 151
Silicate Spinel Group
1-Mg2SiO, Mg;Si0 14071 Cub. Fd3m  Spinel 8 8.0449 524.56 39493 3563 196
y-FeaSi0y Fe;Si0y 203.78 Cub. Fd3m  Spinel 8 8234 55826  42.030 4.848 236
y-NisSiO4 Niy8i04 20995 Cub. Fdlm  Spinel 8 8.138 538.96 40577 5.174 236
¥=Co,8i04 Coy8i04 20950 Cub. Fdlm  Spinel 8 8.044 52049  39.187 5346 151
Sitica Group
Coesite Si0, 60.085 Mono.C2/c Coesite 16 7.1464 12.3796  7.1829 120.283 548.76 20.657 2909 210
Stishovite Si0O; 60.085 Tetr. Pdyfmnm Rutile 2 4.1790 2.6651 46.54 14.017 4.287 20
Halides
Halite NaCl 58.443 Cub. Fm3m  Halite 4 5638 179.22 26985  2.166 235
Sylvite KCl1 74.555 Cub. Fm3m Halite 4 6.291 248.98 37.490 1989 235
Villiaumite NaF 41988 Cub. Fm3m  Halite 4 4.614 98.23 14791 2.839 235
Carobbiite KF 58.100 Cub. Fm3m  Halite 4 534 152.3 2293 2.53 235
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Table 1. Crystallographic Properties of Minerals (continued).

i Formula Crystal Space Structure Z a b c V] B Y Unit Cell Molar Density Refl
Mineral Formula Weight S;)s{tem Gﬁ?)up Type A A A © ©) () Vol (A% Vol (cm3) (calc)(Mg/m?)
Fluorite CaF; 78.077 Cub. Fm3m Fluorite 4 5.460 162.77 24.509 3186 232
Frankdicksonite ~ BaF, 17534 Cub. Fm3m  Fluorite 4 6.1964 2379 35.824  4.894 180
Sellaite MgF, 62.309 Tetr. Pdy/mnm Rutile 2 4.660 3.078 66.84 20.129 3.09% 101
Calomel HgyCly 472.09 Tetr. M/mmm Calomel 2 445 10.89 215.65  64.94 7269 101
Cryolite NasAlFg 20995 Mono.P2)/n Cryolite 2 5.40 5.60 7.18 90.18 101
Neighborite NaMgF; 104.30 Orth. Pcmn Perovskite 4 5.363 7.676 5.503 226.54 34.11 3.058 101
Chlorargyrite AgCl 14332 Cub. FmIm  Halite 4 5556 171.51 25.83 5.550 10t
lodyrite Agl 23477 Hex. Pésmc  Wurtzite 2 4.58 7.49 136.06 4098 5730 101
Nantokite CuCl 98.99 Cub. Fi3m 4 5418 159.04 2395 4.134 101

Sulfides

Pyrrhotite FeqSs 64744 Trig. P} Pyrrhotite 3 6.8673 17.062 696.84  139.90 4.628 62
Pyrite FeS, 11998 Cub. Pa3 Pyrite 4 5418 159.04 2395 5.010 29
Cattierite CoS3 123.06 Cub. Pa3 Pyrite 4 55385 169.89 25582  4.811 162
Vaesite NiS; 122.84 Cub. Pd3 Pyrite 4 56865 183.88 27688 4437 162
Marcasite Fe$, 11998 Orth. Pnnm Marcasite 2 4436 5414 3.381 81.20 2445 4.906 30
Troilite FeS 89.911 Hex. P62 Troilite 12 5.963 11.754 361.95 18.167 4839 117
Smythite (Fe,Ni)oSy; 8553 Trig R3m Smythite 1 3.4651 34.34 357.08 21507 3977 221
Chalcopyrite CuFeSy 18351 Tetr. /424 Chalcopyrite 4 5.289 10.423 20157 43903  4.180 84
Cubanite CuFe)Sq 27143 Orth. Pcmn Cubanite 4 6467 11.117 6.231 447.97 67453 4024 218
Covelllite CuS 9560 Hex. P6s/mmc Covellite 6 3.7938 16.341 203.68 20447 4.676 56
Chalcocite CuzS 159.14 Mono.P2i/c Chalcocite 48 15246 11.884 13.494 116.35 2190.9 27491 5.789 57
Tetrahedrite CujoFeZnSbsS 3 1660.5 Cub. /43m Tetrahedrite 2 10.364 1113.2 33525 4953 179
Bomite CusFeSy 501.80 Orth. Pbca Bornite 16 10.950 21.862 10.950 25213 98.676 5085 122
Enargite CuzAsSs 39380 Orth. Pmn2y  Enargite 2 7.407 6.436 6.154 296.63 89.329 4408 2
Niccolite NiAs 133.63 Hex. Pés/mmc NiAs 2 3619 5.035 5711 17199 7770 240
Cobaltite CoAsS 165.92 Orth, Pca2; Cobaltite 4 5.582 5.582 5.582 173.93 26.189 6.335 77
Sphalerite ZnS 97.434 Cub. Fd3m Sphalerite 4 54053 157.93 23.780 4.097 239
Wurtzite(2H) ZaS 97434 Hex Pbymc  Wurtzite 2 3.8227 6.2607 79.23 23.860 4.084 119
Greenockite CdS 144464 Hex Péymc  Wurtzite 2 4.1348 6.7490 99.93 30093 4801 235
Pentlandite NisFe,Sg 7735 Cub. Fm3m  Halite 4 10.044 101326 152571  5.069 87
Alabandite MnS 8702 Cub. Fm3m  Halite 4 5214 141.75 21344 4076 224
Galena PbS 23925 Cub. Fmim Halite 4 5.9315 208.69 31423 7.614 160
Clausthalite PbSe 286.15 Cub. Fm3m Halite 4 6.1213 229.37 34,537 8.285 160
Altaite PbTe 33479 Cub. Fm3m  Halite 4 6.4541 268.85 40482 8.270 160
Molybdenite2H) MoS; 160.07 Hex Pé63/mmc Molybdenite 2 3.1602 12.294 106.33 32021 4999 28
‘Tungstenite WS, 24792 Hex P63/mmc Molybdenite-2H2 3.1532 12.323 105.77 31853 7785 203
Acanthite AgaS 247.80 Mono.P2;/c Acanthite 4 47231 6.930 9.526 125.48 227.45 34.248 7.236 190
Argentite AgaS 24780 Cub. Im3m Argentite 2 4.86 114.79 34.569 7.168 41
Proustite AgaAsS3 494.72 Trig. R3c Proustite 6 10.82 8.69 881.06 88.44 5.594 55
Pyrargyrite Ag3SbSs 541.55 Trig. R3c Proustite 6 11.04 872 92042 9239 5.861 ss
Cinnabar HgS 232,65 Trig. P3;21 Cinnabar 3 4.145 9.496 141.29 28361 8.202 14
Metacinnabar HgS 232.65 Cub. Fd3m Sphalerite 4 58717 202.44 30482 7.633 13
Coloradoite HgTe 328.19 Cub. F&3m Sphalerite 4 6.440 267.09 40217 8161 223
Stibnite SbaSs 33969 Orth. Prma Stibnite 4 11.302 3.8341 11.222 486.28 73222 4.639 143
Orpiment AsyS3 246.04 Mono.P2y/n Orpiment 4 11475 9577 4.256 90.68 467.68 70422 3494 154
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Table 1. Crystallographic Properties of Minerals (continued).

: Formula Crystal Space Structure Z a b c a B Y  Unit Cell Molar Density Ref.
Miners! Formula Weigh Sysiem Group  Type A & D@ @ O Vel (R Vol (em?) (cale)Mg/n?)
Realgar AsS 106.99 Mono.P21/n Realgar 16 9325 13571 6587 106.38 799.75 30107 3355 154
Bismuthinite BizS3 514.15 Orh. Pmen Stibnite 4 3981 11.147 11305 501.67 75539 6806 110
Hazelwoodite NizSs 24026 Trig. R32 Hazelwoodite 1 4.0718 89.459 89.459 89459 67.50 40655 5910 171
Cooperite PS 22745 Ter. P4y/mme Cooperite 2 3.465 6.104 7329 22070 10292 35
Vysotskite PdS 13846 Tetr. Pdym Cooperite 8 6429 6.611 273.25 20572 6.731 27
Millerite NiS 90.77 Trig. R3m Millerite 9 9.6190 3.1499 2524 16.891 5374 181
Linneaite Co3Sy 30506 Cub. Fd3m Spinel 8 9.406 8322 62.652 4.869 120
Polydymite Ni3S4 304.39 Cub. Fd3m Spinel 8 9.489 854.4 64326 4.732 49
Violarite FeNiyS, 301.52 Cub. Fd3m Spinel 8 9.465 847.93 63.839  4.723 49
Greigite Fe3S4 29580 Cub. Fdim Spinel 8 9.875 962.97 72499 4080 238
Daubreelite FeCrySy 288.10 Cub. Fd3m Spinel 8 9.995 998.50 75.175  3.832 205
Loellingite FeAs; 20569 Orth, Panm  Loellingite 2 53001 509838 2.8821 91.41 27527 74712 136
Arsenopyrite FeAsS 162.83 Mono.C2y/d  Arsenopyrite 8 6.546 9451  5.649 89.94 34948 26312 6.189 68
Native Elements
Diamond C 12,011 Cub. Fd3m Diamond 8 3.56679 45.38 34163 3.5158 235
Graphite C 12.011 Hex. P63/mmc Graphite 4 2456 6.696 34.98 5.267 2281 235
Silicon Si 28.086 Cub. Fdim Diamond 8 5.43070 160.16 12.058 2329 235
Sulfur(or) N 32.064 Orth. Fddd Sulfur 128 10467 12.870 24493 3299.5 15.443 2076 235
Sulfur(f) S 32.064 Mono. P2; Sulfur 48 10.926 10.885 10.790 95.92 1276.41 16,016  2.002 78
Kamacite Fe 55.847 Cub im3m O-Iron 2 2.8665 23.55 7093 7873 235
Taenite FeNi 114557 Cub Fm3m  Taenite 32 7168 36829 13864 8263 235
Nickel Ni 58710 Cub. Fm3m  FCC 4 3.52387 43.76 6.590 8910 235
Copper Cu 63.540 Cub. FmIm FCC 4 36149 4724 7113 8932 235
Arsenic As 74922 Trig. R3m Arsenic 18 3.7598 10.5475 129.12 4321 17340 200
Tin Sn 118.690 Tetr. /d1/amd Tin 4 5.8197 3.17488 107.54 16.194 7329 23§
Ruthenium Ru 101.070 Hex. P63/mmc HCP 2 2.7056 4.2803 27.14 8.172 12368 85
Rhodium Rh 102.905 Cub. Fm3m FCC 4 3.8031 55.01 8.283 12424 235
Palladium Pd 10640 Cub. Fm3m FCC 4 3.8898 60.16 9,059 11.746 235
Silver Ag 10787 Cub. Fm3m FCC 4 4.0862 68.23 10273 17500 235
Antimony Sb 12175 Trig. R3m Arsenic 6 4.3083 11.2743 180.06 18.075 6.736 235
Tellurium Te 12760 Trig. P3;21  Selenium 3 4456 5.921 101.82 20441 6242 1
Iridium Ir 19220 Cub. Fm3m  FCC 4 3.8394 56.60 8522 22553 235
Osmium Os 19020 Hex. P6éafmmc HCP 2 273582 43190 27.98 8427 22570 235
Platinum Pt 19509 Cub. Fm3m FCC 4 39231 60.38 9.092 21458 235
Gold Au 196.967 Cub. Fm3m  FCC 4 407825 67.83 10214 19285 235
Lead Pb 207.190 Cub. Fm3m  FCC 4 49505 121.32 18268 11342 235
Bismuth Bi 208.980 Trig. R3m Arsenic 6 4.54590 11.86225 212.29 21311 9.806 235
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Thermodynamic Properties of Minerals

Alexandra Navrotsky

1. INTRODUCTION

Thermochemical properties of minerals can be used to
calculate the thermodynamic stability of phases as
functions of temperature, pressure, component fugacity,
and bulk composition. A number of compendia of
thermochemical data [4, 5,7, 9, 10, 13, 15, 16, 18, 19, 31]
contain detailed data. The purpose of this summary is to
give, in short form, useful data for anhydrous phases of
geophysical importance. The values selected are, in the
author's opinion, reliable, but no attempt has been made to
systematically select values most consistent with a large
set of experimental observations. When possible,
estimates of uncertainty are given.

2. HEAT CAPACITIES

The isobaric heat capacity, Cp, is the temperature
derivative of the enthalpy, Cp = (dH/aT)p. For solids, Cp
is virtually independent of pressure but a strong function
of temperature (see Fig. 1). Contributions to Cp arise
from lattice vibrations, and from magnetic, electronic, and
positional order-disorder. The relation between heat
capacity at constant pressure, Cp, and that at constant
volume, Cy = (9E/dT)y, is given by Cp - Cy = TVa?/8,
where T = absolute temperature, V = molar volume, o =
thermal expansivity = (1/V) (@V/dT)p and B =
compressibility = inverse bulk modulus = -(1/V)
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(0V/oP)T. For solids, Cp - Cy is on the order of a few
percent of Cy, and increases with temperature. The
vibrational heat capacity can be calculated using statistical
mechanics from the density of states, which in turn can be
modeled at various degrees of approximation [20]. The
magnetic contributions, important for transition metals,
play a major role in iron-bearing minerals [32].
Electronic transitions are usually unimportant in silicates
but may become significant in iron oxides and iron
silicates at high T and P. Order-disorder is an important
complication in framework silicates (Al-Si disorder on

tetrahedral sites), in spinels (M2+ M3+ disorder over
octahedral and tetrahedral sites) and in olivines,
pyroxenes, amphiboles, and micas (cation disorder over
several inequivalent octahedral sites). These factors must
be considered for specific minerals but detailed discussion
is beyond the scope of this review.

As T--> 0K, Cp --> 0 (see Fig. 1). At intermediate
temperatures, Cp increases sharply. The Debye
temperature is typically 800-1200 K for oxides and
silicates. At high temperature, the harmonic contribution
to Cy approaches the Dulong and Petit limit of 3nR (R the
gas constant, n the number of atoms per formula unit). Cp
is then 5-10% larger than 3nR and varies slowly and
roughly linearly with temperature (see Fig. 1).

Table 1 lists heat capacities for some common
minerals. The values at high temperature may be
compared with the 3nR limit as follows: Mg2SiO4
(forsterite) 3nR = 175 J/Kemol, Cp at 1500 K = 188
J/Ksmol; MgAl204 (spinel) 3nR = 188 J/Kemol, Cp at
1500 K = 191 J/Kemol. Thus the Dulong and Petit limit
gives a useful first order estimate of the high temperature
heat capacity of a solid, namely 3R per gram atom,
irrespective of structural detail.

The entropy,

st =M (cp/THaT M
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TK) Any "zero point" entropy, arising from "frozen in”
configurational disorder, must be added to this
2000 . 4?0 . 800 . 12'°O i 'GTOO calorimetric entropy. Entropies of some common phases
arc also shown in Table 1.
- : The sharp dependence of Cp on T at intermediate
60l temperature makes it difficult to fit Cp by algebraic
equations which extrapolate properly to high temperature
- i and such empirical equations almost never show proper
o low temperature behavior. At 298 - 1500 K, an
E 1201 i expression of the Maier-Kelley form, [31]
x e Cp=A+BT+CT03+DT2 )
~ BOp 1
e 80r 1 . . .
) S - gives a reasonable fit but must be extrapofated with care.
eor A form which ensures proper high temperature behavior,
47 «} i recommended by Fei and Saxena [8] is
4
20t Cp=3nR[1+k1T'1+k2T‘2+k3T'3]+
0 B A + BT + Cp (disordering) 3
0
Because different authors fit Cp data to a variety of
equations and over different temperature ranges, a
Fig. 1. Heat capacity of MgoSiO4 (forsterite) from O to tabulation of coefficients is not given here but the reader
1800 K, data from [31]. is referred to Robie et al. [31]. Holland and Powell [15-
Table 1. Heat Capacities and Entropies of Minerals (J/(K-mol))
298K 1000 K 1500 K
Cp S° Cp N Cp i
MgO (periclase) 378 26.9 512 82.2 53.1 103.5
Al903 (corundum) 79.0 509 1249 180.2 132.1 2323
"FeO" (wustite) 48.12 57.6 55.8 1214 63.6 145.3
Fe 203 (hematite) 103.9 874 148.5 252.7 144.6 310.5
Fe 304 (magnetite) 150.8 146.1 206.0 390.2 201.0 471.5
TiOp (rutile) 55.1 50.3 73.2 129.2 79.5 160.1
FeTiO3 (ilmenite) 99.5 105.9 1337 249.3 155.0 3074
Fe)TiO4 (titanomagnetite) 1423 168.9 197.5 375.1 2432 4634
MgAI204 (spinel) 115.9 80.6 178.3 264.5 191.3 3395
Mg 2Si0 4 (forsterite) 117.9 95.2 175.3 2712 187.7 350.8
MgSiO3 (enstatite) 82.1 679 121.3 192.9 127.6 2435
NaAlSi30g (low albite) 20s.1 2074 312.3 530.1
KAISi30g (microcline) 202.4 214.2 3103 533.8
Mg 3Al12Si3017 (pyrope) 3255 2220 474.0 730.8
CazAl2Si30)2 (grossular) 330.1 255.5 491.7 773.0
CaSiO3 (wollastonite) 853 82.0 1234 2134
CaSiO 3 (pseudowollastonite) 86.5 87.5 122.3 217.6 1323 269.1
CaMgSip0g (diopside) 166.5 1430 2489 401.7 269.7 506.3
Mg2Al2Si5018 (cordierite) 4523 407.2 698.3 1126.6 753.6 14209
CaCO3 (calcite) 83.5 91.7 124.5 220.2
MgCO 3 (magnesite) 76.1 65.1 131.5 190.5
CaMg(CO3)7 (dolomite) 157.5 155.2 253.1 406.0

Data from [5,31].
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Fig. 2. Enthalpy and heat capacity in CaMgSi2Og. a glass-forming system, data from [21].
Table 2. Heat Capacitics of Glasses and Liquids and Glass Transition Temperatures
Composition Cp glass Cp glass Tg Cp liquid
298 K @ Ty) ®
J/mol-K J/molsK J/mol-K
Si07 38(31] 74(28,29] 1607/28.291 1/28.29]
CaMgSipOg 1704 256128.29] 1005/28.29] 335[28.29]
NaAlSi30g 210031 321/28,29] 1096/28.29] 347[28,29]
KAISi30g 209/31] 316128.29] 1221(28,29] 338/28.29]
CaAlpSip0Og 2116311 334128,29] 1160/28.29] 42412829
MgaSi04 e e 268/11.12]
NajSio05 217128.29] 703(28.29] 263(28.29]
KSi205 e 226128,29] 770(28.29] 259128,29]
CaSiO3 871301 131/28,29,30] 1065 167(28,29]
Mg3A128i3012 3304 516/28.29] 1020 679(28.29]
Mg2Al4Sis018 4609 731128.29] 1118 928/28,29]

AEstimated from higher temperature data and from comparison with crystalline phases.



16], Berman [5], JANAF [18], and Fei et al. [9] for such
equations.

In glass-forming systems, see Fig. 2. the heat capacity
of the glass from room temperature to the glass transition
is not very different from that of the crystalline phase.
For CaMgSi20¢ Cp, glass = 170 J/mol-K at 298 K, 256
J/mol-K at 1000 K; Cp, crystal = 167 J/mol-K at 298 K,
249 J/mol’K at 1000 K [21]. At Tg, the viscosity
decreases, and the volume and heat capacity increase,
reflecting the onset of configurational rearrangements in
the liquid [27]. The heat capacity of the liquid is
generally larger than that of the glass (see Table 2) and,

except for cases with strong structural rearrangements
(such as coordination number changes), heat capacities of
liquids depend only weakly on temperature.

For multicomponent glasses and liquids with
compositions relevant to magmatic processes, heat
capacities can, to a useful approximation, be given as a
sum of terms depending on the mole fractions of oxide
components, i.c., partial molar heat capacities are
relatively independent of composition. Then

Cp= ;xi Cp @
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where i is taken over the oxide components of the glass or
liquid [22, 33]. The partial molar heat capacities of the

oxide components in glasses and melts, Ep,', are given in
Table 3.

3. MOLAR VOLUME, ENTROPY, ENTHALPY OF
FORMATION

Table 4 lists enthalpies and entropies of formation of
selected minerals from the elements and the oxides at
several temperatures. These refer to the reaction

aA + bB +cC + /9 09 = A ;BpC:Op &)
and
aAO] + bBOm + CCOn = AaBchOn 6)

respectively, where A, B, C are different elements (e.g.
Ca, Al, Si), O is oxygen, and reference states are the most
stable form of the elements or oxides at the temperature in
question. The free energy of formation is then given by

Table 3. Partial Molar Heat Capacities of Oxide Components
in Glasses and Melts (J/K+mol)

Glass/29] Liquid[22,28,33]
298 K 400K 1000 K 1500 K
SiOp 4404 52.39 70.56 82.6
TiO?p 4492 58.76 84.40 109.2
AlnO3 79.22 96.24 12498 170.3
Fe203 94.89 115.74 143.65 2409
FeO 43.23 47.17 70.28 78.8
MgO 35.09 42.89 56.60 94.2
Ca0O 43.00 45.67 57.66 89.8
Na20 74.63 79.09 96.64 97.6
K20 75.20 79.43 84.22 98.5
B203 62.81 77.67 12006 -
H20 4645 62.04 7843 e




Table 4. Enthalpies and Entropies of Formation of Selected Compounds from
Elements and From Oxides

SOINVNAQOWNMAHL TC

Compound Formation from Elements Formation from Oxides
298K 1000 K 298 K 1000 K

AH As AH AS AH AS AH AS

kJ/mol J/mol K kJ/mol J/mol K kJ/mol Jmol K kJ/mol J/mol K
MgO (periclase) -601.5651 1084057 -608.5/18]  -11551(18]
CaO (lime) 635157 -106.565]1  -634.3(18] _103.6(18]
Al703 (corundum) -1675.7051 3138051 -16934118]  3320[18]
Si07 (quartz) 910761 1826051 9051181 _1749118]
Si07 (cristobalite) 907.851  -180.6057 90320181 _173.1(18]
"FeQ" (wustite) 2663051 70961 26330181 .639[18]
Mg 2Si0 4 (forsterite) 21744051 400761 21821811 4106311 607051 14051 582031 p9[31]
MgSiO3 (enstatite) 15459681 2930081 155290311 29650311 337051 21651 3820811 49031]
Fe2SiO4 (fayalite) 147940311 3355011 147230310  3214031] 246051 1270571 287011 _199/31]
CaSiO 3 (wollastonite) -1631.505] 286581 -16304031) 27820311 857051 26551 911811 0131]
CaSiO 3 (pseudowollastonite) -16274551 2830057 16247081 27400311 81651 61051 85381  43831]
CaMgSipOg (diopside) 32005051 585201 3209.60311 57930311 142681 5101 15560311 94031]
NaAlSi30g (high albite) 392420311 73060311 392580311 73530311 1469031 390051 1560831 249031]
K AISi30g (sanidine) -3959.6031]1 73750311 396210311 74410311 2080031 361051 2229611 12381]
CaAlSip0Og (anorthite) 42287051 7567851 423940811 646031 9650511 287051 10090311 21.4031]
Mg 3A128i3017 (pyrope) 62865057 11763057 63170031 12113061 420811 199051 792811 40031]

Mg2Al4Sis01g (cordierite)  -9158.7057  -1702.05] 9200331 17507811 5080811 552851 6700311 239031
Ca3Al»8i30)2 (grossular) 66329051 -1214.451  6649.7/31] -1214.4131] _3198/31] _333[5] 33790311 _43p[31]




AG® = AH® - TAS®. Fig. 3 shows the equilibrium oxygen
fugacity for a series of oxidation reactions

A+ 1‘2- 0,=A0, (7)
and
AOn + %1— 02 = A0m+n (8)

as a function of temperature. These curves (see Fig. 3)
are the basis for various "buffers” used in geochemistry,
e.g. QFM (quartz-fayalite-magnetite), NNO (nickel-nickel
oxide) and IW (iron-wurstite).

The free energies of formation from the elements
become less negative with increasing temperature, and
more reduced species are generally favored as
temperature increases. This reflects the large negative
entropy of incorporation of oxygen gas in the crystalline
phase. Thus the equilibrium oxygen fugacity for a given
oxidation-reduction equilibrium increases with increasing
temperature. Changes in slope (kinks) in the curves in
Fig. 3 reflect phase changes (melting, vaporization, solid-
state transitions) in either the reactants (elements) or
products (oxides).

The enthalpies of formation of ternary oxides from
binary oxides are generally in the range +10 to -250
kJ/mol and become more exothermic with greater
difference in ‘"basicity" (or ionic potential =
charge/radius) of the components. Thus for Al2SiOs5,

(andalusite) AHY ,, »s = -1.1 kJ/mol; for MgSiO3
(enstatite) AH} ,, 03 = -35.6 kJ/mol, and for CaSiO3

(wollastonite) AH{ ., 505 = -89.4 kJ/mol. Entropies of

formation of ternary oxides from binary components are
generally small in magnitude (-10 to +10 J/mol+K) unless
major order-disorder occurs.

4. ENTHALPY AND ENTROPY OF PHASE
TRANSFORMATION AND MELTING

At constant (atmospheric) pressure, a
thermodynamically reversible first order phase transition
occurs with increasing temperature if both the enthalpy
and entropy of the high temperature polymorph are higher
than those of the low temperature polymorph and, at the
transformation temperature

O _n_ A0 _ 0
4Gy =0 = AHT, - TAS], )

At constant temperature, a thermodynamically reversible
phase transition occurs with increasing pressure if the
high pressure phase is denser than the low pressure phase

Gibbs Free Energy (kJ/mol)
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{5) 6FeO ¢« 02 = 2Fe304
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Fig. 3. Gibbs free energy for oxidation-reduction
equilibria, per mole of O9, data from [4, 18, 31].

and the following balance of enthalpy, entropy, and
volume terms is reached

P
AG (P, T) =0 = AHY - TASS + fl (10)

ati

AV(P, T)dP

An equilibrium phase boundary has its slope defined
by the Clausius - Clapeyron equation

(dP/dT)equil = AS/AV (11)

Thus the phase boundary is a straight line if AS and
AV are independent (or only weakly dependent) of P and
T, as is a reasonable first approximation for solid-solid
transitions over moderate P-T intervals at high T. A
negative P-T slope implies that AS and AV have opposite
signs. Melting curves tend to show decreasing (dT/dP)
with increasing pressure because silicate liquids are often
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Table 5. Enthalpy, Entropy and Volume Changes for High Pressure Phase Transitions

AH° (kJ/mol) AS° (J/mol K) AV® (cm3/mol)
Mg2Si04 (0= ) 0042802 a7:19al 31640
Mg 28i04 (0 =) 39.1+2.6/2] -15.0+2412] 4141021
Fe2Si04 (o =) 9.6+ 1.3/2] 109+ 0.812] -3.201021
Fe2Si04 (0 =7) 3.8+2402] 140+ 1.9/2 4.2412]
MgSiO3 (px = il) 59.1+4.303] -15.5+2.003] 494131
MgSiO3 (px = gt) 35.7 +3.009 204050 283091
MgSiO3 (il = pv) 51.1+6.6/17] +5+4l17] -1.891171
Mg 2Si0 4(y)=MgSiO 3(pv)+MgO 96.8 +5.8/17] +4+4(17] -3.79(17]
Si07 (q = co) 27 +0511 5.0+ 040 205011
Si07 (co = st) 49.0+ 1.7(1] 42+ 1701 663111

4 AH and AS are values at 1 atm near 1000 K, AV is AV®)9g, for all listings in table, & = olivine, f = spinelloid or wadsleyite, Y=
spinel, px = pyroxene, il = ilmenite, gt = garnet, pv = perovskite, q = quartz, co = coesite, st = stishovite

Table 6. Thermodynamic Parameters for Other Phase Transitions

Transition AH° AS° AV°®
(kJ/mol) (J/Kemol) (cm3/mol)

SiO2 (o-quartz = B-quartz) 0.47ab 0.35 0.101
Si07 ( B-quartz = cristobalite) 294051 1.93 0.318
GeO7 (rutile = quartz) 5.61231 4.0 11.51
CaSiO3 (wollastonite = psendowollastonite) 500311 36 0.12
Al2Si0 5 (andalusite = sillimanite) 3.8805] 4.50 0.164
Al1SiO 5 (sillimanite = kyanite) -8.13651 -13.5 -0.571
MgSi03 (ortho = clino) 03751 0.16 -0.002
MgSiO3 (ortho = proto) 1.5905 1.27 0.109
FeSi0 3 (ortho = clino) -0.17(251 -0.03 -0.06
MnSiO3 (rhodonite = pyroxmangite) 0.25(231 -1.03 0.39 -0.39
MnSiO3 (pyroxmangite = pyroxene) 0.88/251 2.66 03
NaAISi30g (low albite = high albite) 135031 14.0 0.40 0.40
KAISi309 (microcline = sanidine) 11.167 150 0.027

@ Treated as though all first order, though a strong higher order component.

b AH and AS are values near 1000 K, AV is AV *29g8 for all listings in table.



Table 7. Enthalpies of Vitrification and Fusion

Compound Vitrification Fusion

AH (kJ/mol) Melting Point AH(T)

T(K) (kJ/mol)

MgO e
Co e
7N L Y0 Y ——— 2323 107.5+5.4128]
SO RGO e — 17000 9.4+ 1.0/28]
SiOp (cristabalite) e 1999 8.9+ 1.0/28
"FeO" (wustite) - 1652 31.3+0.2/28]
Mg2SiOg4 (forsterite) e 2163 114 + 20¢
MgSiO3 (enstatite) 42 + 1128 18344 77+ 50281
FeoSiO4 (fayatite) 0 eeeeeeeeeeees 1490 89 + 10£28]
CaSiO3 (wollastonite) 25.5+0.4(26] 17700 62+ 41281
CaSiO3 (pseudowollastonite) ~  =mecceeeeee- 1817 57+ 3(28]
CaMgSipOg (diopside) 85.8+0.8(24 1665 138+ 2[28]
NaAlSi 308 (high albite) 51.8 +08/24] 1373 63+ 201281
KAISi30g (sanidine) 14734 56+ 4128]
CaAlpSipOg (anorthite) 77.8 +0.8(24] 1830 134+ 4128]
K2Si03 9+ 1/28] 1249 20+ 4128]
Mg3Al2S8i3012 (pyrope)  eeeeeeeeee- 15004 243+ 8/28]
Mg 2Al14Si5018 (cordierite) 209 + 2[6] 1740 346+ 10/28]

AEstimated metastable congruent melting.

bMelring of metastable phase.
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Fig. 4. Schematic diagram showing phase transitions
observed in analogue systems of silicates, germanates,
and titanates. Numbers refer to pressure in GPa.
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Fig. 5. Phase relations in M2SiO4 systems at high
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substantially more compressible than the corresponding
crystals. For reactions involving volatiles (e.g. H20 and
(01), phase boundaries are strongly curved in P-T space
because the volume of the volatile (gas or fluid) phase
depends very strongly on P and T. The section by
Presnall gives examples of such behavior.

Table 5 lists entropy, enthalpy, and volume change for
high pressure transitions of geophysical significance.
Table 6 lists parameters for some other phase transitions.
Table 7 presents enthalpies of vitrification (crystal —
glass, not an equilibrium process) and enthalpies,
entropies, and volumes of fusion at the equilibrium
melting point at one atmosphere.

A number of silicates, germanates, and other materials
show phase transitions among pyroxene, garnet, ilmenite,
perovskite, and related structures, as shown schematically
in Fig. 4. Phase relations among olivine, spinel, and beta
phase in several silicates are shown in Fig. 5. Relations at
high P and T for the system FeO-MgO-SiO2 at mantle
pressures are shown in Figs. 5-7. The wealth of phases in

Fig. 8. Equilibrium phase relations in H20. Compiled
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from various sources [14].

Acknowledgments.

the H2O phase diagram is shown in Fig. 8.

I thank Rebecca Lange and Elena

Petrovicova for help with tables and figures.

REFERENCES

1. Akaogi, M. and A. Navrotsky, The HyO-CO3, J. Petrol., 29, 445-522, 10. Fei, Y., H.-K. Mao, and B. O.
quartz-coesite-stishovite 1988. Mysen, Experimental determination
transformations: New calorimetric 6. Carpenter, M. A., A. Putnis , A. of element partitioning and
measurements and calculation of Navrotsky, and J. Desmond C. calculation of phase relations in the
phase diagrams, Phys. Earth Planet. McConnell, Enthalpy effects MgO-FeO-Si0y system at high
Inter., 36, 124-134, 1984. associated with Al/Si ordering in pressure and high temperature, J.

2 Akaogi, M., E. Ito, and A. anhydrous Mg-cordierite, Geochim. Geophys. Res., 96, 2157-2169,
Navrotsky, Olivine-modified spinel- Cosmochim. Acta, 47, 899-906, 1991.
spinel transitions in the system 1983. 11. Ghiorso, M. S., I. S. E. Carmichael,
Mg)SiO4-Fe3S8i04: Calorimetric 7. Fei, Y. and S. K. Saxena, A A regular solution model for met-
measurements, thermochemical thermochemical data base for phase aluminous silicate liquids:
calculation, and geophysical equilibria in the system Fe-Mg-§i-O applications to geothermometry,
application, J. Geophys. Res., 94, at high pressure and temperature, immiscibility, and the source
15,671-15,686, 1989. Phys. Chem. Miner., 13, 311-324, regions of basic magmas, Contrib.

3 Ashida, T., S. Kume, E. Ito, and A. 1986. Mineral. Petrol., 71, 323-342, 1980.
Navrotsky, MgSiO3 ilmenite: heat 8 Fei, Y. and S. K. Saxena, An 12. Ghiorso, M. S., L. S. E. Carmichael,
capacity, thermal expansivity, and equation for the heat capacity of Modeling magmatic systems:
enthalpy of transformation, Phys. solids, Geochim. Cosmochim. Acia, petrologic applications, Rev.
Chem. Miner., 16,239-245, 1988. 51,251-254, 1987. Mineral., 17, 467-499, 1987.

4. Barin, I. and O. Knacke, 9, Fei, Y., S. K. Saxena, and A. 13.  Helgeson, H. C., J. Delany, H. W,
Thermochemical properties of Navrotsky, Internally consistent Nesbitt, and D. K. Bird, Summary
inorganic substances, pp. 921, thermodynamic data and and critique of the thermodynamic
Springer-Verlag, New York, 1973. equilibrium phase relations for properties of rock-forming minerals,

S. Berman, R. G., Internally-consistent compounds in the system MgO- Am. J. Sci., 2784, 1-229, 1978.
thermodynamic data for minerals in Si0p at high pressure and high 14. Hemley, R.J,, L. C. Chen, and H.

the system Na20-K70-CaO-MgO-
FeO-Fep 03-Al203-$i07-TiO5 -

temperature, J. Geophys. Res., 95,
6915-6928, 1990.

K. Mao, New transformations
between crystalline and amorphous



28

15.

16.

17.

18.

19.

20.

21.

THERMODYNAMICS

ice, Nature, 338, 638-640, 1989.
Holland, T. J. B., R. Powell, An
internally consistent thermodynamic
dataset with uncertainties and
correlations: 2. Data and results, J.
Metamorphic Geol., 3, 343-370,
1985.

Holland, T. J. B,, R. Powell, An
enlarged and updated internally
consistent thermodynamic dataset
with uncertainties and correlations:
the system K20-NapO0-CaO-MgO-
MnO-FeO-Fey 03-Al 203 -TiO7 -
Si0y-C-Hp-0p, J. Metamorphic
Geol., 8, 89-124, 1990.

Ito, E., M. Akaogi, L. Topor, and A.
Navrotsky, Negative pressure-
temperature slopes for reactions
forming MgSiO3 perovskite from
calorimetry, Science, 249, 1275-
1278, 1990.

JANAF, Thermochemical Tables,
Third Ed., edited by American
Chemical Society and American
Institute of Physics, 1986.

Kelley, K. K., High-temperature
heat content, heat capacity, and
entropy data for the elements and
inorganic compounds, U.S. Bur.
Mines Bull., 584, 232 pp., 1960.
Kieffer, S. W., Heat capacity and
entropy: systematic relation to
lattice vibrations, Rev. Mineral., 14,
65-126, 1985.

Lange, R. A., J.J. DeYoreo, and A.

Navrotsky, Scanning calorimetric

22

24.

25.

26.

27.

measurement of heat capacity
during incongruent melting of
diopside, Amer. Mineral., 76, 904 -
912, 1991.

Lange, R. A. and A. Navrotsky,
Heat capacities of FepO3-bearing
silicate liquids, Contrib. Mineral.
Petrol., 110, 311-320, 1992.
Navrotsky, A., Enthalpies of
transformation among the
tetragonal, hexagonal, and glassy
modifications of GeO3, J. Inorg.
Nucl. Chem. 33, 1119-1124, 1971.
Navrotsky, A., R. Hon, D. F. Weill,
and D. J. Henry, Thermochemistry
of glasses and liquids in the systems
CaMgSis Og-CaAl28i20g-
NaAlSi30g, SiOp -CaAl2Si0g-
NaAlSi30g and Si0; - Alp 03-CaO-
NaO, Geochim. Cosmochim. Acta,
44, 1409-1423, 1980.

Navrotsky, A., High pressure
transitions in silicates, Prog. Solid
St. Chem., 17, 53-86, 1987.
Navrotsky, A., D. Ziegler, R.
Qestrike, and P. Maniar,
Calorimetry of silicate melts at
1773 K: Measurement of enthalpies
of fusion and of mixing in the
systems diopside-anorthite-albite
and anorthite-forsterite, Contrib.
Mineral. Petrol., 101, 122-130,
1989.

Richet, P., Viscosity and
configurational entropy of silicate

28.

29.

30.

31

32.

33.

melts, Geochim. Cosmochim. Acta.,
48,471-483, 1984,

Richet, P., and Y. Bottinga,
Thermochemical properties of
silicate glasses and liquids: A
review, Rev. Geophys., 24, 1-25,
1986.

Richet, P., Heat capacity of silicate
glasses, Chem. Geol., 62, 111-124,
1987.

Richet, P., R. A. Robie, and B. S.
Hemingway, Thermodynamic
properties of wollastonite,
pseudowollastonite and CaSiO3
glass and liquid, Europ. J. Mineral.,
3, 475-485, 1991.

Robie, R. A,, B. S. Hemingway, and
J. R. Fisher, Thermodynamic
properties of minerals and related
substances at 298.15 K and 1 bar

(105 pascals) and at higher
temperatures, U. S. Geol. Surv.
Bull., 1452, 456 pp., 1978.

Robie, R. A., C. B. Finch, and B. S.
Hemingway, Heat capacity and
entropy of fayalite (Fe2SiO4)
between 5.1 and 383 K; comparison
of calorimetric and equilibrium
values for the QFM buffer reactor,
Amer. Mineral, 67, 463-469, 1982.
Stebbins, J. F., 1. S. E. Carmichael,
and L. K. Moret, Heat capacities
and entropies of silicate liquids and
glasses, Contrib. Mineral. Petrol.,
86,131-148, 1984.



Thermal Expansion

Yingwei Fei

Since Skinner [75] compiled the thermal expansion data
of substances of geological interest, many new
measurements on oxides, carbonates, and silicates have
been made by x-ray diffraction, dilatometry, and
interferometry. With the development of high-temperature
x-ray diffraction techniques in the seventies, thermal
parameters of many rock-forming minerals were
measured [e.g., 14, 22, 28, 45, 68, 77, 97, 99].
Considerable thermal expansion data for important
mantle-related minerals such as periclase, stishovite,
olivine, wadsleyite, silicate spinel, silicate ilmenite and
silicate perovskite were collected by x-ray diffraction
methods [e.g., 4, 39, 42, 71] and by dilatometric and
interferometric techniques [e.g., 54, 86, 88, 89]. While the
data set for 1-bar thermal expansion is expanding, many
efforts have recently been made to obtain the pressure
effect on thermal expansivity [e.g.,9, 19, 21, 36, 51]. In
study of liquid density, a systematic approach is taken to
obtain density and its temperature dependence of natural
liquids [e.g., 11, 12, 16, 44, 46, 48)].

The thermal expansion coefficient a, defined by a =
1/V(aV/aT),, is used to express the volume change of a
substance due to a temperature change. In a microscopic
sense, the thermal expansion is caused by the anharmonic
nature of the vibrations in a potential-well model [103].
The Griineisen theory of thermal expansion leads to a
useful relation between volume and temperature [90],
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VD) = V;O[l + 2%k - (1 - 4kE/Q0)"” ] ey,

where E is the energy of the lattice vibrations. The
constant Q, is related to volume (V,) and bulk modulus
(K,) at zero Kelvin, and the Griineisen parameter (y) by O,
= K\V,/y. The constant k is obtained by fitting to the
experimental data. In the Debye model of solids with a
characteristic temperature, 6,, the energy E can be
calculated by

x3
e*-1

6p/T
E = 9nRT j )
0

(60/T)

where n and R are the number of atoms in the chemical
formula and the gas constant, respectively.

In this model, four parameters, 6,, Q,, k, and V,, are
required to describe the thermal expansion of a solid.
When the thermal expansion is accurately measured over
a wide temperature range, the four parameters may be
uniquely defined by fitting the experimental data to the
model. Furthermore, measurements on heat capacity and
bulk modulus can provide additional constraints on the
model. A simultaneous evaluation of thermal expansion,
bulk modulus, and heat capacity through a self-consistent
model such as the Debye model [e.g., 81] is, therefore,
recommended, especially when extrapolation of data is
involved.

In many cases the above model cannot be uniquely
defined, either because the accuracy of thermal expansion
measurement is not sufficiently high or because the
temperature range of measurement is limited. For the
purpose of fitting experimental data over a specific
temperature range, a polynomial expression for the
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thermal expansion coefficient may be used

o) =ayg + a;T +a,T? €))
where a,, a,, and a, (s 0) are constants determined by
fitting the experimental data. The measured volume
above room temperature can be well reproduced by

T

V(T = Vrexp U o(T)dr @)

Ir

where V;, is the volume at reference temperature (T,),
usually room temperature. When the thermal expansion
coefficient is independent of temperature over the
measured temperature range,
V(T) =V explao(T - Tp)] ©)
The commonly used mean thermal expansion coefficient
(a) can be related to equation (5) by truncating the
exponential series of exp[a,(T - T,)] at its second order,
ie,
V(D) =V [1+a(T-Tp)] (6)
Table 1 lists thermal expansion coefficients of solids.
The coefficients for most substances were obtained by
fitting the experimental data to equations (3) and (4). The
mean coefficient (a), listed in the literature, can be
converted to oy, according to equations (5) and (6).
Thermal expansion coefficients of elements and halides
(e.g., NaCl, KCl, LiF, and KBr) are not included in this
compilation because the data are available in the
American Institute of Physics Handbook {41]. Volumes
12 and 13 of Thermophysical Properties of Matter [92,

93] are also recommended as data sources.
The pressure effect on the thermal expansion coefficient
may be described by the Anderson-Griineisen parameter

(%),

(P, T)/a(T) = [V(P,TYV(D}" %)

The thermal expansion coefficient as a function of
pressure can be calculated from equation (7) and the third
order Birch-Murnaghan equation of state,

P=3f1+ 2f)5/2KT[1 . %(4 . K})f} ®)
f= V(T)
{(wpn | <9>

where K, and K,’ are the bulk modulus and its pressure
derivative, respectively. Table 2 lists the values of K, K/,
and &, for some mantle-related minerals.

The liquid molar volume of a multioxide liquid can be
calculated by
VigD = ¥ XiVir{1+ @G(T-T)]+ V™ (10)
where X, and q, are the mole fraction and mean thermal
expansion coefficient of oxide component i, respectively.
Vm is the partial molar volume of component i in the
liquid at a reference temperature, T, and V== is the excess
volume term. Recent measurements on density and

thermal expansion coefficient of silicate liquid are
summarized in Tables 3a-3d.

TABLE 1. Thermal Expansion Coefficients of Solids

a(T):ao + a1T+ azT-Z

Names T range oy (10°%) ag(10%  a,(10%) a, ref.
Oxides
aAl, 05, corundum a 293-2298 K 7.3 0.0758 0.1191 -0.0603 [2]
¢ 293.2298 K 83 0.0773 0.1743 0.0000 2]
VvV 293-2298 K 23.0 0.2276 0.4198 -0.0897 [2]
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Names T range o (10%) a,(10%  a; (109 a, ref.
BeAl,0,, chrysoberyl a 298-963 K 6.6 0.0250 1.3569 0.0000 [30]
b 298-963 K 8.7 0.0490 1.2777 0.0000 [30]
¢ 298-963K 7.6 0.0540 0.7315 0.0000 [30]
VvV 298-963 K 23.8 0.1320 3.5227 0.0000 [30]
BeO Vv 292-1272K 17.8 0.1820 1.3933 -0.4122  [93, cf. 29]
CaO VvV 293-2400 K 335 0.3032 1.0463 0.0000 [93]
3Ca0-AL 04 VvV 293-1473K 19.5 0.2555 0.7564 -0.7490 [75]4
17Ca0-7AlL,0,4 Vv 298-1073 K 12.3 0.1230 0.0000 0.0000 [15]
Ca0-ALL O, VvV 293-1473K 10.5 0.2232 0.0259 -1.0687 [75]
Co,04, normal spinel vV 301-995K 14.8 0.0631 2.8160 0.0000 [49]
Cr,0,, eskolaite V 293-1473 K 18.6 0.2146 0.1154 -0.2904 [75]
FeAl, Oy, hercynite vV 293-1273K 15.6 0.0977 1.9392 0.0000 [75]
FeCr,0,, chromite VvV 293-1273K 9.9 0.0513 1.5936 0.0000 [75]
FeO, wiistite V 293-873K 339 0.3203 0.6293 0.0000 [75]
Fe,0,, hematite a 293-673K 7.9 0.0350 1.4836 0.0000 [75]
c 293-673K 8.0 0.0559 0.7904 0.0000 (75]
vV 293-673K 23.8 0.1238 3.8014 0.0000 [75]
Fe;0,4, magnetite vV 293-843 K 20.6 -0.0353 8.0591 0.0000 [75]
V 843-1273K 50.1 0.5013 0.0000 0.0000 [75]
FeTiO,, ilmenit a 297-1323K 10.1 0.1006 0.0000 0.0000 [95]
¢ 297-1323K 7.6 0.0638 0.4031 0.0000 [95]
VvV 297-1323K 279 0.2689 0.3482 0.0000 [95]
HfO, VvV 293-1273K 15.8 0.1264 1.0368 0.0000 [75]
MgAl,0,, normal spinel Vv 293-873K 249 0.2490 0.0000 0.0000 [102]
MgAl,0,, disordered spinel VvV 993-1933K 294 0.2940 0.0000 0.0000 [102]
MgCr, 0y, picrochromite V 293-1473 K 16.5 0.1430 1.1191 -0.1063 [75]
MgFe,0,, magnesioferrite VvV 293-1473 K 20.5 0.3108 1.2118 -1.2773 [75]
MgGeOQj,, ilmenite VvV 299-1023 K 224 0.2244 0.0000 0.0000 31
Mg,GeO,, olivine VvV 298-1273 K 41.1 0.4110 0.0000 0.0000 [72]
Mg,GeO,, spinel VvV 298-1273K 321 0.3210 0.0000 0.0000 [72]
MgO, periclase VvV 303-1273K 31.6 0.3768 0.7404 -0.7446 [86]
MnO, manganosite V 293-1123 K 345 0.3317 1.2055 -0.2094 [90]
ThO,, thorianite V 293-1273 K 28.5 0.2853 0.0000 0.0000 [75, cf. 96]
TiO VvV 293-10713K 223 0.1832 1.3236 0.0000 [75]
TiO,, rutile a 298-1883 K 8.9 0.0890 0.0000 0.0000 [85]
¢ 298-1883 K 11.1 0.1110 0.0000 0.0000 [85]
VvV 298-1883 K 28.9 0.2890 0.0000 0.0000 [85]
UO, 3, uraninite vV 293-1273K 245 0.2180 1.2446 -0.0920 [75, cf. 96]
Z10,, baddeleyite vV 293-1273K 212 0.2042 0.2639 0.0000 [75]
Hydrous minerals
AlOOH, boehmite a 100-530K 9.7 -0.0048 3.4000 0.0000 7
b 100-530K 253 -0.0232 9.2000 0.0000 [7]
¢ 100-530K 0.7 0.0005 0.2000 0.0000 (71
vV 100-530K 35.7 -0.0275 12.8000 0.0000 71
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TABLE 1. (continued)

Names T range o, (10%) ag(10%  a, (10% a, ref.
Ca,Mg;Siz0x(OH), a 297-973K 12.0 01202 00000 00000  [83)
tremolite b 297973 K 11.7 0.1167 0.0000 0.0000 [83]
¢ 297-973K 58 0.0583 0.0000 0.0000 [83]

B 297973 K -2.7 -0.0266 0.0000 0.0000 [83]

v 297-973K 31.3 0.3131 0.0000 0.0000 [83]

KAL(AISi;0,0)(OH), a 293-1073K 9.9 0.0994  0.0000 0.0000 [25]
muscovite b 293-1073 K 11.1 0.1110 0.0000 0.0000 [25]
¢ 293-1073K 13.8 0.1379 0.0000 0.0000 [25]

doo1 293-1073 K 13.7 0.1367 0.0000 0.0000 [25]

Vv 293-1073 K 354 0.3537 0.0000 0.0000 [25]

300-650 K 11.0 0.1100 0.0000 0.0000 [19]

Mg(OH),, brucite a
¢ 300-650K 59.0 0.5500 0.0000 0.0000 [19]
vV 300-650 K 80.0 0.8000 0.0000 0.0000 [19]
Carbonates
BaCOj; (hexagonal) a 1093-1233K -102.0 -1.0200 0.0000 0.0000 [43]
¢ 1093-1233K 297.0 2.9700 0.0000 0.0000 [43]
V 1093-1233K  93.0 0.9300 0.0000 0.0000 [43]
CaCO;, aragonite a 293-673K 8.3 0.0833 0.0000 0.0000 [75]
b 293-673K 18.6 0.1862 0.0000 0.0000 [75]
¢ 293-673K 352 0.3520 0.0000 0.0000 [75]
vV 293-673K 62.2 0.6221 0.0000 0.0000 [75]
CaCQO,, calcit a 297-1173K -3.2 -0.0315 0.0000 0.0000 [53]
¢ 297-1173K 13.3 0.1922 2.5183 -1.2140 [53]
Vv 297-1173K 3.8 0.0713 3.3941 -1.2140 [53]
CdCO,, otavite a 293-593K -5.6 -0.0560 0.0000 0.0000 [5]
¢ 293-593K 22.7 0.2270 0.0000 0.0000 [5]
vV 293-593K 115 0.1150 0.0000 0.0000 (5]
CaMg(CO3),, dolomite a 297-973K 3.2 0.0271 0.6045 -0.1152 [70]
¢ 297-973K 15.6 0.1233 2.2286 -0.3089 [70]
VvV 297-973K 22.8 0.1928 3.1703 -0.5393 [70]
MgCO,, magnesite a 297-773K 22 0.0775 0.2934 -0.5809 [53]
¢ 297-773K 13.2 0.0037 42711 0.0000 [53]
Vv 297-773K 18.2 0.1686 4.7429 -1.1618 [53]
MnCOj;, rhodochrosite a 297-773K 1.8 0.0180 0.0000 0.0000 [69]
¢ 297-773K 19.2 0.1920 0.0000 0.0000 [69]
v 297-773K 22.8 0.2280 0.0000 0.0000 [69]
FeCOa, siderite a 297-773K 54 0.0540 0.0000 0.0000 [64]
¢ 297-7713K 16.1 0.1610 0.0000 0.0000 [64]
Vv 297-773K 26.9 0.2690 0.0000 0.0000 [64]
SrCOs, strontianite a 293-1073K 7.1 0.0508 0.6630 0.0000 [75]
b 293-1073K 12.1 0.1107 0.3362 0.0000 [75]
¢ 293-1073K 36.5 0.2629 34137 0.0000 [75]
\%4

293-1073 K 59.2 0.4982 3.1111 0.0000 [75]
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Names T range 0 (10°9) ag(10%)  a; (10%) a, ref.
Sulfides and Sulfates
FeS,, pyrite VvV 293-673K 25.7 0.1256 4.3873 0.0000 [75]
PbS, galena VvV 293-873K 58.1 0.5027 2.6125 0.0000 [75]
ZnS, sphalerite VvV 293-1273 K 17.8 0.2836 0.0000 -0.9537 [75]
ZnS, wurtzite a 293-1273 K 6.7 0.0763 0.3815 -0.1885 [75]
¢ 293-1273 K 6.5 0.0762 0.1134 -0.1274 [75]
vV 293-1273 K 19.0 0.2136 1.0938 -0.5061 [75]
BaSO,, barite a 298-1158 K 20.7 0.2070 0.0000 0.0000 [73]
b 298-1158K 25.5 0.2550 0.0000 0.0000 [73]
¢ 298-1158K 17.2 0.1720 0.0000 0.0000 [73]
VvV 298-1158 K 63.7 0.6370 0.0000 0.0000 [73]
K,S0, a 293-673K 155 -0.1713 10.8705 0.0000 [75]
b 293-673K 33.4 0.3337 0.0000 0.0000 [75]
¢ 293-673K 42.6 0.1628 8.7701 0.0000 [75]
V 293-673 K 914 0.3252 19.6406 0.0000 [75]
Silicates
Akermanite, Ca,MgSi,0, a 293-693K 10.7 0.1065 0.0000 0.0000 [31]
¢ 293-693K 5.9 0.0346 0.8280 0.0000 [31]
V 293-693 K 27.1 0.2453 0.8700 0.0000 [31]
Andalusite, A1,SiO4 a 298-1273 K 12.5 0.1223 0.0963 0.0000 [97]
b 298-1273K 8.1 0.0753 0.1918 0.0000 [97]
¢ 298-1273K 2.3 0.0233 0.0000 0.0000 [97]
VvV 298-1273K 22.8 0.2181 0.3261 0.0000 971
Beryl, Be; Al SigO45 a 298-1073 K 2.6 0.0260 0.0000 0.0000 [58]
¢ 298-1073K -2.9 -0.0290 0.0000 0.0000 [58]
VvV 298-1073K 23 0.0230 0.0000 0.0000 [58]
Calcium silicates
Ca;Si, 0, rankinite vV 293-1473K 33.1 0.2883 1.4106 0.0000 [75]
p-Ca,SiOy, VvV 293-1473 K 31.4 0.4601 0.0158 -1.3157 [75]
Ca;SiO; Vv 293-1273K 25.7 0.1852 2.4073 0.0000 [75]
Cancrinite a 298-673K 7.0 0.0034 2.2150 0.0000 [75]
c 298-673K 16.1 0.0328 4.2629 0.0000 [75]
vV 298-673 K 29.9 0.0364 8.7589 0.0000 [75]
Cordierite
Mg, ALSis0O,5 (hexagonal) a 298-873K 2.2 0.0220 0.0000 0.0000 [35]
¢ 298-873K -1.8 -0.0180 0.0000 0.0000 [35]
VvV 298-873 K 2.6 0.0260 0.0000 0.0000 [35, cf. 67)P
B-Eucryptite, LiAlSiO,4 a 296-920K 8.6 0.0860 0.0000 0.0000 [66]
¢ 296-920 K -18.4 -0.1840 0.0000 0.0000 [66]
V 296-920 K -1.2 -0.0120 0.0000 0.0000 [66]
Feldspars
Celsian, BaAl,Si,Oq4 VvV 293-673K 8.7 0.0605 0.8692 0.0000 [75]
High Albite, NaAlSi;Oq4 a 297-1378 K 9.6 0.0716 0.8114 0.0000 [68]
b 297-1378 K 6.6 0.0656 0.0000 0.0000 [68]
¢ 297-1378K 52 0.0523 0.0000 0.0000 [68]
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TABLE 1. (continued)

Names T range o (10%) ag (104  a, (109 a, ref.
a 297-1378 K 2.1 0.1603 -6.0284 0.0000 [68]
B 297-1378 K 2.3 -0.0197 -0.1120 0.0000 [68]
y 297-1378 K -2.6 -0.0252 -0.0252 0.0000 [68]
Vv 297-1378 K 26.8 0.2455 0.7621 0.0000 [68, cf. 99]
Low Albite, NaAISi;Og a 298-1243K 11.7 0.0882 0.9479 0.0000 [98]
b 298-1243 K 4.7 0.0371 0.3400 0.0000 [98]
¢ 298-1243 K 0.3 -0.0113 0.4618 0.0000 [98]
a 298-1243 K 2.7 0.0263 -1.7927 0.0000 [98]
B 298-1243 K -5.2 -0.0547 0.0987 0.0000 [98]
y 298-1243K 0.5 0.0061 -0.3641 0.0000 {98]
V '298-1243K  22.6 0.1737 1.7276 0.0000 [98)
Adularia, Orgg;Abg AN, vV 293-1273K 112 0.1846 05719  -08088  [75]
Microcline, Orgs sAbyg s Vv 293-1273K 156 01297 08683 00000  [75]
Orthoclase, Orgg ¢Absy gAngg V' 293-1273 K 9.7 -0.0097 3.5490 0.0000 [75]
Plagioclase, AbgAn, vV 293-1273K 154 02199 10271  -08714  [75]
Plagioclase, Aby,An,, v 293-1273K 89 01612 07683 08503  [75]
Plagioclase, AbsgAng Vv 203-1273K 106 01524 05038 05550  [75]
Plagioclase, AbsAngs VvV 293-1273K 14.1 0.1394 0.0597 0.0000 [75, cf. 24¢]
Garnets
Almandite, Fe;ALSi;0;,  V 294-1044K  15.8 01776 12140  -05071  [75]
Andradite, CaqFe,Si;0, V 294-963 K 20.6 02103 06839  -02245  [75]
Cacium-rich garnet VvV 300-1000 K 20.2 0.2647 0.3080 -0.6617 [38]
Grossularite, Ca;AL,Si;0;, vV 292-980 K 16.4 0.1951 08089  -04972  [75]
Pyrope, Mg;ALSi;0, v 283-1031K 199 02311 05956  -04538  [75]
Spessartite, Mn;ALSi,0;;  V 292-973K 172 02927 02726  -1.1560  [75]
Natural garnet (pyrope-rich) v 298-1000K  23.6 02880 02787  -05521  [87]
Gehlenite, Ca,Al,SiO, V 293-1473K  24.0 02320 02679  0.0000  [75]
Hornblende VvV 293-1273K 238 0.2075 1.0270 0.0000 [75]
Kyanite, Al,SiOg4 a 298-1073 K 7.5 0.0749 0.0000 0.0000 [97]
b 298-1073 K 6.6 0.0661 0.0000 0.0000 [97]
¢ 298-1073K 109 0.1095 0.0000 0.0000 [97]
Vv 298-1072 K 25.1 0.2505 0.0000 0.0000 [97]
Merwinite, Ca;Mg(Si0,), Vv 293-1473 ¢ 29.8 0.2521 1.5285 0.0000 [75]
Mullite,
AL O5(71.2%)Si0,(28.6%) a 59 17.K 39 0.0390 00000 00000  [74]
b 7,1 73K 7.0 0.0700 0.0000 0.0000 [74]
¢ J73-1173K 5.8 0.0580 0.0000 0.0000 [74]
v 575-1173K 16.7 0.1670 0.0000 0.0000 [74]
AL O5(600%)Si0,(28.4%)Cr 573-1173K 3.1 0.0310 00000 00000  [74)
b 573-1173K 6.2 0.0620 0.0000 0.0000 [74]
¢ 573-1173K 56 0.0560 0.0000 0.0000 [74]
V 573-1173K 149 0.1490 00000 00000  [74]
ALOy(21%)Si0y(z74%)Fe ~ a S573-1173K 33 0.0330 00000 00000  [74]
b 573-1173K 7.0 0.0700 0.0000 0.0000 [74]
¢ 573-1173K 5.6 0.0560 0.0000 0.0000 [74]
Vv 573-1173K 15.9 0.1590 0.0000 0.0000 [74]
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Names T range gy (10%) ag (10 a,(10%) a, ref.
Nephelines
(Nag.75K0.22)AISiO,4 a 293-1073 K 11.1 0.0512 1.9931 0.0000 [75]
¢ 293-1073K 8.3 0.0665 0.5544 0.0000 [75]
VvV 293-1073 K 313 0.1889 4.1498 0.0000 [75]
(Nag 50K 41)AISiO;4 a 293-1073 K 195 0.1952 -0.0211 0.0000 (751
¢ 293-1073K 19.8 0.2627 -2.1428 0.0000 [75]
VvV 293-1073K 58.5 0.6515 -2.2071 0.0000 [75]
Olivines
CaMg, g7Feq 67510, a 298-1068 K 6.4 0.0855 0.1308 -0.2331 [45]
monticellite b 298-1068 K 7.4 0.0965 0.1806 -0.2575 [45]
¢ 298-1068 K 10.3 0.1235 0.4236 -0.2891 [45]
VvV 298-1068 K 24.2 0.3114 0.6733 -0.8133 [45]
CaMn(MgZn)SiO, a 298-1073 K 6.5 0.0976 0.2233 -0.3605 [45]
glaucochroite b 298-1073 K 6.4 0.0953 0.2091 -0.3536 [45]
¢ 298-1073 K 7.2 0.1055 0.2783 -0.3852 [45]
Vv 298-1073 K 20.3 0.3007 0.7192 -1.1080 [45]
Mg,Si0,, forsterite a 303-1173K 6.6 0.0663 0.3898 -0.0918 [86]
b 303-1173K 9.9 0.1201 0.2882 -0.2696 [86]
¢ 303-1173K 938 0.1172 0.0649 -0.1929 [86]
Vv 303-1173K 26.4 0.3034 0.7422 -0.5381 [86]
Mg,Si0,, forsterite V 296-1293K 30.6 0.2635 1.4036 0.0000 [28]
Mg, Si0,, forsterite vV 298-1273K 28.2 0.3407 0.8674 -0.7545 [54]
Mg,Si0,, forsterite Vv 300-1300K 27.3 0.2854 1.0080 -0.3842 [40]
Mn,Si0,, tephroite a 298-1123 K 5.8 0.0397 0.5249 0.0621 [61]
b 298-1123 K 8.8 0.1042 0.2744 -0.2188 [61]
¢ 298-1123 K 8.0 0.0807 0.3370 -0.0853 [61]
VvV 298-1123K 22.6 0.2307 1.0740 -(.2898 [61]
Ni,SiOy, Ni-olivine a 298-1173K 9.5 0.1049 0.2093 -0.1409 [45]
b 298-1173 K 8.9 0.0990 0.1746 -0.1387 [45]
¢ 298-1173K 9.0 0.1004 0.1827 -0.1396 [45]
Vv 298-1173K 27.3 0.3036 0.5598 -0.4204 [45]
Fe,SiO,, fayalite a 298-1123K 5.5 0.1050 0.0602 -0.4958 [91]
b 298-1123K 7.9 0.0819 0.1629 -0.0694 [91]
¢ 298-1123 K 9.9 0.1526 -0.1217 -0.4594 [91]
VvV 298-1123K 26.1 0.2386 1.1530 -0.0518 [91, 76, 27]
(Mgg 7Fe(3),Si0,4 a 297-983 K 6.1 0.0610 0.0000 0.0000 [13]
hortonolite b 297-983K 9.6 0.0960 0.0000 0.0000 [13]
¢ 297-983K 9.7 0.0975 0.0000 0.0000 [13]
Vv 297-983 K 25.5 0.2557 0.0000 0.0000 [13]
Mg, 7sFe; 10Mng 15Si0, a 296-1173K 9.2 0.0916 0.0000 0.0000 [27]
hortnolite b 296-1173 K 11.1 0.1109 0.0000 0.0000 [27]
c 296-1173K 14.6 0.1456 0.0000 0.0000 27
VvV 296-1173 K 35.0 0.3504 0.0000 0.0000 [27,cf. 79]
Perovskite
MgSiO; a 77-298 K 8.4 0.0840 0.0000 0.0000 [711]
b 77-298K 0.0 0.0000 0.0000 0.0000 [71]

35
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TABLE 1. (continued)

Names T range ap(10%)  ap(10%)  a;(10%) a, ref.
¢ 77-298K 59 0.0590 0.0000 0.0000 [71]
Vv 77-298K 14.5 0.1450 0.0000 0.0000 [71]
Vv 298-381 K 220 0.2200 0.0000 0.0000 [71]
(Mg oFeq1)SiO; a 100-250K 5.8 0.0580 0.0000 0.0000 [62]
b 100-250K 5.2 0.0520 0.0000 0.0000 [62]
¢ 100-250K 4.5 0.0450 0.0000 0.0000 [62]
vV 100-250 K 15.5 0.1550 0.0000 0.0000 [62]
a 250-373K 8.1 0.0810 0.0000 0.0000 [62]
b 250-373K 54 0.0540 0.0000 0.0000 [62]
¢ 250-373K 54 0.0540 0.0000 0.0000 [62]
v 250-373K 18.9 0.1890 0.0000 0.0000 [62]
Vv 150-373K 19.0 0.1900 0.0000 0.0000 [62]
(Mgg oFeg1)SiO; vV 298-840 K 30.7 0.3156 0.9421 -0.3271 [42]
Phenakite, Be,SiO, a 298-963 K 5.2 0.0520 0.0000 0.0000 [30]
c 298-963 K 6.4 0.0640 0.0000 0.0000 [30]
VvV 298-963 K 16.8 0.1680 0.0000 0.0000 [30]
Pseudowollastonite, CaSiO, VvV 293-1473 K 27.8 0.2474 1.0096 0.0000 [75]
Pyroxenes
CaAl,SiOg¢, CaTs a 298-1473K 8.8 0.0882 0.0000 0.0000 [26]
b 298-1473K 12.0 0.1204 0.0000 0.0000 [26]
¢ 298-1473K 89 0.0888 0.0000 0.0000 [26]
vV 298-1473 K 27.8 0.2780 0.0000 0.0000 [26]
CaMgSi, 04, diopside a 297-1273K 7.8 0.0779 0.0000 0.0000 [14]
b 297-1273K 20.5 0.2050 0.0000 0.0000 [14]
¢ 297-1273K 6.5 0.0646 0.0000 0.0000 [14]
d100 297-1273K 6.1 0.0606 0.0000 0.0000 [14]
Vv 297-1273K 333 0.3330 0.0000 0.0000 [14,cf. 22]
Ca,015Mgo 305F€0,6sSi05 a 293-1123K 13.5 0.1350 0.0000 0.0000 [78]
ferrohypersthene b 293-1123K 14.5 0.1450 0.0000 0.0000 (78]
¢ 293-1123K 15.4 0.1540 0.0000 0.0000 [78]
Vv 293-1123K 43.8 0.4380 0.0000 0.0000 [78]
Cag 015Mgo 305Feg 655103 a 293-973K 16.2 0.1620 0.0000 0.0000 [77]
clinohypersthene b 293-973K 10.4 0.1040 0.0000 0.0000 [77]
¢ 293-973K 13.8 0.1380 0.0000 0.0000 [77]
d10o 293-973 K 8.3 0.0830 0.0000 0.0000 [77]
VvV 293-973K 32.7 0.3270 0.0000 0.0000 [77]
CaFeSi,0, hedenbergite a 297-1273K 7.2 0.0724 0.0000 -0.0000 [14]
b 297-1273K 17.6 0.1760 0.0000 0.0000 [14]
¢ 297-1273K 6.0 0.0597 0.0000 0.0000 [14]
d100 297-1273K 48 0.0483 0.0000 0.0000 [14]
Vv 297-1273 K 29.8 0.2980 0.0000 0.0000 [14]
Cag 15Fe 5Si03, FsWo a 297-773K 18.9 0.1890 0.0000 0.0000 [60]
b 297-773K 133 0.1330 0.0000 0.0000 [60]
¢ 297-7713K 152 0.1520 0.0000 0.0000 [60]
d100 297-773K 8.9 0.0893 0.0000 0.0000 [60]
vV 297-773K 37.6 0.3760 0.0000 0.0000 [60]
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Names T range gy (10°%) a, (104  a;(10%) a, ref.
FeSiO,, orthoferrosilite a 297-1253K 11.2 0.1120 0.0000 0.0000 [84]
b 297-1253K 10.9 0.1090 0.0000 0.0000 [84]

¢ 297-1253K 16.8 0.1680 0.0000 0.0000 [84]

Vv 297-1253 K 39.3 0.3930 0.0000 0.0000 [84]

LiAlSi,Og, spodumene a 297-1033K 38 0.0380 0.0000 0.0000 [14]
b 297-1033K 11.1 0.1110 0.0000 0.0000 [14]

¢ 297-1033K 4.8 0.0475 0.0000 0.0000 [14]

d100 297-1033 K 6.0 0.0600 0.0000 0.0000 [14]

vV 297-1033K 222 0.2220 0.0000 0.0000 (14]

Mg, sFeg,2Si03, bronzite a 298-1273K 16.4 0.1640 0.0000 0.0000 {23]
b 298-1273 K 14.5 0.1450 0.0000 0.0000 [23]

¢ 298-1273K 16.8 0.1680 0.0000 0.0000 [23]

vV 298-1273 K 47.7 0.4770 0.0000 0.0000 23]

MgSiO,, enstatite VvV 293-1073 K 24.1 0.2947 0.2694 -0.5588 [75]
MgSiO,, protoenstatite V 1353-1633K  16.7 0.1670 0.0000 0.0000 [59]
MnSiO;, pyroxmangite a 297-1073K 7.6 0.0760 0.0000 0.0000 [65]
b 297-1073K 13.8 0.1380 0.0000 0.0000 [65]

¢ 297-1073K 6.7 0.0670 0.0000 0.0000 {65]

Vv 297-1073 K 28.1 0.2810 0.0000 0.0000 [65]

NaAlSi, 0, jadeite a 297-1073K 8.5 0.0850 0.0000 0.0000 [14]
b 297-1073K 10.0 0.1000 0.0000 0.0000 [14]

¢ 297-1073K 6.3 0.0631 0.0000 0.0000 [14]

d100 297-1073K 82 0.0817 0.0000 0.0000 [14]

vV 297-1073 K 24.7 0.2470 0.0000 0.0000 [14]

NaCrSi, g, ureyite a 297-873K 59 0.0585 0.0000 0.0000 [14]
b 297-873K 9.5 0.0946 0.0000 0.0000 [14]

¢ 297-873K 39 0.0390 0.0000 0.0000 [14]

d100 297-873K 6.9 0.0691 0.0000 0.0000 [14]

Vv 297-873K 20.4 0.2040 0.0000 0.0000 [14]

NaFeSi, Og, acmite a 297-1073K 7.3 0.0727 0.0000 0.0000 [14]
b 297-1073K 12.0 0.1200 0.0000 0.0000 [14]

¢ 297-1073K 45 0.0450 0.0000 0.0000 [14)

d100 297-1073 K 8.0 0.0804 0.0000 0.0000 [14]

vV 297-10713 K 24.7 0.2470 0.0000 0.0000 [14]

Silicate ilmenite, MgSiO, a 298-876 K 7.1 0.0707 0.0000 0.0000 [4]
c 298-876 K 10.0 0.0996 0.0000 0.0000 [4]

vV 298-876 K 24.4 0.2440 0.0000 0.0000 (41

Silicate spinel

¥Y-Mg,SiO, vV 297-1023 K 18.9 0.2497 0.3639 -0.6531 [88]
y-Ni;SiO, vV 298-973 K 26.8 0.2680 0.0000 0.0000 [101]
y-Fe,Si0, vV 298-673K 27.0 0.2697 0.0000 0.0000 [101]
y-Fe,SiO, VvV 298-673 K 23.0 0.2300 0.0000 0.0000 [52]
Sillimanite, Al,SiO4 a 298-1273K 1.0 0.0231 0.0092 -0.1185 [97]
b 298-1273K 74 0.0727 0.0470 0.0000 [97]

¢ 298-1273K 42 0.0386 0.1051 0.0000 [97]

VvV 298-1273 K 13.3 0.1260 0.2314 0.0000 [97]
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TABLE 1. (continued)

Names T range o (10°) ag (104 a, (10'8) a, ref.
SiO, group
Coesite VvV 293-1273K 6.9 0.0597 0.7697 -0.1231 [75]
Cristobalite, low a 301-491K 19.5 0.1950 0.0000 0.0000 [63]
¢ 301-491 K 52.7 0.5270 0.0000 0.0000 [63]
vV 301-491K 91.7 0.9170 0.0000 0.0000 [63]
Cristobalite, high V 673-1473 K 6.0 0.0600 0.0000 0.0000 [75)4
a-Quartz vV 298-773K 243 0.1417 9.6581 -1.6973 [1)€
B-Quartz V 848-1373K 0.0 0.0000 0.0000 0.0000 [1]
V 1473-1673K -44 -0.0440 0.0000 0.0000 [1]
Stishovite a 291-873K 7.8 0.0758 0.0656 0.0000 [39]
¢ 291-873K 0.9 0.0060 0.6553 -0.1500 [39]
vV 291-873K 16.4 0.1574 0.7886 -0.1500 [39]
Stishovite a 300-693 K 75 0.0750 0.0000 0.0000 [18]
¢ 300-693K 3.8 0.0380 0.0000 0.0000 [18]
vV 300-693K 18.6 0.1860 0.0000 0.0000 (18]
Spodumene, a-LiAlSi,Oq VvV 293-1073K 11.0 0.0758 1.1542 0.0000 [75]
Topaz, Al,SiO4(F,0H), a 293-1273K 4.6 0.0316 0.4698 0.0000 [75]
b 293-1273K 3.6 0.0245 0.3795 0.0000 {75]
¢ 293-1273K 6.3 0.0485 0.4924 0.0000 [75]
vV 293-1273K 14.8 0.1098 1.2700 0.0000 [75])
Wadsleyite (B-phase) a 293-1073K 6.0 0.0851 0.1388 -0.2662 [89]
Mg,SiO, b 293-1073K 5.6 0.0791 0.1165 -0.2487 [89]
¢ 293-1073K 93 0.1196 0.3884 -0.3412 [89]
VvV 293-1073 K 20.9 0.2893 0.5772 -0.8903 [89]
Zircon, Z1SiO, a 293-1293K 34 0.0340 0.0000 0.0000 [6]
¢ 293-1293 K 5.6 0.0560 0.0000 0.0000 [6]
V 293-1293 K 12.3 0.1230 0.0000 0.0000 {6, cf. 82]
Perovskites
BaZrO,, perovskite Vv 293-873K 20.6 0.2060 0.0000 0.0000 [104]
CaGeO,, perovskite a 295-520K 13.8 0.1380 0.0000 0.0000 [50]
b 295-520K 6.8 0.0680 0.0000 0.0000 [50]
¢ 295-520K 10.5 0.1050 0.0000 0.0000 [50]
VvV 295-520K 31.1 0.3110 0.0000 0.0000 [50]
a 520-673K 12.1 0.1210 0.0000 0.0000 [50]
b 520-673K 12.1 0.1210 0.0000 0.0000 [50]
¢ 520-673K 10.5 0.1050 0.0000 0.0000 [50]
vV 520-673K 35.0 0.3500 0.0000 0.0000 [50]
NaMg0O,, perovskite a 298-873K 40.4 0.4040 0.0000 0.0000 [105]
b 298-873K 15.3 0.15300 0.0000 0.0000 [105]
¢ 298-873K 30.6 0.3060 0.0000 0.0000 [105]
Vv 288-873K 88.0 0.8800 0.0000 0.0000 [105]
NaMgOs, cubic VvV 1038-1173K 949 0.9490 0.0000 0.0000 [105]
ScAlO,, perovskite a 293-973K 10.0 0.1000 0.0000 0.0000 (32]
b 293-973K 7.0 0.0700 0.0000 0.0000 [(32]
¢ 293973K 10.0 0.1000 0.0000 0.0000 [32]
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TABLE 1. (continued)

Names T range ay (109) ag (104 a, (109 a, ref.
VvV 283-1373K 27.0 0.2700 0.0000 0.0000 [32]

SrZrO,, perovskite a 293-973K 12.4 0.1240 0.0000 0.0000 [104]

b 293-973K 7.5 0.0750 0.0000 0.0000 [104]

¢ 293-973K 9.7 0.0970 0.0000 0.0000 [104]

vV 293-973K 29.8 0.2980 0.0000 0.0000 [104]

a 973-1123K 7.6 0.0760 0.0000 0.0000 [104]

b 973-1123 K 16.1 0.1610 0.0000 0.0000 [104]

¢ 973-1123K 8.2 0.0820 0.0000 0.0000 [104]

vV 973-1123K 324 0.3240 0.0000 0.0000 [104]

a 1123-1443K 14.9 0.1490 0.0000 0.0000 [104]

¢ 1123-1443K 6.8 0.0680 0.0000 0.0000 [104]

vV 1123-1443K 375 0.3750 0.0000 0.0000 [104]

“For data cited from [75], see [75] for original data sources.

bSee [56] for orthorhombic cordierite and [33] for hydrous Mg- and Fe-cordierites.

“See [24] for plagioclases, Anjgg, AbgAng;, Ab;Angs, AbysAny,Ors, Abg3AnsgOry, Aby;Ans;Or,, and Ab,y3Ang6Or;.
Inversion at 491 K. Also see [75] for data on tridymite.

€a- and p-quartz transition at 846 K; see [1] for discussion on thermal expansion near the transition.

TABLE 2. Pressure Effect on Thermal Expansion Coefficient of Selected Substances

Phases K7, GPa Ky or references
Fe(bcc) 165.0 5.30 6.5 [34]
Fe(hcp) 2120 4.00 6.5 [34]
Fe(fce) 167.0 4.00 6.5 9]
NaCl 24.0 5.01 5.8 [100]
LiF 65.3 5.10 54 [10]
MgO, periclase 160.3 4.13 4.7 [36]
(Mg ¢Feg 4)O, magnesiowiistite 157.0 4.00 4.3 [20]
Mg(OH), 54.3 4.70 45 [19]
Mg,Si0y, olivine 129.0 5.37 55 [37]
B-(Mgg gsFeq 16),5104 174.0 4.00 5.1 [21]
Mg,SiOy, spinel 183.0 4.30 58 [55]

(Mg, oFeq 1)Si0O,, perovskite 261.0 4.00 6.5 [51]
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TABLE 3a. Partial Molar Volume and Mean Thermal
Expansion Coefficient of Oxide Components [46]

Vig(D) = ¥ XiVir{1+ &(T - T1)] + Xna0X1i0, Vaz0-Tio

TABLE 3b. Partial Molar Volume and Mean Thermal
Expansion Coefficient of Oxide Components
in Al-Free Melts [11]

iron-free silicate liquid4 64 liquids?

Oxides Virmk  4Gx10%  Visnk (109
SiO, 26.88 -1.2 26.92 0
TiO, 23.98 36.5 22.43 323
ALO, 37.52 2.0 36.80 7.1
Fe,0, - - 4144 219
FeC - - 13.35 21.9
MgO 11.85 1 0.7 11.24 233
Ca0 16.84 251 16.27 17.9
Na,O 29.53 26.8 28.02 26.4
K,0 47.10 72.8 44.61 26.7
Li,O 17.42 334 16.19 324
N2,0-TiO, 20.10 20.33

4 Data were derived from density measurements of melts in iron-
free system [8, 46, 80]. Units are in cc/mole and 1/K.

b Data were derived from density measurements of 64 melts in
the system Na,C-K,0-Ca0O-MgO-FeO-Fe,03-Al,05-TiO,-Si0,
8, 46, 57, 80].

TABLE 3c. Partial Molar Volume and »ean Thermal
Expansion Coefficient of Oxide Components
in CaO-FeO-Fe203-Si0O2 Melts [ 4]

Viig(D) = 2 XiVir[1 + (T - T) | + XsioxXcao Vsioy-cao

> 20 wt% silica? low silica

Oxides  Viienx & x105 Ve O(x109
SiO, 25.727 0 27.801 0
Fe,0, 37.501 92 35770 133
FeO 14.626 21.0 13.087 194
CaO 18.388 12.1 21.460 10.5
Si0,-Ca0 0 -11.042

a=3x%
Oxides Vi, 1673 ai (XIOS)
Si0, 26.75 0.1
TiO, 22.45 37.1
Fe,0, 44.40 32.1
FeO 13.94 34.7
MgO 12.32 122
CaO 16.59 16.7
Na,O 29.03 25.9
K,0 46.30 359
Li,0 17.31 22.0
MnO 14.13 15.1
NiO 12.48 24.9
Zn0 13.64 43.0
Sr0 20.45 154
BaO 26.20 17.4
PbO 25.71 16.1
Rb,0 54.22 613
Cs,0 68.33 71.4

2 Data were derived from density measurements of Al free
melts. See [11] for data sources. Units are in cc/mole and 1/K.

TABLE 3d. Partial Molar Volume and Mean Thermal
Expansion Coefficient of Oxide Components
in Na, O-FeO-Fe703-Si0O5 Melts [47]

VigH = 3 XiVin{1+ o(T - To)]

Oxides Vi, 1573 ai (x105)
Sio, 26.60 03
Fe,0, 41.39 12.9
FeO 13.61 18.7
Na,O 28.48 23.2

4 Data were derived from density measurements of 30 melts in
the system CaO-FeO-Fe,03-Si0, [16, 57]. Units are in cc/mole
and 1/K.

2 Data were derived from density measurements of 12 melts in
the system Na,0-FeO-Fe,0,-SiO, [17] and ferric-ferrous
relations [47]. Units are in cc/mole and 1/K.
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Elasticity of Minerals, Glasses, and Melts

Jay D. Bass

INTRODUCTION

In this chapter I present a compilation of the elastic
moduli of minerals and related substances which may be
of use in geophysical or geochemical calculations. The
discipline of elasticity is a mature one. Laboratory mea-
surements of elasticity have been actively investigated
for a number of years for a wide variety of materials.
Consequently, there are several excellent compilations
of elastic moduli available, notably those of Hearmon
[46, 47], in the Landolt-Bornstein tables, and Sumino
and Anderson [118] (for crystalline materials), and of
Bansal and Doremus [6] (for glasses). Here are sum-
marized elastic moduli of most direct geologic impor-
tance. Included are many important results published
in the last few years which are not available in other
summaries.

The main content of the tables consists of elastic
moduli, c;;, which are stiffness coefficients in the lin-
ear stress-strain relationship [80]:

Oij = Cijri€kl (1)

where 0;; and €x; are the stress and strain tensors, re-
spectively. We use the standard Voigt notation [80], to
represent the moduli as components of a 6 x 6 matrix
cij where the indices ¢ and j range from 1 to 6. Also
listed for each material are the adiabatic bulk modulus
and shear modulus for an equivalent isotropic polycrys-
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talline aggregate. The isotropic moduli listed are are
Hill averages of the Voigt and Reuss bounds [135]. In
conjunction with the density, the moduli can be used
to calculate acoustic velocities using standard relations
[16].

This chapter is not meant to be either historically
complete nor encyclopedic in scope. In cases where a

.material has been the subject of several studies, we have

cited the average moduli computed by Hearmon [46,
47], where available. Thus, the results from many older
studies are not individually listed, especially where they
have been superceded by experiments using more mod-
ern techniques. This has made the present summary
far more compact than it would otherwise be. How-
ever, elastic properties reported after the compilations
of Hearmon [46, 47], and by Bansal and Doremus [6],
are included as separate entries. Except in a few im-
portant cases, only results from single-crystal stud-
ies are reported. Results from experiments on poly-
crystalline samples were uniformly excluded unless no
single-crystal data were available.

Since the earlier compilation by Birch [16], the quan-
tity of data related to the equation of state of rocks
and minerals has grown considerably. For many ma-
terials, complimentary results on the equation of state
of minerals from static compression data are found in
the chapter by Knittle, with which there is a degree of
overlap. Likewise, the chapter by Anderson and Isaak
present considerably more detail on the high tempera-
ture elasticity of minerals.

The results in this chapter derive from a variety of
techniques which have a broad range of precision. We
have not made any attempt to assess the relative ac-
curacy of results from different laboratories on a given
material.
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The number of independent elastic constants appro-
priate to a material depends on the symmetry of that
material [80], ranging from two for a noncrystalline
substance, to three for an cubic (isometric) crystal, to
twenty one for a triclinic crystal. Tables are therefore
organized on the basis of crystallographic symmetry,
with materials of a similar nature (e.g. elements, gar-
nets, etc.) grouped together.

The notation used throughout the tables is as follows:

P GPa Pressure
P Mg/m® Density
Superscripts
E Indicates constant electric field
D Indicates constant electric displacement

Symbol Units Description

Note that for melts, we have cited the zero frequency, or
relaxed, bulk modulus where possible. It is not possible
within the framework of this review to summarize the
frequency dependence of the elastic properties of melts
or glasses at high temperature. In cases where the dis-

¢ij GPa Single-crystal elastic stiffness persive properties of liquids were investigated, we have
moduli listed the results obtained at the lowest frequency.
Ks GPa Adiabatic bulk modulus Most of the entries are for minerals, although some
Kspo GPa Adiabatic bulk modulus at zero chemically and structurally related compounds of inter-
frequency est are included. In all of the tables, the compositions
G GPa Shear modulus of solid solutions are given in terms of mole percentages
Ve m/s Longitudinal wave velocity of the end-members, indicated by the subscripts, except
T Kelvins Temperature where specifically noted.
Table 1. Elastic Moduli of Cubic Crystals at Room P & T
Material p Subscript ij in modulus ¢;; (GPa) Ks G Refer-
Mg/m3 11 44 12 GPa GPa ences
Elements, Metallic Compounds
Au, Gold 19.283 191 424 162 171.7 27.6 47
Ag, Silver 10.500 122 45.5 92 102.0 29.2 47
C, Diamond 3.512 1079 578 124 443.0 535.7 77
Cu, Copper 8.932 169 75.3 122 137.3 46.9 46
Fe, a-Iron 7.874 230 117 135 166.7 81.5 47
Feq.94Si0.06 7.684 221.0 122.3 135.1 163.7 80.40 103
Feg.94Si0.06 7.675 222.3 123 135.5 164.4 81.1 72
Feo.915i0.09 7.601 216.4 124.6 134 161.4 80.1 72
Binary Ozides
BaO 5.992 122 344 45 70.7 36.0 47, 126
CaQ, Lime 3.346 224 80.6 60 114.7 81.2 46, 111
3.349 220.5 80.03 57.7 112.0 80.59 81
CoO 6.438 260 824 145 183.3 71.3 47
Fey 920, Wustite 5.681 245.7 447 149.3 181.4 46.1 120
Feg 3430 5.708 218.4 45.5 123.0 154.8 46.4 56
Feg 950 5.730 217 46 121 153.0 46.8 15
MnO, Manganosite 5.365 227 78 116 153.0 68.1 47
5.368 223.5 78.1 111.8 149.0 68.3 89
5.346 226 .4 79.0 114.9 152.1 68.7 138
MgO, Periclase 3.584 204 155 93 160.0 130.3 46
3.584 296.8 155.8 95.3 162.5 130.8 57
3.584 297.8 155.8 95.1 162.7 131.1 152
NiO, Bunsenite 6.828 344.6 40 141 205 58.8 134
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Material p Subscript ij in modulus ¢;; (GPa) Ks G Refer-
Mg/m> 11 44 12 GPa GPa ences
(0] 5.009 170 55.6 46 87.3 58.1 46, 116
UOQO3, Uraninite 10.97 389 59.7 119 209 83 35
Spinel Structured Ozides
Fe3Oy4, 5.206 275 95.5 104 161.0 914 47
Magnetite 270 98.7 108 162.0 91.2 47
FeCr;04, Chromite 5.09 322 117 144 203.3 104.9 47
MgAlL, Oy, 3.578 282 154 154 196.7 108.3 46, 24
Spinel 3.578 282.9 154.8 155.4 197.9 108.5 152
Mg0O-2.6A1,0;3 3.619 298.6 157.6 153.7 202.0 115.3 106
MgO:3.5A1,04 3.63 300.5 158.6 153.7 202.6 1164 126
312 157 168 216.0 114.8 46
303 156 158 206.3 114.7 46
Mgo 7sFeq.36Al1 9004, 3.826 269.5 143.5 163.3 198.7 97 130
Pleonaste
FeAl;Q4, Hercynite 4.280 266.0 133.5 182.5 210.3 84.5 130
v—Mg2S5104, Ringwoodite 3.559 327 126 112 184 119 144
NiySiOy 5.351 366 106 155 226 106 13
Mg.GeO4 4.389 300 126 118 179 110 140
Sulphides
FeS,, Pyrite 5.016 361 105.2 33.6 142.7 125.7 108
402 114 —44 104.7 149.7 47
PbS, Galena 7.597 127 23 24.4 58.6 31.9 47
ZnS, Sphalerite 4.088 102 44.6 64.6 77.1 31.5 47
Binary Halides
BaF,, Frankdicksonite 4.886 90.7 25.3 41.0 57.8 25.1 46
CaF's, Fluorite 3.181 165 33.9 47 86.3 42.4 46
NaCl, Halite 2.163 49.1 12.8 12.8 24.9 14.7 46
KCl, Sylvite 1.987 40.5 6.27 6.9 18.1 9.4 46
Garnels
Pyrope (Py), 3.567 296.2 91.6 111.1 172.8 92.0 85
MgsAlSiz0q9 3.563 295 90 117 177 89 67
Grossular,(Grgg) 3.602 321.7 104.6 91.2 168.4 108.9 11
Ca3A125i3012
Uvarovite (Uv) 3.850 304 84 91 162 92 10
Ca30r28i3012
Spessartite (Spgs) 4.195 309.5 95.2 113.5 178.8 96.3 11
Ml’l3Alei3012
Hibschite 3.13 187 63.9 57 100 64.3 86
Ca3A12(SiO4)1‘74(H404)1,23
Andradite (Angg) 3.836 289 85 92 157 90 10
CaaFe'{:sSiaOlg
AnzoGrazAlmyPy3 3.775 281.2 87.9 80.4 147.3 92.7 5
Gr48Py23AIm235p1 3.741 310.2 99.5 100.4 170.4 101.6 84
AlmMPyzzGrlSpuAndz 4.131 306.7 94.9 111.9 176.8 95.9 )
Alm74Py20GrsSps 4.160 306.2 92.7 1125 177.0 94.3 111
Py73Alm;6AndsUvg 3.705 296.6 91.6 108.5 171.2 92.6 121
Pye2AlmzeGry 3.839 3014 94.3 110.0 173.6 94.9 136
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Table 1. (continued)

Material p Subscript ij in modulus ¢;; (GPa) Kg G Refer-
Mg/m? 11 44 12 GPa GPa ences
SpsqAlmye 4.249 308.5 948 112.3 177.7 96.1 132
Majorite (Mj) - Garnet Solid Solutions
Mj41Pyso 3.555 164 89 12
Mgs(Mg,Si) s2Al1 18513012
Mjs3Pyer 3.545 170 92 150
MjesPy3q 3.527 172 92 150
N31.37Mg1_1sSi4494012 3.606 329 114 96 174 115 90
Abbreviations: Py, pyrope; Alm, almandite; Gr, grossular; Uv, uvarovite; An, andradite; Sp, spessartite;
Mj, majorite (Si-rich and Al-poor garnet).
Table 2. Elastic Moduli of Hexagonal Crystals (5 Moduli) at Room P & T
Material P Subscript ij in modulus ¢;; (GPa) Ks G Refer-
Mg/m3 11 33 44 12 13 GPa  GPa  ences
BeO, Bromellite 3.01 470 494 153 168 119 251 162 14
Beryl 2.724 304.2 277.6 65.3 123.8 1145 176 78.8 153
BesAl;SigOy5 2.698 308.5 283.4 66.1 128.9 118.5 181 79.2 153
C, Graphite 2.26 1060 36.5 3 180 15 161.0 109.3 18
Ca10(P04)6(OH)2, 3.146 140 180 36.2 13 69 80.4 45.6 47
Hydroxyapatite
Ca10(PO4)6F3, 3.200 141 177 44.3 46 56 212.3 1018 47
Fluorapatite
Cancrinite 2.6 79 125 37.2 38 21 48.9 30.7 46
(NazCa)4(Al,SiO4)SCOa-nHZO
CdS, Greenockite 4.824 86.5 94.4 15.0 54.0 47.3 62.7 16.9 47
cP 83.8 96.5 15.8 51.1 45.0 60.7 17.5 61
cF 83.1 94.8 15.3 50.4 46.2 60.7 17.1 61
H,0, Ice-I (257K) 13.5 14.9 3.09 6.5 59 8.72 3.48 46
Ice-I (270K) 0.9175 13.70 14.70 2.96 6.97 5.63 8.73 3.40 37
NagKAl;Si4046, 2.571 79 125 37.2 38 21 48.9 30.7 47
Nepheline
B-Si0; (873K) 117 110 36 16 33 56.4 41.4 47
ZnO, Zincite 5.675 209 218 44.1 120 104 143.5 46.8 46
B 207.0 209.5 44.8 117.7 106.1 1426 46.3 61
P 209.6 221.0 46.1 120.4 101.3 1429 48.2 61
Waurtzite, ZnS 4.084 122 138 28.7 58 42 74.0 33.3 46
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Table 3. Elastic Moduli of Trigonal Crystals (6 Moduli) at Room P & T

Mineral p Subscript ij in modulus ¢;; (GPa) Kg G Refer-
Mg/m? 11 33 44 12 13 14 GPa  GPa  ences
Al, O3, Sapphire, 3.999 495 497 146 160 115 -23 251.7 162.5 46
Corundum 3.982 497 501 146.8 162 116 -21.9 2535 163.2 83
AlIPQOy, (cE) 2.620 64.0 85.8 43.2 7.2 9.6 —124 293 33.0 25
Berlinite, (cP) 69.8  87.1 422 106 149 134 339 327 32
CaCQg, Calcite 2.712 144 84.0 33.5 53.9 51.1 —-20.5 733 32.0 46
Cry 03, Eskolaite 5.21 374 362 159 148 175 -19 234.0 1232 1,46
FeOga, Hematite 5.254 2066  91.0 69
MgCOg3, Magnesite  3.009 259 156 54.8 75.6 58.8 —19.0 114.0 68.0 46,50
NaNQj, Nitratine 2.260 54.6 34.9 11.3 18.9 19.3 75 282 120 46
Ag3AsSs, 5.59 59.5 39.8 997 317 29.6 0.18 368 11.0 47
Proustite
Si03, a-Quartz 2.648 86.6 106.1 57.8 6.7 126 —17.8 378 443 46
cE 2.648 86.74 107.2 57.9 6.98 11.9 -179 378 444 46
cP 2.648 86.47 107.2 58.0 6.25 11.9 —-181 375 445 46
Tourmaline, 3.100 305.0 176.4 64.8 108 51 —6 1272 815 87

(Na)(Mg,Fe+2,Fe+3,Al,Li)3A15(B03)3(Si6018)(OH,F)4

Table 4. Elastic Moduli of Trigonal Crystals (7 Moduli) at Room P & T

Material P Subscript ij in modulus ¢;; (GPa) Ks G References
Mg/m® 11 33 44 12 13 14 15 GPa GPa
Dolomite, 3.795 205 113 39.8 71.0 574 —19.5 13.7 949 457 46, 50
CaMg(CO3)»
Phenacite 2.960 3419  391.0 91.4 148.0 136.0 0.1 3.5 2128 989 148
BezSiO4
MgSiO3 3.795 472 382 106 168 70 =27 24 212 132 141

Ilmenite structure
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Table 5. Elastic Moduli of Tetragonal Crystals (6 Moduli) at Room P & T

Material P Subscript ij in modulus ¢;; (GPa) Kg G Refer-
Mg/m3 11 33 44 66 12 13 GPa GPa ences
Rutile-Structured
SiOa, 4.290 453 776 252 302 211 203 316 220 143
Stishovite
Si04, 2.335 59.4 424 67.2 25.7 3.8 —44 164 39.1 151
a-Cristobalite
SnO,, 6.975 2617 4496 103.1 2074 177.2 1555 212.3 101.8 22
Cassiterite
TeOs, 6.02 55.7 105.8 26.5 65.9 51.2 21.8 450 204 93
Paratellurite 5.99 53.2 108.5 24.4 55.2 48.6 212 437 190 122
TiQO2, Rutile 4.260 269 480 124 192 177 146 2155 1124 47
GeO, 6.279 337.2 5994 1615 2584 188.2 1874 257.6 150.8 131
Other Minerals
BaySiy TiOg, 140 83 33 59 36 24 56.9 42.1 46
Fresnoite (cZ) 166 100 317 69.4 58 44 776 43.3 46
Scapolite, 99 113 15.6 22.9 35.1 354 580 23.1 47
(Na,Ca,K)4Al3(AlLSi)s 102 140 23.0 30.4 38.9 433 653 29.1 47
Sig024(C1,504,C03) 102 140 23.0 30.4 38.9 43.3 653 29.1 47
Vesuvianite 153 166 55.8 54.0 48 44 82.6 55.5 47
Cal0Mg2A14(SiO4)5(SizO7)2(OH)4
ZrSi0,44, 4675 4243 4893 131.1 48.3 69.7 149 2279 109.0 88
Zircon 4.70 256 372 73.5 116 175 214 2239 66.6 47

¢ nonmetamict.

Table 6. Elastic Moduli of Tetragonal Crystals (7 Moduli) at Room P & T

Material P Subscript ij in modulus ¢;; (GPa) Kg G Refer-

Mg/m3 11 33 44 66 12 13 16 GPa GPa  ences

CaMoQy, 4.255 144 127 36.8 45.8 65 47 -13.5 81.0 39.9 46
Powellite

CaWOy;, 6.119 141 125 33.7 40.7 61 41 -17 76.5 374 46
Scheelite

PbMoOy, 6.816 109 92 26.7 33.7 68 53 -136 724 245 46

Waulfenite 108 95 26.4 35.4 63 51 -158 70.8 250 46




Table 7. Elastic Constants of Orthorhombic Crystals at Room P & T

Material P Subscript 4j in modulus ¢;; (GPa) Ks G Refer-
Mg/m3 11 22 33 44 55 66 12 13 23 GPa GPa ences
Perovskites
MgSiO; 4.108 515 525 435 179 202 175 117 117 139 2464 184.2 149
NaMgF; 3.058 125.7 1473 1425 46.7 448 50.4 49.5 45.1 43.1 T75.7 46.7 155
Pyrozenes

Enstatite (Enjoo), 3.198 2247 1779 213.6 77.6 75.9 81.6 724 54.1 52.7 107.8 75.7 142
MgSiO3

Ferrosilite (Fs100), 4.002 198 136 175 59 58 49 84 72 55 101 52 9
FeSi03

Eng4Fsg 3.272 229.3 167.0 193.9 79.7 76.1 77.1 73.6 49.8 46.6 102.3 739 31

Engq sFs15.0 3.335 229.9 1654  205.7 83.1 76.4 78.5 70.1 57.3 49.6 105.0 755 64

EngoFsag 3.354 2286 160.5 2104 81.8 75.5 77.7 71.0 54.8 46.0 103.5 749 31

3.373 231.0 169.8 215.7 82.8 76.5 78.1 78.9 61.4 49.1 1094 75.2 137

Protoenstatite, 3.052 213 152 246 81 44 67 76 59 70 112 63 123

MgSiOa
Olivines

Forsterite (Foyq), 3.221 328 200 235 66.7 81.3 80.9 69 69 73 129.5 8l.1 46
MgQSiO4

Fayalite (Fa;qp), 4.38 266 168 232 323 46.5 57 94 92 92 134 50.7 55
FeZSiO4

Fog; Fag 3.325 3202 1959 233.8 63.5 76.9 78.1 67.9 70.5 78.5 1295 77.6 136

FogsFar 3.311 323.7 1976  235.1 64.6 78.1 79.0 66.4 71.6 75.6 1294 79.1 65

Fogy sFas 3.316 324 196 232 63.9 77.9 78.8 71.5 71.5 68.8 128.1 78.7 82

FogqFag 3.299 319 192 238 63.8 78.3 79.7 59 76 72 126.7 79.0 82

Mn;SiOy, 4.129 2584 165.6 206.8 45.3 55.6 57.8 87 95 92 128 54 117

Monticellite, 3.116 216 150 184 50.6 56.5 59.2 59 71 77 106 55.2 92
CaMgSiO4

Ni;S104 4.933 340 238 253 71 87 78 109 110 113 165 80 13

Co,Si04 4.706 307.8 1947 234.2 46.7 63.9 64.8 102 105 103 148 62 117

MgoGeOy 4.029 312 187 217 57.2 66.1 71 60 65 66 120 72 140

1§ SSsvd



Table 7. (continued)

Material p Subscript ij in modulus ¢;; (GPa) Ks G Refer-
Mg/m?3 11 22 33 44 55 66 12 13 23 GPa GPa ences
Other Silicates
Wadsleyite, 3474 360 383 273 112 118 98 75 110 1056 174 114 105
B-Mg25104
AlLSi0g
Andalusite 3.145 2334 289.0 380.1 99.5 8§7.8 1123 97.7 116.2 81.4 162 99.1 126
Sillimanite 3.241 2873 2319 3884 1224 80.7 89.3 1586 83.4 94.7 170.8 915 126
Sulphates, Sulphides, Carbonates
Sulphur 2.065 24 20.5 48.3 43 8.7 7.6 13.3 171 159 19.1 6.7 46
14.2 12.7 18.3 8.27 4.3 4.4 3.0 31 80 72 53 46
BaSQy, 4473 89.0 81.0 107 12.0 28.1 26.9 47.9 31.7 29.8 55.0 228 46
Barite 95.1 83.7 110.6 11.8 29.0 27.7 51.3 33.6 328 582 232 45
CaSQy, 2.963 93.8 185 112 32.5 26.5 9.3 16.5 15.2 31.7 549 293 46
Anhydrite
SrSOy, Celestite 3.972 104 106 129 13.5 27.9 26.6 7 60 62 81.8 21.5 46
Na3S0y4, 2.663 80.4 105 67.4 14.8 18.0 23.6 29.8 25.6 16.8 434 223 46
Thenardite
CaCOg, Aragonite 2.930 160 87.2 84.8 41.3 25.6 42.7 37.3 1.7 15.7 469 385 46
Other Minerals
Chrysoberyl, 3.72 527.7 438.7 4658 1444 1458 151.8 125 111 128 240 160 133
A12B804
Danburite, 2.99 131 198 211 64.0 59.8 74.9 50 64 34 91.7 64.2 46
Castizos
Datolite, 3.06 215 155 110 371 50.3 78.5 44 50 41 804 53.6 46
CaBSis040H
Staurolite, 3.79 343 185 147 46 70 92 67 61 128 1282 575 46
(Fe,Mg)(Al,Fedt)04S104(0,0H),
Topaz 3.563 281 349 294 108 132 131 125 84 88 1674 114.8 46
Al2(F,0H);Si04
Natrolite, 2.25 72.2 65.7 138 19.7 24.1 41.1 29.6 25.6 36.9 489 274 47

NazAleigOm -2H 20

Abbreviations: En, enstatite; Fs, ferrosilite; Fo, forsterite; Fa, fayalite,

ALDILSVIA ¢S



Table 8. Elastic Constants of Monoclinic Crystals at Room P & T

Material p Subscript 4j in modulus ¢;; (GPa) Ks G Refer-

Mg/m3 11 22 33 44 55 66 12 13 23 15 25 35 46 GPa GPa ences

Pyrozenes
Acmite, 3.50 185.8 181.3 2344 629 51.0 474 685 70.7 626 9.8 94 214 7.7 112 58.7 3
NaFeSi206
Augite, 3.32 181.6 150.7 217.8 69.7 51.1 55.8 734 724 339 199 166 24.6 43 95 99.0 3
(Ca,Na)(Mg,Fe,Al)(Si,A1)206
Acmite- 3.42 155.6 151.8 216.1 40.0 46.5 49.2 81.1 66.0 684 253 260 192 4.1 102 46.8 3
Augite
Diopside, 3.31 204 175 238 675 588 70.5 84.4 883 48.2-193 -196 -336 -11.3 114 64.9 3
CaMgSi,0q 3.289 223 171 235 74 67 66 77 81 57 17 7 43 7.3 113 67 68
Diallage 3.30 153.9 1496 210.8 63.9 62.2 52.3 56.9 374 305 146 142 119 -86 85 61.2 3
Hedenbergite, 3.657 222 176 249 55 63 60 69 79 86 12 13 26 -10 120 61 59
CaFeSi206
Jadeite, 3.33 274 253 282 88 65 94 94 71 82 4 14 28 13 143 85 60
NaAlSiQOs
Spodumene, 3.19 245 199 287 70.1 628 70.7 88 64 69 -40 -26.7 -14.2  -7.1 1235 720 46
LiAlSi; 04
Feldspars
Albite, 74 131 128 173 29.6 32.0 364 394 310 -6.6 -12.8 -200 -25 569 28.6 46
NaAlSi;;Og
Anorthite, 124 205 156 23.5 404 415 66 50 42 -19 7 -18 -1 84.2 399 47
CaAlsSin O3,
Hyalophane, 674 161 124 136 253 354 429 451 256 -128 -76 -158 -1.7 584 268 47
(Ba,K)Al;Si;04
Labradorite®* 994 158 150 21.7 34.5 37.1 62.8 48.7 26.7 -2.5 -10.7 -124 -54 745 337 47
KAISizOs
Microcline 67.0 169 118 143 23.8 364 453 26.5 204 -02 -12.3 -150 -1.9 554 281 47
Oligoclase® 80.8 163 124 18.7 27.1 35.7 37.9 529 327 -157 -23.7 -60 -0.9 620 293 47
Plagioclase Solid Solutions®?

Ang 748 137 129 174 30.2 31.8 289 381 215 -9.1 -30.7 -19.2 -2.1 50.8 293 47
Anogy 82 14p 133 18.1 31.0 335 39.8 41.0 337 -84 -6.3 -187 -1.0 620 306 47
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Table 8. (continued)

Material P Subscript #j in modulus ¢;; (GPa) Kg G Refer-

Mg/m? 11 22 33 44 55 66 12 13 23 15 25 35 46 GPa GPa ences
Angg 84.4 151 132 18.9 31.4 34.2 42.1 409 322 -85 -6.5 -188 -1.1 63.0 314 47
Ans; 97.1 163 141 20.1 33.1 36.1 51.9 44.0 358 -94 -98 -150 -14 707 33.6 47
Ansg 98.8 173 141 20.5 34.3 36.8 52.9 43.7 372-102 -74 -180 -13 719 345 47

Na-K Feldspar Solid Solutions *°
Orz9Abyg 2.56 625 172 124 143 223 374 428 358 241-154 -143 -115 -28 53.7 27.2 47
Or75Abgs 2.54 57.2 148 103 13.7 18.0 323 32.8 333 193 -124 -6.1 -11.2 -25 47.0 239 47
Org7Abogg 2.54 58.4 147 99 124 185 34.3 33.3 340 216 -107 -43 -130 -3.0 48.0 23.7 47
Orz4Abgs 2.58 63.0 152 118 10.1 26.8 35.6 35.9 49.0 36.1-129 -18 -181 -26 574 24.2 47
OrgsAbo7Any 2.57 59.6 158 105 13.9 203 37.0 36.2 36.0 285 -11.8 -57 -129 -26 514 253 47
Or74Abgg 2.57 619 158 100 14.1 20.3 36.0 43.4 36.8 21.8-10.0 -1.8 -121 -23 53.1 249 47
Silicates

Si0,, Coesite 2.911 160.8 2304 231.6 67.8 73.3 58.8 82.1102.9 35.6 -36.2 26 -39.3 99 113.7 616 139
Epidote, 3.40 211.8 238.7 202.0 39.1 43.2 775 66.3 45.2 456 0.0 -82 -143 -34 1062 612 104
Caz(Al,Fe);;SisOlg(OH)
Hornblende, (Ca,Na),_3(Mg,Fe,Al)5(Al,Si)3022(0H)2

3.12 116.0 159.7 191.6 574 31.8 36.8 449 614 655 43 -25 100 -62 87.0 43.0 2647

3.15 130.1 187.7 1984 61.1 38.7 450 614 59.2 614 95 -69 -406 -09 933 493 2,47
Muscovite, 2.844 184.3 1784 59.1 16.0 17.6 724 483 23.8 21.7 -2.0 3.9 1.2 0.5 582 353 124
KAIl3Si30,0(0OH),

Sulphides, Sulphates

Gypsum, 2.317 786 627 726 9.1 264 104 410 268 242 -70 31 -174 -16 420 154 46
CaS04 945 652 50.2 8.6 324 10.8 37.9 28.2 32.0-11.0 69 -75 -11 425 15.7 46

Abbreviations: Ab, albite; An, anorthite, Or, orthoclase.
¢ Triclinic, quasi monoclinic.

b Subscripts indicate weight percentages of components.
¢ Labradorite is a plagioclase feldspar with composition in the range 50-70% anorthite and 30-50% albite.
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Table 9. Elastic Moduli and Velocities in Melts
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Composition T p K Ve Frequency References
K kg/m? GPa m/s 108s~1

Fe 2490 6.54 94.8 3808 48
3950 5.4 52.4 3075 48

CaAl351,03 (An) 1833 2.56 20.6 2850 3.529 100
1893 20.4 3.0 107

An® 1923 2.55 17.9 99
AngeDigq 1677 23.0 107
AnggDigs® 1673 2.61 24.2 98
AngoDiso 1673 2.60 21.6 2885 3.635 100
1573 2.61 22.1 2910 3.922 100

AngoAbsp 1753 2.44 17.8 2850 3.858 100
AbsgDisg 1698 2.45 18.2 2735 3.662 100
1598 2.46 19.3 2830 3.943 100

Ab75Digs 1753 2.39 16.4 2800 3.565 100
1648 2.40 16.7 3400 3.833 100

Ab33Ang;Diss 1698 2.49 19.5 2805 3.803 100
1583 2.50 19.8 2880 3.944 100

BaSi,05 1793 3.44 19.5 2390 3.906 100
1693 3.47 20.2 2410 3.652 100

CaSiO3 1836 2.65 211 3120 3.484 100
CaTiSiOs 1753 2.96 19.9 2590 4.014 100
1653 3.01 20.0 2580 4.013 100

Cs81,05 1693 3.14 6.4 1450 3.854 100
1208 3.34 8.8 2345 4.023 100

CaMgSiyO¢ (Di)® 1773 2.61 22.4 99
Di 1758 2.60 24.2 3040 3.842 100
1698 2.61 24.1 3020 3.83 100

Feq 995198903 1693 3.48 19.2 2345 3.665 100
1598 3.51 20.6 2450 3.680 100

Fe;Si04 1653 3.71 214 2400 7.65 100
1503 3.76 22.6 2450 8.67 100

K25i205 1693 2.16 10.3 2190 3.9565 100
1408 2.22 11.9 2600 3.951 100

K,Si03 1698 2.10 7.5 1890 4.909 100
1498 2.17 8.5 1970 5.242 100

LisSi,05 1693 2.12 15.0 2670 4.100 100
1411 217 16.3 2740 3.852 100

Li»Si03 1543 2.08 20.7 3160 3.712 100
MgSiO; 1913 2.52 20.6 2860 4.040 100
NaCl 1094 1727 8.61 63
1322 1540 8.61 63

(Na20)33(Al203)6(S102)61 1684 15.8¢ 2653 3.707 63
1599 16.4¢ 2695 3.764 63

(Nay0)32(Al503)15(5105) 50 1690 18.6¢ 2835 5.558 63
Na,5i,05 1693 2.20 14.0 2525 3.934 100
1408 2.26 16.2 2680 3.990 100

Na,SiO3 1573 2.22 15.7 2663 101 100
1458 2.25 17.0 2752 8.4 100
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Table 9. (continued)

Composition T - P K, Vp Frequency References
K kg/m? GPa m/s 10851
OrsgAnyy 1783 2.33 13.8 4300 3.836 100
1598 2.35 14.1 5200 3.923 100
Org; Digg 1768 2.38 16.0 2795 3.656 100
1578 2.40 16.5 3470 3.673 100
Rb3S5i,05 1693 2.78 7.8 1678 3.945 100
1408 2.88 9.9 2130 3.974 100
S1Si2 05 1758 3.02 19.6 2550 3.690 100
1653 3.04 20.1 2570 3.833 100
Tholeitic Basalt 1708 2.65 17.9 2600 3.839 100
1505 2.68 18.3 2610 3.909 100
Basalt-Andesite 1803 2.55 18.6 2700 3.790 100
1503 2.59 19.4 2980 3.863 100
Andesite 1783 2.44 16.1 2775 3.827 100
1553 2.46 16.6 3850 3.889 100
Ryolite 1803 2.29 13.0 4350 3.664 100
1553 2.31 13.5 5280 3.723 100

Abbreviations: An, CaAl;Si;Og; Di, CaMgSizOg, Or, KAlSi3Og; Ab, NaAlSizO3.
% From shock wave experiments.

Table 10. Elastic Moduli of Glasses

Composition p K, G §K/6P 6G/éP 6K[6T 6G/6T  References
kg/m® GPa GPa MPa K-! MPaK™!
Si04 2.204 36.5 31.2 —6 -3.4 16 4 38, 79
MgSiO; 2.761 78.8 418 129
CaSiO3 2880 69.2 363 129
CaMgSis O¢ 2.863 76.9 39.7 129
2.847 T74.1 38.8 113
CaAl;Si,05 2.693 69.2 38.7 129
NaySi13,0¢ 2494 419 24.1 129
(Naz0)35(5102)65* 2495 41.0 23.0 46 0.7 —-12.2 —-10.7 75
NaAlSizOs 2.369  39.1 29.2 129
NayAl,Si,05 2.490 45.1 30.2 24 —-0.35 -7 -9 44
(Na30)30(TiO2)20(Si02)s0® 2749 50.0 302 49 0.5 8.1 _7.1 74
(K20)25(Si02)75a 2.42 30 21 —4 to +4 -1 —24 -34 75, 36
Obsidian 2331 378 30.1 —-1.8 —-1.7 79
Andesite 2571 525 33.6 0.6 -0.8 79
Basalt 2777 629 36.5 2.1 -0.3 79

% Composition given as mole percentages of oxide components.



Table 11. P and T derivatives of Isotropic Elastic Moduli
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Material §Ks/é6P §GJ6P §Ks /6T 8G/8T AT References

MPa/K MPa/K K

Elements, Metallic Compounds
Ag, Silver 6.09 1.68 -21.5 —-12.7 79 — 298 17
Au, Gold 6.13 1.27 -31.0 —8.4 79 — 298 17
C, Diamond 4.0 2.3 -8.7 -b.7 223 — 323 77
a-Fe, (bee) 5.29 1.82 =31 =27 25— 300 29, 42
5.97 1.91 -43 -33 300 — 500 29, 102
5.13 2.16 —51 —47 500 — 700 29, 128
4.3 3.4 —43 —43 800 — 900 29, 49
—18 -14 77 — 300 71
Feo‘94Si0_()5 —-19 -17 80 — 298 103
-33 -30 298 — 900 103
Simple Orides
Al;03, Corundum 4.3 -15 -27 @296 39, 40
-23 —24 @1000 40
-19 —24 @1825 40
BaO 5.52 1.12 ~23.9 -12.0 281 — 298 26
-7 195 — 293 127
CaO, Lime 5.23 1.64 -14.3 —13.8 283 — 303 112
6.0 1.7 -19.2 —15.0 195 — 293 8, 114
—-14.1 —-14.7 300 — 1200 81
4.83 1.78 -12.8 —-14.9 281 — 298 26
CoO 20 112 293 — 303 120
Fep. 920, Wiistite -20 124 @298 120
F60A943O, Wiistite 5.1 0.71 56
Fe; O3, Hematite 4.5 0.73 69
GeOg, 6.2 1.2 -36 -12 293 — 373 131
(rutile structure)
MnQO, Manganosite 5.28 1.55 138
4.7 1.2 —20.3 -11 273 — 473 89
—21 14.6 @298 120
MgO, Periclase 3.85 —15.3 300 — 800 115
4.5 2.5 4
4.13 2.5 —14.5 —24 @300K 52, 57
4.27 2.5 —-22.5 —26 @1200K 23, 52
—21.3 -21 @1800K 52
SrO 5.18 1.61 -17.8 -12.6 281 — 298 26
6.0 -71 -119 195 — 293 8, 114
SnQ,, Cassiterite 5.50 0.61 -19 —6.7 298 — 373 22
Si02, Quartz 6.4 0.46 —8.5 -0.8 @293 78, 110,118
TiO2, Rutile 6.76 0.78 -48.7 -21.0 298 — 583 34, 73, 76
UOg,, Uraninite 4.69 1.42 35
Spinel Structured Ozides

B-Mg,5104, Wadsleyite 4.8 1.7 43
MgAl;Oy4, Spinel 5.66 —15.7 -94 293 — 423 70,152
MgAl,04 4.89 24
MgO-2.6A1,03 4.18 106
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Table 11. (continued)

Material 8Ks/6P 8G/é6P 6Ks/6T 8G/6T AT References
MPa/K MPa/K K
Mg0,75Fe0_36A11,9004, 492 0.29 130
Pleonaste
Sulphides
PbS, Galena 6.28 -39.0 77— 300 91, 94
ZnS, Wurtzite 4.37 0.00 —-9.56 0.00 298 — 373 21
Binary Halides
BaF,, 5.05 -14.5 195 — 298 145
Frankdicksonite
CaF, Fluorite 4.92 -17.5 195 — 298 145
NaCl, Halite 5.27 2.14 -10.8 -9.9 195 - 295 7
5.256 -11.13 300 — 800 116
-10.5 —8.2 294 — 338 147
~15.2 -9.5 745 — 766 147
KCl, Sylvite 5.0 2.0 -7.2 -3.2 300 — 1000 7, 28, 30
—8.7 -5.6 294 — 865 146
Garnels
Py73Alm16And4Uv6 -19.5 -10.2 298 - 1000 121
Py62A1m36G1‘2 493 1.56 137
Pyg1 AlmgsGry 4.74 —18.8 298 ~ 338 20
Sp54Alm4e 4.95 1.44 132
Alm73Py22GraAndsSps 5.43 1.40 ~20.1 —10.6 288 — 313 111
GrysAnsPy; —14.9 -125 300 — 1350 54
Gr7sAngsSpy -14.7 —-12.5 300 — 1250 54
Other Minerals
Forsterite (Fo), 497 1.82 -17.6 —13.6 300 ~— 700 41
Mg2Si04 5.37 1.80 -15.0 -13.0 298 — 306 65
-16.0 —13.5 293 — 673 119
-15.7 -13.5 300 - 1700 53
Olivine, Fogq 4.56 1.71 154
FogzFay 5.13 1.79 —15.6 -1.30 298 — 306 65
F091Fag 46 1.9 136
FoggFaig —18.0 —-13.6 300 — 1500 51
FogaFag -16.9 -13.8 300 - 1500 51
Fayalite (Fa), —24 -13 300 — 500 55
FGQSiO4
Orthopyroxene 10.8 2.06 137
(Mg .sFeq 3)SiO3 9.6 2.38 —-26.8 -119 298 — 623 33
AlPQy, Berlinite -7 -2 180 - 298 25
Beryl, Be3AIQSi6018 390 153
Calcite®, CaCOj4 4.83 58
Nepheline, -3.7 1.6 208 — 353 19
Na3KAl4Si4016
Zircon, Z1Si04 6.5 0.78 =21 -94 298 — 573 88

Abbreviations: Py, Pyrope MggAl,SizOq2; Alm, Almandite MggAl,Siz019; Gr, Grossular CagAlsSigOq9; Uv, Uvarovite
Ca3CrsSig0O19; And, Andradite CagFesSizO12; Sp, Spessartite MngAl;SizO19; Fo, Forsterite MgeSiO4; Fa, Fayalite
FesSi04.

¢ Pressure derivative of K is given.
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Table 12. Higher Order Pressure and Temperature Derivatives

Composition 62K[6P? 62G/6P? 62K /6T 82G[6T? References
GPa~! GPa™! kPa K—? kPa K~2

Si0, Glass 2.9 38

Grossular Garnet -1.8 —1.1 54
Ca3A125i3012

Pyrope Garnet —0.28 —0.08 -1.8 -1.1 136
Mg3AlSi30,2

Forsterite, T < 760 -5.2 —2.6 53
Mg,Si0O4 T > 760 -0.7 53

Olivine, —0.15 —0.11 136
(Mg,Fe)2S104 —0.05 —0.06 154

MgO, Periclase —0.03 57

Feg.0430, Wistite -0.07 -0.10 56

CaQ, Lime -14 0.3 81

Orthopyroxene, —1.6 —0.12 137
(Mg,Fe)SiO3

MgAl;O4, Spinel 0.5 24
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Elastic Constants of Mantle Minerals at High Temperature

Orson L. Anderson and Donald G. Isaak

1. ABSTRACT

Data on elastic constants and associated thermoe-
lastic constants at high temperatures for 14 solids of
significance to geophysics are presented and discussed.
A synopsis of quasiharmonic theory in the high tem-
perature limit shows that anharmonic corrections to
the quasiharmonic determination of thermal pressure
are not needed in the equation of state throughout con-
ditions of the lower mantle. Equations for extrapolat-
ing the bulk and shear moduli to temperatures beyond
the limit of experimental measurement are given and
evaluated.

2. INTRODUCTION

Though compendiums of elastic constant data for
minerals exist {11, 50, 59], they are restricted to tem-
peratures at or near room temperature. Current prob-
lems in mantle geophysics and geochemistry often re-
quire values of elastic constants at temperatures found
in the lower crust and mantle (1000 to 1900 K).

Using the techniques of resonant ultrasound spec-
troscopy (RUS) [6, 7], elastic constant data have been
taken above the Debye temperature of mantle min-
erals, often as high as 1825 K, which is of the order
of T = 20, where O is the Debye temperature [13].
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The techniques of RUS do not lend themselves to pres-
sure measurement. We note that of the several RUS
techniques, the predominant technique used to obtain
the data here is the rectangular parallelepiped tech-
nique (RPR) pioneered by Ohno [44] and Sumino et
al. [60] (see Shankland and Bass [49] for a review of
techniques).

We present the elastic constants, Cj; versus T, at
high T for fourteen solids listed in Tables 1-14; in-
cluded are silicates, oxides, and two alkali halides. In
Tables 15-28, we present isotropic thermoelastic prop-
erties, including the adiabatic bulk modulus K5 and
the shear modulus G obtained by appropriate averag-
ing schemes (See Section 4). Values of thermal expan-
sivity o and specific heat (at constant P) Cp, coupled
with the elasticity data, allow the computation of the
Griineisen ratio v and then values for the isothermal
bulk modulus K1 (computed from Ks) and the spe-
cific heat at constant V Cy (computed from Cp). The
density p is computed from «, which allows the respec-
tive isotropic longitudinal and shear sound velocities,
v, and v,, to be computed from K and G.

From the values of properties in Tables 15-28 the
temperature derivatives are calculated, thus defining
several important dimensionless thermoelastic param-
eters that are presented in Tables 29-42. We list the
Anderson-Griineisen parameters, és and ér; the di-
mensionless ratio of change of G with T, T'; and the
measure of the rate of change of shear sound veloc-
ity with the longitudinal velocity, ». We also list the
Debye temperature, ©, determined from sovnd veloc-
ities; Poisson’s ratio, o; and aKp and ics integrated
value APppy, which is the change of thermal pressure
relative to the pressure at 300 K.
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Table 1. MgO: Measured single-crystal Table 3. Pyrope-rich garnet: Measured single-
elastic moduli! (GPa) from 300 to 1800 K crystal elastic modulif (GPa) from 300 to
(max. measured value of T/©: 2.22) 1000 K (max. measured value of 7/O: 1.62)
T(K) Cu Cr2 Cis Cs T (K) Cnn Cr2 Ciaa Cs
300 299.0 96.4 157.1 101.3 300 296.6 108.5 91.6 94.0
+0.7 +0.6 +0.3 +0.2 +1.5 +1.4 +0.2 +1.0
400 292.9 97.0 155.8 98.0 350 294.6 107.6 91.2 93.5
500 296.9 97.6 154.3 94.6 400 292.7 106.9 90.8 92.9
600 280.6 98.0 152.8 91.3 450 291.0 106.5 90.4 92.3
700 274.5 98.4 151.3 88.0 500 289.2 105.9 90.0 91.7
800 268.2 98.5 149.7 84.8 ~ 550 287.3 105.2 89.6 91.1
900 261.9 98.6 148.1 81.7 600 285.5 104.6 89.1 90.5
1000 255.7 98.7 146.5 78.5 650 283.8 104.2 88.7 89.8
1100 249.5 98.6 144.8 75.5 700 282.1 103.7 88.3 89.2
1200 243.3 98.4 143.1 72.5 750 280.3 103.2 87.8 88.6
1300 237.2 98.1 141.3 69.6 800 278.5 102.6 87.4 88.0
1400 231.0 97.6 139.5 66.7 850 276.7 102.1 86.9 87.3
1500 224.9 97.1 137.9 63.9 900 274.8 101.5 86.5 86.7
1600 219.0 96.4 136.2 61.3 950 273.1 101.0 86.0 86.1
1700 213.4 95.7 134.7 58.9 1000 271.2 100.3 85.5 85.5
1800 208.2 95.0 133.1 56.6 +2.0 +1.9 +0.2 +1.4
+1.2 +1.2 +0.5 +0.2 Cs = (1/2)(C11 — C1a).
Cs = (1/2) (C11 — Cha)- t After Suzuki & Anderson [65]-

tFrom Isaak et al. [34]).

Table 2. CaQ: Measured single-crystal Table 4. Grossular garnet: Measured single-
elastic modulif (GPa) from 300 to 1200 K crystal elastic modulit (GPa) from 300 to
(max. measured value of T/0: 1.61) 1350 K (max. measured value of T/©: 1.89)
T(K) Cn Cr2 Caa Cs T((K) Cn Chz Caa Cs
300 220.5 57.67 80.03 81.43 300 318.9 92.2 102.9 113.4
+0.1 +0.08 +0.02 +0.04 +0.8 +0.7 +0.2 +0.3
400 215.7 57.96 79.35 78.85 400 315.2 91.8 101.4 111.7
500 210.7 58.23 78.70 76.25 500 311.7 91.5 100.4 110.1
600 205.9 58.44 77.94 73.72 600 307.8 91.1 99.8 108.4
700 201.2 58.66 77.18 71.28 700 303.8 90.5 98.7 106.6
800 196.6 58.81 76.46 68.88 800 300.2 90.4 97.6 104.9
900 192.0 58.98 75.72 66.52 900 296.5 90.2 96.5 103.2
1000 187.2 58.98 74.92 64.13 1000 202.7 89.9 95.3 1014
1100 182.7 58.96 74.17 61.89 1100 289.1 89.8 94.2 99.7
1200 178.1 58.99 73.48 59.56 1200 284.8 89.1 93.0 97.8
+0.3 +0.24 +0.09 +0.09 1300 280.5 88.6 91.8 96.0
Cs = (1/2) (C11 — C1a). 1350 278.8 88.7 91.2 95.0

+1.4 +1.2 +0.3 +0.4
CS = (1/2) (Cu - Clg).
t After Tsaak et al. [36].

From Oda et al. [43].
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Table 5. MgAl,0,4: Measured single-crystal
elastic modulif (GPa) from 300 to 1000 K

(max. measured value of T/0: 1.20)

T (K) Cut Ci2 Caa Cs
300 292.2 168.7 156.5 61.8
+5.2 +5.2 +1.0 +0.3

350 290.1 167.2 155.0 61.5
400 288.6 166.3 155.3 61.1
450 286.2 164.8 154.4 60.7
500 284.4 163.7 153.6 60.3
550 282.8 162.8 152.9 60.0
600 281.1 161.9 152.2 59.6
650 297.1 160.8 151.5 59.1
700 277.2 159.8 150.7 58.7
750 275.3 158.8 149.9 58.2
800 273.3 157.7 149.2 57.8
850 271.1 156.5 148.5 57.3
900 269.2 155.5 147.7 56.9
950 267.3 154.4 146.9 56.4
1000 266.0 154.0 146.1 56.0
+6.5 +6.5 +1.3 +0.4

Cs = (1/2) (C11 b Clz).
t After Cynn [19].

Table 6. MnO: Measured single-crystal
elastic modulit (GPa) from 300 to 500 K

(max. measured value of T/©: 0.96)

T() OCn Ci2 Caq Cs
300 223.5 111.8 78.1 55.9

+4.5 +3.1 +0.9 +2.7

350 220.4 111.8 78.1 54.3

400 217.2 111.8 77.8 52.7

450 214.1 111.7 77.3 51.2

500 210.9 111.7 76.5 49.6

+4.5 +3.1 +0.9 +2.7

Cs = (1/2) (Cll - 012)-
t After Pacalo & Graham [47).

Table 7. KCl: Measured single-crystal

elastic modulif (GPa) from 300 to 850 K
(max. measured value of T/O: 4.42)

T(K) Cun Cia Cu Cs
300 40.1 6.6 6.35 16.7
+0.4 +0.5 +0.02 +0.3
350 384 6.8 6.28 15.8
400 36.9 7.0 6.21 15.0
450 354 7.1 6.15 14.1
500 33.8 7.2 6.11 13.3
550 32.3 7.3 6.05 12.5
600 31.1 75 5.96 11.8
650 29.7 7.7 5.87 11.0
700 28.2 7.7 5.79 10.2
750 26.6 7.7 5.69 9.5
800 25.2 7.8 5.57 8.7
850 23.5 7.7 5.57 7.9
+0.5 +0.5 +0.02 +0.4

Cs = (1/2) (Cu1 — Ch2).
t After Yamamoto & Anderson [76].

Table 8. NaCl: Measured single-crystal
elastic modulit (GPa) from 300 to 750 K

(max. measured value of T/©: 2.84)

T(K) Cn Cr2 Cys Cs
300 49.5 13.2 12.79 18.1
0.4 +0.4 +0.02 +0.3

350 47.6 13.3 12.62 17.1
400 45.8 13.4 12.43 16.2
450 441 13.5 12.26 15.3
500 424 13.6 12.09 14.4
550 40.5 13.5 11.90 13.5
600 38.7 13.2 11.71 12.7
650 37.0 13.1 11.52 11.9
700 35.4 13.1 11.31 11.2
750 33.7 12.9 11.10 10.4
+0.4 +0.4 +0.02 +0.3

Cs = (1/2) (Cn - Clz).
tAfteI Yamamoto et al. [77].
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Table 9. Mg,SiO4: Measured single-crystal elastic modulif (GPa) from 300 to 1700 K
(max. measured value of T/O: 2.1)

T (K) Cn Ca2 Css Caq Css Ces Caa Ca Ci2

300 3300 2000 2360 672 815 812 721 680  66.2
407 404 +06 +01 402 02 +04 05 £05

400 3263 1972 2331 659 801 796 716 670 652
500 3224 1942 2301 644 787 780 711 661  64.0
600 3186 1912 2268 630 772 763 704 651 629
700 3145 1880 2236 616 758 746 697 643 618
800 3103 1848 2203 60.1 743 730 691 633 607
900 3063 1815 2169 588 728 713 683 625 594
1000 3020 1783 2135 574 713 696 678 615 584
1100 2974 1751 209.8 561 699 679 672 605  57.3
1200 2928 1718 2061 547 683 662 666 594  56.3
1300 2883 1687 2027 533 669 646 660 585 553
1400 2838 1651 1992 519 654 629 652 576  54.2
1500  279.1 1622 1955 50.6 640 614 646 567  53.2
1600 2744 1590 192.0 493 625 599 640 558 521
1700 269.8 1556 188.2 48.0 610 584 633 549 510
+1.1 08 +1.0 402 402 03 £07 09 +0.8

1.From Isaak et al. [35].

Table 10. Olivine FoggFa;g: Measured elastic modulit (GPa) from 300 to 1500 K
(max. measured value of T/0: 2.26)

T(K) Cu Ca2 Css Cu Css Css Cas Ca1 Ci2

300 3206 1971 2342 63.72 77.6 78.29 74.8 71.2 69.8

10.4 X0.3 +0.5 £005 01  +0.08 £03 04 0.2
400 316.8 1941  231.0 62.37 76.3 76.61 74.4 70.3 68.6
500 313.0 1909 2276 61.05 74.9 74.97 73.7 69.3 67.4
600 309.0 187.7 2241 59.73 73.6 73.33 73.0 68.3 66.2
700 305.0 184.6  220.6 58.45 72.3 7173 72.3 67.2 65.0
800 300.7 1815  217.2 57.23 71.0 70.17 71.6 66.1 63.6
900 297.0 1783 2143 55.91 69.9 68.59 71.2 66.0 62.8
1000 293.1 1753 2104 54.68 68.5 67.07 70.3 64.7 61.8
1100  289.0 1723  206.6 53.47 67.1 65.53 69.4 63.4 60.5
1200 285.1 169.2  202.9 52.28 65.8 64.01 68.6 62.4 59.4
1300 2809 166.1  199.3 51.06 64.5 62.51 67.8 61.4 58.2
1400 276.6 163.0 195.6 49.83 63.2 61.02 67.0 60.5 57.2

+0.5 +0.4 +0.7 4007 +0.2 +0.11 05 05 +04
1500 272.0 159.8 192.1 48.57 62.2 59.52 66.4 59.8 56.2

1'From Isaak [32].
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Table 11. Fe;SiO4: Measured single-crystal elastic modulit (GPa) from 300 to
700 K (max. measured value of 7/0: 1.41)

T(K) Cu Caa Cas Caq Css Ces Cas Ca Cra

300 2669 1735 2391 324 46.7 57.3 97.9 98.7 95.1

+1.9 +1.1 +14 £01 401 +01 *1.2 16 £1.5
350 2645 171.8 2370 31.9 46.2 56.3 97.7 98.2 94.3
400 262.2 170.1  234.7 31.7 46.0 55.3 97.4 97.7 93.4
450  260.7 1684 2324 31.4 45.8 54.5 97.2 97.5 92.8
500 258.8 166.6 2299 314 45.8 53.7 96.8 97.0 91.9
550  257.0 1649  227.5 31.4 45.7 52.9 96.5 96.6 91.0
600 255.0 162.8  225.1 31.5 45.6 52.3 96.0 96.1 90.0
650 2528 1609 2227 31.5 45.6 51.6 95.4 95.5 88.9
700 2510 159.0 2205 1.6 45.5 51.0 94.8 94.9 87.7

+2.2 +1.3 +16 +01 401 £02 *1.3 18 %17

t After Sumino [58].

Table 12. Mn,Si04: Measured single-crystal elastic moduli't (GPa) from 300 to
700 K (max. measured value of 7/0: 1.28)

T(X) Cu Ca Cas Caa Css Cee Coas Ca1 Cia

300  258.3 165.5  206.7 45.3 55.6 57.8 91.7 95.2 87.1

+1.9 +1.0 +13 401 +02 +02 1.0 +15 £13
400 2548 162.7 2039 44.4 54.4 56.4 90.6 93.8 85.5
500 251.3 159.8  201.0 89.5 923 83.8 43.4 53.2 85.1
600 247.8 157.0  198.2 42.5 52.0 53.7 88.3 90.9 82.2
700 2443 1542 1953 41.5 51.8 524 87.2 89.4 80.6

+2.4 +1.3 +1.7 x01 02 02 13 19 +1.6

t After Sumino [58].

Table 13. Co3S5i04: Measured single-crystal elastic modulif (GPa) from 300 to
700 K (max. measured value of T/O: 1.25)

T(K) Cn C2 Cas Cas Css Ces Cas Ca1 Ci2

300 307.7 1947 2341 46.7 63.9 64.8 103.2 105.0 101.6

+1.2 +0.7 409 +01 £01 £0.1 +0.7 +1.0 40.8
400 304.0 1926  230.7 46.2 62.9 63.8 101.8 103.6 99.8
500 301.1 190.5 2274 45.7 61.9 62.8 1005  102.3 97.9
600 297.8  188.8  224.0 45.2 60.8 61.8 99.1  100.9 96.1
700 2945  186.2  220.6 44.7 59.8 60.8 97.8 99.6 94.3

+1.7 +1.2 +14 01 01  +0.2 +1.1 +1.3 +1.3

TAfter Sumino [58).
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Table 14. Al,O3: Measured single-crystal elastic modulit (GPa)
from 300 to 1800 K (max. measured value of T/©: 1.95)

T(K) Cn Css Caq C1z Cis Cia
300 497.2 500.8 146.7 162.8 116.0 —21.9
+1.5 +1.8 0.2 +1.7 +1.0 +0.2
400 494.7 497.2 144.4 163.8 115.3 —22.5
500 490.6 493.6 141.8 163.7 114.4 —-23.0
600 486.0 489.2 139.2 163.1 113.0 —23.3
700 481.5 484.9 136.5 162.9 111.9 —-234
800 476.8 4804 133.9 1624 110.6 —-23.7
900 472.3 476.0 131.2 162.4 109.6 -23.9
1000 467.4 471.2 128.6 161.8 108.2 -24.1
1100 462.5 466.4 125.8 1614 107.1 —24.2
1200 457.3 461.1 123.2 160.7 105.4 —24.3
1300 451.9 456.2 120.4 160.0 104.1 —24.4
1400 446.7 450.8 117.7 159.5 102.4 —245
1500 442.2 446 .4 115.1 159.4 101.6 —24.5
+1.9 +2.1 0.2 +2.2 +2.1 +0.2
1600 437.2 441.3 112.5 159.0 100.5 —24.6
1700 432.3 436.5 110.0 158.4 99.4 —-24.5
1800 427.2 432.5 1074 158.0 99.1 —-245

tFrom Goto et al. [26].

Table 15. MgO: Thermal expansivity, specific heat, isotropic elastic constantst and velocities!

T p at Ks G o ¥ Cv Kr vp v
K g/em®* 107%/K  GPa GPa J/(gK) J/(gK) GPa  km/s km/s

100 3.602 063 165.7 132.0 0.194 159 0.194 165.6 9.80 6.13
200 3.597 224 1646 1303  0.662 1.55 0.658  163.5 9.78 6.10
300 3.585 3.12 1639 131.8 0.928 154 0915 161.6 9.73 6.06
+0.005  +0.06 +0.6 +0.5 +0.03 +0.6 £0.01 +0.01

400 3.573 357 1623 1294  1.061 1.53 1.048 158.9 9.68 6.02
500 3.559 3.84 160.7 1269 1.130 1.53 1.098 156.1 9.63 5.97
600 3.545 4.02 1589 1244 1.173 154 1131  153.2 0.57 5.92
700 3.531 414 1571 1218 1204 153 1153 1504 9.51 5.87
800 3.516 426 1551 1192  1.227 153 1166 1474 9.45 5.82
900 3.501 438 153.1 116.7 1.246 154 1.175 1443 9.39 5.77
1000 3.486 447 151.1 1141  1.262 154 1181 1414 9.33 5.72
1100 3.470 456 1489 1115 1.276 1.53 1.185  138.3 9.26 5.67
1200 J.454 465 146.7 109.0  1.289 153 1188 135.1 9.19 5.62
1300 3.438 471 1444 1064 1301 152 1190 1321 9.13 5.56
1400 3.422 480 1420 103.8 1.312 152 1191 1281 9.05 5.51
1500 3.405 489 139.7 101.3 1.323 152 1191 125.7 8.98 5.46
1600 J.388 498 1373 99.0 1.334 151 1191 1225 8.92 541
1700 3.371 504 1349 96.7 1.346 1.50 1.193 119.6 8.85 5.36
1800 3.354 5.13 1327 945 1.358 1.50  1.193 116.6 8.78 5.31
+0.007  £0.10 +1.1 +1.6 +0.03 +1.1  £0.04 +0.05

IComputed from Table 1; tSuzuki [64]; *Garvin et al. [25].
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Table 16. Al;O3: Thermal expansivity, specific heat, isotropic modulil and velocities?

T p at Ks G cCp ¥ Cv  Kr vp v,
300 3.982 162 2536 163.0 0.779 132 0774 2520 10.88 6.40
+0.009  +0.03 +1.7 +2.8 +0.03 +1.7 +0.05  +0.06
400 3.975 199 2526 161.1  0.943 1.34 0933 2499 10.84 6.37
500 3.966 223 2509 158.8  1.040 1.36  1.024 2471 10.80 6.33
600 3.957 240 2486 156.6 1.103 1.37 1.082 2438 10.75 6.29
700 3.947 251 2466 1542 1.148 1.36 1.121  240.8 10.70 6.25
800 3.937 259 2444 1519 1.180 1.36 1.148  237.7 10.65 6.21
900 3.927 2.66 2424 1495 1.205 1.36 1.167 2348 10.61 6.17
1000 3.916 273 2400 1471 1.223 1.37 1179 2314 10.55 6.13
1100 3.906 2.80 2378 1446 1.244 1.37  1.194  228.2 10.50 6.09
1200 3.894 2.88 2352 142.2  1.257 1.38  1.199 2245 10.44 6.04
1300 3.883 296 2326 139.7  1.267 140 1.203 2208 10.39 6.00
1400 3.872 3.03 230.0 137.2 1.277 141 1.205 2171 10.33 5.95
1500 3.860 309 2281 134.8 1.286 142 1207 2140 10.28 5.91
1600 3.848 3.15 2259 1335 1.296 143 1209 210.7 10.23 5.86
1700 3.835 320 2248 131.2 1.306 143 1212 2075 10.17 5.82
1800 3.823 325 2218 1275 1318 143 1.216 204.7 10.12 5.78
4+0.009  +0.06 +2.3 +4.8 +0.03 +2.2 +0.009 0.11
ICompul:ed from Table 14; tWhite & Roberts [75]; *Furukawa et al. [24]; Dimensions as in Table 15.
Table 17. MgAl,O4: Thermal expansivity, specific heat, isotropic modulif and velocitiest
T p af Kg G 0% v Cv Kp Vp R
300 3.576 211 2099 1082 0.819 1.51  0.811 2079 9.95 5.50
+0.0056  +0.04 +5.2 +2.5 +0.05 +52 £0.09 +0.06
350 3.572 2,18 2082 107.7 0.899 141 0.889 2059 9.92 5.49
400 3.568 225  207.1 1072 0.963 1.36  0.952  204.6 991 5.48
450 3.564 232 2053 106.6 1.014 1.32  1.001 2025 9.87 5.47
500 3.560 238 2039 106.0 1.085 1.30 1.039  200.8 9.85 5.46
550 3.585 245 202.8 1055 1.088 128 1.069 1994 9.83 5.45
600 3.551 251 2016 1049 1115 128 1.094 1978 9.81 5.45
650 3.547 257 2003 1043 1.139 128 1.115 196.1 9.78 5.42
700 3.542 263 199.0 103.6 1.160 127 1.133 194.4 9.76 5.41
750 3.537 269 1977 103.0 1.179 127  1.149 192.7 9.73 5.40
800 3.532 274 1962 1024 1.180 127 1164 1909 9.71 5.38
850 3.528 2.80 1947 1018 1.213 127 1178  189.0 9.68 5.37
900 3.523 285 1934 1011 1.229 1.27 1190 1873 9.65 5.36
950 3.518 290 1920 1005 1.243 127  1.201 185.5 9.63 5.34
1000 3.512 294 1913 99.8  1.253 1.28 1.208 184.4 9.61 5.33
+0.005  +0.06 +6.5 +2.7 30.05 +63 011  +0.07

Y Computed from Table 5; tTouloukian et al. [69]; *Robie et al. [48]; Dimensions as in Table 15.
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Table 18. Mg,Si04: Thermal expansivity, specific heat, isotropic modulil and velocities?

T p at Ks G Cp y Cv Kr vp v,
300  3.222 272 1286 816 0840 129 0831 1273 858 503
40.007 +0.05 +0.4 +03 +0.02 404  +0.01 2001

400 3.213 303 1271 80.3  0.990 121 0976  125.2 8.54 5.00
500 3.203 322 1254 78.9  1.068 1.18  1.048 123.1 8.48 4.96
600 3.192 336 123.7 774 1119 1.17  1.093  120.8 8.43 4.93
700 3.181 348 1219 76.0 1.156 1.16 1.124  118.6 8.38 4.89
800 3.170 3.59  120.2 745 1.186 115 1.148 1163 8.32 485
900 3.159 3.70 1183 731 1211 115 1.167  114.0 8.27 4.81
1000 3.147 381 116.6 716 1.235 1.14  1.183 1117 8.21 4.77
1100 3.135 392 1148 70.1  1.256 1.14 1197 1094 8.15 4.73
1200 3.122 4.05 1129 68.6  1.277 115  1.210 106.9 8.09 4.69
1300 3.109 416 1111 67.1  1.296 1.15  1.220 104.6 8.03 4.65
1400 3.096 4.27 109.2 656 1.315 115 1.231  102.2 7.97 4.60
1500 3.083 439 1075 64.1 1.334 115  1.240 99.9 791 4.56
1600 3.069 450 105.6 62.7  1.352 1.15  1.249 97.6 7.85 4.52
1700 3.055 462 103.7 61.2 1.370 1.14  1.257 95.2 7.79 4.48
+0.008  +0.08 +0.5 +0.3 +0.02 +0.5 +0.02 +0.01

IComputed from Table 9; 1bKajiyoshi [38]; *Barin & Knacke {15]; Dimensions as in Table 15.

Table 19. Olivine FogoFajo: Thermal expansivity, specific heat, isotropic moduli} and velocitiest

T p ot Ks G Cp ¥ Cv  Kr v v,
300 3353 266 1293 781 0816 125 0808 1280 834  4.83
+0.004 +0.05 +0.3 +0.2 +0.02 +0.3 +0.01 +0.01

400 3.343 299 1277 76.8  0.957 1.19 0944 1259 8.29 4.79
500 3.333 321 1259 75.3  1.032 1.17  1.013 123.6 8.24 4.75
600 3.322 335 124.1 73.9 1.080 116 1.055  121.2 8.19 4.72
700 3.311 346  122.2 725 1112 1.14 1.086 118.2 8.13 4.68
800 3.299 3.556 1203 712 1.145 1.13 1109 116.6 8.07 4.65
900 3.287 364 1189 69.8 1171 112 1129 1147 8.03 4.61
1000 3.275 371 1170 68.5 1.194 111 1.147 1121 7.97 4.57
1100 3.263 3.79 1151 67.1 1.216 110 1.163 110.0 7.92 4.54
1200 3.251 386 113.2 65.8 1.236 1.09 1177 107.8 7.86 4.50
1300 3.238 393 1114 644 1.256 1.08 1.191 105.6 7.81 4.60
1400 3.225 400 109.6 63.1 1.275 1.07 1.203 1034 7.75 4.22
1500 3.212 4.07 1078 61.7 1.204 1.06 1216 1013 7.69 4.38
+0.004  +0.08 +0.5 +0.3 +0.02 +0.5 £0.01 +0.01

1:Computed from Table 10; tSuzuki [64]; *Barin & Knacke [15]; Dimensions as in Table 15.



Table 20. Fe;SiO4: Thermal expansivity, specific heat, isotropic modulif and velocitiest

T o ol Kg G Cp' ¥ Cyv Kr Up vy
300 4.400 2.61 138.0 51.0 0.673 1.21  0.667 136.7 6.84 3.40
+0.009  +0.056 +08 0.5 +0.03 +0.8 +0.02  +0.02
400 4.388 2.74 1359 49.7 0.746 1.18 0.736 134.1 6.79 3.37
500 4.375 3.00 134.0 48.8  0.793 1.16  0.779  131.7 6.74 3.34
600 4.362 3.12 1318 48.0 0.830 1.13 0.813 129.0 6.70 3.32
700 4.348 3.22 1293 474  0.863 111 0.842 126.1 6.65 3.30
+0.009  +0.06 +0.9 0.4 +0.03 +0.8 +£0.02  +0.02
IComputed from Table 11; tSuzuki et al. [67]; *Watanabe [72]; Dimensions as in Table 15.
Table 21. Mn3SiO4: Thermal expansivity, specific heat, isotropic modulil and velocitiest
T p ot Ks G Cp' v Cv Kr vp Vs
300 4.129 2.27 1289 54.5  0.666 1.06 0.661  128.0 6.99 3.634
+0.005  +0.05 +0.6  +0.3 +0.03 +0.6  +0.01 +0.009
400 4.119 2.57 1270 53.5 0.736 1.08 0.728 125.6 6.94 3.604
500 4.108 2.77 1250 52.5 0.781 1.08 0770 123.1 6.89 3.573
600 4.096 291  123.0 514  0.818 1.07 0803 1208 6.84 3.543
700 4.084 3.03 1211 50.4  0.850 1.06 0.831 1184 6.79 3.512
+0.005  +0.06 +08 0.3 +0.03 +0.8  +0.02 +0.011
IComputed from Table 12; TOkajima et al. [46]; *Barin & Knacke [15); Dimensions as in Table 15.
Table 22. Co0,S5i04: Thermal expansivity, specific heat, isotropic modulif and velocitiest
T p of  Ks G Cp y Oy  Kr vp v,
300 4.706 227 148.2 62.0 0.640 1.12  0.636 1471 7.00 3.621
+0.009  +0.05 +0.5 0.3 +0.03 +0.5 +0.01 £0.009
400 4.695 2.57 146.2 614  0.747 1.07 0.739 1446 6.97 3.611
500 4.682 277 1443 60.7  0.803 1.06 0.791 1422 6.93 3.594
600 4.669 2.91 142.3 59.9  0.840 1.06 0.825 139.8 6.89 3.575
700 4.655 3.03 1404 59.1  0.868 1.05 0.849 1373 6.86 3.557
+0.009  +0.06 +0.7 +0.3 +0.02 +06  +0.01  +0.010
iComputed from Table 13; 1.(assume Mn;SiQ,4); *Watanabe [72]; Dimensions as in Table 15.
Table 23. MnO: Thermal expansivity, specific heat, isotropic modulit and velocities?
T p at Ksg G Cyp' Y Cv Kr Up Vs
300 5.378 3.46  149.0 68.3 0.632 151 0.623  146.7 6.68 3.57
+0.001  +0.07 +26 1.5 +0.04 +25 +0.05 £0.04
350 5.369 3.58 148.0 67.6  0.653 151 0.641 1452 6.66 3.55
400 5.359 3.68 146.9 66.7  0.669 1.51  0.655  143.7 6.63 3.53
450 5.349 3.77 1458 65.6  0.682 151  0.665  142.2 6.60 3.50
500 5.339 3.85 1448 644  0.692 151 0.673 140.7 6.57 3.47
+0.001  +0.08 +26 1.6 $0.04 +25 £0.05 £0.04

{Computed from Table 6; t Suzuki et al. [66]; *Barin & Knacke {15]; Dimensions as in Table 15.



Table 24. CaO: Thermal expansivity, specific heat, isotropic modulif and velocitiest

ot

T P Ks G CP‘ Y CV KT Vp Vs
300 3.349 3.04 112.0 80.59  0.752 1.35 0.743 110.6 8.094 4.905
+0.001 40.06 +0.1  £0.02 +0.03 +0.1  +0.002 +0.001
400 3.338 347 110.5 79.15 0.834 1.36 0.819 108.5 8.045 4.869
500 3.327 3.67 109.1 77.71 0.880 1.37 0.858 106.4 7.996 4.834
600 3.314 3.81 107.6 76.22  0.904 1.37 0.877 104.3 7.946 4.796
700 3.301 3.92 106.2 7476  0.921 1.37 0.888 102.3 7.897 4.759
800 3.288 4.01 104.7 73.33  0.933 1.37 0.894 100.3 7.848 4.723
900 3.275 4.08 103.3 71.90  0.943 1.36 0.898 98.4 7.799 4.686
1000 3.262 414 1017 70.40  0.952 1.36 0.901 96.3 7.745 4.646
1100 3.248 4.20 100.2 68.99  0.959 1.35 0.903 94.3 7.693 4.609
1200 3.234 4.26 98.7 67.56  0.965 1.35 0.903 92.3 7.640 4.571
+0.002 +0.09 +0.2  +0.08 +0.03 +0.3  +0.006 +0.003
iComputed from Table 2; toda et al. [43); *Garvin et al. [25]; Dimensions as in Table 15.
Table 25. Grossular garnet: Thermal expansivity, specific heat, isotropic modulif and velocities?
T p of Ks G Cy Y Cv Kr Vp R
300 3.597 1.92 167.8 106.9  0.736 1.22 0.730 166.6 9.29 5.453
4-0.006 40.05 +0.7 +0.2 +0.03 +0.7 £0.01 +0.006
400 3.589 2.28 166.2 105.7  .0.865 1.22 0.855 164.4 9.25 5.427
500 3.581 2.49 164.9 1045 0.945 1.21 0.931 162.5 9.22 5.401
600 3.571 2.61 163.3 103.1  0.995 1.20 0.977 160.3 9.18 5.373
700 3.562 2.71 161.6 101.8 1.028 1.19 1.006 158.1 9.14 5.346
800 3.552 2.78 160.3 100.5 1.052 1.19 1.025 156.2 9.10 5.318
900 3.542 2.83 158.9 99.1 1.072 1.19 1.041 154.3 9.06 5.289
1000 3.532 2.88 157.5 97.7  1.092 1.18 1.056 152.3 9.03 5.259
1100 3.522 2.92 156.2 96.4 1.113 1.16 1.073 150.6 8.99 5.230
1200 3.512 2.97 154.4 94.9 1.139 1.14 1.095 148.3 8.94 5.198
1300 3.501 3.00 152.6 93.4 1.170 1.12 1.121 146.2 8.90 5.165
+0.006 +0.07 +1.2 +0.2 4-0.03 +1.2  £0.02 40.008

IComputed from Table 4; tsaak et al. [36]; *Krupka et al. [39]; Dimensions as in Table 15.

Table 26. Pyrope-rich garnet: Thermal expansivity, specific heat, isotropic modulit and velocitiest

of

T p Kg G Cp' 7 Cv Kr Vp U,

300 3.705 236 1712 92.6 0.726 1.50 0.718 169.4 8.92 5.00
+0.005  £0.04 +08 104 +0.03 +0.8 £0.02 +0.01

400 3.696 264 168.9 91.6 0902 1.34 0.889 166.5 8.87 498
500 3.686 280 167.0 90.6  0.981 1.29  0.964 164.0 8.84 4.96
600 3.675 2.90 164.9 89.7 1.032 1.26 1.010 161.4 8.80 4.94
700 3.664 297 163.2 88.7 1.067 1.24  1.040 159.1 8.76 4.92
800 3.653 3.03 161.3 876  1.088 1.23 1.057 156.6 8.72 4.90
900 3.642 3.07 1593 86.5 1.104 1.22  1.068 154.1 8.68 4.87
1000 3.631 3.11 157.3 8565 1.116 1.21 1.076  151.6 8.64 4.85
+0.006  £+0.06 +1.1 406 40.02 +1.1 003  10.02

IComput,ed from Table 3; tSuzuki & Anderson [65]; " idem; Dimensions as in Table 15.
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Table 27. NaCl: Thermal expansivity, specific heat, isotropic elastic modulit and velocities}

T P of Ks G Cp' ¥ Cy Kr Vp v,
300 2.159 11.8 25.3 14.71  0.868 1.59  0.822 24.0 4.56 2.610
+0.005 402 +0.3 +0.08 +0.04 +0.3 40.02 £0.008
350 2.146 12.2 24.8 1427  0.883 1.60 0.826 23.2 4.52 2.579
400 2.132 12.7 24.2 13.81  0.897 1.61  0.829 22.4 4.47 2.545
450 2.118 13.2 23.7 13.39  0.910 1.62  0.830 21.6 4.43 2.514
500 2.104 13.7 23.2 1296  0.923 1.64 0.830 20.8 4.39 2.482
550 2.089 14.3 22.5 12.53  0.937 1.64 0.830 19.9 4.33 2.449
600 2.074 14.8 21.7 12.11  0.950 1.63  0.830 19.0 4.27 2.416
650 2.059 154 21.1 11.68  0.964 1.63  0.829 18.1 4.22 2.382
700 2.043 16.0 20.5 11.25  0.979 1.63  0.828 17.3 4.17 2.346
750 2.026 16.6 19.8 10.80  0.997 1.63  0.829 16.5 4.11 2.309
+0.006 0.3 +0.3 +0.11 +0.04 +0.3 £0.02 +0.012
IComputed from Table 8; fEnck & Dommel [22]; *Stull & Prophet [57]; Dimensions as in Table 15.
Table 28. KCI: Thermal expansivity, specific heat, isotropic elastic modulif and velocities!
T P ol Kg G 0% ¥ Cyv Kr vp v,
300 1.982 11.0 17.8 947 0.689 144  0.657 17.0 3.92 2.19
+0.005 0.2 +04 +1.03 +0.04 +0.3  +0.09 +£0.12
350 1.971 11.3 17.3 9.18 0.701 142 0.664 16.4 3.88 2.16
400 1.959 11.7 17.0 891 0.713 142  0.669 15.9 3.84 2.13
450 1.948 12.1 16.6 864 0.724 142 0.672 154 3.80 2.11
500 1.935 12.6 16.1 839 0.735 143 0.674 14.7 3.75 2.08
350 1.923 13.2 15.7 8.13 0.745 144 0.675 14.2 3.71 2.06
600 1.910 13.7 154 7.85 0.756 145 0.676 13.7 3.68 2.03
650 1.897 14.2 15.0 7.57 0.767 1.46  0.676 13.2 3.64 2.00
700 1.883 14.7 14.5 729 0.778 146  0.677 12.6 3.59 1.97
750 1.869 15.2 14.0 6.98 0.791 1.44 0.679 12.0 3.53 1.93
800 1.855 15.7 13.6 6.67 0.806 143 0.683 11.5 3.48 1.90
850 1.840 16.2 12.0 6.41  0.823 1.39 0.691 10.9 3.42 1.87
+0.005 +0.2 +04 +0.13 +0.04 +0.3 +0.03 40.02

1:Computed from Table 7; tEnck et al. [23); *Stull & Prophet [57]; Dimensions as in Table 15.
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Table 29. Al,O3: Dimensionless parameters, Debye temperature and thermal
pressure

T o) o bs br T Ul;ﬁl v aKr APry
K K MPa/K GPa

300 1034 0.235 3.30 5.71 5.71 1.82 1.60 4.08 0.00
400 1029 0.237 3.16 5.16 5.16 1.49 1.52 4.98 0.45
500 1022 0.239 3.20 5.03 6.27 1.35 1.46 5.53 0.98
600 1015 0.240 3.31 5.08 6.09 1.29 1.42 5.85 1.55
700 1008 0.241 3.43 5.17 6.05 1.28 1.40 6.03 2.15
800 1001 0.243 3.55 5.29 6.06 1.28 1.38 6.15 2.76
900 994 0.244 3.62 9.37 6.08 1.28 1.36 6.24 1.43
1000 986 0.246 3.66 5.42 6.09 1.29 1.36 6.30 4.01
1100 979 0.247 3.65 5.42 6.07 1.29 1.36 6.40 4.64
1200 971 0.248 3.60 5.39 6.03 1.30 1.37 6.45 5.93
1300 963 0.250 3.51 5.32 5.98 1.29 1.38 6.52 5.93
1400 955 0.251 3.39 5.22 5.93 1.30 1.40 6.57 6.59
1500 947 0.253 3.24 5.08 5.87 1.30 1.43 6.62 7.24
1600 939 0.255 3.06 492 5.80 1.30 1.47 6.64 7.91
1700 932 0.257 2.85 4,73 5.74 1.32 1.52 6.64 8.57
1800 924 0.259 2.60 4.50 5.66 1.32 1.58 6.66 9.24

Calculated from Tables 14 & 16.

Table 30. MgO: Dimensionless parameters, Debye temperature and thermal
pressure

T 2 P bs op T QT—;’—sl v aKr APry

300 945 0.183 2.83 5.26 5.73 1.57 1.40 5.04 0.00
400 937 0.185 2.79 4.83 5.34 1.33 1.40 5.67 0.54
500 928 0.188 281 4.69 5.17 1.23 1.38 6.00 1.12
600 920 0.190 2.86 4.67 5.08 1.18 1.37 6.16 1.73
700 911 0.192 2.92 4.70 5.05 1.16 1.35 6.23 2.35
800 902 0.194 2.98 4.74 5.03 1.15 1.34 6.28 2.98
900 894 0.196 3.04 4.78 5.02 1.13 1.32 6.32 3.61
1000 885 0.198 3.12 4.84 5.06 1.12 1.31 6.32 4.24
1100 875 0.200 3.21 4.92 5.08 1.12 1.30 6.31 4.87
1200 806 0.202 3.30 4.99 5.09 1.11 1.28 6.28 5.50
1300 857 0.204 3.41 5.08 5.10 1.10 1.26 6.22 6.12
1400 847 0.206 3.47 5.12 5.04 1.09 1.24 6.19 6.74
1500 838 0.208 3.50 5.13 4.92 1.07 1.22 6.16 7.36
1600 828 0.209 3.46 5.07 4.75 1.07 1.21 6.13 7.97
1700 820 0.211 3.36 4.95 4.56 1.06 1.20 6.03 8.58
1800 811 0.212 3.12 4.66 4.34 1.03 1.23 6.00 9.20

Calculated from Tables 1 & 15. Dimensions as in Table 29.




Table 31. CaO: Dimensionless parameters, Debye temperatures and thermal pressure

T o P bs 57 T L‘z;—‘sl v aKr APrg
300 671 0210 415 619 600 151 124 336  0.00
400 666 0211 375 554 538 131 124 373  0.36
500 660 0.212 360 527 513 122 123 390  0.74
600 654 0.213 354 514 501 117 123 398 1.3
700 649  0.215 352 507 499 113 123 401 153
800 643 0216 353 503 495 110 123 402 234
900 637 0.218 355 501 493 107 122 401 234
1000 631 0219 358 500 494 105 122 399 254
1100 625  0.220 362 501 496 103 122 396 313
1200 619  0.221 365 501 499 101 122 393 353

Calculated from Tables 2 & 24. Dimensions as in Table 29.

Table 32. Grossular garnet: Dimensionless parameters, Debye temperatures and
thermal pressure

T S a bs o1 T @—’-'—:;—521 v aKr APry
300 824 0.237 4.64 6.30 6.09 1.36 1.22 3.21 0.00
400 820 0.238 3.93 5.36 5.27 1.17 1.23 3.74 0.36
500 816 0.239 3.64 4.98 4.97 1.11 1.24 4.03 0.75
600 811 0.239 3.49 4.80 4.87 1.08 1.25 418 1.16
700 806 0.240 3.41 4.70 4.84 1.08 1.26 4.28 1.57
800 801 0.241 3.35 4.64 4.86 1.08 1.27 4.34 1.98
900 796 0.242 3.31 4.60 4.90 1.08 1.28 4.36 2.40
1000 791 0.243 3.29 4.58 4.96 1.09 1.29 4.38 2.83
1100 786 0.244 3.27 4.57 5.03 1.11 1.30 441 3.25
1200 780 0.245 3.26 457 5.11 1.15 1.31 4.40 3.69
1300 715 0.246 3.25 4.58 5.20 1.18 1.32 4.38 5.40

Calculated from Tables 4 & 25. Dimensions as in Table 29.

Table 33. Pyrope-rich garnet: Dimensionless parameters, Debye temperatures and

thermal pressure

T (C] "2 65 61' T g———HT;ss 14 aKT APTH
300 779 0.271 4.81 6.27 4.29 0.97 0.88 4.00 0.00
350 777 0.271 4.52 5.90 4.07 1.00 0.89 4.25 0.21
400 775 0.270 4.36 5.70 3.96 1.00 0.90 4.40 0.42
450 773 0.270 424 5.59 3.90 1.00 0.92 4.51 0.65
500 771 0.270 4.16 5.46 3.86 1.00 0.93 4.59 0.87
550 769 0.270 4.11 5.41 3.86 1.02 0.94 4.64 1.10
600 767 0.270 4.07 5.35 3.86 1.04 0.96 4.68 1.34
650 765 0.270 4.05 5.34 3.88 1.04 0.97 4.69 1.57
700 764 0.270 4.01 5.30 3.89 1.04 0.98 4.72 1.81
750 761 0.270 4.00 5.29 3.92 1.05 1.00 4.74 2.04
800 759 0.270 3.98 5.28 3.94 1.06 1.01 4.74 2.28
850 757 0.270 3.98 5.29 3.98 1.07 1.02 4.74 2.52
900 755 0.270 3.98 5.30 4.02 1.09 1.04 4.73 2.75
950 753 0.270 3.97 5.30 4.06 1.10 1.05 4.73 2.99
1000 751 0.270 3.97 5.32 4.10 1.11 1.06 4.71 3.23

Calculated from Tables 3 & 26. Dimensions as in Table 29.
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Table 34. Mg,Si0,: Dimensionless parameters, Debye temperature and thermal
pressure

T C) o 8s st r Gty aKr APy

300 763 0.238 4.45 5.94 6.07 1.16 1.20 3.46 0.00
400 757 0.239 4.20 5.58 5.66 1.14 1.21 3.80 0.36
500 751 0.240 4.15 5.49 5.54 1.14 1.20 3.97 0.756
600 744 0.241 4.15 5.48 5.50 1.14 1.20 4.07 1.16
700 738 0.242 4.16 5.49 5.46 1.15 1.20 4.13 1.57
800 731 0.243 4.13 5.47 5.45 117 1.18 4.18 1.98
900 724 0.244 4.08 5.46 5.44 1.20 1.20 4.22 2.40
1000 718 0.245 4.05 5.47 5.45 1.25 1.22 4.26 2.83
1100 711 0.246 4.00 5.46 5.43 1.28 1.20 4.31 3.25
1200 704 0.248 4.02 5.49 5.38 1.28 1.21 4.33 3.69
1300 697 0.249 3.97 5.44 5.32 1.28 1.20 4.36 4.13
1400 689 0.250 3.90 5.37 5.24 1.28 1.21 4.37 4.50
1500 682 0.251 3.92 5.38 5.22 1.27 1.23 4.39 5.07
1600 674 0.252 3.93 5.40 5.19 1.28 1.19 4.40 5.43
1700 668 0.254 3.96 5.42 5.16 1.28 1.20 4.39 5.87

Calculated from Tables 9 & 18. Dimensions as in Table 29.

Table 35. Olivine FoggFa ¢: Dimensionless parameters, Debye temperatures and
thermal pressure

T o) o bs 6 T ﬁ"—T;—"Sl v aKy APry

300 731 0.249 5.24 6.59 6.56 1.07 1.17 3.37 0.00
400 725 0.250 4.70 5.95 5.92 1.03 1.17 3.76 0.36
500 719 0.251 4.46 5.65 5.63 1.02 1.17 3.97 0.75
600 713 0.252 4.33 5.51 5.50 1.02 1.18 4.05 1.15
700 706 0.252 4.25 5.44 5.42 1.04 1.18 4.11 1.56
800 700 0.253 4.21 5.40 5.38 1.06 1.18 4.14 1.97
900 699 0.255 416 5.36 5.36 1.07 1.18 418 2.38
1000 688 0.255 4.14 5.36 5.35 1.10 1.18 4.17 2.80
1100 681 0.256 4.13 5.37 5.35 1.13 1.18 417 3.22
1200 675 0.257 4.12 5.38 5.36 1.16 1.18 4.16 3.63
1300 669 0.258 4.07 9.35 5.32 1.18 1.18 4.15 4.05
1400 662 0.259 4.10 5.41 5.39 1.23 119 4.14 4.46
1500 665 0.260 4.10 5.43 5.41 1.26 1.19 4.13 4.88

Calculated from Tables 10 & 19. Dimensions as in Table 29.
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Table 36. Fe;SiO4: Dimensionless parameters, Debye temperatures and thermal

pressure
T 2 o bs b7 r UT—;@ v oKy APry
300 511 0336 599 734 934 112 154 356 0.0
400 506 0337 556 6.8 749 109 133 382  0.37
500 501 0.338 535 662 602 109 109 395 076
600 497 0.338 524 650 469 111 085 402 116
700 494 0338 518 645 343 114 060 406 156

Calculated from Tables 11 & 20. Dimensions as in Table 29,

Table 37. Mn,SiO4: Dimensionless parameters, Debye temperatures and thermal

pressure
T 2) o bs o7 T &;ﬁl v aKr APry
300 535 0.315 6.66 8.19 8.43 1.44 1.19 2.90 0.00
400 530 0.315 5.95 7.35 7.57 1.30 1.19 3.23 0.31
500 525 0.316 5.61 6.96 717 1.25 1.19 3.41 0.64
600 520 0.317 5.43 6.76 6.97 1.24 1.19 3.52 0.99
700 515 0.317 5.31 6.63 6.84 1.25 1.20 3.59 1.34

Calculated from Tables 12 & 21. Dimensions as in Table 29.

Table 38. Co0,5104: Dimensionless parameters, Debye temperatures and thermal

pressure
T 2 o Ss o1 r QT;—‘SI v aKy APrg
300 551 0317 581 732 551 135 096 334  0.00
400 548 0316 5.19 656 4981 127 096 372  0.35
500 545 0316 488 6.19 462 123 096 394  0.74
600 541 0316 471 601 446 122 096 407 114
700 538 0316 460 58 435 121 096 416 155

Calculated from Tables 13 & 22. Dimensions as in Table 29.

Table 39. MnO: Dimensionless parameters, Debye temperatures and thermal pressure

T 2 P bs o7 r Qr;ﬁl v «aKr APry
300 534 0301 4.4 59 833 120 156 507  0.00
350 531 0302 403 58 814 118 157 520 026
400 527 0303 394 571 801 117 157 529  0.52
450 523 0305 388 564 795 116 157 536  0.79
500 519 0307 383 558 794 116 158 541 1.05

Calculated from Tables 6 & 23. Dimensions as in Table 29.
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Table 40. MgAl;04: Dimensionless parameters, Debye temperature and thermal
pressure

T e o bs 67 T @2 v oKy APrg

300 862 0.280 6.03 7.73 5.30 1.12 0.90 4.38 0.00
400 858 0.279 5.72 7.36 5.01 1.20 0.90 4.60 0.45
500 854 0.279 5.49 7.07 4.78 1.22 0.90 4.79 0.92
600 850 0.278 5.27 6.82 4.59 1.21 0.90 4.97 1.41
700 845 0.278 5.10 6.62 4.43 1.20 0.90 5.11 191
800 840 0.278 4.96 6.47 4.30 1.19 0.90 5.24 2.43
900 835 0.277 4.85 6.35 4.20 1.18 0.90 5.33 2.96
1000 830 0.278 4.74 6.24 4.11 1.17 0.90 5.43 3.49

Calculated from Tables 5 & 17. Dimensions as in Table 29.

Table 41. NaCl: Dimensionless parameters, Debye temperature and thermal pressure

T © o 65 (51’ Tr QT—;@ 14 aKT APTH

300 304 0.256 3.47 5.56 5.05 1.32 1.29 2.82 0.00
350 300 0.258 3.56 5.62 5.00 1.29 1.26 2.83 0.14
400 296 0.260 3.65 5.69 4.95 1.27 1.23 2.84 0.28
450 291 0.262 3.72 5.74 4.90 1.25 1.20 2.86 0.43
500 287 0.264 3.80 5.82 4.86 1.24 1.18 2.86 0.57
550 283 0.265 3.91 5.95 4.83 1.25 1.16 2.84 0.71
600 278 0.265 4.03 6.10 4.79 1.27 1.13 281 0.85
650 274 0.266 4.14 6.24 4.77 1.29 1.11 2.78 0.99
700 269 0.268 4.23 6.37 4.76 1.31 1.10 2.77 1.13
750 264 0.270 4.34 6.53 4.76 1.35 1.08 273 1.27

Calculated from Tables 8 & 27. Dimensions as in Table 29.

Table 42. KCl: Dimensionless parameters, Debye temperature and thermal pressure

T 2] T bs br r Uz—s) aKr APry

v

300 230 0.274 3.77 5.84 4.66 1.34 117 1.87 0.00
350 227 0.275 3.86 5.88 4.77 1.34 1.17 1.86 0.09
400 224 0.277 3.92 5.88 4.86 1.32 1.17 1.86 0.19
450 221 0.278 3.97 5.88 4.93 1.30 1.17 1.86 0.28
500 218 0.278 4.02 5.88 4.97 1.28 1.17 1.86 0.37
550 214 0.279 4.05 5.87 5.02 1.26 1.17 1.87 0.47
600 211 0.282 4.06 5.84 5.10 1.23 1.18 1.88 0.56
650 208 0.284 4.09 5.83 5.19 1.21 1.18 1.88 0.65
700 204 0.285 418 5.90 5.30 1.23 1.18 1.86 0.75
750 200 0.286 4.27 5.98 5.44 1.25 1.18 1.83 0.84
800 196 0.289 4.34 6.04 5.61 1.27 1.19 1.81 0.93
850 192 0.288 4.50 6.19 5.76 1.33 1.19 1.77 1.02

Calculated from Tables 7 & 28. Dimensions as in Table 29.
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The appropriate equations used in preparing the ta-
bles are presented in Section 2. The various corre-
lations between the thermoelastic constants are pre-
sented in Anderson et al. [13] and reviewed in Sec-
tion 3. The mineral data are set forth in Section 4.
Theory appropriate to the high temperature trends of
the data is presented in Section 5. Extrapolation equa-
tions are reviewed in Section 6.

3. EQUATIONS USED IN TABLED VALUES
OF PHYSICAL PROPERTIES

Once the elastic constants have been determined
over a wide range in T, the four dimensionless ther-
moelastic parameters at each T are computed [7] using
the following nomenclature:

oKs oKp )
Y= 95Cr T WCv

(1 \([0Ks\ _ (9tnKs
65_—(al(s>(3T)p_(6€np>p @
(1 \[(0Kr\ _ (9K
w=-(oig) (57), = (Fap),  ©

r— 1 oG\ _ ( G )
T (E) (57—1)19— dtnp)p’
The parameter v is known as the Griineisen ratio. The
parameters 67 and 8¢ are often called the Anderson-
Grineisen parameters [17]. The dimensionless temper-
atures reached by some of these data (MgO, Al;O3,
Mg2Si04, KCl, NaCl) either exceed or are close to
those of the lower mantle, which are in the neigh-
borhood of T/© = 2.3 [4]. The measurements must
be done at sufficiently high temperature so that one
is justified in speaking of observations in the high-
temperature region. The definition of © used is

R\ [ 9pN\'/? e
0= (E) (4:M) (07 +207%) 7% (%)

Since vp, and v, decrease with increasing T, © also
decreases with increasing T'.

Since the value of © for most mantle minerals is 600-
900 K, measurements have to be taken up to the 1300
to 1800 K range so that the high-temperature trends
are clearly discernible. Such high T data permit the
verification of classical equations. For example, one
can test whether Cy is independent of T (as in the
Dulong-Petit limit) and whether v at constant V is
independent of T' (as required in the derivation of the

—~~

4)

Mie-Griineisen equation of state).

A well-known thermodynamic identity is that the
temperature derivative of the pressure at constant V is
exactly equal to aKr by means of calculus definitions,
so that

8P\ _ (0Pru\ _
%), (), o

where Pry is the thermal pressure. Thus aKr is the
slope for the Ppy versus T curve at constant V.
Using (6) for an isochore,

PTH = /aKT dT, (7)

which is equivalent to the statement that

oP
Pry _/(3_T)V dT.

If « K7 is independent of T at constant V and also
independent of volume, then oK comes out of the
integral shown by (7), giving

Pryu(T) - Pru(©) = aKp(T - O). 8)
As an empirical finding, APry is linear in T down to
much lower temperatures than ©, and we usually find
empirically that the data satisfy

APry = aK7p(T - 300). (9)

The measured Cp data can be used to find Cy from

Cp
= — 1
Cv 1+ a9T (10a)
once 7 has been determined. Similarly,
Ks
= —. b
Kr 1+ayT (100)

In isobaric high-temperature calculations the ther-
moelastic parameters given by (2) and (3) are useful
for many thermodynamic applications relating sound
speed or bulk modulus to temperature, the adiabatic
case arising from adiabatic elastic constants and the
isothermal case arising from isothermal elastic con-
stants.

We list our experimental values for the dimensionless
parameter v defined by



Vz(alnv,) ’ (11)

Oy )p

which is of interest in seismic tomography calculations

[1, 20, 37]. We also list values of the adiabatic Pois-

son’s ratio o given by
_3Ks—-2G

= $Ks 712G (12)

4. SOME CORRELATIONS FOUND FOR
PROPERTIES IN THE TABLES

This section deals with relationships between the

thermoelastic dimensionless parameters. The equation
showing the relationship between 67 —8s and ¥ is [10]:

(]G, GaR}

(14 ayTér)

5T—-6s=7

If the relative increase in a with 7 nearly compen-
sates for the relative decrease of ¥ with T taking into
account the change in the denominator of (13), then
we may expect that 67 — 85 is close in value to 7.
Since the rate of change of v with T is seldom the
same as the rate of change of o with T', we see that
b1 —6s = v may be an approximation valid only over a
limited range of temperatures, usually near and above
0.

In some thermodynamics manipulations, the approx-
imation é7—6s = v is useful. In Tables 29-42, we show
the variation of (61 — é5) /v with T//© for our fourteen
minerals. Thus an empirically determined approxima-
tion where actual high-temperature data are lacking
is

br —bs =17. (14)

Equation (14) is seldom a good approximation below
T = ©. We note, however, that even in some high-
temperature regions, (14) is in error, especially for
Al,O3.

The variation of 4 with T for all fourteen minerals
is listed in Tables 29-42. For some solids, v decreases
with T" at high T, but for CaO, Al;O3, and Mg;SiOy,
it appears that (8v/0T)p is close to zero at high T.

While the value of (0v/0T)p at high T is close to
zero for many minerals, the value of (07/0T)y is less
and is always a negative number not close to zero (be-
cause the correction involves — f:,; ayqdT, and all val-

©ac(K)
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ues in the integrand are positive). This behavior of
(07/8T),, has an important effect on the validity of
the Mie-Griineisen formulation of the thermal pres-
sure.

The acoustic version of ©, ©,. shows that miner-
als with higher density have higher values of ©,.. We
know that when the average mass is constant from
material to material, the value of ©,, rises as the 4/3
power of the density [2]. We would therefore expect
that ©,4. for perovskite will be high, in the neighbor-
hood of that found for Al,O3.

The value of ©,. for perovskite at ambient condi-
tions calculated by (5) is 1094 K. The values v, = 10.94
km/s, v, = 6.69 km/s, and py = 4.108 g/cm® used in
the calculation are given by Yeganeh-Haeri et al. [78].
O, for corundum is 1033 K, and py = 3.981. This
similarity in values of ©,4, and po suggests that the
measured thermal pressure of corundum could be used
as a guide for that of perovskite at mantle tempera-
tures and pressures. The expected variation of O,
with T for perovskite is shown in Figure 1, where O,,
of perovskite is compared to that of forsterite and per-
iclase.

Debye Temperature (four minerals)

1200

P=0
1100 F & perovskite B

1000 [

900 r

800 1

700 1

600 13 1 il 1 1
200 600 1000 1400 1800
Temperature (K)

Fig. 1. Plots of © (acoustic) versus T. Solid lines
show data on © from Tables 29, 30, and 34. The A is
data for © (acoustic) for perovskite at room temper-
ature. The dashed line shows the expected variation
of O (acoustic) with T', yielding a value near 900 at
1900 K.
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Another significant correlation found for most min-
erals is

'~ 57', (15)

which allows one to calculate G for K7 in high tem-
perature ranges where G is not known. It immedi-
ately follows from (15) that, because G is less than
Ks, [(8G/8T)p| must be smaller than |(8Ks/8T)p|.

5. PRESENTATION OF MINERAL DATA

We tabulate the adiabatic single-crystal elastic mod-
uli (Cjj) for 14 minerals in Tables 1 to 14 starting
at 300 K and proceeding in intervals of either 50° or
100°K. The errors indicated at selected temperatures
in Tables 1-14 are those listed in the original refer-
ences. The Cj; data for thirteen of the fourteen miner-
als in Tables 1-14 were retrieved by the already defined
RUS method (either rectangular parallelepipeds or res-
onant spheres). The tabulated errors in the Cj; from
these thirteen minerals are the standard deviations de-
termined from the difference of each measured modal
frequency with that modal frequency value calculated
from the final set of C};. Thus the listed uncertainties
reflect how consistent the frequency data are in provid-
ing Cj; values for a particular specimen. The MnO C;;
data and their uncertainties are not from RUS mea-
surements, but are those recommended by Pacalo and
Graham [47] from a weighted linear regression analyses
together with the Pacalo and Graham [47] temperature
derivatives.

The isotropic adiabatic bulk Kg and shear G mod-
uli computed from the Cj; in Tables 1-14 are included
in Tables 15-28. For minerals with cubic crystal sym-
metry, Ks is given by (1/3)(Ci1 + 2C12). We use the
Hashin-Shtrikman (HS) [29, 30, 73] scheme to compute
G for cubic minerals (MgO, MgAl,04, MnO, CaO,
garnet, and NaCl) and both Ks and G for minerals
with orthorhombic symmetry ([Mg, Fe, Mn, Co],SiO4).
Very small variations (typically < 0.1 GPa) between
our tabulated values of Ks and G for the orthorhom-
bic minerals and the values found in the original ref-
erences are due to the differences in Kg (or G) that
result when using the HS and Voigt-Reuss-Hill (VRH)
schemes. However, the HS scheme usually provides
significantly narrower bounds and is preferred. The
values in the tables are the averages of the upper and
lower bounds found with the HS scheme. We use the
VRH scheme to determine the isotropic G for KCl be-
cause of difficulties in interpreting the HS upper and
lower bounds (see Section g. below). For corundum
(Al303) we use the Kg and G values tabulated by

Goto et al. [26], which are based on the VRH scheme.

The errors indicated in Tables 15-28 for Ks and G
are propagated by standard error techniques in which
two sources of error are considered. These errors in-
clude both the uncertainty with which the midpoints
of the upper and lower bounds of K5 and G are known
and the difference between the midpoints and the up-
per bounds.

We couple thermal expansion « and heat capacity
Cp (at constant P) data with Kg and G and calculate
the values for several other thermoelastic quantities
given in Tables 15-42. We assume o is accurate to
2% (unless specified otherwise in the original reference
from which the a data are obtained) and rigorously
propagate errors to p, Cv, K, vp, and v, at high and
low temperatures in Tables 15-28. The uncertainty in
the dimensionless quantities §s, 67, I', and v should be
taken as 5% or more, since the values of these parame-
ters can depend somewhat on the order of polynomial
fit used when determining the T derivatives.

5a. MgO

Prior to the work of Isaak et al. [34], high T data on
the elastic moduli of single-crystal MgO were available
up to 1300 K. Spetzler [55] used an ultrasonic pulse-
echo method to obtain ambient P data at 300 and
800 K and provides a table listing T' derivatives of elas-
ticity at these two temperatures. Sumino et al. [63],
using the rectangular parallelepiped resonance (RPR)
method, extended the T range for which data were
available up to 1300 K. Isaak et al. [34] (RPR) and
Zouboulis and Grimsditch [80] (Brillouin scattering)
report Cjj data for MgO up to 1800 and 1900 K, re-
spectively.

We list the Cj; values as reported by Isaak et al. [34]
in Table 1 and note that an alternative source for
high T data can be found in Zouboulis and Grims-
ditch [80]. In their Table 2, Zouboulis and Grims-
ditch [80] report C11(T"), C44(T), and the combined
moduli (C11 + Ci2 + 2C44)/2 and (C11 — C12)/2 ver-
sus T. However, there is more scatter (especially in
the Cy4q modulus) in the data of Zouboulis and Grims-
ditch [80] than in the data of Isaak et al. [34]. We find
excellent agreement in (0C;;/0T)p values when com-
paring the results of Spetzler [55], Sumino et al. [63],
and Isaak et al. [34] in their 7" range of overlap. The
high T (i.e., T > 1400 K) Zouboulis and Grimsditch
[80] data have T' dependence nearly identical to that
of the Isaak et al. {34] data up to 1800 K.

The values of the dimensionless parameters, ég, é7,
', and v, in Table 30 are found using sixth order poly-



nomial fits to the Ks, Kr, G, vp, and v, results as
done by Isaak et al. [34]. We find very little difference
in the value of these dimensionless parameters, other
than a slightly less rapid decrease when T > 1500 K,
when a lower order of fit, such as 3, is used.

5b. CaO

The appropriate thermoelastic quantities for CaO
[43) are listed in Tables 2, 24, and 31. Oda et al. [43]
used the resonant sphere technique (RST) to reach
1200 K. We include the o data of Okajima [45] as
tabulated by Oda et al. [43] in our Table 24. The di-
mensionless parameters in Table 31 are obtained from
a second order polynomial fit of the Kg, K1, G, vp,
and v, [43].

5c. Pyrope-Rich Garnet

Suzuki and Anderson [65] provide Cj; for pyrope-
rich garnet over the temperature range 298-993 K at
irregular intervals of T'. The specimen used by Suzuki
and Anderson [65] is a single-crystal natural garnet
with composition: pyrope, 72.6%; almandine, 15.7%;
uvarovite, 6.1; androdite, 4.3%; spessartine, 0.7%; and
grossular, 0.6%. We use the Kg, Ci1, and Cy4 values
given by Suzuki and Anderson [65] (see their Table 1)
as the primary data source and interpolate to obtain
these moduli given in Table 3 at 100°K increments of
T. The Cy4 value at 638 K given by Suzuki and An-
derson [65] seems unusually low and is excluded in our
fit for interpolating. All errors in Table 3 are either
those given by Suzuki and Anderson [65] (i.e., errors
for Kg, C11, C44q) or are propagated from the errors in
Ks, Ci1, and Cy4 (i.e., errors in Ci2 and Cs). We ex-
trapolate (linear in Kg and Ci1; quadratic in Cyq) the
Suzuki and Anderson [65] Cj; data over seven degrees
to include the 1000 K values in Table 3. The dimen-
sionless parameters §s and 67 (Table 33) are found
by a linear fit of the K5 and Ky values in Table 26.
We find that G and v, have noticeable curvature, so
that second order fits are preferred when calculating
I and v. It is worth noting that v tends to increase
gradually from about 0.88 to 1.06 over the 300-1000 K
range when second order fits to v, and v, versus T are
used. If first order fits are assumed, v is constant with
a value of 0.97 over the 300-1000 K range in T'. Ther-
mal expansion « data on pyrope-rich garnet are also
provided in the Suzuki and Anderson [65] paper.

5d. Grossular Garnet
Isaak et al. [36] provide elasticity data for near end-
member grossular (grossular, 96.5%; andradite, 1.6%;
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pyrope, 1.2%; less than 0.5% almandine or spessartine)
to 1350 K. Table 4 is constructed using the Kg, Cs,
and Cyq of Isaak et al. [36] as primary data. C; and
Ci2 and their errors are calculated from these primary
data. The Cj; values in Table 4 are plotted by Isaak
et al. [36], but not explicitly tabulated in their presen-
tation. We follow Isaak et al. [36] in the order of fit
used to calculate the T derivatives for the dimension-
less parameters. The parameters §s and 67 are found
using first order fits to the K5 and K7 data. Second
order fits were applied to the G data to obtain T' and
to the v, and v, values to obtain v. Isaak et al. [36]
also provide new a data for grossular-rich garnet and
point out the possibility that the Skinner [51) thermal
expansion values for garnets may be low.

5e. Spinel (MgAl;04)

Cynn [19] provides Cj; for single-crystal MgAl,O4
over the range 298-999 K at irregular intervals of T
There are data [19] up to 1060 K, but a sudden change
in the slope of the data near 1000 K is attributed to
the effect of cation disordering. We use the Kg, Cs,
and Cy4 values from 298-999 K given by Cynn [19] as
the primary data source and interpolate to obtain the
Cj; in Table 5 at regular 50°K increments of 7. Errors
in Table 5 are either those given by Cynn [19] or are
propagated from the errors in K, Cs, and Caq. The
uncertainty in p at 300 K (Table 17) is assumed since
it is not reported by Cynn [19]. The uncertainties in
the Cj; for MgAl;O4 are large relative to most other
resonance data; thus we present the dimensionless pa-
rameters in Table 40 based on linear fits of Kg, Kr,
G, vp, and v, with T

5f. MnO

Pacalo and Graham [47] present new data on MnO
from 273-473 K. We construct Table 6 using the Cj;
and (8C};/8T)p values recommended by Pacalo and
Graham [47] (see their Table 10) for MnO. For Cyq we
use a second order polynomial to interpolate at inter-
vals of 50°K where the nonzero value of (82C;/0T?)p
is found in Table 6 of Pacalo and Graham [47]. The
recommended first temperature derivatives are based
on both ultrasonic pulse-echo [47] and resonant [62]
measurements. For minerals of cubic symmetry there
are only two independent moduli among Kg, C1;, and
C12. The recommended values for Kg, Ci;1, and Ci2
in Table 10 of Pacalo and Graham [47] are not self-
consistent. We take Ci; and Cis from Pacalo and
Graham [47] as the primary data and use these to
compute K5 for Table 23. Thus a small difference ap-
pears between the 300 K value for K in our Table 23
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(149.0 £ 2.6 GPa) and that given by Pacalo and Gra-
ham [47] (150.6 £ 2.5 GPa). The values at 500 K in our
Table 6 require an extrapolation of 27°K beyond the
maximum 7T measured, but are below the Néel tem-
perature (522 K for MnO). Temperature derivatives
of Ks, Kr, G, vp, and v, are done with a linear fit
in T when calculating the dimensionless parameters in

Table 39.

5g. KCI

Table 7 shows Cj; for KCl where we use the Ya-
mamoto and Anderson [76] data to interpolate at even
intervals of 100°K. The Cj;, Ci2, and Cyy [76] are
taken as the primary data from which Cg and Ky
(Table 28) and their errors are derived. In determining
the isotropic shear modulus G we used the VRH rather
than the HS scheme. When attempting to use the HS
scheme [30], we found that the resulting upper bound
for G is less than the lower bound for temperatures
in the range of 300-450 K. We are unable to resolve
this difficulty. This seemingly contradictory result is
likely related to the fact that the shear modulus Cs
is very near to the value of the bulk modulus Kg at
the lower temperatures. In any case we must defer to
the VRH scheme for this material and note that there
are relatively wide bounds on G (thus also on v, and
v,), especially so at lower temperatures. Statistical
analysis indicates that a second order polynomial fit
of K5, G, vy, and v, is warranted when determining
the T derivatives, whereas a linear fit of Kp with T is
adequate.

5h. NaCl

Yamamoto et al. [77] report elasticity data from 294-
766 K for NaCl. Elasticity data up to the melting
temperature of 1077 K for NaCl [31] were obtained
with the composite oscillator method. To find accu-
rate Cj; results with the composite oscillator requires
that the resonant frequencies of quartz and silica rods
that are coupled to the NaCl specimen be known in
order to reduce the NaCl data. We also note that the
experimental arrangement of Hunter and Siegel [31]
requires a large volume to be heated when increas-
ing temperature. For these reasons we prefer the data
of Yamamoto et al. [77], but emphasize that Hunter
and Siegel [31] report data 300°K higher in T than
do Yamamoto et al. [77]. There are relatively small
but measurable differences in the T dependence of the
elastic moduli between these two data sets where they
overlap. For instance, from 300-700 K the average
value of (0Ks/8T)p from Hunter and Siegel [31] is
—0.015 GPa/K, whereas that found by Yamamoto et

al. [77] is —0.012 GPa/K. The Yamamoto et al. [77]
results tend to favor those of Spetzler et al. [56], who
obtained elasticity data to 800 K for NaCl. Spetzler
et al. [56] find (8Ks/8T)p to be —0.011 GPa/K from
300-800 K. The Yamamoto et al. [77] data are out to
a slightly lower maximum temperature than Spetzler
et al. [56], but contain a much denser set of tabulated
Cj; values.

We interpolate the C13, C12, and C44 found in Ta-
ble 2 of Yamamoto et al. [77] to regular intervals of
50°K for our primary elasticity data source in Table 8.
The uncertainty in the density of the specimen used by
Yamamoto et al. [77] is assumed to be 0.005 gm/cm?
at 300 K (Table 27), since this is not provided by Ya-
mamoto et al. We calculate the dimensionless param-
eters in Table 41 using a second order fit in T to the
Ks, K7, G, vp, and v, values in Table 27, and note
that this results in 67 at 300 K having a value near 5.6
rather than 5.3 as indicated by Yamamoto et al. [77).
We also find that above 600 K, 7 increases gradu-
ally from 6.1 to 6.5, rather than having a value nearer
5.8-5.9 in this temperature range. These differences
are due to the difference in method used to calculate
the T derivatives. We fit the data over the T range
of measurement to a polynomial; Yamamoto et al. [77]
find T derivatives by taking a finite difference between
two adjacent data points.

5i. MgaSiOy

Following the work of Sumino et al. [61] to 670 K and
Suzuki et al. [68] to 1200 K, the Mg;SiO4 (forsterite)
data of Isaak et al. [35] to 1700 K extend the T limit for
which elasticity data are available. Prior to these stud-
ies the available data were limited to T near ambient
[27, 40]. There is general agreement between the data
where they overlap. Sumino et al. [61] provide schemes
for extrapolating that are generally confirmed by the
higher temperature measurements of Suzuki et al. [68]
and Isaak et al. [35] (See Figures 3 and 5). We con-
struct Table 9 from the Cj; reported by Isaak et al. [35].
The thermal expansion results of Kajiyoshi [38] are
used (see our Table 18) to calculate the thermoelastic
properties of Mg2SiOy4 (see Isaak et al. [35] for a com-
parison of the Kajiyoshi [38] values of o with other
values in the literature). Isaak et al. [35] used the
VRH scheme to calculate isotropic Ks and G moduli,
whereas Table 18 lists K5 and G obtained from the
HS averaging scheme. There is only a small difference
(£ 0.1 GPa) between the two approaches. Isaak et
al. [35] show that fits of the K5, K1, G, v, and v,
data with T imply that third order polynomials are
appropriate to describe the data. Thus we use third



order fits for all T derivatives required to determine
dimensionless parameters in Table 34. There are some
small differences in the 85, 67, and T between our Ta-
ble 34 and Table 5 of Isaak et al. [35] due to different
methods used in calculating the T derivatives. Isaak
et al. [35] used the interval between the two neighbor-
ing points to calculate the derivative at a particular T’
here we apply polynomial fits over the whole temper-
ature range from which the derivatives are obtained.
The present approach produces smoother variations in
bs, 6p, T, and v with T

5j. Olivine (FogoFa;q)

Isaak [32] reports data to 1400 and 1500 K, respec-
tively, on two natural olivine samples with composi-
tions of Fogy 1Fa7 7 and Fogg 3Fag 5. Previously avail-
able T data on the elasticity of iron-bearing minerals
were limited to temperatures near ambient [40]. We in-
clude the Cjj for Fogg 3Fag 5 (referred to here as olivine
FogoFajo) in Table 10. There are some differences be-
tween the Cjj of the two olivines reported by Isaak [32]
that do not appear to be due to fayalite content. The
differences are small, but caution should be used when
interpolating between specimens with small differences
in chemistry. The uncertainties in K5 and G (and in
all properties that depend on K5 and G) are somewhat
smaller in Table 19 than found in Isaak [32] for these
quantities. Isaak [32] estimated the uncertainty by
simply adding the uncertainty with which the HS aver-
age value is known to the distance between the average
value and the HS high value. Here we square both the
uncertainty of the HS average and the distance from
the HS average to the HS high value, add the squares,
and take the root. We use linear fits in T to the Kg,
Kz, G, vy, and v, data when obtaining the dimension-
less parameters §s, 67, I', and v. We start our olivine
tables by interpolating the 7 = 296 and 350 K data
of Isaak [32] to 300 K. This shift in starting T' causes
minor differences in the T derivatives; hence the slight

differences between 65, 67, and T in Table 35 and in
Table 6b of Isaak [32].

5k. FeySi04, MngSiOy, Co4SiO4

Sumino [58] presents T data from 25°-400°C (398-
673 K) on the elasticity of single-crystal Fe;SiO4 (fay-
alite). We interpolate the Sumino [58] fayalite data
(see his Table 3, specimen TA) so as to provide Cj;
from 300-700 K in regular 50°K intervals in Table 11.
A small extrapolation over 27°K is required to extend
the values represented in Table 3 to 700 K. It should
be noted that there are questions regarding the values
of some of the Cj; and some of the T derivatives of fay-

ANDERSON AND ISAAK 85

alite (see Graham et al. [28], Isaak and Anderson [33],
and Wang et al. [71]). As an example of the effect
of uncertainties in the derivative values, Graham et
al. [28] report (0Ks/0T)p = —0.030 GPa/K, whereas
Sumino [58] reports —0.0205 GPa/K. The reasons for
these types of discrepancies are under investigation.
At present, we defer to the data of Sumino [58] since
they involve a significantly wider range in T (up to
673 K) than the maximum temperature of 313 K used
by Graham et al. [28]. However, no compelling rea-
sons exist to suggest that the Sumino [58] fayalite data
should be preferred over those of Graham et al. [28].

From Figure 2 of Sumino [58)] it is clear that Kg
is linear in 7', whereas G requires a higher order T
dependence (at least a fourth order polynomial). In
calculating the dimensionless parameters for fayalite
in Table 36 we use linear fits in T for Ks and Kp
and fourth order fits for G, v, , and v,. Sumino [58]
attributes the strong nonlinear behavior of the shear
modulus to influences of the antiferromagnetic to para-
magnetic transition, even though this transition occurs
at a much lower temperature (65 K).

Sumino [58] also reports elasticity data on single-
crystal MnySiO4 and Co,Si04 at 300 and 673 K. Sum-
ino [58] indicates that all the Cj of Mn,SiO4 and
Co0,Si04 are linearly dependent on T° with the excep-
tion of Cyy for Coy8104. We construct Tables 12 and
13, which show values of Cj; at incremental tempera-
tures of 100°K for Mn,SiO4 and Co0,8104, using the
C;j and the (8C;j/8T)p given by Sumino [58] in his
Tables 4a,b. We assume a linear T dependence of the
Co02S104 Cy4 modulus in constructing Table 13 since
the presence of nonlinearity in this modulus is asserted
by Sumino [58] but no quantitative result is provided.
As with FeySi04, we must perform a small extrapola-
tion outside of the maximum 7" measured in order to
include the T = 700 K values in the tables for MnSiO4
and Co,Si04. When calculating the dimensionless pa-
rameters all T derivatives are assumed linear in T (see
Figure 2 in Sumino [58)).

51. Corundum (Al;03)

The Cj; (Table 14), K5, and G (Table 16) for Al;O3
are those found in Goto et al. [26]. The K¢ and G
given by Goto et al. [26] are found by the the Voigt-
Reuss-Hill averaging scheme. Full account is made of
the difference between the Hill (averaged VRH) val-
ues for K5 and G and the Voigt (upper bound) values
when assigning errors to Kg, G, and other isotropic
quantities derived from them. This accounts for larger
errors being assigned to the G values in our Table 14
than are found in Table 2 of Goto et al. [26]. Appar-
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ently Goto et al. [26] assigned errors in G that include
only the uncertainty in the Hill average itself, but do
not consider the difference from the Hill average to
the upper (or lower) bound. We interpolate the Cj;,
Kgs, G, and p provided at 296 and 350 K to start our
Tables 14 and 16 at 300 K.

We use a from White and Roberts [75] rather than
the a preferred by Goto et al. [26], i.e., those from
Wachtman et al. [70].

We use a third order polynomial fit to determine
the T derivatives for each of Ks5, Kr, G, vp, and v,
required for the dimensionless parameters shown in Ta-
ble 29. This order of fit seems appropriate from a sta-
tistical consideration, i.e., an F, test [18]. Thus, the
bs, 67, and v found in our Table 29 for Al,O3 may
differ somewhat at a particular T from those given by
Goto et al. [26] in their Tables 4 and 5. The Goto
et al. [26] 65, 67, and v values are calculated from
derivatives found by using a finite interval from the
two nearest data points. Thus, we find considerably
more scatter in the Goto et al. [26] 65 and ér values
than in Table 29.

6. THEORETICAL BASIS FOR OBSERVED
PROPERTIES AT HIGH TEMPERATURE

Most, but not quite all, of the high temperature
properties of the solids reported here are consistent
with the high temperature limit of the quasiharmonic
approximation of the statistical formulation of the free
energy.

6a. The Helmholtz Free Energy
The expression for the Helmholtz energy for an in-
sulator is [41]

A=Esr + Avis,

where electronic and magnetic effects are ignored. Egt
is the potential of a static lattice at absolute zero, and
Ay is the vibrational energy due to motion of the
atoms as each is constrained to vibrate around a lattice
point.

The statistical mechanical definition of the vibra-
tional contribution to the Helmholtz energy arising
from 3pN independent oscillators is

1 3pN 3pN
— . —hw; kT
AVIB—ijz;lhw,+ijz=:lln(l—e I¥T) - (16)

where w; is the jth modal frequency; N is Avogadro’s

number; and p is the number of atoms in each cell (or
molecule). The first term on the right is the zero point
vibrational energy Ezv given by

1 3pN
Ezv =3 ; hw;. (17)

Note that, unlike the last term in (16), there is no
T in Ezy. This term arose by summing the allowed
quantum state levels to find the energy of each normal
mode, according to the Hamiltonian [42].

We replace w with y, the dimensionless frequency,
so that

_ hwj

Thus (16) can be given in terms of the thermal energy

Avis = Ezv + ArH, (19)
where
3pN 3pN
Arg =kTY  tn(1-e¥)=kT Y Arm,. (20)
j=1 j=1

Arg is the energy arising from temperature excita-
tion, called the thermal energy. Ezv is not affected
by T, as shown in (17). Thus Azg — 0 as T — 0.
However, Ayrp — Ezv as T — 0, and Ezy is a non-
zero number. Ezy is sufficiently small that for most
numerical evaluations it could be dropped, but it is
useful to keep this term in Ay p for algebraic manip-
ulations done later on.

The expression for the Helmholtz energy for an in-
sulator is thus

A=Est + Ezv + Arn. (21)

We need to divide (21) into temperature-dependent
and nontemperature-dependent parts, so we use

A = Er—o + ArH, (22)
where
Ep—o=Est + Ezv. (23)

Dividing (21) into its vibrational and nonvibrational
parts, we define

A=Esr+ Avis, (24)



where Ay rp is given by (16).

6b. The Quasiharmonic Approximation

Before we can find thermodynamic properties such
as P and Cy from (20), we must make decisions on the
volume and temperature behavior of w;. In the quasi-
harmonic approximation, w is assumed to be depen-
dent upon V but not upon T'. This makes all the ther-
modynamic properties directly dependent on V. The
temperature behavior of the thermodynamic proper-
ties is indirect; it comes from the fact that while w; is
not dependent upon T', the sum ) fn (1 —e™¥) de-
pends upon 7. When w; are different, then y; are also
different, and the sum above becomes T-dependent,
especially at low T.°

The internal energy U is found by applying the for-
mula U = -T2 ((8.A/T)/8T) [41], yielding

- 1= Ep—o + kTZ ErH;.
=1
(25)
The pressure P is found by applying — (8/0V ) to
(21), yielding

OF kT Yi
P:_( ST)T 2V27,y, sz:’rj————ew'_l,

(26)

where

._6£nwj
Y=gy

(27)
and where v; are called the mode gammas. Thus
P =P+ Pry, (28)

where the thermal energy (20) effect on the pressure,
called the thermal pressure, is

T Yi
ﬁw_kvgngijT (29)
Comparing (29) with (20), we see that
Pryg =

1
7 > i Arn;. (30)
j

The specific heat is formed by applying — (8/9T),, to
(25), yielding
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Entropy is found by applying the operator (8/0T)y to
A, obtaining

szkE:M(E?ET)—kE:en@—ewﬁ (32)

The expression for a K is found by applying 82/8T8V
to (22), yielding

aKr = — E:%[% yj_l)]. (33)

To get a we divide aKr (given by (33)) by Kp, defin-
ing K7 = ~V(8P/3V)r, and using P given by (26).

Using (30), we find that a Kt = yCv /V, and equat-
ing this to (33), we find that [16]

E j i CV,'

7=S12 (34

The bar over v indicates that this result is an ap-
proximation of ¥ = aKrV/Cy resulting from invok-
ing the quasiharmonic approximation to the Helmholtz
energy.

6c. The High-Temperature Limit of the Quasi-
harmonic Approximation

At sufficiently high temperatures, the expression for
Arg can be simplified due to the convergence of cer-
tain series expansions. The argument in (16) becomes
small since hw; << kT, that is, y; is small. At high
temperatures, we take advantage of the expansion [79],

f(l-e¥%)= fny; - (%yf+ )
=enw+-m(1—%w) (35)

By replacing the last logarithmic term above with its
argument, which is valid for low values of y;, we find
that

fn (1-e™¥%) >~ fny; - -;—7,-. (36)

Thus the high-temperature representation of (20) is
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3pN

Abt = kTZ(Zn vi —

By using (21) and (34), the high T Helmholtz energy
for insulators at high T is

) (37)

AM = Es7 + Ezv + kT(Z fny; —
Jj

%Zj:w)- (38)

We see that the last term above just cancels the zero
temperature energy given by (17), so that
3pN
A" = Es7 + kT Y (fn hw; — fn kT). (39)
j=1
This can be simplified by defining an average frequency

= sivenr hu
W, giveil oy

1 .
o= 3pNZ In wj, (40)
in which case (20) becomes
Arg = 3pNT (fn b — fn kT). (41)

6d. Thermodynamic Properties in the High T
Limit of the Quasiharmonic Approximation

At high T, A includes only the static potential and
the thermal energy in the quasiharmonic approxima-
tion. Using the equation & = —1/T2 ((8A4/T)/8T)y,
we find the high temperature internal energy to be

UM = Esp + 3pRT, (42)

where R is the gas constant, kN. Equations (41) and
(42) are important results for the high temperature
limit in the quasiharmonic approximation.

Taking the temperature derivative of & to find spe-
cific heat,

Ch = 3pR. (43)

Equation (43) is known as the Dulong and Petit limit.
Thus the high temperature quasiharmonic approxima-
tion leads to the classical limit in specific heats. If at
high T' the experimentally determined Cy is not paral-
lel to the T axis, we must conclude that the quasihar-
monic approximation is not adequate for this property,
and anharmonic terms must be added to A.

From Figures 14-26, where the data for specific heat
versus T are listed, we see that for several solids of
interest to geophysicists (0Cy /0T)p = 0 at high T.
This is true for MgO, CaO, and Al;O3 and NaCl, but
not for olivine, garnets, spinel, or KCl. We must con-

clude that insofar as specific heat is concerned, the
quasiharmonic approximation is not adequate for some
solids up to T & 20, but is adequate for other solids
up to T = 20.

The high temperature Griineisen parameter is found
from (34), and considering that as T — oo, C; — k,

3pN
Tht = 7(T—>oo) 3pN Z Vi» (44)

which is independent of 7. The data on ¥ is found in
Tables 15-28.

We see that there is an approximate trend for v to
be independent of T at high 7. For these solids when
dv/dT is not zero, it is also true that Cy does not
obey the Dulong and Petit limit. Thus departures
from quasiharmonic theory in Cy create a departure
from the quasiharmonic theory of y. Above T = O,
the departure from (8v/0T)p = 0 is slight, however.

Applying the operator — (8/0V)p to (38), we find
the high T pressure, P**, which by using (44) becomes

37R
= P(0,V) + =y T. (45)

pT
( y V) V

Thus the thermal pressure is

3pR
Pryg = p7 T T.

V is a function of T', and it is also equal to M/p where
M is the molecular weight, so that the above is

3R7ht
PTH (M/ ) 0(1 aT)T (46)
We see that the quasiharmonic theory allows for
Pry to be virtually linear in T: at the highest mea-
sured T, oT ~ 0.05. But v¢ is not, as we shall see,
exactly independent of T, though close to it. Thus
there are counter effects in 7', and the 1 — oT term
is often obscured. Thus to a very good approximation
Pry is proportional to T under the quasiharmonic ap-
proximation.
The thermal pressure relative to T = © for T > ©
is given by

APry = Pry (T, Vo) — Pru (©,V0) . (47)

As shown in Tables 15-28, we see that A Pry is indeed
linear with T (for T/©¢ > 1). (See also Figure 2).
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Fig. 2. APpy versus T/©, for nine minerals show-
ing: 1) APry is linear in T/©g; and 2) the slope
of the APry — T/©¢ line decreases as po/(M/p) de-
creases. Values of po/(M/p) in ascending order (1-9)
are: 0.195, 0.178, 0.176, 0.160, 0.160, 0.151, 0.119,
0.073, and 0.053. ©¢ is the acoustic © at T = 300 K.

This means that for the thermal pressure property, the
quasiharmonic approximation appears quite adequate
up to relative temperatures of T/0g & 2.0. This range
covers values of T'//@¢ for the mantle of the earth. The
linearity of Prgy with T is not unique to silicates and
alkali halides; it is also found for gold (see Figure 10
of Anderson et al. [12]).

The slope of the APrg — T curve from (47) is em-
pirically a constant. Since Pry = f aKp dT', then we
can define an average value of aK7, aKr, good for T
above O, such that

OAP — 3R
( a;”)P = aKr = (M'/YM) po (1—aT) = const.,
(48)

where M /p is the mean atomic weight (per atom). For
non iron-bearing silicate minerals, M/p varies little
from mineral to mineral and is near the value 21 [74].
Also yp: does not vary greatly from mineral to min-
eral. Thus from (48) for M/p = constant the slope
increases from mineral to mineral as the ambient den-
sity increases. The data in Tables 27-30 bear this out,
as shown in Figure 2. Since to a good approximation
for silicates of constant M/p, @ = const p?/3 [2], we
see that (Pry /OT)p should increase as ©3/4: In gen-
eral, the mineral with the highest value of py/(M/p)
will have the highest slope, according to (48), and that
is borne out by the experimental results shown in Fig-
ure 2.
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6e. The Bulk Modulus at High T
Using the operator —V (0/0V)y on (45), we find
that the bulk modulus K1 along an isochore is

K} (T, V)= Kp(0,V) ~ ———v: (1 = ") T, (49)

(M/ )
where ¢*' = (8 fn y4:/0 n V).

Thus at high T, the isochoric bulk modulus is de-
creasing with T according to the slope

~ht
(52) =—Gimt-a). (50)

For ¢"* = 1, (8K1/OT)y vanishes, so the determi-
nation of (50) ordinarily yields a small quantity. To
obtain the isobaric derivative, (K1 /0T)p, we use the
calculus expression:

OKr 0Ky R OKr
—_— = _— —_ . 51
(6T ),, (aT )V "I‘T(ap )T (51)

Thus at high T, along an isobar,

OKR\  3Rp At (aKT)
(%), =gy et -ake (57

(52)
The term on the far right of (49) is the thermal bulk
modulus, K7p. Using (48) in (52), we have

8K _ 1\ _ OKr
(—3T )P = aKr (q ) aKp ( 3P )

Letting a K7 = a K7 in the above
(BKT

o )P = —aKy (K" + ¢ - 1). (53)
We thus see that the thermal bulk modulus, K7y,
contributes a minor amount to (8K /3T)p.

We evaluate (53) for the case of MgO from the data
as an example. The average value of aK7p is found
from the values of APrjy between 1000 K and 1800 K
listed in Table 30. In this table aK7 is shown to be
0.0064 GPa/K, close to actual measured values of a K7
at high T. The high T value of K’ = 4.5 [8], and
¢" = 14 [8]. Thus we find from (53) that a pre-
dicted value of (0Kr/0T)p = 0.031 GPa/K. This
result agrees well with the measurements found in Ta-
ble 16 showing (0K s/0T)p to be 0.03 GPa/K in the
high T" range.
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6f. Entropy and oKy
Applying the operator (8/3T)y, to (38), the entropy
1s found

S* = —3pR(fn kT — fn hw +1). (54)

The entropy increases with #n T in the quasiharmonic
approximation at high 7. In contrast, Cy is indepen-
dent of T" in this approximation at high T°, as shown
by (43).

We note that if P is linear in 7', then (8P/0T)v
is independent of T. From experiments, however, we
find that a K7 is independent of T (or approximately
so) only at T above ©. The functional form of aKr
resembles a Cy curve.

Applying the operator (3/0T)y, to the pressure given
by (45), we have for isochores,

3pRyne CM‘)’M
Kp)* = = v —aT
(xKT) % M7p) po (1 —aT) (55)

Equation (55) is to be compared to (48). The actual
measured aK7 will have more structure than aKr
determined from Pry. Nevertheless to a fair approx-
imation oK is parallel to the T axis for T > O, as
Tables 29-42 show.

6g. a« Versus T at High T Along Isobars
Using the expression for K2 versus T, (49), and the

expression for aK7 given by (48), we have

aKT

(56)

a= ) J
Kr, + (TLBKT ) T

P
which is close to, and for some solids exactly equal to,

const
il ey &7

for the P = 0 isobar and where a = (0K}'/0T),,
given by (53). We note that (57) results from the
quasiharmonic approximation.

Examination of (57) shows that at high T we may
expect o to increase with 7" at high 7 even under the
quasiharmonic approximation. This steady increase of
o with T at high T does not necessarily require the
assumption of additional anharmonic terms in A be-
yond the quasiharmonic high T' approximation, (41).
It arises because the denominator in (57) has a term
that decreases with 7" even in the quasiharmonic ap-
proximation. We saw some evidence of anharmonicity

in Cy, but even so, this effect does not appear in prop-
erties that are controlled by the volume derivatives of
A as described above. Further, we also showed that
there is no evidence of anharmonic effects in Pry be-
cause it is linear in T'. Thus (0P/3T)y should be es-
sentially independent of anharmonicity. If (P/6T),,
is independent of T, then « is controlled by (57), a
strictly quasiharmonic equation.

6h. 87 and ¢ From the Quasiharmonic Theory
From the definition of é7, (3), and using (51), (52)
and (53), we find

0Ky
= ht +{ —

The above equation tells us that ér should be virtu-
ally independent of T at high T'. This is demonstrated
in Tables 29-43, which show that roughly speaking,
o7 is parallel to the T axis. We also note that if
(8Kr/ 8P)r = K| is virtually independent of T, and
the experimental evidence is in favor of this, 67 at high
T should be slightly higher than Kj, providing ¢ > 1.

We derived a relationship between three important
dimensionless thermoelastic constants at high T'. The
above equation can be expressed as

" = 6p — K§ + 1. (58)

Equation (58) is appropriate for high T only, arising as
it does from the high temperature limit of the quasi-
harmonic approximation. For the low temperature
equation corresponding to (59), we take the logarith-
mic derivative of v, as defined by (1), yielding

_[(94tny _ , 8 fn Cy
1= (aan)T“ST‘K +1- ( BtV )T‘ (59)
At high T and P = 0, (59) reduces to (58) because Cy
is independent of V' above the Debye temperature.

6i. Summary of the Quasiharmonic Approxi-
mation Effects Upon Physical Properties

The data presented here strongly suggest that the
quasiharmonic approximation is valid for the follow-
ing properties at least up to T = 20: P, K7, aKr,
a, and all the respective volume derivatives of these
four properties. They also suggest that the quasihar-
monic approximation may or may not be valid for Cv
and entropy for temperatures up to T = 20. This
means that equations of state should not be corrected
for anharmonic effects for pressures and temperatures
corresponding to mantle conditions. For an explana-



tion of why P, Kr, aKr and a do not require anhar-
monic correction, while at the same time Cy and §

may require anharmonic correction, see Anderson et
al. [13].

7. HIGH TEMPERATURE EXTRAPOLA-
TION FORMULAS

7a. Introductory Comments

Knowledge of the high temperature thermoelastic
properties permits one to generate extrapolation for-
mulas for estimating K s and G at temperatures higher
than measured. We have seen that at high tempera-
ture (above ©), ¥ and 85 are virtually independent of
T for some minerals, and nearly so for others. By as-
suming that v and s are exactly independent of T,
good estimates of Kg are found using the definitions
of v and é5. Since the values of §5 and v are often not
steady for T < ©, it is not safe to use the extrapola-
tion formulas described below when only low T data
for 65 and v are available. This is true especially for
minerals, for in this case ambient values of §g and ¥
are measured at temperatures much lower than ©.

7b. Extrapolations for Kg Using ¥ Constant
With T

If v is independent of T', as in the case of MgO, CaO,
and Mg,SiO4 at high T, and if a(T) and Cp(T) data
are available at high T, then the following formula,
determined from (1), is useful. Using (1)

Koo |

aoVo

Ks(T) = (60)

where Kgg, Cp,, g, and Vg all refer to values of these
quantities at some reference 7" beyond which ¥ is ap-
proximately constant. Sumino et al. [61] and Sumino
et al. [63], respectively, used (60) to extrapolate Kg
from 700 to 2100 K (forsterite) and 1300 to 3100 K
(MgO). We emphasize that reliable extrapolations us-
ing (60) require that o be known at high T and the
assumption that v is constant.

7c. Extrapolations for Kg Using 6s Constant
With T

Anderson and Nafe [9] pointed out that if §g is in-
dependent of T along isobars, then

In Kg = ~6s nV + constant (61)
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could be used to find Kg vs. T, because V is a func-
tion of 7. Anderson [3] used (61) in a more conve-
nient form, which follows when 85 is independent of
T. Along isobars,

Ks = Ks, [Y%—)] o Ks, [%?] 65. (62)

Using (62) he estimated K g for MgO up to 2000°C (see
Figure 1 and Equation (21) of Anderson [3]). Sumino
et al. [61] used (62) to extrapolate values of Ks for
forsterite from 700 K to 2000 K.

Duffy and D.L. Anderson {21] present a general for-
mula for extrapolating elastic constants, in which (62)
is a special case. Duffy and D.L. Anderson’s equation
for G(T) in terms of the nomenclature used in this
paper is

G(T) = Go[p(T)/po] - (63)

Knowledge of Cp(T) is not required for (62) and
(63), but some knowledge of a(T) at high T is required
to get p(T") at high T. The appropriate equation re-
lating p and « is

T
p(T) = po exp [-—/T a(T)dT|. (64)

For some solids, p(T) at high T may not be known.
However there is another method that minimizes the
dependence of Kg upon a(T) and p(T').

Combining (1) and (2), we have

dKg 6svCp
= — ===, 65
( 5T )P bsaKs % ( )

Integrating (65) with respect to T’

Ks(T) = Ks(Tp) = — / 5_5%/92 dT. (66)

Assuming now that the product §sv is independent of
T at high T, and taking V = V3(1+ aT), we find to a
very good approximation [54]

Ks(T) — Ks(To) = -% [H(T) - H(Ty)]

[1 _ oI -T) 7 T")], (67)
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where H(T) = [ Cp dT is the enthalpy.

Equation (67) shows that K s(T') should be linear in
H(T). This was proven experimentally for three min-
erals for 300 < T < 1200 K by Soga et al. [54], and
for the same three minerals for 300 < 7 < 1800 K by
Anderson [5]. The term a(T — Tp)/2 is of little con-
sequence in the calculation and can be ignored. An-
derson [5] used (67) to extrapolate the velocities of
sound from © to the melting point. Equation (67) is
very useful because a(T') is not needed to find Kg(T'),
and there is much enthalpy data published listing H
to temperatures about or greater than 2500 K.

7d. Extrapolations of Ks by Sumino et al. [61]

Sumino et al. [61] measured the elastic constants of
forsterite between —190°C and 400°C. They then ex-
trapolated the values of Ks up to 2200 K using (60),
(62), and (67) assuming v and 85 constant in the high
temperature regime. The extrapolation to 2000 K is
shown in Figure 3. Isaak et al. [35] reported mea-
sured values of K up to 1700 K, and their values are
also plotted in Figure 3. Equations (62) and (63) gave
good results for extrapolations, since the actual mea-
sured values are quite close to the extrapolated ones.
However, Figure 3 illustrates the point that (60) is not
a good extrapolation formula, at least for forsterite.

Sumino et al. [63] measured the elastic constants of
MgO from 80 to 1300 K. They used equation (60) to
extrapolate values of Kg above the maximum mea-
surement (1300 K) up to 3000 K. This is shown in
Figure 4, in which the measured values of K [35] up
to 1800 K are also plotted. It is clear that the extrap-
olation formula given by (60) is reasonably successful
in the case of MgO.

7e. Extrapolation of G to High T

Soga and Anderson [52] measured K and G for MgO
and Al,O3 up to 1200 K and found that G was linear
in T above 800 K. They [53] later measured G and
Kgs up to 1100 K for Mg,SiO4 and MgSiO3 and also
found linearity for G and Ks. They used the empirical
formula

to estimate shear velocities up to 2500 K.

Sumino et al. [61] measured G for forsterite up to
400°C and reported extrapolated values from 700 K
to 2200 K. Isaak et al. {35] measured G up to 1700 K.
These results are plotted in Figure 5. Equation (68) is

(T ~To) (68)
To

used for one extrapolation and an equation involving
linearity in Poisson’s ratio is also used

O'(T) = (70+ (g%)}) T

Both extrapolation equations give reasonably good re-

(T - To). (69)

L A isaak et al. {1989b]
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--------- Extrapolation (Eq. 60}
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Fig. 3. Observed and extrapolated values of Kg ver-
sus T for forsterite. Experimental (plotted symbols):
Isaak et al. [35); Sumino et al. [61]. Extrapolations
by Sumino et al. [61]: (a) using Equation (60) where
600 K is the reference T’; (b) using Equation (62); and
(¢) using Equation (67). Two extrapolations made by
Sumino et al. {61} are confirmed to within 2% out to
1700 K by the measurements of Isaak et al. [35].
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Fig. 4. Observed and extrapolated values of Kg ver-

sus T for MgO. Experimental (plotted symbols): Isaak

et al. [34]; Sumino et al. [63]. Extrapolation by Sumino
et al. [63] using Equation (60).
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Fig. 5. Observed and extrapolated values of G ver-
sus T for forsterite. Experimental (plotted symbols):

Isaak et al. [35]; Sumino et al. [61]. Extrapolations by

Sumino et al. [61]: (&) using Equation (68); (%) using
Equation (70). The extrapolations made by Sumino
et al. [61] are confirmed to within 1.5% out to 1700 K
by the measurements of Isaak et al. {35].
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Fig. 6. Observed and extrapolated values of v, and
v, versus T for forsterite. Experimental (plotted sym-
bols): Sumino et al. [61] up to 700 K; Isaak et al. [35]
up to 1700 K. Extrapolations by Sumino et al. [61] are
from 700 to 2200 K and are confirmed to within 1.5%
at 1700 K by the measurements of Isaak et al. [35].
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sults when compared with the later measurements of
Isaak et al. [35]
The equation of G is

3 (1 - 20(T))

G(T) =3 (1+o(T))

Ks(T). (70)

7f. Extrapolations for v, and v, to High T

If K and G are successfully extrapolated, then v,
and v, are extrapolated. Sumino et al. [61] gave values
for the extrapolated values of v, and v, for forsterite up
to 2200 K using their 100 K to 200 K measurements.
These are shown in Figure 6. Comparison with the
actual measurements of v, and v, by Isaak et al. [35]
and presented in Table 15 are also plotted. It is clear
that the extrapolations by Sumino et al. [61] were quite
successful.

170
Grossular (GGD)
160 151
o, at highT
°
o
S, 150-
[72]
'
N\
140 4 oatlowT \
N\
AN
N\
130 T T T 1
200 600 1000 1400 1800
Temperature (K)
Fig. 7. Observed and extrapolated values of Kg vs. T'

for grossular garnet. Experimental points shown with
symbols [36]. Extrapolations: TS1 refers to first order
Taylor expansion using lower temperature data; long
dashed line using Equation (62) with low temperature
value of §5; short dashed line using Equation (62) with
high temperature values of és.
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80
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Fig. 8. Observed and extrapolated values of G (GPa)
versus 1" for grossular garnet. Experimental points
shown with symbols [36]. Extrapolations: TS1 and
TS2 refer to first and second order Taylor expansions
using low T data; long dashed lines using Equation (63)
with low T values of T'; short dashed lines using Equa-
tion (63) with high temperature value of I'.

7g. The Importance of Using High T Values of
§s and T

Isaak et al. [36] reported Ks and G for grossular
garnet up to 1350 K, measuring é5 and I’ over a wide
T range. Figures 7 and 8 show the extrapolations pre-
sented by them up to 2000 K, with 4 methods. They
tried both a first order polynomial and a second or-
der polynomial. The fits were marginally successful,
as shown in Figures 7 and 8. They also found Equa-
tions (62) and (63) to be a much better representation
of G(T) provided that the exponents, 65 and T', are
the average high temperature values, and not the low
temperature values of I' (T < ©). Therefore we rec-
ommend Equation (62) for extrapolations of Ks and
Equation (63) for extrapolations of G, provided that
values of 6¢ and I'" measured above © are used in the
equations. If enthalpy data are available, we recom-
mend (67) for extrapolations of Ks.
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Static Compression Measurements of Equations of State

Elise Knittle

INTRODUCTION

Generation of high pressures and temperatures in the
laboratory is essential in exploring the behavior of solids
and liquids at the pressure and temperature conditions of the
Earth's interior. Indeed, the primary insights into magma
genesis, phase transitions and the equations of state of deep
Earth constituents, as well as the geochemical behavior of
materials at depth in the planet have been derived from
experiments involving static compression. In this chapter,
the emphasis is on static-compression measurements of the
equations of state of minerals, elements and related
materials. To date, the vast majority of static compression
experiments have focused on measuring isothermal
equations of state (P-V measurements at constant
temperature), in order to determine the isothermal bulk
modulus (Kgr = -1/V(dP/dV)T) and its pressure derivative
(dKor/dP = Kg7") as well as characterizing the pressure
conditions of structural phase transitions. With the bulk
modulus and its pressure derivative, it is possible to
extrapolate the density of a material to any pressure
condition. Here, I tabulate bulk moduli data for a variety of
minerals and related materials.
2. EXPERIMENTAL TECHNIQUES

There are a number of different experimental techniques
and apparatuses for achieving high pressures statically, or
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pressures maintainabie for iong periods of time. The buik
mo-uli data have been collected using primarily either x-ray
diffraction or piston displacement in conjunction with a
high-pressure apparatus to measure the change in volume of
a material as a function of pressure. In general, high
pressure apparatuses arc optimized for either: 1) allowing
optical access to the sample while held at high pressures
(diamond-anvil cells); or 2) maintaining large sample
volumes (large-volume presses).

2.1. Diamond-Anvil Cell

The most widely used high-pressure apparatus for
measuring static equations of state is the diamond-anvil cell
coupled with x-ray diffraction. There are several excellent
recent reviews on the use of the diamond cell [88, 97, 215],
and thus no details of its operation are presented here. For
equation-of-state measurements, two basic diamond cell
designs are used (see Figure 1). The Merrill-Bassett-type
diamond cells are commonly used for single-crystal x-ray
diffraction measurements, as their small size makes them
convenient for mounting on a goniometer to obtain single-
crystal x-ray patterns. In general, these diamond cells are
used for pressures below about 10 GPa. However, for
single-crystal measurements, it is necessary to maintain the
sample in a hydrostatic environment. Since liquid pressure
media (such as 4:1 methanol:ethanol mixtures) are only
hydrostatic to ~12 GPa, the pressure limitation of the
diamond cell is not a limiting factor for the experiment.

The second type of diamond cell, a Mao-Bell or
"megabar”-type diamond cell, is optimal for obtaining x-ray
diffraction data to pressures up to 300 GPa. Usually, in
this type of diamond cell, the sample is a powder and the x-
ray diffraction data collected is directly analogous to a
Debye-Scherrer powder pattern. A typical sample
configuration in the diamond-cell is shown in Figure 2.



Optic Access

Cylinder
Sample ——J-—>® 2cm
1
O Lever Arm
Fig. 1a. The Mao-Bell-type diamond cell capable of

generating pressures up to 550 GPa. The diamonds are
glued onto half-cylinders of tungsten carbide which are
mounted in a piston and cylinder made of hardened tool steel
(shown here in a cutaway view at the top). The diamonds
can be translationally aligned by means of set screws and
tilted with respect to each other by rocking the WC half-
cylinders. The piston and cylinder are placed in a lever arm
assembly (bottom) designed to advance the piston within
the cylinder, apply force uniformly to the sample held
between the diamonds, and exert a minimum amount of
torque on the piston.
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A schematic diagram of the geometry of an x-ray
diffraction experiment in shown in Figure 3. Usually,
MoKy, x-rays are passed through the diamonds and sample
along the axis of force of the diamond cell. X-ray
diffraction from a crystal occurs when the Bragg equation is
satisfied:

A = 2dsin@ 1

where A is the wavelength of the incoming x-ray, 26 is the
angle between the diffracted x-ray beam and the transmitted
beam, and d is the d-spacing or the distance between the
diffracting set of atomic planes in the crystal. The diffracted
x-rays, either Laue spots for single crystal samples or
diffracted cones of radiation for powdered samples, are
detected by a solid state detector or on film. The set of d-
spacings for a crystal is used to determine the lattice
parameters and thus the volume of the crystallographic unit
cell as a function of pressure. The relationship between d-
spacings and lattice parameters for the various lattice
symmetries are given in most standard texts on x-ray
diffraction [e.g., 36].

Pressure in the diamond cell is usually measured using the
ruby fluorescence technique [20, 128, 129]. Here, the R
and Ry fluorescence bands of ruby, at zero-pressure
wavelengths of 694.24 nm and 692.92 nm, are excited with
blue or green laser light (typically He:Cd or Ar-ion lasers
are used). These fluorescence bands have a strong
wavelength shift as a function of pressure. This shift has
been calibrated using simultaneous x-ray diffraction
measurements on metals whose equations of state (pressure-
volume relation) are independently known from shock-wave
measurements (see Chapter on Shock-wave Measurements).
Therefore, the accuracy of the pressure measured in the
diamond cell is ultimately determined by the accuracy of
measurements of shock-wave equations of state. In addition
to average pressure measurements, ruby can be finely
dispersed in the sample (fluorescence measurements can be
obtained for ruby grains less than 1 pm in diameter), thus
enabling pressure gradients to be accurately determined
within diamond cell samples.

Because diamonds are transparent and allow optical access
to the sample, other methods for measuring equations of
state are possible. For example, the changes in the volume
of the sample chamber as a function of pressure can be
directly measured [cf., 139], or changes in the sample
dimensions with pressure may be directly measured [cf.,
143]. Additionally, accurate adiabatic moduli and their
derivatives may be obtained using Brillouin spectroscopy in
conjunction with the diamond cell (see the chapter on
Elasticity).
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Backing
Plate

Alignment Pin

Backing Plate

Hole to Diamond Back Bolts for Pressure
and Optic Access Application

Fig. 1b. Merrill-Bassett-type diamond-anvil cell shown in
schematic from both side (top) and top views (bottom).
This device can be used to generate pressures of ~ 30 GPa.
The single-crystal diamonds are glued on flat, circular
backing plates typically made of hardened steel, tungsten
carbide or copper-beryllium alloy. Holes or slits in the
backing plates provide optical access to the sample, which
is contained between the diamonds in a metal gasket. The
backing plates are held in place in recesses in larger steel or
inconel plates by means of set screws, and also allow the
diamonds to be translationally aligned relative to one
another. Alignment pins ensure that the the top and bottom
halves of the cell are correctly oriented. Pressure is applied
by sequentially turning the three bolts which compress the
top and bottom plates together.

2.2. Large-Volume Presses

Equation of state measurements have also been carried out
using a variety of large-volume, high-pressure apparatuses:
piston-cylinder devices, Bridgman-anvil presses, Drickamer
presses, cubic and tetrahedral-anvil presses and multianvil
presses (Figure 4). For recent reviews of the design and use
of large-volume presses see Graham [59] and Holloway and
Wood [85].

One of the most widely used high-pressure, large-volume
devices for equation of state measurements is the piston-
cylinder (Figure 4a), where the pressure is applied
uniaxially by a piston on a sample embedded in a pressure
medium and contained by the cylinder. As the sample is
compressed its volume decreases, and by careful
measurement of the resulting piston displacement as a
function of pressure, the P-V equation of state can be
determined. The routine pressure limit of the piston-
cylinder at room temperature is between about 3 and 5 GPa.

Other types of high-pressure, large-volume devices
utilizing opposed anvils for equation of state measurements
are Bridgman anvils and the Drickamer press. In these
devices, two tungsten carbide anvils are driven together to
uniaxially compress a sample contained within a large
retaining ring which acts as a gasket. If all or a portion of
the retaining ring is made of a material transparent to x-rays
(such as B or Be), diffraction measurements can be made on
a sample held at high pressures. The pressure limit of the
Bridgman-anvil press is about 10-12 GPa at room
temperature, and the limit of the Drickamer press is about
30-35 GPa.

A second family of large-volume apparatuses is the
multi-anvil press. Rather than uniaxially compressing the
sample, these devices compress simultaneously from
several directions. Such instruments are more difficult to
use than a piston-cylinder, as the anvils must be carefully
aligned and synchronized to compress the sample uniformly
and thus prevent failure of the anvils; however, much
higher pressures can be attained in multi-anvil devices. A
number of designs exist for multi-anvil presses of which
the ones most commonly used for equation of state
measurements are the tetrahedral-anvil and cubic-anvil
presses (Figure 4b), and multiple-stage systems.

In tetrahedral and cubic-anvil presses, as their names
imply, the samples are typically contained within either a
tetrahedron or a cube composed of oxides, with the sample
occupying a cylindrical cavity inside the cube or
tetrahedron. The sample assembly, which varies in
complexity depending on the experiment, is compressed by
four hydraulic rams in the case of the tetrahedral press, or
six hydraulic rams for the cubic press. As illustrated in
Figure 4c for a cubic-anvil press, in-situ x-ray diffraction
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Ruby Grains

Gasket

Sample

Culet Face

~ 300 um Pressure Medium

Lower Diamond

Fig. 2. Schematic view of the sample configuration in the
diamond cell. A hole is drilled in a metal gasket (here a
typical diameter of 0.10 mm is shown), and the gasket is
centered between the diamond anvils (shown with a typical
culet diameter of 0.30 mm). The sample is placed in the
hole in the gasket along with a pressure medium (generally
either an alcohol mixture, or a noble gas such as argon) and
small ruby chips for pressure calibration. The transparent
diamonds allow for a wide range of different in situ
experiments to be performed on the samples. For equation
of state measurements, x-ray diffraction patterns can be
obtained at high pressure along the axis of force of the
diamond cell for either single-crystals or powders. (From
[215]).
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measurements can be made through these presses if the
sample is contained in an x-ray-transparent material.
Equation of state measurements have typically been made to
pressures of about 12 GPa in the cubic-anvil press. To
achieve higher pressures, the sample assembly in a cubic-
anvil press can be replaced by a second, pressure-
intensifying stage. Such a multi-anvil design can reach
typical pressures of about 25 GPa.

The pressure inside a large-volume device is determined
either by including an internal stress monitor within the
sample, or by calibration of the external load on the
sample. In the latter case, which represents the most
common method for estimating the pressure in all large-
volume devices, the oil pressure of the press is calibrated
against a series of materials or fixed points, with well-
characterized phase transformations, such as those occuring
in Bi (the I-II transition at 2.5 GPa and V-VI transition at
7.7 GPa). Specific disadvantages of x-ray diffraction
measurements in large volume presses include: 1) indirect
pressure calibration; 2) an inability to accurately
characterize pressure gradients; and 3) the small volume of
the sample relative to the containing material, which
necessitates both careful experimental design and a high
intensity x-ray source. Furthermore, the diffraction angles
available through the apparatus may be limited, producing
few redundancies in the measurement of lattice parameters.

3. ANALYSIS OF THE DATA

To determine the values of Kgr and Kgr’ from pressure-
volume data, an equation of state formalism must be used.
Here, I summarize the most common methods for data
reduction. A linear fit to pressure-volume data is often used
for static compression data limited to low pressures (small
compressions). The bulk modulus is calculated from the
thermodynamic definition: Kor = -1/V(dP/dV)T, where
Kot is the isothermal bulk modulus, V is the volume and
P is the pressure. This analysis implies that Kg7° = 0, and
thus is at best approximate, and is most appropriate for
rigid materials over narrow pressure ranges (preferably less
than 5 GPa). In general, because Ko7’ is usually positive,
this analysis method will tend to overestimate Ko7

An equation of state formalism used extensively prior to
1980 and sporadically since is the Mumaghan equation
[153], in which:

P = Kor/KoT {(Vo/V)K o1 -1) Q)

The Murnaghan equation is derived from finite strain theory
with the assumption that the bulk modulus is a linear
function of pressure. At modest compressions, this



102 STATIC COMPRESSION

assumption is sufficiently accurate that the Murnaghan
equation accurately fits static compression data.

One of the most widely used equations of state in
reducing static compression data is the Eulerian finite-strain
formalism proposed by Birch, and referred to as the Birch-
Murnaghan equation [25]. This equation has been
empirically shown to describe the behavior of a wide variety
of materials over a large range of compressions. Pressure is
expressed as a Taylor series in strain:

P = 3(+2052K or(1 + x5 + x0f2 + ..) )
where f is the Eulerian strain variable defined as
f=120vV)?R -1
and the coefficients in (3) are:
x; = 32(Kor" - 4)

x2 =32 [KgrKor” + Kor'(Kor™-7) + 143/9].

Note that Ko7’ = 4 reduces equation (3) to a second order
equation in strain. Indeed, K¢71’ is close to 4 for many
materials, and in the reduction of pressure-volume data, is
often assumed to equal 4. In addition, minerals are seldom
compressible enough for Ko7 to be significant; therefore,
the x7 term is usually dropped from the equation.

Recently, another equation of state formalism has been
proposed by Vinet et al. [205] and is known as the
Universal equation of state. Here:

P =3 Kot (Vo/V)?PB[1-(VIv)1/3
exp(3/2(Kor"-1) [1-(VIVp)1/31). @

This equation is successful in describing the equation of
state of a material at extremely high compressions and is
being used with increasing frequency in static compression
studies.

4. EXPLANATION OF THE TABLE

The Table lists the isothermal bulk moduli (Kg7) and
pressure derivatives (dKg7/dP=K¢7") for minerals, mineral
analogues and chemical elements studied using static
compression techniques (i.e. x-ray diffraction, piston
displacement measurements or direct volume measurements
at high pressures). All the data reported is from the
literature from 1966 to the present: static compression data
from before 1966 can be found in the previous Handbook of
Physical Constants. Not every entry in the Table is a

Film or Solid
State Detector

Diffracted
X-rays

Diamond
Anvil Cell

Direct X-ray
Beam

Fig. 3. Schematic of an x-ray diffraction experiment
through the diamond cell. Mok, x-rays are passed through
the sample and the diffracted x-rays are recorded either on
film (shown here) or by a solid-state detector. Here the
schematic x-ray pattern is that of a powder diffraction
experiment, where the film intersects diffracted cones of
radiation. The maximum distance between the
corresponding x-ray line on either side of the transmitted x-
ray beam is 46, which is used in the Bragg equation to
determine the set of d-spacings of the crystal at each
pressure.

mineral or native element. Oxides, sulfides, halides and
hydrides were included which are useful as mineral
analogues, either due to structural similarities to minerals,
or to provide the systematics of the behavior of a given
structural type. Specifically not included are data for non-
mineral III-V compounds and other non-naturally occurring
semiconductors. All the Koy and Ko7’ data listed are for
the structure of the common room-temperature,
atmospheric-pressure phase, except where noted. In
particular, the structures of the high pressure phases are
explicitly given, as are the specific structure for solids with
more than one polymorph at ambient conditions. It should
be noted that entries with no errors simply reflect that error
bars were not reported in the original references.

The silicate minerals are categorized following Deer,
Howie and Zussman's An Introduction to the Rock-
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Fig. 4a. A piston-cylinder apparatus shown in cross-
section. Here, a uniaxial force is used to advance a piston
into a cylinder, compressing a pressure medium and thus
applying hydrostatic or quasi-hydrostatic pressure to a
sample contained within the medium. The piston and
cylinder are usually made of tungsten carbide and the
maximum routine pressure limit of this device is 5 GPa at
room temperature. The feedthrough into the cylinder gives
a way of monitoring the sample environment. For example,
electrical leads can be introduced into the sample to measure
temperature or as a pressure gauge. Another use of the
feedthrough is to provide current to a resistance heater
surrounding the sample (not shown). Equation of state
measurements can be made in this device by determining
the piston displacement as a function of pressure. (From
[215)).

__

Forming Minerals [38]. The data for high-pressure phases
are given in the same category as for the low-pressure
phase. For example, the bulk moduli for perovskite-
structured silicates are given with the data for the
pyroxenes, which have the same stoichiometry, under the
"Chain Silicates" category.

The data for the iron polymorphs and iron alloys which
arc important as possible core constituents are listed in a
separate category ("Iron and Iron Alloys"). Therefore, iron
sulfides, Fej_x0, iron hydride, and iron-silicon, iron-nickel
and iron-cobalt alloys are found in this portion of the Table,
while more oxidized iron minerals such as hematite

KNITTLE 103

X-Rays

Assembly

Fig. 4b A cubic-anvil press in which six, synchronized
rams are used to compress a cubic sample. The rams are
usually made of steel with tungsten carbide or sintered
diamond tips. The sample geometries can vary from
relatively simple, with the sample assembly embedded in a
cube of pressure medium which is directly compressed by
the rams, to a sample contained in a second, cubic,
pressurc-intensifying set of anvils (a multi-anvil press).
Electrical leads can be brought in between the rams of the
press to heat the sample, monitor temperature and pressure,
and measure pressure-induced changes in electrical
conductivity. In addition, by using a low-atomic weight
pressure medium such as B or Be, x-ray diffraction
measurcments can be obtained on samples held at high
pressures. (From [215]).

(Fex03) and magnetite (Fe304) are listed with the oxides.

Also, measurements are not given which clearly seemed
to be incorrect, based on comparison with other static
compression measurements, ultrasonic data or Brillouin
spectroscopic results. Finally, I note that a range of
materials have been statically compressed with the primary
motivation being to characterize the pressure at which phase
transitions occur. Such studies often do not report either
bulk moduli or the numerical static compression data, and
are accordingly not included in the Table (an example of
this type of study are several static compression results for
Ge).
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Table 1. Bulk Moduli from Static Compression Data

Chemical Formulal ~ Density  Isothermal Bulk dKor/dP3  Technique and Notes*  Ref.
Mg/m3) Modulus

(GPa)2
Framework Silicates:
SiO7 2.65 371202 62+1 DAC, scXRD, P<5 115
Quartz (fixed from GPa, B-M EOS
ultrasonic data)
Si0Op 2.65 364 + 0.5 63+04 PC,ND, P <25 GPa, 98
Quartz M EOS
SiOg 2.65 38.0 54 BA, XRD,P <12 157
Quartz GPa, O-H method
SiO2 2.92 9% + 3 84+19 DAC, scXRD,P <52 113
Coesite GPa, B-M EOS
Si0Op 4.29 313+ 4 1.7+ 06 DAC, scXRD,P<16 176
Stishovite GPa, B-M EOS
306 (fixed from 28 +0.2
Brillouin data)
Si0o 4.29 300 + 30 — TAP, XRD, P < 8.5 21
Stishovite GPa, linPVfit
j(e)) 4.29 288 + 13 6 BA,XRD,P<12 158
Stishovite GPa, O-H method
SiOyp 4.29 281 5 CAP,XRD ,P<12 179
Stishovite GPa, B-M EOS
NaAlSi30g 2.62 70 -— DAC, scXRD,P< 5 14
Low Albite GPa, linPVfit
KAISi30g 2.56 67 -— DAC, scXRD, P<5 14
High Sanidine GPa, linPVfit
CaAlSinOg 2.76 94 — DAC, scXRD, P<5 14
Anorthite GPa, linPVfit
(low-pressure phase)
CaAlSipOg 2.76 106 — DAC, scXRD, P<5 14
Anorthite GPa, linPVfit
(high-pressure phase)
BeAISiO40H 3.12 159 £3 4 (assumed) DAC, scXRD,P <5 77
Euclase GPa, B-M EOS
Be4SipO7(0OH)2 2.61 703 53+1.5 DAC,scXRD,P<5 63

Betrandite GPa, B-M EOS



Table 1. Bulk Moduli from Static Compression Data (continued)
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Chemical Formulal ~ Density  Isothermal Bulk dKot/dP3 Technique and Notes?  Ref.
(Mg/m3) Modulus
(GPa)
12NaAlSiO4 2.44 21.7 (in glycerol) 4 (assumed) DAC, scXRD,P <4 73
27TH20 GPa, B-M EOS
Zeolite 4A 142.8 (in water)
NaAlSioOgH20 2.24 40+ 1 -— DAC, scXRD,P<3 69
Analcite GPa, linPVfit
NagAl3S5i3012C1 2.30 52+8 4 (assumed) DAC, scXRD,P <5 76
Sodalite GPa, B-M EOS
0.17(CagAlgSigO24 2.54 60 -— DAC, scXRD,P<3 33
CO3) - 0.83(NagAl3 GPa, linPVfit
Sig024Cl)
Scapolite
0.68(CagAlgSig024 2.66 86 -— DAC, scXRD,P<4 33
CO3) - 032(NagAl3 GPa, linPVfit
Sig024Cl)
Scapolite
0.88(CagAlgSig024 2.7 90 + 12 4 (assumed) DAC,scXRD,P<5 76
CO3) - 0.12(NagAl3 GPa, B-M EOS
Si9g024Cl)
Scapolite
Chain silicates:
CaMgSin0Og 3.22 114+ 4 45+ 18 DAC, scXRD, P <53 112
Diopside GPa, B-M EOS
CaMgSiOg 322 113+2 48 0.7 DAC, scXRD,P <53 116
Diopside GPa, B-M EOS
CaMgSin0g 3.22 122+ 2 4 (assumed) DAC,scXRD,P<6 142
Diopside GPa, B-M EOS
CaFeSizOg 3.56 119+ 2 4 (assumed) DAC, pXRD,P <10 228
Hedenbergite GPa, B-M EOS
Ca(Mgp 4Feq.6) 342 82.7+1 4 (assumed) DAC, pXRD,P <10 228
Sip0¢g GPa, B-M EOS
Hedenbergite
(Ca,Na)(Mg,Fe,Al) 3.26 129+ 3 4 (assumed) DAC,scXRD,P<6 142
Si20g GPa, B-M EOS
Omphacite

(vacancy-rich)
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formula! ~ Density  Isothermal Bulk dKgT/dP3 Technique and Notes?  Ref.

Mg/m3) Modulus
(GPa)
(Ca,Na)(Mg Fe,Al) 3.29 139+ 4 4 (assumed) DAC,scXRD,P<6 142
Sip0g GPa, B-M EOS
Omphacite
(vacancy-poor)
MgSiO3 3.22 125 5 (assumed) BA, XRD,P<£6.2 159
Enstatite GPa, O-H method
MgSiO3 3.52 161 4 (assumed) DAC, pXRD,P<?, 223
(high-pressure B-M EOS
tetragonal-gamet
structure)
(Mg4Si4012)0.6 3.55 159.8 £ 0.6 4 (assumed) CAP,XRD,P<6 224
(Mg3A128i3012)0.4 GPa, B-M EOS
Majorite
(Fe4Si4012)0.2 441 1646 £ 1.1 4 (assumed) CAP, XRD,P <6 224
(Fe3A12S8i3012)0.8 GPa, B-M EOS
Majorite :
Mgo.79Fe(.21Si03 3.74 221+ 15 44148 DAC, XRD, P <8 90
Majorite GPa, B-M EOS
MgSiO3 4.10 247 4 (assumed) DAC, scXRD,P <10 106
(high-pressure GPa, B-M EOS
perovskite structure)
MgSiO3 4.10 254+ 4 4 (assumed) DAC, scXRD,P<13 173
(high-pressure GPa, B-M EOS
perovskite structure)
MgSiO3 4.10 258 + 20 4 (assumed)  DAC, pXRD,P<7 220
(high-pressure GPa, B-M EOS
perovskite structure)
Mgp.88Fe0.125i03 4.26 266+ 6 39+04 DAC, pXRD,P <112 102
(high-pressure GPa, B-M EOS
perovskite structure)
Mgi.0-0.8F€e0-0.2 4.10 - 261 + 4 4 (assumed) DAC, pXRD,P <30 138
SiO3 4.33 GPa, B-M EOS
(high-pressme dKoT/dT = -6.3 (0.5)
perovskite structure) x 10-2 GPa/K
CaSiO3 4.25 281 + 4 4 (assumed) DAC, pXRD, P < 134 133
(high-pressure GPa, B-M EOS

perovskite structure)
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKo1/dP3 Technique and Notes?  Ref.

(Mg/m3) Modulus
(GPa)2
CaSiO3 4.25 325+ 10 4 (assumed) DAC, pXRD, P < 199
(high-pressure 31.5 GPa, B-M EOS
perovskite structure)
CaSiO3 4.25 275+ 15 4 (assumed) DAC, pXRD,P <85 200
(high-pressure GPa, B-M EOS
perovskite structure)
ZnSiO3 2.96 216+ 2 4 (assumed) CAP,XRD,P<10 184
(ilmenite structure) GPa, B-M EOS
CayMgsSigO22 2.99 85 - DAC,scXRD,P<4 35
(OH), GPa, linPVfit
Tremolite
NaoMg3Al;SigOrr 3.10 96 -— DAC,scXRD,P<4 35
(OH), GPa, linPVfit
Glaucophane
NaCasMgyAlSigAl 3.10 97 -— DAC, scXRD,P <4 35
022(0H)2 GPa, linPVfit
Pargasite
(Na,K,Fe,Mg,Al)7 3.50 50+1 131 DAC, scXRD,P < 5.1 229
(Si,AgO22 GPa, B-M EOS
(OH,F.Cl)2
Grunerite

Ortho- and Ring Silicates:

Mg2Si0O4 3.22 1357+ 1.0 3.98 + 0.1 DAC, pXRD,P <30 214
Forsterite GPa, M EOS

Mg>SiO4 3.22 120 5.6 BA, XRD,P <10 159
Forsterite GPa, O-H method
MgaSiO4 322 122.6 4.3 DAC, scXRD,P< 15 105
Forsterite GPa, B-M EOS

Fe2SiO4 4.39 1239+ 4.6 50+0.8 DAC, pXRD,P <38 216
Fayalite GPa, B-M EOS

Fe)SiO4 4.39 119 + 10 7+4 CAP,XRD,P<7 222
Fayalite GPa, B-M EOS

124 £2 5 (assumed)
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formula! ~ Density  Isothermal Bulk dKgT/dP3  Technique and Notes?  Ref.
(Mg/m3) Modulus
@Pa)2
FepSiO4 4.39 124 £2 4 (assumed) DAC, pXRD,P <30 131
Fayalite GPa, B-M EOS
FepSiOg 439 134 4 (assumed) DAC, scXRD,P < 14 104
Fayalite GPa, B-M EOS
Fe2Si0O4 4.39 103.8 7.1 DAC, pXRD,P < 8.0 168
Fayalite (at 400 °C) (at 400 °C) GPa at 400 °C, dK/dT=
-5.4 x 102 GPa/K
CaMgSiOy4 3.05 113+3 4 (assumed) DAC, scXRD,P <6.2 186
Monticellite GPa, B-M EOS
ZrSi04 4.65 227+ 2 -— DAC, scXRD,P <5 67
Zircon GPa, linPVfit
(Mgo.84Fe0.16)2 3.53 174 + 3 4 (assumed) DAC, pXRD,P <27 52
Si04 GPa, B-M EOS,
Wadsleyite 168 + 4 4.7 (fixed from dKgp/dT=-2.7+0.3
or B-Phase ultrasonic data) x 102 GPa/K
(Mgo.g4Fe0.16)2 3.53 164 + 2 4 (assumed) DAC, scXRD, P <5 78
5104 GPa, B-M EOS
Wadsleyite
or B-Phase
(MgFe)2Si04 3.47 - 171 + 0.6 4 (assumed) Re-analysis of {78] 92
1.00>Mg/(Mg+Fe)>  3.78
0.75
Wadsleyite
or -Phase
Mg2SiO4 3.47 166 + 40 — MAP, XRD,P <10 151
Wadsleyite GPa, linPVfit
or B-Phase
Mg;SiO4 3.55 213+ 10 — MAP, XRD,P <10 151
Ringwoodite GPa, linPVfit
or ¥Phase
(spinel structure)
(Mgg.6Feg.4)25i04 4.09 183+2 538+ 0.24 DAC, pXRD,P <50 227
Ringwoodite GPa, B-M EOS
or *Phase
(spinel structure)
FeSi04 4.85 196 + 6 — DAC, scXRD,P<4 56

(spinel structure)

GPa, linPVfit
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Chemical Formulal ~ Density  Isothermal Bulk dKg/dP3 Technique and Notes?  Ref.
(Mg/m3) Modulus
(GPa)2
Fe)SiOg4 4.85 197 £2 4 (assumed) CAP, XRD,P <8 178
(spinel structure) GPa, B-M EOS
FeSiO4 4.85 212 4 (assumed) DAC, pXRD,P <26 131
(spinel structure) GPa, B-M EOS
Ni?SiO4 5.35 227+ 4 -— DAC, scXRD,P<4 56
(spinel structure) GPa, linPVfit
Ni2SiO4 5.35 227+ 4 4 (assumed) CAP, XRD,P <8 178
(spinel structure) GPa, B-M EOS
NizSiO4 5.35 214 4 (assumed) DAC, pXRD,P <30 127
(spinel structure) GPa, B-M EOS
Co2S5i04 517 210+ 6 40106 DAC, pXRD,P <30 123
(spinel structure) GPa, B-M EOS
Co02Si04 5.17 206 + 2 4 (assumed) CAP, XRD,P <8 178
(spinel structure) GPa, B-M EOS
Ca3Alp(O4H4)3 2.52 66 + 4 41105 DAC, pXRD,P <43 156
Katoite or GPa, B-M EOS
Hydrogrossular
Ca3Al28i3012 3.59 168 + 25 6.2+4 DAC, pXRD,P <19 156
Grossular GPa, B-M EOS
168.4 (fixed from 6.1+15
Brillouin data)
Ca3zAlSi3012 3.59 139+ 5 -— DAC, scXRD,P<6 66
Grossular GPa, linPVfit
Mn3Al2Si3012 4.19 171.8 74t 1 DAC, pXRD,P <25 108
Spessartine GPa, B-M EOS
174.2 (fixed from 70+ 1.0
ultrasonic data)
Mg3Al2Si3012 3.58 1751 45+05 DAC,scXRD,P<5 114
Pyrope GPa, B-M EOS
Mg3A1»Si3012 3.58 171+ 3 1.8+ 0.7 CAP,XRD, P < 8 183
Pyrope GPa, B-M EOS
Mg3Al2Si3012 3.58 212+ 8 35+06 DAC, XRD,P<30 195

Pyrope

GPa, B-M EOS
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKoT/dP3 Technique and Notes?  Ref.
(Mg/m3) Modulus
(GPa)?
Mg3A12Si3012 3.58 179+ 3 4 (assumed) DAC, scXRD,P <6 75
Pyrope GPa, B-M EOS
Mg3Al28i3012 3.58 175 £ 0.3 33+1 DAC, pXRD,P <25 108
Pyrope GPa, B-M EOS
172.8 (fixed from 38+1
Brillouin data)
Fe3AlSi3012 4.32 1757 1.5+ 1.6 CAP,XRD, P < 8 183
Almandine GPa, B-M EOS
Fe3Al2S5i3012 4.32 190+ 5 3+0.5 DAC, pXRD,P <30 195
Almandine GPa, B-M EOS
Ca3Cr2Si3012 3.83 162 47+ 0.7 DAC, pXRD,P <25 108
Uvarovite GPa, B-M EOS
CasFe3Siz012 3.86 159+ 2 4 (assumed) DAC, scXRD,P <5 75
Andradite GPa, B-M EOS
AlSiOs 3.15 135+ 10 4 (assumed) DAC, scXRD,P<3.7 169
Andalusite GPa, B-M EOS
Mg1.3Feq.7A125i12 3.68 148 £ 5 GPa --- DAC, scXRD,P <42 34
010(OH)4 GPa, B-M EOS
Magnesiochloritoid
Be3AlSigO18 2.66 170+ 5 4 (assumed) DAC,scXRD,P<5 77
Beryl GPa, B-M EOS
(Mg, Fe)2Al4SisO18 2.63 110 — DACand PC,XRD 150
-n(H20, CO7; Nat, and PD, P < 3 GPa,
K+ linPVfit
Cordierite
BesSiO4 2.96 201 +8 2+4 DAC, scXRD,P <5 63
Phenakite GPa, B-M EOS
Sheet silicates:
KMg3AlSiz010 2.75 585+2 -— DAC, scXRD,P<4.7 65

(F,OH)2
Phlogopite

GPa, linPVfit
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Chemical Formula!  Density  Isothermal Bulk dKgT/dP3

Technique and Notes*  Ref.

(Mg/m3) Modulus
(GPa)2
(Mg, Fe,Al)g(Si,Al)g 2.65 550+10 -— DAC, scXRD,P<4.7 65
010 (F,OH), GPa, linPVfit
Chlorite
KAI3Si3019(OH), 2.80 614140 69+14 DAC,pXRD,P< 18 49
Muscovite GPa, B-M EOS
BaFeSig0O10 3.72 62+3 4 (assumed) DAC, scXRD, 0 < 71
Gillespite I P<1.9 GPa, B-M EOS
(low-pressure
tetragonal structure)
BaFeSigO10 3.76 66+3 4 (assumed) DAC, scXRD, 71
Gillespite I 1.9<P<4.6 GPa, B-
(high-pressure M EOS
orthorhombic
structure)
Oxides and Hydroxides:
BeO 3.01 212+3 4 (assumed) DAC, scXRD,P<5 74
Bromellite GPa, B-M EOS
MgO 3.56 156 + 9 47+2 DAC, pXRD,P<95 126
Periclase GPa, M EOS
MgO 3.56 178 4.0 DP, XRD, P <30 41
Periclase GPa, M EOS
(Mgo.6Fe0.4)0 4.54 157 4 (assumed) DAC, pXRD,P <30 51
Magnesiowiistite GPa, B-M EOS, T <
800 K, dK1/dT)p = -
2.7+ 3 x 102 GPa/K
CaO 3.38 111 +1 42 +0.2 DAC, pXRD,P <55 170
Lime GPa, B-M EOS
CaO 3.38 112 3.9 DP, XRD, P <30 41
Lime GPa, M EOS
Ca0O 3.79 130+ 20 35+£0.5 DAC, pXRD, 170
(high-pressure 55<P<135 GPa,
B2 structure) B-M EOS
SrO 4.70 9.6 £24 44 03 DAC, pXRD,P <34 120

GPa, B-M EOS

i
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal  Density  Isothermal Bulk dKOT/dP3 Technique and Notes? Ref.
(Mg/m3) Modulus
(GPa)?
SrO 6.14 160 + 19 4 (assumed) DAC, pXRD, 182
(high-pressure 36<P<59 GPa,
B2 structure) B-M EOS
BaO 5.72 66.2 + 0.8 5.7 (fixed from DAC, pXRD,P <10 211
ultrasonics) GPa, B-M EOS
BaO 6.09 332+19 6.02 £ 0.3 DAC, pXRD, 211
(high-pressure PHyl 18<P<60.5 GPa, B-M
structure) EOS
MnO 5.46 162 + 17 48+ 1.1 DAC, pXRD,P<60 93
Manganosite GPa, B-M EOS
MnO 5.46 144 3.3 DP, XRD, P < 30 41
Manganosite GPa, M EOS
NiO 6.67 199 4.1 DP, XRD, P < 30 32
Bunsenite GPa, M EOS
190 (fixed from 5.0
ultrasonics)
CoO 6.45 190.5 39 DP, XRD, P < 30 41
GPa, M EOS
Cdo 8.15 108.0 9.0 DP, XRD, P < 30 41
Monteponite GPa, M EOS
PbO 9.63 227+62 178 £ 1.6 DAC, scXRD,P<5 2
Massicot GPa, fit to Hooke's
Law
EuO 8.25 97.0 4 (assumed) DAC, pXRD,P<13 231
GPa, B-M EOS
Cu20 5.91 131 5.7 DAC, pXRD,P <10 208
Cuprite GPa, M EOS
GeOp 4.23 639+ 0.7 4 (assumed) DAC, pXRD,P <5.7 225
(quartz structure) GPa, B-M EOS
GeOp 423 39.1+04 22+0.5 PC,ND,P <25 GPa, 98
(quartz structure) M EOS
GeOp 4.23 26.5 16.8 BCAC, EXAFS, P< 86
(quartz structure) 6 GPa, M EOS

343
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Chemical Formulal ~ Density  Isothermal Bulk dKo/dP3  Technique and Notes*  Ref.
(Mg/m3) Modulus
(GPa)?
GeOp 6.24 3949+ 0.2 4 (assumed) DAC, pXRD,P <96 225
Argutite GPa, B-M EOS
(rutile structure)
GeOn 6.24 258+ 5 7 (assumed) DAC, scXRD,P <5 70
Argutite GPa, B-M EOS
(rutile structure) 265+ 5 4 (assumed)
TiO2 424 216 + 5 7 (assumed) DAC, scXRD,P<5 70
Rutile GPa, B-M EOS
222+ 5 4 (assumed)
TiO2 4.24 203 4 (assumed) CAP,XRD,P<12 178
Rutile GPa, B-M EOS
197 6.8 (fixed from
ultrasonics)
TiOp 4.24 187 4 (assumed) DAC, scXRD,P<9 104
Rutile GPa, B-M EOS
SnOp 7.00 218+2 7 (assumed) DAC, scXRD,P <5 70
Cassiterite GPa, B-M EOS
224 +2 4 (assumed)
TeOy 6.26 444+ 16 5.8 +0.5 DAC, pXRD,P <25 119
Paratellurite GPa, B-M EOS
(tetragonal structure)
(8]0 ) 10.96 207 7.2 DAC, XRD,P<? 24
Uraninite GPa, B-M EOS
CeOp 7.13 230+ 10 4 (assumed) DAC, pXRD,P <31 45
Cerianite GPa, B-M EOS
CeOp 7.84 304 + 25 GPa 4 (assumed) DAC, pXRD, 45
(high-pressure 31<P<70 GPa,
a-PbClp-type B-M EOS
structure)
RuO? 6.97 270+ 6 4 (assumed) DAC, scXRD,P<5 70
GPa, B-M EOS
ZrOy 5.81 95+8 4-5 (assumed) DAC, pXRD, 0<P<10 110
Baddeleyite GPa, B-M EOS
Zr0y 6.17 220 5 (assumed) DAC, pXRD,10<P<25 110

(high-pressure
orthorhombic-I
phase)

GPa, B-M EOS
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKg/dP3 Technique and Notes?  Ref.
(Mg/m3) Modulus
(GPa)?
HfO, 9.68 145 S(assumed) DAC, pXRD,0<P<10 109
GPa, B-M EOS
HfO, 10.14 210 S5(assumed) DAC, pXRD,10<P<26 109
(high-pressure GPa, B-M EOS
orthorhombic-I1
phase)
HfO, 10.98 475 S (assumed) DAC, pXRD,26<P<42 109
(high-pressure GPa, B-M EOS
orthorhombic-IIT
phase)
HfO, 11.88 550 5 (assumed) DAC, pXRD42<P<50 109
(high-pressure GPa, B-M EOS
tetragonal phase)
V305 4.73 269+ 3 — DAC, scXRD,0<P< 16
5.5 GPa, linPVfit
V305 5.39 175 £ 11 -— DAC, scXRD,6.3<P< 16
(high pressure phase) 7.5 GPa, linPVfit
AlIPOy 2.57 36 4 (assumed) DAC, scXRD,P <85 190
Berlinite GPa, B-M EOS
MgAlxOq 3.55 194+ 6 4 (assumed) DAC, scXRD,P <4 55
Spinel GPa, B-M EOS
Fe304 5.20 186 + 3 4 (assumed) DAC, scXRD, P <4 55
Magnetite GPa, B-M EOS
183+ 5 5.6 (from
ultrasonics)
Fe304 5.20 181 +2 5515 DAC, scXRD,P<4.5 154
Magnetite GPa, B-M EOS
Fe304 5.20 155+ 12 4 (assumed) DAC, pXRD,P<? 212
Magnetite GPa, B-M EOS
Fe304 5.20 183+ 10 4 (assumed) DAC, pXRD,P <32 130
Magnetite GPa, B-M EOS
Mn304 4.83 137.0+ 3.8 4 (assumed) DAC, pXRD, 0<P<10 163
Hausmannite GPa, B-M EOS
Mn304 533 166.6 2.7 4 (assumed) DAC, pXRD, 10<P 163
(high-pressure <39 GPa, B-M EOS
marokite-type

structure)
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKoT/dP3 Technique and Notes*  Ref.
(Mg/m3) Modulus

(GPa)2
AlpBeOyq 3.70 2425 4 (assumed) DAC, scXRD, P < 62
Chrysoberyl 6.3 GPa, B-M EOS
ReO3 6.9 200+ 4 -— seeref,, P < 0.5 GPa, 23
linPVfit
LiNbO3 4.63 134+ 3 29+0.5 DAC, XRD, P <13 37
GPa, B-M EOS
CaTiO3 3.98 210+ 7 5.6 (assumed) DAC, pXRD, P < 218
Perovskite 10.4 GPa, B-M EOS
SITiO3 5.12 174.2 5.3 DAC, pXRD,P <20 57
Tausonite (fixed from GPa, B-M EOS
ultrasonic value)
SITiO3 5.12 176 4.4 DAC, pXRD,P <20 47
Tausonite GPa, M EOS
FeTiO3 4.72 170 £ 7 8§+4 DAC, scXRD,P<5 207
Ilmenite GPa, B-M EOS
1773 4 (assumed)
(Fe,Mg)TiO3 4.44 168 + 13 51 DAC, pXRD,P <28 123
Ilmenite GPa, B-M EOS
MnTiO3-1 4.54 709 4 (assumed) DAC, scXRD, P<5 175
Pyrophanite GPa, B-M EOS
MnTiO3-11 4.68 158 £ 9 4 (assumed)  DAC, scXRD, P<3 175
(LiNbO3 structure) GPa, B-M EOS
MnTiO3-I11I 4.88 227+ 4 4 (assumed) DAC, scXRD, 2.4 175
(perovskite structure) <P<5 GPa, B-M EOS
MnSnO3 6.12 196 + 20 4 (assumed) DAC, pXRD, 7<P<20 111
(perovskite structure) GPa, B-M EOS
MgGeO3 497 187+2 4 (assumed) CAP, XRD,P <8 184
(ilmenite structure) GPa, B-M EOS
MgGeO3 4.97 195 3.6 DAC, pXRD, P < 17
(ilmenite structure) 22.5 GPa, B-M EOS
CuGeO3 5.11 67.8 -— DAC,pXRD,P<73 1

GPa, linPVfit
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dK()T/dP3 Technique and Notes*  Ref.
(Mg/m3) Modulus
(GPa)2
Nag 55WO3 7.23 105 — DAC,scXRD,P <53 72
(perovskite structure) GPa, linPVfit
Nag 62WO3 7.44 119 — DAC, scXRD,P <53 72
(perovskite structure) GPa, linPVfit
Nag 70WO3 7.61 91 - DAC, scXRD,P <53 72
(perovskite structure) GPa, linPVfit
Fep0O3 5.25 225 4 (assumed) DAC, scXRD,P <5 54
Hematite GPa, B-M EOS
FepO3 5.25 199+ 6 4 (assumed) DAC, pXRD,P <30 212
Hematite GPa, B-M EOS
FepO3 5.25 228 + 15 4 (assumed) DAC, XRD, P <30 22
Hematite GPa, B-M EOS
Fep0O3 5.25 178 + 4 4 (assumed) CAP,XRD,P< 12 181
Hematite GPa, B-M EOS
AlRO3 3.98 253 +1 5004 DAC, pXRD,P <65 171
Ruby GPa, B-M EOS
AlhO3 3.98 226+ 2 4 (assumed) CAP, XRD,P< 12 181
Corundum GPa, B-M EOS
239+ 4 09 +0.8
AlO3 3.98 257+6 4 (assumed) DAC, scXRD,P <5 53
Ruby GPa, B-M EOS
AlyO3 3.98 2544+ 2.0 4275 £0.006 DAC,scXRD,P<10 40
Corundum GPa, B-M EOS
V203 4.87 171 + 1 4 (assumed)  CAP, XRD,P< 12 181
Karelianite GPa, B-M EOS
1753 31+07
V203 4.87 1956 4 (assumed) DAC, scXRD,P <5 54
Karelianite GPa, B-M EOS
Crp03 5.21 222 +2 4 (assumed)  CAP,XRD,P< 12 181
Eskolaite GPa, B-M EOS
231+5 20+ 1.1
Crp03 5.21 238+ 4 4 (assumed) DAC, scXRD,P <5 54

Eskolaite

GPa, B-M EOS
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKor/dP3  Technique and Notes?  Ref.

Mg/m3) Modulus
(GPa)?
KVO3 ? 84.7 — DAC, scXRD,P <5 3
GPa, linPVfit
RbVO3 ? 429 -— DAC, scXRD,P <5 3
GPa, linPVfit
CsVO3 ? 62.9 -— DAC, scXRD,P <5 3
GPa, linPVfit
NaNOy 2.17 21.9 £ 0.2 43+ 0.8 DAC,scXRD,P<2.6 68
GPa, B-M EOS
NaNO3 2.26 25.8£0.6 6615 DAC, scXRD,P<2.6 68
Nitratine GPa, B-M EOS
Mg(OH), 2.39 543+1.5 47102 DAC, pXRD, P < 35 50
Brucite GPa, B-M EOS
dK1/dP= -0.018+0.003
GPa/K
Ca(OH)2 2.24 378+ 1.8 52+0.7 DAC, pXRD,P <11 144
Portlandite GPa, B-M EOS
Carbon-Bearing Minerals:
SiC 3.22 227+3 41 £ 0.1 DAC, XRD, P <43 5
Moissonite GPa
CaMg(CO3)2 2.86 94 4 (assumed) DAC,scXRD,P<47 174
Dolomite GPa, B-M EOS
CaMgp.3Fe0.7 3.05 91 4 (assumed) DAC, scXRD,P<40 174
(CO3)2 GPa, B-M EOS
Ankerite
BaCO3 4.30 50+3 4 (assumed) DAC, DVM, 1<P 6.5 139
Witherite GPa, B-M EOS
SrCO3 3.73 585 4 (assumed) DAC, DVM, 1<P 6.5 139
Strontianite GPa, B-M EOS
MnCO3 3.67 959 4 (assumed) DAC, DVM, 2.5<P 139
Rhodocrosite 4.5 GPa, B-M EOS
CaCO3 2.71 71.1 4.15 PC,PD,P < 1.5GPa, 189

Calcite polyPVfit
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKgr/dP3  Technique and Notes?  Ref.
(Mg/m3) Modulus
(GPa)?
CaCO3 2.71 32.7 44 PC, PD, 1.4<P< 1.7 189
Calcite IT (at 1.4 GPa) (at 1.4 GPa) GPa, polyPVfit
CaCOg3 2.85 75.2 ? PC, PD, 1.7<P<4 189
Calcite Il (at 1.7 GPa) GPa, polyPVfit
CaCO3 2.85 84.0+8 4 (assumed) DAC, DVM, 3<P<5 139
Calcite III GPa, B-M EOS
Sulfides and Tellurides:
Hg$S 8.13 19.4 £ 0.5 11.1 DAC, pXRD,P<24 210
Cinnabar GPa, B-M EOS
HgTe 8.09 16.0 £ 0.5 7.3 DAC, pXRD,P<24 210
Coloradoite GPa, B-M EOS
CaS 2.50 56.7 4.9 DP, XRD, P < 30 41
Oldhamite GPa, M EOS
Cds 4.82 86.7 4.36 DAC, pXRD,P <55 192
Greenockite GPa, B-M EOS
CdsS 4.82 94.0 7.6 DP, XRD, P < 30 41
Greenockite GPa, M EOS
MnS 3.99 81.0 3.3 DP, XRD, P < 30 41
Alabandite GPa, M EOS
MnS 3.99 7212 42+13 DAC, pXRD,P <21 140
Alabandite GPa, B-M EOS
NiS 5.50 156 + 10 44 £ 0.1 DAC, pXRD, P < 45 27
(NiAs-type structure) GPa, B-M EOS
BaS 4.25 551+14 5.5 (assumed) DAC, pXRD,P<6.5 211
GPa, B-M EOS
BaS 4.67 214 £ 03 78 0.1 DAC, pXRD, 211
(high pressure B2- 6.5<P<89 GPa, B-M
structure) EOS
ZnS 4.02 76.5 4.49 —- see
Sphalerite 230
ZnS 4.72 850+ 3.8 4 (assumed) DAC, pXRD,11<P<45 230

(high-pressure phase)

GPa, B-M EOS
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Chemical Formulal ~ Density  Isothermal Bulk dKgr/dP3 Technique and Notes?  Ref.
(Mg/m3) Modulus
(GPa)?
YbS 7.38 60+3 4 (assumed) DAC, pXRD,P<8 194
GPa, B-M EOS
CeS 5.93 82 2.2 DAC, pXRD,P <25 204
GPa, B-M EOS
ErS 8.38 1015+ 1.0 54102 see ref., P < 3 GPa, 89
IsqPV fit
ThS 9.56 145+ 6 54+0.1 DAC, pXRD,P <45 160
GPa, M EOS
us 10.87 929 91102 DAC, pXRD,P <45 160
GPa, M EOS
NiS2 4.45 109+ 6 — BA, XRD,P <4 GPa, 48
Vaesite linPVfit
NiS2 491 141 + 11 -— BA, XRD, 4<P<11 48
(high-pressure GPa, linPVfit
metallic phase)
Mn$S? 3.46 76.0 54 DAC, pXRD, 0<P<10 30
Hauerite GPa, B-M EOS
MnS2 4.02 213.8 5.0 DAC, pXRD, 10 30
(high-pressure <P<35 GPa, B-M EOS
orthorhombic
marcasite-type
structure)
CoS2 4.27 118.3 -— DAC, scXRD, P<36 58
‘Cattierite GPa, linPVfit
SnSp 4.50 29 -— DAC,scXRD,P<5 64
Berndtite GPa, 1inPVfit
As4S3 3.58 17.0 5.5 BA, XRD,P< 12 31
Dimorphite GPa, M EOS
CuFe2S3 4.11 553+1.7 4 (assumed) DAC, scXRD,P<3.7 141
Cubanite GPa, B-M eqn
CuGaS» 4.36 96 + 10 6.5 DAC, XRD,P <16 209
Gallite GPa, M EOS
AgGa$y 4.70 60+ 8 6 DAC, XRD,P < 5 209

GPa, M EOS
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formula!  Density  Isothermal Bulk dKqT/dP3 Technique and Notes# ~ Ref.
(Mg/m3) Modulus
(GPa)2
LagCoSipS14 4.37 79.2+04 -— DAC, scXRD,P <5 145
GPa, LinPVfit
LagNiSinS14 4.37 755+ 0.5 — DAC, scXRD,P <5 145
GPa, linPVfit
Halides:
LiF 2.64 66.5 3.5 CAP,XRD,P< 9 219
GPa, B-M EOS
LiF 2.64 62.7 6.8 PC, PD, P <4.5GPa, 202
M EOS
LiF 2.64 65.0 4.7 DP, XRD, P < 30 41
GPa, M EOS
LiCl 2.07 31.9 3.4 PC, PD, P <4.5 GPa, 202
M EOS
LiBr 3.46 243 3.5 PC,PD, P <45 GPa, 202
M EOS
Lil 4.08 16.8 4.3 PC,PD, P <4.5 GPa, 202
M EOS
" NaF 2.56 459 4.4 CAP,XRD,P< 9 219
Villiaumite GPa, B-M EOS
NaF 2.56 464 £ 6.2 49+12 DAC, pXRD,P <23 180
Villiaumite GPa, B-M EOS
NaF 2.56 46.7 5.2 PC, PD, P < 4.5 GPa, 202
Villiaumite M EOS
NaF 2.56 45.6 5.7 DP, XRD, P < 30 41
Villiaumite GPa, M EOS
NaF 3.16 103 £ 19 4 (assumed) DAC, pXRD, 180
(high-pressure, B2 23<P<60 GPa, B-M
structure) EOS
NaCl 2.17 26.4 3.9 DP, XRD, P <30 41
Halite GPa, M EOS
NaCl 2.17 23.2 4.9 PC, PD, P <4.5 GPa, 202
Halite M EOS
NaCl 2.17 238175 40+ 39 DAC, pXRD,P <29 180
Halite GPa, B-M EOS
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Chemical Formulal ~ Density  Isothermal Bulk dKgr/dP3  Technique and Notes?  Ref.
(Mg/m3) Modulus
(GPa)?
NaCl 2.34 36.2+42 4 (assumed) DAC, pXRD, 80
(high-pressure B2 25<P<70 GPa, B-M
structure) EOS
NaBr 3.20 20.3 4.2 FC, PD, P <45 GPa, 202
M EOS
NaBr 3.20 185+34 58+ 1.1 DAC, pXRD,P <39 180
GPa, B-M EOS
Nal 3.67 15.0 4.1 DP, XRD, P <30 41
GPa, M EOS
Nal 3.67 147+ 1.1 57105 DAC, pXRD,P <36 180
GPa, B-M EOS
Nal 3.67 15.1 4.2 PC, PD, P <45 GPa, 202
M EOS
KF 2.48 29.3 5.4 CAP,XRD,P< 9 219
Carobbiite GPa, B-M EOS
KF 2.87 37.0 5.4 CAP, XRD,P <9 219
(high-pressure, B2 GPa, B-M EOS
structure)
KCl1 1.98 37.0 5.0 DP, XRD, P < 30 41
Sylvite GPa, M EOS
KCl1 2.34 28.7 £ 0.6 4 (assumed) DAC, pXRD,P <56 26
(high-pressurc B2 GPa, B-M EOS
structure)
CsCl 3.99 18.0 4.8 DP, XRD, P < 30 41
GPa, M EOS
CsCl 3.99 18.2 5.1 CAP,XRD,P< 9 219
GPa, B-M EOS
CsCl 3.99 17.1 5.1 PC, PD, P < 4.5 GPa, 202
M EOS
CsBr 4.44 14.4 53 PC, PD, P € 4.5 GPa, 202
M EOS
CsBr 4.44 19.1 £ 09 50£0.1 DAC, pXRD,P <53 103
GPa, B-M EOS
Csl 4.51 13.3+23 59+09 DAC, pXRD,P <61 101

GPa, B-M EOS
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKo/dp3 Technique and Notes*  Ref.
(Mg/m3) Modulus
(GPa)?
Csl 4.51 12.5 4.5 PC, PD, P <45 GPa, 202
M EOS
Csl 4.51 13.5+£0.2 545+ 006 DAC,pXRD,P<100 137
GPa, V EOS
AgCl 5.56 415 6.0 PC,PD, P <4.5GPa, 202
Cerargyrite M EOS
AgBr 6.47 38.2 5.9 PC,PD, P <4.5 GPa, 202
Bromyrite M EOS
CuBr 498 36.2 2.9 PC,PD, P < 4.5 GPa, 202
M EOS
MnF7 3.98 94 +£3 4 (assumed) DAC, scXRD, P < 70
5 GPa, B-M EOS
CaFp 3.18 810+12 522 +0.35 DAC, scXRD, P < 13
Fluorite 9 GPa, B-M EOS
StFp 4.24 69.1 52 PC,PD,P <4 GPa, 149
M EOS
BaClp 3.87 69.8 £ 0.5 140 £ 005 DAC, XRD, 0<P<10 107
GPa, B-M EOS
BaClp 4.73 693+2 8.6+ 0.1 DAC, XRD, 10<P<50 107
(high pressure GPa, B-M EOS
hexagonal phase)
Group 1 Elements:
Hp 0.088 0.362 + 0.003 471+ 003 DAC, scXRD, 83
4K 4K 5.4<P<26.5 GPa, B-M 136
EOS
0.172 + 0.004 7.19 £ 0.04 V EOS
4K (4 K)
Hp 0.088 0.166 7.3 PC, PD, P £ 2 GPa, 8
4 K) 4K 4 K) IsqPVfit
Dy 0.20 046 = 0.05 52%02 DAC, scXRD, 83

6.5<P<14.2 GPa, B-M
EOS
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Chemical Formulal ~ Density  Isothermal Bulk dKor/dP3  Technique and Notes?  Ref.
(Mg/m3) Modulus
(GPa)?
035+ 0.03 6.6+ 0.2

V EOS

Li 0.53 11.556 + 0.033 3.51 £ 0.06 PC,PD,P <2 GPa, 11
IsgPVfit

Na 0.97 6.06 + 0.02 4.13 £ 0.04 PC,PD,P<2 GPa, 10
1sqPVfit

K 0.86 2.99 + 0.02 415+ 0.10 DAC,XRD,P<12 118

GPa, B-M EOS

K 0.86 2.963 £ 0.001 4208+ 0003 PC,PD,P<2GPa, 10
IsqPVfit

K 0.86 3.10 + 0.01 3911001 see ref., P < 0.7 GPa, 99
M EOS

Rb 1.53 2.301 £ 0.003 415+ 0.1 PC,PD,P<2GPa, 10
IsqPVfit

Rb 1.53 2.61 3.62 DAC, pXRD,P <11 197

GPa, B-M EOS

Cs 1.90 1.698 + 0.006 3.79 £ 0.02 PC,PD,P <2 GPa, 11

IsqPVfit
Group II Elements:

Mg 1.74 33.6 4.8 PC, PD, P < 4.5 GPa, 203
M EOS

Ca 1.54 18.7 2.5 PC,PD, P <4.5GPa, 201
M EOS

Ca 1.54 174 £ 0.1 3.7+0.1 PC, PD, P £ 2 GPa, 12
1sqP Vit

Sr 2.60 12.1 2.5 PC, PD, P <45 GPa, 203
M EOS

Sr 2.60 11.83 + 0.07 247 £ 0.07 PC,PD,P<2GPa, 12
1sqPVfit

Ba 3.50 9.4 21 PC, PD, P < 4.5 GPa, 201
M EOS

Ba 3.50 8.93 £ 0.6 2.76 £ 0.05 PC,PD,P<2GPa, 12

IsqPVfit

123
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dK()T/dP3 Technique and Notes?  Ref.
(Mg/m3) Modulus
(GPa)?
Transition Metals:
Ti 4.51 109.4 3.4 PC, PD, P <45 GPa, 203
M EOS
\Y% 6.10 154 £ 5 4.27 (fixed DAC, XRD,P<10 147
from GPa, B-M EOS
ultrasonics)
\" 6.10 176 4 £ 3.0 4 DAC, XRD, P < 60 19
GPa, B-M EOS
A" 6.10 1394 182 PC, PD, P < 4.5 GPa, 203
M EOS
Cr 7.19 2530 11.0 8.9 DAC, XRD, P <40 19
GPa, B-M EOS
Cr 7.19 193+ 6 4.89 (fixed DAC, XRD,P<10 147
from GPa, B-M EOS
ultrasonics)
Mn 7.43 1316 6.6 +7 DAC, XRD,P<42 198
GPa, B-M EOS
Co 8.90 167.1 17.3 PC,PD,P<4.5GPa, 203
M EOS
Ni 8.92 190.5 4.0 PC,PD, P<4.5 GPa, 201
M EOS
Cu 8.96 162.5 424 pPC,PD,P <45 201
GPa, M EOS
Cu 8.96 137.4 5.52 DAC, XRD,P<10 124
GPa, B-M EOS
Zn 7.14 59.8 4.4 PC, PD, P <4.5GPa, 201
M EOS
Y 4.46 449 2.2 PC, PD, P < 4.5 GPa, 203
M EOS
Zr 446 104 2.05 DAC, XRD, P <30 217
GPa, B-M EOS
Zr 6.49 102.8 3.1 PC, PD, P < 4.5 GPa, 203

M EOS
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKqT/dP3 Technique and Notes#  Ref.

(Mg/m3) Modulus
(GPa)?
Nb 8.41 144 .2 14.5 PC, PD, P < 4.5 GPa, 203
M EOS
Nb 8.40 171+ 7 4.03 DAC, XRD,P<10 147
GPa, B-M EOS
Nb 8.40 175.7+£ 2.7 4 DAC, XRD, P < 60 19
GPa, B-M EOS
Mo 10.20 266.0 3.5 PC,PD, P <4.5GPa, 201
M EOS
Mo 10.20 267 £ 11 4.46 (fixed DAC, XRD,P< 10 147
from GPa, B-M EOS
ultrasonics)
Pd 12.00 128.0 £ 5.0 5 DAC, XRD, P <60 19
GPa, B-M EOS
Ag 10.50 1035 56+0.8 DAC, XRD, P <25 60
GPa, B-M EOS
Ag 10.50 116.7 £ 0.7 34 DAC, XRD,P<10 124
GPa, B-M EOS
Ag 10.50 120.9 5.2 PC,PD, P<4.5GPa, 201
M EOS
Ag 10.50 106.1 4.7 TCOA, XRD,P <12 193
GPa, B-M EOS
Cd 8.65 44 .8 4.9 PC,PD, P <4.5 GPa, 201
M EOS
La 6.17 24.5 1.6 PC,PD, P<4.5 GPa, 201
M EOS
Ta 16.60 205.7 3.7 PC, PD, P < 4.5 GPa, 201
M EOS
Ta 16.60 194 + 7 3.80 (fixed DAC, XRD,P< 10 147
from GPa, B-M EOS
ultrasonics)
w 19.30 300.1 19.1 PC,PD, P <45 GPa, 203
M EOS
w 19.30 307 £ 11 4.32 (fixed DAC, XRD,P<10 147
from GPa, B-M EOS

ultrasonics)
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKo/dP3 Technique and Notes? ~ Ref.
(Mg/m3) Modulus

(GPa)
Au 19.30 1664 + 2.6 7.3 DAC, XRD,P <10 124
GPa, B-M EOS

Au 19.30 163.5 + 83 4.42-5.16 DAC, XRD,P <20 148
(fixed from GPa, B-M EOS
ultrasonics)

Au 19.30 166.6 + 10.8 55+08 DAC, XRD,P <70 81

GPa, B-M EOS
Group IHI Elements:

Al 2.70 71.7+36 5.31-6.43 DAC, XRD,P <20 148
(fixed from GPa, B-M EOS
ultrasonics)

Al 2.70 719 4.6 PC, PD, P < 4.5 GPa, 201

M EOS
Al 2.70 72.7 43 TCOA, XRD,P<12 193
GPa, B-M EOS
In 7.31 39.1 52 C,PD,P<45GPa, 201
M EOS
In 7.31 38+2 55+£03 DAC, XRD,P <67 185
GPa, B-M EOS
Tl 11.85 36.6 3.0 PC, PD, P <45 GPa, 201
M EOS
Group IV Elements:
C 3.51 444 + 3 1.9+0.3 DAC, XRD, P < 42 6
Diamond GPa, M EOS
C 2.25 338%3 89110 DAC, XRD,P < 14 61
Graphite GPa, M EOS
C 2.25 30.8 4 (assumed) DAC, XRD,P <11 226
Graphite GPa, V EOS
Ce0 1.67 18.1+ 1.8 5.7+0.6 DAC, scXRD, P <20 44

Fullerite GPa, B-M EOS
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Technique and Notes? ~ Ref.

Table 1. Bulk Moduli from Static Compression Data (continued)
Chemical Formulal  Density  Isothermal Bulk dKoT/dP3
Mg/m3) Modulus
(GPa)?
Si 2.33 100.8 4.7 PC,PD, P £4.5GPa, 203
M EOS
Si 2.33 97.9 4.16 DAC, XRD,P < 15 191
GPa. B-M EOS
Si 3.09 72+2 391 £ 007 DAC, XRD, 42<P<79 43
(high-pressure GPa, B-M EOS
hcp phase)
Si 3.25 82+2 422+ 0.05 DAC, XRD, 43
(high-pressure 79<P<248 GPa,
fcc phase) B-M EOS
Sn 7.30 54.9 4.8 PC,PD, P < 4.5 GPa, 201
M EOS
Sn 7.30 502 £0.5 49 DAC, XRD,P <103 121
GPa, B-M EOS
Sn 7.30 56.82 £ 2.19 23+08 DAC, XRD,P <95 28
GPa, B-M EOS dK/dT
=-1.38 (£ 0.13) x 10-2
GPa/K
Sn 7.49 820+1.2 5.5 DAC, XRD, 9.5<P< 121
(high-pressure, (at 9.5 GPa) (at 9.5 GPa) 53.4 GPa, B-M EOS
body-centered
tetragonal structure)
Sn 7.49 56.65 + 9.04 453 £ 0.81 DAC, XRD, 9<P<17 167
(high-pressure, GPa,
body-centered B-M EOS
tetragonal structure) dK/dT = 4.63 (£ 1.24)
x 102 GPa/K
Sn 7.49 76.4 4.04 DAC, XRD, 39
(high-pressure, 45<P<120 GPa, B-M
body-centered cubic EOS
structure)
Pb 1140 40.0 5.8 PC,PD, P <4.5 GPa, 201
M EOS
11.40 43.2 4.87 DAC,XRD,P<10 206
GPa, B-M EOS

Pb
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKoT/dP>  Technique and Notes*  Ref.
(Mg/m3) Modulus
(GPa)2
Pb 11.62 39.9+ 0.2 6.13 +0.10 DAC, XRD, 15<P< 134
{combined hcp and 238 GPa, V EOS
bee high pressure
phases)
Pb 11.57 46.63 5.23 DAC, XRD, 10<P< 206
(high-pressure hcp 100 GPa, B-M EOS
phase)
Pb 11.66 29.02 7.16 DAC, XRD, 100<P< 206
(high-pressure bce 272 GPa, B-M EOS
phase)
Group V Elements:
No 1.03 2.69 393 DAC, XRD, 5<P<16 155
(cubic &-phase) GPa, O-H method
N2 1.21 2.98 3.78 DAC, XRD, 16<P<44 155
(hexagonal e-phase) GPa, O-H method
P 2.70 362 45+05 DAC, pXRD, 98a
(orthorhombic) 0<P<5.5 GPa, M EOS
p 2.97 46 + 4 3.0+ 0.6 DAC, pXRD, 5.5 98a
(high-pressure <P<10 GPa, M EOS
rhombohedral
structure)
P 3.08 95+5 21+£08 DAC, pXRD, 10 98a
(high-pressure simple <P<32 GPa, M EOS
cubic structure)
P 3.08 114 -— DAC, XRD, 11<P<60 187
(high-pressure simple GPa, B-M EOS
cubic structure)
Sb 6.62 40.4 43 PC,PD, P < 4.5 GPa, 203
M EOS
Bi 9.80 29.7 2.4 PC, PD, P £ 4.5 GPa, 201
M EOS
Group VI Elements:
10, 1.32 37.5 3.31 DAC, XRD, 10<P<62 177
(high-pressure - GPa, B-M EOS
phase indexed as

monoclinic)
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKr/dP3 Technique and Notes?  Ref.

(Mg/m3) Modulus
(GPa)?
0)) 1.32 16.7 4.09 DAC, XRD, 10<P<62 177
(high-pressure - GPa, B-M EOS
phase indexed as
orthorhombic)
S 2.07 8.8 6.5 PC, PD, P <45 GPa, 203
M EOS
S 2.07 14.5 7 DAC, XRD, 0<P<5 125
GPa, B-M EOS
S 2.72 17.3 5 DAC, XRD, 5<P<24 125
(high-pressure phase) GPa, B-M EOS
Se 4.79 48.1 £ 0.2 433 +0.04 DAC, XRD, 0<P<12 165
(at 7.7 GPa) (at 7.7 GPa) GPa, M EOS
Se 4.79 7.9 5.8 PC, PD, P <45 GPa, 203
M EOS
Te 6.24 18.2 8.4 PC, PD, P £4.5 GPa, 203
M EOS
Te 6.24 24 +2 23+£0.2 DAC, XRD, 0<P<4 164
(at 2 GPa) (at 2 GPa) GPa, M EOS
Group VII Elements:
Clp 2.09 11.7+£ 09 5.2 (assumed) DAC, XRD, P <45 46
GPa. B-M EOS
Brp 4.10 133+ 0.7 5.2 (assumed) DAC, XRD, P £45 46
GPa. B-M EOS
I 4.94 8.4 6.0 PC,PD, P £4.5 GPa, 203
M EOS
Ip 4.94 13.6 £ 0.2 52 (assumed) DAC, XRD, P <45 46
GPa. B-M EOS
Noble Gases:
He 0-0.43 0.085 -— see reference 42
(solid) GPa:
0.23
>0.18 0.082
GPa:

0.21
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKgr/dP3  Technique and Notes*  Ref.
(Mg/m3) Modulus
(GPa)?
He 0.23 P-V data tabulated DAC, XRD,P <24 135
(solid) (0K) only GPa
Ne 1. 51 1.097 9.23+0.03 DAC,XRD,4.7<P< 84
(solid) @4 XK) 110 GPa, B-M EOS
Ar 1.73 2.86 7.2 PC, PD, P <2 GPa, 9
(solid) 4 K) (at4 K) (at4 K) IsgPVfit
1.65 141 8.4
(77K) (at 77 K) (at 77 K)
Ar 1.73 P-V data tabulated DAC, XRD,P <80 172
(solid) (0 K) only GPa
Kr 2.317 141 43 + 0.1 DAC, XRD,P< 32 166
(solid) GPa, M EOS
Kr 3.09 3.34 7.2 PC, PD, P £ 2 GPa, 9
(solid) @ xK) (at4 K) (at4 K) 1sqPVfit
2.82 1.58 7.6
(110 K) (at 110 K) (at 110 K)
Xe 3.78 5.18 £ 0.32 GPa 548 £ 0.24 DAC, XRD, P < 32 15
(solid) 0K) 0K) 0K) GPa, B-M EOS
Xe 3.78 3.63 7.2 PC, PD, P <2 GPa, 9
(solid) 4K) (at4 K) (at4 K) IsqPVfit
341 1.48 8.8
(159 K) (at 159 K) (at 159 K)
Lanthanides:
Pr 6.77 30.2 1.6 PC,PD,P<45GPa, 203
M EOS
Nd 7.00 32.6 3.0 PC,PD, P < 4.5 GPa, 203
M EOS
Gd 8.23 35.5 4.8 PC,PD, P <45 GPa, 203
M EOS
Gd 8.23 22.71 £ 2.07 431+029 DAC,XRD,P<106 7
GPa, B-M EOS
Dy 8.78 40.3 5.1 PC, PD, P £ 4.5 GPa, 203

M EQOS
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Chemical Formulal ~ Density  Isothermal Bulk dKoT/dP3 Technique and Notes?  Ref.
(Mg/m3) Modulus
(GPa)?
Er 9.37 449 3.5 PC,PD, P < 4.5 GPa, 203
M EOS
Actinides:
Th 11.70 54.0 49 PC, PD, P <45 GPa, 203
M EOS
Pa 15.40 157 1.5 DAC, XRD, P < 38 24
GPa, B-M EOS
Iron and Iron Alloys:
Fe 7.86 164+ 7 4 (assumed) DAC, XRD,P<16 212
o (bce) phase GPa, B-M EOS
Fe 7.86 175.8 3.7 PC, PD, P < 4.5 GPa, 201
a (bec) phase M EOS
Fe 7.86 1625+ 5 5508 DAC, XRD,P<30 196
o (bee) phase GPa, B-M EOS
Fe-5.2 wt. % Ni 7.88 156 +7 421038 DAC, XRD,P <30 196
o (bcc) phase GPa, B-M EOS
Fe-10.3 wt. % Ni 7.88 1537 57+08 DAC, XRD,P<30 196
o (bce) phase GPa, B-M EOS
Fe-7.2 wt. % Si 7.39 175+ 8 43+ 10 DAC, XRD,P <23 188
a (bce) phase GPa, B-M EOS
Fe-8 wt. % Si 7.35 174.0 4.6 DP, XRD, P < 30 41
o (bce) phase GPa, M EOS
Fe-25 wt. % Si 6.77 214+ 9 35108 DAC, XRD,P <23 188
o (bcc) phase GPa, B-M EOS
Fe3Si 6.58 250.0 -2.0 DP, XRD, P < 30 41
Suessite GPa, M EOS
Fe 8.30 208 £ 10 4 (assumed) DAC, XRD, P <30 196
€ (hcp) phase GPa, B-M EOS
Fe 8.30 192.7 £ 9.0 429 £ 0.36 DAC, XRD, P < 96
€ (hcp) phase 78 GPa, B-M EOS
Fe 8.30 164.8 £ 3.6 533 £ 0.09 DAC, XRD,P<300 132

€ (hcp) phase

GPa, B-M EOS
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formula! ~ Density  Isothermal Bulk dKoT/dP3  Technique and Notes*  Ref.
Me/m3 Modulus
(Mg/m?>)
(GPa)2
Fe(.gNig 2 8.37 171.8 + 2.2 495+ 0.09 DAC,XRD,P<260 132
€ (hep) phase GPa, B-M EOS
Fe-5.2 wt. % Ni 8.41 212+ 15 4 (assumed) DAC, XRD,P <30 196
¢ (hcp) phase GPa, B-M EOS
Fe-10.3 wt. % Ni 8.42 215+ 25 4 (assumed) DAC, XRD,P <30 196
¢ (hcp) phase GPa, B-M EOS
Fe-7.2 wt. % Si 7.76 188 + 14 4 (assumed) DAC, XRD, P £ 23 188
€ (hcp) phase GPa, B-M EOS
Fe-10 wi. % Co 7.93 171+ 6 4 (assumed)  DAC, XRD,P <30 162
GPa, B-M EOS
Fe-20 wt. % Co 7.98 169+ 6 4 (assumed) DAC,XRD,P <30 162
GPa, B-M EOS
Fe-40 wt. % Co 8.08 166 £ 6 4 (assumed) DAC, XRD,P <30 162
GPa, B-M EOS
Fep.980 5.87 169 + 10 4 (assumed) DAC,XRD,P=<14 221
Wiistite (ideal) GPa, B-M EOS
Fe(.9450 5.87 157+ 10 4 (assumed) DAC,XRD,P<12 94
Wiistite (ideal) GPa, B-M EOS
FeO 5.87 142 £ 10 4 (assumed)  DAC, pXRD,P <26 131
Wiistite (ideal) GPa, B-M EOS
FeO 5.87 150+ 3 3.8 DAC, XRD,P <83 122
Wiistite (ideal) GPa, B-M EOS
Fe1.xO 5.87 1555 — DAC,scXRD,P<5 91
x = 0.055, 0.07, (ideal) GPa, linPVfit
0.10
Wiistite
FeO 5.87 154.0 34 DP, XRD, P < 30 41
Wiistite (ideal) GPa, M EOS
Feo 9410 5.87 154+ 5 4 (assumed)  DAC, XRD,P <20 213
Wiistite (ideal) GPa, B-M EOS
FeoU 13.19 239 3 DAC, XRD, P £45 87
GPa, M EOS
FeS 4.74 82+7 St4 DAC, scXRD, P <34 100

Troilite

GPa, B-M EOS
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal ~ Density  Isothermal Bulk dKqT/dP3 Technique and Notes? ~ Ref.
(Mg/m3) Modulus

(GPa)?
FeS 4.77 35x4 5t2 DAC, scXRD, 100
(high-pressure MnP- 3.6<P<6.4 GPa, B-M
type structure) EOS
FeS? 4.95 143 4 (assumed) DAC, XRD,P <70 95
Pyrite GPa, B-M EOS
FeS2 4.95 148 5.5 DP, XRD, P < 30 41
Pyrite GPa, M EOS
FeSo 4.95 157 -— DAC, scXRD,P <42 58
Pyrite GPa, linPVfit
FeS2 4.95 2154 0.2 5.5 DAC, XRD, P < 34 29
Pyri[e GPa, B-M EOS
FeSo 487 146.5+ 0.6 49 DAC, XRD, P < 34 29
Marcasite GPa, B-M EOS
FeH 321 121+ 19 531+09 DAC, XRD,P <62 18
GPa, V EOS
Ices:
CO, 1.40 293+ 0.1 7.8 DAC, XRD, P <50 117
GPa, B-M EOS
NH3 0.86 7.56 + 0.06 5.29 + 0.03 DAC, XRD, 3<P<56 161
GPa, B-M EOS
H,O 1.46 223+1.0 4.9+0.7 DAC, XRD, 152
(cubic phase VII) (Po=23GPa) (Pp=2.3GPa) 2.3<P<36 GPa, Avg.
of several EOS
D,0O 1.48 300+ 15 4.1+0.5 DAC, XRD, 152
(cubic phase VII) Pp=29GPa) (Pg=2.9GPa) 2.3<P<36 GPa, Avg.
of several EOS
HyO 1.46 237109 4.15 + 0.07 DAC, XRD 82
(cubic phase VII) 2.3<P<128, B-M EOS
Hydrides:
VHo 5 ~5.73 1935+ 4.0 4 DAC, XRD, P < 35 19
GPa, B-M EOS
NbHg.75 6.60 2023+ 3.0 4 DAC, XRD, P < 35 19

GPa, B-M EOS
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Table 1. Bulk Moduli from Static Compression Data (continued)

Chemical Formulal  Density  Isothermal Bulk  dKqp/dP3  Technique and Notes*  Ref.

(Mg/m3) Modulus

(GPa)

PdH ~10.2 130.0 £ 5.0 4.8 DAC, XRD, P <35 19
GPa, B-M EOS

PdD ~10.2 1350+ 5.0 4.7 DAC, XRD, P < 35 19
GPa, B-M EOS

CtH ~6.23 248.0+£93 11.0 DAC, XRD, P <35 19
GPa, B-M EOS

AlHj ~1.50 479 +1 33102 DAC, XRD, P < 35 19
GPa, B-M EOS

H(AIH3) ~1.28 309+2 32+04 DAC, XRD, P < 35 19
GPa, B-M EOS

CuH 6.38 72.5+2 27+03 DAC, XRD, P <35 19
GPa, B-M EOS

H(CuH) ~5.42 222+2 36 £ 03 DAC, XRD, P < 35 19
GPa, B-M EOS

Amorphous Materials:
Fe2SiO4 3.747 244 10.1 PC, sink/float 4
liquid (1773 K) (1773 K) (17713 K) measurements,
1.0<P<5.5 GPa, B-M
EOS
SiOy glass 2.21 37055 56162 DAC, length-change 143
measurements, P <10

GPa, B-M EOS

Ca-Mg-Na glass ? 355 +3.7 29141 DAC, length-change 143

measurements, P <10
GPa, B-M EOS

! Mineral names are given in italics where applicable.

2 All values are at ambient pressure and room temperature except where noted.

3 A dash implies a linear fit to the pressure-volume data (implies that Kor' = 0) or an unstated Kor'.
4 The temperature derivative of the bulk modulus (dKgp/dT) is given where available.

Key:

DAC = diamond-anvil cell. BA = Bridgman anvil press. DP = Drickamer press.
CAP = cubic-anvil press. TAP = tetrahedral-anvil press. MAP = mulianvil press.
TCOA = tungsten carbide opposed anvils, BCAC = boron carbide anvil cell.
XRD = x-ray diifraction. scXRD = single-crystal XRD. pXRD = powder XRD.
PD = piston displacement. DV = direct volume measurement.

ND = neutron diffraction. EXAFS = extended x-ray absorption fine structure.

P = pressure in GPa.

B-M EOS = Birch-Murngahan equation of state (includes a variety of Birch equations).
M EOS = Murngahan equation of state.

V EOS = Vinet et al. ("universal") equation of state.

1inPVfit = linear fit to the pressure volume data.

1sqPVfit = least sqares fit to the pressure volume data.

O-H method = Olinger-Halleck method of reducing P-V data (see reference).
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Shock Wave Data for Minerals

Thomas J. Ahrens and Mary L. Johnson

1. INTRODUCTION

Shock compression of the materials of planetary
interiors yields data, which upon comparison with
density-pressure and density-sound velocity profiles of
both terrestrial planetary mantles and cores [4,5,94], as
well as density profiles for the interior of the major
planets [148], constrain internal composition and
temperature. Other important applications of shock wave
data and related properties are found in the impact
mechanics of terrestrial planets and the solid satellites of
the terrestrial and major planets. Significant processes
which can, or have been, studied using shock wave data
include: (1) the formation of planetary metallic cores
during accretion [169,192], and (2) the production of a
shock-melted "magma ocean” and concurrent impact
volatilization versus retention of volatiles during accretion
[1]. Also of interest are the shock-induced chemical
reactions between meteoritic components (e.g. H2O and
Fe: [111]). The formation of primitive atmospheres, for
example, containing a large fraction of H2O and CO7 is
also addressable using shock wave and other
thermodynamic data for volatile-bearing minerals (e.g.
[110,112]). A related application of both shock
compression and isentropic release data for minerals
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[13,14] is in the mechanics of both the continued
bombardment and hence cratering on planetary objects
through geologic time [170], as well as the effects of giant
impacts on the Earth [183,185]. Finally, recovery and
characterization of shock-compressed materials have
provided important insights into the nature of shock
deformation mechanisms and, in some cases, provided
physical data on the nature of cither shock-induced phase
changes or phase changes which occur upon isentropic
release from the high-pressure shock state (e.g., melting)
[193,194].

As indicated for the data summary of Table 1, a very
large data set exists describing the Hugoniot equation of
state of minerals. Whereas some earlier summaries have
provided raw shock data [47,121,213], the present
summary provides fits to shock wave data. Earlier
summaries providing fits to data are given by Al'tshuler et
al. [24] and Trunin [203].

Hugoniot data specify the locus of pressure-density
(or specific volume) states which can be achieved by a
mineral from some initial state with a specified initial
density. An analogous summary for rocks, usually
described as a mixture of minerals are given in Chapter 3-
4.

Three pressure units are commonly in use in the
shock wave literature: kilobar (kbar), gigapascal (GPa),
and megabar (Mbar). These are equal to 109, 101 , and
1012 dyne/cmz, respectively, or 108, 109, and 1011
pascals in ST units.

2. SHOCK WAVE EQUATION OF STATE
The propagation of a shock wave from a detonating

explosive or the shock wave induced upon impact of a
flyer plate accelerated, via explosives or with a gun, result



TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System

Sample error lower upper References /
Mineral Formula Density Co ACq S error Up Up Phase® No.of  Temp. Refs.
(Mg/m3) (km/sec) (km/sec) AS  (km/sec) (km/sec) Data
Gases:
Air® (mixture) 0.884 2.28 - 1.20 4.317 5.788 2 2
425 - 0.85 -- 5.788 7.379 4 2 47
Nitrogen plus  1:1 Np+Osp 0.945 1.83 0.11 1.26 0.03 2.235 3.785 2 6 [179]
Oxygen®
Nitric Oxide® NO 1.263 3.76 0.06 0.98 0.02 2.01 3.245 2 7 [179]
Ammonia’ NH; 0.715 245 0.19 1.34 0.04 1.01 7.566 2 12 [83,121,140V/
[159]
Argon¥ Ar 00013  0.71 0.10 1.041 0018 L.73 7.81 2 25 [58,71,84]
Argon{ Ar 0919 1.04 0.06 1.36 0.02 1.59 4.04 2 6 [214]
Argon! Ar 1.026 1.1 0.2 1.45 0.07 1.42 4.10 2 7 [213]
Argon® Ar 1401 1.01 0.10 1.79 0.08 0.301 1.35 2 9
1.28 0.06 1.58 0.02 1.32 3.758 3 24
3.04 0.14 1.09 0.03 3.65 6.451 4 10 [80,121,146,180,
214]/[80,221]
Argon® Ar 1.65 0.88 0.15 2.00 0.11 0.56 1.85 2 8
19 0.3 1.46 0.10 1.85 3.60 3 7
25 0.3 1.29 0.07 3.60 4.60 4 3 [64,109,121,
189]
Carbon COy 1.173 1.54 0.09 1.44 0.03 1.585 3.765 2 16
Dioxide! 33 04 1.01 0.07 4.549 6.264 4 3 [147,178)
Carbon CO, 1.541 1.99 0.08 1.56 0.03 1.03 3.68 2 3
Dioxide® 327 - 121 - 3.68 479 4 2 [233]
Carbon
Monoxide® CO 0.807 1.54 -- 1.40 - 1.692 2471 2 2
259 0.04 0974 0010 2471 5.608 3 3
13 03 1.21 0.04 5.608 792 4 4 [150]

STVHANIN JOd VLVA HAVM JMOOHS ¢v1



TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density  Cgo ACq S error Up Up Phase® No.of  Temp. Refs.
(Mg/m3) (km/sec)  (km/sec) AS  (km/sec) (km/sec) Data
Deuterium? Dy 0.167 1.7 0.6 1.29 0.12 3.678 6.263 2 8
24 0.3 1.17 0.03 6.263 9.014 3 4 [63,144)]
Helium? He 0.123 0.674 0011 1366 0.002 247 9.39 2 3 [145]
Hydrogen® Hjp 0.071 1.128 0006 1829 0013 0 1.105 1 5
1.49 0.08 1.51 0.03 1.105 3.080 2 3
2.38 0.19 1.23 0.03 3.080 9.962 4 10 [63,144,215]
Hydrogen? H, 0.089 1.80 0.12 1.89 0.09 0.801 1.525 2 4 (109]
Methaned CH, 0.423 2.19 - 1.35 -- 2222 3.568 2 2
2.87 0.09 1.166 0014  3.568 8.341 4 4 [150]
Nitrogenk Ny 0.0013  0.38 0.02 1.038 0.004 3.80 8.99 2 10 [57]
Nitrogen®© N, 0.811 0.94 0.10 1.83 0.09 0 1.57 1 9
1.14 0.18 1.59 0.08 1.51 3.26 2 15
2.1 03 1.26 0.06 3.26 5.23 3 24
40 0.2 0.88 0.04 5.2 8.63 4 12 [60,61,62,121,
146,149,179,
213,233])/
[149,160,221]
Oxygen¢ 0, 1.202 1.60 0.16 1.45 0.06 2.06 298 2 9
2.35 0.10 1.22 0.02 291 6.766 4 16 [121,146,223}
Xenonk Xe 0012 02 0.4 1.15 0.13 1.58 3.33 1 4
1.5 0.5 0.74 0.13 3.13 4.11 3 6
0.04 03 1.14 0.05 4.11 7.69 2 7
1.8 0.5 093 0.05 7.69 11.1 4 3 [71,81,216]
Xenon® Xe 3.006 1.33 0.16 1.33 0.09 1.185 251 1 8
1.7 - 1.1 - 2.51 27 3 2
1.49 0.15 1.21 0.05 2.7 3.82 2 8
1.94 0.14 1.09 0.03 3.82 5.502 4 3 [151,212,213]
/[161,212)
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACo S error Up Up Phase® No.of  Temp. Refs.
(Mg/m3) (km/sec) (km/sec) AS  (km/sec) (km/sec) Data
Elements:
Antimony Sb 6.695 32 - -0.8 - 0 0.311 1 2
262 0.02 0.95 0.03 0.311 0.997 2 6
203 0.07 1.61 0.04 0.989 2.699 4 13 [121,126,217,
2271
Bismuth Bi 9.817 2.17 0.06 -1.0 0.5 0 0.32 1 17
1.08 0.06 220 0.07 032 1.183 2 30
2.01 0.04 1.358  0.019  1.183 445 4 21  [30,68,89,113,
121,131,166,
217,226]
Carbon:
Graphite C 0.4665 04 0.3 1.14 0.06 2.114 6.147 2 6 {121}
Graphite C 1.000 0.79 0.12 1.30 0.03 0.772 5.617 2 36 [121]
Graphite C 1.611 1.75 0.09 1.42 0.05 0.911 422 2 60  [82,121,133,213,
217}
Graphite C 1.794 2.04 0.14 1.66 0.08 0 2.563 2 30
42 0.5 0.71 0.18 2.372 3.08 3 19
19 0.3 1.49 0.07 3.069 542 4 41 [82,121,133,213,
217]
Graphite C 2.205 3.11 0.07 4.7 0.2 0.012 0.41 1 12
4.19 0.05 1.83 0.04 0.404 1.9 2 77
1.5 0.3 0.21 0.11 1.89 3.316 3 24
3.92 0.06 1.331 0008 3.119 28.38 4 22 [58,65,82,121,
126,133,162,
217]
Diamond C 1.90 1.2 02 1.73 0.05 2 6.5 2 5 [153]
Diamond C 3.191 7.74 0.05 1456 0.019 1364 3.133 2 3 [121]
Diamondd C 3.51 12.16 -- 1 - 2 8.5 2 - [153]
Glassy Carbon C 1.507 272 0.11 1.12 0.03 0 5.8 2 45  [82,121,181]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACq S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec) (km/sec) AS  (km/sec) (km/sec) Data
Carbon Foam C 0.435 0.85 0.09 0.88 0.05 0.815 2.301 2 20
-0.35 0.12 1.34 0.02 2.119 6.734 4 83  {121]
Carbon Fibers C 1.519 1.18 0.09 1.73 0.06 0.924 2.361 2 5
2.52 0.10 1.14 0.03 2.361 5.041 4 15 [121]
Cobalt Co 2.594 -0.15 0.06 1.602 0017 0.651 6.39 2 11 [209]
Cobalt Co 4.15 0.05 0.03 1.863 0.014 0.615 3.63 2 8  [209]
Cobalt Co 5.533 042 0.04 2.11 0.02 0.293 2.89 2 10
1.38 0.08 1.76 0.02 2.89 5.2 4 4 [209]
Cobalt Co 8.82 453 - 1.77 - 0 0.482 t 2
477 0.02 1.285 0.014 0482 2.297 2 17
3.98 0.13 1.66 0.04 2.289 432 4 4 [24,121,126,131,
166,217,226]
Copper Cu 1.909 0.03 0.08 1361 0009 0.661 26.1 2 27 [24,209]
Copper Cu 2.887 037 0.08 1406 0015 115 17.25 2 28 [24,121,209)
Copper Cu 3.57 0.03 0.02 1675 0008 0.63 3.96 2 6 [209]
Copper Cu 4475 135 - 202 - 0 0.315 1 2
0.15 0.05 1.87 003 0.315 2944 2 14
19 0.3 133 0.05 2.944 9.56 4 8  [56,121,134,136,
204,209]
Copper Cu 6.144 273 0.11 -1.7 0.8 0 0.534 1 14
0.87 0.07 197 004 0.534 3.365 2 39
32 04 1.27 007 3.327 8.717 4 5 [56,121,128,134,
136,172,204,
209, 217]
Copper Cu 7.315 3.15 0.14 -0.4 02 0 0.701 1 3
1.73 0.07 1.94 0.04 0.669 3.063 2 18 [56,121,126,128,

134,136]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACo S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec)  (km/sec) AS (km/sec)  (km/sec) Data
Copper Cu 7.90 3.39 0.04 -0.06  0.08 0 0.646 1 3
229 0.06 1.90 0.03 0.627 2.969 2 18 [56,121,127,134,
136]
Copper Cu 8.931 3.982 0.014 1460 0.006 0 12.1 2 315 [22,24,25,28,29,
30,90,121,126,
131,134,136,
139,141,143,
166,172,184,
205,213,217,
226]
Germanium Ge 5328 593 0.19 -1.8 0.2 0.0775 1.226 1 17
1.98 0.10 1.63 0.04 1.226 3.188 2 46 [79,121,126,136,
213]
Gold Au 19.263 295 0.03 1.81 0.07 0 0.71 1 S
3.08 0.04 1546  0.019 0.7 3.52 2 11 [24,100,121,131,
166,217,226]
Indium In 7.281 2.54 0.05 149 0.03 0.56 2.932 2 15
548 -- 047 -- 2.932 4.87 4 2 [24,121,166,217,
226]
Iodine I 4902 1.62 0.03 1.25 0.04 0.49 09 1 5
1.34 0.04 1.59 0.02 0.9 2.66 2 38
24 03 1.17 0.08 2.65 4.73 4 13 [125,213]
Iridium Ir 22.54 381 0.05 1.76 0.10 0 0.933 1 6
437 0.07 1.15 0.05 0.933 1.629 3 4
3.36 0.09 1.76 0.04 1.629 3.09 4 3 [24,121,136]
Iron Fe 2633 -0.04 0.08 1.63 0.04 0.646 327 2 6
1.8 03 1.28 0.03 3.27 21.54 4 8 [204,209]
Iron Fe 3.359 0.23 0.09 1.67 0.04 0.644 5.52 2 24 121,134,136,

204]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACq S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec) (kmvsec) AS  (km/sec) (km/sec) Data
Iron Fe 4.547 0.57 0.09 1.88 0.04 0.591 3.59 2 33
24 0.3 1.38 0.05 3.58 9.1 4 6 [121,134,136,
204, 2091
Iron Fe 5.783 3.15 0.10 -1.7 0.6 0 0.537 1 12
1.17 0.03 1.98 0.04 0.537 0.941 2 4
0.01 0.09 322 0.08 0.941 1.249 3 3
2.25 0.09 1.61 0.03 1.565 495 4 10 [31,121,134,136,
172,213]
Iron Fe 6.972 4.1 - -1.5 -- 0 0.569 1 2
24 02 1.3 0.3 0.569 0.85 2 5
1.2 03 28 0.2 0.85 1.453 3 4
217 0.08 1.71 0.04 1.427 3.131 4 15 [121,134,136]
Iron Fe 7.853 5.85 0.12 -1.7 08 0 0.573 1 16
348 0.05 191 0.05 0.763 1.433 2 42
3.94 0.03 1584 0.013 1413 455 4a 97
5.36 0.07 1302 0.008 4.50 21.73 4b 18 [24,25,29,30,31,
33,108,121,126,
131,132,134,
136,138,162,
166,172,202,
206,213,217,
226)/16,20,43,
4]
Iron-Nickel (Fe, Ni)
(see Taenite)
Iron-Silicon Fe12Si 7.641 3.87 0.04 1.67 0.02 0.984 3.568 2 37 [42,121]
Iron-Silicon Fe7Si 749 401 0.06 1.71 0.04 0.975 2.291 2 3 [121)
Iron-Silicon Fe3Si

(see Suessite)
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACq S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec) (km/sec) AS  (km/sec) (km/sec) Data
Lead Pb 4.71 031 -- 1.42 - 0.607 1.016 2 2
017 0.06 1.59 0.03 1.016 283 3 5
0.78 0.12 1.37 0.03 2.83 577 4 3 [209]
Lead Pb 6.79 0.555 0016 1726 0.015 055 1.44 2 4
094 0.05 1462 0018 1.4 3.24 3 3
1.36 -- 1.33 -- 3.24 4.85 4 2 [209]
Lead Pb 8.40 0.71 0.07 2.10 0.14 0.26 0.73 2 3
1.15 0.08 1.59 0.05 0.73 218 3 6
1.84 0.05 1.306  0.016  2.18 491 4 5 [209]
Lead Pb 9.51 1.20 0.07 1.87 0.08 0.46 1.16 2 3
1.58 0.05 1.51 0.02 1.16 273 3 3 [209]
Lead Pb 11.345 1.992 0014 1511 0012 0 2.36 2 93
270 0.04 1.213 0.006 2335 19.12 4 42 [25,28,30,33,
121,131,141,
163,166,206,
213,217,226]
Mercury Hg 13.54 145 - 226 -- 0 0.56 2 2
1.752 0.007 1724 0.009 0.56 0.991 4 3 [121,225]
Nickel Ni 1.644 -0.04 0.05 132 0.02 0.67 3.15 1 16
-04 0.3 147 0.06 2.86 573 2 19 [209]
Nickel Ni 3.202 0.09 0.07 1.71 0.02 1.53 4.045 2 6
0.87 0.17 1.46 0.02 4045 1031 4 3 [209]
Nickel Ni 4.198 0.02 0.13 1.88 0.05 0.61 3.86 2 15 [209]
Nickel Ni 5.15 0.7 -- 19 - 1.23 1.98 2 2
1.40 0.09 1.606  0.019 198 891 4 7 [209]
Nickel Ni 6.275 0.23 0.09 279 0.13 0.54 0.80 1 3
1.02 0.10 2.03 0.05 0.80 328 2 9
2.15 -- 1.64 - 3.28 462 4 2 [209]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACqo S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec)  (km/sec) AS  (km/sec) (km/sec) Data
Nickel Ni 8.896 4.57 0.04 0.29 0.17 0 0.354 1 4
3.83 0.17 2.5 0.3 0.349 0.635 2 28
431 0.04 1.63 0.03 0.635 2.63 4a 52
54 0.08 1300 0.015 2.63 7.5 4b 18 [24,25,90,121,
131,166,209,
213,217, 226]
Palladium Pd 11.996 3.83 0.02 1.83 0.04 0.00 0.825 2 7
4.09 0.05 1.49 0.03 0.803 2317 4 13 [56,121,136,166,
217,226}
Platinum Pt 21.445 3.587 0014 1556 0008 0.00 3.444 2 29 {86,121,136,166,
217,226]
Rhenium Re 20.53 412 0.05 0.04 018 0.00 0372 i 3
3.56 0.08 1.63 0.08 0.372 1.441 2 7
4.0 0.2 1.32 0.12 1.346 2.028 4 6  [121,136]
Rhenium Re 20.984 4.16 0.04 140 0.06 0.00 1.127 2 7 [121,136]
Rhodium Rh 12422 428 0.12 2.7 04 0.00 0426 1 4
476 0.05 141 0.04 0.369 2.004 2 14
4.043 0018 1713 0.006 2.004 38 4 3 [24,121,136,166,
226]
Silver Ag 10.49 323 0.04 1.59 0.03 0.00 2.149 2 16
3.56 0.13 146 0.04 2.12 432 4 9  [24,30,56,121,
131,166,217,
226]
Suessite (Fe,Ni)3Si 6.870 521 -- 2.25 - 0.00 0.495 1 2
553 0.06 1.23 0.03 0.495 3.627 2 32 [42,121)
Sulfur S 202 3.633 0.013 0606 0010 0.897 1470 2 3
28 0.3 1.18 0.15 1.431 2.046 4 6 [121]
Taenite (Fe,Ni) 7.933 441 0.05 1.01 0.05 0.00 1.09 1 11
(also 379 0.051  1.65 0.02 1.019 2777 2 41
Kamacite) 420 0.17 1.48 0.05 2.723 4.59 4 11 [36,121,132,136,

217]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co AC S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec)  (km/sec) AS  (km/sec) (km/sec) Data
Tin Sn 7299 2.60 0.15 2.2 0.9 0.00 0.304 1 3
333 0.07 -0.14 015 0.304 0.5 3 6
248 0.03 1.57 0.03 0.5 2.15 2 66
343 0.03 1.205 0.008 2.15 8 4 33 [24,25,30,121,
126,131,166,
213,217, 226]
Wairauite CoFe 8.091 4.64 0.04 1.63 0.08 (.00 0.647 2 12
5.69 0.02 -0.10  0.02 0.663 1.037 3 5
3.78 0.08 1.62 0.04 1.038 2.801 4 10 [121]
Zinc Zn 6.51 3.69 0.17 0.98 0.12 0.54 2.08 2 3
3.04 0.15 1.35 0.05 2.08 5.04 4 4  [23]
Zinc Zn 7.138 3.00 0.02 1586 0.013 0.00 3.01 2 39
3.70 0.15 1.37 0.04 2.98 4.85 3 10
4.05 0.02 1303 0003 4385 8 4 9  [24,25,30,121,
126,131,166,
217,224, 226]
Carbides:
Moissanite SiC 2333 23 0.3 1.84 0.12 2.048 3444 4 10 [121,127,136]
Moissanite SiC 3.029 8.4 0.6 0.3 0.3 1.535 2.112 3 3
56 03 1.62 0.14 2.112 2.842 4 4 [121]
Moissanite SiC 3.122 8.0 -- 6.0 -- 0.00 0.464 1 2
10.29 0.13 -038 010 0.674 1.678 3 9
7.84 0.11 1.03 0.05 1.678 2912 4 10 [121,127,136)]
Tantalum TaC 12.626 332 0.09 149 0.05 0.887 2.619 2 20 [121]
Carbide
Tantalum TaC 14.110 4.34 0.05 1.36 0.03 0.435 3.76 2 21 [121,152)

Carbide
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACq S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec) (km/sec) AS  (km/sec) (km/sec) Data

Tungsten wC 15013 497 011 21 0.4 0.00 0.369 1 4
CarbideP 521 0.03 1.14 0.02 0.369 1.819 2 12 [121,127,136]
Tungsten wC 15.66 4926 0014 1163 0007 045 3.66 2 4 [152]
Carbide
Sulfides:
Sphalerite ZnS 3.952 5.08 0.03 -0.09 0.03 0.63 1.52 2 3

3.10 0.10 1.22 0.04 1.52 2.70 3 3

09 - 20 - 270 3.56 4 2 [186]
Pyrrhotite Fe1.xS 4.605 5.8 02 4.7 0.5 0.235 0.547 1 3

231 0.17 2.08 0.15 0.494 1.599 2 10

3.23 0.10 1.49 0.03 1.496 5.361 4 14 [3,53]
Pyrite FeS, 4933 8.8 1.0 -14 1.0 0.225 1.39 1 7

53 0.10 147 0.04 1.133 5 2 11 [10,186]
Potassium KFeS; 2.59 232 0.06 1.97 0.05 0.223 2.05 2 11
Iron Sulfide 8.2 - -1.0 - 2.05 279 3 2

0.25 0.07 1912 0017 279 472 4 3 [191,230]
Halides:
Griceite LiF 1.27 0.74 - 1.58 - 24 6.59 2 2 [106]
Griceite LiF 2.638 5.10 0.09 1.35 0.03 0452 1001 2 68  [38,54,121,195,

213] /N177]

Villiaumite NaF 2,792 4.08 0.14 1.42 0.13 0.5 1.54 2 8

6.7 0.3 -0.28 0.16 1.54 2.027 3 4

2.83 0.04 1635 0013  2.027 3.982 4 8  [54,213]
Halite NaCl 0.868 -0.15 0.19 1.72 0.06 1.942 3.62 2a 4

70 13 -0.2 0.3 3.62 4.181 3 3

-04 -- 1.5 - 4.181 5.552 2b 2 [121]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACq S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec) (km/sec) AS  (km/sec) (km/sec) Data
Halite NaCl 0.989 0.74 0.09 1470 0.018 2.53 6.02 2 5
39 - 09 -- 6.02 6.6 3 2
-17.0 -- 41 - 6.6 6.7 4 2 [106]
Halite NaCl 1.427 1.56 0.12 1.49 0.03 2.29 5.66 2 5
56 - 0.8 - 5.66 6 3 2
-5.1 -- 2.5 -- 6 6.11 4 2 [106)
Halite NaCl 2.159 3.60 0.09 1.17 0.18 0.00 0.647 i 28
341 0.03 1.42 0.03 0.646 1.7 2a 113
435 0.09 0.88 0.04 1.7 2.5 3a 109
243 0.07 1.66 0.02 2.5 3.75 4a 95
44 0.3 1.11 0.08 3.73 4356 3b 43
3.5 0.3 1.33 0.05 4.324 6.52 4b 8
19 - -1 -- 6.52 6.8 3c 2
38 0.2 1.18 0.02 6.8 11.05 4c 3 [32,73,84,106,
121, 213] /{48,
103, 107, 176,
177]
Sylvite KCl 0.79 09 - 1.3 - 2.66 7.19 2 2 [106]
Sylvite KCl1 141 1.9 - 13 - 23 6.56 2 2 [106]
Sylvite KCl1 1.986 2.86 0.09 1.26 0.09 0.249 22 1 33
4.0 0.2 1.09 0.05 22 6.71 2 9
14 -- -04 -- 6.71 7.1 3 2
2.5 04 1.25 0.04 7.1 11.38 4 3 [34,38,85,106,
2131/[48,107,
177]
Potassium KBr 2.747 2.83 0.16 -0.1 0.3 0.27 0.61 1 4
Bromide 1.88 0.05 1.50 0.03 0.57 29 2 13
2.63 0.09 1.24 0.02 2.862 5.09 4a 12
323 0.19 1.11 0.03 5.09 10.6 4b 6 (38,106,121,
213]/ [48]
Cesium Csl 251 0.66 0.12 142 0.04 1.04 423 2 6
lodide 1.37 0.12 122 0.02 4.23 6.75 4 4  [154]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density  Cop ACq S error Up Up Phase®™ No.of  Temp. Refs.
Mg/m3) (km/sec) (km/sec) AS  (kmjsec) (km/sec) Data
Cesium Csl 4.51 1.57 0.17 1.66 0.17 0.56 1.32 2 7
lodide 38 - 0.1 - 1.32 1.56 3 2
1.95 0.05 1302 0019 156 43 4a 13
2.66 0.13 1.141 0019 43 028 4b 3 [38,121,154,
213] /{199,209]
Fluorite CaFy 3.18 55 - 0.8 -- 1.1 222 1 2
4.64 0.16 1.19 0.06 222 3.38 2 4
8.2 - 0.14 - 3.38 3.67 3 2
04 03 227 0.07 3.67 5.76 4 5 {33]
Cryolite Naz AlFg 2.96 4.70 0.10 0.89 0.09 0.71 1.57 2 3
3.76 0.12 1.44 0.04 1.57 3.8 4 4  [186]
Oxides:
Water, Icel H,0 0.35 0.080 0.18 1.40 0.03 2.76 6.75 2 S [41]
Water, Icel Hy0 0.60 0.83 0.16 140 0.03 2.57 6.2 2 S [41]
Water, Ice) H,O 0915 4.05 0.05 -1.89 0.16 0.045 0.858 1 7
1.43 0.11 1.48 0.03 0.858 5.67 2 9  [41,75,114]
Water, Icek H,O 0.999 1.47 0.04 193 0.06 0.00 097 1 14
1.70 0.06 1.71 0.03 0.9 2.53 2 58
2.64 0.07 1270  0.008 2479 3242 4 25 [19,29,116,121,
140,157,167,
213,217, 2251/
[87,119]
Seawater (mixture) 1.03 1.69 0.08 1.73 0.10 0.31 1.11 2 3
2.07 0.09 1.38 0.03 1.11 4.76 4 4  [210]
Bromellite BeO 2454 35 03 1.92 0.12 1.799 3.356 2 6 [120,121)
Bromellite BeO 2.661 8.5 -- -12 - 0.577 1.25 1 2
54 0.8 1.6 0.4 1.25 346 2 3 [120,121,213]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACo S error Up Up Phase® No.of  Temp. Refs.
(Mg/m3) (km/sec)  (km/sec) AS  (km/sec) (km/sec) Data
Bromellite BeO 2.797 9.10 0.18 -1.0 0.2 0.368 1.094 1 4
6.7 0.5 1.32 0.18 1.094 37 2 5 [120,121,213]
Bromellite BeO 2.886 7.76 0.10 1.22 0.05 0.77 2.74 2 12
8.42 0.06 1.042 0.013 2.74 5.78 4 3 [120,121,152,
213]
Bromellite BeO 2989  10.84 0.08 -0.78 0.13 0.317 0.939 1 4
9.65 0.10 0.49 0.07 0.939 1.825 2 4
1.7 0.3 1.53 0.11 1.825 2.822 4 4 [120,121]
Periclase MgO 2.842 28 0.2 1.84 0.08 1.749 3.528 2 6  [56,121,127]
Periclase MgO 3.00 3.10 0.14 1.88 0.06 1.259 3.362 2 13 [56,121,127]
Periclase MgO 3.355 35 0.3 27 0.3 0.629 1.557 2a 8
478 0.13 1.77 0.06 1.509 2.652 2b 9
5.73 0.12 1.36 0.03 2.619 5.62 4 11 [37,56,121,127]
Periclase MgO 3.583 6.09 0.10 1.75 0.08 0.626 1.967 2 25
6.83 0.12 1.29 0.04 1.92 444 4 16 [2,47,56,76,121,
127,217,218]
/1197]
Magnesio- Mgg.6Feo 40 4397 481 0.04 1.63 0.02 1.55 2.3 2 3
wiistite 6.50 0.16 091 0.05 2.3 333 3b 4
46 0.7 1.51 0.17 3.33 429 4 4 [219]
Magnesio- Mg 1Fep.90 5.191 43 -- 5.7 - 0.00 0.332 1 2
wiistite 627 0.11 0.3 0.2 0.332 0.705 3a 3
496 0.07 1.56 0.07 0.705 1.28 2 3
5.53 0.12 1.14 0.07 1.28 2.169 3b 4
4.76 0.14 1.49 0.06 2.169 2721 4 3 [121]
Lime Ca0 2.980 3.56 0.11 1.79 0.07 0.882 2.083 2 6
6.7 0.6 0.3 0.2 2.083 3.01 3 3
261 0.16 1.67 0.05 3.01 3.558 4 S [121]

STVIANIN d0d VLVA HAVM JOOHS 9§17



TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACq S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec)  (km/sec) AS  (km/sec) (km/sec) Data
Lime Ca0 3.324 74 0.8 0.5 0.3 1.801 3.285 3 5
42 12 1.5 0.3 3.285 4.628 4 9  [971/(50]
Wiistite Fe1.xO 5.548 4.80 0.10 133 0.07 1.22 1.766 2 3
6.9 -- 02 -- 1.766 2.034 3 2
372 0.15 1.59 0.04 2414 4.055 4 4 [97}
Wiistite Fe1 xO 5.662 34 -- 24 -- 1.56 1.73 2 2
6.84 0.02 0408 0011 173 2.51 3 3
33 -- 1.8 -- 2.51 2.62 4 2 [232]
Corundum AlLO5 3.761 11.04 0.18 4.3 0.5 0.18 0.706 1 7
6.61 0.16 1.35 0.07 0.706 3.282 2 15 [9,121,127]
Corundum AlpO3 3.843 1020 0.125 -19 0.3 0.18 0.898 1 5
7.08 0.11 1.36 0.05 0.898 2.979 2 10 [47,121,122,127,
217]
Corundum AlLO3 3.92 8.71 0.05 0716  0.017 037 5.5 2 6  [152]
Corundum Al,O3 3979  11.04 0.07 1.1 0.3 0.033 0.46 0 41
17.8 1.6 -14 3 0.46 0.621 1 6
8.83 0.06 0.93 0.03 (0.555 3.064 2 52 [9,47,78,121,
122, 127,217]
Corundum Al,O3 4.00 9.52 0.04 0955 0.008 1.02 8.28 2 4 [152]
Hematite a-Fe,03 5.047 6.18 0.12 1.40 0.17 0.00 1.03 2 6
7435 0.011  0.035 0.007 1.097 2.294 3 4
4.39 0.11 1.37 0.04 2.294 3.18 4 10 [47,121,127,200,
217]
Ilmenite Fet2TiOs 4.75 5.85 0.08 1.28 0.07 0.85 1.38 2 3
743 - 013 - 1.38 1.92 3 2
5.46 - 115 - 1.92 3.09 4 2 [186)
IlImenite Fet2TiO; 4.787 6.33 0.12 1.0 0.2 0.00 0.652 2 3
6.86 0.06 0.17 0.05 0.626 2.009 3 5
4.07 0.18 1.54 0.07 2.009 3.082 4 12 [121,127]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACq S error Up Up Phase® No.of  Temp. Refs.
(Mg/m3) (km/sec)  (km/sec) AS  (km/sec) (km/sec) Data
Perovskite CaTiO3 3.86 5.25 0.11 1.48 0.07 0.59 2.35 2 5
6.5 0.3 0.93 0.10 2.35 324 3 3
4.0 = 1.7 - 3.24 542 4 2 [187]
Barium BaTiO3 5.447 6.26 0.14 4.0 0.3 0.016 0.655 1 23
Titanate 233 0.10 2.63 0.10 0.533 1.334 2 55
37 0.2 1.60 0.12 1.321 2479 4 9  [66,121,213]
Spinel MgAl;04 2.991 4,05 0.19 143 0.07 1.727 3.63 4 9  [121,127]
Spinel MgAl; Oy 3417 71 - 1.13 -- 0.00 0.987 2 2
823 0.06 -0.03  0.03 0.987 2.146 3 10
507 0.16 142 0.06 2.134 3.348 4 13 (47,121,127,
217]
Spinel MgAlyO4 3.514 726 0.07 1.48 0.17 0.00 0.688 2 3
8.04 0.07 027 004 0.688 2311 3 5
57 0.5 1.35 0.16 2.311 3.507 4 8  [121,127]
Magnetite Fet2Fet3,04 5.07 72 - -0.2 - 1.14 15 3 2
30 14 1.8 0.4 2,72 452 4 3 [186]
Magnetite Fet2Fe*3;04 5.117 59 - 13 -- 0.00 0.61 2 2
6.56 0.08 0.05 0.06 0.61 1.786 3 10
424 0.11 1.36 0.05 1.757 2975 4 15 (47,121,127,
217]
Rutile TiOy 4.21 6.96 0.06 0.23 0.03 1.14 2.44 3 3
21 0.3 2.15 0.08 244 52 4 5 [35]
Rutile TiOy 4245 103 0.5 43 1.3 0.09 0.676 1 11
7.68 0.11 0.21 0.07 0.468 2.858 3 8
30 0.6 1.8 0.2 2.858 3.191 4 8  [11,47,121,123,
127,130,217]
Pyrolusite Mn*40, 4318 377 0.14 1.46 0.07 0.769 3.263 2 16  [47,121,217]
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TABLE 1.

Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACo S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec) (km/sec) AS (km/sec) (km/sec) Data

Cassiterite Sn0, 6.694 6.82 0.05 022 0.05 0.509 1.866 1 7

5.15 0.06 0.68 0.03 1.866 2.501 2 4

2.6 0.6 1.7 0.2 2.501 2.833 4 3 [47,121,217]
Argutite GeOy 6.277 9.51 0.12 0.29 0.11 0.15 2.57 2 6 [92]
Baddeleyite 710, 4512 44 -- 027 -- 0.00 1.622 2 2

1.9 04 1.88 0.17 1.622 2.994 4 8 [121]
Baddeleyite 71O, 5.814 5.17 0.08 1.02 0.05 0.41 2.17 2 4

442 0.07 135 0.03 2.17 2.99 4 4 [124]
Cerianite (Ce*4,Th)0, 1.133 0.2 0.3 1.20 0.07 1.925 5.437 2 7 [121]
Uraninite U0, 10.337 3.99 0.06 0.20 0.13 0.00 0.571 1 3

3.59 0.04 0.91 0.03 0.568 1.983 2 12

1.7 0.4 1.8 0.16 1.983 2.493 4 6 [121]
Uraninite U0, 6.347 043 0.07 1.70 0.03 1.025 3.286 4 18 [121]
Uraninite U0, 4.306 0.12 0.11 1.51 0.04 0.88 3.855 4 15 [121]
Uraninite U0, 3.111 -0.22 0.10 1.47 0.03 1.355 4256 4 15 [121]
Hydroxides:
Brucite Mg(OH), 2.37 475 0.06 1.26 0.02 1.25 341 2 6

0.9 -- 24 -- 341 3.96 4 2 [186]
Brucite Mg(OH), 2.383 5.0 0.2 122 0.11 0.886 3.079 2 13 [69]
Goethite a-Fet30(0H) 4.0 44 - 1.6 - 1.02 1.34 2 2

5.77 0.11 0.61 0.06 1.34 2.52 3 3

29 -- 18 - 2.52 3.51 4 2 [187]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACy N error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec) (km/sec) AS  (km/sec) (km/sec) Data
Carbonates:
Calcite CaCO3 2.701 6.9 0.2 -2.8 1.0 0.081 0.81 1 24
3N 0.03 1435 0013 0.81 3.845 2 6  [11,21,102)/
[103]
Magnesite MgCOs 2975 6.08 0.09 1.26 0.04 0.6 361 2 6 [102]
Dolomite CaMg(CO3); 2.828 6.2 0.5 0.4 0.5 0.495 1.15 2 5
5.30 0.10 1.16 0.03 1.12 5.32 4 19 (102,184,213]
Aragonite CaCOs 2.928 5.82 0.11 0.78 0.12 0.11 1.83 2 12 {220]
Sulfates:
Mascagnite (NH4)2S504 1.3 0.77 0.15 228 0.167 0.36 121 2 8
18 0.2 1.54 0.12 1.15 2.5 4 11 [99]
Mascagnite (NH4)2504 1.6 1.96 0.10 2.09 0.10 0.28 1.83 2 8 [99]
Mascagnite (NH4)2504 1.73 371 0.14 134 0.12 0.2 1.87 2 5 [99]
Anhydrite CaSOy 297 3.60 0.06 1.75 0.05 0.73 1.55 2 3
4.6 - 1.1 - 1.55 1.85 3 2
324 0.11 1.72 0.03 242 371 4 4  [186]
Barite BaSO4 4.375 33 - 19 - 0.64 1.03 2 2
47 0.2 0.54 0.15 1.03 1.69 3 3
23 04 1.86 0.16 1.69 329 4 5 [186]
Gypsum CaSOy 2.28 2.80 0.17 1.95 0.13 0.85 1.72 2 3
*2H,0 5.2 - 0.5 - 1.72 2.15 3 2
249 0.12 1.79 0.04 2.15 4.06 4 5 [186]/[103]
Borates:
Sassolite H3BO3 1.471 2.09 0.11 1.27 0.08 1.254 1.639 2 3
1.14 - 1.85 -- 1.639 2.114 4 2 f121]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACq S eror Up Up Phase® No.of  Temp. Refs.
(Mg/m3) (km/sec) (km/sec) AS (km/sec) (km/sec) Data
Silica
Polymorphs:
Quartz Si09 2.651 6.61 0.12 1.02 0.19 0.295 0.81 Oa 16
5.65 0.09 09 0.2 0.285 0.66 Ob 29
8.14 0.11 -1.32 0.12 0.508 1.815 la 16
6.44 0.07 -043 0.08 0.48 1.815 1b 12
529 0.08 0.20 0.04 1.803 2.48 3a 6
148 0.10 1.80 0.03 2.46 4.55 2 24
8.2 0.6 0.33 0.12 4.51 484 3b 3
40 0.2 1.283 0018 484 26.76 4 10 [11,17,27,3747,
72,118,121,127,
129,155,162,
208,217, 2221/
[118,165]
Porous Quartz Si04 1.15 0.41 0.09 1.40 0.03 1.52 5.28 2 15 [188,207]
Porous Quartz N3 0)) 143 0.87 0.09 1.38 0.03 0.65 5.08 2 30 [188,207]
Porous Si0y 1.766 1.27 0.03 135 0019 0.62 2.13 2 4
Quartz 342 0.13 0.34 0.05 2.13 2.55 3 3
0.25 0.05 1.589 0.011 2.55 9.0 4 9 [188,207]
Porous Si0p 1.877 215 0.07 0.82 0.03 0.849 3.374 2 11
Quartz -0.5 04 1.86 0.10 3.374 4.863 4 15 [121]
Porous Si0Oy 2.151 3.02 0.16 0.84 0.08 0.799 3.199 2 11
Quartz 0.7 0.2 1.67 0.06 3.199 6.52 4 16 (121,207]
Silicic Acid Hy4Si04 0.55 -0.09 0.11 1.27 0.02 3.51 6.59 4 5 [188]
Silicic Acid H48i04 0.65 -0.01 0.03 1.275 0006 294 593 4 6  [188]
Silicic Acid Hy4Si04 0.80 0.78 0.03 1.05 0.02 0.68 1.98 2 3
033 0.04 1.261  0.009 1.98 571 4 7 {188]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACq S  eror Up Up Phase® No.of  Temp. Refs.
(Mg/m3) (km/sec) (kmJsec) AS  (km/sec) (km/sec) Data
Aerogel SiO,! 0.172 021 0.07 1.01 0.02 1.494 4,01 2 6
-044 0.10 1.164 0018 4.01 7401 4 8  [88,188]
Aerogel Si0,! 0.295 021 0.03 1.11 0.05 0.302 0.765 2 3 [158]
Acrogel SiO;! 040 0.29 0.03 1.089  0.010 1456 3.63 2 4
-0.214 0013 1224 0003 3.63 637 4 4 [188]
Aerogel Si0yf 0.55 0.590 0006 0945 0.006 0.335 1.43 2 3
0.15 0.04 1.219  0.008 143 6.1 4 7 [188]
Cristobalite SiOy 2.13 229 0.09 1.01 0.06 0.96 1.99 2 3
1.23 0.05 1545 0014 199 4.66 4 6  [156]
Coesite SiO, 1.15 0.4 0.07 1.44 0.02 1.2 4.59 2 5 [156]
Coesite SiO9 240 34 0.3 1.42 0.19 1.33 205 2 3
43 - 097 -- 2.05 4.16 3 2 [156]
Coesite SiO; 292 5.833 0010 0902 0009 066 1.48 2 3
6.92 0.02 0.168 0.011 148 2.86 3 3
26 04 1.68 0.12 2.86 4.05 4 3 [156]
Silicates:
Forsterite Mg, SiOy 3.059 571 0.07 0.64 0.03 0.825 27N 2 6
30 03 1.65 0.10 271 3.626 4 6 [47,121,127,
217)
Forsterite Mg, SiOy 3212 105 0.2 -3.3 0.4 0.18 0.797 la 16
6.8 0.3 14 0.6 0.00 0.795 1b 12
721 0.10 0.55 0.06 0.749 2.449 2 20
46 03 1.51 0.08 2433 4.61 4 20 [91,121,127,201,

229]/[165]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACq S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (kmsec) (km/sec) AS  (km/sec) (km/sec) Data
Olivine (Mg, Fe),- 3.264 8.84 0.13 -0.99 0.18 0.272 143 1 4
SiOy4; 56 -- 1.3 - 143 2.19 2 2
(Mgg 95- 8.1 - 015 - 2.19 2.8 3 2
Fe.08)25i04 6.0 03 08 008 28 481 4 30 [15,121]
Fayalite Fe;Si0y 4.245 6.17 0.09 0.23 0.06 0.702 1.967 2 10
378 0.13 142 0.05 1.967 3483 4 10 (47,121,127,
217]
Zircon Z18i04 4.549 8.58 0.18 -1.3 04 0.11 1.07 1 7
7.14 0.05 0.02 0.03 1.07 2.52 3 4
-16 0.9 35 03 2.52 2.84 2 4 [124]
Almandine (Feo 79 4181 -10 -- 50 - 0.29 0.32 1 2
Mgo.14 - 592 007 139 008 045 1.14 2 8
Cag o4- 30 -- 3.6 - 1.29 146 3 2
Mng 03)3 - 64 03 133 016 146 18 4 777
A Si3012
Grossular Ca3AlSis012 345 83 017 047 010  0.18 3.04 2 16 [121]
Mullite AlgSinO13 2.668 230 0.13 1.65 0.04 1.935 4077 2 13 [121,127]
Mullite AlgSig013 3.154 8.732 0016 -0.394 0015 0.717 1.479 1 3
829 0.04 -0.09 0.02 1.479 2.003 3 3
6.5 -- 0.78 -- 2.003 3.311 4 2 (1213
Kyanite Al SiO5 2921 745 0.06 -0.58 0.07 0.608 1.157 1 3
7.02 0.09 -0.19  0.05 1.157 2.359 3 5
22 03 1.85 0.10 2.359 3.383 4 5 [121]
Kyanite AlpSiO5 3.645 78 -- 0.6 -- 1.537 2.745 2 2
39 1.7 20 0.6 2.745 3.22 4 3 [121}
Andalusite Al;SiO5 3.074 53 -- 19 - 0.00 1.1 2 2
6.92 0.15 0.31 0.07 1.1 2.817 3 12
29 04 1.80 0.13 2.817 3.73 4 8 (47,121,217}
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACq S error Up Up Phase® No.of  Temp. Refs.
Mg/m3) (km/sec) (km/sec) AS  (km/sec) (km/sec) Data
Sillimanite AlZSiOs5 3.127 6.97 0.15 0.68 0.16 0.00 1.262 1 3
7.8 0.2 -0.10  0.11 1.068 2461 3 8
38 0.2 1.57 0.08 2.461 3.611 4 10 [47,121,217]
Topaz Al SiOy4- 3.53 8.10 0.09 0.054  0.08 0.052 1.75 1 4
(F,OH), 53 04 1722 0.15 1.75 3.59 2 6 [186]
Tourmaline Ca(AlFe,- 3.179 6.2 -- 12 -- 0.824 1.555 1 2
Mg)3Alg 8.1 04 0.05 0.15 1.555 2.888 3 7
(BO3)3Si6-
013 (OH,F)4 36 0.5 1.62 0.16 2.888 3.695 4 8  [121]
Muscovite KAl (Siz Al)- 2.835 33 03 1.95 0.16 1.27 244 2 3
O10 (OH,F), 6.2 -- 0.7 -- 2.44 3.18 3 2
45 02 129 0.06 3.18 474 4 4  [182]
Serpentine Mg3Sip- 2.621 530 0.15 0.90 0.11 0.431 2.025 2 10
0O5(0OH)4 6.5 04 0.20 0.18 1.719 2.561 3 10
38 0.5 1.34 0.12 2.658 5427 4 16 (47,121,211,
217}
Pyroxenes:
Enstatite Mg,- 2.714 270 0.11 1.31 0.04 1.901 3.258 2 5 [47,121,217]
SinOg
Enstatite Mag,- 2.814 2.74 0.14 2.04 0.09 0.746 1.956 2 5
SinOs¢ 6.8 - -0.1 - 1.956 2.128 3 2
3.64 0.16 1.43 0.05 2.128 3.946 4 9  [121,127]
Enstatite Mg,- 3.067 811 0.18 -1.5 04 0.224 0.60 1 6
SipO¢ 498 0.13 1.18 0.09 0.456 2.126 2 19
74 04 -0.1 0.2 1.817 2.349 3 6
37 0.3 1.54 0.07 2.349 4.54 4 22 [8,121,127,231]

/[117,165]
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TABLE 1.

Shock Wave Equation of State of Minerals and Related Materials of the Solar System (continued)

Sample error lower upper References /
Mineral Formula Density Co ACy S EerTor Up Up Phase® No.of  Temp. Refs.
(Mg/m3) (km/sec)  (km/sec) AS  (km/sec) (km/sec) Data
Diopside CaMgSiOg¢ 3.264 49 - 8.4 - 0.201 0.289 1 2
7.14 0.03 0.626 0018 0.289 1.85 2 4
6.1 02 1.16 0.06 1.85 4.7 4 4 [18,196,213]/
{198]
Molten CaMgSinOg¢ 2.61 3.30 0.12 1.44 0.08 0.73 2.24 2 5 [168]
Diopside?
Hedenbergite CaFe*2- 342 28 -- 2.8 - 1.1 1.41 2 2
Sis0¢ 6.1 -- 0.47 -- 1.41 242 3 2
3.30 0.05 1.620 0018 242 3.62 4 3 [186]
Augite, also (Cag g0 3435 6.25 0.11 0.85 0.08 0.935 1.87 2 5
Salite Nag 03)- 6.6 0.8 0.6 0.4 1.87 248 3 8
(Mgg.76Fe0.29 4.6 1.0 14 0.3 2.4 3.82 4 5 [18,196,213]
Tig 03)-
(Alg 20-
Si1 85)0¢ ,
CaMg g2-
Feg 1831206
Jadeite Na(AlLFe*3)- 3.335 6.41 0.06 1.30 0.08 0.00 1.005 2a 3
SizOg 6.57 0.10 1.09 0.07 0.986 1.94 2b 8
744 0.12 0.64 0.04 1.94 3.434 4 8  [47,121,135,
217]
Spodumene LiAlSiZOg 3.14 7123 0.019 0.007 0018 043 1.45 2 3
64 - 0.51 - 145 2.37 3 2
40 03 1.56 0.09 2.37 3.76 4 3 [187]
Wollastonite CaSiO3 2.82 24 03 1.65 0.08 1.34 4.06 4 6 [187]
Wollastonite CaSiOs 2.822 63 02 -0.15 015 0.94 1.799 3 5
41 0.2 1.07 0.09 1.799 2.778 4 4 [121]
Wollastonite CaSiOj 2.89 53 -- 1.14 -- 0.00 1.195 2 2
6.826 0.004 -0.156 0003 1.195 1.933 3 3
452 0.15 1.03 0.06 1.933 3.282 4 5 [121]
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TABLE 1. Shock Wave Equation of State of Minerals and Related Materials of th