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order stiffness eonst:mts :ne DeeC5~:lry to specify 
the clastic rcoponse of the crystal. In the Voigt 
notation, thcoe nine indcpendcnt cocl1icicnts arc 
Cu, C,." C"", Cu, C"" c ... , c", c", and c=>. A di;:cll~sion 
of the yarious orientations ncc(,~;::lry ' to deter­
mine th C':;e stiiTnC5;:: coefiicicnts in tcrms of ultra­
sonic \I'avcs is gi"cn by .1IcSl:i1l1in [H)64]. All 
of the on-diagonal cocfficicnts c" may be deter­
mined from the pure mode directions parallel 
to the cryst:lIlographic a, b , and (' axes. The 
tbree cros.;;-coupling ll10du Ii (c'" C'" ;md c"') m:ly 
be determined from three differcnt propagation 
directions perpendicular to one Ot the olihog-

. onal crystallographic aXE'S and oblique · to the 
remaining t\yo. The rc;:ult.~ for the adiabatic 
elastic stiffne;:;:es arc pre;:ented in Table 1. The 
&'1mple, propagation direction i\, :lIld polariza­
tion direction -C- are also listcd. In addition, the 
final recommcnded yalucs for the yarious c'/ 
are gi\'en t ogether with the e;:timatcd probable 
errors. The relatioll3 belll'een the ultrasonic 
yelocities, density, and indiyidual con;:tants Ilaye 
been giYCI1 by .11eSl:imin [H)64] and GrallGln 
[I 969]. 

The computations of the cro;:s-coupling mod­
uli depcnd on the direction cosines of the 

propagation direction N. Therefore, it is lIeCC5-
sary to accurately determine the direction of 
propagation of the clastic ultr:1~onic W3YC. It 
is po~siblc to mca';:lHe the anr;Jc.;: by the L:1ue 
{cclllliCJue or with :l11 · optical goni·olllctcr; hOII'­
eyer, the limitin~ ar.curacy of tiw.';e methods 
)c:lc!s to sir;nific:1nt error" in the computed 
clastic moduli [Fisher and J/cSl:ill!in, H I5S]. 
:\ more accurate alternati "e procedure il1\'olye~ 
the determill:1tion of the angles directly from 
the ultr:l sonic dat:t. Since each of the (TOE~­

coupling moduli may be dctermill(·d u~· cithcr 
:\ 'qu:l::i-shear' (QS) or 'qll:l si-longitudin :1r 
(QP) (coupled mode) eb~tic wa"e Yelocity, 
both the propag:1tion angle and the stitTne,:s co­
efficient may be :;illlultnncouEly calculated. :\ 
check on the calculated propag:1tion direction 
is affordcd by the pure trall~yerse mode rela­
tion. The c:llculnted anglc.~ and the pure tran~­
wriie mode cross check arc indicated in Tahle 2. 

The estimatcd probable errors aSi:ociated 
with each of the stifl"ness coeflicients in Table 1 
were determined by the anal~·sis Eu~g:c.stcd by 
Pisher a.nd JlI cSl:imin [195S]. Tablcs 1 and 2 
show seYt: ral cro:::s checks among the Y:1rioui: 
stiffne:,s COlli:tants. These data, hO\ye\·er, arc in-

TABLE 1. Adiabatic Elastic StifTncss Coefficients of Single-Crystal Forsterite at 23°C for tbe Different 
Propagation Directions :\. and Pobrization Directions 0 (I, ?n, and n Denote Direction Cosines) 

StilTness Ci;SJ Recommended 
Coefficient Sample N U kb C,jS (average) 

Cll S A [100] [100] 3291.1 
13 3289.9 3290.5 ± 1.1 

C2~S A [OlD] [OlD] 2004.5 200-1. 5 ± 0.7 
cn s A [001] [001] 2363.7 

B 2302.4 23G3.1 ± 0.8 
cus A [DID] [001] 672 .28 

A [001] [010] 672.33 
13 [001] [OlD] 672 .25 672.30 ± O. 16 

eus A [100] [001] 814.26 
A [001] [100] 814.64 
13 [lOOJ [001] 81-:(3-1 
13 [001] [100J 814.53 814.44 ± 0.20 

ens A [lOOJ [OlDJ 811.39 
A [OlOJ [100J 811.47 
13 [I 00] [OlDJ Rl1.33 811.41 ± 0.20 

cus 13 [ZIIIO]" 662.8 662 .8 ± 3 . 6 
eu s A [lOlI]b' 683.6 · 683 .6±9 
etl S A [Omn]' 728.1 728.1 ± 4.9 

·1 = 0.59S04, m = 0.80147. 
• 1 = 0.8-13·13, n = 0.;)3i23. 
• 111 = 0.6i419, n = O.i3S:?8. 
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'1'A II LE:2. Calculated Propaga tion Directions for the Cr05s-Coupling StifTuess Coefficients a.nd the 
Associated Pure ~Iode Checks 

Calculated M eas ured 
:'Iirr'lf:"~ N Angle Pure ?fode r:elation pV: ' (kbar) p li' (kbar) 

cJ!""; limO) a = ('OS-1 l 
(3 = C05- 1 11l 

cu°C:; liOn) a = CO;;-1 l 
'Y = C05-1 n 

c:,$ , 10mn) {3 = ('05-1 ?It 

'Y = C05-1 n 

Xut,,~ . 

'For ~ub~cript. 0, D = [001). 
For ~lIh" cript b, D = [010). 
For >'lIbscript c, D = (100). 

= 36°4-1' pV.' 
= 53°lG' 
= 32°30' P l'b' 
= 57"30' 
= 47°:35' pYc' 
= 42°23' 

:;lIlTici(;l1t to determine 1 he prob:tble error in a 
sil1f!1c Jl1e:t~urcmel1t, as the calculation of a p:tr­
ticubr modulus cannot be regarded as indc­
pClldcllt of the operations by which it ,,'ao ob­
t:lillCCl. It is a more rea"oll:.lble app ro:tch to 
cst im:! te the possible crrors inyolyed in a p:tr­
ticula r me:tsurement, sum up the~e error.;;, and 
arriYe :tt :tn estimated prob:tble error for e:tch 
stiffness coefficient that c:tn subsequently be 
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Fig. 1. R('btive ch:tnge of the deby time TR 
fiS :l. functi on of pressure for three represenbti\'e 
\'ibrational modes. 

= r-C66S + m'c"s 723.1 721.8 

= r-C66 S + n:c"s 771.3 771.9 

= m:c66s + n!cHS 813 .06 813.12 

tested uoing cro~s-checkiJlg procedures. Con­
sidering · the incli\'idu:tl sources of error in sam­
ple thickne~s, orielitation, clensit~·, nnd coupling 
~eal effect.;;, and exlenclincr these to estim:lted 
prob:tble errors in the on-dingonal stifiness co­
enic ients, the following Y:llues for (Llc,,/c,,) 
\\'ere obtnined: for the co('fficients determined 
b~' longitudinal wa\'e \'clocities ±0.03~%; and 
for the coe!Ticicnts cletemlinetl by traus\'erse 
",a\,e \'Clocities, =O.O~-l% . These are estimated 
prob:tble errot.:; in percent that determine the 
yall1es giyen in Table 1. The~' are seen to COI11-

pare well with the de\'i:t lions in the indi\'idual 
cro~s checks. Since the cross-coupling moduli 
in\,oh'e complex expressions with \'arious COD­

stants eli appearing explicitly with the meas­
urcd \'Clocity " :l lues, their estim:ttcd probable 
errol'S ma~' be. found from Gauss' error propa­
gation I:l\\' from the independent errors. The 
prob:tble errors jor the cr05s-coupling moduli 
are significantly brger th:tn those of the on­
di:tgon:l] coelficients, as ~\'ould be expected. 

Pressure depende/lce of the elastic CO/lstallts 
at [!5°C. The bnsic dnta. uscd in the calcula­
tion of the pre~sure dependence of the \'arious 
elastic moduli " 'ere the repet i t ion clelay times 
TN for the p05sible longitudinal :tnc! trallsyerse 
m'odcs as a function of hydrosta tic pressure. 
The cbta for three represcnt:lti\'e yibratiol1al 
mode;) are plotted in Fi~ure 1. as n. function of 
hydro~ tatic 11ressure up to about 10 kb. In the 
figlll'e, the betor (To/ Tn - 1) is plotted for 
('ach p:trticular mode, where 1'. is the repeli­
tion dela~' time (tIro-way tra\'e] time) at at­
mospheric pre5sure, which i:s taken to be zero. 


