
Elastic Constants of Single-Crystal Forsterite 
as a Function of Temperature and Pressure 

EAHT, K. GRAIL\\I . .JR. , ' A:"D G. R. nAH";CII~ 

Jl[aterinls R esearch LnboT/lfOTI/ . Thc I'ell.llsyl,.""in. Sto ie UlliI'crsily 
. Unircrsily I'''rl:. '1'!'II"syit';lIIin JU:i02 . 

Thc nine adiabalic ('l:J ~t ic stiffnr;:$ COIl>'t:lllts of ~inglr-er~';;r!'ll forstC'rite O!)!}:;iO,) h;\\'" 
\)('('n Illea"urrd :I~ :l function of lIytiro-t flli<: pr('''''me and tC'lllpr1'atul'e u,int: a jlul>,p "1I1'C1'
po>, itioll tr rl,niqll(, . Th ~' pl'e~.-ure dcprnd( 'nc(' wa 5 lin r ar, \\'ilhin ('xpcrillu'llt:d error, for all 
ninc corfficient s up to 10 kb . TCIl1Jlcraturc IllC:lsuremcnt s WCI'C m!'ldr. in thc r!'lllgc from 300· 
to IOQ·K. At 10ll' r r tcmpcraturc5 WIllC curntlllrc II':lS prcs:'l1t. but !'Ibo\'c 5DD·I\: thc (\!'Ita \\'('rc 
lincnl'. The ninc :ldi:lh!'ltic ;;:tifTncs52s and t1 11' ir i>'o thcl'll1a l prcs."urc dCl'i\·ati\·c.~ !'It 25°C :11'C 
prescnt ed, anu the isol):lI'ir tplllpcl'aturc deri\· :1t in's :lrc gi\'cl1 al zero pressurc .in thc hi~h 
tcmpcraturc limi t a\)o\'c 50D · 1\: . The ch,tic con~t:lnts and thcir pres~u rc dcri\'alin's :lgrec 
approximatcly \\'ith theoretica l d:lt:L for a hex!'Igoll!'ll CI05c-p!'lcker\ structurc of oxygpn :lIlion ,; 
assuming only nea rest ncil!hbor int craC'tions and centr:ll forces . This :lgrcC'll1en~ indica tes 
that the clastic properties ot' forstrrite !'Ire predominantly dctermincd b~' thc oxygC'n !'Inion 
framework. In !'Id,lition, the results \\'crc uscd to calculate th c isot hcrm:ll pre>'~Ul'e d( 'pendente 
of the yolumc and of thc bttice paramcters of forstcritc at high prc~surc from the 1\Iurnaghan 
and Birch cquations of state. 

I:"TRoDUCTIo:" 

Olivine, Ofg,Fe),SiO., has long been proposed 
to be a domin:lnt con~tituent of the upper 
mantle. Estimates of upper mantle compo~ition 
haye been preyiou~ly ba;;ed on c\'idence from 

terrestrial materials th:lt arc considered to be 
either directly or indirectly deri\'ed from the 
upper mantle, sueh as ultrall1:lfic rocks, oli\'inc 
J1odule~ from b:l~:llt~, and g:Hllet peridotite 
nodules from kimherlite:!. Additional eyidell('e is 
obtained from meteorite compositions !'Ind from 
solar and stellar niJundanees. The most ch:lI':lc
teristie f(,ature of ('ompositional models is the 
dominanec of o!i\'ine a~ a. major componcnt 
[llan'is et at. , 1!)137: R illgu·ood .. l!)t3G]. 3incc nn 
I\yerage of twenty-;:c\-en publi~h('d :In:llYEes ot' 
olivine nodules [Rea!l. 1!)G5] yielded an iron ox
ide to magnesillm oxide ratio of O.~:2::? , ('oll1[lo::i
tions Ilear the for;; \erite (~rg)3iO.) end or' the 
olivine solid solution series nrc of prill1:1r~' im
portance. The objectiye of this pnper is to 
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. present experimental data of the elastic con
stants for a single-ery;:tal of pure forsterite as 
a function of pressure to 10 kb and of teIl1IWr:l
ture from ~5° to -tOO °C_ These data \\'ill be w,ed 
in :l. subsequent paper to interpret seimlic \'r

loeity \'erSllS depth profiles in term~ of eOlllp()~i
tional models for the earth'" mantle . In thi.
]laper the experimental re.'iults :Ire :1pplied to 
the e:llcuhlion of the i~other/1l:11 eq1l:1lion or 
st:1te :It high pre~sure and 10 the c:ll('uhtiol1 0" 

the pre::sure dependen('e of the httiee p:lr:ull
cter:!. These qualltitirs arc also of illterrs t in 
gcophy~i('s and crysta llo~r:l ph~· . 

In nddition to their geoph~'"ical r l' le\':1I1cr. tll r 
ela;;tic cOllstants :llld thcir depcnden('e 011 p)'('''
sure and temprrature arc al~o of consider:lhlr 
intcrei;i to i;olid sta tc phy~ies l;ec;111sc of till' 
information on thc inter:ltomic force;; 1 h, '.\· 
pro\'ide. In r':1et, the results pre~rntrd Iwrr indi
cate that the el:t:;tie properties of forsterite :He 
primarily determined by the framework ot' 
oxygen ions that form a distorted hCX:l .(!OIl :i\ 
elose-p:lcked structure, nnd confirm ('arliN :'U'.!

gestiol1s that, in general, the clastic proJll'rt :('~ 
of oxides with eomparati\'(:, ly ~ Jl1all (,:1t ion;: arc 

quite independent of the n:1turc of the (,:1tioll" 
[0. L. Anderson, 19G5: Gieske and Nnr.,rh, 

lUGS]. 
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The si ngle-c ry;;!al clastic constants and thei r 
pressure dependence hn\'c been measured so 
bl' for a \':I ri ety of po~sible ea rth-forming 
lll:1tcri :1 ls alld nrc re\"ie\\"ed by O. L . Anderson 
ct a1 . [1DG.~]. Prior to this inYestigation, the 
elastic consta nts for a single-cry;:t:11 of peridot 
\l'ere me:l:;urcd :1t ambient conditions by l'el'ma 
[lOGO]. In addition, ultr:lsonic data for a poly
crystalline aggreg:1te of forsterite ns 11 fun ction 
of hydrosta ti c pre.3sure to 2 kb h:1s becn re
ported by Schreiber al.ld Anderson [1 967], and 
shock \\"a\"e data for forste rit e poly('r~'s t:1l :: h[lYe 
been presented by D. L. Anderson alld J{alla.-
1IIori [1 96S]. "'hile this in\"estig:l tion was in 
progress, the elaslic constants of a single-cryslnl 
specimen of forsterite and a single-crystal na
tu ra l peridot \\'('re indepel1den tl~ · measured by 
KU lI/aZalea and AnderSOIl [1069 ], as a function 
of pre::su re nnd temper:1ture. In almost all C:l ses, 
the results of that study arc reasonably con
sistent with those of the present im·estigation. 

EXPERDIE:\TAL PROCEDURE 

Forsterite single-crystnls of suffi cient size for 
the me:1surement of elastic constants may be 
groWJl by the fl ame fU 8ion (Yerneuil) technique 
[Sh ankland, 10G i]. The single-crysta l boulc 
used in this stud ~' was obtn ined from the Linde 
Crystal Products Di\' ision of the cnion Carbide 
Corporntion. Its density \\":1S determined to be 
3.2~1; g/ cm' at. 25°C . .\ chemical analysis was 
carried out b~' .T. n. Bodkin of the P ennsyl
\"ania State u ni\'ersity :.\Iiner[l l Constitution 
Lnboratory. The rewlts of this investigation, 
compared with the nppro priaie \"alues for ideal 
forsterite, arc (in \reight per ('ent) : 

Oxide, 
wt % 
SiO~ 
MgO 
CaO 

Specimen 
42 .S2 
:")7.16 

<Oll) 

Ideal :\I~,SiO, 
42 .69 
.'i7 .31 

IOO .OOC;-c, 

J n additioll, ;; pedroscopic nnnlysi;;: re\'ea led 
t!';l('e amoull ts «200 ppm) of :\,1 :111(1 Cll. The 
nriCTillal bOll In was approxil1l:1t e l~' -IV;! cm in 
ICIlp:th , Ill l em in di:lll1eter, and \l"as colorle.'i:; 
nnd trnn:; p:1rent to "i .. ;ible light. :\11 measurc-

. mellt s \I'ere carried Ollt on ·t\l"9 5:1mple5 cut 
iroll1 thc original bOllle . 

The ndi :1h:1tic el :t"tic ;;tilTne;<;< coefficients a:; 
a function of tempera t lire [\ nd pre,;:sllre were 

dct ennincd by me:l~llring: Illtrnsonic wave \'c
locities u~ing the pube superposition method 
of JlcSkimil1 [19Gl]. The pre'Osure apparatus 
has been desc ribed previously [Bogardus, lOGS ]. 
Pres511re \\'as lll e:1.3urcd u:;ing a pres~ure-sensi
ti\'e ll1 :1 nganin resistnnce cell in conjunction 
with a. Cnrey-Foster pre.3.;:ure mensuring bridge 
(:'Iodcl C, H:U\\"ood Enginee rinf! Compnny, 
Walpole, :.r:1s~achuset t.;: ). .\ t 10 kb, the ac
cur:1CY of the pre.;:sure readi ng is ± 0.5%. The 
ndiabatic ebstic stiITnr5s coeflicients nnd their 
pre,;5ure dependence \\"ere determined at 25.0 ± 
0.1 °C. The telll pernture of the pre:3sure chamber 
nnd the specimen nt equilibrium \\'ns monitored 
using t\\'o chromel-alulUcl thermocouples; the 
therm ::ll emf was mC:1 .;: ured on a Leeds and 
Nort hrup type 1\-3 uni\"er.;,al potentiometer. 
The pres5ure \"e.;:sel \\"t\S equipped with an in
ternnl furn ace, consi.;: ting of n coil of 1\anth:t1 
wire, and \\" :1S used for the men511rements of 
the ebst ic coefficien ts up to temper:1tures of 
450°C. 

In order ·to determine the nine clastic con
stants of forsterite, seYer:11 crystallographic 
orientations arc necessa ry in wbich the ultra
sonic "eloeities arc me:1.~ured. The prescribed 
orientations were determined to within 0.5° 
using a L:1tie b:lCk-refleelion X-ray camera. All 
faces \\'ere ground and poli5hed fl at to within 
0.0001 Clll and p:1I"allel to within 0.0001 cm/cm. 
In order to obtain all thc required orien tations 
it \\"as nece~~a ry to cut t\l'O sam ples from the 
origin :11 boule; these are de5igl1:1ted :\ and n. 

j\"atural qU:1rtz AC-cut [l nd X-cut piezoelec
tric transducers of O.S9 e111 in dinmeter and a 
resonance frequency of 20 :-IHz ± 1% (pur
chased from the Valpey Corporation, Holliston, 
:\Ia ~;::1ch\l~e tt s ) werc \l~cd to generate alld re
cei\'c the tr:lnS\'erEe and longitudinal ultra
sonic wa\"c plll::cs. The~' \\'ere cemented to the 
forsterite s:ll1lple face with Jlhe n~'l ~a licybtC' 

for ll1e:lsurelllent of the adiabatic . tifiness co
C'flicient i> , \\'ith >,'"onaq stopcock p:ren~e (Fi::;hr r 
i'cientific Comp:lny) for thr pre~.-ure measu re
ments, and \\'ilh Silastic HTY S9 1 (a silicone 
ruhher ('elllrnt) for the tClIlpr r:tfurr measnrr
mcnts. 

EXPF.ltDIE:\TAL Ih:;; uLT:'> 

Th e. elastic sti/Jl1ess coefficients at 1 almos
ph ere, f!.j °C. Forsterite belongs to thc ortho
rhombic'"p:tce ~roup Phlll11 . Therefore, 9 8econd-


