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ABSTRACT

From hydrostatic high pressure, x-ray diffraction studies

of forsterite, Mg2Si04, and enstatite, MgSi03, the

pressure isothermal bulk moduli and their pressure

were determined

P. B
Ot

forsterite 3.234 g/cm3 120 GPa

enstatite 3.227 g/cm3 125 GPa

The cell edge (linear) and volume compressions are

following zero

derivatives

B; t

5.6

5 (assumed)

compared with

those calculated from elastic constants [Graham and Barsch, 1969],

Frisillo and Barsh, 1972] and with shock compression data [Ahrens,

Lower, and Lagus, 1971], [Ahrens and Gaffney, 1971].
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Forsterite and enstatite ●re end members of cm important mineral

series thought to make up 8 large portion of the earth’s upper man:le.

Ev;dence for this hypothesis can be found in comparisons of seismic

data and mass distribution -dels of ths earth with the densiti8s

and sound velocities of these minerals under pressure. Recently there

have bsen several determinations of both densities ●nd sound s~ds of

these minerals under both static ●nd dynamic stress. Kuaazewa ●nd

Anderson [1969] ●nd Graham and Barsch [1969] measured the e)astic con-—. ——

stants of forsterite, M92Si04, ●nd Ahrens, Lower, ●nd La~u& [!971]

determined the dyn#nic compression of forsterite. Kumazawa [1969] ●nd

Frisillo and Barsch [1972] measured the elastic cunstants of ortho-

pyroxenes, (~g.a~t Feo15) Si03 ●nd (Hg 8s Fe.2) Si03 respectively, ●nd.

Ahrens and Gaffney [1971] determined the dynamic compression of crtho-

pyro%ene, (M9.86, Fe*14) Si03. Here ●re reperked some recent sbeas-

urements of the linear ●nd volune Compression of lmth ●nstatit~ ●nd

forsterite using a hydrostatic high pres$ure, x-ray diffraction

technique. The linear compressions ●re compared with the values cal-

culated for forsterite [Graham ●nd Barsch, 1969] and for twonzite

[Frisi I lo and Barsch, 1s72] from elastic Cons’:ant data. The bulk

mduli are also compared with tho%e derived from ultrasonic data.

The isothermal compression fits ●re then converted to shock-particle

velocities along the Hugoniot ●nd compared with the results of Ahrens,

Lower and Lagus [1971] ●nd Ahrens ●nd Gaf fney [197~ ],

The technique used here has been described earlier [Halieck ●nd

Q!NEG 1974J ●
Briefly, an annulus of beryllin 2,S mm in dia., 0.2 mm

thick with ● CI.2 nsn dia hole at its center is pressed between two tungsten

carbide Bridgmen anviis. The hole is filled with ● mixtureof powdered
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susple ●nd ~rad ●tuaintmor Ma? (tha pmsmre indicator%), ●d

8 mixture of 4:1 aathanol-ethanol that r-ins liquid to 10 @a

WQUW&UL” n 19?3]. ACtd@ x-r-y ~ is diractcd through

eha wnulus ●nd tha diffraction it racordad w ● i14.6suadla

cylindrical fll~ surrounding tha ●nnulus.

?ha forstcrite, t$g2Si04,studlad Isaroti$ ● syntM$!~*d -t press~

~nd. Hicropmbamalysis indlcatad 900dhc-g8nlty. Thstr*w.s

minor intcrst{tlal contasdnation frm -rbon, but this did not .ff-t

tti diffraction pattsrnsof the mstcrial. Ths dlffractkn pattcrnof

th. forsterite ●t -iant condition% yioldad tha feik#wIng orthorbabic

cell cdgaparamat8rs; ~- 4.74702 0.0018X, g“ lJ.18M~ 0.00358,

md~- 5.977i ~ 0.0012 i Thacalculamd crystal dmsity is 3.234

glcd ● Tho anstatita, NgS103, cm from tha Mt. Egarton mateorlta,

Mstr&lia (an on~tati t@schondrita). Tha chmlcal wtalyslsof the

●statlte IS glvgn by Raid@nd Cohan (1947). Thomsjor hapurltlos ●*

Cs (.33 wt$), ●xcess S102 (.33%), Al (.02 wt~) ●nd M (.02 wt~).

Thadiffractlon pattornof thaenstatiteat ambiant condition yield.d

the foliowing orthor-lc c-II adg= pwamators;

b- 18.2205 s 0.0095%, •d~. 5.1803 S 0.0028

crystal density Is 3.227 glcm’.

● 98.8189i 0.0038X,

X. TK calculat~d

Tha prassuros woro datormlnad from tha dlffr.ction patt.rns of

tha

MaF

ha

●re

Maf or Al mlx.d with the sample. Tha t~ IIMS road fr~ tha

wora the (200) ●nd (220). Tho thrao Ilnas road from tha Al Mra

(Ill), (220) ●nd (311). The standsrd psttarns for tha MaF snd Al

rospactlvoly). The rolativc volumas, V/Vo, of thas. tm mat~rlals



●re correlated with pressures to 13 W* (130 kbar) elsewhnre [Olinger

and Mailegk, 1976].

The quality of tha forsterits x-ray diffraction patterns was

usually ~. The d-s$wcings were datefminadat high prgssurcs for

tits folmwing plmes: (02i), (lOi), ~i3@, (131), (112), (004), ●nd

the (062) ● The quality of the enstatite diffraction patterns at high

prcs$ures was mt good, ●nd the d-spacings measured had 2-theta dif-

fraction ang!et of less than40° (up to 65° for forstcrite). Tha

iines neasured ● - high prassures ware for the follwitig planes:

(2 I 1), (240), (160), (Ji t) ●d (022). The problems for enstatite were

~od by no ●grmnt rnng the crystallographic literature for

tha indcwlng of higher ●ngle ilnes ●nd the necessary use of ●n over-

ground saqle which could not be readily replaced (too fine ground

pwder causes poor coherent diffract ion. )

in Tablwc i ●nd 2 the data ●re iisted in the formof the reiativ~

volumes of the pressure indicators, the correlated pressures, the

relative cell dges, the rciativo volunes ●nd the shock-particie velocity

●nsl~ues, U8t ●nd U~t [Oiirnor ●ti Hslleck, 1976]. in Figs. I ●nd

3, the relative VOIWJ calculated from .Iastic constants of forsterite

[Graham ●nd Garsch, 1969], and of bronzi te [Frisi 1 io ●nd Barsch, i972).

in figs. 2 ●nd 4 the U8t, Upt vaiues ●re piotted ●iong with the ioci

of tho shock-particle valocitles, U8-llp, calculated from the same

●ia8tic constants. Also piotted in Figs. 2 ●nd h are the US-UP aata

~f Ahrens, L-w ●nd laws [197i] ●nd Ahrens ●nd Gaff= [1971].

it iS obvious from Fig. i that the reiative voiumes, V(P)/Vo,

for forsterite calculated from the elestic constants [Graham and

&b, 1969] ● re in ●xcel lent ●greement with the present x-ray data.
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However, the x-ray data shows the ~axis or cell edge to be less

compressible than thet calculated from the ●lastic constants, and

the~axls to be more compressible.

In fig. 2 &he x-ray dats are plotted in terms of U~t, “

(PVo/(1-V/Vo))l’2, and Upt, (PVo/(1-V/Vo))”2. V Is thespacific

volume (see Olinoer ●nd Halleck,[1975]). The intercept of a linear

flt to Ust, Upt data is the zero-pressure bulk sound speed of the

matsrial. The slope of the linear fit is related to the pressure

derlvstlweof the zera pressure isothermal bulk mndulus as given by

the following expres~ion

St = (S:t + 1)/4. (:)

The linear fit te the present forsterlte data is

ust = 6.o9 + 1.65 U
pt “

(2)

Frun this fit the isothermal zero pressure bulk modulus is calculated

to be 120 Gfa (1.20 Hbar). YhIs value compares well with the values

calculated from the ultrasonic data, 128.0 GPa [,Graham and Barsch.

1969] ●nd 127.5 GPa [Ktznazawa ●nd Anderson, 1969]. The pressure

darivatlveof the modulus determined from the slope is 5.6, and this

●lso compares well with the values determined from ultrasonic data,

5.0 ●nd 5.4 respect iv~ly.

The linear fit to the x-ray data is shown in Fig. 2, along with

the Hugoniots darived from the ultrasonic data. in the same figure

●re the low pressure shock compression data of Ahrens, Lower and

* ~197~1” As Is shown, there Is poor ●greement between the

the calculated tlugoniots derived from the x-ray and ultrasonic data,

●nd the shock data. The reason for the disagreement seems to be

caused by the porosity of the samples of Ahrens, Lower ●nd i.agus [197i]



which was not less than b% for the data in Fig. 2.

in.Fig. 3 the relative cell edges and volumes of bronzite,

(H9,8Fe.2) SiOj, calculated from ultrasonic data [Frisillo and Barscl!,

1972] are compared with the present x-ray data for enstatite, f4gSi03.

Despite the scatter in the x-ray data, two conclusions can be reached.

The first is that the~axis in enstatite is not as compressible as

that determined for bronzite. it is of interest to note that with

increasing FeO content, the~axis expends more than the otner cell

edges. This $s possibly a direction of weak bonding and repulsion.

Because of the less compressible ~akis, the volume of enstatite is

found to be less compressible than that of bronzite.

In Fig. 4 the x-ray data are piotted in terms of Ust and Upt.

The scatter is great enough to prohibit any reasonable linear fit

directly to the data. Instead, a value for the slope is assumed,

i.5 (B;t = 5) $ and an intercept is calculated for each datum. The

average of these is 6.22 t 0.i9 knds. Thus the linear fit estimated

for the x-ray data is

-6.22 A1.5u .
‘St P

(3)

This implies a buik modulus cf 125 t 8 GPa assuming B~t equals 5.

For bronzite, @g 8Fc z) Si03, Frisi ilo and barsch [1972] measured
● o

a bulk modulus of 98.8 GPa and a derivativeof @.5 (see Fig. 4).

(From our data, B. = 115 t 8 GPa if B: = 9.5) The large pressure

derivative of the bulk modulus is not substantiated by the t4ugoniot

data of Ahrens and Gaffney [i969]. They studied nearly the same

mineral as Frisillo and Barsch [1972] and for that study the sampies

had no porosity. The low pressure data (below 30 GPa) is plotted
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also in Fig. 4. An equilibrium llugoniot can recalculated by using

the adiabatic bulk sound speed of Frisiilo and Barsch [1972] as the

intercept and averaging the slope through the Hugoniot data. The

Hu$oniot iS

US-5.55+ I.lou P“
(4)

The pressure derivative for the zero Pressure bulk modulus is

3.4 for this fit. This result is ●lso supported by the shock com-

pressim of a bronzitite rock [Stiliwater complex, Hontana) [HcQueen,

Harsh. and Fritz i967]. The composition of the bronzltite was 94%

bronzlte, (~,9Fe,i) S~03. The iinear fit to the data before the

onset of a 33 GPa phase transition is

u~= 6.10+ l.Oi U
P“

The pressure deriv~tiveof the oulk modulus in this case is 3.04.

Thus, i conciude that the estimateof the slope in Eq. (3) is

reasonable.

(5)
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TABLE 2. THE CCNIIPRESS1ON OF ENSTATITE

v/vo* P+ b/be* c/cQ*

N: NaF (GPa) enstatite
A: .,1

wo$ u+
St

u+
pt

.9749 (08) A 2.03 (.06)

.9658 (05) A 2.85 (.04)

.9586 (07) A 3.52 (.06)

.9362 (15) N 3.65 (.11)

.9495 (04) A 4.41 (.04)

.9240 (05) N 4.51 (.03)

.9444 (12) A 4.94 (.14)

.9376 (11) A 5.65 (.12)

.9027 (10) N 6.I8 (08)

.9949 (03)

.9924 (15)

.9915 (09)

.9895 (13)

.9893 (04)

.9827 (19)

.g866 (05)

.9837 (07)

.9834 (18)

.ggho (03)

.9931 (16)

.9911 (09)

.99i4 (07)

.9902 (04)

.9920 (20)

.9886 (06)

.9882 (07)

99855 (13)

.9959 (02)

.9936 (14)

.9916 (08)

.9916 (30)

.9896 (04)

.9897 (18)

.9882 (05)

.9905 (06)

.9833 (16)

.9848 (04) 6.44 (.13) 0.098 (.002)

.9752 (26) 6.52 (.41) 0.136 (.008)

.9744 (15) 4.53 (.21) 0.167 (.005)

.9727 (33) 6.44 (.39) 0.176 (.011)

.9694 (07) 6.68 (.08) 0.205 (.002)

.9647 (33) 6.30 (.30) 0.222 (.010)

.9639 (09) 6.51 (.12) 0.235 (.004)

.9628 (11) 6.86 (.13) 0.255 (.005)

.9529 (29) 6.38 [.20) 0.300 (.010)

*
+ Standard deviation x 104 in parentheses

Standard deviation in parentheses



TABLE 1. THE COMPRESSION OF FORSTERITE

v/vo* P+ b/be* c/co*

N: NaF (GPa) forsterite
A: AI

VIVO* u+
st

+

‘Pt

.9663 (02) N 1.75 (.01)

.9609 (04) A 3.30 (.04)

.9370 (02) N 3.5? (.02)

.9211 (17) N 4.73 ( I)+j

.9280 (19) N 4.75 (.15)

.9394 (01) A 5.46 (.01)

.9072 (19) N 5.82 (.17)

.9004 (02) N 6.37 (.01)

.8998 (02) N 6.42 (.01)

.8825 (15) N 7.98 (.14)

.9164 (12) A 8.09 (.13)

.9108 (05) A 8.78 (.07)

.9021 (01) A 9.91 (.02)

.9946 (08)

.9939 (06)

.9918 (14)

.9901 (12)

.9905 (17)

.99o8 (05)

.9901 (08)

.9884 (11)

.9897 (17)

.9844 (14)

.9826 (11)

.9848 (13)

.9829 (07)

.9957 (03)

.9905 (03)

.9894 (05)

.9853 (04)

.9863 (06)

.9849 (03)

.98!9 (03)

.9816 (04)

.9808 (06)

.9777 (05)

.9766 (04)

.9762 (07)

.9726 (05)

.9956 (02)

.9911 (03)

.9904 (04)

.9883 (03)

.9877 (05)

.g861 (04)

.9853 (02)

.9836 (03)

.9837 (04)

.9819 (04)

.9808 (03)

.9800 (06)

.9784 (04)

.9860 (09) 6.21 (.20)

.9758 (08) 6.49 (.11)

.9719 (15) 6.28 (.17)

.9641 (13) 6.38 (.15)

.96S0 (18) 6.43 (.19)

.%23 (07) 6.69 (.07)

.9579 (08) 6.54 (.12)

.9542 (11) 6.56 (.08)

.9549 (18) 6.63 (.14)

.9450 (15) 6.70 (.11)

.9412 (12) 6.52 (.08)

.9421 (16) 6.85 (.10)

●9354 (09) 6.88 (.05)

0.087 (.003)

0.157 (.003)

0.177 (.005)

0.229 (.005)

0.227 (.007)

0.252 (.002)

0.275 (.005)

0.300 (.004)

0.299 (.006)

0.368 (.006)

0.383 (.005!

0.396 (.006)

0.445 (.003)

*
Standard deviation x 104 in parentheses

+ standard deviation in parentheses
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Fig. 1. The relative cell edges and vol:lmes of forsterite at

pressures to 10 GPa from the present work are shown as symbols.

The ambient cell edge values are listed in the figure. The same

relative values calculated by

sonic data are shown as solid

Graham and Barsch [1969] from ultra-

CIJrVeS.

Fig. 2. The volume

particle velocity p’

shown as the points

the solid line is a

compression data for forsterite in the shock-

ane. The x-ray volume compress on data are

with error bars on the left side of the figure;

linear least squares fit to the data. The

data of A~-~ens, Lower, and Lagus k1971] are the Points with e~ror bars--- .

on the right side. The Hugonlots calculated from the ultrasonic work

of Graham and Barsch [1969] and Kumazawa and Anderson [1969] are

labeled “G 6 B“ and “K & A“.

Fig. 3, The relative cell edge and volumes of enstatitf< at pressures

to 10 GPa from the present work are shown as symbols. The ambient

cell edge values are listed In the bottom left portion of the figure.

The same relative values calculated by Frisillo and Barsch [197]]

from ultrasonic data for bronzite (tlg.8,Fe,2) Si03 are :,hown as solid

curves. The ambient cell edge values for the bronzlte are listed in

the middie left portion of the figure,

Fig. 4, The volume compression data for enstatite in the shock-

partlcle velocity plane. The x-ray vuiume compression data are shown

as the points with error bars on the left side of the figure; the



solid line is an avera9e linear fit with a forced slope of 5.

The data of Ahrens and Gaffney [1971] are the points with error bars

on the right side. The Hugoniot calculated from the ultrasonic work

of Frisillo and Barsch [1972] for bronzite is labeled “F & B“. The

Hugoniot havil~g the bulk sound speed as an intercept and an average

slope to the shock data of Ahrens and Gaffney [1971] is shown as a

broken line.
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