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of Qlivine differ ;;o!l1e\\·hat but not ~rc;\tly from 
the present brollzite data, except in T hI' \·:tIlte of 
(iJKSjiJP)r, for which a difference of a iactor of 
about 2 occurs. Becauo;e the Fej~Ig ratio in both 
materials is approximately the same, thi:; differ
ence i.s attributed to the different crystal srnlc
tures. Although the composition of the garnet 
specimen differs con:;iderably from the compoi'i
tions of the bronzite and olivine sample::: (it cor
responds to an almandine to pyrope ratio of 
about 3: 1), the pressu re coefficients of the bulk 
modulus and of the shear modulus are closer tei 
the values for the oli\·ine sample. The contrast 
with the bronzite data underlines again the 
unusual propertie~ of the enstatite structure. 

It is important to note that, from the com
pression data of Bridgman [19-1S] on hyper
sthene, an equally large v~llue for the isothermal 
first pressure derivative of the bulk modulus is 
obtained. Bridgman's data are expre:osed in the 
form (VO - Vi/V = aP + bP", where Vo and V 
are the specimen volumes at ambient and ele
Yated pre:osures, respecti,·ely, a = l.08 Ml:" 
b = 5.2 Mb-', and po = 3.42 g/cm' for the 
hypersthene sample studied. The i50thermal bulk 
modulus and its isothermal pressure derivative 
are obtained from the relation" [Allde.rson, 
1966] A."" = 1/a = 0.9259 J.\Ib and (iJKT jiJPh 
= 2b(KT)-1 = 7.9. Although Bridgman'S data 
are le:os accurate than the present acoustic data, 
the large value of (iJKT/iJP)T obtained from his 
mea~urements is indica ti,-e of the anomalous 
beha\·ior of orthopyroxene at high pressure. 

Incomplete wlocity measurements as a func
tion of temperature and pressure have also been 
performed on natural rock specimens containing 
primarily bronzite [Hughes and Nishitake, 1963; 
Birch, 1960; Simmons, 1964]. The5e <bb ha'·e 
been combined by Anderson and Sammi.s [1970] 
to gi\·e the complete set of data of the ,·elocities 
and their derivatives with re:;pect to tempera
ture and pres:;ure (Table 13). The results cal
culated from the pre:3ent "ingle-crystal data by 
means of the vn H a \·er:rge are also shown 
for comparison. Although, because of porosity, 
heterogeneity, ana grain size, the acrur:1CY of 
data from natural rock "pecimens i5 usually not 
very good, the two sets of data shown in Table 
13 are in fair agreement. 

,\'olllillearity of pressure depel/dence. In Fig
ure fi t he pressurE' url't'lIllrncr of ! he on-di:\!!:ullal 
shear moduli i:; plot teel as calrulatru frum the 

TABLE 13 . Comparison of Present Bulk 
Velocity Data Obtained by Using \~H Averages 
with Those Heasured in Bronzi te Rock Samples 

Parameter 

P. g/cm 3 

Vp, km/sec 
Vs , km/sec 
(avp/ap)T' 10- 3 km/sec kb 
(avp/aT)p. 10- 4 km/sec ·C 
(Ws/dP)T' 10- 3 kmfs"ec kb 
(aVS/aT)p , 10- 4 km/sec ·C 

Present 
Data 

3.354 
7.78 
4.72 

20.57 
-9.08 
5.16 

-4.86 

Anderson 
and Sanr.r-:.s 

[1970] * 

3.279 
7.64 
5.59 

19.00 
-6.40 
7.00 

-6.00 

*Based on data from Huahes and lIis·hitake 
[1963], Birch [1960]. and Simmons [1964]. 

measured elastic· data according to the linear 
approximation 

c". = c,,/' + (ac"./ap)op (10) 

and according to t he quadratic appro:\imation 

c". = c",o + (ae",/ ap)op 

+ (ilc,,'/iJP)O(p2/ 2) (ll) 

It is apparent that, at pressures above about 
20-30 kb, considerable de\·intions from the linea r 
relation (10) arise as a result of ·the quadratic 
term in (11) and that, for e" and C"" maximum:; 
occur at about 85 and 50 kb, respectively. With
out knq,,"ledge of the derivatiYes higher than 
second order or of the convergence of the Taylor 
expansion of ·the elastic constants with respect 
to prc;:;;:;ure or both, it is, of course, not p05sible 
to rstablish the exact functional dependence on 
pre5;;urc in the range considered. Because calcu
lations for :llkali halide:o based on model poten
ti:ll::: show that the exact pressure dependence 
falls between the linear dependE:'nce and the 
quadratic depcndence [Barsch and Shull, 1971], 
it is not unreasonable to expect qualit~lti\"ely 

similar behavior for bronzitc. Thuii for two of 
the thrre on-diagonal shear moduli a sub~tan
tial de\·iatioll from Ilonlinmrity would remain, 
evcn if the quadratic tenns would be reduted , 
for example, to half t1leir valuc5. 

The rcmainin~ shcar moduli are fUlIctions of 
the on-diui!:ortal 10llgitudinal mocluli CIl, C~" und 
Ca, of the cro;;;;;-('oupling moduli (.". C'3, and e'30 
and of the direction co.<ine~ of the prop:lgntiol\ 
dirrctiun. Becau:,p it wa:; lIot po:,,,ihle to mcasure 
the ;;('cond pre~~ure deri,·atiws of the ull-clia~ol\:ll 
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Fig. 6. Pressure dependence of ou-diagonal 
shear constants. Dashed lines indicate linear ex
trapolation; solid lines, quadratic extrapolation. 

longitudinal moduli, the second pressure deriva
tiyes of these shear moduli are still unknown. 
However, because the nonlinearity found for 
the quasi-shear modes (see, for example, the 
curve for N II [iOn] and U II [nOll in Figure 3) 
and the second pressure derivatives of the cross
coupling moduli determined from the assumption 
(a~c •• /ap,) = O· (J-L = 1, 2, 3, no summation) 
(Table 6) are of the same order of magnitude as 
those of the on-diagonal shear moduli, it is t<> be 
expected that the second pressure derivatives of 
the remaining shear moduli are of the same order 
of magnitude. By the same t<>ken, the second 
pressure derivatives of the isot.ropic shear modu
lus, which depend in the VRH approximation on 
the second pressure derivatiYes of all nine elastic 
constants, should be expected to be roughly equal 
to the average of the second pressu re deriYatiYes 
of t.he on-diagonal shear moduli (approximately 
-33 i\lb- '). In connection with the values of 
the isotropic shear modulus (0.75 :'Ib) and its 
fir~t pressure derivati"e (2.38) , it is thus apparent 
that, at the highest pressures of the stability 
range of orthopyroxene (about 90-135 . kb 
(RinglL'ood, 1967; A.I:imo'o and S!JOIlO, 1970; 
Ahrens and Gaffney, 1971]), small cleviations 
for a nonlinear pressure dependence may be
come !loticea.blc and should be included in 
accurate geophysical application!". 

To compare the magnitude of the !>econd pres
sure dcrh",'lth'es of the da:'tie con~t:lIlts '';'ith 

the corre::pondi ng YaItH's o( ot hpr materials, it 
IS conyenic- nt to consider the dimC'nsionless 
quantity KT(u'c,,/ uP') . With K r = 0.988 Mb 
and the data of Table S, this quantity i!> !>een 
to range from -14 to -57 for the three Oll

di,igonal ::hea r moduli. For t he eight alk:lli 
halides for "'hich the second pressure deri\"a
tiYes of the elastic constants have been meas
ured and which represent both the rocksalt- and 
t he cesIUm chloride structures, the quantity 
KT (a 2c .. / uP') ranges from -1 to -4.5 [Chang 
and Barsch , 1967, 1971; Barsch and Shull, 
1971). For !>pinel a Yalue of -5.5 has been 
measured [Chang and Barsch, 1972]. Thus 
the values reported here for bronzite ap
pear to be anomalously large. An explana
tion of this behayior requires a lattice theoreti
cal analysis based on the crystal structure of 
enstatite, !>imilar to the analysis presented for 
spinel by Striefler and Barsch [19i2]. Although 
such an analysis is not yet ayailnble, it appears 
plausible to attribute the large cun 'ature to the 
phase transition or the disproportionation of en-" 
statite between about 90 :lnd 135 kb [Aki11l0to 
and SY0110, 19iO; Ahrens and Gaffney, 1971]. 
The decrea!>e of the !>hear moduli at pressures 
above the maximums displayed in Figure 6 in
dicates dE:Cfeasing mechanical stability paralleled 
by decreasing thermodynamic stability and the 
occurrence of a phase transformation before the 
mechanical stability limit (e.g., if the quadratic 
extrapolation is used, c .. = 0 at P ~ 220 kb) 
is reached. 

Compression of bronzite at very high pres':' 
sw·es. The ultra!>onic equation of state 'has 
been calculated from the pre!>ent bronzite data 
by using the first-order Birch equation (Fig
ure 7). For illustrati"e purposes only, the non
linear elastic data for bronzite have also been 
e:drapolated by 'using the second-order Birch 
equation of state. These 'data are also included , 
in Figure i . Although the nO!~Jinear data are 
quite u,ncertain, it is interest ing to note that 
the deviation from the linearly e:\1rapoJated 
data is quite sl11all at 150 kb . If geophysical 
applications ,,,here temperature effects are im
port:mt to depths of >200 km are considered, 
it is unlikely that this 8mall difference caused 
by the cun"ature will play an important role 
in the equ:ltion of state. This conrlusion is no 
longer ,"alid, of course, if the orthopyro~ene
garnet tra.nsition doC's not. occur and the stability 


