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Mutually Consistent Estimates of TJpper Mantle Composition 
from Seismic Velocity Contrasts at 400 km Depth 

Abstract-Seismologically determined properties of the 400 km discontinuity may be compared to 
experimentally determined properties of the associated phase transformation in order to place con- 
straints upon upper mantle bulk composition. Disagreement among previous studies is commonly 
ascribed to differences in elastic equations of state (especially to assumptions about pressure and 
temperature derivatives) between studies. However, much of the disparity between studies is actually due 
to the selection of different seismic data functionals (P-wave velocity, S-wave velocity, etc.) for 
comparison to mineral elasticity calculations, rather than to the differences in elasticity data sets and 
equations of state. Within any given study, bulk sound velocity comparisons generally yield more 
olivine-rich compositional estimates than do P-wave velocity comparisons, which in turn indicate more 
olivine than S-wave velocities. Indeed, such variation in compositional estimates within a given study 
(arising from choice of data functional) exceeds the variation between studies (arising from elastic 
equation of state approximations). It can be argued that bulk sound velocities are better constrained 
seismologically than densities and, being independent of assumptions about shear moduli, should 
provide more reliable compositional estimates than P -  or S-wave velocities. 

Using recently measured bulk and shear moduli equations of state, mutually consistent estimates of 
upper mantle olivine content can be obtained from P-wave, S-wave, and bulk sound velocity contrasts 
at  400 km only if 8 I n p / 8 T  of /I has a value of about -2 x K- ' ,  yielding approximately 52% 
olivine by volume. A value of 8 In p /8T smaller in magnitude would require reassessment of several 
underlying assumptions. 

Key words: Seismic discontinuities, phase transitions, elastic properties, equations of state, velocity 
contrasts. 

Introduction 

The rapid increase in seismic velocity which has been found to occur near 
400 km depth in the earth (e.g., BYERLY, 1926) is indicative of changes in the elastic 
properties of upper mantle materials. BERNAL. (1936) proposed that such upper 
mantle velocity increases might be ascribed to an isochemical phase transformation 
of olivine to a spinel-like structure at depth. Subsequent high-pressure experimental 
investigations (e.g., RINGWOOD and MAJOR, 1966, 1970;  AKIMOTO and FUJISAWA, 
1968; KAWADA, 1977;  SUITO, 1977;  YAGI et al., 1979;  KATSURA and ITO, 1989) 
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and thermodynamic studies (e.g., AKAOGI et al., 1984; NAVROTSKY and AKAOGI, 
1984; BINA and WOOD, 1987; FEI et al., 1991) confirmed that olivine undergoes a 
transformation from its usual "a" structure to a "PP" modified spinel structure, with 
an associated increase in density and seismic velocities, under conditions appropri- 
ate to approximately 400 km depth. 

The 400 km seismic discontinuity can be characterized by abrupt changes in any 
of several seismic data furictionalsr density (p), S-wave velocity (V,), bulk sound 
velocity (Vd,), or P-wave velocity (V,,), the latter three being given by: 

where is the shear modulus arid Ks the adiabatic bulk modulus. If the 400 km 
seismic discontinuity is due to a phase transformation in material of uniform bulk 
composition, then the seismologically determined properties of the discontinuity 
may be compared with experimentally determined properties of phase transforma- 
tions in minerals in order to place constraints upon that bulk composition. 

Such comparisons have been performed in a number of studies. For example, 
WEIDNER (1986) suggested that upper mantle compositions containing 40-70% 
olivine by volurrie would be in agreement with seismologically determined velocity 
profiles. On the other hand, BINA and WOOD (1987) arrived at a range of 66-74% 
olivine by volume, while DUFFY and ANDERSON (1989) obtained a compositional 
range of 35-53% olivine by volume and suggested a preferred value of 40% olivine. 
Such disparate results have led to controversy (cf. ITA and SIIXRUDE, 1992) over 
whether upper mantle compositions more closely resemble an olivine-rich peri- 
dotite, such as the "pyrolite" (RINGWOOD, 1970) model, or an olivine-poor 
( < 50%) "piclogite" (BASS and ANDERSON, 1984). 

It is commonly assumed that such variation in compositional estimates is due 
largely to differences in the equations of state, especially in the values of the 
pressure and temperature derivatives of the elastic moduli, assumed for the high 
pressure phases (ANDERSON, 1988). However, it is also clear that significant 
variation can arise simply due to choice of seismic data functional: the BINA and 
WOOD (1987) estimates, for example, are based largely upon bulk sound velocities 
while those of DUFFY and ANDERSON (1989) are based largely upon S-wave 
velocities. Indeed, DUFFY and ANDERSON (1989) pointed out that V,, calculations 
were indicative of upper mantle compositioris about 10% richer in olivine than 
corresponding Vs calculations, and BINA and WOOD (1987) noted that V+ profiles 
suggest an even more olivine-rich mantle than either V, or Vs calculations. 

Here we obtain upper mantle compositional estimates from all four seismic data 
functionals for each of three published studies iricorporatirig widely differing elastic 
equations of state. We thus are able to compare the relative magnitudes of 
variations in compositional estimates arising solely from differences in equations of 
state to those due solely to choice of seismic data functional. Finally, we make use 
of recently published equation-of-state data to determine what conditions must 
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hold for all four seismic data functionals to yield mutually consistent compositional 
estimates. 

Method 

The calculation of absolute velocity and density profiles requires estimates of 
n~illeral proportions and elastic properties as functions of depth throughout the 
transition zone (cf. ITA and STIXRUDE, 1992). Given the uncertainties associated 
with extrapolating the elastic properties of several mantle minerals to high pressures 
and temperatures (cf. WEIDNER and ITO, 1987), we simplify the problem by 
comparing only the relative parameter increases across the 400 km discontinuity 
with the relative parameter increases across the rx +/? transition in olivine at 
transition zone pressures and temperatures. Thus, we obtain estimates of upper 
mantle olivine content while afflicted with only those uncertainties attendant upon 
extrapolating the elastic properties of the cc and /? phases of olivine to transition 
zone pressures and temperatures. This approach assumes that no other mineralogi- 
cal transformations contlibute significantly to rapid velocity increases at 400 km 
depth. This assun~ption is justified because the other major phase transition to 
occur in the upper mantle-the eclogite-garnetite transition, in which pyroxene 
dissolves into the garnet structure with increasing pressure to form a garnet-major- 
ite solid solution-has been shown by experimental studies (e.g., AKAOGI and 
AKIMOTO, 1977; AKAOGI, 1978; IRIFUNE et al., 1986) and thermodynamic analyses 
(e.g., BINA and Woon, 1984; AKAOCI el al., 1987) to occur over a very broad 
depth interval, thus failing to generate rapid seismic velocity increases over narrow 
depth ranges in the upper mantle. We shall not address further the implications of 
either the sharpness of the 400 Icm discontinuity or the topography thereon since 
these issues are discussed elsewhere (cf. BINA and HELFFRICH, 1993). 

To  facilitate comparisons between and within studies, we must adopt represen- 
tative values of the changes in seismic data functior~als across the 400 km disconti- 
nuity. Regional waveform modeling studies have given values of A V p o k m  (from 
models T7 of B~JRDICK and HELMBERGER (1987), K8 of GIVEN and HELMBERGER 
(1980), GCA of WALCK (1984), CAPRI of LEVEN (1985), CJF of WALCK (1985), 
S25 of L,EFEVRE and HELMBERCER (1989), and NWB-1 of BOWMAN and KEN- 
NETT (1990)) ranging from 3.9% to 6.0% (mean .5.0%, cr 0.7%) and values of 
AV4,00Lm (from models SNA and TNA of GRAND and HELMBERGER (1984)) of 
4.6%. As representative parameter increases, we here adopt a value for AVY0 '"' of 
4.9%, from models GCA (Gulf of California) and S25 (Canadian Shield), and a 
value for A V F o  '" of 4.6%, from n~odels TNA and SNA (Tectonic and Shield 
North America, respectively). The velocity profiles GCA and TNA have frequently 
been used in this context in previous studies (e.g., BINA and WOOD, 1986, 1987; 
WEIDNER, 1985, 1986, WEIDNER and ITO, 1987; AKAOGI et al., 1987; DUFFY and 
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ANDERSON, 1969). Taken together, these values give a A V Y k m  value of 5.1%. 
None of the more recent studies having addressed the question of upper mantle 
density profiles, we adopt a value for Ap400km of 3.9% from the average-earth 
model 1066B of GILBERT and DZIEWONSKI (1975). 

As a representative sample, we consider here three published studies incorporat- 
ing widely differing elastic equations of state: those of' WEIDNER (1986) (model 
"DW"), BINA and WOOD (1987) (model "BW"), and DUFFY and ANDERSON 
(1989) (model "DA"). Using the respective equations of state given in each of these 
studies, we have computed the following seismic data functionals: 

for the a-P transition in pure olivine of' compositiori (Mg,,Fe, ,),SO, (cf. R I N G -  

WOOD, 1975) under pressure and temperature conditions appropriate to 400 km depth. 
The results for each of the three models are shown in Table 1. We then divided each 
of these computed functionals for the phase transition, from Table 1, into the 
respective representative data functionals for the 400 km discontinuity, denoted by 
row "S" in Table 2, to obtain the respective estimate of upper mantle olivine content, 
shown in Table 3. For these calculations we assumed pressures of 13 GPa and 
temperatures of' 1700 K at 400 km depth; raising the assumed temperature to 2000 K 
alters the values in Table 1 by less than 0.5% and those in Table 3 by less than 5%. 

Table 1 

Paranleter b1crec1se.s across t/fe ct -+/I trutl~itiot~ at 400kn1 depth cotnputed from ela.sticity data sets of 
oariolrs sr~cdies 

Model ~ ~ a - f i  AVu-a A V$'/' AVU-8 

Computed for (Mg,,,Fe, ,)2Si0, at 13 GPa and 1700 K. Reftrences for BW, DW, and DA are 
given in the text TS is This Study. 

Table 2 

Represetltative reisn~ologically determined pat,anleter it~creases at 400km dept/l 

Model AP 400 ~ ~ 4 0 0  km A ~ 4 0 0  km A ~ 4 0 0  km (P P 

References fbr S are given in the text. 
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Table 3 

Ertirnnter of upper nimlrle olivirle corltetzt to~~lpuredf iom paranlefer irlcreases (11 400knl depth for vmious 
n~ocielr 

Upper Mantle Olivine Content from: 

Model AP A Vs A Vd, A V p  

Values are percent olivine by volume, obtained by dividing the entries of Table 2 by the corresponding 
entries of Table 1. References for BW, DW, and DA are given in the text TS is This Study. 

If each model were internally consistent and the seismologically deterrr~ined data 
functionals accurate for the earth, a given model would yield the same upper mantle 
compositional estirliate regardless of which functionals were compared. In other 
words, all entries should be the same within any given row of Table 3, differences 
between rows being due to the differing elastic equations of state of the various 
models. Clearly, none of these models yields consistent compositional estimates. 
The variation in compositional estimates within any given model (a,,, about 13% 
olivine), due to choice of data functional, exceeds the variation between different 
models (a,,, about 5% olivine), due to differences in equations of state. For 
example, DUFFY and ANDERSON (1989) used the parameter AV, to estimate an 
upper mantle olivine content of about 40% (computed as 36% in Table 3), noting 
that use of the parameter AV,  caused this estimate to rise to about 50% (51% in 
Table 3). Had they also examined the parameters Ap or AV+, they would have 
obtained even greater estimates of 65-70% olivine (67% and 68%, respectively, in 
Table 3). Thus, within a given study we obtain significantly different estimates of 
upper mantle olivine content from each of the four seismic data functionals we have 
considered, suggesting possible problems with the assumed equations of state in 
each of these studies. 

Uncertainties in computed functionals across the phase transition arise primarily 
from the extrapolation of mineral bulk and shear moduli to the high pressures and 
temperatures of the upper mantle. Since density and bulk sound velocity depend 
only uporl the bulk modulus while P- and S-wave velocities are dependent upon the 
bulk and shear moduli, and since seismologically inferred bulk moduli should be 
less sensitive to attenuative dispersion and lateral heterogeneity than shear moduli, 
it can be argued (cf. BINA and SILVER, 1990) that the bulk sound velocity should 
provide the best constrained compositional estimate amongst the functionals. 
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Similarly, since seismic velocities are additionally constrained by body-wave travel 
time data while density profiles utilize only free oscillation data and are globally 
averaged, the density contrast should yield a relatively poorly constrained composi- 
tional estimate. 

Thus, we may proceed by using recently measured bulk moduli equations of 
state to obtain a compositional estimate from the bulk sound velocity contrast. We 
may then use recently measured shear moduli equations of state to determine the 
value of the unmeasured ap/dT for the p phase necessary for the P- and S-wave 
velocity contrasts to yield mutually consistent estimates of upper maritle olivine 
content. For (Mg,,Fe, ,),Si04 olivine in the a phase, we adopt K (129 GPa), 
dK/dP (4.56), p (77.6 GPa), arid dp/dP ( 1.71) f ~ o m  the measurements of ZAUG et 
01. (1993) to 12.5 GPa, and aK/aT ( -0.0157 GPa/K) and ap/dT ( -0.0135 GPa/K) 
from the measurements of ISAAIC et al. (1989) to 1700 K. For the P phase, we adopt 
K (174 GPa), BK/dP (4.0), and BK/aT (-0.027 GPa/K) from the measurements of 
FEI et al. (1992) to 26 GPa and 900 K; p (1.10 GPa) f ~ o m  the measurements of 
SAWAMOTO et nl. (1984) and WEIDNER et al. (1984), arid dp/aP (1.7) from the 
measurements of GWANMESIA et al. (1990) to 3 GPa. We apply Eulerian finite 
strain equations of state (cf BINA and HELFFRICH, 1992), using the Suzuki-type 
thermal expansion formulation of FEI et nl. (1991). We find that, in order for the 
three seismic velocity contrasts to yield mutually consistent compositional estimates 
at 400 krn depth ( 13 GPa and 1700 K), we require a value of - 0.022 GPa/K for 
ap/BT for phase P, a value which falls between that of MgO (-0.024 to 
-0.026 GPa/K) and that of phase a (-0.014 GPa/K) and which is near that of 
Al,O, (-0.021 to -0.024 GPa/K) (ANDERSON et al., 1992). These results are 
shown in row "TS" in Tables 1 and 3. Thus, we obtain mutually consistent 
compositional estimates of approxirriately 52% olivine by volume if 8 In p /aT of /3 
has a value of about -2.0 x lop4  K-I, a value nearer that of rocksalt oxides 
( -2.2 x low4 K-') than that of average silicates ( - 1.4 x lop4  K-I) according to 
the systematics of ANDERSON (1988). 

Conclusions 

In conclusion, the seismologically determined properties of the 400 km disconti- 
nuity may be compared to experimentally determined properties of the associated 
phase transformation in order to place constraints upon upper maritle bulk cornpo- 
sition. Disagreement among the conclusions of previous studies is commonly 
assumed to arise largely from differences in the assumed equations of state. 
However, much of the disparity can in fact be ascribed to which seismic data 
functionals are chosen for comparison with mineral elasticity calculations. Indeed, 
the variation in compositional estimates within any given model due to choice of 
data functional exceeds the variation between different models due to differences in 
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equations of state. The three studies examined herein do not yield mutually 
consistent conipositiorial estimates for all three seismic velocity functionals: bulk 
sound velocity calculations at 400 km indicate a more olivine-rich upper mantle 
than do P-wave velocity calculations, which in turn indicate a greater olivine 
content than do S-wave velocity calculations, indicating possible problems with the 
assumed equations of state in each of these studies. It can be argued that bulk 
sound velocities are better constrained seismologically than densities and, being 
independent of assumptions about shear moduli, should provide more reliable 
compositional estimates than P -  or S-wave velocities. 

TJsing recently measured bulk and shear moduli equations of state, mutually 
consistent estimates of upper mantle olivine content can be obtained from P-wave, 
S-wave, and bulk sound velocity contrasts at 400 km only if a In p/aT of has a 
value of about -2 x K- ' .  Such a value yields mutually consistent composi- 
tional estimates of about 52% olivine by volume. Hence, measurement of such a 
value would indicate that the magnitude of the 400 km seismic discontinuity is 
consistent with the isochemical occurrence of the a-P phase transformation in an 
upper mantle of an olivine-rich peridotite composition such as pyrolite. 

If dp/aT for the p phase is shown experimentally not to have as large a value as 
predicted herein, how might it still be possible to obtain mutually consistent 
compositional estimates? One possibility would be that the magnitude of the 
velocity contrast at 400 km is not well characterized seismologically, so that the 
numbers in Table 2 are not representative. (Variation of the numbers in Table 2 by 
+0.5% results in a corresponding variation of $.5% in Table 3.) A second 
possibility would be that another phase transition progresses significantly over the 
narrow depth interval of the 400 km discontinuity, undermining our assumption 
that the entire observed velocity contrast is due to the a -+P transition. Finally, a 
third possibility would be to invoke discontinuities in the bulk chemical cornposi- 
tion of the rnantle (e.g., BUL.L.EN, 1937; ANDERSON and BASS, 1986). 

Acknowledgments 

I thank several reviewers for helpful comments on the manuscript. I acknowl- 
edge the support of the Carnegie Institution of Washington and the National 
Science Foundation (EAR-9158594). 

AKAOGI, M. ( 1978), High-pressure P/~alnse Equilibria oJ I / I ~  Mantle MitzeraL atzrl Mi~leralogical Constilrr- 
ti or^ o j  the Matzlle Tratlsiriot~ Zotle, Ph.D. Dissertation, Univ. of Tokyo, Tokyo. 

AKAOGI, M., and AKIMOTO, S (1977), Pyroxetle-garnet Solid-solutiot~ Equilibria irz 1/1e Syslenis 
Mg, Si, 0,, -Mg, AI,Si, O,, atzd Fe, Si, O,, -Fe, Al, Si, 0,2 a1 High Pressures atzd Tetnperalure.~, Phys. 
Earth Planet. Inter. 1.5. 90-106. 



108 Craig R. Bina PAGEOPH, 

AKAOGI, M , NAVROTSKY, A,, YAGI, T., and AKIMOTO, S., Pyroxene-garnet transformation: Thermo- 
chemistry and elasticity of garnet solids solutions, and application to a pyrolite mantle. In High-pres- 
sure Research ~ I I  Mineral Physics (eds. Manghnani, M. H., and Syono, Y.) (Terra Scientific, Tokyo 
1987) pp. 251 -260. 

AKAOGI, M., Ross, N. L., MCMILLAN, P., and NAVROTSKY, A. (1984), The Mg,Si04 Polynzorphs 
(Olivine, Modified Spinel, and Spinel)- Thertnodynanzic Properties from Oxide Melt Solution Calorime- 
try, Phase Relations, ar~cl Models of Lattice Vibrations, Am. Mineral. 69, 499-512. 

AKIMOTO, S., and FUJISAWA, H. (1968), Olivine-spinel Solid Solution Equilibria in the System Mg,SiO,- 
Fe,Si04, J. Geophys. Res 73, 1467-1479. 

ANDERSON, D. L. (1988), Temperature and Pressztre Derivative of Elastic Constants with Application to 
the Mantle, J .  Geophys. Res. 93, 4688-4700. 

ANDERSON, D. L., and BASS, J.  D. (1986), Transitior~ Region of the Earth's Upper Mantle, Nature 320, 
321 -328. 

ANDERSON, 0 .  L., ISAAK, D., and ODA, H. (1992), High-temperature Elastic Constant Data on Minerals 
Relevant to Geophysics, Rev. Geophys. 30, 57-90. 

BASS, J.  D., and ANDERSON, D. L. (1984), Composition of the Upper Mantle- Geophysical Tests of'I'~vo 
Petrological Models, Geophys. Res. Lett. 11, 229-232. 

BERNAL, J. D. (1936), Discussion, Observatory 59, 268. 
BINA, C. R., and HELFFRICH, G. R. (1992), Calculation of Elastic Properties from Thermodynamic 

Equation of State Principles, Ann. Rev. Earth Planet. Sci. 20, 527-552. 
BINA, C .  R., and HELFFRICH, G.  R. (1993), Phase Transition Clapeyron Slopes and Transition Zone 

Seismic Discor~tin~city Topography, J Geophys. Res., in press 1994. 
BINA, C. R., and SILVER, P. G. (1990), Constraints on Lower Mantle Conzposition and Temperature from 

Density ar~d Bulk Sound Velocity Profiles, Geophys. Res. Lett 17, 1153-1156. 
BINA, C R., and WOOD, B J .  (1984), The Eclogite to Garnetite Transitiotl-Experime17tal and 

Thermodynanzic Constraints, Geophys. Res. Lett. 11, 955-958. 
BINA, C. R., and WOOD, B. J. (1986), The 400km Seismic Discontinuity and the Proportion of Olivine 

it1 the Earth's Upper Mantle, Nature 324, 449-451. 
BINA, C. R., and WOOD, B. J. (1987), The Olivine-spinel Transitions: E,xperirnental and Thermodynamic 

Constraints and Implications for the Nature of the 400kn1 Seismic Discontinuity, J .  Geophys. Res. 92, 
4853-4866. 

BOWMAN, J. R., and KENNET'T, B. L. N. (1990), An Investigation of the Upper Mantle beneath 
North~c~estern Australia Using a Hybrid Seismograph Array, Geophys. J .  101, 41 1-424. 

BURDICK, L. J., and HELMBERGER, D. V. (1978), The Upper Mantle P Velocit,~ Structzire of the Western 
United States, J. Geophys. Res. 83, 1699- 1712. 

BULLEN, K. E. (1937), The Variation ofDensity and the Ellipticities of Strata of Equal Density within the 
Earth, Mon. Not. Roy Astron. Soc., Geophys. Suppl. 3, 395-401. 

BYERLY, P. (1926), The Montana Earthquake of Jline 28, 1925, Bull. Seismol. Soc. Am. 16, 
209-265. 

DUFFY, T. S., and ANDERSON, D. L. (1989), Seismic Velocities it7 Mantle Minerals and the Mineralogy 
o j  the Upper Mantle, J. Geophys Res. 94, 1895- 1912. 

FEI, Y., MAO, H.-K., and MYSEN, B. 0. (1991), Experimental Determination ofElenzent Partitioning and 
Calculation of Phase Relations in the Mg0-Fe0-Si0 ,  System at High Pressure and High Temperature, 
J .  Geophys. Res. 96, 2157-2169. 

FEI, Y ,  MAO, H.-K., SHU, J., PARTHASARATHY, G ,  BASSETT, W. A., and KO, J. (1992), Simultaneous 
High-P, High-T X-ray Drffractiorl Study of p-(Mg, Fe),Si04 to 26GPa and 900K, J .  Geophys. Res. 
97, 4489-4495. 

GILBERT, J F , and DZIEWONSKI, A. M. (1975), An Application of Nor~nal Mode Theory to the Retrieval 
of Structzire Parameters and Source Mechanism from Sebnic Spectra, Phil. Trans. Roy. Soc. London 
278A, 187-269. 

GIVEN, J. W., and HELMBERGER, D. V. (1980), Upper Mantle Structure of Northwestern Etcrasia, J .  
Geophys. Res. 85, 7183-7194. 

GRAND, S. P., and HELMBERGER, D. V. (1984), Upper Mantle Shear Structure of North America, 
Geophys. J. Roy. Astron. Soc. 76, 399-438. 



Vol. 141, 1993 Mutually Consistent Estimates of Upper Mantle Composition 109 

GWANMESIA, G.  D., RIGDEN,  S., JACKSON, I., and LIEBERMANN, R. C. (1990). Prernire Depericlfrice 
of Elaslie Wave Velocir)~ for 1-Mg,SiO, arid rhe Conzposiriorl of the Eartli's Marlrle, Science 2.50, 
794-796. 

IRIFUNE,  T ,  SEKINE, T., RINGWOOD, A E ,  and HIBBERSON, W. 0 .  (1986), Tlie Eclogire-garnetire 
Transformariori ar High Pressure arid Sonie Geopliyrical It~iplicationr, Earth Planet Sci. Lett. 77, 
245-256. 

ISAAK, D. G., ANDERSON, 0 .  L.., and GOTO, T. (1989), Ela.sticiiy of Sirigle-cr)~sIal Fo~srerire Mea.rured 
lcp to 1700K, .J .  Geophys. Res. 94, 5895-5906 

ITA, J., and STIXRUDE, L (1992), Petrolog]~, Elastici!,~, arid Coniporitior~ of rile Maritle Trarwitiori Zorle, 
J Geophys. Res. 97, 6849-6866. 

KATSIJRA, T., and ITO, E ( 1989), T11e Sl~,ster~~ Mg,SiO,-Fe,SiO, or High Pre.ss~o'es and Teniperc1ture.s: 
Precise Deterrtlinatiori of Stabilities of Olir~ine, Modified Spiriel arld Spiriel, .J.  Geophys Res. 94, 
15663- 15670 

KAWADA, K. (1977), Sj~.stenr Mg,SiO,-Fe2Si0, at Hig11 Pre.rrlcres cltlrl Teniperatloes uric/ tile Earth's 
Iriterior, Ph.D. Dissertation, 1Jniv. of Tokyo, Tokyo. 

LEFEVRE, L.. V , and HELMBERFER, D. V. (1989). Upper Maritle P-velocity Strlicrure of t11e (Ihrladiari 
Sllield, J Geophys. Res. 94, 17749- 17765 

LEVEN, .J. H. ( 1985), Tile Applicarion of Syritl~eric Sei.sr7r,lograrns ro !lie Iriterpretation of tlie Upper Marirle 
P-wave Velociry Srrucrure ill Nortl~erri Allstralia, Phys. Earth Planet Inter 38, 9-27 

NAVROTSKY, A., and AKAOGI, M (1984), The a, 1 ,  y Phase Relations irl Fe2Si0,-Mg,SiO,: Calcularion 
fionl Tl~ermocheniical Data anrl Geop11y.rical Ir7lplications, J. Geophys. Res. 89, 10,135- 10,140. 

R l ~ c w o o n ,  A. E. ( 1970), Pliuse Trczrl.~formatiorls arlrl /lie Corlsrirrttiorl of rile Marirle, Phys. Earth Planet. 
Inter. .?, 109-155 

RINGWOOD, A. E., Cor7ipositioti arid Petrologv of tlle E ~ I ~ I I I ' s  Mar~tle (McGraw-Hill, New York 1975) 
618 pp. 

RINGWOOD, A. E., and MAJOR, A. ( 1966), Svr~tl~esi ,~ of Mg,SiO,-Fe,SiO, Spiriel Solid Sol~itiotis, Earth 
Planet. Sci. Lett. 1, 241-245. 

RINGWOOD, A E ,  and MAJOR, A (1970), Tile Sjl.rter?~ Mg,SiO,-Fe,SiO, at Higli Pre,s.sure.s arirl 
Tenlperutures, Phys. Earth Planet. Inter. .?, 89-108. 

SAWAMOTO, H., WEIDNER, E. J., SASAKI, S., and KUMAZAWA, M. (1984), Sirlgle-cryrtal Ela.stic 
Properties of (lie Modified Spirlel (Beta) Pllase of Magriesium Orrl~osilicate, Science 224, 749-751. 

SUITO, I<., Plzase relntiorls ofpure Mg,SiO, lrp ro 200 kiloburs. In High Pre.ssure Researcll-Applications 
to Geopl~ysic~ (eds. Manghnani, M. H., and Akimoto, S.) (Academic, Orlando, Florida 1977) pp. 
255-266. 

WALCK, M. C. (1984), Tile P-wave Upper Marlrle Structure beneath uri Active Spreadi~~g Cetlter" Tile Glilf 
of Calforriia, Geophys. .1. Roy. Astron. Soc. 76, 697-723. 

WAL.CK, M. C. (1985), TIIE Upper Mriritle benear11 /lie Norill-east Pacific Rinr A Cor~lparisorl 1oitl1 t11e 
Glilf of Calijbrnia, Geophys. .l. Roy. Astron. Soc. 81, 243-276. 

WEIDNER, D. J. (1985), A Mirieral Pl~ysicr qf a Pjlrolite Marlrle, Geophys. Res. L.ett. 12, 417-420. 
WEIDNER, D. J., Maritle nloclel based ori nieasured plij~sical proper tie.^ of rnirierals. In Cl~emistry and 

P11,ysics of Terrestrial Plariets (ed. Saxena, S. K ) (Springer-Verlag, New York 1986) pp. 251-274. 
WEIDNER, D. J., and ITO, E., Mineral plly.rics consrrairit.~ or1 a ~rnforrn r?zarlrle conipo,sitiort. In 

High-pre.rsure Researcll irl Mineral Pii~~sics (eds Manghnani, M. H., and Syono, Y.) (Terra Scientific, 
Tokyo 1987) pp. 439-446. 

WEIDNER, D. J . ,  SWAMOTO, H., SASAKI, S ,  and KUMAZAWA, M .  (1984), Single-crysral Elastic 
Properties of /lie Spirlel Phase of Mg,SiO,, .l. Geophys. Res. 89, 7852-7860. 

YAGI,  T . ,  BELL, P. M., and MAO, H.-K. ( 1979), Pl~ase Relations in tlle Systeni Mg0-Fe0-Si0 ,  bet,i~eerl 
1.50 arid 7OOkbar at 1000°C, Year Book Carnegie Inst Washington 78, 614-618. 

ZAUG, J M., ABRAMSON, E. H., BROWN, .J. M., and SLUTSKY, L. .J. (1993), Sourid Velocities in Olivirie 
at Earth Marlrle Pressures, Science 260, 1487-1489 

(Received December 31, 1993, accepted January 2, 1994) 


