JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 94, NO. B2, PAGES 1895-1912, FEBRUARY 10, 1989

Seismic Velocities in Mantle Minerals and the
Mineralogy of the Upper Mantle
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Comparison of seismic velocities in mantle minerals, under mantle conditions, with seismic data
is a first step toward constraining mantle chemistry. The calculation, however, is uncertain due to
lack of data on certain physical properties. “Global” systematics have not proved very useful in
estimating these properties, particularly for the shear parameters. A new approach to elasticity
estimation is used in this study to produce estimates of unknown quantities, primarily pressure
and temperature derivatives of elastic moduli, from the structural and chemical trends evident
in the large amount of elasticity data now available. These trends suggest that the derivatives
of unmeasured high-pressure phases can be estimated from “analogous” low-pressure phases. Us-
ing these predictions and the best available measurements, seismic velocities are computed along
high-temperature adiabats for a set of mantle minerals using third-order finite strain theory. The
calculation of density and moduli at high temperature, to initiate the adiabat, must be done with
care since parameters such as thermal expansion are not independent of temperature. Both com-
pressional and shear seismic profiles are well-matched by a mineralogy dominated by clinopyroxene
and garnet and with an olivine content of approximately 40% by volume. Between 670 and 1000
km, perovskite alone provides a good fit to the seismic velocities. Combining seismic velocities
with recent phase equilibria data for a hypothetical pure olivine mantle suggests that a mineralogy
with a maximum of 35% olivine (shear profile) or 40-53% olivine (compressional profile) by volume
can satisfy the constraint imposed by the 400-km discontinuity. Other features of the upper mantle
can then be matched by appropriate combinations of pyroxenes, garnets, and their high-pressure
equivalents. While mantle models with a substantially larger fraction of olivine cannot be ruled
out, they are acceptable only if the derivatives of the spinel phases are substantially different from

olivine and deviate from trends in the larger data set.

INTRODUCTION

The mantle represents 68% of the mass of the Earth.
The chemistry of this region, if known, would represent a
major constraint on the current structural, compositional,
thermal, and dynamical state of the planet and its evolu-
tion to the present state. Despite a large volume of work on
the subject, the chemistry of the mantle has not been un-
ambiguously resolved. This paper will focus on the upper
mantle (above 670 km) and attempt to evaluate the state
of upper mantle mineralogy, primarily from the point of
view of elasticity data and equations of state.

Seismic profiles yield detailed information about elas-
tic prcperties that may be compared to laboratory mea-
sured properties. The primary limitation of this approach
is that many of the elastic properties required for such a
comparison have not been measured. In particular, pres-
sure and temperature derivatives of elastic moduli for many
high-pressure phases are unknown. In view of the difficulty
associated with synthesizing large single crystals of these
Phases, these properties are likely to remain unknown for
some time to come. To date, mosat investigators have esti-
mated the unknown properties without adopting any sys-
tematic scheme for doing so, and their conclusions about
the composition of the transition zone are difficult to jus-
tify.

Comparison of seismological and laboratory-based elas-
ticity data dates back to Birch[1952]. In more recent years,
studies which have discussed this problem include Ander-
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son [1967, 1970, Burdick and Anderson [1975], Lees et al.
(1983], Bass and Anderson [1984], Weidner [1986, 1987],
Anderson and Bass [1986], and Bina and Wood {1987}]. A
slightly different approach, extrapolating seismologically
determined parameters to standard T and P conditions for
comparison with laboratory data, was discussed by Butler
and Anderson [1978] and Jeanloz and Kniltle [1986]. In ad-
dition to sound speeds, density can also be obtained from
the inversion of seismic data, albeit with low resolution,
and compared to mineral assemblages [Bass and Anderson,
1084; Jeanloz and Knittle, 1986; Liu and Bassetf, 1986].
The problem has also been addressed from a petrological
perspective by Jeanloz and Thompson [1983], Irifune [1087],
and Akaogi et al. {1987].

Despite the large body of work on the subject, a con-
sensus has failed to emerge. Debate has focused on two pri-
mary mineralogical models: the pyrolite model [Ringwood,
1975] and the eclogite or piclogite model [Bass and Ander-
son, 1984; Anderson and Bass, 1986]. The pyrolite model
is dominated by olivine and orthopyroxene with these two
minerals accounting for about 75% of the assemblage by
volume. The range of compositions encompassing the pi-
clogite model is such that the eclogite component (clinopy-
roxene and garnet) is dominant and the olivine content is
less than 50% by volume. One way to discriminate between
these models is to determine which best matches the seis-
mic velocity increase at 400 km. This is a sensitive indica-
tor of the olivine content of the mantle since the 400-km
discontinuity is generally believed to be related to a spinel
transformation in olivine [e.g., Anderson, 1967, 1970]. An-
other important discriminant is the high observed seismic
gradient in the transition region (400-670 km). The abso-
lute value of the velocities above 400 km can be matched
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by either model, especially in view of the trade-off with
temperature [Anderson and Bass, 1984].

With this background in mind, several goals for this
project may be identified. First, we need to assemble an
up-to-date compilation of experimental data on the elastic
properties of mantle minerals. The elasticity data set is
growing at such a rate that compilations which are only
3 or 4 years old are out of date. Thus there is a need
to incorporate new data into existing compilations. Data
have accumulated over the last 30 years on a wide range
of mineral structures and compositions. The depth and
breadth of this data set is crucial as a proving ground for
new elasticity estimation schemes.

The second goal is to evaluate methods of estimating
the pressure and temperature derivatives of elastic moduli
in a systematic way. A powerful new technique in this re-
gard involves dimensionless logarithmic anharmonic (DLA)
parameters [Anderson, 1988]. The basic theme of our ap-
proach is that any estimated quantity should be consistent
with trends evident in the large elasticity data base dis-
cussed above. It may not be surprising that our estimated
values are similar to measured properties of materials of
similar chemistry and structure, but this is not true of sev-
eral recent studies. Thus it becomes important to identify
the best elastic analogues for a given material. Anoma-
lously high or low values of derivatives are frequently used
for unmeasured materials in other studies of this type. On
the basis of our work, extreme values can no longer be
tolerated unless they can be justified and suitably placed
in the framework of the existing elasticity data set. The
measurements of pressure and temperature derivatives on
materials of direct relevance to the Earth are few. In total
such data exist for only about seven silicates which include
the olivine structure, the garnet structure, quartz, and py-
roxene. There are many more measurements on oxides and
other ionic solids. When this larger data base is examined,
it is possible to see trends with jonic radius, chemistry,
coordination, and so on that can then be applied to the
silicates.

A further goal of this study is to compute the effect of
temperature and pressure on the moduli, thereby facilitat-
ing computation of seismic velocities under upper mantle
conditions. An extension of the method of Burdick and
Anderson [1975] is used for calculating the effect of tem-
perature. The results will be compared to other schemes
to ascertain the importance of the method of computa-
tion. We point out the importance of taking into account
the temperature dependence of the thermal expansion.

In assessing the implications of our work on the miner-
alogy of the upper mantle, we will stop short of a complete
petrological inversion since our purpose is to focus on the
role of elasticity data in constraining mantle mineralogy.
Constraints may still be obtained by restricting considera-
tion to the olivine system [e.g., Anderson, 1967; Bina and
Wood, 1987]. This is a useful approach because the avail-
ability of high-quality phase equilibria data on this sytem
allows the properties of a hypothetical pure olivine mantle
to be readily calculated. The amount of olivine is the most
critical difference between competing petrological models
and can be determined from transition zone gradients and
the parameters of the 400-km discontinuity as well as from
absolute velocities. Furthermore, this approach allows us

to make use of our new systematics and compare the re
sults to other studies whichehave used different estimateg
and methods. In this way, we hope to identify those param-
eters which are most critical in distinguishing petrological
models.

ELASTICITY DATA SET

The measured or estimated elastic properties for a set of
mantle minerals are compiled in Table 1. The experimen-
tal data consist largely of single-crystal ultrasonic, Bril-
louin, or resonance (RPR)} measurements. Bulk properties
are obtained from single-crystal values by the Voigt-Reuss-
Hill (VRH) averaging procedure |Watt et al., 1976]. The
number in parentheses following each experimental value
represents the uncertainty in the last digit. When several
experimental values are combined to yield a single com-
posite value, the quoted number represents the range of
individual measurements. Normally, different experiments
on the same material are in general agreement, although
they may fall outside the individual experimental uncer-
tainties. In these cases, a composite value is obtained by
arithmetic averaging. For properties varying with iron con-
tent, ideal solid solution is assumed. In cases for which
multiple measurements are clearly incompatible, the mea-
surements believed to be most reliable are used. Entries
in italics represent those values estimated using elasticity
systematics and are discussed in detail below. The uncer-
tainty in these estimates is unknown but is thought to be
about 20% and can vary depending on the quality of the
analogue data available.

There are a few specific entries that warrant further
comment. The bulk modulus of olivine (and §- and 7-
spinel) is taken to be independent of Fe content. This is in
conflict with the results of Sumino {1979] but in agreement
with Graham et al. [1982] and Schwab and Graham [1983].

The moduli of Mg-rich majorite were chosen to be the
same as pyrope as inferred from Weidner et al. [1987].
This bulk modulus is inconsistent with the static compres-
sion value of Jeanloz [1981]. It is in reasonable agreement
with the static compression value of Yagi et al. [1987] if the
pressure derivative of the isothermal bulk modulus Kp '’ is
taken to be small. A previous static compression study
of pyrope has also yielded a low Kr' [Sato et al., 1978).
This may reflect a systematic bias due to the use of pow-
dered samples since a single-crystal study of pyrope gave
a result in excellent agreement with ultrasonics [Levien et
al., 1979]. Bass [1986] evaluated elasticity systematics for
garnets and concluded that the best fit to garnet elasticity
data is obtained from the relation:

Vs M;lz = const

where V4 is the bulk sound speed and M, is the mean
atomic weight. For 29 germanate and silicate gar-
nets the constant in the above relationship is 31.77 %
1.14 km grl/2 8”1, This yields a bulk modulus for the
magnesium-rich end-member majorite of 177 & 13 GPa,
in agreement with the results of Yagi et al. [1987] and
Weidner et al. [1987]. This relationship was also used to
predict the bulk moduli of Ca- and Na-rich majorites. We
use the term “majorite” to refer to all high-pressure pyrox-
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TABLE 1. Elastic Properties of Mantle Minerals

Formula Density,® Kg, G, Kg, G,
(Name) g/cm? GPa GPa Ky G’ GPa/K GPa/K
(Mg, Fe),8i04 3.222(2) + 129(2)° 82(1) - 5.1(3)°¢ 1.8(1)°  0.016(1)¢ 0.013(1)°

(olivine) 1.182XF, 31(1)x8,

{Mg,Fe)25i04 3.472(5) + 174(1)7 114(1) - 4.9 18 0.018 0.014
(B-spinel) 1.24(9)Xpe 41X7,

(Mg,Fe)28i04 3.548(1) + 184(1)" 119(1) - 4.8 18 0.017 0.014
(-spinel) 1.30XF, 41xk,

(Mg,Fe)SiO3 3.204(5) + 104(4)* 77(1) - 50 20 0.012 0.011
(orthopyroxene}  0.799(5)XF. 24(1)X},

Ca(Mg,Fe)Siz0¢  3.277(5)7+ 113(1)+ 67(2) - 4.5(1.8)" 17 0.018 0.010
(clinopyroxene)  0.380(1)Xp. 7Xf~e lelf‘e

NaAlSizO¢ 3.32(2) 143(2)™ 84(2)™ 45 1.7 0.016 0.018
{jadeite)

(Mg,Fe)O 3.583(1) + 163(1) - 131(1) - 4.2(3)% 25(1)%  0.016(3)F 0.024(4)F
(magnesiowustite) 228(1))(;:.-e 8(5)XF. 77(5)XFe . .

Al;03 3.988(2)’ 251(3)% 162(2)% 4.3(1)% 18(1)%  0.014(3) 0.019(1)
(corundum)

8i0 4.289(3) 316(4)* 220(3)% 4.0 1.8 0.027 0.018
(stishovite)

(Mg Fe)3A128i30 2 3.562(2) + 175(1) + 90(1)+ 495 14()F 0.021(2)* 0.010(1)*
(garnet) 0.758(3)X e 1(1)xE, 8(1)X%,

Caz(AlFe)28i3012 3.595(2) + 169(2)- 104(1) - 4.9 16 0.0167 0.0157
(garnet) 0.265(1) X, 11(2)Xg,  14(1)XP,

(Mg,Fe)SiO3 3.810(4) + 212(4)? 132(9) - 4.8 1.7 0.017 0.017
(ilmenite) 1.10(5)XFe 41Xp,

(Mg,Fe)SiO3 4.104(7) + 266(6)" 158 3.9(4)" 2.0 0.01 0.028
(perovskite) 1.07(6)XFe

CaSiO3 4.13(11)° 227 125 3.9 19 0.027 0.028
(perovskite)

(MgFe)4Sig012  3.518(3) + 175 + 90 + 49 14 0.021 0.010
(majorite) 0.973(7)XFe 1xt, 8X%,

CazMg28ig 012 358 165 104 49 16 0.016 0.015
(majorite)

NazAl2Sig0;2 4.00° 200 127 4.9 16 0.016 0.015

(majorite)

K, adiabatic bulk modulus; G, shear modulus; K ', pressure derivative of the adiabatic bulk modulus; G, pressure
S Ty N

derivative of the shear modulus; Kg, absolute value of the temperature derivative of the adiabatic bulk modulus; G, absolute
value of the temperature derivative of the shear modulus; Xp., mole fraction of iron. The number in parentheses following
each experimental value represents the uncertainty in the last digit. Entries in italics represent those values estimated using
elasticity systematics.

a
b
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All densities from Jeanloz and Thompson [1983] except where indicated.

Graham et ol. [1982], Schwab and Graham [1983], Suzuki et al. (1983}, Sumino and Anderson [1984], and Yeganeh-Haeri and
Vaughan [1984].

Schwab and Graham [1983] and Sumino and Anderson [1984).

Suzuki et ol. [1983) and Sumino and Anderson [1084].

Schwab and Graham [1983], Suzuki et ol [1983], and Sumino and Anderson [1984].

Sawamoto et ol. [1984].

Sawamoto et al. [1984]. The effect of Fe on the modulus is from Weidner et ol. [1984].

Weidner et al. [1984].

Sumino and Anderson [1984], Bass and Weidner [1984], and Duffy and Vaughan [1988)].

Robie t al. [1966).

Sumino and Anderson [1984].

Levien and Preustt [1981).

Kandelin and Weidner [1988a, B].

Sumino and Anderson [1984]. The variation with Fe content is unclear. {See Graham and Kim [1986] for a review.)

Halleck [1973] and Bass [1986]. Linear variation of moduli between end members is assumed [Haniford and Weidner, 1985].

Dsaak and Anderson [1987].

Weidner and Ro [1985]. The variation with iron content is modeled by analogy with orthopyroxene.

Knittle and Jeanloz [1987].

Bass [1984).

Inferred from Weidner et al. [1987].

Akaogi et al. [1987).

Estimated by Bass and Anderson [1984].
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ene phases that crystallize in the garnet structure. There
is a large uncertainty in the densities of the Na-rich ma-
jorites, and the computed seismic velocities are therefore
uncertain.

Shear modulus systematics are less well established
than bulk modulus systematics. Silicate and germanale
garnet elasticity data indicate that the product, V, Mé/z,
where V, is the compressional sound speed, is also rela-
tively constant. The standard deviation for this relation is
a factor of 2 greater than for the previous relation. This
yields a shear modulus for Mg-rich majorite of 99 + 28
GPa, in reasonable agreement with the result of Wesdner
et al. [1987]. For Ca-majorite the estimated value is 91 +
25 GPa. If only data from Ca-rich garnets are considered,
then the preferred value is 105 GPa. For Na-majorite the
estimated value is 109 & 32 GPa. The uncertainties in es-
timated shear moduli values are about a factor of 2 larger
than bulk moduli uncertainties.

A second technique for estimating the shear modulus
utilizes the observation that garnet shear modulus data
show relatively little variability. A useful way to further
reduce variability is to normalize the ratio Kg/G by the
Ks /G ratio of the constituent oxides, giving (Ks/G)n
[Anderson, 1986]. The coordination of the oxides must be
taken into account in this method which necessitates the
derivation of a set of fictive Ks /G ratios from the existing
elasticity database. For garnets this procedure reduces the
variability in Kg /G from 25% to 15% and yields the result

Ks
— ~ 1.06
(%),

The estimated shear modulus of Mg-majorite by this pro-
cedure is 104 GPa, in good agreement with Weidner et al.
[1987]. The shear moduli of Ca- and Na-majorite shown in
Table 1 were estimated in this way.

Pyroxene elasticity data also merit some comment.
Aluminous orthopyroxenes, except jadeite, are not consid-
ered due to lack of relevant data. The pressure and temper-
ature derivatives of orthopyroxene are estimated, despite
the fact that experimental values exist [Frisillo and Barsch,
1972]. The measured values are highly anomalous, how-
ever, and large negative second derivatives are expected to
rapidly reduce them to more normal values such as used
here [ Webb and Jackson, 1985].

The bulk modulus of Mg-rich perovskite is taken from
Knittle and Jeanloz [1987] without making the correction
from isothermal to adiabatic conditions. For Ca-perovskite
the same bulk modulus results from either of the rela-
tions: KV, = const or V¢Mol/2 = const, where K
is the bulk modulus and V,, is the molar volume [Bass,
1984). The shear modulus values of Table 1 for perovskites

were obtained using the relation, V,,Mi” = const. This
relation holds remarkably well over a wide range of per-
ovskite compositions |Bass, 1984]. The standard devia-
tion of V,,Mj/z =
Vd> _;/2 = const. Thus we feel that realistic shear mod-
uli for this structure are obtainable using this relation.
Substitution of Fe for Mg increases the K, /G ratio for
many structures | Weidner et al., 1982] and is also expected
to decrease dG/dP (see Figure 2). The magnitude of this
effect is small compared to other certainties for Fe fractions

const is only 10% higher than for

of less than 0.15 such as are considered here. In a few cageg
where static compression results have been used to esti_,
mate the pressure derivative of the isothermal bulk mody-
lus K7 ' no correction has been made between isotherma}
and adiabatic conditions, a small correction compared to
experimental uncertainties.

DERIVATIVES

In the previous section, existing data were used to ob-
tain a compilation of measured and estimated elastic prop-
erties for mantle minerals. However, for a large number of
materials, pressure and temperature derivatives of elastic
moduli have not been measured. In this section, we obtain
estimates for these quantities.

The search for relationships is based on the large ex-
isting elasticity data base which consists primarily of the
compilation of Sumine and Anderson [1984], supplemented
by more recent studies. The data set used here consists
of 329 measurements on 149 minerals for which 10 crys-
tal structures are represented by five or more specimens.
The breadth of this compilation is an important advantage
since it allows potential relationships to be tested over a
range of chemistry and structure. By treating a large, di-
verse data set it is possible to see trends with ionic radius,
Ks /G, and v [Anderson, 1988]. These trends are often not
evident if attention is limited to “geophysically relevant”
compounds (silicates) because of the small range and small
number of measured samples and the low precision of data
on relatively incompressible compounds [Davies, 1976].

Systematics among derivatives of elastic properties
have proven to be rather elusive [e.g., Davies, 1976] par-
ticularly for the oxides and silicates. The bulk modulus
pressure derivative (dK/dP or K') is particularly resistant
to description by convincing systematics. However, this pa-
rameter exhibits little total variation, and uncertainties in
its variation from material to material are relatively unim-
portant for discussions of the upper mantle. On the other
hand, the temperature and pressure derivatives of the rigid-
ity display a large variability, and it is the choice of these
parameters that has led to most of the conflicting conclu-
sions about the composition of the transition region. An-
derson [1988] isolated ionic radius as a controlling variable
in shear modulus derivatives: halides, oxides, and silicates
follow the same trends. Again, the total range of ionic radii
in measured silicates is much smaller than in the data set
considered, and variations with this parameter could be
overlooked.

The limitations of the database must be born in mind.
While we primarily utilize high-quality single-crystal data,
a variety of experimental techniques have been used. For
derivatives there is a great deal of variation in the pres-
sure and temperature range of the experiments. The net
result is that different experiments conducted on the same
material can produce widely differing results. As a partic-
ularly egregious example, the eight reported bulk modulus
pressure derivatives for NaCl range from 3.72 to 5.91. No
attempt has been made to critically evaluate each experi-
ment. Where multiple measurements of a single quantity
exist, the results have simply been arithmetically averaged.
It should be pointed out that the results obtained in this
way are not significantly different from those obtained by
Anderson [1988], who selected a single measured value for
each material.
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Bulk modulus pressure derivatives exhibit the least to-
tal variability and the greatest experimental scatter. Pre-
vious estimation schemes have been limited in scope and
have not proven generally useful {Chung, 1973; Anderson,
1973]. On the other hand, since Ks ! does not vary much,
its magnitude is fairly easy to estimate.

Theoretical considerations indicate that K1 ' depends
only on the repulsive range parameter in a central force
model of the interatomic potential [Anderson and Ander-
son, 1970]. Thus Kt ' should be a linear function of in-
teratomic spacing. Analysis of the elasticity data set pro-
vides general empirical support for this result. The rela-
tionship holds best for ionic diatomic materials for which
interatomic spacing can be reliably estimated and crystal
structure effects are less important. Data also show that
Ks' increases as the Griineisen parameter increases, al-
though not in the manner predicted by the Slater formula.

A third relation involving the pressure derivative is that
Ks ' decreases with the product Ksr, where r is a measure

~ 1/3
of interatomic spacing. The quantity (Mo/p) / , wWhere
p is the density, can be taken as a measure of interatomic
spacing. In Figure 1, structural averages of Ks' have

been plotted against average values of Kg (Mo/p) 13

for available data. The bars indicate the range for each
structure. Highly anomalous values are plotted separately
(e.g., MgO). By plotting structural averages, it is hoped
that some of the uncertainty in individual measurements
will average out. Experimental uncertainties are partic-
ularly large for the relatively incompressible silicates and
oxides. According to Figure 1, K5’ is a linear function of
K (1\3,,/;))1/3 Since Kg (Jflo/p)l/3 tends to be con-
stant for each structure, this relation clearly delineates the
role of crystal structure and chemistry in determining Ks’.
Some structures violate the indicated trend such as rutiles,
a structure well known to exhibit unusual elastic behavior,
and Cs-chlorides (not shown in Figure 1) many of which
contain “exotic” ions such as Cs or T1. Properties of these
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Fig. 1. Pressure derivative of the bulk modulus plotted against
the product of the bulk modulus and average interatomic spac-
ing. The cube root of the mean atomic weight divided by density
is taken as a measure of average spacing. Circles represent av-
erage values for each structure, while the error bars represent
the range of measured values. Materials which are unusually
anomalous or belong to structures which contain two or fewer
samples are plotted separately. The number in parentheses fol-
lowing each structure label is the number of samples averaged
together for that structure.
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cations may explain the large values of Ks' often found
in this structure.

The procedure for obtaining the estimates of K5’ in
Table 1 depended on the type of existing data that could
be applied to a given mineral. For some materials, static
compression studies provide the only available estimates of
K7 '. However, error bars on these kinds of measurements
are quite large. Therefore we examined the predictions of
the three methods discussed above and adjusted the mea-
sured value, within its error bars, until consistency with
all available information is attained. In most cases, the
required adjustments are small or zero.

For the remaining unimneasured materials there are nsu-
ally derivative data for some analogue compound. In these
cases we take the analogue value and adjust it in accor-
dance with the trends noted above. Again, with a few
exceptions the adjustments are very small, of the order of
0.1-0.3. It becomes important in this scheme to identify
the proper analogue for a given material. For example,
Alz03 is held to be a good analogue for MgSiO3 ilmenite

in that the ions VIMg and VISi can readily substitute for
VIAl, and they have similar ionic radii and bulk moduli.

Another important case is that of the silicate spinels,
where olivine (same chemistry, different structure) rather
than aluminate spinel (different chemistry, similar struc-
ture) is taken as the best analogue for - and y-spinel. The
basis for this is that Mg-O and Si-O coordinations and in-
teratomic distances are the same or similar in o, f, and
7. The ions, charges, and ionic distances are dissimilar in
silicate and aluminate spinels [Anderson, 1988|. Further-
more, o, f, and 7 have similar Kg/G ratios and elastic
anisotropies, while silicate and aluminate spinels do not.
These quantities are important indicators of elastic char-
acter [Weidner and Hamaya, 1983; Bass et al., 1984].

The static compression result of Sawamoto et al. [1987]
suggests that K7’ for silicate spinels may be somewhat
less than for olivine, although the errors are too large to
say this with certainty. This is consistent with our sys-
tematics which suggests that Kg' for the spinels should
be only slightly less than for olivine. The experimental re-
sults of Fujisawa [1987] imply that the pressure derivatives
of both Kg and G do not differ much between a—olivine
and f—spinel. Finally, static compression results also in-
dicate that Kr’ for y—spinel is the same as or slightly
less than Kr' for olivine [Jeanloz and Thompson, 1983].
Our estimates for 8 and 7y are similar to those of Anderson
[1988] and Bina and Wood [1987] (see Table 3). However,
the values of Irifune [1987] and Weidner [1986] are consid-
erably lower. They fall below the trend lines in Figure 1,
close to the value for MgO. No measured silicate has such
low values.

Relationships involving the pressure derivative of the
shear modulus are, surprisingly, less ambiguous. Theoret-
ical considerations suggest that the pressure derivative of
the shear modulus G’ should depend on coordination and
Poisson’s ratio [Anderson, 1968; Davies, 1976]. Anderson
[1988] pointed out additional relationships involving the
dimensionless logarithmic anharmonic (DLA) parameter,

{G}r, which is given by
3InG Kr (3G
G = = — —_— 1
{G}r (31np)._,. G (BP)T (1)
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Fig. 2. Pressure derivative of the rigidity plotted against the ratio of bulk to shear modulus. Variation of G' with
the ratio Kg / G is evident for each of the structures represented, although there are a few anomalous points.

{G}r is found to decrease with Kg/G, which is related
to Poisson’s ratio, and with cation and anion radius. In
Figure 2, G' is plotted against the ratio Ks/G for avail-
able data. For a given structure, G’ varies as a function
of Ks/G, allowing the estimates of Table 1 to be con-
structed. Our results for the spinel phases are similar to
the estimates of Anderson [1988] and Bina and Wood [1987]
and are comparable to olivine. The values adopted by Iri-
fune [1987] and Weidner [1986] are approximately one-half
the value for olivine and occupy an extremum position on
Figure 2.

There are a number of trends evident in the data set
involving the temperature derivatives, | (8Ks/8T)p | =
Ksand | (3G/8T)p | = G. Both Kg and G decrease
a8 molar volume increases. Again, the trend is particu-
larly evident for simpler structures. Kg tends to increase
with the product aKg, where o is the volume_coeﬁi-
cient of thermal expansion. Furthermore, both Ks and
G increase with the acoustic Debye temperature, 5, until
fp = 800 K at which point they level off. The data
get also shows that logarithmic temperature derivatives
(8lnM/8T)p are not approximately constant as claimed
by Bina and Wood [1987]. While the above trends all give
some idea of how temperature derivatives behave, a more
rigorous procedure for estimating them can be obtained.

The temperature effect can be separated into intrinsic
and extrinsic components [Jones, 1976]:

where M is an elastic modulus and « is the coefficient of
volume expansion. The same result can be represented in
dimensionless form [Anderson, 1988]:

L (eMy _ 1 (oM Kr (OM
aM\3T ), ~ aM\3T /, ~ M \3P ),
(3)

Or, in terms of DLA parameter notation,

{M}r = {M}v - {M}r (4)

where the terms in braces are defined as

o = (3 -2 (3

ov =1 (%), ©)

= (35), - 0 (35),

The extrinsic term {M }r, can be computed from known
or previously estimated quantities (equation (7)). The in-
trinsic term {M}y is assumed to be constant for a given
crystal structure and is computed from existing data.

7)

—
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Fig. 4. Same as Figure ¥ except in this case for the rigidity. The scatter is somewhat lower for the rigidity
Systematics than for the bulk modulus systematics. However, the magnitude of the intrinsic term is generally
larger for the shear modulus.
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In Figures 3 and 4, existing data are compared to Equa-
tion (2). In general, there is good agreement between
measured temperature derivatives and those predicted, al-
though the scatter is somewhat greater for Kg. In practice,
there is relatively little difference between the predictions
of equations (2) and (3).

Initial estimates of all derivatives were obtained using
the above schemes. The estimates were then examined for
internal consistency and for agreement with known trends.
If necessary, values were then perturbed to give better over-
all agreement with the systematics. The result is a set of
self-consistent estimates based on the trends uncovered in
our analysis of the elasticity data set. These estimates are
also objective, in that they are derived with no particular
petrological model for the mantle in mind.

Note that the pressure and temperature derivatives of
the S and  phases adopted in this study are similar to
those of olivine. This is expected because the chemistries
are identical, the coordinations are the same, and the
cation-anion distances are similar. When a large data set
is considered, there are correlations of the derivatives with
Ks/G, ionic radii, and Griineisen’s y {Anderson, 1988].
These parameters are also similar for the various phases
of olivine and there is therefore no reason to expect the
derivatives of 8 and 7 to differ much from olivine. We
see little justification for adopting high T derivatives [e.g.,
Bina and Wood, 1987] or low P-derivatives [ Weidner, 1986;
Irifune, 1987} or high ratios of the T derivatives to P deriva-
tives for the spinel forms of olivine.

VELOCITIES AS A FUNCTION OF TEMPERATURE
AND PRESSURE

With the information available in Table 1, seismic ve-
locities can be computed in these minerals as a function of
temperature and pressure. The procedure is first to correct
for the effect of temperature by calculating the properties
at the foot of an appropriate adiabat. The properties are
then extrapolated adiabatically to depth using finite strain
theory.

The first step in this process is the calculation of high-
temperature densities using volume expansion data. Ex-
pansion coefficients are temperature dependent and must

be extrapolated beyond the upper limit of the experimental
data (generally 700°—1000°C). This was accomplished us-
ing Griineisen theory, an approximate statistical mechani-
cal model for the thermal expansion of a solid. To second
order in strain, Griineisen theory predicts that volume is
given by [Suzuki et al., 1975b}:

V(To) 4kE(6p,T)
1+ 2k — 1l - —
2]&:a,J + Qo

V(T) =
(8)

where V(T) is the volume at a given temperature T, V(T,)
is the volume at some reference temperature T, k is an
anharmonic parameter, fp is the Debye temperature, E is
the internal energy, Qo is the ratio of heat capacity to the
thermal expansion at 0 K [Suzuki, 1975 a], and a, is a cor-
rection term which accounts for the reference temperature
being different from absolute zero.

Volume-temperature data were fit to equation (8}, or
when available, previously published fits were used. The
general procedure is to compute the internal energy from
the Debye temperature and the Nernst-Lindemann energy
function. The parameter k is estimated from the pressure
derivative of the bulk modulus. @, and a, are found by an
iterative least squares technique; hence their values are not
necessarily physically meaningful. The parameters used in
equation (8) for the minerals of this study are shown in Ta-
ble 2. Thermal expansion coefficients as a function of tem-
perature are than obtained by differentiation of volume-
temperature data (Figure 5).

High temperature densities are computed from

- f aT')dT’
P(T) = p(To)e ™ (9)

where p(T) and p(T,) are the high-temperature and ref-
erence temperature densities, respectively. The primary
uncertainty in this calculation is the form of the expansion
curve (Figure 5) due to the uncertainties involved in ex-
trapolation. Nevertheless, high-temperature densities are
believed to be accurate to 1% or better.

TABLE 2. Thermal Expansion Parameters

QO) aUl BD ’ o (298 K)y

Mineral 108 J/mol k X102 K 1078 k1 Reference
@-olivine 5.044 2.05 1.00390 732 26.8 a
B-spinel 5.32 2.0 1.00188 952 21.5 b
~-spinel 6.42 2.0 1.00256 849 15.3 c
Enstatite 3.68 1.75 1.00402 738 26.0 d
Diopside 3.93 1.75 1.00332 673 25.5 e
Periclase 1.14 1.60 1.00347 942 28.9 a
Corundum 461 1.65 1.00151 1031 16.6 f
Pyrope 16.5 1.50 1.00337 698 23.8 g
Stishovite 3.03 1.50 1.00107 1192 13.2 h
Perovskite 2.88 1.50 1.0 825 31.4 i

References: 1979a}; d,

Suzuki [1975b}; e, Deganel
Wachtman et al. [1962]; g,
et al. [1986].

2, Suzuki}1975a]; b, Suzuks et al. [1980}; ¢, Suzuk: et al.
0;1973L;.Cameron et al. [1973]; Finger and Ohashi[1976); f,
uzuks and Anderson [1983]; h, Ito et al. [1974]; i, Knaittle
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Fig. 5. Thermal expansion data fit to a Griineisen function for available data on mantle minerals. The expansion
coefficient increases rapidly at moderate temperatures but becomes nearly constant at temperatures at or near the
Debye temperature. The abbreviations are mw, magnesiowiistite; pv, perovskite; ol, olivine; opx, orthopyroxene;
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Elastic moduli at high temperature can be obtained
in a number of ways. A common scheme is to perform a
Taylor expansion about a reference temperature as follows:

mn ~ ) + (51) @ -
+ % (Zzt{)P (T -T,)% + ... (10)

Most existing high-temperature elasticity data only
extend to 500°C, although a few studies have achieved
1000°C. From this limited data, higher-order terms can-
not usually be reliably obtained (see Suzuki et al. [1983]
and Sumino et al. [1983] for exceptions), and the expan-
sion is normally truncated at terms linear in temperature
[Bina and Wood, 1987; Weidner, 1986]. Other calculation
methods assume the constancy of some thermodynamic pa-
rameter such as - or 6s or involve curve fitting to some
predetermined functional form [e.g., Suzuki ef al., 1983;
Sumino et al., 1983).

The high-temperature moduli used here were obtained
by consideration of the DLA parameter under isobaric con-
ditions (equation (5)). If this parameter is assumed to be
constant with temperature, integration yields the following
temperature equation of state [Anderson, 1088]:

{M}r
mr) = mz,) (20) (1)

Since the DLA parameters have been shown to vary

slightly with chemistry but very little with structure, it is
reasonable to suppose that they will not vary with tem-
perature. Existing experimental data, where available, do
not contradict this contention. The assumption, {M}p
constant, is identical to assuming §s = const when M
= Ks.

Comparison of equations (10) and (11) to existing ex-
perimental data indicates that both predict moduli within
experimental uncertainty and differ by 2% or less. In view
of the experimental uncertainties and those introduced by
Voigt-Reuss-Hill averaging of the moduli, the form of the
temperature equation is likely to be a small contributor
to the overall uncertainty. In general, equation (11) pro-
duces moduli which are lower than those given by equation
(10). The difference increases with temperature, and for
the temperature range considered here (up to 2000°C) the
difference in the resulting velocities is usually 6% or less.
However, ratios of velocities between phases change by less
than 2%. Thus the effect of the temperature equation of
state will be largely reflected in the temperature used to
initiate the adiabat and only to a lesser degree in the re-
sulting mineral compositions.

According to the scheme that we have adopted,
I (0Ks/aT)p l increases with temperature. In order for

M}y to remain constant with temperature, (BM/BP)T
must also increase with temperature. This is consistent
with both theoretical considerations [Wolf and Bukowin-
ski, 1987] and limited experimental data for MgO and NaCl
on simultaneous application of pressure and temperatures
[Spetzler, 1969; Spetzler et al., 1972]. The magnitude of the
effect is difficult to quantify. If we use Earth model PREM
[Dziewonsks and Anderson, 1981] parameters for the lower
mantle as a guide, we find that
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dln M’
dlnp

~ —1 (12)

where M’ is the pressure derivative of a modulus. This
is roughly consistent with the NaCl data, although shear
data may imply a stronger dependence on density. Use
of equations (9) and (12) yields the following relation for
high-temperature pressure derivatives:

}: a(T')dT’
M (T) = M' (T,) e (13)

High-temperature physical properties were then pro-
jected adiabatically into the mantle using third-order finite
strain theory. The expressions for compressional and shear
velocities can be cast into the form [Davies and Dziewonski,
1975

pVZ = (1 —2¢°2 (Ly + Lze) (14a)
pVE = (1 —2)%/% (M + Mae)  (14b)
P=-(1- 2¢)5/2 (Cre + C2¢%/2) (14c)

where the strain € is given by
e = 1/2 (1= p/po)??] (15)

p is the density, p, is the zero pressure density, P is the
pressure, and Vp and Vg are the compressional and shear
velocities, respectively.

The coefficients are

M, =G
L, = K + (4/3)G
Cy = 3L; — 4M,
M, = 5G —3KG'

Cy; = 3L, —~ 4M, + 7C; (16f

For a given pressure, equation (14c) was used to obtain
the strain €. From (15), (14a), and (145) the density and
sound speeds are obtained. The parameters (16} are deter-
mined from Table 1, having made appropriate temperature
corrections. Here again we differ with Weidner [1986], who
assumed a linear dependence of Kg and G on P, which is
not a thermodynamically based equation of state [Birch,
1978] such as used here.

ResuLTS

In this section we use the data of seismology and min-
eral physics to test the hypothesis that the mantle is chemi-
cally homogeneous. The qualitative agreement between the
locations and properties of the major seismic discontinu-
ities and those expected in an olivine-rich mantle suggests
that the discontinuities are due to phase changes [e.g., An-
derson, 1967, 1970]. It has been the prevailing view for 20

years that all mantle discontinuities are equilibrium phase
changes in a homogeneous mantle. Since phase changes are
the first-order effects and will occur regardless of whether
the mantle is homogeneous or not, it is difficult to deter-
mine if the chemistry, as well as the mineralogy, changes
across the mantle discontinuities. In previous sections we
have attempted to assemble a self-consistent set of physical
parameters of all the important mantle phases. The tem-
perature and pressure derivatives and the rigidity and bulk
modulus derivatives cannot be picked independently as has
been the case in the past [e.g., Weidner, 1986; Bina and
Wood, 1987]. The resulting parameters included a dG/dP
for B and 4 that is spinellike but a dG/dT that is olivine-
like, giving relations between these derivatives which are
neither spinellike or olivinelike or, for that matter like any
other relevant compound. Similarly, Bina and Wood pick
temperature derivatives for the spinel phases which are
not only abnormally high but also are anomalous, relative
to any other compound when compared with the pressure
derivatives [Anderson, 1988). We suggest that the various
temperature and pressure derivatives should be derived in
a coherent self-consistent manner and independently of the
requirements of a particular hypothesis. An alternative is
to pick a petrological model and to determine what phys-
ical properties of the minerals are required [e.g., Weidner,
1986]. These properties should then be tested for plausi-
bility, as a set. The latter is not generally done.

Mineral velocities as a function of depth are plotted
along a 1400°C adiabat in Figures 6 and 7. Shown for
comparison in Figure 6 are Earth models GCA |Walck,
1984] and CJF [Walck, 1985}, while models TNA and SNA
[Grand and Helmberger, 1984] are shown in Figure 7. Pres-
sures were converted to depths using Earth model PREM.
The iron content of all ferromagnesian silicates was taken
to be 10 mol % except for Mg-rich garnets {20 mol %) and
magnesiowistite (30 mol %).

The primary difference between our results and those
of Bass and Anderson [1984] is due to the velocities of the
majorite phases. Bass and Anderson used a measured bulk
modulus [Jeanloz, 1981] substantially larger than subse-
quent measurements [ Yagr et al., 1987; Weidner et al., 1987]
and larger than one would expect from ¥*[MgSi] for V! Al,
substitution. Since the more recent measurements are in
accord with expected garnet behavior and include high-
quality Brillouin data, we chose these lower estimates for
this work. Velocities in pyrope and Mg-rich majorite are
now virtually indistinguishable. The 1-2% velocity differ-
ence between grosgular and Ca-rich majorite is largely due
to differences in iron content and shows the effect of includ-
ing 10 mol % Fe in grossular. Both Ca- and Mg-majorite
are about 10-15% slower here than indicated by Bass and
Anderson [1984]. Velocities in Na-rich majorite are similar
in the two studies, but these are, nevertheless, highly un-
certain. Bass and Anderson used their results to argue for
a garnet- and clinopyroxene-rich upper mantle mineralogy.
An important question, then, is whether such a mineralogy
is still tenable, given that the properties of one of its major
constituents has undergone substantial revision.

In the uppermost mantle (above 400 km) there is con-
siderable variation among different seismic models and a
variety of mineral combinations can be used to match the
selsmic data. Olivine alone i8 in reasonably good agree-
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Fig. 6. Finite strain trajectories for P wave velocity. The calculation is initiated along a 1400°C adiabat. Shown
for comparison are Earth models GCA (short-dashed curve) and CJF (long-dashed curve). The abbreviations
are Mg-pv, Mg-rich perovskite; Ca-pv, calcium-rich perovskite; il, ilmenite; Mg-mj, Mg-rich majorite; Ca-mj,
Ca-rich majorite; Na-mj, Na-rich majorite; gr, grossularite; jd, jadeite. Other abbreviations are the same as in

Figure 5.

ment as is olivine combined with equal parts fast material
(jadeite and garnet) and slow material (other pyroxenes)
or garnet plus pyroxene (eclogite) with or without olivine.
Thus this region does not provide any means to distinguish
between petrological models. We must only require that
the absolute value of the velocity in this region be matched
by the petrological model and look for more stringent tests
deeper in the Earth. Although olivine-rich garnet peri-
dotite is consistent with the seismic velocities above 400
km and is a reasonable mineralogy based on other consid-
erations, it is not required by the seismic data.

The 400-km discontinuity provides an important con-
straint on the amount of olivine in the mantle since it is
believed to be caused by the o — B transition. Insofar as
olivine and its high-pressure phases are important compo-
nents of the mantle, the properties of & and B are impor-
tant in discussions of the 400-km discontinuity, even if it
is not an equilibrium phase boundary in a homogeneous
mantle. According to Figures 6 and 7 the velocities in the
spinels are much higher than in olivine. This suggests that
mineralogies which are not predominately olivine have a
better chance of matching the size of the discontinuity and
the velocities below 400 km than olivine-rich peridotites.

. It is also clear that a broad phase transition or chem-
ical gradient is required for the transition region since
the slopes of the mineral trajectories are much lower
than those observed seismically. This favors olivine- and
°rth0pyroxene-poor mineralogies, since neither of these

minerals can be responsible for a broad transition at these
depths.

Velocities at the top of the lower mantle (to 1000 km
depth) are consistent with the properties of perovskite
but not with the high-pressure forms of olivine, in agree-
ment with earlier studies [e.g., Butler and Anderson, 1978].
This suggests that the 670-km discontinuity may repre-
sent a change in composition and a chemical barrier to
whole mantle convection. Large amounts of Fe-rich mag-
nesiowiistite are allowed only if there is some additional
high-velocity material or the temperature derivatives of
perovskite are much lower than those used here.

This study will stop short of a complete petrological
inversion since its goal is to focus on the role of elasticity
data. However, in analyzing our results it is important to
bear in mind the main features of mantle phase equilib-
ria. There have been a series of recent petrological studies
which have clarified and, in some cases, revised our under-
standing of those systems believed to be most important
in the upper mantle. Many of the most recent results have
been summarized by Anderson and Bass [1986] and Irifune
[1987].

Phase equilibria in the olivine system have been consid-
ered in several recent studies [Navrotsky and Akaogs, 1984;
Fei and Sazena, 1986; Bina and Wood, 1987]. While there
is some disagreement, the main features of olivine equilib-
ria have become clear. The a-phase of olivine transforms
to B-spinel over a narrow pressure range at about 400 km
depth. The § — « transition iz spread over several giga-
pascals within the transition region. The olivine system
and the resulting sound speeds will be considered in more
detail below.
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Fig. 7. Finite strain trajectories for S wave velocity. Conditions are the same as in Figure 6. The Earth mode.ls
in this case are TNA (short-dashed curve) and SNA (long-dashed curve). The abbreviations are the same as in

Figures 5 and 6.

The pyroxene-garnet system is characterized by the dis-
solution of pyroxene into the garnet structure over a broad
pressure interval. For Mg-rich pyroxenes the transforma-
tion to garnet is complete by about 400-450 km depth
[Akaogi et al., 1987; Kanzaki, 1987]. Diopsidic pyroxene
persists to greater depths [Akaogt and Akimoto, 1979; Ito
and Takahashi, 1987}, as does jadeite [Irifune, 1987], be-
fore dissolving into the garnet structure. Depending on
temperature and AloO3 and FeO contents, there may be a
restricted field of ilmenite stability below 500 km.

At greater depth, majorite or ilmenite transforms to
perovskite over a large pressure interval. In addition,
+-spinel dissociates into perovskite and magnesiowiistite.
These transformations may explain the seismic structure
around 670 km. In addition, a change in chemistry may
also occur at this depth.

Using these basic phase equilibria as a guide, we can
obtain estimates for the mineral proportions of the upper
mantle by solving a series of linear equations at selected
depths. The result, using the data of Figures 6 and 7,
is that good agreement for both compresgional and shear
properties can be obtained from a starting low-pressure
mineralogy of 40% olivine, 37% clinopyroxene, 13% gar-
net, and 10% orthopyroxene. The agreement deteriorates
as more olivine is added to the mineralogy, particularly
with regard to shear properties. This conclusion holds re-
gardless of the depth or the adiabat initiation temperature.
As we mentioned before, the shallow mantle can be much
more olivine-rich. If 8o, the shallow mantle must differ in
composition from the transition region as well as from the
lower mantle.

AN OLIVINE MANTLE

Additional constraints on suitable petrological mod-
els can be obtained by considering the seismic behavior
of a hypothetical pure olivine mantle. Seismic velocities
were calculated as described above. Phase equilibria data
were taken from the thermochemical calculation of Bina
and Wood [1987]. In mixed phase regions, velocities were
calculated by volume averaging using the Voigt-Reuss-Hill
procedure.

The results of this calculation are shown in Figures 8
and 9. As before, iron content is 10%, and the trajectory is
initiated along a 1400°C adiabat. Earth models GCA and
CJF (Figure 8) and TNA and SNA (Figure 9) are shown
for comparison. It is evident from the figures that a pure
olivine mantle produces a discontinuity much greater than
observed seismically. High-resolution seismic models yield
compressional velocity jumps at 400 km ranging from 3.9 to
5.1%. The jump in a pure olivine mantle is 9.7%. This in-
dicates that a mineralogy with 40-53% olivine could match
the velocity increase at 400 km if the other mantle compo-
nents are passive near this depth. This is consistent with
the mineralogy inferred in the previous section. For shear
waves the jump in several recent high-resolution models
is 4.6%. For a pure olivine mantle we calculate a veloc-
ity increase of 13.0% for shear waves, indicating a mantle
olivine content of 35%. These results depend slightly on
the method ueed for calculating the effect of temperature
(equation (10) or (11} ). If equation (10) is used for tem-
perature corrections, 5-10% less olivine iz allowed in both
cases. It should be noted that these numbers represent an
upper limit for the olivine content since other phase trans-
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Fig. 8. Compressional velocity along a 1400°C adiabat for a hypothetical pure olivine mantle (solid curve)
compared to Earth models GCA (short-dashed curve) and CJF (long-dahsed curve). The velocity increase near
400 km is substantially larger in the olivine model than in the Earth models. Mineralogies with 40-53% olivine
by volume can satisfy the compressional velocity profiles.
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Fig. 9. Shear velocity along a 1400° adiabat for a hypathetical pure olivine mantle compared to Earth models
TNA (short-dashed curve} and SNA (long-dahsed curve). Shear velocity data are consistent with a mantle
olivine content of only 35%. Phase changes in the olivine component produce a net transition region gradient
substantially smaller than that observed seismically.
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Fig. 10. Temperature derivative of the shear modulus plotted against pressure derivative of the shear modulus.
Open circles represent measured values for 56 minerals. Solid circles are estimates of the properties of f-spinel
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derivative is unknown. Abbreviations are DW, Weidner [1986]; BW, Bina and Wood [1987); I, Irifune [1987]; DLA,
Anderson [1988]; DA, this study; Fo, forsterite; Fa, fayalite; En, enstatite; gts., garnets; CsCls., CsCl structures;

Al-sp, AlaMgOgy4.

formations such as orthopyroxene-majorite are occurring
near the 400-km discontinuity and will add to the velocity
increase.

The transition zone gradient for the seismic profiles is
30-50% greater than for an olivine mantle. For a chemi-
cally homogeneous transition zone it is required that other
phase transitions must be occurring in this region. Ca- and
Na-rich clinopyroxenes undergo a broad transition to the
majorite structure in this region.

Agreement between a pyrolite mantle and the seismic
profiles is attainable at the 400-km discontinuity by re-
ducing the pressure derivatives of the shear moduli of the
spinel phases or by increasing their temperature deriva-
tives. The magnitudes of these adjustments, however, are
large enough that the resulting estimates are in violation
of the systematics discussed above. Lowering the pressure
derivatives makes the transition zone gradient more dif-
ficult to match and more clinopyroxene is required {(or a
stronger compositional gradient). Of course, it iz possible
to reduce the magnitude of the adjustments by simultane-
ously reducing the pressure derivative and increasing the
temperature derivative. But this is a violation of equa-
tion (4) and is therefore inconsistent with the trends in the
elasticity data set.

The amount of olivine/S-spinel allowed by the seismic
shear wave profiles depends on the values of G’ = 8G/d

Pand G = | 8G /3T | adopted for B-spinel since the other
required parameters for olivine and (-spinel are known.
Figure 10 shows contours of allowed olivine content a3 a
function of G’ and G for B-spinel based on matching the
size of the 400-km discontinuity in shear wave profiles. Also
shown are the 55 minerals for which data on both G’ and G
exist. In addition, estimates used in this and other recent
studies are included.

Contours were determined by comparing the shear wave
velocity of olivine just above the 400-km discontinuity with
the velocity of f-spinel just below it. The values of the con-
tours are insensitive to the choice of bulk modulus deriva-
tives. Olivine contents of 60% or more are allowed if the
spinel shear derivatives are at the edge of the bulk of the
data [e.g., Bina and Wood, 1987; Weidner, 1986].

Aluminate spinel, a relatively poor analogue, is the only
relevant material which has derivative properties consis-
tent with an olivine content of greater than 50%. The
silicate subset of the parameters, including forsterite, falls
within the region of 40% or less olivine. While the es-
timates of Bina and Wood are not similar to any other
material, the estimates of Weidner and Irifune fall in the
range of materials with large ionic radius (AgBr, CaF2,
CdF,, SrO, GeO,, and BaO) and iransition metal ions
(Fe2O3, FepSi0O4). These materials are much poorer ana-
logues for B-spinel than olivine and other Mg-rich silicates.
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TABLE 3. Summary of the Elastic Properties of the Olivine Phases

Ks, G, Ks, G,
Study GPa GPa K G’ GPa/K GPa/K
o Phase
This study 129 82 5.1 1.8 0.016 0.013
Bina and Wood [1987] 129 81 5.2 1.8 0.014 0.014
Inifune [1987] 129 81 5.2 1.79 0014 0.013
Weidner [1986] 129 80 47 16 0.016  0.014
B Phase
This study 174 114 4.9 1.8 0.018 0.014
Anderson [1988] 4.8 2.0 0.017 0.015
Bina and Wood [1987] 174 114 4.8 1.8 0.016 0.023
Irifune [1987] 174 114 4 1.1 0.011 0.011
Weidner [1986] 174 114 4.3 0.9 0.020 0.014
v Phase
This study 184 119 4.8 1.8 0.017 0.014
Anderson [1988] 5.0 2.0 0.017 0.015
Bina and Wood [1987] 184 119 4.8 1.8 0.015  0.024
Irifune [1987] 184 119 4.8 1.1 0.012 0.011
Weidner [1986] 184 119 4.3 0.9 0.020 0.014
AloMgO, Spinel
Sumino and Anderson 197 108 4.9 0.5 0.016  0.009

[1984]

On the basis of ionic considerations it is unlikely that G’
for silicate spinel is as low as G’ for germanate spinel. If,
however, this value is used for G’ and G s adopted from
aluminate spinel, then the result is in the field of less than
40% olivine. Using. our temperature systematics, however,
we would predict G to be no more than 0.12 for germanate
spinel, yielding an olivine content of at most 50%. If G
is 0.15 or larger, an olivine-rich (> 60%) mantle would be
required. Thus an olivine-rich mantle is possible if £-spinel
violates the trends observed in the data set. Our preferred

values, however, are consistent with an olivine content of
40% or less.

On the basis of elasticity systematics for temperature
and pressure derivatives we conclude that mineralogies
with a2 maximum olivine content of about 35-53% pro-
duce the best agreement with the seismic profiles. Com-
Pressional velocity profiles seem to allow about 10% more
olivine than shear profiles, and the reason for this differ-
ence needs to be more fully investigated. Both compres-
sional and shear seismic profiles are well matched by min-
eralogies containing about 40% olivine and a substantial
amount of Ca-rich and, possibly, Na-rich clinopyroxenes.

DiscussioN

The results obtained here disagree with a number of
recent studies which have supported an olivine-rich model
for the upper mantle [Weidner, 1986; Irifune, 1987; Bina
and Wood, 1987]. The primary cause of the disagreement
rests in the values used for the derivatives of spinel phases
and differences in the equations of state used. Table 3
Compares the elastic properties used for the a, f, and v

phases in this and other recent studies. In studies sup-
porting a mineralogy with 60-70% olivine the derivatives
of the spinel phases are chosen such that sound speeds,
particularly shear velocity, in spinel and olivine converge
at high pressure and temperature. This is accomplished
either through very high temperature derivatives for the
spinels [Bina and Wood, 1987] or very low pressure deriva-
tives [Weidner, 1986; Irifune, 1987]. If the derivatives of
the spinel phases are chosen to be similar to olivine, a rel-
atively olivine-poor mineralogy best matches the seismic
profiles.

The elastic properties of Al>MgOy-spinel are also given
in Table 3. This material has a high Ks5/G relative to
the silicate spinels and, from Figure 2, is therefore ex-
pected to have a lower (3G /3 P)r. The low (3G/3P)r
of Al;MgOy is sometimes used as an argument in favor
of a low (8G/8P)r for silicate spinels such as used by
Weidner [1986] and Irifune [1987]. Note, however, that
AloMgOy4 also has a low (8G/3T)p. In addition, Figures
2 and 4 show that crystal structure does not constrain the
derivatives.

Low measured pressure derivatives for aluminate
spinels have been used as justification for low pressure
derivatives for silicate spinels. However, it was shown
above that aluminate spinels are poor analogues for sili-
cate spinels. Aluminate and silicate spinels do not even
satisfy the same systematics for the first-order elastic con-
stants. Furthermore, measured compressional and shear
wave velocities in silicate spinels do not converge at high
pressure |Fujisawa, 1987].

A recent measurement of the pressure derivatives of
germanate spinel (Mg, GeOy) has yielded smaller pressure
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derivatives than used here for silicate spinels [Rigden et al.,
1988] but higher values than AloMgO4-spinel. IVGett
has an ionic radius between Ing2+ and 1Y Si‘“’, and
Mg, GeOy-spinel has a K5 /G between that of Al;MgO4
and B-spinel. Therefore on the basis of relations developed
here and by Anderson [1988] we expect S-spinel to have
(dG/dP)r appreciably greater than Mgz GeOy4-spinel, con-
sistent with our choice. For other isostructural compounds
an increase in Ks/G as large as that between MgoGeOy-
spinel and Mg2SiO4-spinel gives a normalized pressure
derivative of the rigidity, {G}r = Kr (dG/dP); /G
that is 50% to a factor of 2 larger [Anderson, 1988]. A
decrease in cation radius, comparable to the decrease from
Ge*? to Si*T, gives an increase in {G}7 of about 30 to
40%, in agreement with our values. Weidner and Hamaya
[1983], however, caution that germanate spinels may not
be good analogues for silicate spinels.

As a test of the predictive ability of our systematics,
the data of Figs. 1 and 2 were used to estimate a priori the
properties of germanate spinel. Our predicted bulk mod-
ulus pressure derivative (K’ = 4.75) is 13% greater than
measured (K’ = 4.2). This level of uncertainty is proba-
bly typical for our bulk modulus estimates, particularly for
cases such as germanate spinel which differ markedly from
aluminate spinels in such properties as Mg™ coordination,
density, and ionic radii. Our prediction for the shear modu-
lus pressure derivative ranges between 1.05 and 1.25 which
js in agreement with the measured value (G' = 1.2).G’
of germanate spinel is the same as that of GeO2, the only
other Ge-bearing mineral in the data set. This further il-
lustrates the importance of chemistry in determining G’.
That K5 for GeO3 is high and typical of a rutile is indica-
tive of the more important role of structure in K.

Most of the previous investigators agree on most of the
parameters (Table 3). Bina and Wood [1987] choose ex-
tremely high temperature derivatives for the spinel phases
which means they disagree with the other studies including
Weidner [1986] on the moduli of § and -y at high tempera-
ture. The fact that they agree with Weidner [1986] at high
pressure is entirely fortuitous and is a result of Weidner’s
low pressure derivatives for the spinel phases combined
with normal temperature derivatives. Bina and Wood and
Weidner’s results would also differ at high pressure at a
lower temperature. The extreme values adopted by Bina
and Wood [1987), Irifune [1987], and Weidner [1986] for
one parameter or another might be rationalized by recog-
nizing that some compound can be found with such pa-
rameters. However, an exireme temperature derivative
combined with a normal pressure derivative, or vice verse,
is unlikely and when these cases occur they are accom-
panied by other unusual characteristics such as Kg/G or
Griineisen parameter. The spinel forms of olivine do not
display extreme behavior in any of their measured proper-
ties.

Sawamoto et al. [1984] also suggested that the olivine
content of the mantle may be about 40%. They based this
on the difference in velocities between o and f under am-
bient laboratory conditions. Sawamoto et al. [1984, p.751]
pointed out that “if the pressure derivatives of the bulk
modulus and the shear modulus for the beta phase are ap-
proximately 3.9 and 1.1 then the observed discontinuity is
consistent with a pyrolite composition.” These are much

lower than the estimates in this paper and estimates of
others (Table 3). Such low values, particularly relative to
olivine, are difficult to justify on any physical or empirical
grounds.

High shear temperature derivatives for the spinels are
not justified by consideration of the temperature deriva-
tives for any likely analogue (olivine, aluminate spinel).
The justification given by Bina and Wood [1987] was that
dInKg /3 T is approximately constant for a subset of man-
tle minerals and therefore dInG/3 T was assumed to be
constant across phase changes. This produces very large
temperature derivatives for high-pressure phases. Ander-
son [1988] has shown from consideration of a larger elastic-
ity data set that neither of the above quantities is constant
for any particular structure. Thus there is little justifica-
tion for selecting anomalously high G for spinels. In fact,
dG/dT is more constant than 8InG/dT, in agreement with
our values and Weidner’s [1986] dG/dT values.

The study of Irifune [1987] also deserves some com-
ment. While Irifune concludes that pyrolite is a good
match to the envelope of seismic profiles, it is clear from his
figures that he does not obtain good agreement with any
particular seismic profile. His envelope of seismic mod-
els is not a good test for a mineralogical model since it
mixes both high- and low-resolution models and includes
one model no longer considered to be valid. Virtually any
proposed mineralogy would fall within such an envelope.
When compared to a particular model, Irifune’s pyrolite
model produces velocity increases at 400 km that are far
greater than observed seismically despite that fact that
low-pressure derivatives for spinels were used in his study.
This illustrates the fact that the orthopyroxene-majorite
transition can add significantly to the velocity increase near
400 km. Transition zone gradients produced by Irifune and
other workers as well (Bina and Wood, in particular) are
much lower than observed.

CONCLUSIONS

In this study, existing elasticity data for mantle miner-
als have been compiled and evaluated. Estimates of unmea-
sured derivatives are obtained from trends distilled from
a large elasticity data base. The bulk modulus pressure
derivative can be obtained from compression or analogue
data, complemented by several trends found in the data
set. The shear modulus pressure derivative is a function
of Kg/G. Temperature derivatives can be obtained from
dimensionless logarithmic anharmonic parameters.

By combining these properties with appropriate tem-
perature corrections and finite strain theory, mineral ve-
locities as a function of depth were obtained. Both com-
pressional and shear velocities are well matched by a min-
eralogy consisting of 40% olivine, 37% clinopyroxene, 13%
garnet, and 10% orthopyroxene. For comparison, pyro-
lite is approximately 61% olivine, 15% orthopyroxene, 14%
garnet, and 10% clinopyroxene. Alternatively, the mantle
above 400 km can be olivine- and orthopyroxene-rich, and
the transition region can be poorer in these minerals. The
properties of a pure olivine mantle were also considered.
The discontinuity at 400 km is matched by a mineralogy
with a maximum of 35% olivine for shear waves and 40-
53% olivine for compressional waves. The transition zone
gradient is poorly matched by an olivine mantle.
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Previous studies which allow larger proportions of
olivine differ from this study in the form of the equation of
state and in the shear derivatives of the spinel phases. The
derivatives adopted in these studies are difficult to justify
based on analogue data and the trends exhibited in the
full data set. By deriving and using a self-consistent set
of parameters we conclude that a mineralogy with about
40% olivine and relatively garnet- and clinopyroxene-rich
best matches the seismic profiles. Due to uncertainties in
elasticity estimates, equations of state, and seismic profiles,
however, a mantle with either more or less olivine cannot
be ruled out at present.
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