JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 92, NO. B6, PAGES 48534866, MAY 10, 1987

Olivine-Spinel Transitions: Experimental and Thermodynamic Constraints
and Implications for the Nature of the 400-km Seismic Discontinuity

CRrAIG R. BINA AND BERNARD J. WoOD

Department of Geological Sciences, Northwestern University, Evanston, Illinois

The sequence of high-pressure phase transitions a— f—- in olivine is traditionally used as a
model for seismic velocity variations in the 200- to 6560-km-depth interval in a mantle of peridotitic
bulk composition. It has been proposed that the observed seismic velocity increase at 400-km depth
is too sharp and of too small a magnitude to be attributable to the a— f phase change and that the
upper mantle must thus be chemically stratified, with the 400-km discontinuity being due either to
a combination of phase changes in a layer of pyroxene/garnet-rich “piclogite’’ composition or to a
chemical boundary between such a piclogite layer and an overlying peridotitic layer. Using available
calorimetric, thermoelastic, and synthesis data (and their associated experimental uncertainties), we
have derived internally consistent high-pressure phase relations for the Mgy8i0-Fe,SiO, join. We
find that the divariant transition a— a+p8— 8, which is generally regarded as occurring over a broad
depth interval for mantle olivine compositions, is, in fact, extremely sharp. The seismic discon-
tinuity corresponding to the a—+a+f— g transition in (Mg gFeq,)oSi0, should occur over a depth
interval (isothermal) of about 6 km at a depth of approximately 400 km; the sharpness of this tran-
sition is quite insensitive to uncertainties in the constraining calorimetric, thermoelastic, and syn-
thesis data. In addition, we have computed seismic velocity profiles for a model mantle consisting
of pure olivine of {MgggFeg;)s5i04 composition. Comparison of these computed profiles to those
derived from recent seismic studies indicates that the magnitude of the observed velocity increase at
400-km depth is consistent with a mantle transition zone composed of about 60-70% olivine. We
conclude that there is no need to infer the existence of pyroxene/garnet-rich compositions, such as
eclogite or ‘‘piclogite,” in the transition zone, since an upper mantle of homogeneous olivine-rich
peridotitic composition is consistent with the available seismic velocity data.

INTRODUCTION

The abrupt increase in seismic velocity at approximately
400-km depth is indicative of a change in the elastic pro-
perties of the materials comprising the earth’s upper man-
tle This change has been ascribed to a phase transforma-
tion in one of the major mineralogic constituents of the
mantle [e.g, Ringwood, 1970]. Samples of the upper man-
tle occur as xenoliths in kimberlites and in alkalic basalts
[Ringwood, 1975] and are generally of peridotitic (olivine-
rich) or eclogitic (clinopyroxene-plus-garnet) mineralogy
Bernal [1936] proposed that the velocity increases in the
transition zone were produced by the transformation of
olivine to the spinel structure. His suggestion has been
reiterated and amplified with recent high-pressure experi-
mental data [e.g.,, Akimoto and Fujisawa, 1968, Ringwood
and Major, 1970, Kawada, 1977, Susto, 1977] These
authors have shown that a transformation of
a-(Mg,Fe),Si0, (olivine) to either y-{Mg,Fe),SiO; (spinel
structure) or to B-{Mg,Fe),Si04 (modified spinel) would
produce a significant change in density and seismic veloci-
ties at approximately 400-km depth for a mantle of perido-
titic composition. Despite the wide acceptance of the peri-
dotitic model for the upper mantle [Ringwood, 1975, Liu,
1979, Jeanloz and Thompson, 1983, Navrotsky and Akaogi,
1984, Weidner, 1985], it has been suggested [Bass and
Anderson, 1984, Anderson and Bass, 1986] that a phase
change in olivine would give rise to a gradual increase in
seismic velocity over a considerable depth interval, rather
than the observed abrupt increase, and that the magnitude
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of the velocity increase due to such a transition would be
more than twice that actually observed seismically. These
authors state that the seismic data indicate that the tran-
sition zone Is chemically distinct from the uppermost man-
tle, with the transition zone composed of a
pyroxene/garnet-rich “piclogite” layer containing 16%
[Bass and Anderson, 1984] or 30% |[Anderson and Bass,
1986} olivine. They thus ascribe the 400-km discontinuity
to either a chemical boundary between the piclogite layer
and the overlying peridotite or, if this boundary is referred
to a shallower depth, to a phase change in the eclogitic
and olivine components of the piclogite. The nature of the
400-km discontinuity has important geologic implications;
a chemical discontinuity could inhibit convection, produc-
ing a thermal boundary layer and isolating the mantle into
distinct geochemical reservoirs [cf. Christensen and Yuen,
1984)

Isochemical phase transformations are, in general,
difficult to reconcile with sharp seismic discontinuities
This is because phase transitions in complex multicom-
ponent systems are generally multivariant in nature and so
give rise to smooth gradients in seismic velocity over broad
depth intervals, as shown in Figure 1. A viable phase
transition model for the 400-km discontinuity must be
exceptional in that it must be nearly univariant (Figure 1).
In a previous study [Bina and Wood, 1984] we demon-
strated that the major mineralogic transformation in eclo-
gite at about 400-km depth, pyroxene dissolving into gar-
net (majorite), is multivariant and would not produce an
appropriate seismic discontinuity (Figure 1). The major
purpose of this study has been to determine whether or
not a phase transformation in the MgySiO4FeSiOy4 system
could produce, under isochemical conditions, a sharp
seismic discontinuity. We therefore follow Navrotsky and
Akaogi [1984] and Weidner [1985] in examining the main
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Fig. 1. In simple systems, univariant reactions occur in which a
phase @ of fixed composition transforms directly into a phase § of
fixed composition, giving rise to a sharp discontinuity in material
properties (e.g., seismic velocities) at a given depth. In complex
systems, divariant reactions occur in which a phase « transforms
to a phase g via an intervening region (an “a-+g loop”) in which
both phases are stable and in which the distribution and composi-
tions of the two phases vary continuously; this gives rise to a
smooth, continuous gradient in material properties (e.g., seismic
velocities) over a finite depth interval.

phase transformations to be expected in peridotitic compo-
sitions, namely, o-(MgFe)Si0Oy— [-(MgFe)SiO4 —
~{Mg,Fe)oSiOy.

Navrotsky and Akaogi [1984] used available high-
pressure experimental data together with 1 atm
calorimetric measurements and volumes to produce an
internally consistent model of the Mg,SiO+Fe,SiO4 phase
diagram at high pressures and temperatures. Although
they found that the a+pf divariant loop was quite narrow
(about 10 km wide), these authors’ calculated phase
diagram generates a smeared out discontinuity at 400 kin
because at probable mantle temperatures and compositions
(Mg/(Mg-+Fe)}~009), the o phase breaks down to a+~
(with small amounts of «) before the § phase appears
Their results, which provide a basis for our work, may be
refined in two important ways. First, Navrotsky and Aka-
ogi [1984] took no account of the compressibilities and
coefficients of thermal expansion of the o, 8, and v phases
and hence assumed the volume changes of reaction to be
independent of pressure and temperature. This is a sub-
stantial oversimplification because the bulk modulus of the
o phase is much less than that of the # and < phases
[Weidner et al., 1984], and incorporation of these data
alters the calculated phase relations appreciably. (For
example, the calculated free energy difference between the
o and B phases of MgySiO4 component at 1000°C and
100 kbar increases by more than 600 cal (about 10%) upon
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inclusion of the pressure and temperature dependence of
the volumes.) Second, Novrotsky and Akaogi [1984]
assumed that the Mg and Fe atoms mix ideally in all three
phases, an assumption which, although a reasonable first
approximation, is not strictly correct [Wood and Kleppe,
1981]. In this study we have made use of all the available
thermodynamic, thermoelastic, and high-pressure experi-
mental data for the olivine polymorph phases. We have
used these data to compute internally consistent phase
diagrams for the MgoSiO FeSi0, join and to calculate
density and seismic velocity profiles as functions of pres-
sure and temperature for a model mantle of pure olivine
{(MgooFeq.1)28104 composition

METHOD OF APPROACH

The phase diagram for olivine in pressure-composition
space is usually drawn as shown in Figure 2. The a+f8
divariant field is generally sketched as a broad loop, hence
olivine with a presumed mantle Mg/(Mg+Fe) ratio (~0.9)
would undergo a gradual transition from the a to the g
phase with increasing pressure, giving rise to a smooth
variation in elastic properties and seismic velocities over a
broad depth interval (Figure 1) However, as also shown
in Figure 2, the width of the a+pf loop is not well con-
strained by the high-pressure data since no experiments
have, to date, produced an equilibrium a+pg phase assem-
blage in mantle olivine compositions In order to deter-
mine the nature of the a—a+pf—f transition, it is neces-
sary to use other types of experimental data. These data
enable us to compute an olivine phase diagram which is
internally consistent thermodynamically and in which the
width of the a+f divariant loop is well constrained

In order to calculate a phase diagram, it is necessary to
have enthalpy (H%), entropy (Si¥), and heat capacity (Cg)
data at 1 atm for all of the components (subscript i) of
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Fig. 2. Isothermal pressure-composition diagram [after Jeanloz
and Thompson, 1983] showing experimental data for olivine
polymorph stability fields at 1273 K. Data points [Akimote and
Fujisawa, 1968; Ringwood and Major, 1970; Kawada, 1977; Suito,
1977; Yagi et al., 1979] denote the high-pressure stability limits of
the low-pressure assemblages (triangles), the low-pressure stability
limits of the high-pressure assemblages (inverse triangles), and the
compositions of 4 phase which coexist with « phase at the indi-
cated pressures (dots).
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interest in all of the phases (superscript ¢) concerned. If
high pressures are involved, a suitable equation of state,
expressing the temperature and pressure dependence of the
volume ViP,T), is necessary, and if the phases are mul-
ticomponent, the relationships between the activities of
the components (a;*) and the compositions of the phases
(X;#) are also required

Consider the free energy of MgeSiO4 in the o phase
For pure a-Mg,Si0O, the free energy G® at any pressure
and temperature may be expressed as

=

Giig,s10,(P,T) = Hifg,si0,{To) + f CEiMg,SIO 4dT/

C;—i

T

CP SiO
- T SMg28xO To +f "——-——-Mfz——dT (1)

P
+ [ Vide,si0,(T) dP’

In equation (1), P and T refer to the pressure and tem-
perature of interest, and enthalpy Hy osioé(Tg) and entropy
SﬁgQS;oq(To) data are taken at 1 bar and some reference

temperature Ty The heat capacity (Cp) integrals take H
and S from the reference temperature Ty to the tempera-
ture of interest T at 1 bar, and the volume integral is per-
formed at the temperature of interest T

The conditions of equilibrium between pure Mg,SiOy in
the o phase and pure MgsSiO, in the § phase may be cal-
culated by formulating a similar expression for f~-MgeSiO,

and equating the two free energy equations. For the
equilibrium
a—phase [-phase

we have at equilibrium with both phases pure
AG = 0 = Glfg 50,(P,T) - Cg,si0,(P, T) (3)

Equations (1) and (3) may be solved for the univariant P-
T curve which corresponds to equilibrium coexistence of
a-MgsSi0, and (-Mg,SiO,. Natural olivines, however,
contain at least one other component (FegSiOy4) in addition
to MgoSiO,, so that the o+f equilibrium is divariant
rather than univariant, as depicted in Figures 1 and 2. In
solid solutions the free energy equations (1) and (2) have
to be modified by taking account of the activities al\%gzsm‘1

and aMgQSK, of the MgoSiO,4 component in the two phases
of 1nterest The partial molar free energies GMgzgo and
GMg231o are given [Wood and Fraser, 1977, pp. 52-53] by

GMggSQ; S Gﬁgzslo4 + RT In aﬁg25104

_ (4)
Gl\ggﬂoé = Gl\@gzsmq +RT In 3&25104

and the condition of equilibrium (3) becomes
AG =0 = G—g&sxo‘*(P,T) ~ Gg,si0,(P,T) (5)

‘With the standard state used here, the activity of MgeSiO,
component In MgySi0+FesSi0, solid solution can take
values between O (in pure FepSiO4) and 1 (in pure
Mg,SiOy4). In practice, Mg-Fe olivine solid solutions closely
approximate ideal mixing behavior [Navrotsky and Akaogy,
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1984]

ayfgsio (P, T) ~ [Xﬁg23104(P:T))2

where X3, 25104(13,’1‘) is the mole fraction of MgySiO4 com-

ponent in the o« phase. Small positive deviations from
ideality are observed for the « phase [Wood and Kleppe,
1981] so that an exact formulation for the activity is

(Xﬁggsm,,(P:T) T131g25104(P.T)]2 (6)

where the activity coefficient T' is greater than 1 [Wood
and Kleppa, 1981] The appropriate substitutions in equa-
tions (4) and (5) show that at any P and T, the ratio of
activities aﬁ§25104(P,T)/aﬁg25104(P,T) is the parameter

anigsi0 (P, T) =

which can be found {rom the MgsSiO, equilibrium. This is
insufficient to define the compositions of the two coexisting
phases in the divariant region at any pressure and tem-
perature. However, the presence of Fe,SiO4 component in
both o and f phases yields the additional equilibrium con-
dition

FGQSiOQ = FeQSiO4

a-phase f-phase

for which

AG = 0 = G0, (P, T) - Gresio(P,T)

with G given by

i+ ¢
Gre sio, = Gt sio, + RT In 2 g0
2 4 274 274

_ (7)
Gz«ﬁigsxo,1 = G'roﬁezgo‘1 + RT In 3149«:23104

Solving for the ratios of both sets of activities
aﬂg25104(P,T)/aﬁg25;O4(P,T) and alﬁ%syoq(P,T)/ap%ﬁioa(P,T)
enables the determination, through activity-composition
relations, of the compositions of the coexisting o and
phases in the divariant region. In practice, the nonlinear
equations were solved numerically by the method
described in Appendix A.

Equations (1)-(7) above provide the basis of our method
of solving for univariant and divariant equilibrium rela-
tions in the MgsSiOFesSi0, system. The thermodynamic
data required by the equations are not all known, however,
and those that are available are, in some cases, subject to
considerable uncertainty. This has required certain
approximations and assumptions which we shall outline
here. First, heat capacities Cp are not known for the
high-pressure polymorphs over the entire temperature
range of interest. An extremely good simplification for
solid-solid phase relations is that the heat capacity
difference between high- and low-pressure phases is
independent of temperature [Wood and Holloway, 1984],
which is equivalent to fixing all of the heat capacities at
the wvalues for the reference temperature, in this case,
1000 K. Here we have used such constant 1000 K values
(see Table 2 below), but we have performed parallel calcu-
lations using the estimated temperature dependencies of
the heat capacities as given by Watanabe [1982] and found
no departure from the behavior described herein. Second,
it is necessary to assume an appropriate form for the equa-
tions of state of the «, B, and «v polymorphs of Mg,SiO4
and Fe,Si04. We have used measured volume coefficients
of thermal expansion, a(T), at 1 atm to obtain volumes at
the temperature of interest T and 1 bar {~1 atm) pres-
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sure. At constant pressure P the coefficient of thermal
expansion is defined by

o T)

l

av
wnl%, o
i(T) T Jp
(The coefficient of thermal expansion oT), used as a ther-
modynamic parameter, should not be confused with the o
phase of olivine, used as a superscript ) In the temperature
range of interest, o 1s expected to increase linearly with T,
attaining a limiting value at high temperatures [cf Ash-

croft and Mermin, 1976, pp 490-495] Representing this
linear temperature dependence of «; by

— g aal T «
al(T) = 01(298].'{.) -+ [“H—T']P(I - 298]

equation (8) may be integrated to give V at 1 bar and
temperature T relative to the reference temperature of
208 K

V{(T) = Vi{(298) exp l:ai(ZQSK)(T - 298]
1 [ O e o
+3[5%]P[r - 208° )

- 298[%]})[1‘ - 298 }

(We have a performed parallel analysis with o fixed at its
linearly extrapolated 1200 K value (see Table 2 below) and
found that our computed phase relations are not sensitive
to this assumption )

In order to integrate the VAP term in equation (1), the
pressure dependence of V at temperature T is needed,
requiring introduction of the isothermal bulk modulus K

aP

(1) = V0 57 | (10)
Most of the available bulk modulus data were obtained at
298 K rather than at high temperature, and they generally
refer to adiabatic (Ks) rather than isothermal (K1) values
To take account of these differences, we have used con-
stant values of the Anderson-Gruneisen ratio §g as follows
lef. Anderson et al., 1968)]

b = -1 OKs
ST aKs | T Jp

Ks
K TR st
T 1+ Tany (12)
dKsg
P o (13)

oKr |

0P Jr 1+ Tay
where the Grineisen parameter « is given by
aKsV

Cp

These relationships provide the pressure and temperature
dependencies of the isothermal bulk modulus Ky In
accordance with the Eulerian finite strain formulation of
Birch [1952], we have used the isothermal bulk modulus

and its pressure derivative in conjunction with the third
order Birch-Murnaghan isothermal state equation to obtain

/YE
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the implicit pressure dependence of the volume

3. vLT) ) V(LT) 3
P = gKa(T) [V(P,T)] - [V(P,T)] 3!

(14)

4 ap V(P,T)

+l-fae)) [l

In equation (14), the isothermal bulk modulus Kt and its
pressure derivative are evaluated at 1 bar and the tem-
perature of interest, and V(1,T) and V(P,T) refer to the
volume of the phase at 1 bar and temperature T and at
P bars and temperature T, respectively To evaluate G as
a function of pressure, the VAP term in the free energy
equation (1) was integrated using a composite rectangular
quadrature scheme [cf. Forsythe et al., 1977, pp 85-89]; at
each evaluation point of the quadrature, a one-dimensional
Newton’s method [cf Gerald and Wheatley, 1984, pp 15-
20} was used to evaluate V as a function of P by equa-
tion (14) within 1-bar precision in pressure

INTERRELATIONSHIP BETWEEN THERMODYNAMIC
AND EXPERIMENTAL DATA

The formalism discussed above enables the calculation
of the partial molar free energies of MgeSiO4 and Fe,SiOy4
components in «, B, and -y phases at any desired pressure
and temperature. Hence univariant boundaries and divar:
ant fields may be calculated in pressure-temperature
composition space. While most of the necessary thermo-
dynamic parameters have been measured within some
experimental uncertainty, data for certain of the parame-
ters simply do not exist For example, thermodynamic
data for the metastable f-Fe,S510,4 phase are unknown,
although they are required for the calculation procedure
(equation (7)) Furthermore, activity-composition data for
the A and ~ phases are unknown, and the pressure and
temperature derivatives of the bulk moduli of 8 and «
phases are extremely uncertain Fortunately, the meas-
ured phase relations in the MggSiO+FeySiOy4 system (Fig-
ure 2), although incomplete, may be used to constrain and
refine unknown and uncertain thermodynamic properties.
This can be done simply by inverting the formal calcula-
tion procedure discussed in the context of equations (1)-
(7) The measured phase diagram has the requirement
that when two phases coexist, AG = 0 (equation (3}) for
the equilibrium of interest; thus the thermodynamic pro-
perties must be consistent with equilibrium under the
pressure-temperature-composition conditions which are
measured. This is the major test of internal consistency of
the thermodynamic data set

Phase diagram measurements which have been used to
construct an internally consistent model of the MgySiO 4
Fe,Si0, system are summarized in Table 1 In general,
where several measurements of the same reaction have
been made, those implying equilibrium at the lowest pres-
sure have been adopted This is because anvil devices
used in high-pressure experiments tend, because of friction
loss, to overestimate equilibrium pressure. Furthermore,
when experiments start with the low-pressure « phase, as
most do, reaction kinetics require a certain overstepping of
the equilibrium pressure to higher pressure before the
high-pressure phase begins to grow. Since both of these
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TABLE 1. Phase Diagram Constraints on Thermodynamic Data Set
Measurement Constrains (Primarily) References for Data
P of a-MgySiOy — A-Mg,SiO, Gl\l"}sQSlO., - Gﬁxﬁioq Ringwood and Major [1970],
Kawada [1977], Suito [1977]
P of f-Mg,Si0, — 7-Mg,Si0, Gig,si0, = Clfg,s10,  Suito [1977), Yagi et al. [1979),
Kawada [1977]
P of a-FesSi04 — 7-Fe,Si0, GI%QSIOQ - GF%QSlO., Kowada [1977], Ringwood and
Major [1970], Akimoto and
Fujisawa {1968]
a+~ divariant loop nonideality of v phase ~ Akimoto snd Fujisaws [1968),
Ringwood and Major [1970],
Kawada [1977]
B+~ divariant loop nonideality of # phase  Kawada [1977|, Nishizawae and
Akimoto [1973|, Akaogi and
Akimoto {1979
a+y — freaction GI&QSIOQ - GF‘Q(;25104 Kawada [1977|, Ringwood and
Major [1970]
P-T slope of e-MgpSiO, — A-MgsSi0s S sio, - S sio, Kawada [1977], Suito (1977
P-T slope of f-Mg,SiO; — 7-MgsSi0s  Sifgsio, - Sfg,sio, Kawada [1977), Suito [1977],
Sawamoto {1985
P-T slope of a~FeySi0 4 — 7-Fe,Si0, 51?325104 - Sl’?é2sl04 Akimoto et al. [1977)
effects would lead to overestimation of equilibrium pres- N (Xﬁ‘g o, Ts0 ]2
sure, the lowest measured value for a particular reaction is Me,Si0g 25104 2910
generally to be preferred. (A Navrotsky and M Akaogi 2l — (X re 2
have recently pointed out to us that problems of thermal FeSloy [ FeaSI0, F"'QS‘°4)
expansion and phase changes in the pressure medium, )
together with difficulties of high-temperature pressure cali- where
bration, can also lead to underestimation of equilibrium RT | o o 2 o
’ -t } . nl = | X W,
pressure. We have performed a preliminary analysis using Me,Si0, ( Fe?-SiO‘i] MeSI0,4
data which yield slightly higher pressures of a—f Mg,3i0O, o o o o
equilibrium (M Akaogi, personal communication, 1986) + ZXM%S‘O«;(WF%S‘Q; - WMZQS’Qa] + PWV}
than those adopted here. We find that while the absolute (15)

values of our derived enthalpies change, bringing them
into better agreement with those reported by Akaogi et al.
[1984] and Navrotsky and Akcogi [1984], the topology of
our computed phase diagram, including the width of the
a+f3 loop, does not change significantly ) Finally, it should
be noted that while we assume that the results of the syn-
thesis experiments are indicative of chemical equilibrium,
very few of these experiments have rigorously demon-
strated equilibrium according to the criterion of “reversi-
bility"" [Fyfe, 1960].

The transition pressure for a-Fe,SiO4 — 4-FepS510,4 was
taken from Kawada [1977] and Akimoto ef ol [1977] and
fixed at 60 kbar at 1000°C. The a—f and f—y transi-
tions in Mg,SiO, were taken, at 1000°C, to be 120 kbar
[Ringwood and Major, 1970} and 160 kbar [Yagi ef al,
1979], respectively The metastable transition of
a-FeSi0, to f-Fey85i0, was fixed to have a free energy
change of +6000 cal/mol at 1 bar and 1000°C. This comes
from the approximate position in pressure-composition
space of the a-f-y univariant line, as given by Kewade
[1977] and by Ringwood and Major [1970], and gives a
metastable a—f transition pressure of 94 kbar, in excel-
lent agreement with the estimated value of 92 kbar given
by Navrotsky and Akaogr [1984].

The nonideal mixing properties of the a-phase were
taken from Wood and Kleppa [1981] and Fisher and
Medaris [1969] and may be represented by the two-site
subregular solution model [cf. Thompson, 1967] as follows

2
RT In Tis0, = (Xdiysi0, )" [Wikso,
+ 2Xi,sio0, (Wh%gQSIO4 - Wiksio 4] + PW¢ }

These activity-composition relations were used to derive
the Wig,sio, and Wil g0, Margules parameters (Table 2)

from the o+ divariant loop determined experimentally by
Ringwood and Major [1970]. A similar approach for parti-
tioning in the B+ divariant field [Nishizawe and Akimoto,
1973; Akaogt and Akimoto, 1979] gave the Wh@g25104 and

Wp%23104 terms of Table 2, with the available data being

insufficiently precise to require any asymmetry in mixing
properties. The results are consistent with the data of
Nishizawa and Akimoto {1973, who concluded that both
the o and « phases exhibit positive deviations from ideal-
ity (I' > 1 and W > 0) at high pressure. Since the W?
and W7 terms have similar magnitudes but opposite asym-
metries, our fitting procedure also supports the suggestion
of Navrotsky and Akcogs [1984] that the nonidealities in
these two phases largely cancel one another out when
activity ratios for the a-+ field are calculated.

The logarithmic temperature derivatives of the bulk
moduli, in the form of Anderson-Griineisen ratios (equa-
tion (11)), are given by Jeanloz and Thompson [1983] for
a-MgoSi0O4 and a-FegSi0, To obtain estimates of the
temperature dependence of the bulk moduli for the 8 and
< phases, we have made use of the empirical observation
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TABLE 2. Internally Consistent Data Base Consistent With Experimental Data
Component
Mg,;Si0, Fe,SiO, Mg,SiO, Fe,Si0, Mg,SiO, Fe,Si0,

Phase o o B B ot o7
S Qoo cal/K 66.23° 83.47° 64.21° 81.43° 63.68° 80.87¢
Range: HSoax, cal -14,970+270%  -6,560+310°  -7,080+730/  -2,652+780Y  -6,350+930)  -5,857+8407

Value -15140. -6560. -9595. -3161. 7112, -3897.
CROK cal /K 41.58" 46.18" 40.78" 46.06° 39.72 45.90*
V(1,298), cm® 43,677 46.27° 40.52° 43.22 39.65' 42,02
(298 K) x 108, K 26.087 26.187 20.637 92.1° 18.63 21.16
(8 /8T)px 108, K2 0.0157 0.012 0.0177 0.011° 0.017 0.011
(1200 K) x 10°, K™ 39.97% 37.00" 35.72 32.0F 33.72" 31.56%
Range: Kgg, Mbar 1.28-1.30! 1.36-1.3¢'  1.68-1.80™  183-1.95  181-187"  196-2.02

Value 1.29 1.38 1.74 1.89 1.84 1.99
Range: (8Kg/dP ){}:30K) 50-5.4 5.0-5.4 3.0-5.07 3.0-5.00 3.8-5.8 38-58

Value 5.2 5.2 48 48 48 48
T1000K 1.20% 1.10% 1.3¢ 1.3% 1.35% 1.25%
8 4.0 5.57 4.3° 5.6° 4.3° 5.8°
W, cal 2000." 1000.” 1500.° 1500.¢ 1000.¢ 2000.°
Wy, cal/bar 0.003° 0.003° 0. 0. 0. 0.
Range: po, Mbar 0.80-0.82' 050-0.52"  108-1.20"  067-0.79"  116-1.22"  075-081

Value 0.81 0.51 114 0.73 1.19 078
(8u/ 0Py 1.82° 0.62° 1.8° 0.6° 1.8° 0.6°
(-1/u)(8r/8T)p, K™ 0.00017° 0.000217 0.0002° 0.0002° 0.0002° 0.0002°

Phases are olivine {«), modified spinel (8), and spinel (7). S 3oax is third law entropy at 1000 K, Hjyx enthalpy of
formation from oxides at 1000 K and 1 bar, CF}OOOK isobaric heat capacity at 1000 K, V(1,298) volume at 1 bar and
298 K, (298 K) thermal expansion at 298 K and 1 bar, «(1200 K) thermal expansion in the high-temperature limit at
1 bar, Kog adiabatic bulk modulus at 300 K and 1 bar, py zero-pressure shear modulus at 300 K and 1 bar, vyg00x
Griineisen ratio computed at 1000 K, 85 Anderson-Griineisen parameter. W and Wy, are the excess internal energies
and volumes, respectively, of solution given on a per site basis, (For example, W for a~Mg,SiO is the 1-bar excess
enthalpy of putting an Mg atom into a site occupied by an Fe atom in the o phase.) Observed ranges and best fit
values are given for bulk moduli, their pressure derivatives, shear moduli, and enthalpies.

“Robie et al. [1978].
bRobie (1982).
“Estimated as discussed in text.
Wood and Holloway [1984].
¢Wood and Holloway [1982].
! Akaogi et al. [1984].
“Estimated by Navrotsky and Akaogi [1984].
*Watanabe [1982].

'Est,imat,ed from values for o and v phases and f-Mg,SiO,.

I Jeanloz and Thompson [1983].
Computed from data given above.

'“Weidner et al. (1984].

"MSawamoto et al. [1984].

"Wood and Kleppa [1981].

°Fisher and Medaris (1969].
PSumino and Anderson [1984).

[Anderson et al., 1968] that the logarithmic temperature
derivatives of the bulk moduli of most mantle minerals are
approximately the same, of order 10K We have
assumed, then, that the logarithmic temperature deriva-
tive of the bulk modulus for a given component (MgsSiOy4
or FesSi0,) in the 8 or « phase is approximately the same
as that of the same component in the « phase, giving the
consequent Anderson-Griineisen ratios (6s's) shown in
Table 2. Uncertainties in this parameter have much
smaller effects on our computed phase relationships-than
do the experimental uncertainties in bulk moduli discussed
below.

REsuLTs

The combination of experimental and thermodynamic
data discussed above enabled us to calculate the internally
consistent phase diagram shown in Figure 3. As can be
seen, the a+f divariant field is extremely narrow at
1000°C, giving a loop which is only about 2 kbar wide.
Furthermore, at this temperature, olivine with a presumed
mantle Mg/(Mg-+Fe) ratio (~0.9) undergoes a transition
from the «- to.the B phase with increasing pressure which,
although strictly divariant (a—a-+p—pf) in nature, is
effectively univariant (a—p) with respect to width and so
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Fig. 3. Internally consistent isothermal pressure-composition
diagram showing calculated boundaries {from Table 2) for olivine
polymorph stability fields at 1273 K. Also shown are experimen-
tal data from Figure 2.

would give rise to a sharp change in elastic propetties and
seismic velocities over a narrow depth interval (~6 km)

Using measured values of the pressure-temperature
slopes of the o—f and f— transitions in MgeSiO,
|Kawada, 1977, Suito, 1977, Sewamoto, 1986] and the a—ry
transition in FesSiO,4 [Akimoto et al., 1977], we extracted
(equation (1)) values of AS° and hence AH® from the
AG® AV®° and Cp data discussed above The values of
AH° thus obtained (Table 2) are slightly smaller in magni-
tude, in general, than those given by Akaogs et al. [1984)]
and Navrotsky and Akaogi [1984] but still close to their
experimental measurements.  Together with reference
values for the standard state entropies [Robie et al.,, 1978;
Robie, 1982] and enthalpies [Wood and Holloway, 1982,
1984] of the a-olivine components, these values of AH®
and AS° complete the set of data necessary for calculation
of a pressure-composition diagram (Figure 4) at 1500°C, a
reasonable temperature for the pressures corresponding to
400 km depth in the earth [Botf, 1982, pp. 170-175]. As
can be seen, increasing temperature narrows the a+p
divariant loop (to about 1 kbar width), and the a— g tran-
sition in mantle olivine would take place at about
135 kbar, corresponding to 405 km depth in the earth.
Our analysis, unlike the simpler approach of Nawrotsky
and Akeogi [1984], does not produce transformation of
mantle olivine to a+-y phases before the stability field of
the A phase is reached (Figures 3 and 4) We therefore
conclude that a sharp seismic discontinuity over a very
narrow depth interval would attend the transformation of
{(Mgp.oFeg,)e5i0, olivine to the B phase at about 400-km
depth.

SENSITIVITY ANALYSIS

We have investigated the robustness of our conclusion
that the o— /8 phase transformation in olivine should pro-
duce a seismic signature appropriate for a sharp 400-km
discontinuity, relative to uncertainties in the experimental
and thermodynamic data. The important results of our
sensitivity analysis of the dependence of the calculated
phase relations on errors in the data are summarized in
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Table 3. Most of the features of the phase diagrams of
Figures 3 and 4 are extremely robust relative to perturba-
tions of the constraining parameters, a significant excep-
tion being the relationship between £ and < phases at high
temperatures

Uncertainties in - phase relations arise primarily from
uncertainties in the P-T slope of the fg—-y phase transition
in MgSiO4. Because of the small volume change of the
B—+ 1eaction at low pressure (Table 2) and the poorly
known pressure derivatives of the bulk moduli, small
uncertainties in the entropy change of reaction lead to
large uncertainties in the computed pressure-temperature
slopes. Although Kawadae [1977] determined the pressure-
temperature slope of the f—-~ transition, his data may
have appreciable uncertainties in pressure calibration at
pressures above 120 kbar [Sewamoto, 1986]. The data of
Susto [1977] and Sewamoto [1986], however, constrain the
B—+y transition in MgsSiO, to fall within a -+10 kbar range
(i.e, 535-595 km depth) at 1500°C (Table 3)

In contrast to the [+« loop, the a-+f loop, which is
considered to produce the 400-km seismic discontinuity, is
extremely well constrained by the experimental and ther-
modynamic data. Decreases in the standard state free
energy of metastable [F-FesSi04 can widen the loop
slightly, to almost 3kbar, but beyond this point,
B-FeoSi0,4 would become stable in between the o and ~
phases, a condition which is never observed experimen-
tally. A 3-kbar (~9 km) width of the loop is therefore the
maximum consistent with f-Fe,SiO4 being unstable Per-
turbation of bulk moduli, heat capacities, thermal expan-
sions, and activity relations all have extremely small
effects on the width and position of the divariant field. It
is effectively constrained by the moderate AV of reaction,
the form of the a-++v loop in iron-rich compositions, and
the positions of the a—f and f—-y transitions in MgySiO.,.
Variation of the latter through the observed ranges does
not open up the divariant a+f loop to any substantial
extent

APPLICATION TO THE 400-KM SEISMIC DISCONTINUITY

Having obtained a complete set of thermodynamic data
for the «, B, and 7 phases (Table 2), we calculated the
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Fig. 4. Internally consistent isothermal pressure-composition

diagram showing computed boundaries (from Table 2) for olivine
polymorph stability fields at 1773 K.
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TABLE 3. Sensitivity Analysis

Phase Diagram Feature

Variable Sensitivity
Width of the a+8 Cp negligible
divariant phase loop a negligible

e 4

Gr@,zsxq Gre,sio,
activity relations

volume and bulk modulus

Width and position of Cp
the 8+ divariant @
phase loop

entropy

volume and bulk modulus

<1 kbar to ~3 kbar

small (<1 kbar)
negligible

negligible

negligible

up to :£5 kbar uncertainty
up to 410 kbar uncertainty

stable phase assemblages and mineral compositions as
functions of temperature and pressure for pure olivine of
composition (MgogFen1)sSi04 Such an olivine constitutes
the major component of model peridotitic mantles [Ring-
wood, 1975, Weidner, 1985]. If the 400-km seismic discon-
tinuity reflects an isochemical phase transition of a-olivine
to f-modified-spinel, then the magnitude of the observed
discontinuity should be comparable to that calculated, and
observed and calculated seismic velocities should be simi-
lar. In practice, phase relations along isotherms at 1700 K
and 2000 K were calculated from the thermodynamic data
by a modification of the method of {ree energy minimiza-
tion described by Storey and Van Zeggeren [1964] (see
Appendix B). From the volume and thermoelastic data of
Table 2, the density (p), volume-averaged bulk modulus,
and bulk sound velocity (V®) were calculated for each
stable phase assemblage from the equation
o=
P

(In computing the volume-weighted averages of the adia-
batic elastic moduli, we have used the Voigt-Reuss-Hill
averaging technique. Wait et ol. [1976] showed that for
the case of coexisting forsterite and spinel, this average

Buik Sound Velocity

V& (km/s)

(A)

V& lkm/s)

1 j
600 a00

1
0 300
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Fig. 5. (a) Calculated bulk sound velocity (V®) as a function
of depth for a mantle consisting of pure olivine of
(Mgo oF'ep.1)25104 composition, along 1700 K (dashed) and 2000 K
(solid) isotherms for AK'g, of zero. () Samie as 5(a) but for
AK'g, of 0.8. Composite seismic profile GCA+TNA (dotted) is
shown for comparison (see text for references).

falls within the tightly constrained Hashin-Shtrikman
bounds.)

Figure 5 shows calculated bulk sound velocity profiles
through the 200- to 670-km depth interval for the pure
olivine mantle composition. A sharp discontinuity in bulk
sound velocity occurs at about 135 kbar (405 km) due to
the o-»f transition. The magnitude of the velocity
increase associated with the discontinuity is calculated to
be about 6.6%. Our model exhibits no discontinuity or
change in slope due to the f—< transition because the
volumes and elastic moduli of the § and « phases are vir-
tually identical in the depth interval 535-595 km in which
that transition occurs. (It should be noted that in this
study, we have not incorporated the effects of any higher
pressure phases, such as silicate perovskite, which might
contribute to the 650-km seismic discontinuity )

Uncertainties in the pressure derivatives (K') of the bulk
moduli of the f and + phases can alter the calculated
seismic velocities without violating the thermodynamic
and phase equilibriumn constraints that we have used
Because of their structural similarities and virtually identi-
cal bulk moduli at 1 atm [Weidner et al., 1984; Sawamoto
et al., 1984], it is reasonable to assume that the pressure
derivatives K'g and K', are the same. This assumption,
which is consistent with the phase diagram, is that which
was made to construct Figure 5¢ Based on the quoted
ranges of K' estimates, however [Jeanloz and Thompson,
1983], a difference between # and «y phases (K', - K'g) of up
to 0.8 is plausible. If we were to adopt such a difference,
the B—-y transition would become evident in bulk sound
velocity profiles (Figure 5b), giving rise to an associated
velocity increase near 550 km and so decreasing the mag-
nitude of the discontinuous velocity increase associated
with the a—f transition at 400 km. Adopting K/, ~ K/g
of 0.8 leaves a velocity increase of about 3.3% at 405 km
and introduces a (less sharp) wvelocity increase of
about 5.7% at about 550 km

In order to use our computed bulk sound wvelocity
profiles to draw conclusions about the composition of the
mantle, we require observed seismic profiles against which
to compare them. Recent regional seismic studies have
produced velocity profiles for either P wave velocities
alone (eg., T7 of Burdick and Helmberger {1978] for
western North America, K8 of Given and Helmberger
[1980] for northwestern Eurasia, GCA (“Gulf of Califor-
nia”) and GCA' of Walck [1984] for the Gulf of California
spreading center and its environs, CAPRI of Leven [1985]
for north central Australia) or for S wave velocities alone
(eg., TNA (“Tectonic North America’) of Grend and
Helmberger [1984] for tectonically active western North
America, SNA (“Shield North America”) of Grand and
Helmberger [1984] for the Canadian shield) as shown in
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Fig. 6. Observed P and S wave velocities (Vp and Vg, respec-
tively) as functions of depth from seismic studies, with PREM for
comparison. P wave profiles are GCA (solid), T7 (long-dashed),
K8 (short-dashed), CAPRI (dot-dashed), and PREM (dotted), S
wave profiles are TNA (solid), SNA (dashed), and PREM (dotted)
(see text for references).

Figure 6. However, as the square of the bulk sound velo-
city (®) represents a linear combination of the squares of
the P and § wave velocities (equation (18) below), we
require complementary observed P and S wave velocity
profiles if we are to compare computed and observed
values of vV® The @ profile given in the globally averaged
seismic model PREM (“preliminary reference earth
model””) of Dziewonski and Anderson [1981] is not
appropriate for such comparisons because the increases in
P and S wave velocities at 400 km in PREM (2.6%
and 3.4%, respectively) are in very poor agreement {Fig-
ure 6) with those observed in the detailed regional studies
mentioned above (4 5-6 0%, and 4.6%, respectively) In
order to compare v® profiles we have constructed a com-
posite seismic profile (“GCA+TNA") for the tectonically
active portion of western North America by combining the
P wave data from Walck's [1984] GCA study with the S
wave data from the TNA study of Grand and Helmberger
[1984]. The applicability of our results, however, is not
limited to this region since, as shown in Figure 6, both the
character of the 400-km discontinuity and the magnitudes
of the seismic velocities from 300 to 600 km depth are
quite robust throughout the various observed seismic
profiles (with the notable exception of PREM). The slight
variability in the depth (395-410 km) to the ‘400-km”
discontinuity 1n these models may be ascribed to
differences in assumed shallow structure | Walck, 1984].

The composite model GCA+TNA possesses an increase
in bulk sound velocity of 4 9% at 400-km depth Since
our mode! pure olivine mantle (Figure 5¢) produces a 6.6%
increase at this depth, a mantle consisting of approxi-
mately 74% olivine would be consistent with the compo-
site seismic observations For the case shown in Figure 55,
where the difference in K’ values of 0.8 displaces a portion
of the velocity jump at 400 km to a depth of about
550 ki, the 400-km velocity increase of 33% would be
consistent with a mantle composed of 100% olivine In
making these mantle compositional estimates from the
relative magnitudes of velocity increases, we have assumed

4861

that the nonolivine components of the mantle do not pro-
duce significant velocity variations over the ~8 km depth
interval of interest. Inclusion of velocity variations due to
nonolivine components {e.g., adopting eclogitic velocities
from Bina and Wood [1984] for the remaining mantle con-
stituents) alters these compositional estimates by a max-
imum of about 5%

The most conservative assumption, leading to the
minimum estimated amount of olivine in the mantle, is
that K', - K'g is 00 As shown above, the magnitude of
the 400-km bulk sound velocity increase in GCA+TNA
implies about 74% olivine in the mantle if this assumption
is made. Calculated bulk sound velocities for a pure
olivine mantle are in excellent agreement (within
+0.06 km/s) with those of GOA+TNA. It appears there-
fore that the mantle is peridotitic at the 400-km discon-
tinuity with about 70% olivine (i.e, very similar to
“pyrolite” [Ringwood, 1975]). This conclusion, which is in
good agreement with that of Weidner [1985], contradicts
the assertion [Bass and Anderson, 1984, Anderson and
Buass, 1984, 1986] that olivine-rich mantle does not occur
in the transition zone.

Although bulk sound velocities for an olivine-rich man-
tle agree well with GCA+TNA (Figure 5a), a stricter test
of a mantle model would be the direct calculation of P and
S wave velocities (Vp and Vg, respectively) as functions of
depth If the shear modulus # is known at high pressure
and temperature, then the bulk modulus and bulk sound
velocity can be decomposed into Vp and Vg from the stan-
dard relationships

2
(v5)

d = —I%S—z (VP)Q_

() =

(SIS

(16)

The pressure and temperature derivatives of the shear
modulus of the « phase are known only at low pressures
[Sumino and Anderson, 1984], and those of the S and
phases must be estimated from other minerals or by mak-
ing some reasonable assumptions In any case it is clear
that calculated Vp and Vg values are much more uncertain
than V& Comparisons of observed and calculated V&
values, as given above, provide much better constraints
upon mantle mineralogy than Vp and Vg comparisons In
the absence of measured pressure and temperature deriva-
tives of shear moduli for the high-pressure olivine
polymorphs, we have used two different approaches to
resolve our model V® profiles into P and § wave velocity
profiles First, we have made use of the empirical observa-
tion [Anderson et al., 1968] that the logarithmic tempera-
ture derivatives of the bulk moduli of most mantle
minerals are approximately the same, of order 107 K™ we
have assumed a similar relationship for the shear modul,
namely, that the logarithmic temperature derivative of the
shear modulus [c¢f. Sumino et al., 1977] for a given com-
ponent (MgeSiO,4 or FegSiOy) in the § or y phase (Table 2)
is the same as that of the same component in the « phase
In the absence of experimental data the assumption that
all the elastic moduli show similar temperature behavior
appears to be the most reasonable In order to obtain the
pressure derivatives of the shear moduli, we made use of
the result [Anderson and Liebermann, 1970] that minerals
with identical coordination numbers and similar ratios of
shear modulus to bulk modulus have very similar shear
modulus pressure derivatives We therefore assumed that
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P~ and S-Wave Velocities
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Fig. 7. Calculated P and S wave velocities (Vp and Vg, respec-
tively) as functions of depth for a mantle consisting of pure
olivine of (Mg gFeq)05i0, composition, along 1700 K (dashed)
and 2000 K (solid) isotherms. Composite seismic profile
GCA+TNA (dotted) is shown for comparison (see text for refer-
ences).

the pressure derivative of the shear modulus for a given
component in the § or «v phase (Table 2) is the same as
that of the component in the o phase Second, we have
attempted to obtain Vp and Vg from & by the method
employed by Lees et al. [1983] Having computed the
(Voigt-Reuss-Hill) average bulk modulus for the stable
assemblage at a given pressure and temperature, we then
assumed that Poisson’s ratio for our model mantle at a
given depth was identical to the value of Poisson’s ratio at
the corresponding depth in the GCA+TNA composite
seismic profile. We then extracted the shear modulus u
from the aggregate bulk modulus Kg and Poisson’s ratio o
according to the equation

3 1- 20
=3k
k=3 S[1+0]

where o is defined by

3 o)
2
(Vp/vs) -1

and Poisson’s ratio for this seismic velocity profile ranges
from 0.286 to 0.297 in the region of interest. Although
this second approach is somewhat circular, using observed
values of Poisson’s ratio to deduce the calculated model,
we have included it here to facilitate comparison with the
results of Lees et al. [1983]

The two “® decomposition” approaches yield almost
identical velocity profiles Figure 7 shows the results of
calculated P and S wave velocities for pure
(Mg oFe0.1)25i04 olivine as a function of depth for the first
of these approaches, together with the composite seismic
velocity profile GCA+TNA for comparison. As can be
seen, there i1s close agreement between seismic velocities
observed in the 200- to 650-km depth interval and those
calculated by the methods outlined above for pure olivine.
Based on the magnitude of the discontinuity at 400 km

o
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depth (4 8% and 4.5% increases in P and § wave velocity,
respectively, for GCA-+TNA;72% and 81% for our
model profiles), a mantle with approximately 62% olivine
would be consistent with the seismic data. Thus, from the
magnitudes of the increases in bulk sound velocity and in
P and S5 wave velocities, we conclude that a mantle
containing 62-74% olivine would be consistent with the
seismic velocity data. This conclusion is in agreement
with that of Weidner [1985] but is in conflict with the
results of Lees et al. [1983] and with those of Anderson
and Bass (1984, 1986] and Bass and Anderson [1984].

Lees et al. [1983] found that while the density profile of
a pure olivine mantle would be quite consistent with that
determined seismically, the P and S wave velocities for
such a mantle would not be consistent with the seismic
observations in the transition region. Their results,
however, were based on elastic property estimates for the
B and +y phases which are substantially in error |Weidner
et al., 1984] Lees et al. [1983] remark that it would be
necessary to lower the value of the bulk modulus of the «
phase in order to bring the computed and observed seismic
velocities into agreement, and indeed, lowering the bulk
modulus of the ~ phase to the values measured by
Weidner et al. [1984] and adopted by us {Table 2) brings a
pure olivine mantle into much better agreement with the
observed P and § wave velocities (Figure 7)

While the density [Bass and Anderson, 1984] and &
[Anderson and Bass, 1984] profiles for an olivine-rich man-
tle composition (“‘pyrolite”) are in agreement with current
seismic observations, Bass and Anderson [1984] and
Anderson and Bass [1986] found that the P and S5 wave
velocities for an olivine-rich mantle were significantly
higher that those for PREM. Examination of their elasti-
city data base (D. L. Anderson, personal communication,
1985) indicates that the values of the temperature deriva-
tives of the shear moduli which they assumed for the 8
and -y phases imply a constant temperature derivative,
rather than a constant logarithmic temperature derivative
such as we have used here. The latter appears to be the
better first approximation because it corresponds to
observed bulk modulus behavior. Anderson and Bass’s
linear temperature extrapolation and reliance on spinel
analog data result in larger shear moduli (and hence higher
P and § wave velocities) at mantle temperatures and pres-
sures. Anderson and Buss [1984] note that the seismic
velocity data cannot rule out an olivine-rich upper mantle;
however, we suggest that an olivine-rich mantle is not only
consistent with the seismic velocities throughout the 200-
to 650-km depth interval but is necessary to explain the
sharpness and magnitude of the 400-km seismic discon-
tinuity, short of invoking a discontinuity in bulk chemical
composition at 400 km.

The actual sharpness of the 400-km discontinuity is
difficult to resolve seismically [Muirhead, 1985]. Kennett
[1975] discussed the possibility that mantle discontinuities
may actually be much sharper than estimated by those
seismic studies which neglect the effects of attenuation,
and Ingate et ol [1986] have summarized the difficulties
and uncertainties inherent in attempting to constrain gra-
dients and discontinuities in seismic velocity by the tech-
nique of synthetic seismogram forward modeling. Leven
[1985] suggests that the 400-km discontinuity occurs over
a depth interval of about 6 km. Other studies [cf Silver
et al., 1985 suggest that this discontinuity is at least
10 km wide. The a—f transition width of approximately
6 km given herein is computed for isothermal conditions
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and is actually sharper than required by most seismic
data. The presence of temperature gradients through the
transition [cf. Verhoogen, 1965, Jeanloz and Thompson,
1983] could broaden the discontinuity by a maximum of
about 7 km

CONCLUSIONS

In conclusion, by using available calorimetric, thermoe-~
lastic, and synthesis data we have derived an internally
consistent high-pressure phase diagram for the Mgo,SiO
FesSi04 join which is quite insensitive to the uncertainties
in the experimental data. This diagram, in turn, con-
strains the divariant oa—a+f—f transition to be
extremely sharp, effectively univariant on the scale of the
mantle  For mantle olivine compositions, then, the
a—a+pf—f transition in (MggeFeq;)eSi04 should occur
over a depth range (isothermal) of approximately
6 (+3) km at a depth of about 400 km (The presence of
temperature gradients through the transition may broaden
the depth interval by a maximum of about 7 km.) This
transition would produce a sharp discontinuity in seismic
velocity at this depth, in excellent agreement with seismic
observations

The bulk sound velocity profile for a model mantle con-
sisting of pure olivine is in good agreement with the
observed seismic profiles, both above and below the 400-
km discontinuity, so that an olivine-rich mantle is quite
consistent with available seismic data. Furthermore, com-
parison of the observed magnitude of the velocity jump at
400-km depth with that computed for a pure olivine man-
tle suggests a mantle composed of about 70% olivine
Attempts at resolving individual P and S wave velocities
from the elastic data produce computed seismic velocity
profiles which are in good agreement with recent regional
seismic models. The relative sizes of the computed and
observed jumps in P and S wave velocities and bulk sound
velocity across the discontinuity are indicative of a mantle
containing 62-74% olivine. A mantle of olivine-rich com-
position is thus quite consistent with the current minera-
logical and seismic data; the data do not require the tran-
sition zone to be chemically distinct from the uppermost
mantle.

APPENDIX A: CALCULATION OF DIVARIANT
PHASE RELATIONS

The system of equilibrium conditions in the divariant
region o-+f consists of equations {cf. equation (3)) of the
form

E}drsflg.sto,; = G_I\/Zggsl04
G-r?eﬁo(i == Gﬁizsxo‘i
We may define difference functions F such that
Ff = G - @5’5

for each component i, and we may then seek solutions to
equations of the form

PP [X{", X¢, P, T) =0

In the divariant region the requisite system of equations is
simply

Ffﬂ(Xf’, X¢ P, T) =0
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F;’ﬁ(X{’, X{, P, T] =0

where X = 1 - X for any given phase ¢.

To solve for the case of equilibrium involving all three
phases «, B, and <, we need only include two more
equations, those involving either the a-v or the f-
difference functions, in this system

In order to solve the system, we may employ Newton's
method [cf. Gerald end Wheatley, 1984, pp. 133-139] to
reduce the solution of the system of nonlinear equations to
iterations of solutions of systems of linear equations We
accomplish this by developing the first-order (i.e., linear)
Taylor series approximation [¢f. Hurley, 1980, pp. 710-714]
to each function Fy, so that

0~ [Fl‘"ﬂ ) + [ Zl;ljf ] (Xf,'new—Xf’om)

] (XX )

Al
oF 9 (A1)

0~ (F7?) + [ e ] (3o X

+ [aFQ&ﬂ] ’ (anew“x{.gold)

where each function F; and its derivatives are evaluated at
the appropriate approximate root X;{’o]d,

We may use forward finité differences [cf Gerald and
Wheatley, 1984, pp. 233-238] for the calculation of deriva-
tives, so that

6F,°’ﬂ 1 [oa

— o ,3 o

BXIO' P’T')q,gold F; .Fl [Xl.old'*‘&, Xiu:old; P: T)
- F (X o, Xfow P, T) |

6F1°‘ﬁ 1 [ o

P— oy . ,5 [+4

oxXF Jraxe, 5 [P (%590 Xfar+e, P, T)

TP (Xﬁnd. Xfoa P, T] ]

where 6 is some small finite perturbation parameter

The linear systems (Al) may be solved by a matrix
method, such as Gaussian elimination employing partial
pivoting [cf. Gerald and Wheatley, 1984, pp. 88-95]. Each
solution of a system such as (A1) will give the correction
factors (Xepew— Xi%ua) by which the previous approximate
solution Xffoxd must be modified, and hence values for
Xfuew may be obtained for all pertinent phases ¢. These
corrections may be applied iteratively until the absolute
differences between consecutive solutions fall below some
arbitrary tolerance value €. Note that when solving the
univariant problem for three coexisting phases numeri-
cally, it may be necessary to scale the pressure variable to
the same order of magnitude as the composition (mole
fraction) variables (i.e., order 107) in order to avoid form-
ing a nearly singular matrix during linearization.

Initial estimates of the solution variables for Newton's
method may be obtained as follows The partial molar
free energy of MgeSiO, in the o phase is given by
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P

Gigto, = Ciggo(T) + [ Viysi0,0P"
1 (A2)

+ RT In 2.131’525104

In equation (A2), G SIO, T refers to the free energy of

pure Mg,SiO, in the a phase at temperature T and 1 bar
Equilibrium between « and f phases gives the conditions

fogzsw‘, - 613%5104 = AGﬁéﬁ@ =
GF[?e25104 - G}«g;?suo‘1 = AGF‘%;S’?Q =0
Upon constructing equations similar to (A2) for the fj

phase and for the FeySiO4 components, the above may be
expanded to give

P
AGHs0, = ACH s (T) + [ AVifso P
1

+ RT In Hﬁg;&oq= 0
(A3)

P
AGHo, = AGfo(T) + [ AVEHho dP
1
+ RT In ICF%;SI?O‘: 0

where the equilibrium constants (the #°~P's) are given by

;3
2
/CM“Zleo = %
C o
AMg,SIO
4
a .
g s‘? _ ﬁ%zsxq
#2508 AR, SI0
4

We may begin by assuming an ideal single-site binary solid
solution (ie., af = X%), so that

Xl sic
K@gio — _..._MEQ..__O_‘*
* Xpg,sio,
- XI‘geQSKO‘i 1—X1\’?rggsxo4
K = e
FegSi04 Xge,sio, 1-Xyg,si0,

Upon solving these two equations in two unknowns (the
Xl\‘fig?s;oq’s), we obtain

< K}*’é':sxoq“l

SO, T e
Mg,SIO, IC}%’ZS[O 4—-'5If/"fzz.ﬂgsxo4 (A4)
Xl sio, = XiSe.s10, ke 510

Mg, SiO, 5104 o510,

‘We may now solve the two equations (A3) simultaneously
for the two unknown equilibrium constants (the x©P's)
and insert these values into equations (A4) to obtain our
initial compositional estimate

This process is easily extended to four equations in four
unknowns, for approximation to the solution of the case of
univariant equilibrium involving all three phases, by the
inclusion of suitable expressions involving %7

APPENDIX B: STEEPEST DESCENT MINIMIZATION

Multicomponent phase equilibria were calculated by a
variation of the steepest descent free energy minimization

Bma AND WooD: OLIVINE-SPINEL TRANSITIONS

algorithm of Storey and Van Zeggeren [1964]. Equilibrium
is found at fixed conditions of pressure, temperature, and
bulk composition by minimizing the Gibbs free energy G
given by

N
G == Ef}—ml
{==1
where G; is the chemical potential of component i in a
given phase, n; is the number of moles of i in the system,
and N is the total number of components.

Starting with an initial estimate of the equilibrium
values of the n;, the minimization takes place at constant
mass, giving the condition

N

Y cyng = my
fz==]

(B1)

where my is the total number of moles of the jth oxide in
the system and cy is the number of moles of | in the ith
component. The free energy is lowered iteratively by
introducing a search parameter X and finding the condition
of varying nj under which the derivative of G with respect
to X is a minimum (i.e., steepest descent). Hence

dG S [ dm

FI EGI[TD\— (B2)

] == minimum
=1

It is important to exclude iterative solutions in which the
n; can become negative. This is done by introducing the
change of variables

ny = exp(ny)
Thus, from (B1)-(B2) we have
4G _ S (m. ) [ dm
A - G idL}
)Y i=1[ o) [ a ]

with the mass balance conditions

il dn
(gl — 1 =0
15_3_1( am ) [ ax
Upon applying an additional normalization condition
2
s{dm] _
= dX
the direction of steepest descent is now found by introduc-

ing the Lagrange multipiers [cf. Hurley, 1980, pp. 223-228]
¢and € and so forming the i equations

(B3)

_ d M
Gy - §{-£\i ]—Efjcjinl =0 (B4)
je==1

where M is the total number of oxide constituents of the

system
Upon multiplying each of these i equations (B4) by cum
and summing over all i, we obtain M simultaneous equa-

tions in M unknowns (the &;) such that

§ [gcmcn(m)? ]EJ = XN)GICRI[IH]Q (B5)

Je=1 ]t i=1

wherek=1,- -, M
Upon solving these equations (B5) for the £, we obtain
the new values of n; for the next iteration
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dm o~ X
- = G- Y B6
TN e ;gl e (BS)
such that
dmy
W = pold | = JAN B7
m m -+ [ ETN ] (B7)

where, in equation (B6) above, ¢ is fixed to satisfy the nor-
malization condition (B3). Note that while the elements of
dmpy/dX in equation (B7) above determine the direction of
steepest descent, a suitable step size AN must be chosen to
determine the magnitude of the corrections which are to
be made to the composition. We have applied an “‘accu-
rate line search’ algorithm [Gill et al., 1981, pp 100-102]
in order to select a step size which will guarantee sufficient
descent along the direction of steepest descent Addition-
ally, we have found it useful to impose the mass balance
conditions (Bl) at each iteration to minimize the effects of
numerical drift.
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