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INTRODUCTION

The nature of the discontinuities evident in seismic
velocity profiles of the Earth’s mantle has been a topic of
active research since the work of Birch in the 1950s.
The chemical, mineralogical, and thermal properties of
these features have important implications outside the
fields of seismology and mineral physics, constraining as
they do the overall dynamics of the Earth’s interior, the
deep return flow for plate tectonics, and the geochemical
signatures of source regions of igneous rocks.

In the period 1987-1990, great strides have been made
in identifying and characterizing mantle discontinuities
from a seismological standpoint. Advances in detailed
observation of reflected and converted phases, analysis of
multiple ScS reverberations, stacking of global digital
data, application of seismometer arrays, and broadband
data collection have permitted improved determination of
the location, magnitude, and sharpness (depth-extent) of
rapid seismic velocity changes in the mantle. Notable
among such advances are the global stacking study of
Shearer [1990] and the SH-polarized mantle reverberation
studies of Revenaugh and Jordan [1987, 1989, 1990a,
1990b] which systematically investigate the fine structure
of seismic velocity variations in the mantle.

Important progress has also been made in understand-
ing the physical and chemical properties of mantle
discontinuities by better constraining the effects of pres-
sure, temperature, and compositional variations upon the
crystal structures and elastic moduli of the mantle’s con-
stituent minerals. Advances in multi-anvil press and
diamond-anvil cell high-pressure technology, calorimetric
study of mineral thermochemical properties, synchrotron
radiation analysis of crystal structures, and first-principles
computation of crystal properties have allowed better
constraints upon both the stability fields and thermoelastic
properties of mantle mineral assemblages. Notable
among these advances are the detailed experimental study
of post-spinel phase transformations by fto and Takahashi
[1989] and the subsequent thermodynamic analysis by
Wood [1989, 1990].

Taken together, these advances allow more meaningful
correlation of seismological features with mineralogical
changes. While this permits the placing of stronger con-
straints upon the composition, structure, and dynamics of
the interior, there remain significant uncertainties and
ambiguities. Here I review fundamental advances in both
the seismological and mineralogical understanding of

Copyright 1991 by the American Geophysical Union.

Paper number 91RG00805.
8755-1209/91/91RG0O0805 $15.00

mantle discontinuities which have taken place during the
period 1987-1990, as well as briefly discussing some
implications for mantle thermal structure and dynamics.
While I have endeavored to compile as complete a refer-
ence list as possible, the lesser number of references
directly discussed in the text necessarily reflects my own
interests and familiarity with the literature. I conclude by
outlining the picture of mantle structure and composition
which is emerging from these efforts while indicating the
remaining major uncertainties.

SEISMOLOGY

The seismological characterization of mantle discon-
tinuities in both the upper and lower mantle has followed
several avenues of inquiry. Investigation has focused
upon establishing the presence or absence of seismic
discontinuities, determining whether they are global or
local in extent, measuring the topographic variability of
their depth of occurrence, and quantifying the magnitude
and sharpness of their velocity changes. In addition to
numerous local and regional studies, notable advances of
the last four years include the use of SH-polarized mantle
reverberations [Revenaugh and Jordan, 1987, 1989,
1990a, 1990b] and the stacking of five years of global
long-period data [Shearer, 1990] to better constrain the
fine structure of mantle seismic discontinuities. Work
continues [B. Kennett, pers. comm., 1989] on a new
radial Earth model (IASPR) to fit global body-wave
travel times more closely than the currently-used radial
model PREM [Dziewonski and Anderson, 1981] while
retaining those features of PREM structure which provide
a good fit to free oscillation data. Recently reported
depths and magnitudes of mantle seismic discontinuities
are summarized in Table 1.

Below the crust-mantle boundary, upper mantle seismic
velocity structure is dominated by a velocity increase at
about 410 km depth, followed by an anomalously high
velocity gradient throughout the region between this 410
km discontinuity and the base of the upper mantle near
660 km depth. Recent work also indicates the presence
of a smaller velocity increase near 520 km depth, as well
as suggesting that reported velocity discontinuities near
220 km depth cannot be globally coherent features.
Lower mantle velocity structure is dominated by a sharp
velocity increase at about 660 km depth, marking the
boundary between the upper and lower mantle, and by
the core-mantle boundary (CMB) at 2890 km depth. The
lowermost 200-300 km of the mantle (the D” layer), just
above the CMB, is characterized by anomalous velocity
structures, consistent with the presence of a velocity
discontinuity with strongly laterally varying properties.
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TABLE 1. Summary of Reported Mantle Seismic Discontinuities

Characteristics

Depth (km) Study  Reference
67 S Revenaugh [1989]
86 S Revenaugh and Jordan [1989]
75-225 N Graves and Helmberger [1988]
upper 100 S Revenaugh [1989]
165-215 P LeFevre and Helmberger [1989]
200 P Bowman and Kenmnett [1990]
~220 PSS Shearer [1990]
~220 S Revenaugh and Jordan [1989]
232 S Revenaugh [1989]
300 PP Wajeman [1988]
400 P Bowman and Kennett [1990]
405 P LeFevre and Helmberger [1989]
405 S Graves and Helmberger [1889]
410 P,S Shearer [1990]
414 S Revenaugh and Jordan [1987, 1989, 1990a,b]
415 P’P  Nakanishi {1988,1989]
520 P.S Shearer [1990]
520 S Revenaugh and Jordan [1990b]
630 P Bowman and Kennett [1990]
655 PP Nakanishi [1988,1989]
659 S Graves and Helmberger [1889]
660 P LeFevre and Helmberger [1989]
660 P.,S Shearer [1990]
660 S Revenaugh and Jordan [1987, 1989, 1990a,b]
670 PP Davis et al. [1989]
670 PP Wajeman [1988]
670 P—S  Paulssen [1988]
660-680 S—P  Richards and Wicks {1990]
710 S Revenaugh and Jordan {1989, 1990b]
840 p,S Shearer [1990]
900 S Revenaugh and Jordan {1989, 1990b]
2546 P Baumgardt [1989]
2600 P Davis and Weber [1990]
2610 S Young and Lay [1987a]
~2610 S Revenaugh and Jordan [1989]

5-8% impedance contrast

observed, W Pacific

LVZ, old Pacific

LLVZ onset, oceanic and tectonic, base not detected
LVZ, Canadian shield

3.3% Vp increase, NW Australia

not detected

not detected, W Pacific

4% impedance contrast, NWC Australia
Eurasia

5.6% Vp increase, NW Australia

5% Vp increase, Canadian shield

3.6% Vg increase, old Pacific
topography <20 km

refl. coef. 0.046+0.010, topog. ~12 km
intermittent

3% impedance contrast

reflection coef. 0.014

3.9% Vp increase, NW Australia
sharp

6.8% Vg increase, old Pacific

4% Vp increase, Canadian shield
topography <20 km

refl. coef. 0.07210.010, topog. ~12 km, slab def. <40 km
not detected — 10 km topog.

7.5% Vp contrast, Eurasia

sharp

slab def. <50 km, Tonga

refl. coef. ~0.020, tentative

tentative

tentative

2.75% Vp increase

3% Vp increase, N Siberia

2.75% Vg increase, Indian Ocean

not detected, W Pacific

Studies are of P-waves (P), S-waves (S), both (P,S), underside reflections (P'P’), and converted phases (P—S, S—P). LVZ
denotes low velocity zone. Magnitudes are given as velocity increases, impedance contrasts, or normal-incidence reflection
coefficients. Also noted are long-wavelength topography and apparent deformation by subducting slabs.

While there is a general lack of evidence for additional
significant global discontinuities, minor velocity discon-
tinvities tentatively have been suggested at intermediate
depths in the lower mantle, and seismic reflectors also
have been observed in subducting slabs. An additional
conclusion of recent studies is that the 410 and 660 km
discontinuities exhibit only small variations in depth,
comprising perhaps 20-40 km of relief.

Shallow Mantle Discontinuities

Using SH-polarized mantle reverberations, Revenaugh
{1989] reports a reflector with a 5-8% impedance con-
trast at 67 km depth in the mantle, which he attributes to
the phase transition from spinel lherzolite to garnet lher-
zolite. In addition, Revenaugh and Jordan [1989] find
strong evidence for a discontinuity beneath the western
Pacific, located at 86 km depth (or, ambiguously, in the
lower 170 km of the mantle), which they suggest may
represent the onset of partial melting.

In the ongoing debate over the question of a possible
220 km discontinuity, the stacking of five years of long-
period P- and S-wave data by Shearer [1990] reveals no

evidence for such a feature. This suggests that the
discontinuity, which appears to be required in certain
regional studies, cannot be a globally coherent feature.
Revenaugh and Jordan [1989], using SH-polarized mantle
reverberations, find no evidence for this discontinuity
beneath the western Pacific. In modeling short-period
waveforms from a hybrid array, however, Bowman and
Kennett [1990] require the presence of a 3.3% velocity
increase near 200 km depth in their upper mantle P-wave
velocity profile (NWB-1) for northwest Australia. Furth-
ermore, Revenaugh [1989] finds evidence for a 4%
impedance contrast at 232 km depth beneath west-central
and northern Australia using SH-polarized mantle rever-
berations. LeFevre and Helmberger's {19891 upper man-
tle P-wave velocity profile (§25) for the Canadian shield,
determined from waveform modeling of long-period data,
contains a low velocity zone in the 165-215 km depth
range. Graves and Helmberger's [1988] upper mantle
model for the old Pacific (PAC), derived from waveform
modeling of long-period multibounce SH-waves, exhibits
a low velocity zone in the 75-225 km depth range.
Revenaugh [1989] reports evidence from mantle rever-
berations for the onset of a low velocity zone in the
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upper 100 km of oceanic and tectonically active regions,
but he finds no evidence for a sharp (less than 50 km
depth-extent) base to the low velocity zone.

The 410 km Discontinuity

Shearer's [1990] global stacking study yields a best-
fitting depth of 410 km for the “‘400 km discontinuity”’,
with topography of less than 20 km. Using SH-polarized
ScS, and sScS, mantle reverberations, Revenaugh and
Jordan [1987, 1989, 1990a, 1990b] obtain a normal-
incidence reflection coefficient of 0.046+0.010 at a depth
of 414 km, for which they suggest a Vg contrast of about
54% and a density contrast of 3.9%. Their travel time
correlations are consistent with an exothermic (i.e., posi-
tive P-T slope) phase transition near 400 km, with about
12 km of long-wavelength topography on the boundary.
Bock [1988] reports observation of S-P conversions from
400 km depth beneath Australia, indicating that this
discontinuity, at least locally, is quite sharp.

Furthermore, Bowman and Kennett's [1990] upper
mantle P-wave velocity profile (NWB-1) for northwest
Australia, from waveform modeling of short-period array
data, prescribes an unusually large (5.6%) 400 km
discontinuity in this area. Their study is also notable in
that it prescribes only three mantle velocity discontinui-
ties (at 200, 400, and 630 km depth) for this Australian
region, rather than the numerous discontinuities evident
in earlier studies [e.g., Leven, 1985].

Using waveform modeling of long-period data,
LeFevre and Helmberger [1989] determined an upper
mantle P-wave velocity profile (S25) for the Canadian
shield, complementing the S-wave velocity profile (SNA)
previously determined by Grand and Helmberger [1984]
for the same region and prescribing a 5% Vp increase at
405 km depth. Their study reinforces earlier conclusions
that contrasts in velocity profiles between shields and tec-
tonically active regions drop to less than 1% below 400
km depth, a conclusion also supported by Grand's [1987)]
S-wave tomographic inversion below North America.

Graves and Helmberger's [1988] upper mantle model
for the old Pacific (PAC), derived from waveform model-
ing of long-period multibounce SH-waves, exhibits a
3.6% S-wave velocity increase at 405 km depth.

The 520 ki Discontinuity

The question of whether an additional discontinuity
between those at 410 and 660 km depth is required by
seismological observations has long been a topic of
debate, as such a feature was occasionally suggested by
older refraction and slowness data [e.g., Fukao et al.,
1982]. Upon stacking five years of long-period data,
Shearer [1990] has observed two seismic phases which
indeed appear to arise from a discontinuity near 520 km
depth with an impedance contrast of roughly 3%. Using
SH-polarized mantle reverberations, Revenaugh and Jor-
dan [1990b] find evidence for a minor reflector near 520
km depth with a normal-incidence reflection coefficient
of approximately 0.014.

The 660 km Discontinuity

The best-fitting depth to the ““670 km’’ upper/lower
mantle boundary obtained by Shearer's [1990] global
stacking study is 660 km, with topography of less than 20
km. By observing SH-polarized ScS, and sScS, mantle
reverberations, Revenaugh and Jordan [1987, 1989,
1990a, 1990b] obtain a normal-incidence reflection
coefficient of 0.072+£0.010 at 660 km, for which they
suggest a Vg contrast of about 8.5% and a density con-
trast of 6.1%. Their travel time correlations are con-
sistent with endothermic (i.e., negative P-T slope) phase
transitions near 650 km, with about 12 km of long-
wavelength topography on the boundary. They find evi-
dence for no more than 30-40 km of topography on the
660 km discontinuity beneath areas of deep subduction,
considerably less than that predicted by rigorously
stratified mantle models.

Davis et al. [1989] extend the search for elusive pre-
cursors to P'P’ by examining broadband data; they con-
clude that the almost total absence of such underside
reflections from mantle discontinuities can be explained
by either degrading the large, sharp impedance contrast
across the 670 km discontinuity given by PREM
[Dziewonski and Anderson, 1981] or by imposing 10 km
topography on the discontinuity over 300 km length
scales. Wajeman [1988], on the other hand, observes
underside P-reflections from 670 km and 300 km depths
beneath Eurasia upon stacking broadband data, with
amplitude ratios consistent with an anomalously large
(7.5%) Vp contrast at 670 km. Nakanishi [1988, 1989]
discusses constraints upon mantle discontinuities and their
topography from PP’ precursors, reporting such underside
reflections from 655 km depth and somewhat weaker and
more intermittent precursors from 415 km depth,
Paulssen [1988] observes P-to-S converted phases from
the 670 km discontinuity on short-period and broadband
records, indicating that this discontinuity is, at least
locally, very sharp. Details of waveform modeling of S-
to-P conversions from mantle discontinuities are dis-
cussed by Douglas et al. [1990].

Other constraints on the depth and magnitude of this
discontinuity have come from regional waveform model-
ing studies. Using long-period data, LeFevre and Helm-
berger [1989] determined an upper mantle P-wave velo-
city profile (8§25) for the Canadian shield which features
a 4% increase at 660 km depth. Using short-period data
from a hybrid array, Bowman and Kennett [1990] con-
structed an upper mantle P-wave velocity profile (NWB-
1) for northwest Australia, finding a 3.9% velocity
increase at 630 km depth. From waveform modeling of
long-period multibounce SH-waves, Graves and Helm-
berger [1988] derived an upper mantle model for the old
Pacific (PAC) which exhibits a 6.8% S-wave veiocity
increase at 659 km depth.

Other Deep Mantle Discontinuities

Revenaugh and Jordan {1989, 1990b], using SH-
polarized mantle reverberations, find tentative evidence
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for a small impedance increase (reflection coefficient
about 0.020) at 710 km and another at 900 km depth.
On the basis of observed P- and S-wave multiples,
Shearer [1990] suggests a possible discontinuity near 840
km depth. The compositional implications of variations
in the seismic Poisson’s ratio for the lower mantle are
discussed by Poirier [1987].

The Core-Mantle Boundary Region

Young and Lay [1987a] investigated the structure of
the D” layer beneath India and the Indian Ocean using
SH and sSH seismograms, finding an abrupt 2.75%
increase in Vg about 280 km above the CMB. This is
consistent with previous work by Lay and Helmberger in
other regions, with the added complication that a negative
Vg gradient is required between this feature and the
CMB. The case for such a discontinuity, as opposed to
scattering or diffraction hypotheses, is analyzed by Young
and Lay [1990). Davis and Weber [1990] find evidence
for a 3% increase in Vp about 290 km above the CMB
beneath northern Siberia using broadband data from the
Grifenberg (GRF) array, and Baumgardt [1989] finds evi-
dence from short-period data for a 2.75% Vp increase
about 344 km above the CMB. Furthermore, these
authors suggest that this may not be a coherent global
feature but may be restricted to distinct localities and
may exhibit depth variations of up to 50 km. Revenaugh
and Jordan [1989], using SH-polarized mantle reverbera-
tions, find no evidence for this D” discontinuity beneath
the western Pacific.

Using slownesses of diffracted arrivals, Wysession and
Okal [1988, 1989] find evidence for fast velocities in D”
beneath Asia and the eastern Pacific and slow velocities
beneath New Guinea and the Solomon Islands, with vari-
ations of 3.1% and 3.5% in Vp and Vg, respectively, in
D”. Lateral velocity variations are further discussed by
Garnero et al. [1988] and Young and Lay [1989], and
scattering by inhomogeneities near the CMB is discussed
by Haddon and Buchbinder [1987], Bataille and Flatte
[1988], and Doornbos [1988]. From travel time residu-
als, Morelli and Dziewonski [1987] infer 6 km relief on
the CMB. The dynamics and the seismological and ther-
mal structure of D” and the CMB are thoroughly
reviewed by Young and Lay [1987b] and Lay [1989].

Subducting Slab Discontinuities

Within the double-planed seismic zone beneath the
Kanto district of Japan, Obara and Sato [1988] and
Obara [1989] report S-wave reflections from 80-100 km
depth, for which they suggest that the large impedance
contrast may be due to the presence of liquid bodies or a
low velocity layer near the upper surface of the subduct-
ing Pacific plate. Helffrich et al. [1989] undertook a
thorough investigation of subduction zone seismic
reflectors, ascribing some features to the possible eleva-
tion of exothermic phase transitions in the downgoing
slab and others to preferred orientation of mineral tex-
tures.

From examination of P- and S-wave travel time
anomalies, Krishna and Kaila [1987] conclude that the
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400 km and 670 km seismic discontinuities are elevated
in the subducting slab in the Tonga-Kermadec region
relative to the surrounding mantle. From analysis of
travel time residuals, however, lidaka and Suetsugu
[1990] find that the 400 km discontinuity is deflected
downward, rather than upward, in the subducting slab
beneath Japan. This suggests [Geller, 1990] that o
olivine persists metastably into the modified spinel or
spinel stability field in the downgoing slab, in accord
with the transformation faulting hypothesis of Kirby et al.
[1990] for the origin of deep earthquakes.

Wajeman and Souriau [1987] report P-S conversions
from a dipping (20°) reflector beneath Kerguelen, located
ambiguously at either 880 km or 600 km depth.
Richards and Wicks [1990] report short-period S-to-P
conversions beneath Tonga from 660-680 km depth in
the northern part of the subduction zone and from
660-700 km depth in the southern portion. Since their
observed rays travel within the subducted slab, they con-
clude that the slab deforms the 670 km discontinuity by
less than 50 km. This is consistent with a phase transi-
tion origin for the discontinuity, since deformation greater
than 100 km would be expected for a chemical discon-
tinuity {e.g., Kincaid and Olson, 1987].

MINERAL PHYSICS

Investigation of the physics of mineralogical changes
in phase or chemistry which may be associated with man-
tle seismic discontinuities has pursued two main courses.
Firstly, the refinement of equilibrium phase relations
between mantle mineral assemblages permits the determi-
nation of the depth of occurrence and sharpness of phase
transitions in various mantle compositional models.
Furthermore, the measurement of mineral thermochemical
properties allows the thermodynamic calculation of such
phase boundaries under conditions of pressure, tempera-
ture, and composition outside of the regime in which
phase equilibrium experiments were performed. Notable
advances in this area include the detailed experimental
study of post-spinel phase transformations by lto and
Takahashi [1989] and the subsequent thermodynamic
analysis of Wood [1989, 1990]. Secondly, determination
of the thermoelastic properties of mineral phases allows
better calculation of the densities and seismic velocities
of candidate mineral assemblages as functions of pres-
sure, temperature, and composition, thus permitting direct
comparison of compositional models with seismic velo-
city profiles. In this area, notable advances include the
calculation of densities for various lower mantle composi-
tional models by Jeanloz and Knittle [1989], using their
measured perovskite thermoelastic properties, and the
comparison of these model calculations to seismological
density estimates.

Below the low velocity zone, upper mantle mineralogy
is dominated by two sets of phase transformations: the
olivine-spinel transitions and the eclogite-garnetite transi-
tions. In the former, the o phase of olivine transforms to
the vy spinel structure with increasing depth, passing
through the intermediate B modified-spinel structure in
compositions with high Mg/Fe ratios. In the latter, Al-
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poor pyroxene gradually dissolves into Al-rich garnet
with increasing depth to form a garnet-majorite solid
solution. Additional phase changes and some degree of
partial melting may also occur at shallower depths.
Lower mantle mineralogy is dominated by the perovskite
wansformations: that of <y spinel to perovskite plus
magnesiowiistite and that of garnet-majorite to perovskite.
The possible stability of silicate ilmenite phases and
further high pressure structural changes in perovskite or
in stishovite (SiO,) have also been suggested.

The construction of mantle mineralogical profiles for
model bulk compositions and the calculation of their
associated seismic velocity profiles continues. Weidner
and Ito [1987)] computed mineralogies and seismic velo-
city profiles for different mantle compositions, concluding
that while a uniform pyrolite composition is compatible
with available data, uncertainties are sufficiently large as
to permit a wide variety of compositions. Duffy and
Anderson [1989], too, obtain a wide range of acceptable
compositions but suggest that the more eclogitic composi-
tions are more suitable. Similar calculations by Akaogi et
al. [1987] and Bina [1987] suggest that peridotitic com-
positions, such as pyrolite, provide a better fit to seismo-
logical data than more eclogitic compositions. [rifune
[1987], Irifune and Ringwood [1987a), and Bina and
Wood [1987] also find a good fit with pyrolite, and Bina
[1989] notes that such compositional estimates depend
not only upon the assumed elastic moduli pressure and
temperature derivatives but also upon choice of seismic
velocity parameterization. The major phase changes
expected to occur in the mantle and in subducting slabs
are reviewed by Anderson [1987].

Low Velocity Zones

The presence in many velocity profiles of a low velo-
city zone in the uppermost mantle, falling somewhere
between 50 km and 220 km depth, is often taken to indi-
cate the presence of partial melt at these depths. How-
ever, Sato et al. [1988, 19891 and Sato and Sacks [1989]
measured seismic velocities in peridotites as functions of
partial melt fraction and homologous temperature (i.e.,
the ratio of temperature T to the solidus temperature T,,).
They find that seismic velocities, like the attenuation Q7!
exhibit a strong homologous temperature dependence, and
they conclude that a velocity drop of up to 6% in the low
velocity zone can be accommodated merely by the effects
upon velocities of subsolidus temperature increases.
Thus, partial melts need not be ubiquitous throughout low
velocity zones.

Olivine~-Spinel Transitions

An experimental phase equilibrium study of the
olivine-spinel transitions by Katsura and Ito [1989]
confirms that the o olivine to [ modified-spinel
(ringwoodite) transition occurs exothermically (i.e., with
positive P-T slope) at pressures and temperatures
appropriate to approximately 400 km depth. They also
determined that this transition occurs over a narrow pres-
sure interval, narrowing further with increasing tempera-
ture, in agreement with the predictions of Bina and
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Wood's [1987] thermodynamic analysis. Katsura and Ito
[1989] also determined the conditions under which the
more gradual § modified-spinel to vy spinel transformation
occurs. Yagi et al. [1987a] report in situ observation of
the o~y transition in Fe,SiO,4 using synchrotron radiation.

Analyses of the thermochemical properties of the
olivine polymorphs were performed using calorimetry
[Ashida et al., 1987, Watanabe, 1987; Akaogi et al.,
1989], shock wave analysis [Brown et al., 1987], and
spectroscopy [Hofmeister et al., 1989]. The crystal
chemistry of the B phase is discussed by Sawamoto and
Horiuchi [1990]. Using the most recent available ther-
modynamic and phase equilibrium data, thorough thermo-
dynamic modeling of the olivine phase transformation
series was performed by Akaogi et al. [1989] and by Fei
et al. [1990a, 1990b]. The stress-dependence of the
transformation mechanism of the ¢~y transition in the
Mg,GeO, olivine analogue was studied by Burnley and
Green [1989], while the kinetics of these phase transi-
tions in germanates were investigated by Will and Lauter-
jung [1987]. Rubie et al, [1990] found the kinetics of the
o~y transition in a nickel silicate olivine analogue to be
sufficiently sluggish as to predict the metastable per-
sistence of olivine to significant depth in slabs, thus sup-
porting the seismological results of lidaka and Suetsugu
[1990].

Given the coincidence of the a~f transition and the
410 km seismic discontinuity, upper mantle composition
may be estimated by comparing the magnitude of the
velocity increase in the Earth to the magnitude of that
expected for the phase transition in olivine under upper
mantle pressure and temperature conditions. Thus, it is
important to constrain the thermoelastic properties of the
olivine polymorphs. D. L. Anderson [1988] and Duffy
and Anderson [1989] predicted pressure and temperature
derivatives of the elastic constants of the olivine
polymorphs through analyses of the systematics of other
compounds. Isaak et al. [1989a] measured the elastic
constants of Mg,SiO, o olivine (forsterite) as functions of
temperature using the rectangular parallelopiped reso-
nance (RPR) method, and Brown et al. [1989] measured
single-crystal o olivine elastic constants via a new impul-
sive scattering technique. Gwanmesia et al. [1990] report
measurements of the pressure dependence of B-Mg,SiO,
elastic moduli, noting the strong dependence of upper
mantle compositional estimates upon assumed values of
elastic moduli temperature dependence.

The hypothesis that the f§ phase of olivine might serve
as a host for water in the upper mantle was put forward
by Smyth [1987], and the occurrence of OH or H,O in
this phase was confirmed spectroscopically by McMillan
et al. [1987]. The possibility of water storage in mantle
minerals has been pursued further [Ahrens, 1989; Pool,
1989; Finger and Prewitt, 1989; Rossman and Smyth,
1990], both with spectroscopic and structure-refinement
techniques. Finger et al. [1989] determined the structure
of the hydrous magnesium silicate ‘‘phase B’’ and con-
cluded that it should be a stable host for water, at least in
the upper mantle. If significant amounts of water can be
accommodated in certain mantle phases, then phase tran-
sitions involving such minerals may mark changes in the
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degree of hydration of the mantle as well as the usual
changes in its elastic properties.

Eclogite-Garnetite Transitions

The equilibrium phase diagram of the eclogite-garnetite
transition in MgSiO; at high pressures and temperatures
was determined experimentally by Sawamoto [1987].
Further experimental studies of the eclogite-garnetite
transitions performed by Irifune [1987] and Irifune and
Ringwood [1987a, 1987b] confirm that these transitions
occur in a gradual multivariant (i.e., continuous) fashion,
as predicted by the thermodynamic analysis of Bina and
Wood [1984], rather than in the nearly univariant (i.e.,
sharp) fashion necessary to produce a seismic discon-
tinuity. Gasparik [1989] reports experimental results on
the dissolution of sodium-bearing pyroxene phases into
garnet-majorite solid solutions. Calorimetric analyses of
garnet, ilmenite, and perovskite thermochemical proper-
ties were performed by Navrotsky [1987].

With regard to the thermoelastic properties of garnetite
phases, Akaogi et al. [1987] measured garnet elasticity
along the enstatite-pyrope join in addition to performing
a thermodynamic analysis of the eclogite-garnetite transi-
tions. They concluded that these phase transitions do not
produce any abrupt elasticity changes, in agreement with
Bina and Wood's [1984] earlier thermodynamic model,
and that bulk sound velocities calculated for pyrolite are
in general agreement with mantle seismic velocity
profiles. The elastic properties of garnet-majorite solid
solutions were determined by Yagi et al. [1987b] using
synchrotron radiation at high pressures and temperatures.
Bass [1989] measured the elastic properties of grossular
and spessartite garnet by Brillouin spectroscopy.

Perovskite and Magnesiowiistite Transitions

The ferromagnesian silicate perovskite phase equili-
brium experiments of [to and Takahashi [1989] reaffirm
that the endothermic transformation of vy spinel to
perovskite plus magnesiowiistite occurs under pressure
and temperature conditions appropriate to approximately
670 km depth. Moreover, they also demonstrate that the
transition takes place over a depth interval of less than 6
km, thus occurring in the very sharp (nearly univariant)
fashion necessary to produce a sharp seismic discon-
tinuity. Based upon thermodynamic analysis of their
data, Wood [1989, 19901 demonstrates that this maximum
width is independent of the uncertainties in iron-
magnesium partitioning. The partitioning of iron in
perovskite is also discussed by Jackson et al. [1987] and
Wright and Price [1989], while Guyot et al. [1988]
present the results of diamond-anvil cell experiments on
Fe-Mg partitioning between  perovskite and
magnesiowiistite.

Irifune and Ringwood [1987a] report exsolution of cal-
cium silicate perovskite from Ca-bearing garnet-majorite
solid solutions under certain upper mantle conditions.
High pressure studies of CaMgSi,O4 diopside by Irifune
et al. [1989] indicate that CaSiO; forms a cubic
perovskite phase distinct from the MgSiO; orthorhombic
perovskite, with a restricted mutual solubility of about

2%, in agreement with the results of Tamai and Yagi
(1989] and Irifune and Ringwood [1987a). The contrary
finding of extensive mutual solubility by Liu [1987] and
by Takahashi and Ito [1987] and Ito and Takahashi
[1987b] may be due to analytical difficulties attendant
upon the small sample size. Mao et al. [1989] found
cubic perovskite to be the stable phase of CaSiO; under
all lower mantle conditions, in agreement with the results
of Yagi et al. [1989] and Tarrida and Richet [1989] and
the predictions of Hemley et al. [1987] and Wolf and
Bukowinski {1987]. Kato et al. [1987a, 1988b] find that
calcium silicate perovskite is a ready host for many nor-
mally incompatible elements. A possible additional
aluminocalcic lower mantle phase is proposed by Madon
et al. [1989].

With regard to perovskite thermochemical properties,
calorimetric  analyses of gamets, ilmenites, and
perovskites were performed by Navrotsky [1987] and
spectroscopic analyses were reported by Madon and
Price [1989]. Williams et al. [1987b, 1989] analyzed the
vibrational spectrum of MgSiO; perovskite, and a compu-
tational model for ilmenite and perovskite phases was
constructed by Matsui et al. [1987]. Liu et al. [1988]
investigated the orthorhombic-tetragonal phase change in
the germanate analogue of Ca-perovskite. Enstatite-
perovskite transition kinetics are discussed by Knittle and
Jeanloz [1987a].

Measurements of the elasticity of magnesiowiistite
were extended by Richet et al. [1989] to 50 GPa and by
Isaak et al. [1989b] to 1800 K. Mehl et al. [1988] and
Isaak et al. [1990] also performed theoretical analyses of
MgO properties at high pressures and temperatures.
Kubicki [1988] pursued molecular dynamics modeling of
both perovskite and MgO equations of state.

The determination of the thermoelastic properties of
perovskites remains an active field of research. Experi-
mental studies of the elastic properties of Mg-perovskite
have been performed by Horiuchi et al. [1987], Knittle
and Jeanloz [1987b], Kudoh et al. [1987, 1989], Ross and
Hazen [1989, 1990], and Yeganeh-Haeri et al. [1989],
while Cohen [1987b], Bukowinski and Wolf [1988], and
Hemley et al. [1989] undertook theoretical studies of
perovskite elasticity. A theoretical analysis of the stabil-
ity and elasticity of Mg and Ca perovskites was per-
formed by Wolf and Bukowinski [1987] who concluded
that both pyrolite and pyroxenite lower mantle composi-
tions are compatible with seismic data, and Bukowinski
and Wolf [1990] noted the inherent biases in extracting
lower mantle compositional estimates from adiabatic
decompression analyses. Mao et al. [1989] conclude that
the density and bulk modulus of cubic CaSiO; perovskite
are so similar to those of ferromagnesian silicate
perovskite as to render the calcic phase nearly indistin-
guishable seismologically. Fischer et al. [1989] studied a
strontium titanate perovskite analogue.

Upon comparing the densities calculated for various
lower mantle mineralogies to lower mantle seismological
profiles, Jeanloz and Knittle [1989] concluded that the
lower mantle must be enriched in iron relative to a pyrol-
itic upper mantle. Bina and Silver [1990] show that bulk
sound velocity data require such iron enrichment to be
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accompanied by silica enrichment, but they also demon-
strate the sensitivity of such conclusions to uncertainties
in the mineralogical and seismological data. In particu-
lar, hypotheses as to compositional differences between
the upper and lower mantle hinge primarily upon the
behavior of the volume coefficient of thermal expansion
(o) of perovskite with increasing pressure and tempera-
ture. Debate continues over the behavior of the
perovskite thermal expansion coefficient (o) at high tem-
peratures [Jeanloz and Knittle, 1989; Ross and Hazen,
1989; Navrotsky, 1989; Hill and Jackson, 1990] and its
dependence (&) upon pressure [Wolf and Bukowinski,
1987; Cohen, 1987b; D. L. Anderson, 1988, Hemley et
al., 1989]. Results with respect to the latter are particu-
larly polarized, with some [Chopelas, 1990a, 1990b;
Chopelas and Boehler, 1989; Anderson et al., 1990; Rey-
nard and Price, 1990] advocating a pressure-independent
&t while others [Isaak et al., 1990; Agnon and Bukowin-
ski, 1990] conclude that 8 is pressure-dependent.

Kato et al. [1987b] performed high pressure melting
experiments demonstrating that majorite gamet fractiona-
tion from a chondritic parental mantle — a hypothesis
suggesting a silica-enriched lower mantle composition —
cannot explain the subchondritic silica content of the
upper mantle. Chemical stratification by early-stage
melting is discussed by Ohtani [1988]. Additional melt-
ing experiments are discussed by Heinz and Jeanloz
[19871, Ito and Takahashi [1987a], Kato et al. [1988a},
Agee et al. [1989], Bassett and Weathers [1989], and
Knittle and Jeanloz [1989a].

Silica Transitions and Reactions

While most models of mantle composition are undersa-
turated in silica (SiOy), the possibility remains that free
silica might be present in the mantle. In this case, transi-
tions between the silica polymorphs — quartz, coesite,
stishovite, and possibly others — could be important in
determining mantle structure. The elastic properties of
stishovite were measured experimentally to 16 GPa pres-
sure by Ross et al. [1990]. Hemley [1987] examined the
thermodynamics and stability of silica polymorphs using
pressure-dependent Raman spectroscopy, and Cohen
[1987a] studied stishovite instabilities numerically using a
potential-induced breathing model. Park et al. [1988], on
the basis of first-principles electronic structure calcula-
tions, predict a modified flourite (Pa3) structure for SiO,
at pressures greater than about 60 GPa. Tsuchida and
Yagi [1989] find experimentally that stishovite transforms
to the CaCl, structure at pressures appropriate to the base
of the mantle, with a volume change of less than 1%.

From experimental studies, Knittle and Jeanloz [1989b]
suggest that free silica, as well as Fe-Mg-O and Fe-Si
alloys, may form from complex chemical reactions
between mantle and core in the D” region. Simple
chemical relationships near the CMB are discussed by
Sherman [1989] and Svendsen et al. [1989]. Based upon
thermodynamic analysis of silicate melting relations, Stix-
rude and Bukowinski [1990] conclude that silicate
perovskite cannot be a stable constituent of the D"
region, proposing instead a mixture of magnesiowiistite
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and SiO,. Jeanloz [1989] points out that extrapolation of
Tsuchida and Yagi's {1989] phase boundary for the sta-
bility of the CaCl, form of SiO, to lower mantle pres-
sures and temperatures places the transition at 270:160
km above the CMB, thus making it a plausible contribu-
tor to D” seismic structure.

THERMAL STRUCTURE AND DYNAMICS

The coincidence of mantle seismic discontinuities and
phase transitions can be used to place constraints upon
mantle geotherms. Using the most recent experimentally
determined phase diagrams, lto and Katsura [1989] cal-
culated a model temperature profile for a mantle transi-
tion zone of (Mgg soFeq11)2510, composition. By requir-
ing the o—f and y->pv+mw transitions to coincide with
the 400 km and 670 km discontinuities, respectively, they
find that mantle temperatures should increase from about
1400°C near 350 km depth to 1600+100°C at 6555 km
depth, a temperature gradient which is nearly adiabatic.
In contrast, Jeanloz and Morris [1987] argue that the
lower mantle geotherm should be significantly subadia-
batic.

The question of whether mantle seismic discontinuities
represent isochemical phase transformations or whether
they constitute changes in bulk chemical composition is
of profound importance for mantle dynamics. While sub-
ducting slab material may penetrate a phase transition
boundary with little resistance, the intrinsic density con-
trast associated with a chemical discontinuity may consti-
tute a serious impediment to throughgoing convection
le.g., Christensen and Yuen, 1984]. Having significant
bearing upon this question is the observation [Revenaugh
and Jordan, 1987, 1989, 1990a, 1990b; Davis et al.,
1989; Shearer, 1990] that the 410 and 660 km discon-
tinuities exhibit less than 20 km of topographic variation
in their depth of occurrence. Furthermore, the 660 km
discontinuity is found [Revenaugh and Jordan, 1987,
1989, 1990a, 1990b; Richards and Wicks, 1990] to be
deflected by less than 50 km beneath subduction zones.
Since a subducting slab would be expected to deflect a
chemical boundary by more than 100 km [e.g., Kincaid
and Olson, 1987], these observations argue against a
mantle which is chemically stratified at transition zone
seismic discontinuities and support the hypothesis of con-
vective mass transfer from the upper to the lower mantle.

The kinetics of phase transformations in cold slab
material also have implications for mantle dynamics.
Under the common assumption of chemical equilibrium
within the slab [e.g., Helffrich et al., 1989], the exoth-
ermic o—f transition in olivine would be deflected
upwards from its usual occurrence at 400 km to shal-
lower depths within the subduction zone. Such an
upward deflection of the phase boundary would impart a
negative buoyancy to slab material immediately below
the boundary relative to the surrounding mantle. How-
ever, the possible metastable persistence of olivine in the
slab [lidaka and Suetsugu, 1990; Geller, 1990; Rubie et
al., 19901 reverses this scenario. The corresponding
downward deflection of the olivine phase change would
impart a positive buoyancy, relative to the surrounding
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mantle, to material immediately above the boundary.

The possible trapping between the upper and lower
mantle of intrinsically buoyant components of subducted
lithosphere is discussed by Ringwood and Irifune [1988]
and Christensen [1988]. However, Richards and Davies
[1989] present dynamical arguments against such separa-
tion of slab components during passage through the tran-
sition zone. The dynamical, geochemical, and seismolog-
ical arguments for and against chemically distinct upper
and lower mantles are thoroughly reviewed by Silver et
al. [1988] and Olson et al. [1990].

CONCLUDING REMARKS

The picture of mantle structure and composition which
is emerging from these discontinuity-related studies is
outlined below and in Figure 1. Our understanding of the
crust-mantle boundary and the uppermost mantle, with its
various and occasional reflectors and low velocity zones,
is still somewhat uncertain. It does not appear necessary
to invoke widespread partial melting to explain low velo-
city zones, however, since the hypothesis that high homo-
logous temperatures can yield subsolidus velocity
decreases has been demonstrated experimentally.

The 410 km discontinuity corresponds to the relatively
sharp exothermic o-B transition in olivine. While
upward deflection of this equilibrium phase change by
cold slabs has been invoked to account for some seismic
reflectors in subduction zones, recent evidence points to
downward deflection of this phase transition due to slug-
gish kinetics in the cold slab interior. The smaller 520
km discontinuity corresponds to the broader exothermic
B—y transition in olivine. The high velocity gradient
which extends from approximately 410 to 660 km depth
corresponds to the significantly broader exothermic
eclogite-garnetite transformation and possibly to the exso-
lution of calcium perovskite [Gasparik, 1990]; the onset
or completion of either of these phase changes may also
play a role in the 520 km feature. The possible role of
silicate ilmenite in all of this is unclear, as it may only
be stable in anomalously cold or silica-rich environments.

The 660 km discontinuity corresponds to the extremely
sharp transformation of vy spinel to silicate perovskite and
magnesiowiistite, with a somewhat broader transformation
of gamet-majorite to perovskite occurring at a similar
depth. The velocity increase 200-300 km above the
core-mantle boundary, as well as other more tentative
lower mantle features, may be related to subsequent dis-
tortions or breakdown of the perovskite structure, to the
appearance of other aluminocalcic phases, to subsequent
transformations in free silica, or to metal-silicate chemi-
cal reactions between mantle and core, to list a few pos-
sibilities.

Thus, the gross structure of the mantle is consistent
with the occurrence of isochemical phase transformations
in a mantle of uniform peridotitic bulk composition [e.g.,
Wood and Helffrich, 1990]. While such isochemical
phase transitions provide a good match to the characteris-
tics of seismic discontinuities with regard to their sharp-
ness and depth of occurrence, confident matching of the
magnitudes of their associated velocity changes awaits
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Fig. 1. Summary of mantle discontinuities and corresponding
mineralogical changes. Sharp discontinuities are designated by
solid lines. Phases are spinel (sp), pyroxene (px), garnet (gt),
olivine (), modified silicate spinel (B), silicate spinel (y), sili-
cate perovskite (pv), magnesiowistite (mw), and stishovite (st).
Also shown are crust-mantle boundary (MOHO), low velocity
zone (LVZ), and core-mantle boundary zone (D” and CMB).

better constraints upon mineral thermoelastic properties.
A peridotitic upper mantle, perhaps approximating a
pyrolite composition, is consistent with studies of mantle
xenoliths {e.g., Schulze, 1989], but precise constraints
upon the silica content of the upper mantle must rely
upon future determination of the temperature dependence
of the elastic moduli of B and v spinel [¢f. Gwanmesia et
al., 1990]. The precise determination of upper mantle
composition remains a matter for further study, and some
degree of chemical heterogeneity may certainly be
present, but currently available data and their uncertain-
ties do not require chemical stratification within the upper
mantle.

The resolution of possible differences in major element
chemistry between the upper and lower mantle requires
the determination of such subtle parameters as the tem-
perature and pressure dependence of the volume
coefficient of thermal expansion (o) for perovskite (i.e.,
second- and third-order partial derivatives of density), as
well as upon more detailed determination of mantle
seismic velocities and densities [¢f. Bina and Silver,
1990]. The dynamical implications of discontinuity
topography [e.g., Richards and Wicks, 1990], however,
argue against such chemical stratification of the mantle.
The anomalous velocity features in the lowermost 200 or
300 km of the lower mantle may be due to a variety of
phenomena, from simple phase transformations in silica
or aluminocalcic phases to radial and lateral variations in
bulk chemical composition. Understanding of this D”



region must await more detailed seismological mapping
of the core-mantle boundary as well as further experi-
mental investigation of mineral behavior under lower
mantle pressure and temperature conditions.

Acknowledgments. 1 thank the numerous authors who kindly

Agee, C. B, Experimental phase density and mass balmce con-
straints on emrly differentiation of chondriic mamtie, PhD.
dissentation, Columbia Univ., New York, 1988.

Agee, C. B, D. Wllka.T Kaio, A. E. Ringwood, and T. Iri-
fune, C ints on ition coefficients between
MgSiO; perovskite and liquid determined by direct

BINA: MANTLE DISCONTINUITIES

791

provided preprints of their work. I am grateful to Shaun Hardy
for assistance with the literature search and to Michael Wyses-
sion, Mark Richards, Steve Kirby, and an anonymous reviewer
for thoughtful comments on the manuscript.

The author was

supported by a G. K. Gilbert postdoctoral fellowship from the

tion of this review.

REFERENCES

swre Research in Mineral Physics, edited by M. H. Mangh-
nani and Y. Syono, pp. 373-384, American Geophysical
Union, Washington, D.C., 1987,

Brown, J. M., L. 1. Slusky, K. A, Nelson, snd L.-T. Cheng,
Smglaaysud clunc constants im' San Carlos pendoL An

ments: Discussion end reply, Earth Planet. Sci. Lent., 94,
160-164, 1989.

Agnon, A., and M. S. T. Bukowinski, 8 st high pressure snd
dinVg/dinVp in the lower mantle, Geophys. Res. Let, 17,
1149-1152, 1990,

Ahrens, T. J, Waier storage in the mantle, Nawre, 342,
122-123, 1989.

Akzmatsu, T., Intracrystalline cation distribution in the major
mante minerals and its significance for the state of materials
in the Earth, J. Earth Sci. Nagoya Univ., 36, 185-322, 1989,

Akeogi, M., E. I, and A. Navrowsky, Olivine~modified
spinel-spine] transidons in lhe system Mg;SxO‘-FquOA
Calorimerric ion, and
geophys:cxl spplication, J. Geophys. Res., 84, 15,671-15,685,
1989,

Akmgx,M A. Navrotsky, T. Yagi, snd S. Akimoto,
Pyroxene-garnet tr jon: Thermochemistry and elast-
city of gaxmet solid solutions, and spplication 1o a pyrolite
mantle, in High Pressure Research in Mineral Physics, edited
by M. H. Manghnani and Y. Syono, pp. 251-260, American
Geophysical Union, Wuhmgm DC 1987, :

And D. L. Th 11} d phase changes, lateral
heterogeneity of the mantle, continental roots, and deep slab
momalies, J. Geophys. Res., 92, 13, 96&—13 980 1987

And D. L., Temp and p ivatives of elastic
commtswnhlpphcmunmthcmmxk.l Geaphys. Res., 93,
4688-4700, 1988.

Anderson, O. L., Simple solid-state equations for materials of
terrestrial planet interiors, in The Physics of the Planets:
Their Origin, Evolution and Structure, edited by S. K. Run-
com, pp. 27-61, John Wiley & Sons, Newcastie-upon- Tynz.
England, 1988.

Anderson, O. L., A. Chopelas, and R. Boehler, Thermal expan-
sivity versus pr and A re-
examination, Geophys. Res. Lent., 17, 685~688 1990.

Angel, R. J, T. Gasparik, N. L. Ross, L. W. Finger, C. T.
Prewin, and R. M. Hazen, A silica-rich sodium pyroxens
phese with six-coordinsted silicon, Natwre, 335, 156-158,
1988.

Ashida, T., §. Kume, and E. ho, Thermodynamic aspects of
phase boundary among -, -, and 7Mg,SiOy, in High Pres-
sure Research in Mineral Physics, edited by M. H. Mangh-
nani and Y. Syono, pp. 269-274, American Geophysical
Union, Washington, D.C., 1987,

Bass, 1. D., Elasticity of grossular end spessartite gamets by
Brillouin spectroscopy, J. Geophys. Res., 94, 7621-7628,
1989.

Bassert, W. A, and M. S. Weathers, The melting of MgSiO;
and (Mg, Fe)SiO; by laser heating in the diamond anvil celi at
pressures between 300 kbar and 600 kbar, NASA Rep. Planet.
Geology Geoph_y: Prog., 4130, 197, 1989.

Bataille, K., and S. M. mé. Inhomogeneities near the

tle bound inferred from shom-period mn:red
PKP waves recorded mt the global digital sei h net-

of iy d scanering, J. Geophys.
Res., 94, 9485-9492, 1989,

Bukowinski, M. S. T., and G. H. Wolf, Equation of state and
possible critical phase transitions in MgSiOy perovskite ar
lower-mantle conditions, Adv. Physical Geochem., 7, 91112,
1988.

Bukowmsh,M S. T, md(: H. Wolf, Thermodynamicalk-

ession: lications for lower mantle com-
position, J. Geopkys Res., 95, 1258312593, 1990.

Burnley, P. C., and H. W. Green, II, Stress dependence of the
mechenism of the olivine—spinel ransformation, Nature, 338,
753-756, 1989.

Burns, R. G., Mossbauer spectrn of "Fe in rare earth
perovskites: Applications 1o the electronic states of fron in the
mantle, in Perovskite: A Structure of Great Interest to Geo-
physics and Materials Science, edited by A, Navrotsky and D.
J. Weidner, pp. 81-90, American Geophysical Union, Wash-
inglon, D.C,, 1989.

Chopelas, A., Thermal expansion, heat capacity and entropy of
MgO at meantle pressures, Phys. Chem. Minerals, 17,
142--148, 1990a.

Chopeles, A., Thermal properties of forsterite at mante pres-
sures from vibrational spectroscopy, Pkys. Chem. Minerals,
17, 145-156, 1990b.

Chopeles, A, and R. Boehler, Thermal expansion measurements
at very high pressure, systematics, and a case for a chemi-

cally homogeneous mantle, Geophys. Res. Len, 16,
13471350, 1989.
Chri U., Is subducted lithosph at the 670-km

discontinuity?, Nature, 336, 462—463 1988.
Christensen, U. R., and D. A. Yuen, The interaction of a sub-

Carnegie Institution of Washington during much of the prepara-

sics, edited by S. Akimoto and M. H. Mmmghnani, pp.
285-300, Center for Academic Publications, Tokyo, 1982.

Gamero, E., D. V. Helmberger, and G. Engen, Lateral varia-
tions near the core-mantle boundary, Geophys. Res. Lent., 15,
605612, 1988.

Gasparik, T.. Transf of diopside—jadeit
pyroxenss o garnet, Contrib. Mineral. Petrol., 102 389—405
1989.

Gasparik, T., Phase relations in the transition zone, J. Geophys.
Res., 95, 15751-15769, 1990.

Geller, R. I, M ble phases firmed
620-621, 1950.

Gobarenko, V. §., S. B. Nikolova, and S. J. Sokolova, Velocity
structure of the western Mediterranesn from inversion of P-
wave traveltimes, Geopkys. J. Int., 101, 557-564, 1990.

Grand, S. P., Tomographic inversion for shear velocity beneath
the North American Plae, J. Geophys. Res, 92,
14,065-14,090, 1987,

Grand, 8. P, and D. V. Helmberger, Upper mante shear stroc-
wre of North Americe, Geophys. J. R. Astron. Soc., 76,
399-438, 1984.

Graves, R. W., and D. V. Helmberger, Upper mantle cross sec-
tion from Tonga to Newfoundland, J. Geophys. Res., 93,
4701-4711, 1988.

(;uyol, F., M Medon, J. Pcymmm:, and J. P. Poirier, X-ray

lysis of high-p fhigh-temperanre  phases
ryndwsiudfmmmnn—dolxvinemldimmld—uwﬂedl.
Earth Planet. Sci. Lest., 90, 52-64, 1988.

Gwamnmesia, G. D., S. Rigden, I Jackson, md R. C. Lieber-
mann, Pressure dependence of elsstic wave velocity for B-
Mg,Si0; and the composition of the Earth's mxnile, Science,
250, 794-797, 1990.

Haddon, R. A. W., and G. G. R. Buchbinder, S-wave
by 3-D heterogeneities at the base of the mantle, Gcophyx
Res. Lent., 14, 891-894, 1987.

Hagg:rty S. F. and V. Sautier, Ultradeep (greater than 300

Nature, 347,

ducting lithospheric slab with a chemical or phase boundary, fic upper mantle xenoliths, Science, 248,
J. Geophys. Res., 89, 43894402, 1984, 993—996. 1990,

Cohen, R. E., Calculation of elasticity and high pr insta- Haich, D. M., and S. Ghose, Symmetry snalysis of the phase
bilities in corundum and stishovite with the p isl induced trensition and twinning in MgSiOy gamet Implications to

breathing model, Geophys. Res. Lent., 14, 37-40, 19874

Cohen, R. E. Elasticity and equation of state of MgSiOy
perovskite, Geophys. Res. Lett., 14, 1053-1056, 19870,

Cohen, R. E,, L. L. Boyer, M. J. Mehl, W. E. Picken, and H.
Krakauer, Electronic structire end total energy calculations
for oxide perovskites and superconductors, in Perovskite: A
Structure of Great Interest 1o Geophysics and Maserials Sci-
ence, edited by A. Navrotsky and D. J. Weidner, pp. 55-66,
American Geophysical Union, Washington, D.C., 1989.

Davis, J. P, R. Kind, and L S. Sacks, Precursors to P'P’ re-
examined using brosd-band dats, Geophys. J. Int., 99,
595-604, 1989.

Davis, J. P, and M. Weber, Lower mantle velocity inhomo-
geneity observed at GRF aray, Geophys. Res. Lett, 17,
187-190, 1990.

Doomhos D. J., Multiple ncan.a-mg by topographic relief with

o the dary, Geophys. J., 92,

465-478 1988

Doug]ls. A, L Richerdson, md M. Huu:hxm. Surface
f ad S-to-P on P Geo-

work, J Geophys. Res., 93, 15,057-15,064, 1988.

Baumgardt, D. R., Evidence for a P-wave velocity anomaly in
D", Geophys. Res. Lent., 16, 657660, 1989,

Bing, C. R., Mineralogic transformations and seismic velocity
variations in the upper mantle of the Earth, Ph.D. dissertation,
Northwestern Univ., Evanston, llinois, USA, 1987,

Bina, C, R, Evidence for a chemically homogeneous peridotitic
upper mante to 650 km depth, Abstr. 28th Internat. Geol.
Cong., I, 151, 1989.

Bina, C. R., and P. G. Silver, Constraints on lower mantle com-
position and temperature from density and bulk sound velo-
city profiles, Geophys. Res. Len., 17, 11531156, 1990,

Bina, C. R, and B. I. Wood,'m:eclogmmgmwm:mnm
- Expmmmul md th P

phys. J. Ins., 100, 303-314, 1990,

Duffy, T. S.. and D. L. Anderson, Seismic velocities in mantle
minerals and the mineralogy of the upper mantle, J. Geophys.
Res., 94, 1895-1912, 1989.

Dziewonski, A., and D. L. And Prel
earth model, Phys. Earth Planet. Inter., 25, 297-356 1981,

Fei, Y., H.-K. Mso, and B. O. Mysen, Experimental determins-
tion of element partitioning and calculation of phase relations
in the MgO-Fe0-Si0, system at high pressure and high tem-
pa:mre.] Geophys. Res., in press, l990b

mantle mineralogy, Amer. Min., 74, 1221.-1224, 1989.

Hazen, R. M., Understanding perovskites of benefit to science
and industry: An interdisciplinary spproach, Earth in Space,
1, 8-10, 1988.

Heinz, D. L., and R. Jeanloz, Measurement of the melting curve
of MgosFeq,8i0; at lower mantle conditions and its geophysi-
cal implications, J. Geophys. Res., 92, 11,437-11,444, 1987.

Helffrich, G. R., S. Stein, and B. J. Wood, Subduction zone
thermal structure and mineralogy und their relatonship
seismic wave reflections and at the slaby) Je
interface, J. Geophys. Res., 94, 753—763 1989

Hemley, R. J., Pressure dependence of Raman spectra of SiO;
polymorphs: a-quartz, coesite, and stishovite, in Higk Pres-
sure Research in Mineral Physics, edited by M, H. Mangh-
nani end Y. Syano, pp. 347--360, American Geophysical
Union, Washington, D.C., 1987,

Hemley, R. J., R. E. Cohen, A. Yeganeh-Heeri, H. K. Mao, D.
J. Weidner, and E. Ito, Ramsn spectioscopy and lattice
dynemics of MgSiOs-perovskite a1 high pressuwre, in
Perovskite: A Structure of Great Interest o Geophysics and
Materials Science, edited by A. Navrotsky and D, J. Weidner,
pp. 3544, American Geophysical Union, Washington, D.C.,
1989.

Hemley, R. J, M. D. Jackson, and R. G. Gordm'lheornical
study of the lamice d; i ions of state
perovskite-type MgSiO; and CaSiO;, Phys Chem. Minerals,
14, 2-12, 1987.

Hill, R. J, and L. Jeckson, The thermal expansion of ScAlOy —
A close perovskite mnalogue, Phys. Chem. Minerals, 17,
89-96, 1990.

Fed, Y., S. K. Saxens, znd A. N 1l

dmnodynmcdmmdethhnmphmnlmcmfmm
pounds in the system MgO-SiO; at high pressure and high

dynsmi

Res. Lett, 11, 955-958, 1984,

Bine, C. R, 2nd B. J. Wood.Ohvme—spumlmmm F.xpm
mental and th dy and i ons for
the nature of the 400-lcm seismic dxsammuuy. J. Geophys
Res., 92, 48534866, 1987.

Bock, G., Sp phases from the Australian upper mantle, Geo-
phys. J. R. Astron. Soc., 94, 73-81, 1988.

Boehler, R., N. von Bargen, and W. Hoffbauver, Equation of
m:ndthmndnym:icnofi!muvzyhiihmmd
temperature, Nature, in press, 1990,

Bowman, J. R, and B. L. N. Kermen, An investigation of the
upper mantle beneath NW Australis using & hybrid seismo-
greph array, Geophys. J. Ira., 101, 411-424, 1990.

Brown, 1. M., M. D. Fumish, and R. G. McQueen, Thermo-
dynamics for (Mg,Fe);SiO; from the Hugoniot, in Higk Pres-

J. Geaphys. Res., 95, 69156928, 1990s.

Fmgu.L.W J. Ko, R. M. Hazen, T. Gasparik, R. J. Hemley,
C. T. Prewin, snd D. J. Weidner, Crystal chemistry of phase
B and sn snhydrous snalogue: Implications for water storage
in the upper mantle, Nature, 341, 140142, 1989,

Finger, L. W, and C. T. Prewitt, Predicted compositions for
high-density hydrous jum  silicates, Geophkys. Res.
Lest, 16, 1395-1397, 1989.

Fischer, M., B. Bonello, A. Polimn, and J..M. Leger, Elasticity
of StTiOy perovskite under high pressure, in Perovskite: A
Structure of Great Interest to Geophysics and Maserials Sci-
ence, edited by A. Navrosky and D. J. Weidner, pp.
}325130. Amezican Geophysical Union, Washington, D.C.,

Fukao, Y., T. Nagshashi, and 8. Mori, Shesr velocity in the
mmtle wansition zone, in High Pressure Research in Geophy-

Hofmei: A M, 1 Xu H K. Meo, P. M. Bell, d T. C.
Hoering, Thermodynamics of Fe-Mg olivines at mantle pres-
fures: Mid- and far-infr at high p
Amer. Min., 74, 281-306, 19894

Horiuchi, H., E. Ito, and D. J. Weidner, Perovskite-type
MgSiOy: Single-crystal X.ray diffraction study, Amer. Min.,
72, 357-360, 1987.

lideka, 1, and D. Suctsugu.Anvclt'nmmalyﬁsforthc
olivine-spinel phase boundary inside the subducting slab, Eas
Trans. Amer. Geophys. Umon {abst.), 71, 1574—1575 1990.

Irifune, T. An experimental investigation of the
pyroxens—-gamnet transformation in a pyrolite composition and
its bearing on the constitution of the mantle, Phys. Earth
Planet. Inter., 45, 324336, 1987.

Irifune, T., and A. E. Ringwood, Phase transformations in prim-
itive MORB and pyrolite compositions to 25 GP2 and some
geophysical implications, in High Presswre Research in
Mineral Physics, edited by M. H. Mmghmmde Syono,
Pp. 235-246, American Geoph Washi




792

D.C., 1987a

Irifune, T., and A. E. Ringwood, Phase wransformations in a
harzburgite composition to 26 GPa: Implications for dynami-
cal behaviour of the subducting slab, Earth Planet. Sci. Lent.,
86, 365-376, 1987b.

Irifune, T., 1. Susaki, T. Yagi, and H. Sawamoto, Phase
transformetions in diopside CaMgSi;Og at pressures up o 25
GPa, Geophys. Res. Lent., 16, 187-190, 1989.

Isazk, D. G., O. L. And. and T. Goto, El of single-
crystal forsterite measured to 1700 K, J. Geophys. Res, 4,
58955906, 1989a.

Isazk, D. G.,, O. L. Anderson, and T. Goto, Measured elastic
moduli of single-crystal MgO up to 1800 K, Phys. Chen.
Minerals, 16, 704-713, 1989b.

Isask, D. G., R. Cohen, and M. J. Mehl, Calculated elastic md
thermal properties of MgO at high p md tzmpera-

BINA: MANTLE DISCONTINUITIES

stucture of the Canadian shield, J. Geophys. Res, 4,
17,749-17,765, 1989.

Leinenweber, K. D., Mante mineralogy ~— Atomistic simula-
tons md experimental 5md1= of high-pressure silicates and
their PhD. Princeton Univ., Prince.
wn, New Ja'sey. 1989.

Leven, 1. H., The spplication of synthetic seismograms to the
interpretation of the upper mantle P-wave velocity structure in
northern  Australia, Phys. Earth Planet. Inter., 38, 9-21,
1585,

Liu, L., New silicate perovskites, Geophys. Res. Lent, 14,
1079-1082, 1987.

Liu, L. G., Silicate perovskites: A review, Surveys in Geophy-
sies, 10, 63-81, 1989.

Liv, X, Y. Wang, =d R C. Liebermanmn,

wres, J. Geophys. Res., 95, 70557067, 1990.

I, E., Subility relations of silicate perovskite under subsolidus
conditions, in Perovskite: A Structure of Great Interest to
Geophysics and Materials Science, edited by A. Navrotsky
and D. J. Weidner, pp. 27-32, American Geophysical Union,
Washington, D.C., 1989.

Ito, E., and T. Katsura, A temperature profile of the mantle tran-
sition zone, Geophys. Res. Len., 16, 425-428, 1989.

Ito, E,, and E. Tskahashi, Melting of peridotite at uppermost
lower-mantle conditions, Nature, 328, 514-517, 1987s.

I, E., and E. Takahashi, Ultra high-p phase forma-
tions and constitution of the deep manile, in High Pressure
Researck in Mineral Physics, edited by M. H. Manghnani and
Y. Syono, pp. 221-230, American Geophysical Union, Wash-
ington, D.C., 1987b.

Ito, E., and E. Takshashi, Post-spinel transformations in the sys-
tem Mg,SiO—Fe,$i0, and some geophysical implications, J.
Geophys. Res., 94, 10,637-10,646, 1989,

Jackson, W. E., E. Kninle, G. E. Brown, Jr., and R. Jeanloz,
Partitioning of Fe within high-pressure silicate perovskite:
Evidence for unusual geochemistry in the lower mantle, Geo-
phys. Res. Latt, 14, 224-226, 1987.

Jeanloz, R., Phese transitions in the mantle, Natwre, 340, 184,
1989.

Jeanloz, R., and E. Knitle, Density and composition of the
lower mante, Phil. Trans. R. Soc. London, A, 328, 377-389,
1989.

Jeanloz, R., and S. Morris, Is the manle subadiabatic?, Geo-
phys. Res. Lent., 14, 335-338, 1987,

Kaw, T., T. krifure, and A. E. Ringwood, Experimental con-
straints on the early differentiation of the Earth's mantle,
Lunar Planet. Sci., 18, 483484, 19872

Kew, T., T. Irifune, and A. E. Ringwood, Majorite partition
behavior and petrogenesis of the Earth’s upper mantle, Geo-
phys. Res. Lett,, 14, 546549, 19870,

Kato, T. A. E. Ringwood, and T. Irifune, Constraints on ele-
ment partition coefficients between MgSiO; perovskite snd
liquid determined by direct measurements, Earth Planet. Sci.
Len., 90, 65-68, 1988a.

Kaw, T. A. E. Ringwood, and T. Irifune, Experimental deter-
mination of element partitioning between silicate perovskite,
gamets and liquids: Constraints on early differentiation of the

mande, Earth Planet. Sci. Lett., 89, 123145, 1988b,

Katsure, T., and E. Tto, The sysu:m Mg,SxO‘—FeQSxO. at high
pressures and : Precise d of stabili-
tdes of olivine, modified spinel, and spinel, J. Geophys. Res.,
&4, 15,663-15,670, 1989.

Kincaid, C., and P. Olson, An exy of subd
and slab migration, J. Geophys. Res., 92, 13832-13840, 1987.

Kirby, S. H., W. B. Durhem, and L. A. Stem, Phase transforma-
tions, anomalous faulting and deep earthquakes: A new per.
spective, Science, in press, 1990,

Knittle, E., and R. Jeanloz, The activation enzrgy of the back
wensformation of silicate perovskite to enstatite, in High
Pressure Research in Mineral Physics, edited by M. H.
Manghnani and Y. Syono, pp. 243250, American Geophysi-
cal Union, Washington, D.C., 1987

Knittle, E.,, and R. Jeanloz, Synthesis and equation of sate of
(Mg Fe)SiOy perovskite to over 100 GPa, Science, 235,
668-670, 19870,

Knittle, E., and R. Jeanloz, Melting curve of (MgFe)SiOy
perovskite 1o 96 GPa: Evidence for & stucwral transition in
jower mantle melts, Geophys. Res. Lest., 16, 421-424, 19892,

Knittle, E., and R. Jeanloz, Simulating the core~mantle boun-
dary: An experimental smdy of high-pressure resctions
between silicates and liquid fron, Geophys. Res. Lett., I6,
609-612, 1989b.

Krishna, V. G., md K. L. Kails, Seismological smdy of the

levation of phase boundaries within the subducting lithos-
pheric slabs, Tectonophysics, 134, 201-213, 1987,

Kubicki, J. D., Periclase and MgSiOs-perovskite equations of
stale using many-body molecular dynamics, Ann. Rep. Dir.
Geophys. Lab. Carnegie Inst. Wash,, 87, 81-84, 1988,

Kudoh, Y., E. Ito, and H. Takeda, Effect of pressure on the cry-
sl swucture of perovskite-type MgSiOs, Phys. Chen.
Minerals, 14, 350-354, 1987,

Kudoh, Y., E. Iio, and H. Takeds, High-pressure structural
study on perovskite-type MgSiO; — A summary, in
Perovskite: A Structure of Great Interest to Geophysics and
Materials Science, edited by A. Navrotsky and D. J, Weidner,
pp. 33-34, American Geophysical Union, Washington, D.C.,
1989.

Lay, T., Structure of the core~-mantle transition zone: A chemi-
cal and thermal boundary layer, Eos Trans. Amer. Geophys.
Union, 70, 49, 54-55, 58-59, 1989.

LeFevre, L. V., and D. V. Helmberger, Upper muntle P-velocity

Orthothombi agonal phase transition in CaGeOs
perovskite at high temperamre, Geophys. Res. Len, 15,
1231-1234, 1988.

Madon, M., J. Castex, znd J, P A new
high-pressure phase as a possible host of calcium and
aluminium in the lower mantle, Nature, 342, 422425, 1989,

Madon, M., and G. D. Price, Infrered spectroscopy of the

polymorphic series (enstatite, ilmenite, and perovikite) of
MgSiGy, MgGeOy snd MnGeOy, J. Geophys. Res, N4,
15,687-15,701, 1989.

Mao, H. K., L. C. Chen, R. J. Hemley, A. P. Jephcoar, Y. Wy,
and W, A. Bassett, Stability and equation of state of CaSiO5-
perovskite to 134 GPa, J. Geophys. Res., 94, 17,889-17,894,
1989.

Mao, H. K., R. J. Hemley, Y. Fed, J. F. Shu, L. C. Chen, A P.
Jephcoat, Y. Wu, and W. A. Bassett, Effect of pressure, tem-
perature, and position on lanice § and density of
(Fe,Mg)SiOy-perovskites to 30 GPa, J. Geophys. Res., in
press, 1990,

Masui, M, M. Akaogi, and T. Matsumoto, Computational
model for the structural and elastic properties of the ilmenite
and perovskite pheses of MgSiOs, Phys. Chem. Minerals, 14,
101-106, 1987.

Matthews, D. H., C. A. Flack, R. W. Hobbs, S. L. Klemperer,
D. B. Snyder, M. R. Wamner, and N. J. White, Progress in
BIRPS deep seismic reflection profiling around the British
Isles, Tectonophysics, 173, 387-396, 1990.

McMillan, P, J. R. Smyth, and M. Aksogi, OH in bets-
MgSi0., Eos Trans. Amer. Geophys. Union (absi), 68,
1470, 1987.

Mehl, M. I, R. E. Cohen, and H. Kraksuer, Linearized sug-
mented plane wave el ic structure calculations for MgO
md Ca0, J. Geophys. Res., 93, 8009-8022, 1988,

Morelli, A., and A. M. Dziewonski, Topography of the
core~mantle boundary and lateral homogeneity of the liquid
core, Nature, 325, 678-683, 1987,

Nagumo, S., and J. Kssshara, The P-wave structure of the
lithosphere—asthenosphere in the western Pacific: A com-
parison of ocean versus continent, Tectonophysics, 147,
85-93, 1988.

Nakanishi, I, Reflections of P'P’ from upper mantle discontinui-
ties beneath the Mid-Adantic Ridge, Geophys. J. R. Asron.
Soc., 93, 335-346, 1988.

Nekanishi, I, A search for topography of the mante discon-
tinuities from precursors w0 PP, J. Phys. Earth, 37, 291-301,
1989,

Navrotsky, A.. Silicate and germanatz gemets, ilmenites and
perovskites: Thermochemistry, lamice vibrations, and spectros-
copy, in High Pressure Research in Mineral Physics, editad
by M. H. Manghnani and Y. Syono, pp. 261-268, American
Geophysical Union, Washington, D.C., 1987,

Nawvrotsky, A., Thermochemistry of perovskites, in Perovskite:
A Structure of Great Interest to Geophysics and Materials
Science, edited by A. Nevrotsky and D. J. Weidner, 0.
67-80, American Geophysical Union, Washington, D.C.,
1989,

Obara, K., Regional extent of the S wave reflector beneath the
Kento District, Japan, Geophys. Res. Lent, 16, 839-842,
1989.

Obara, K., and H. Sato, Existence of an § wave reflector near
the upper plane of the double seismic zone beneath the south-
em Kano District, Jspan, J. Geophys. Res. 93,
15,037-15,045, 1988.

Ohtani, E., Chemical stratification of the mantle formed by
melting in the early stage of the terrestrial evolution, Tectono-
physics, 154, 201-210, 1988,

Olson, P., P. G. Silver, and R. W. Carson, The large-scale
structure of convection in the Earth’s mantle, Nature, 344,
209-215, 1990.

Park, K. T, K. Terakura, and Y. Muatsui, Theoretical evidence
for a new ultrahigh-pressure phase of Si0; Nawre, 336,
670-672, 1988,

Paulssen, H., Evidence for a sharp 670-km discontinuity s
inferred from P-10-§ converted waves, J. Geaphys. Res., 93,
10,489-10,500, 1988.

Poiriez, J. P., On Poisson’s ratio and composition of the Earth's
lower manle, Phys. Earth Planet. Inter., 46, 357368, 1987.

Tumrrsirncncen st

tridge, Massachusens, 1989.

Revensugh, ), and T. H. Jordan, Observations of first-order
mentle reverberations, Bull. Seism. Soc. Amer., 77,
1704-1717, 1987.

Revenaugh, I, and T. H. Jordan, A study of mantle layering
beneath the westemn Pacific, J. Geophys. Res., 94, 57875813,
1989.

Revenzugh, J. end T. H. Jordan, Mamte layering from ScS
reverberations: 1. Waveform inversion of zeroth-order rever-
berations, J. Geophys. Res., in press, 1990a.

Revensugh, J,, znd T. H. Jordan, Munte layering from ScS
reverberations: 2. The ition zone, J. Geophys. Res., in
press, 1990b

Reynard, B., and G. D. Price, Thermal expansion of mantle
minerals at high pressures — A theoretical study, Geophys.
Res. Lent., 17, 689692, 1990.

Richards, M. A, and G. F. Davies, On the scparmon of rela-
tvely buoyant p from d phere, Geo-
phys. Res. Lent., 16, 831834, 1989.

Richards, M. A, and C. W. Wicks, k., S-P conversion from the
transition zone beneath Tonga and the namre of the 670 km
discontinuity, Geophys. J. Inter., 101, 1-35, 1990.

Richet, P., H-K. Mao, and P. M. Bell, Bulk moduli of
magnesiowiistites from static compression measurements, J
Geophys. Res., 94, 3037-3045, 1989,

Ringwood, A. E., Constintion and evolution of the mantle,
Spec. Pub. Geol. Soc. Australia, 14, 457485, 1989.

Ringwood, A. E., and T. Irifune, Nature of the 650-km seismic
discontinuity: Implications for mantle dynamics and
differentiation, Nature, 331, 131136, 1988.

Ross, N. L., and R. M. Hazen, Single crystal x-ray diffraction
study of MgSiO; perovskite from 77 w0 400 K, Phys. Chem.
Minerals, 16, 415-420, 1989,

Ross, N. L., and R. M. Hazen, High-pressure crystal chemisry
of MgSi0y perovskite, Phys. Chem. Minerals, 17, 228-237,
1990.

Ross, N. L., J-F. Shu, R. M. Hazen, and T, Gasparik, High-
pressure crystal chemisty of stshovite, Amer. Min., 75,
739-747, 1990

Rossman, G. R, and J. R, Smyth, Hydroxyl contents of acces-
sory minerals in mantle eclogites and related rocks, Amer,
Min., 75, T15-780, 19%0.

Rubie, D. C, Y. Tsuchida, T. Yagi, W. Utsumi, T. Kikegaws,
O. Shimomura, and A. J Brexley, An in sitn X ray
diffraction study of the kinetics of the Ni,SiO, olivine-spinel
wransformation, J. Geophys. Res., 95, 1582915844, 1990,

Salje, E.,, Characteristics of perovskite-related materials, Phil
Trans. R. Soc. London, A, 328, 409-416, 1989.

Sato, H., and L §. Sacks, Anelasticity snd thermal structure of
the oceanic upper mante: Temy calibration with with
heat flow data, J Geophys. Res., 94, 5705-5715, 1989.

Sawo, H, I S. Sacks, T. Murase, and C. M. Scarfe, Thermal
structure of the low velocity zone derived from laboretory and
seismic investigations, Geophys. Res. Len., 15, 1227-1230,
1988.

Sato, H., L. §. Sacks, and T. Murase, The use of laboratory
velocity data for estimating temperane and partial melt frac-
tion in the low-velocity zone: Comparison with heat flow and
electrical conductivity stdies, J Geophys. Res, &,
56895704, 1989.

Sawamoto, H,, Phase diagram of MgSiOy at pressures up to 24
GPa and temperatres up to 2200°C: Phase stability and pro-
perties of tetragonal garnet, in High Pressure Research in
Mineral Physics, edited by M. H. Manghnani and Y. Syone,
pp. 200-220, American Geophysical Union, Washi
D.C., 1987.

Sswamoto, H., and H. Horiuchi, B(MgosFeq ),5i0,: Single cry-
stal strucnure, cation distribution, snd properties of coordina-
tion polyhedra, Phys. Chem. Minerals, 17, 293-300, 1950.

Schulze, D. I, Constraints on the abundance of eclogite in the
upper mentle, J. Geophys. Res, 84, 4205-4212, 1989,

Shearer, P. M., Seismic imaging of upper-mantle structure with
new evidence for a 520-km discontinvity, MNature, 344,
121126, 1990.

Sherman, D. M., High-spin to low-spin transition of iron(Il}
oxides at high pressures: Possible effects on the physics and
chemistry of the lower mantle, Adv. Physical Geochem., 7,
113-128, 1988

Sherman, D. M., The nature of the pressure-induced metalliza-
tion of FeO and its implications to the core e boundary,
Geophys. Res. Len., 16, 515-518, 1989.

Silver, P. G, R, W. Carlson, and P. Olson, Deep slebs, geo-
chemical heterogeneity, and the large-scale structure of man-
e convection: Investigation of an enduring paradox, Amn
Rev. Earth Planet. Sci., 16, 477541, 1988.

Smyth, L R, B~Mg:SiO¢ A poteniial host for water in the
mantle?, Amer. Min., 72, 10511055, 1987.

Souriau, A., P-cods at distances 80 degrees-120 degrees and
structure beneath subduction zones: Example of Chile, Geo-
phys. Res. Letz., 15, 14791482, 1988.

Siller, H., S. Franck, and J. Leliwa-Kopystynski, Seismic
discontinuities and effects of material parameters at phase
boundaries, T physics, 154, 195-199, 1988.

Poirier, J. P., Lindemann law snd the melting of
perovskites, Phys. Earth Planet. Inter., 54, 364—369 1989,
Pool, R., Desp water: ““Phase B’ is decoded, Science, 246, 887,

1989.

Price, G. D, A. Wall, and S. C. Parker, The properties and
behaviouwr of mande minerals: A computer-simulation
spproach, Phil. Trans. R. Soc. London, A, 328, 391-407,
1989.

Revenmgh, J S.. The mmre of mmﬂc layering from first-order
reverb Ph.D. ion, Mass. Inst. Tech, Cam-

Stixrude, L., and M. S. T. Bukowinski, Fundzmental thermo-
dynemic relations and silicate melting with implications for
the constitution of 10, J. Geophys. Res., 95, 19311-19325,
1990.

Suzuki, T., §. Akimoto, and T. Yagi, Metal-silicate~water reac.
don under high pressure: 1, Formation of metal hydride and
implications for composition of the core and mantle, Phys.
Earth Planet. Inter., 56, 377-388, 1989.

Svendsen, B., and T. J. Ahrens, Shock-induced temperatures of



CaMgSiO¢. J. Geophys. Res., 95, 69436953, 1990.

Svendsen, B., W. W. Anderson, T. J. Ahrens, mnd J. D. Bass,
Ideal Fe~FeS, Fe-FeO phase relations and Emth's care, Phys.
Earth Planet. Irger., 55, 154-186, 1989.

Takehashi, E., and E. Ito, Mineralogy of mantle peridotite along
a model geotherrn up o 700 km depth, in High Pressure
Research in Mineral Physics, edited by M. H. Manghnani end
Y. Syono, pp. 427-438, American Geophysical Union, Wash-
mgton, D.C,, 1987,

Tamai, H, and T. Yagi, Highpr and high-temperature
phase relations in CaSi0y end CaMgSi:04 mnd elssticity of
perovskite-type CaSiOs. Phys. Earth Planet. Inter., 54,
370-377, 1989.

Terride, M., and P. Richet, Equation of state of CaSiO,
perovskite 1o 96 GPa, Geophys. Res. Len, 16, 1351-1354,
1989.

Toy, K. M., Tomographic analyses of ISC travel time data for
Earth structure, Ph.D. dissentation, Univ. Cal, San Diego,
California, 1989.

Tsuchida, Y., end T. Yagi, A new, post-stishovite high-pressure
polymorph of silica, Nature, 340, 217-220, 1989.

Wajeman, N, Dewection of underside P reflections at mantle
i inuit king broadband daia, Geophys. Res.

by
Lent., 15, 669-672, 1988
Wajeman, N, and A. Souriau, A possible local snomaly in the
670-km discontinuity beneath Kerguelen, Phys. Earth Planet.
Inter., 49, 294-303, 1987,
Wang, Y. F. Guyot, A. Yeganch-Haeri, and R. C. Liebermam,
Twinning in MgSiOy perovskite, Science, 248, 468-471,
1990.

Watanabe, H., Physicochemical properties of olivine snd spinel
solid solutions in the system Mg,SiO~Fe,Si0., in High Pres-
sure Research in Mineral Physics, edited by M. H. Mangh-
nani and Y. Syono, pp. 275-278, American Geophysical
Union, Washington, D.C., 1987.

Weber, M., and J. P. Davis, Evidence of a laterally variable
lower mantle structure from P- and S-waves, Geophys. J. Int.,
102, 231-255, 1990.

Weidner, D. 1., and E. Ito, Mineral physics constraints on a uni-
form mande composition, in High Pressure Research in
Mineral Physics, edited by M. H. Manghnmni and Y. Syono,
pp. 439-446, American Geophysical Union, Washington,
DC. 1987.

Will, G., and J. Lauterjung, The kinetics of the pressure induced

BINA: MANTLE DISCONTINUITIES

olivine-spinel phase transition MgsGeO,, in High Pressure
Research in Mineral Physics, edited by M. H. Manghnani and
Y. Syono, pp. 177-186, American Geophysical Union, Wash-
ington, D.C,, 1987.

Williams, Q., R. Jeanloz, J. Bass, B. Svendsen, and T. I
Ahrens, The mehing curve of iron o 250 gigapascals: A con-
straint on the temperature st Eanth’s center, Science, 236,
181-182, 1987a.

Williams, Q.. R. Jeanloz, and P. McMillan, Vibrational spec-
tum of MgSiO, perovskits: Zero-pressure Raman and mid-
infrared spectra to 27 GPa, J. Geophys. Res., 92, 8116-8128,
1987b.

Williams, Q., E. Kniule, and R. Jeanloz, Geophysical and cry-
stal chemical significence of (MgFe)Si0y perovskite, in
Perovskite: A Structure of Great Interest to Geophysics and
Materials Science, edited by A. Navrotsky and D. J. Weidner,
pp. 1-12, American Geophysical Union, Washington, D.C,,
1989.

Wolf, G. H., and M. S. T. Bukowinski, Theoretical study of the
structural properties and equations of state of MgSiOy mnd
CaSi0Oy perovskites: Implications for lower mantle composi-
ton, in High Pressure Research in Mineral Physics, edited by
M. H. Manghneni and Y. Syeno, pp. 313-331, American
Geophysical Union, Washington, D.C., 1987,

Wood, B. 1., Ther ics of multicomp y con-
taining several solid solutions, Rev. Mineral, 17, 71-95,
1987.

Wood, B. J., Mincralogical phase change at the §70-km discon-
tinuity, Nature, 341, 278, 1989.

Wood, B. J., Postspinel rmnsformations mnd the width of the
670-km di inuity: A on “P inel transforma-
tions in the system Mg,SiO:-Fe;8i0; and some geophysical
implications” by E. Iio and E. Takahashi, J. Geophys. Res.,
95, 1268112685, 1990.

Wood, B. I., and G. Helffrich, Intemal structure of the Eanth,
Nature, 344, 106, 1930.

Wright, K., and G, D. Price, Computer simulations of iron in
magnesium  silicate perovskite, Geophys. Res. Len, 16,
1399-1402, 1989.

Wysession, M. E., and E. A, Okal, Evidence for lateral hetero-
geneity at the tle b dary from the si of
diffracted S profiles, in Structwre ond Dynamics of Earth's
Deep Interior, AGU Monog. 46, pp. 55-63, American Geo-
physical Union, Washington, D.C., 1988.

793

Wysession, M. E., and E. A. Okal, Regional analysis of D”
velocities from the ray parameters of diffracted P profiles,
Geophys. Res. Lent., 16, 1417-1420, 1989.

Yagi, T. M. Aksogi, O. Shimomurs, T. Suzuki, and S. Aki-
moto, In situ observation of the olivine-spine] phase transfor-
mation in Fe,SiO; using synchrotron radiation, J. Geophys.
Res., 92, 62076213, 19872,

Yagi, T.. M. Aksogi, O. Shimomura, H. Tamai, and S. Aki-
moto, High p and high temp e equations of state
of majorite, in High Pressure Research in Mineral Physics,
edited by M. H. Maghnani and Y. Syomo, pp. 141-148,
American Geophysical Union, Washington, D.C., 1987b.

Yagi, T., S. Kusanagi, Y. Tsuchida, and Y. Fuksi, Isothermal
compression and stability of perovskite-type CaSiOy, Proc.
Japan Acad., B, 65, 128-132, 1989.

Yeganeh-Haeri, A, end D. J. Weidner, Single-crysal elastic
moduli of magnesium metasilicate perovskite, in Perovskite:
A Structure of Great Interest 1o Geophysics and Materials
Science, edited by A. Navrotsky and D. J. Weidner, pp.
13-25, American Geophysical Union, Washington, D.C.,
1989.

Yeganeh-Heeri, A, D. J. Weddner, and E. Ito, Elasticity of
MgSiOy in the perovskite structure, Science, 243, 787-789,
1989,

Young, C. J., snd T. Lay, Evidence for a shear velocity discon-
tinuity in the lower mantle beneath India and the Indim
Ocean, Phys. Earth Planet. Inier., 49, 37-53, 19872

Young, C. J., and T. Lay, The core~mantle boundary, An. Rev.
Earth Planet. Sci., 15, 25-46, 1987b.

Young, C. J., and T. Lay, The core shadow zone boundary and
lateral variations of the P velocity structure of the lowemmost
muxntle, Phys. Earth Planet. Inier., 54, 64-81, 1989.

Young, C. I, and T. Lay, Muliiple phase malysis of the shear
velocity structure in the D region bensath Alasks, J. Geo-
phys. Res., 95, 17385-17402, 1990.

C. R. Binz, Dept. of Geological Sci Nort
University, Evansion, I1, 60208,

(Received October 12, 1990;
revised January 18, 1991;
accepted Jamuary 25, 1991.)





