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Abstract.
The bulk moduli of silicate
and
oxide solid solutions depend very little
on iron
content, but are diagnostic
of crystal
structure.
Comparison of laboratory
with seismic data suggests that the upper mantle mineral assemblages as
a function of depth are:
I.
olivine
+ pyroxene +
garnet (200-400 km), II. 8-spinel + pyroxenegarnet solid solution (400-500 km), III.
(• + ¾)spinel + pyx-ga s.s.(500-600)
km, IV. ¾-spinel +
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series means this parameter cannot be used to
infer composition of the mantle.
However, the
bulk modulus is a good diagnostic
of crystal
structure
and increases in the order pyroxene,
e-olivine,
8-spinel,
garnet, y-spinel,
pyroxene
oxides and perovskite
(inferred).
Except for the

uncertainty
in the location of the 8-spinel line
the only phases that cannot be distinguished
unambiguously on the basis of bulk modulus are

SiO? (stishovite) or mixedoxides (650-800km) and ¾-spinel and mixedoxides in olivine proportions

V. Mixed oxides or perovskite +MgO(>800 km). The
650 km discontinuity
is primarily due to phase
changes in the pyroxene-garnet,
rather than the
olivine,
portion of the mantle.

(6).

It is usually assumed that the 650 km seismic
discontinuity
in the mantle is due to a phase
change in the predominantly olivine component of
the mantle.

Specifically,

it

has been attributed

Birch (1961) discovered an empirical relationship between sound velocity,
density and mean
atomic weight which has since been applied
widely.
Iron content increases the mean atomic

to the collapse or disproportionation
of spinel to
a post-spinel
structure having the properties
of
the mixed oxides (Anderson, 1967b).
This postspinel phase could be the simple oxides, Sr Pb0

compressional
and shear velocity.
A theoretical
basis for these relations
was given by Anderson

which have similar
and Davies (1974),

weight,increases
thedensityanddecreases
the

structureorperovskite
pluspericlase,al12of4

densities.
Anderson (1969)
however, showed that the elastic
moduli of spinels and mixed oxides are similar.
The sharpness of the discontinuity
(Whitcomb and
Anderson, 1970; Richards,
1972) is also difficult

(1967a).
An examination of published ultrasonic,
static compression and shock wave data(Anderson,
in preparation)

shows that

the bulk modulus is

almostindep dent of iron contenS+Morespecifi-

to explain with transformationsin the olivine
cally,asFe
$• substitutes
forMg in systems component
(Anderson,
1967b).
Allofthissuggests

such as pyroxenes, olivines
and garnets,
the
density increases but the bulk modulus either
decreases only slightly
or, in some cases,
increases.

Fits

in Fig. 1.

The pyroxene, olivine

to

the

available

data

are

that

the large

seismic

discontinuity

at

650

shown

©SiO• (st)

and garnet lines

_

are well constrained.
The (Mg, Fe)0 line joins
measurements for the end members.
The 8-spinel

line
is tentative;
it joinsthepreferred
value
for B-Mg9Si0
• (Mizukami et a__l.1975), which has a

largeuncertainty
with•-Mn?Ge0
A(•ieberm_ann,•bar
1975).

This procedure

is

f•lt

justified

since

e-Mn2Ge0.
behaves
as a silicate, falling on the

olivzne•ine, andtheresulting
•-spinelline is
subparallel
tomost
of the other systems.
In
addition
to the silicate
systems there is also

datafor Mg9Ge0
A - Fe2Ge04
(sp) andMgA190
AFeAi_04(sp•. In thesetwocasesthe buIkmodulus
increasesslightly with iron content.
The olivine
and pyroxene mixed oxides lines
are
computed from the properties
of Mg0, Fe0, and

Si0•
(stishovite)
observed
are consis•ent
with the •V The
constant
ruletrends
of Anderson
and
Anderson(1970). The perovskite, (Mg, Fe)Si0q,
region

is

the most uncertain.

It

is

inferred-from

the systematics
of Davies (1974) and Liebermann
(•975).
The fact that the bulk modulus is independent
of density,
or iron content,
in an isostructural

Figure
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1.

Bulk modulus, K, versus density,
for various crystal
structures.
solid triangles
are extrapolated
various
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regions

of the mantle.
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Anderson:

km may be unrelated

The 650 Km Mantle Discontinuity

to transformations

in Olivine.

The spinel-oxides
disproportionation
involves
a large density increase but, because of the
increase
in coordination,
the average siliconoxygen distance
increases.
This lessens the
repulsive
forces between ions.
Thus, a smaller
increase,
or even a decrease,
in bulk modulus is
expected than for phase changes which do not
involve a change in coordination.
This point has

garnet.

If

all

of the pyroxene component of the

mantle has entered the garnet structure
it is
probable that the olivine
component of the mantle
is in the mixed B-Y phase region.
The uncertainty
in the K of B-spinel
is such that this region
could be entirely
B-spinel and garnet.
The assemblage y-spinel
plus stishovite
seems to be ruled
OUt.

Both the density

and bulk modulus of the mantle

also been made by Liebermann and Rinõwoo• (1973).
A decrease in bulk sound velocity would be expected for the spinel-oxides phase change.
Actually, the 650 km discontinuity
represents a

immediately below 670 km, region IV, are consistent with either a mixed oxide assemblage or
¾-spinel plus stishovite but not with ilmenite
plus Mg0. Region V could be the same assemblage

large increasein bulk modulus
and seismic

with moreSi02 (stishovite), i.e. closer to the

velocities.
The K-0 trajectory

of successive phase changes

is Mg2Si04
(forsterite) is shown
in Figure1.

These are •(olivine),
and • (mi•ed oxides)

B (B-spinel),
y (y-spinel)
Also shown is the FeASi0.

(fayalite)e-¾trajectory. Anestimate(Limber
•

mann, 1974) of the bulk modulus of ilmenite,
a
possible high pressure form of pyroxene and
garnet, is close to the spinel line although displaced to higher density.
The conclusion is that bulk modulus depends

primarily on cryg•al structure andon• slightly
affected when Fe-- substitutes
for Mg . In
addition,
the bulk moduli of silicate
spinels

the mixed oxides, are virtually

and

identical and

pyroxene stoi•hiometry,
or the perovskite plus
Mg0, as suggested by recent high pressure results

(Liu, 1975).

We propose that it is the pyroxene-garnet component of the mantle, transforming from the garnet

structureto the mixedoxidesor perovskite

structure that is mainly responsible for the 650
km discontinuity.
The deeper mantle, below about
850 km, is consistent with an oxide mixture or
perovskite plus Mg0.
This interpretation
reconciles several pieces

of seismicdata. The 650 kmregionseemsto be

both spread out (Helmberger and Wiggins, 1971;
Helmberger and Engen, 1974) and sharp (Engdahl

and.F!inn, 1969; Whircomband Anderson, 1970).

there should be only a slight bulk modulus change
associated with this disproportionation.
This is

The former characteristic
is required to satisfy
the amplitudes of refracted
waves; the latter

contrary to the observations of the 650'•kmdis -

characteristic

continuity.
The results
of a preliminary
attempt to extrapolate the properties
of the various regions of

tudes of short period reflected
waves.
Both
characteristics
can be satisfied
if the olivine
above the discontinuity
is in its mixed phase
region with the B-¾ transition
going further to
the right with depth.
The velocity
jump at 650
is primarily
due to the pyroxene-garnet
to mixed

the mantle to 1 bar and 20øC are indicated
triangles.

Finite

strain

equations

of

by

state

(Sammis et al.,
1970) are fitted
to the presumably homogeneous regions between discontinuities
and solved for K and 0_.
The procedure is

identical to tha• used•y Burdickand Anderson
(1975) and the Earth model used is C2 (Anderson
and Hart, 1976).
Uncertainties
in this procedure will be discussed in a forthcoming paper
(Butler and Anderson, in preparation).
The
regions fitted,
as indicated by the depth scale at
the left of the figure are I (200-400 kin), II
(400-500 km), III
(500-670 km), IV (670-800 km)
and V (lower mantle).
The upper mantle (300-400 kin), the lowermost
solid triangle
(I),
is close to the olivine
line
and between the pyroxene and garnet lines.
A
predominantly
olivine
and pyroxene mantle with
subordinate garnet is indicated.
Olivine,
with
pyroxene and garnet in the proportions
7:2,
satisfies
the bulk modulus.
Region II,
400-500
km, falls
on the B-spinel
line.
It can also be
satisfied
by olivine-pyroxene-garnet
mantle with
more garnet than region I.
The composition of
the

mantle

can

be

uniform

continuity
if a large
component has entered

across

the

400

km dis-

fraction
of the pyroxene
the garnet structure
as

proposed by Rin•wood (1967).

We interpret

this

oxides

is required to satisfy

reaction.

It

remains

to

be

the ampli-

seen

whether

the latter
can be sharp.
It will be if the
magnesium and iron rich end members transform
similar
pressures.
The major constituents
of the upper mantle

olivine,

pyroxene and garnet.

at
are

Rin•wood (1967)

showed that at high pressures,
enstatite
is capable of dissolving
in the garnet structure with a

10%increase in density in the MgSi0• component.

The solubility
at 1000øC increases r•pidly
at
about 100 kbars (300 km) and is essentially
complete by about 150 kbars (450 km). The effect
of

temperature
is not known but if it is small we
expect that most of the pyroxene component of the
mantle has entered the garnet structure
below the
400 kmdiscontinuity.
The thermodynamic data required to calculate

the reaction
and mixed

boundary between this complex garnet

oxides

is

not

available.

Data

almandine-pyrope system itself
is sparse.
selected estimates of Ahrens (1972, 1973),

for

the

Using

Anderson (1967b) and Ahrens and Syono (1967) and
assuming that

the mantle pyroxene-garnet

solid

solution behaves as almandine-pyrope garnet,
calculated

transition

pressures

the

for the end mem-

region of the mantle as being composed
of olivine
in the B-phase, pyroxene and pyroxene-garnet
solid solution in the garnet structure. Region

bers differ by only 4 kilobars comparedwith the
difference of 100 kb and 120 kb found, respectively, for the end membersin the olivine-spinel

III,
between 500 and 650 km, is distinctly
below
the bulk modulus inferred for the y-spinel phase

and spinel-post spinel transitions.
These latter
phase changes will be spread out over a consider-

of olivine and lies close to the inferred K for

able depth interval but the phaseloop of the

Anderson:

garnet-oxides

reaction

The 650 Km Mantle

has almost collapsed to a

Discontinuity
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rocks to 10 kilobars,

2, J. Geophys. Res., 66,

line,
a requirement
for a sharp transition.
Taken
at face value the garnet-oxides
transition
is less
than 12 km thick.
This is a highly tentative
con-

2199, 1961.
Burdick, L. J., and D. L. Anderson, Interpretation of velocity
profiles
of the mantle,

clusion based on inadequate data and questionable
assumptions but it suggests that the garnet-oxides

J. Geophys. Res., 80, 1070-1074, 1975.
Davies, G. F., Elasticity
crystal structures

boundarymay be sharp.

The depth is about 690 km

phase transitions,

and

Earth Planet. Sci. Letters,

thick at room temperature.
If the garnet-oxides,
or garnet-perovskite,
transformation
occur in the
mantle it would be by far the largest,
and possibly, the sharpest discontinuity.
It would follow
that the AS of reaction
is near zero.
Although a
subducting slab could penetrate the 670 km dis-

12•, 339, 1974.
Engdahl, E. R., and E. A. Flinn,
Seismic waves
reflected
from discontinuities
within
the
upper mantle, Science, 163, 177, 1969.
Helmberger,
D. V., and R. A. Wiggins, Upper
mantle structure of midwestern United States,

continuity it would not have the negative buoyancy
associated with the 400 km discontinuity
and would
therefore be effectively
braked at this level.

J. Geophys. Res., 76, 3229-3244, 1971.
Helmberger, D. V., and G. Engen, Upper mantle
shear structure,
J. Geophys. Res., 79,
4017-4028,
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