
Chapter 22 

Squeezing: phase changes and 
mantle mineralogy 

It is my opin ion that the Earth is very 
noble and admirable . . . and if it had 
contained an immense globe of 
crystal, wherein nothing had ever 
changed, I should have esteemed it a 
wretched lump of no benefit to the 
Universe. 

Go/ilea 

Overview 

Before one can infer the composition of the man
tle from physical properties, one must deal with 
the mineralogy of the mantle , and the role of par
tial melting and solid-solid phase changes. These 
issues straddle the disciplines of petrology and 
mineral physics. Pressure-induced phase changes 
and chemical variations are important in under
standing the radial structure of the Earth. The 
advent of tomography has made it important to 
understand lateral changes in physical proper
ties . Phase changes and compositional changes 
are probably more important than temperatu re 
changes in the interpretation of tomographic 
images. Tomographic cross-sections are not maps 
of temperature. 

The densities and seismic velocities of rocks 
are relatively weak functions of temperature, 
p ressure and composition unless these are 
accompanied by a drastic change in mineral
ogy. The physical properties of a rock depend 
on the proportions and compositions of the var-

ious phases or minerals - t h e mineralogy. These, 
in turn, depend on temperature, pressure and 
composition. In general, one cannot assu me that 
th e mineralogy is constant as one varies tem
perature and pressure. Lateral and radial varia
tions of physical properties in the Earth are pri
marily due to changes in mineralogy. Changes of 
composition with depth in the mantle are subtle 
and there can be chemical discontinuities with 
little jump in seismic velocity. The mineralogy of 
the mantle changes at constant pressure, if the 
temperature or composition changes. Tomogra
phy maps the lateral changes in seismic velocity. 
These changes are due to changes in mineralogy 
and composition, and changes in crystal orienta
tion, or fabric . 

Spherical ions and crystal structure 

It is useful to think of a crystal as a packing of 
different-size spheres (ions), the small spheres -
usually cations- occu pying interstices in a frame
work of larger ones - usually oxygen. In ionic 
crystals each ion can be treated as a ball with cer
tain radius and charge. The arrangement of these 
balls, the crystal structure, fo llows certain sim
ple rules . The crystal must contain ions in ratios 
such that the crystal is electrically neutral. Maxi
mum stability is associated with regular arrange
ments that place as many cations around anions 
as possible, and vice versa, without putting ions 
with similar charge closer together than their 
radii allow while bringing cations and anions 
as close together as possible . In other words, we 
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Table 22. 1 I Ionic radii for major mineral forming elements 

Coordination Ionic Coordination Ionic 
I on Number Radius I on 

Al 3+ IV 0.39 Fe3+ 

v 0.48 
VI 0.53 

Ca2+ VI 1.00 Mg2+ 

VII 1.07 
VI II 1.12 
IX 1.18 Fe2+ 

X 1.28 
XII 1.35 

Si4+ IV 0.26 Ti4+ 

VI 0.40 
Na+ VI 1.02 K+ 

VI II 1.16 
o 2- II 1.35 F-

Ill 1.36 
IV 1.38 
VI 1.40 
VIII 1.42 Cl-

* HS, high spin; LS, low spin. 

pack the balls together as closely as possible con
sidering their size and charge. Many crystals are 
based on cubic close packing or hexagonal close 
packing of the larger ions. The stable packing 
and interatomic distances change with temper
ature, pressure and composition. Most physical 
properties are strong functions of interatomic 
distances. 

Ionic crystal structures, such as oxides and sil
icates, consist of relatively large ions, usually the 
oxygens, in a closest-pack arrangement with 
the smaller ions filling some of the interstices. 
The large ions arrange themselves so that the 
cations do not 'rattle' in the interstices. The 'non
rattle' requirement of tangency between ions is 
another way of saying that ions pack so as to 
minimize the potential energy of the crystal. The 
so-called large-ion lithophile (LIL) or incompatible ele
ments are not essential parts of the crystal struc
ture but are guest phases that are excluded to 
varying degrees upon partial melting. 

In high-pressure language, mineral names 
such as spinel, ilmenite, rocksalt and perovskite refer 
to structural analogs in silicates rather than to 

Number Radius 

IV 0.49(HS)* 
VI 0.55(LS) 
VI 0.65(HS) 
IV 0.49 
VI 0.72 
VIII 0.89 
IV 0.63(HS) 
VI 0.61 (LS) 
VI 0.77(HS) 
v 0.53 
VI 0.61 
VI 1.38 
VIII I .5 I 
II 1.29 
Ill 1.30 
IV 1.31 
VI 1.33 
VI 1.81 

the minerals themselves. This has become con
ventional in high-pressure petrology and mineral 
physics, but it can be confusing to those trained 
in conventional mineralogy with no exposure 
to the high-pressure world. To complicate mat
ters further, high-pressure silicate phases have 
been given names; maj ori te, ringwoodi te, 
wadsleyite, akimotoite and so on. 

Interatomic distances in dense silicates 
The elastic properties of minerals depend on 
interatomic forces and hence on bond type, bond 
length and packing. As minerals undergo phase 
changes, the ions are rearranged, increasing the 
length of some bonds and decreasing others. 
For a given coordination the cation-anion dis
tances are relatively constant. This is the basis 
for ionic radius estimates. Cation-anion distances 
increase with coordination, as required by pack
ing considerations. The increases of density and 
bulk modulus with pressure are controlled by the 
increase in packing efficiency of the oxygen ions. 
Table 22.1 gives the ionic radii for the most com
mon mineral-forming ions. 
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Minerals and phases of the mantle 

As far as physical properties and major ele
ments are concerned, the most important upper
mantle minerals are olivine, orthopyroxene, 
clinopyroxene and aluminum-rich phases such 
as plagioclase, spinel and garnet. Olivine and 
orthopyroxene are the most refractory phases 
and tend to occur together, with only minor 
amounts of other phases, in peridotites. Clino
pyroxene and garnet are the most fusible compo
nents and also tend to occur together as major 
phases in rocks such as eclogites and garnet clino
pyroxenites. 

All of the above minerals are unstable at 
high pressure and therefore only occur in the 
upper part of the mantle. Olivine and ortho
pyroxene start to collapse at depths near 400 km. 
Clinopyroxene - diopside plus jadeite - may be 
stable to depths as great as 500 km. Garnet 
is stable to much greater depths . Olivine trans
forms successively to f:i-spinel, a distorted spinel
like structure, near 400 km and to y-spinel, a true 
cubic spinel, near 500 km. At high pressure it dis
proportionates to (Mg,Fe)Si03 in the perovskite 
structure plus (Mg,Fe)O, magnesiowustite, which 
has the rocksalt structure. FeO is strongly parti
tioned into the (Mg,Fe)O phase. One useful rule 
of thumb is that adding Fe generally decreases 
transition pressures, and adding Al generally 
increases the stability of an assemblage. 

A few examples of high-pressure phases will 
be discussed. More detail is found in the first edi
tion of Theory of the Earth; (http://caltechbook. 
library.caltech.edu/14/17{f0E16.pdf) and websites, 
journal articles and books on mantle min
eralogy and high-pressure phase dia
grams. See also http://www.uni-wuerzburg.de/ 
mineralogieflinksfteachfdiagramteach.html, 
http:ffwww.agu.orgfreferencefminphys.html 

(Mg, FehSi04-olivine 
Olivine is the name for a series between two 
end-members, fayalite and forsterite. Fayalite 
is the iron-rich member with a formula of 
Fe2Si04 . Forsterite is the magnesium-rich mem
ber. The two minerals form a series where 
the iron and magnesium are substituted for 

each other without much effect on the crystal 
structure. 

The olivine structure is based on a nearly 
hexagonal closest-packing of oxygen ions: 

V!Mg2 IVSi04 

The four (IV) oxygen atoms surrounding each sil
icon atom are not linked to any other silicon 
atom. Mg is surrounded by 6 (VI) oxygen atoms. 
Olivine is a very anisotropic mineral and is easily 
aligned or recrystallized by stress and flow, mak
ing peridotites anisotropic as well. Peridotites are 
named after peridot, another name for olivine -
which is named after olives because of its dis
tinctive color. No one knows the origin of the 
word peridot. Olivine crystals may contain C02 
and helium-rich fluid inclusions but are hosts for 
few other of the incompatible elements that form 
the basis for trace element and isotope models of 
the mantle. 

(Mg, FehSi04-spinel 
Natural olivines (ol) and orthopyroxenes (opx) 
transform to higher pressure phases at about 
the right temperature and pressure to explain 
the 410-km discontinuity (Figure 22.1). Fayalite 
transforms directly to the spinel structure; olivines 
having high MgO contents occur in two modifi
cations related to the spinel structure, f:i-spinel 
and y-spinel. Both of these have much higher 
elastic-wave velocities than appropriate for the 
mantle just below 400 km, so there must be other 
components in the mantle that dilute the effect 
of the a-f:i phase change and phase changes in 
opx. Although normal, or real, spinel is a struc
tural analog to silicate spinel, it should be noted 
that Mg occurs in 4-coordination in MgA120 4 and 
in 6-coordination in f:i-and y-spinel with a con
sequent change in the Mg-0 distance and the 
elastic properties. rvMg is an unusual coordina
tion for Mg, and the elastic properties and their 
derivatives cannot be assumed to be similar for 
1vMgO and v1Mg0 compounds. In particular, nor
mal spinel has an unusually low pressure deriva
tive of the rigidity, a property shared by other 
4-coordinated compounds but not VIMgO-bearing 
compounds. 

The spinel structure consists of an approxi
mate cubic close packing of oxygen anions. Spinel 
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is crystallographically orthorhombic, but the oxy
gen atoms are in approximate cubic close pack
ing. It is sometimes referred to as a distorted 
or modified spinel structure. It is approximately 
7% denser than olivine. 13-spinel is an elastically 
anisotropic mineral. The transformation to y 

spinel results in a density increase of about 3% 
with no overall change in coordination. 

Orthopyroxene, opx 
Enstatite is the magnesium end-member of the 
orthopyroxene series. Hypersthene is the inter
mediate member with about 50% iron and fer
rosilite is the iron-rich end member of the 
series. These minerals have low seismic veloc
ities . Orthopyroxene, (Mg,Fe)Si03 transforms to 
a distorted garnet-like phase, majorite, with 
an increase in coordination of some of the 

magnesium and silicon: 

v111 (Mg,Feh v1MgVI Siv1Si30 n 

where the Roman numerals signifY the coordi
nation. This can be viewed as a garnet with 
MgSi replacing the Ah. This is a high-temperature 
transformation. Phase changes in olivine and 
orthoproxene both contribute to the 410-km dis
continuity (Figures 22.1 and 22.2) but the seismic 
velocity jump at this depth is much less than pre
dicted if these are the only two minerals in the 
mantle. Other mantle minerals, garnet (gt) and 
clinopyroxene (cpx), do not transform at 410 km 
(Figure 22.3). In principle , this can be used to 
constrain the gt + cpx, i.e. eclogitic or fertile , 
fraction of the mantle. 

MgSiOr Majori te 
Pyroxene enters the garnet structure at high pres
sure via the substitution 

VI [MgSi] -+ Alz 
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Then mineral 

Vlll Mg3 VI [MgSi]1v Si30 12 

is known as majorite, and it exhibits a wide range 
of solubility in garnet. Note that one-fourth of 
the Si atoms are in 6-coordination. However, the 
elastic properties ofMgO plus Si02 - stishovite are 
similar to Al2 0 3, so we expect the elastic proper
ties of majorite to be similar to garnet. Majorite 
also has a density similar to that of garnet. 

MgSiOrilmenite 
The structural formula of 'ilmenite,' the hexago
n al high-pressure form of enstatite, is 

v1Mgv1Si03 

At low temperature the following transforma
tions occur with pressure: 

2MgSi03 (opx) -+ Mg2 Si04 (fJ - sp) + SiOz(st) 

-+ Mg2Si04 (y - sp) + Si02(st) -+ 2MgSi03 

(ilmenite) 

-+ 2MgSi03 (perovskite) 

"§ 
Q) 
D.. 
E 
~ 

Pressure (kbar) 

Phase relations in MgSi03. T he arrows 

show the direction that the phase boundaries are expected to 

move when corundum or garnet, is added. The approximate 

compressional velocities are shown for each phase. 

[akimotoi te) 

Mg-ilmenite is isostructural with true ilmenite 
and corundum. Silicon is 6-coordinated, as it is 
in stishovite and perovskite, dense high-elasticity 
phases. Because of similarity in ionic radii, we 
expect that extensive substitution of Al for MgSi 
is possible. Mg-ilmenite is a platy mineral, sug
gesting that it may be easily oriented in the man
tle. It is also a very anisotropic mineral, rivaling 
olivine in its elastic anisotropy. The arrangement 
of oxygen atoms is based on a distorted hexago
nal closest packing having a wide range of 0-0 
distances . 

The ilmenite form of MgSi03, also known as 
akimotoi te, is stable at pressures between c. 18 
and 25 GPa and temperatures from < 1100 to 1900 
K in the pure MgSi03 system. The presence of iron 
lowers the transition pressure from akimotoite 
to perovskite. Aluminum plays an important role 
in the akimotoite stability field in that pyrope 
makes complete solid solution with the MgSi03 
end-member majorite, enlarging the garnet field 
at the expense of that of akimotoite both in pres
sure and temperature. Depending on tempera
ture and Al content, akimotoite may be present 
in certain areas of the transition zone but absent 
in others (Figure 22.4) causing significant lateral 
variations in seismic velocities and density. This 
complicates the interpretation of seismic obser
vations, particularly tomographic cross-sections; 



seismically observed lateral variations will not 
merely reflect temperature derivatives even in a 
chemically homogenous mantle. 

Akimotoite may dominate in cold parts of 
the transition zone, i.e. in areas near subduc
tion zones . It has higher velocities than garnet 
at similar depths in hotter regions of the tran
sition zone, producing a local velocity high that 
may be misinterpreted as pile-up of subducted 
materials . 

Garnet, gt 
Garnets are cubic minerals of various composi
tions and can incorporate Mg. Fe2+ or Ca for the 
common garnets or almost any 2+ element. Gar
net exists in two compositional groups, which 
form intragroup but not intergroup solid solu
tions. The calcic group contains uvarovite, grossu
lar and andradite. The non-calcic group contains 
pyrope, almandine and spessartite. 

Some natural garnets have Cr3+ or Fe3+ 
instead of Al3 +. Garnets are stable over an enor
mous pressure range, reflecting their close pack
ing and stable cubic structure. They are proba
bly present over most of the upper mantle and, 
perhaps, below 650 km, a t least when they are 
colder than ambient mantle. Furthermore, they 
dissolve pyroxene at high pressure , so their vol
ume fraction in the mantle expands with pres
sure. Garnets are the densest common upper
mantle mineral , and therefore eclogites and 
fertile (undepleted) peridotites are denser than 
basalt-depleted peridotites or harzburgites . On 
the other hand, they are less dense than other 
phases that are stable at the base of the transi
tion region. Therefore, eclogite can become less 
dense than the dominant mantle lithology at 
great depth . Most eclogites are less dense then y 

spinel and some majorites, so a perched eclogite
rich layer may form near 500-600 km depth, 
in the middle of the transition regions. Silica
poor eclogites may be trapped by the 400 km 
discontinuity. Garnet has a low melting point 
and is eliminated from peridotites in the upper 
mantle at small degrees of partial melting. The 
large density change associated with partial melt
ing of a garnet-bearing rock is probably one of 
the most important sources of buoyancy in the 
mantle. Cold eclogite - subducted oceanic crust 
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and delaminated continental crust- are stable at 
depth in the mantle, u ntil they warm up to ambi
ent mantle temperatures. Garnets and eclogites 
are nearly elastically isotropic. 

Garnets and perovskites are both very accommo
dating of major elements and incompatible ele
ments - they have been called junk-box minerals. 
They are expected to give diagnostic signatures 
to any melts that they interact with. 

Clinopyroxene, cpx 
Clinopyroxene consists of diopside (CaMgSi20 6 ), 

hedenbergite (CaFeSi2 0 6 ) , and jadeite (NaAlSi2 0 6 ); 

and the orthopyroxenes, enstatite (Mg2 Si2 0 6 ) and 
ferrosillite (FezSizOG). 

Diopside is a pyroxene mineral that forms 
a solid solution series with hedenbergite and 
augite (Ca,Na)(Mg,Fe2+ ,Al,Ti)(Si,Al)z06 . The ionic 
radius of calcium is much greater than alu
minum, and this is expected to make the tran
sition pressure to the garnet structure much 
higher than for orthopyroxene. The pyroxene gar
nets form solid solutions with ordinary alumi
nous garnets, the transition pressure decreasing 
with Al content. 

The mineralogy in the transition region, at 
normal mantle temperatures , is expected to be 
the olivine-spinels plus garnet solid solutions. At 
colder temperatures, as in slabs and delaminated 
continental crust, the mineralogy a t the base 
of the transition region includes ilmenite solid
solution (Figure 22.4). The cold parts and the warm 
parts of the mantle do not necessarily have the 
same mineralogy, even at the same depth. This 
can be more important that density differences 
associated with thermal expansion, the main 
buoyancy effect considered in fluid dynamic sim
ulations of mantle convection. This can also be 
important in interpreting tomographic cross sec
tions. The garnet component of the mantle is sta
ble to very high pressure, becoming, however, less 
aluminous and more siliceous as it dissolves the 
pyroxenes. At low temperature and at pressures 
equivalent to those in the lower part of the tran
sition region , the garnet as well as the pyroxenes 
are probably in ilmenite solid solutions. 

The ilmenite structure of orthopyroxene can be 
regarded as a substitution of MgSi for 2Al in 
the corundum structure. The transformation of 
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CaMgSi20 6 clinopyroxene to ilmenite, if it occurs, 
is probably a higher-pressure transition. It may 
transform to the perovskite structure without an 
intervening field of ilmenite: 

vm(Ca0 .5 b Vl(Ca0 .5Mg0 .5 )V1SiiV Si301 2 

'majorite' -+ VIII - XII(Ca0 5 Mg
0 5 )4 V1Si4012 

(perovskite) 

The ionic radii (in angstroms) of some of the 
ions involved in the above reactions are: 

VIAl, 0.53 
x 11 c a, 1. 35 
VI Mg, 0.72 
IVSi, 0.26 

VIII Mg, 0.89 
VI Si, 0 .40 
XII Mg, 1.07 
IV [MgSiJ, 0.56 

v1Ca, 1.00 
VI [CaSi], 0.70 
v111 Ca, 1.1 2 

This table provides a guide as to whether substi
tutions are possible. 

MgSi03 -perovskite 
TI1e structural formula of the high-pressure 
phase of enstatite, or 'perovskite,' is 

Vlii - XIIMgV1 Si03 

Abbreviated Mg-pv, it appears to be stable 
throughout most of the lower mantle and is 
therefore the most abundant mineral in the man
tle. Mg-perovsldte is about 3% denser than the 
isochemical mixture stishovite plus periclase. 

There are a variety of Mg-0 and Si-0 distances 
in Mg-pv. The mean Si-0 distance is similar to 
that of stishovite. The structure is orthorhombic 
and represents a distortion from ideal cubic per
ovskite. In the ideal cubic perovsldte the smaller 
cation has a coordination number of 6, whereas 
the larger cation is surrounded by 12 oxygens. In 
Mg-pv the 12 Mg-0 distances are divided into 
four short distances, four fairly long distances 
and four intermediate distances, giving an aver
age distance appropriate for a mean coordination 
number of eight. 

A slightly denser, pos t-perovski te 
phase (ppv), has recently been discovered . The 
importance of this new phase lies in its appetite 
for iron. Anything that strongly affects the 
Fe-partitioning will affect the role of radiative 
conductivity and compositional layering in the 
deep mantle. 

Olivine compos1t10ns also transform to 
perovskite-bearing assemblages Mg-pv + mw. The 

seismic velocity of mw is low and there cannot be 
too much of it in the lower mantle if seismic data 
is to be satisfied. This is one of the arguments for 
a chemically stratified mantle. 

(Mg, Fe)O, magnesiowi.istite 
TI1e post-spinel phases of mantle minerals are mix
tures of magnesiowtistite and perovsldte. Mag
nesiowtistite [(Mg,Fe)O], a cubic mineral, is the 
second most abundant mineral of Earth's lower 
mantle. Mg-rich magnesiowiistite may be stable 
in the rock-salt structure throughout the lower 
mantle. Iron-rich magnesiowtistites may decom
pose into two components, Fe-rich and Mg-rich 
magnesiowiistites, particularly if the low-spin 
transition in FeO takes place. Magnesiowi.istite in 
the lowermost mantle may remove FeO from the 
outer core. 

In the lower mantle Fe2+ favors (Mg,Fe)O over 
perovskite. TI1e post-perovskite phase in the deepest 
mantle is also probably very FeO-rich. When the 
Fe2+ high-spin-low-spin transition occurs, some
where deep in the lower mantle, solid solution 
between Fe2+ and Mg2+ is probably no longer pos
sible because of the disparity in ionic radii , and a 
separate FeO-bearing phase is likely. At high pres
sure this phase may dissolve extensively in any 
molten iron that traverses the region on the way 
to the core, or to be stripped out of any man
tle that comes into contact with the core in the 
course of mantle convection. An FeO-poor lower 
mantle is therefore a distinct possibility. TI1e 
corollary is an iron-FeO core. If FeO is stripped 
out of the lower mantle, or if the FeO exists in dis
persed phases or layers, the radiative conductiv
ity and viscosity of the deep mantle may be quite 
different than generally assumed. The seismic 
properties of the lower mantle are broadly consis
tent with (Mg,Fe)SiOr perovskite, although other 
phases are certainly present, such as (Mg,Fe)O. If 
the mantle was efficiently differentiated during 
accretion, with upward removal of most melts , 
then the deep mantle may be deficient in Ca 
and Al, as well as the LIL and heat producing 
elements. 

Low-spin Fe2+ 
Fe and Mg have similar ionic radii at low-pressure 
and substitute readily for each other in upper 
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mantle minerals. Fe is more-or-less uniformly par
titioned among the major minerals . This and low 
temperatures suppress the role of radiative trans
port of heat. 

Two electronic configurations , 
high- spin and low-spin, are possible 
for Fe 2+ in the lower mantle. The high-spin 
(HS) state is usually stable in silicates and oxides 
at normal pressures . The ionic radius of the 
low-spin (LS) state is much smaller than the 
high-spin state, and a spin-pairing transition is 
induced by increased pressure. A large increase 
in density accompanies this phase transfor
mation. For example, the volume change accom
panying a phase change in FeO due to the 
high-spin-low-spin transition, is expected to be 
11-15%. This far exceeds other phase changes in 
the deep mantle. Partial transformation is also 
possible so smaller volume changes may also 
occur. 

The small ionic radius of Fe2+(LS) probably 
means that Fe2+ will not readily substitute for 
Mg2+ under lower-mantle conditions. Additional 
Fe2+ (LS)O-bearing phases will form with high 
densities and bulk modulus and this means that 
the lower mantle could be enriched in 
FeO and Si02 relative to the upper man
tle. The magnesium-rich phases of the lower 
mantle may be relatively iron free: 

MgFeSi04 --+ MgSi03 (perovskite) + FeO(LS) 

which would facilitate the entry of FeO into 
molten iron and removal to the core. 

The m<Uor minerals in the deep mantle may 
be almost Fe-free perovsldte, Mg-pv and Fe-rich 
magnesiowi.istite [(Mg,Fe)O] and post-perovskite 
(ppv) phases. This has several important geody
namic implications. Perovskite, being the major 
phase, will control the conductivity and vis
cosity. Radiative conductivity and viscosity may 
be high in Fe-poor minerals . Both effects will 
tend to stabilize the mantle against convection 
and decrease the Rayleigh number. Over time, 
the dense FeO-rich phases may accumulate, irre
versibly, at the base of the mantle, and, in addi
tion, may interact with the core. The lattice con
ductivity of this iron-rich layer will be high and 
the radiative term should be low but the trade
offs are unknown. A thin layer convects slug-

gishly (because of the h3 term in the Rayleigh 
number) but its presence slows down the cool
ing of the mantle and the core. The overlying 
FeO-poor layer may have high radiative conduc
tivity, because of high T and transparency, and 
have high viscosity and low thermal expansivity, 
because of P effects on volume. This part of the 
mantle will also convect sluggishly. If it repre
sents about one-third of the mantle (by depth) it 
will have a Rayleigh number about 30 times less 
than Rayleigh numbers based on whole mantle 
convection and orders of magnitude less than Ra 
based on P = 0 properties. 

The LS iron in the deep mantle would behave 
like a different element than the HS iron at 
shallow depths. There may be phase separation 
between Fe-rich and Mg-rich phases. The melt
ing temperature of the Fe-rich end member may 
be higher than the Mg-rich end members. The 
HS FeZ+ ions in the lower mantle may hinder 
blackbody radiation in the near-infrared, allow
ing more efficient radiative heat transfer. 

Phase equilibria in mantle systems 
at high-pressure 

The lateral and radial variations of seismic veloc
ity and density in the mantle depend, to first 
order, on the stable mineral assemblages and, 
to second order, on the variation of the veloci
ties with temperature, pressure and composition. 
Temperature, pressure and composition dictate 
the compositions and proportions of the vari
ous phases. In order to interpret observed seis
mic velocity profiles, or to predict the veloci
ties for starting composition, one must know 
both the expected equilibrium assemblage and 
the properties of the phases. Olivine, ortho
pyroxene, clinopyroxene and an aluminous phase 
(feldspar, spinel, garnet) are stable in the shal
low mantle. ,8-spinel, majorite, garnet and clino
pyroxene are stable in the vicinity of 400 km, 
near the top of the transition region. y-spinel, 
majorite or y -spinel plus stishovite, Ca-perovskite, 
garnet and ilmenite are stable between about 500 
and 650 km. Garnet, ilmenite, Mg-perovskite, Ca
perovskite and magnesiowustite are stable near 
the top of the upper mantle, and perovskites and 
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magnesiowiistite are stable throughout most of 
the lower mantle. The details of the stable assem
blages depend on composition and temperature. 
It is usually assumed that the radial stuctu re of 
the mantle, and mantle discontinuities, are due 
to equilibrium solid-solid phase changes, and 
that lateral changes in seismic velocity - tomog
raphy- are due to changes in temperature. This 
limited view has produced some strange models 
of mantle dynamics and chemistry. 

Lateral variations in velocity due to 
temperature-induced phase changes can be 
as important as pressure-induced phase changes 
are in the radial direction. Phase equilibria is 
usually discussed in terms of the olivine system, 
the pyroxene system and the pyroxene-garnet 
system. However, at high pressures , these sys
tems can interact with each other. Pyroxenes 
can tolerate a certain amount of Al20 3 and 
garnets , at high pressure, dissolve pyroxene, so 
pyroxenes and garnets must always be treated 
together. Olivine and orthopyroxene also interact 
at high-temperature, exchanging iron with one 
another. 

Phase equilibria in mantle systems are sum
marized below in a series of figures based on 
available experiments and calculations. Although 
these are useful and informative to specialists , 
the main point for non-specialists - seismolo
gists, geodynamicists , students - is that one can
not wander very far in P-T-composition-depth 
space without encountering large changes in 
density and other physical properties. Interpre
tations of tomographic models, and design of 
convection simulations must take phase changes 
into account in order to be realistic. On the other 
hand, radial or 1D Earth models may also be 
affected by chemical layering as well as by phase 
equilibria. 

The main mantle systems are shown in 
Figures 22 .1 through 22.6. More complete 
phase diagrams for mantle minerals are readily 
available: 
http : #www . mpi . stonybrook . edu/ 
ResearchResul ts/PhaseRe l a t ions 
Gasp ari k /f i gures . htm 
h ttp: #www.spr i ngeronline . com/sgw/ 
cda/frontpage/0 ,11 855 , 1-10010-
22-2 1 55856-0 , 00 . html 

h ttp: #www .mant l eplumes . org/ 
Transi t i on -Zone . html 

Pyroxene system at high pressure 
Enstatite (en) and diopside (di) do not form a 
complete solid-solution series , but en dissolves a 
certain amount of di, and di contains an appre
ciable amount of en at moderate temperature 
and pressure. The amount of mutual solubility 
increases with temperature and decreases with 
pressure, and this provides a method for estimat
ing the temperature of equilibration of mantle
derived xenoliths. Pyroxenes also react with gar
net. In principle, the measurement of the com
positions of coexisting pyroxenes and garnets 
provides information about pressures and tem
peratures in the mantle. At higher pressure gar
net dissolves the enstatite, and this requires a 
change in coordination of one-fourth of the Mg 
and Si. Depths in excess of about 300 km are 
required for this change in coordination. 

Natural clinopyroxenes, particularly in eclog
ites, are solid solutions between diopside and 
jadeite called omphacite. At modest pressure, 
equivalent to about 50- 60 km depth, the solid 
solution series is complete (Figure 22.3). Natural 
clinopyroxenes from kimberlite eclogites contain 
up to 8 wt.% Na20. Clinopyroxenes from peri
dotites typically have much less Na and jadeite. 
Most garnets contain very little sodium; how
ever, at high pressure Na20 can enter the gar
net lattice. Natural garnets associated with dia
monds in kimberlite pipes contain up to 0 .26% 
Na20 . In the transition region, the sodium is 
probably contained in a complex garnet solid 
solution. 

The other high-pressure forms of pyroxene 
include ilmenite, spinel plus stishovite, and per
ovskite, depending on pressure, temperature and 
content of calcium, aluminum and iron. The 
pressures at which clinopyroxene and orthopy
roxene disappear are strong functions of the 
other variables . 

The phase behavior of garnet + clinopy
roxene + orthopyroxene, the peridotite assem
blage, is substantially different from the behav
ior of garnet + clinopyroxene, the basalt-eclogite 
assemblage. When only clinopyroxene + garnet 
are present, the clinopyroxene dissolves in the 



PHAS E EQUILIBRIA IN MANTLE SYSTE M S A T H IGH- PRESSURE 291 

2500 

~ 2000 

~ 
::J 
(ij 
Q; 1500 c. 
E 
~ 

1000 

500 
5 10 15 20 25 

Pressure, GPa 

e relations in MgSi03 synthesized from 

r of studies (Presnall, 1995). 

garnet with increasing pressure and eventually 
a homogenous garnet solid solution is formed. 
When orthopyroxene is also present, the gar
net and clinopyroxene compositions move toward 
orthopyroxene with increasing pressure; that is, 
the orthopyroxene component dissolves in both 
the garnet and the clinopyroxene and eventually 
disappears. At this point an MgSi-rich, aluminum
deficient garnet coexists with a magnesium
rich diopside. Garnet then moves toward the 
clinopyroxene composition as diopside dissolves 
in the garnet. Therefore, in contrast to the 
bimineralic eclogite system. the garnet takes a 
detour toward MgSi03 before it heads toward 
CaMgSi20 6 . In either case, orthopyroxene dis
appears at a relatively low pressure. A synthe
sis is given in Figure 22.5 . Note that the high
temperature sequence of transitions is different 
from the low-temperature sequence. The result
ing densities and seismic velocities are also quite 
different. The low-temperature minerals (spinel+ 
stishovite, ilmenite) are 10% to 20% higher in veloc
ity than the high-temperature minerals (pyrox
ene, majorite). 

The CMAS system 
The system Ca0-Mg0-Al20 3-Si02 (CMAS) is 
shown in Figure 22.6 in simplified form. High 
temperatures and the presence of Al20 3 stabilize 
the majorite (mj) structure, and a broad majorite-
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garnet solid-solution field occurs between 
enstatite, ilmenite and perovskite. Diopside and 
jadeite, components of clinopyroxene, are stable 
to higher pressures than enstatite. Diopside 
collapses to a dense calcium-rich phase, (Ca-pv), 
at pressures less than required to transform 
enstatite to perovskite. Garnet (gt) itself is stable 
throughout most of the upper mantle, although 
it dissolves pyroxene at high pressure. Note 
that the phase assemblages along the 'cold 
slab' adiabat are different from those along the 
'normal mantle' adiabat at almost all pressures; 
this is true for temperature contrasts much 
smaller than the 800 oc chosen for purposes of 
illustration. 

Temperature variations in a convecting m.an
tle are expected to fluctuate by about 100 degrees 
on both sides of the 'normal' temperature. Tem
peratures in a homogenous self-compressed solid 
or a vigorously convecting homogenous fluid 
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will approximate an adiabatic temperature gra
dient, away from thermal boundary layers . The 
normal-mantle adiabat is a useful reference 
state but it is unlikely to exist anywhere in th e 
mantle. Different phase assemblages are encou n
tered as one increases the temperature from the 
normal-mantle adiabat. The partial melt field 
(not shown) is encountered at low pressure. The 
fields of the low-pressure, low-density assem
blages are expanded at h igh temperature, but 
the change in density is not symmetric about 
the average, or normal. temperature. The ther
mal expansion coefficient increases with temper
ature, so there is a larger decrease of density for a 
given increase in temperature than for the corre
sponding decrease. For an internally heated man
tle, upwellings are broader than downwellings, 
so the lateral changes in physical properties 
are expected to be more diffuse than for th e 
slab. 

Isobaric phase changes and lateral 
variations of physical properties 

It is important to understand the factors that 
influence lateral heterogeneity in density and 
seismic velocities. Much of the radial structure 
of the Earth is due to changes in mineral
ogy resulting from pressure-induced equilibrium 
phase changes or changes in composition. The 
phase fields depend on temperature as well as 
pressure so that a given mineral assemblage 
will occur at a different depth in colder parts 
of the mantle. The elevation of the olivine
spinel phase boundary in cold slabs is a well 
known example of this effect. The other impor
tant minerals of the mantle, orthopyroxene, 
clinopyroxene and garnet, also undergo isobaric 
temperature-dependent phase changes to denser 
phases with higher elastic moduli. These phases 
include majorite, ilmenite, spinel plus stishovite , 
and perovskite. The pronounced low-velocity zone 
(LVZ) under oceans and tectonic regions and its 
suppression under shields is another example 
of phase differences (partial melting) associated 
with lateral temperature gradients . Deeper LVZs 
can be caused by composition, e .g . eclogite vs . 
peridotite. 

Variations in temperatu re, at constant pres
su re, can cause larger changes in the physical 
properties than are caused by the effect of tem
peratu re alone. In general, the sequ ence of phase 
ch anges that occurs with increasing pressure 
also occurs with decreasing temperature. There 
are also some mineral assemblages that do not 
exist u nder normal conditions of pressu re and 
temperature but occur only under the extremes 
of temperature found in cold slabs or near the 
solidu s in hot regions of the mantle. Generally, 
the cold assemblages are characterized by high 
density and high elastic moduli. Lithological gra
dients, such as from peridotite to eclogite, can 
result in density increases w ith seismic velocity 
decr·eases . 

The magnitude of the horizontal temper
ature gradients in the mantle are unknown, 
but in slabs and thermal boundary layers the 
temperature changes about 800 oc over about 
50 km. In an internally heated material the 
upwellings are much broader than slabs or down
wellings . Tomographic results show extensive 
low-velocity regions associated with ridges and 
tectonic regions, consistent with broad high
temperature, or low-melting-point, regions. The 
cores of convection cells have relatively low ther
mal gradients. We therefore expect the role of 
isobaric phase changes to be most important and 
most concentrated in regions of subducting slabs 
and delaminating continental crust. The temper
ature drop across a downwelling is roughly equiv
alent to a pressure increase of 50 kbar, using 
typical Clapeyron slopes of upper-mantle phase 
transitions. 

In the geophysics literature it is often 
assumed that lateral variations in density and 
seismic velocity are due to temperature alone. By 
contrast, it is well known that radial variations 
are controlled not only by temperature and pres
sure but also by pressure-induced phase changes. 
Phase changes such as partial melting. basalt
eclogite, olivine-spinel-postspinel, and pyroxene
majorite-perovskite dominate the radial variations 
in density and seismic velocity. It would be futile 
to attempt to expla in the radial variations in the 
upper mantle, particularly across the 400- and 
650-lun discontinuities , in terms of temperature 
and pressure and a constant mineralogy. All of 



the above phase changes, plus others, also occur 
as the temperature is changed at constant pres
sure or depth. 

Some of the isobaric phase changes, their 
approximate depth extent in 'normal' mantle 
and the density contrasts are the following: 

50-60 km basalt -f eclogite ( 15%) 
50-60 km spinel peridotite -f garnet 

peridotite (3%) 
50-200 km partial melting (I 0%) 
400-420 km olivine -f ,8-spinel (7%) 
300-400 km orthopyroxene -f majorite ( I 0%) 
500-580 km -f ,8 + st(4.5%) -f y + st( 1.6%) 
400-500 km clinopyroxene -f garnet (I 0%) 
500 km garnet-majorite s.s. (5%) 
700 km ilmenite -f perovskite (5%) 

Slabs 

Slabs sink into the mantle because they are cold 
and dense. Slabs are not simple thermal bound
ary layers and their properties depend on more 
than af>T. When phase changes are included, 
the average density contrast of slabs is about 
three times greater than would be calculated 
from thermal expansion alone. There are sev
eral phase changes in cold subducting material 
that contribute to the increase in the relative 
density of the slab. The basalt-eclogite transition 
is elevated, contributing a 15% density increase 
for the basaltic portion of the slab in the upper 
50-60 km. The absence of melt in the slab rela
tive to the surrounding asthenosphere increases 
the density and velocity anomaly of the slab 
in the upper 300 km of the mantle. If the slab 
contains volatiles, or low-melting point compo
nents, it can be both dense and low-velocity. A 
C02-rich eclogite sinker will show up as a low
velocity zone, in spite of being cold. 

The olivine-spinel and pyroxene-majorite 
phase changes in cold slabs are elevated by some 
100 Ian above the 410-km discontinuity, con
tributing about 10% to the density contrast in the 
slab. Other transitions are also elevated, adding 
several percent to the density of the slab between 
410 and 500 km. The ilmenite form of pyroxene is 
5% denser than garnetite, increasing the density 
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contrast of the cold slab between 500 and 670 km, 
relative to normal mantle, by about a factor of 2 
or 3 over that computed from thermal expansion. 
In addition to these effects, accumulated slabs 
cool off the surrounding and underlying mantle, 
even in a chemically stratified mantle. The for
mation of a detached internal thermal boundary 
layer can make it appear that a slab has pene
trated the boundary. 

The seismic anomalies associated with what 
are thought to be slabs in the mantle can be 
much greater than can be accounted for by the 
effect of temperature on velocity. The associated 
density contrast between slab and normal man
tle is probably greater than between the plate 
and the underlying mantle as estimated from 
thermal expansion alone. It is also possible that 
what have been interpreted as slabs in the lower 
mantle, based on very broad bands of high veloc
ity imaged by tomography, may not be slabs 
at all. 

The ilmenite form of MgSi03 , akimo
toi te, is a stable phase, at low temperature, in 
the lower part of the transition region. Ilmenite 
is about 8% denser than garnet-majorite, sta
ble at higher temperatures, and has seismic 
velocities about 10% greater. Although ilmenite 
is only 4% slower than perovskite, the main 
lower mantle mineral, it is 7% less dense. nmenite 
becomes stable at slab temperatures somewhere 
between 450 and 600 lan and is predicted to 
remain stable to depths greater than the pero
vskite phase boundary in higher-temperature 
mantle. 

In most interpretations of mantle tomography 
it is assumed that the slab is identical in compo
sition to the adjacent mantle and that tempera
ture is the only variable. Yet the slab is laminated: 
the upper layer is basalt/eclogite, and the sec
ond layer is probably olivine-orthopyroxene
harzburgite. These undergo their own series of 
phase changes and, when cold, remain denser 
than garnet peridotite to at least 500 km. Young 
or thin slabs, or slabs with thick crustal portions 
may equilibrate in the shallow mantle, where 
the crustal parts - basalt, gabbro or eclogite -
eventually melt. An assemblage of such slabs 
trapped in the upper mantle can cause the same 
sort of anisotropy and anelasticity that has been 
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attributed to crystal orientation and grain bound
ary melting. 

Cold harzburgite, a component of the slab, 
averages about 0.1 gjcm3 denser than warm pyro
lite between 400 and 600 km depth. At 600 km 
it becomes less dense. Some eclogites are denser 
than peridotite at the same temperature to 
depths of about 500-560 km and, when cold, to 
680 km. Subducted oceanic crust is silica-rich and 
is denser than other eclogites, at depth, because 
of the presence of stishovite (st). Cold eclogite 
can be 4-5% denser than warm peridotite above 
550 km depth but eclogites have a wide range of 
compositions, mineral proportions and densities. 
If the 1000-lan discontinuity (Repetti Discontinu
ity) is a chemical boundary, it will be depressed 
by the integrated density excess in overlying cold 
mantle even if the deeper part of the slab is buoy
ant. Chemical interfaces in general are expected 
to be irregular boundaries in a chemically strati
fied mantle and to be much deeper under slabs. 
The different phase assemblages in the slab rela
tive to warm mantle will contribute to the den
sity and seismic velocity contrasts. An increase of 
intrinsic density between upper and lower man
tle and a negative Clapeyron slope will inhibit 
slab penetration into the lower mantle (defined 
by Bullen to start at 1000 km depth , the top 
of his region D'). An increase in viscosity will 
also partially support the slab. Some support 
is required in order to explain the geoid highs 
associated with subduction zones. A chemical 
change has a similar effect in holding up the 
slab. 

Reheated slabs and delaminates 
Slabs are cold when they enter the mantle but 
they immediately start to thermally equilibrate. 
Ambient mantle warms up slabs from both sides. 
Slabs, in part, are composed of oceanic crust and 
in part of serpentinized peridotite; C02 and water 
occur in the upper parts. All of these effects serve 
to lower the melting point and seismic velocities 
of slabs compared to dry refractory peridotite. 
After the conversion of basalt to eclogite, the 
melting point is still low. Even small amounts 
of fluid or melt can drastically lower the seismic 
velocity, even if the density remains high. 

The time scale for heating the slab to above 
the dehydration and melting points is a small 
fraction of the age of the plate upon subduction 
since the basalt and volatiles are near the top 
of the slab. It is even smaller for delaminated 
lower continental crust since this is already hot, 
being about midway into the thermal boundary 
layer. As far as the slab, or a piece of delam
inated crust (delaminate), is concerned the sur
rounding mantle is an infinite heat source. The 
idea that low-velocity material in the mantle can 
be low temperature should not be overlooked 
when interpreting seismic images. Seismic veloc
ity is controlled by composition, mineralogy, and 
volatile content as well as by temperature. If 
the melts and volatiles completely leave the peri
dotitic part of a slab then it can become a high 
seismic velocity anomaly, at least between depths 
of order 60 to 600 lan. Deeper than that the eclog
ite in the slab can become low-density and low
velocity compared to normal mantle. 

The fate of subducted and delaminated mate
rial has been controversial. Below about 50 km 
depth, basalts convert to eclogites with a con
siderable increase of density. However, eclogite is 
not a uniform rock type; it comes in a variety of 
flavors and intrinsic densities. NMORB, for exam
ple, is silica-rich and contains the dense phase 
stishovite at high pressure. Cold NMORB 
can probably sink to about 650 km before it 
is neutrally buoyant. If it is cold enough so 
that both stishovite and perovskite are stable 
then it can possibly breach the density barrier 
at 650 Ian, if only temporarily. Warmer slab, 
and SiOz-poor eclogites can thermally equilibrate 
at shallower depths . The subduction depth also 
depends on the crustal thickness of the plate, 
the compositions of lower crustal cumulates, 
and whether the crustal part of the slab can 
detach from the mantle part. In addition, the 
650 km phase change region is not the only 
plausible barrier to through-going convection or 
subduction. 

The evidence from obduction, ophiolites , 
flat subduction and exhumed ultrahigh
pressure (UHP) crustal and slab fragments con
firms the shallow, and temporary, nature of 
some recycling. The evidence from tomography 
for recumbent slabs at 650 lm1 also suggests 
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an important role for upper-mantle circula
tion. The low-velocity zones above slabs suggest 
that volatile and low-melting point components 
leave the slabs at shallow depths. The inference 
that some slabs break through 650 km, even 
if a valid interpretation of some tomographic 
cross-sections, does not imply that they all do. 
Most of the material entering subduction zones 
apparently never makes it to 650 km depth, 
but some apparently makes it to ~1000 lm1. 
This is based on cross-correlation and plate 
reconstruction studies, not on visual 
evidence for occasional slab penetra
tion or qualitative analysis of tomographic 
cross-sections. 

Thermal phase changes 
The approximate zero-pressure density for a peri
dotitic assemblage as a function of temperature, 
at two pressures, is shown in Figure 22.7. Tem
perature is plotted increasing upward to empha
size the fact that decreasing temperature has 
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effects similar to increasing pressure - lateral 
temperature changes are similar to vertical pres
sure changes. The curve labeled afl.T is the 
approximate effect of thermal expansion alone 
on density. The bar labeled 800 oc shows the 
expected change in temperature across a sub
ducted slab and is approximately half the max
imum expected lateral temperature changes in 
the mantle. Note that a temperature change of 
800 oc placed anywhere in the field of tempera
tures expected in the mantle will cross one, two 
or even three phase boundaries, each of which 
contributes a density change in addition to the 
term from thermal expansion. Changes in elas
tic properties are associated with these phase 
changes. 

Figure 22.8 shows the approximate zero
pressure room-temperature density for phase 
relations in the CMAS system with a 
low-pressure mineralogy appropriate for garnet 
peridotite with olivine > orthopyroxene > 
clinopyroxene ~ garnet. Note that the low
temperature assemblages are denser than high
temperature assemblages (normal mantle) until 
about 600 km depth, and that the differences are 
particularly pronounced between about 300 and 
550 km. The density change associated with a 
temperature change of 800 K ranges from 7-17% 

in the temperature interval 1000 to 2300 K at 
pressures near 600 lm1 depth. This includes 
thermal expansion and isobaric phase changes. 
Thermal expansion alone gives 2-3%. Note that 
the density anomaly associated with a slab is 
far from constant with depth. Furthermore, 
the density anomaly of a slab with respect to 
the adjacent mantle is quite different from the 
density contrast between the surface plate and 
the underlying mantle, as estimated from the 
bathymetry-age relation for oceanic plates. 

The important phase changes in the mantle 
mostly have Clapeyron slopes that correspond 
to depth variations of 30-100 lrm per 1000 oc. 
The figures in this section show that several 
phase boundaries are crossed in covering the 
normal expected range of mantle temperature, 
at constant pressure. At 230 kbar (23 GPa) 
Ca-perovskite, Mg-perovskite and magnesiowustite 
is the normal assemblage in peridotite; ilme
nite replaces Mg-perovskite at cold temperature. 
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Su b - solidus phase re l ation s in MORB 
comp os i t i on s show that, at this pressure 
MORE-eclogite is composed of the phases 
majorite + stishovite + Ca-pv. At transition zone 
pressures MORE contains mj + st. Si-poor eclog
ite, such as lower crustal cumulates or melt 
depleted eclogites , will not contain stishovite and 
are therefore buoyant at relatively moderate pres
sures. Garnet solid solutions, including majorite, 
are stable over a very large pressure and tempera
ture range. This is important since large amounts 
of garnet will decrease both the radial and lateral 
variations in physical properties, and decrease 
the jumps at the 410 and 650 km phase bound
aries. 
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In peridotite the density in the lower part of 
the transition region (Figures 22.9 and 22.10) is 
dominated by ,8-spinel (p = 3.6 gjcm3 ) or y -spinel 
(3.7 gjcm3 ) and majorite (3.52 gjcm3 ) or ilmenite 
(3.82 gjcm3 ). In eclogite the mineralogy is garnet 
(3.6-3 .8 gjcm3 ), calcium-perovskite (~ 4.1 gjcm3 ), 

stishovite (4.92 gjcm3 ) and an aluminous phase 
( ~4 gjcm3 ). Eclogite will have a STP density some
where between about 3.70 and 3.75 gjcm3 at the 
base of the transition region, which is less than 
the uncompressed density of the lower mantle. 
Eclogites and peridotites can have the same den
sity at transition zone pressures, but the silica
poor eclogites will have lower shear velocities. 
The garnet-majorite in cold quartz-rich eclogite 
may convert to Ca-pv + Mg-pv at the base of the 
TZ and this would allow the eclogite to overpower 
the phase change at 650 km. 

The high gradient in seismic velocity between 
about 400 and 600 lan depth implies a gradual 
phase change or series of phase changes occur
ring over this depth interval, or a change in 
composition. One cannot rule out an important 
role for eclogite in the transition region. The 
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melting point of eclogite is so low that eclogite 
would likely not be a permanent resident of the 
TZ but would yo-yo up and down. Some eclog
ites may even become neutrally buoyant above 
410 km. 

The measured or estimated compressional 
velocities of the important phases of upper
mantle minerals are shown in Figure 22.11. Also 
shown a re the estimated velocities for peridotite 
at two temperatures, taking into account the dif
ferent stable phase assemblages. The major dif
ferences occur between about 130 and 225 kbar. 
The heavy lines show the approximate stability 
pressure range for the various phases . Garnet 
and clinopyroxene represent less than 20% of 
peridotite compositions. Since these minerals are 
stable to about 260 and 200 kbar, respectively, 
the effect of density and velocity changes asso
ciated with phase changes as both a function of 
temperature and pressure will be lower for an 
olivine and orthopyroxene-poor mantle - eclog
ite or piclogite. 

The small bar in Figure 22.11 shows a typical 
change of velocity for an 800 oc temperature 
change, assuming no phase changes. Note that 
the effect of phase changes is to double or triple 
the effect of temperature. The largest effects 
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occur between about 400 and 700 kilometers , the 
depth range of deep-focus earthquakes. Note that 
clinopyroxene and garnet, minor constituents of 
peridotite and pyrolite but major components 
of eclogite and piclogite h ave the largest stabil
ity fields of the low-pressure minerals . The pres
ence of clinopyroxene and garnet reduces the size 
of the phase-change effects in the upper part of 
the transition region, particularly near 400 km. 
The smallness of the velocity jump near 400 km 
indicates the presence of substantial amounts of 
a ' neutral' component - garnet and clinopyrox
ene - near this depth. On the other hand, eclog
ite experiences major transformations and veloc
ity increases between 200 and 260 kbar (20 and 
26 GPa), which is perhaps related to deep-focus 
earthqu akes. 

Lower mantle mineralogy 

Under m id-mantle conditions peridotite crystal
lizes in to an assemblage of Mg-perovskite + 
Ca-perovskite + magnesiowiistite; NMORB and 
K-rich basalt compositions crystallize as Mg
perovskite + Ca- perovskite + stishovite +an alu
minou s phase with a CaFe20 4-type structu re. In 
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the bottom 1000 km of the mantle there are 
further phase changes in perovskites, stishovite 
and the spin-state of FeO. Below about 700 
km the density of silica-rich basalt (NMORB) 
exceeds that of pyrolite , if it can get through 
the subduction barrier. Th e lower mantle may 
be enriched in both FeO and Si02 com-

pared to pyrolite and the upper man
t le. This has been a controversial issue, based 
partly on fitting equations of state to lower 
mantle properties , ignoring the above issu es, 
i.e. assuming chemical and phase homogene
ity, a nd assuming an adiabatic temperature 
gradient. 


