
How Much Do We Know About substitutio~lal solid solutions? Are the elastic 
properties of mantle phases at high pressure 

Mantle Thermochemistry? and temperature consiste~lt with observed 
seismic velocities? 

Phase equilibrium studies at high pressure 
and temperature done with diamond cell and 
multi-anvil presses provide thermodyna~nic 
data. Another approach to thermochemistry 
is through solution calori~netry of que~lched 
high-pressure phases to obtain enthalpies of 
formation and through heat-capacity mea- 
surements and vibrational modeling to ob- 
tain entropies. These two independent ap- 
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Although  mankind has set foot on the moon, formation of a (Mg,Fe),SiO, spinel phase to 
a journey to the center of the Earth remains a (Mg,Fe)SiO,, perovskite phase (with much 
fictional and technologically unattainable. less iron than the spinel) with minor amounts 
Information about the interior of our planet of an iron rich (Mg,Fe)O phase having the 
comes from four main sources: ( i )  seismol- rocksalt structure and possibly some SiO, 

proaches have provided quite consiste~lt re- 
sults for phase equilibria in the system MgO- 
SiO,, and an i~lternally consistent set of ther- 
mochemical data describe ohase eauilibria 

ogy, which is remote sensing pri~narily stishovite having the rutile structure. Both 
through the tracking of sound waves passing the silicate perovskite and stishovite contain 
through the Earth; (ii) geodynamics, which silicon in octahedral coordinat io~~,  in co11- 
seeks to  construct global models of rheology trast to the SiO, tetrahedra found in most 

involving olivine, beta, spinel, garnet, il- 
menite, and perovskite ~ h a s e s  ( 2 ) .  For iron- . . 
substituted phases, the data set is much sparser 
(see table), especially because P-Fe,SiO,, 
FeSiO, ilmenite, and FeSiO, perovskite do 
llot exist and their properties must be ex- 
trapolated from a limited range of solid solu- 
tions ( 3 , 4 ) .  Why Fe-Mg substitution is com- 
plete and energetically facile in low-pressure 
minerals but appears increasingly limited and 
energetically costly in high-pressure silicates 

and mass transfer; (iii) geochemistry, which silicates at lower pressure. Magnesium sili- 
infers possible compositional 

Fe beta 
Fe spnel 
Mg pyroxene 
Mg garnet 
Mg m e n t e  
Mg perovsklte 
Fe pyroxene 
Fe aarnet 

constraints for the Earth's inte- 
rior from knowledge of ele- 
mental abunda~lces in the solar 
system, meteorites, and rocks; 
and (iv) ~nineralphysics-labo- 
ratory and computational simu- 
lations of matter under hieh 
pressure and temperature. Ther- 
modynamics plays a major role 
in these mineral physics stud- 
ies, both in the defi~litio~l of the 
equation of state (the volume 
as a function of pressure and 

Volume 

Phase Enthapy Entropy Ambent (P, T)  

End-members 

:: E2!e A A A A- A A A- B 
M~ spinel A A- A B 
Fe ov ine  A- A- A A- 

is interesting in terms of crystal chemistry 
(5). , , 

The  660-km discontinuity is quite sharp, 
at most a few kilometers wide. Binary phase 
loops between coexisting (Fe,Mg) solid solu- 
tions are often broad, in pressure, but the 
reaction temperature) and in the under- 

standing of phase cha~lges (re- 
organization of the crystal struc- 
tures of minerals) with increas- 
ing depth. It is i~nportant to 
make clear what we know and 
do not know about the thermo- 
chemistry of the mantle. 

Disco~ltinuities, or ranges of 
d e p t h  i n  which  properties 
change sharply over a few kilo- 
meters, separate atmosphere 
from surface, crust from upper 
mantle (the Mohorovicic dis- 

Fe imente C C 
Fe perovsk~te C C 
Ca perovskite C C 
Hydrous Mg sicates C C (Mg,Fe)SiO, (spinel) = (Mg,Fe)O 

(rock salt) + (Mg,Fe)SiO, (perovskite) (1) 
Solid solut~ons 

Fe Mg o v n e  A 
Fe,Mg beta C 
Fe,Mg spnel A 
Fe,Mg pyroxene A 
Fe,Mg garnet C 
Fe Mg m e n t e  C 
Fe Mg perovsk~te C 
A substituted n garnet B 
A substltuted In menl te  C 
Ca substltuted n garnet C 
Ca substtuted In perovsklte C 

appears to occur at almost a single pressure, 
despite very different Mg/Fe ratios in the three 
phases (4).  The  ther~nodynamic and crystal 
chemical reasons for such a sharp transition 
need further studv. 

The  static pictllre of a co~lce~ltrically lay- 
ered Earth must be modified exte~lsivelv in 
light of new geophysical evidence and as a 
consequence of the dynamic processes im- 
plied by plate tecto~lics (10). T h e  mantle 
couples the energy generated in the rotating 
liquid outer core and the processes in the 
crust. T h e  immediate region 50 km above 
the core-mantle boundary, the so-called D" 
layer, is probably a swirli~lg, convecting 
chemical reactor among metal and silicate 
phases (1 ). Especially energetic localized re- 
gions there may generate disturbances that 
propagate up through the mantle, perhaps 
even being the source of mantle "plumes," 
which may trigger large-scale volca~lic and 
tectonic events (6). 

The mantle itself is plastic, and though 
solid, has a viscosity that permits convection 
on  a geologic time scale (7). Slabs of cold 
oceanic lithosphere originating in regio~ls of 
downward-moving matter in  subductio11 

continuity or Moho) ,  upper Geophysical report card. Important thermochemical param- 
mantle from transition zone, eters (enthalpy, entropy. volume at ambient pressure and tem- 
transition zone from lower perature. and volume as a functon of pressure and tempera- 

lowermalltlefromourer ture) for mantle phases are ranked by the author as (A) well 

core, alld outer core from inller knownJB) moderately known, or (C) poorly known The table I S  

d v d e d  Into end-member phases (that is, the ndicated element 
core. The is fully substtuted) or solid soutons (mixtures of the substituted 
in the mantle have been 10% elements), Sources of data are (1-4, 8, 9, 11, 14, 15). 
associated with phase transi- 
tions (1 ). The  400-km discontinuity is prob- cate perovskite in the lower mantle may con- 
ably related to the transformati011 of the fer- stitute over 50% of the mass of our planet. 
ro~nagnesian silicate olivine to the spinel From a ther~nodynarnic perspective, to tell 
structure, with an intervening intermediate whether the above phase transitio~ls ad- 
spinelloid or beta phase. The 660-km discon- equately describe mantle mineralogy requires 
tinuity is probably dominated by the trans- answers to the following questions: What  are 

the enthalpv, entropy, and volume changes 
& ,  & ,  - 

for the major phase transitions? What  is the 
The author IS In the Department of Geologca and 
Geophysca Scences and the Center for High Pres- equatio11ofstateofeaclllikel~lnantle~hase? 
sure Research, Prnceton, NJ 08544 What are the mixing properties of Fe-Mg 
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zones probably sink as far as the 660-km dis- 
continuity. They may maintain temperatures 
several hundred degrees lower than the sur- 
rounding mantle  for mil l io~ls  of years. 
Whether such slabs penetrate the 660-km 
discontinuity into the lower mantle, thus al- 
lolvi~lg whole mantle convec t io~~,  or spread 
out on  top of this discontinuity, leading to a 
stratified mantle, is a very important unsolved 
questio11 (1 , 8). 

One factor that may i~lflue~lce this behav- 
ior is the slope, dP/dT, of the transition 

Mg2Si04 (spinel) = MgSiO, (perovskite) 
+ MgO (rock salt) ( 2 )  

It is slightly negative, as confirmed by 
both phase equilibria and calorimetry; the 
denser perovskite phase has the higher vibra- 
tional entrovv because of the weaker bond- 

L ,  

ing resulting from the change in silicon coor- 
dination from tetrahedral to octahedral (9). 
It has recently been suggested that this weakly 
negative slope is just on  the borderline of 
precluding whole mantle convectio~l and that 
the boundary layer between transition zone 
and lower mantle may have been catastrophi- 
cally breached only a few times in Earth's 
history (10). This is a prime example of pro- 
cesses on  the molecular scale influencing pro- 
cess on  the global scale. 

Another u~la~lswered question concerns 
the role of volatiles. How much water and 
carbon dioxide reside in the mantle. and in 
what phases? How do they affect mineralogy, 
melting relations, and physical properties? 
Subducting slabs may bring with them sedi- 
mentary and meta~norphic rocks c o ~ l t a i ~ l i ~ l g  
volatiles. How fast do they heat up and re- 

lease their load of water and carbon dioxide? 
A new class of hydrous magnesium silicates 
co~l ta i~ l ine  both octahedral and tetrahedral 

u 

silicon has been discovered to be stable to 
pressures over 15 GPa, though at tempera- 
tures cooler than normal mantle geotherms 
(1 1) .  Can  these minerals carry water in the 
interiors of cooler subducting slabs? Nomi- 
nally anhydrous phases such as olivine c o r -  
tain 1 to 100 parts per million of hydrogen as 
hydroxyl(12). The large mass of these major 
ohases would enable them to store several 
oceans' worth of water homoge~leously dis- 
tributed thoughout the mantle. How rapidly 
does such water cycle through the mantle or 
exchange between mantle and core, mantle " 

and crust? Does it play a role in fixing the 
oxidation state of iron and other elements? 
Does it i~lflue~lce reaction rates, elastic prop- 
erties, and rheology? The ther~nodynamic 
data are very sparse. 

MgSiO, perovskite quenched to ambient 
co~lditions is orthorhombtc 11 3 ). Could this ~, 

perovskite become cubic under lower mantle 
conditions? Pressure may be expected to in- 
crease the distortion, temperature to decrease 
it, and the limited exoerimental studies are 
somewhat in conflict (14). Furthermore, at 
temperatures near 2000 K, it is doubtful that 
(Mg,Fe)SiO, perovskite (or any other phase) 
is strictly stoichiometric, either in terms of 
(Mg + Fe)/Si or in terms of oxygen content. 
But the details of nonstoichiometry, the na- 
ture of the defect chemistry, and the effect on 
physical and transport properties are esseI1- 
tially u11k11ow11. 

CaSiO, perovskite is knolvn as a separate 
phase with i~lcomplete solid solution in 
MgSiO, perovskite (15). The  role of alumi- 

num in silicate verovskite and other high- 
0 

pressure phases is only sketchily known. 
Future work will emvhasise accurate con- 

trol of P, T conditions, well-characterized 
materials, in situ measurements, and relation 
of thermodynamic and geophysical param- 
eters to obtain a better picture of mantle 
processes. 
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