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A Decade of Progress in Earth's 
Internal Properties and Processes 

Orson L. Anderson 

One decade has passed since the Inter- 
Union Commission on Geodynamics 
(ICG) Project was launched, and 7 years 
ago the U.S. Program for the Geody- 
namics Project was published (1). A ma- 
jor component of this program, which 
has received national and international 
attention, was labeled "Internal Proper- 
ties and Processes." It is appropriate to 
review the progress that has been made 
in this component of the ICG now that 
the Geodynamics Project has ended. 

pared every 4 years (2), and so I will not 
attempt a detailed review of that here. 
Instead, I will focus on a few research 
areas in which there have been surprises 
or in which there has been an overturn- 
ing of the wisdom of the early 1970's. 

The U.S. Program for the Geodynam- 
ics Project (I) listed several problems in 
"Internal Properties and Processes" that 
loomed in the early 1970's. The major 
headings were thermal structure, dynam- 
ical models, material properties in the 

Summary. A major component of the Inter-Union Commission on Geodynamics 
Project, labeled "Internal Properties and Processes," included certain experimental 
and theoretical research in tectonophysics, seismology, geochemistry, petrology, 
volcanology, and planetology. This review focuses on a few research areas in which 
there have been surprises and reversals. In particular, attention is given to the 
attempts to quantify the thermal profile in the earth's interior and the material 
properties of the earth's interior. 

A comprehensive account of the prog- 
ress in tectonics, seismology, and geo- 
chemistry appropriate to this component 
of the ICG is found in the U.S. National 
Report to the International Union of 
Geodesy and Geophysics, which is pre- 
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deep interior, a theory of rheology, and 
the nature of instabilities in the deep 
interior. Of these problems, the thermal 
structure [in particular, the temperature 
(g distribution of the earth] was selected 
as critical and worthy of accelerated and 
focused effort: "Temperature is proba- 
bly the most important parameter con- 
cerning the state of motion of the earth's 
interior" (1, p. 32). 
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The Thermal Regime 

In 1970, future research on the thermal 
state required, or so it seemed, reliable 
ways of estimating the T profile. In other 
words, quantifying the unobservable in- 
ternal T profile appeared to be an essen- 
tial and feasible preliminary step in the 
task of interpreting the thermal regime. 

That view is now no longer commonly 
held by those researching the thermal 
regime. Many now hold to the view that 
T is of secondary importance and that T 
has receded to the background as a "de- 
termined rather than a determining char- 
acteristic of the thermal regime of terres- 
trial planets" (3, p. 2). How this view 
changed is discussed below. 

By 1970 many geophysicists no longer 
adhered to the long-entrenched belief 
that the thermal structure of a planet is 
controlled by heat conduction. Heat con- 
duction theory imposed two insurmount- 
able difficulties. First, the time (7) re- 
quired for a planetary-sized object 
formed from some initial T distribution 
to reach equilibrium is 7 = ~ ~ l k ,  where 
R is the radius and k is the thermal 
conductivity. For the earth, T is - 1018 
seconds, or longer than the age of the 
earth. Most of the original heat could not 
have dissipated, and for contemporary 
geodynamic processes a planetary-wide 
heat conduction theory means no signifi- 
cant heat flow from the interior while the 
process is occurring. The second diffi- 
culty is that the exact boundary condi- 
tions at the origin of the cooling cycle 
must be specified, and thus the earth's 
thermal regime is thereby tied closely to 
cosmology as well as to the radiogenic 
heat production ( H ) .  

A convection theory circumvented 
these difficulties. A substantial amount 
of heat is moved by mass motion in a 
convecting stream, and T can be made 
small enough to be in consonance with 
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the period of geological events. The con- Depth (km) 

vection process tends to give a planet a 
"fading memory" of past events, and so 
the present thermal regime is not rigidly 
fixed to cosmology. The boundary con- 
ditions of a convection theory of the 
thermal regime can be tied to present 
plate motion instead of to the complete 
specification of planetary initial condi- 
tions at the time of formation of the 
earth. 

But, although the earth's interior is 
thought to be in a state of convection, 
the earth's outer shell-the litho- 
sphere-is still a thermally conducting 
medium. "Steady heat conduction is not 
satisfactory for planetary objects over a 
few hundred kilometers in radius 
. . . and above that size a [conductively 
controlled] rise in T makes a central 
region so fluid that it becomes unstable" 
(3, p. 17). The bottom of the lithosphere 
can be defined as the boundary between 
convective and conductive heat flow. 
The depth of the lithosphere then de- 
pends upon the size of the planet and the 
vigor of the convection. 

Little was done in the past decade to 
define the thermal profile of the earth in 
its convective regions until 1977. Up to 
then, attention was focused on a descrip- 
tion of the thermal regime in the litho- 
sphere itself. Two different approaches 
were used. In the geophysical method, 
surface heat flow was used, and, by 
accounting for the radioactive rocks at the 
surface, researchers were able to find 
reliable methods of extrapolating T to 
about 100 kilometers. Typical of this 
approach is the work of Lachenbruch 
and Sass (4). The second method, that of 
petrology, came to be known as geother- 
mometry and geobarometry. Typical of 
this work is that of Boyd (5). A recent 
summary of the geotherm as calculated 
from the compositions of coexisting py- 
roxenes is shown in Fig. 1 (6). The main 
result of these calculations is confirma- 
tion, largely supported by plate tectonics 
theory, of the idea that the thermal 
profile of the lithosphere depends very 
much on the tectonic regime at the sur- 
face. 

The problem in computing T in the 
convective parts of the earth hinged on 
defining an elusive parameter, called the 
Griineisen parameter (y), as a function of 
depth. In an adiabatic thermal state, 
which is close to the conditions required 
by convection, the T gradient is related 
to the density gradient by the simple 
expression 

where p is the density. 
The definition of y as a function of 

Fig. 1 .  Geotherms of 
the lithosphere com- $ 
puted and assembled ;;j 
by Mercier with em- $ 
phasis on pyroxene 
geotherms (6).  I 
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volume (V) and T has occupied theoreti- 
cal physicists for many years. A number 
of formulas have been derived. None of 
these formulas has been universally ac- 
cepted, and some theorists have been 
pessimistic about any formula that is 
both sound theoretically and useful for 
computing y. Two different formulas for 
y have been used for computing T, both 
of which could be defined in terms of the 
parameters reported in seismic solutions 
of the earth. The two formulas used were 
presented by Irvine and Stacey (7) [see 
also (8)l and by Anderson (9). These 
formulas are equivalent to the empirical 
law 

where q is near but not necessarily equal 
to unity, so that 

where the zero subscript refers to values 
at the surface, and the T gradient in the 
convective parts of the earth is then 
defined in terms of three parameters: yo, 
po, and q. Anderson (9) showed that, 
because of the restricted range of com- 
pression, a lack of sensitivity in q exists 
when it is specified in terms of seismic 
results. He found that 0.8 < q < 2.2 in 
the lower mantle, but he recommended 
q = 1 .  The formula derived by Irvine 
and Stacey, when evaluated on the basis 
of the seismic data of the earth's lower 
mantle, showed q to be in the lower 
range, perhaps slightly less than 0.8. 

In order to find the T profile itself, Eq. 
1 is integrated. But then an integrating 
constant is needed. The value of T at 

some depth within the convective zone is 
required. To obtain this integrating con- 
stant, one has to appeal to experimental 
results on a solid-state transition, one 
that can be identified as corresponding to 
a seismically determined transition. Two 
such transitions have been proposed, 
and, as a result, a number of T values for 
the earth's interior have recently been 
presented (10, 11). Stacey (lo), using the 
experimental results on the compression 
of iron-sulfur systems to extrapolate to 
the P corresponding to the inner core- 
outer core transition, fixed T there 
(3900°C). Others (11) have used the ex- 
perimental results of the phase transition 
of peridotite, found at  pressures corre- 
sponding to the seismic transition zone 
(380 to 670 km), to fix T at 670 km 
(1960°C). These results are based on the 
experiments of Akaogi and Akimoto (12) 
and of Liu (13) on peridotite. Both these 
transitions are subject to criticism when 
used as the basis for the integrating con- 
stant because they depend upon an as- 
sumption about chemical composition in 
the mantle and in the core. 

These recent results of attempts to 
define the T profile of the mantle are 
surprisingly close when one considers 
that the data and the theory of the var- 
ious methods are quite different. The 
main result is that the d In Tldp is not 
high, and consequently the value of T 
at the mantle side of the core-mantle 
boundary is 3000 K or less. Thus, a large 
jump in T a t  the thermal boundary must 
be invoked if the T profile of the core is 
to resemble the properties of iron or iron 
diluted by a lighter element. This re- 
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quires a thermal boundary with a large T 
jump at the core-mantle boundary (11) if 
the physics of the core and the mantle 
are to be simultaneously satisfied. A 
large change in T across the thermal 
boundary in turn requires a large heat 
flux passing from the core to the mantle. 
It is doubtful whether further work on y 
can substantially improve the recent 
qualitative results on the thermal gradi- 
ent in the convective parts of the earth. 
Substantial new progress on the T profile 

more likely depends on an improved 
understanding of the thermal boundary 
at the core-mantle interface and on an 
improved understanding of the heat-gen- 
erating process in the core. 

The basic issue, however, is whether 
the T profile must be quantified before 
the mantle convection can be quantified. 
Tozer (14) has stoutly maintained that 
such quantification of T is not necessary 
and that T is a derivative property of the 
conditions of flow; now many others 
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Fig. 2. Recently computed geotherms of the lower mantle. Sources are listed in (10, 11, 17). 

share his view. Tozer's hypothesis is 
that flow in the convecting parts of the 
earth is self-regulated and that the strain 
rate is nearly constant and controlled by 
a critical value of the viscosity q ,  repre- 
sented as q*, which is near poises. 
This self-regulation arises because q is 
such a rapidly varying function of T. 
Tozer's argument is summarized as fol- 
lows. 

The heat-conducting process in the 
earth is so slow as compared to the 
convecting heat flow that, when convec- - 
tion stops, heat flow effectively stops 
and the interior T rises. "If the tempera- 
ture inside the planet were initially 
'high,' the associated viscosity would 
lead to a rapid convecting loss of heat, 
and a fall of T would slow the rate of 
cooling by increasing q. Alternately, if 
the T were initially 'low,' and convective 
motion inhibited by an enormous q ,  the 
interior would tend to warm up to quite 
high T" (3, p. 16). This self-regulation of 
convective flow inside a planet arises 
because of the enormous dependence of 
q upon T. The self-regulating value of q* 
depends upon the material state: q* 
would be more in an anhydrous rock 
than in a hydrous rock of the same 
composition. 

There are several general properties of 
planets, which have been discussed by 
Tozer (3), that can be understood in 
terms of this theory. One is that the 
depth of the lithosphere is related to 
planet size. If q* is common to terrestrial 
planets and the radiogenic heat produc- 
tion is similar, then the thickness of the 
lithosphere (d) depends on the pressure 
(P). That is, q* is reached at the same 

5 0 0  l i , , , I ,  pressure in each planet. For example, 
\ R  assume that d is 150 km in the earth, or - 

about P = 4 gigapascals. At 4 GPa in the 
moon, d would be about 1000 km. This 
depth agrees quite well with the observa- 

4 0 0  - - tions of deep moonquakes (15), which 
have been interpreted as shear fractures 
(16). This may explain why several iden- 
tifiable plates occur on large terrestrial 
planets whereas smaller planets have 

300- pv t rnw 
- 

PV rnw only one plate. Another consequence is + t -  
rn w st that the central T of a planet is substan- 
t tially independent of H. The value of dT/ 

dZ, where Z is depth, of the lithosphere 
is affected by H, but q* is independent of 
H and therefore the central T profile is 
independent of H (19.  

In 1975, McKenzie 4nd Weiss (18) 
showed that the strong T dependence of 

loo- q prevents large-scale changes in the 
Mg2Si04 0.2 0 .4  0.6 0 . 8  Fe2Si04 mantle T over geologic time. Although 

Mole f ract ion this is substantiallv true. a more detailed 
Fig. 3. (A) Pseudobinary diagram for pyroxene composition. Abbreviations: pv, perovskite; examination showed that the average T 
mw, magnetowiistite; st ,  stishovite; sp, spinel; p, p phase (of olivine composition); and i l ,  
ilmenite. Reproduced from (25). (B) Pseudobinary diagram for olivine composition; tempera- the may decrease by '0° to 1800 
ture = 1000°C. Re~roduced from (25). lcourtesv Carneeie Institution of Washington. Washing- per years (I9) and that the heat 

~ , -  - - ,  - 
ton, D.C.] content of the earth may be decreasing 



by 2 to 4 percent per billion years. This 
means that the convective speed of the 
mantle was only slightly larger in the 
remote past than now (20). 

Tozer's hypothesis of constant q* runs 
counter to several cherished views of the 
mantle. Four examples of such views 
follow. (i) The value of Tin the mantle is 
close to the solidus, T,; according to the 
q* hypothesis, T can never exceed about 
0.8 T,. (ii) Convection is limited to the 
upper part of the mantle. (iii) The details 
of the physical parameters in a creep law 
(the relation between rate of strain and 
stress and temperature) count heavily in 
understanding the thermal engine of the 
earth. (iv) Details of the thermal origin 
and paleothermal history of the earth 
determine its present T distribution. Ac- 
cording to the q* hypothesis, the planet 
has a "fading memory" of its thermal 
origin. Figure 2 shows a plot of T versus 
Z in the mantle, comparing several re- 
cent theories. 

Material Properties of the Deep Interior 

High-pressure mineralogy. The U.S. 
Program for the Geodynamics Project (1, 
p. 155) defined the problem of this re- 
search area as follows: "What limits can 
be placed on the composition, mineral- 
ogy, and temperature of the earth's crust 
and mantle by comparing geological ob- 
servations with laboratory measure- 
ments in relevent materials?" Measure- 
ments of the lattice constant versus P in 
minerals have rapidly advanced in the 
past decade. In answer to the above 
question, the experimentalists are now 
able to investigate a given hypothesis of 
the chemical composition of the upper 
mantle. 

In 1973 it was suggested that a con- 
tinuing experimental and theoretical pro- 
gram on the elastic constants of miner- 
als, rocks, and aggregates be launched 
with minimum parameters of at least 30 
kilobars (3 GPa) and 1000°C (1). Because 
of the explosive growth of research that 
far exceeded expectations early in the 
decade, materials are now measured up 
to 100 GPa and to over 2000°C (21). 
These spectacular advances are due 
largely to the use of the so-called dia- 
mond anvil pressure cells (22) coupled 
with laser technology and advanced x- 
ray technology borrowed from experi- 
mental physics. As a result, specific 
chemical models of the mantle can be 
tested to see if they conform to the p 
profiles required by seismic modeling. 
For example, Liu (23) has eliminated 
mixed oxides derived from olivine as a 
candidate material for the lower mantle; 
he has proposed instead peridotite in the 

perovskite structure (90 percent 
(Mgo,9Feo.l)Si03 10 percent A1203). 
Mao et al. (24) also have discounted 
mixed oxides below 670 km and propose 
instead a perovskite structure with a 
small amount of iron plus an iron-rich 
magnetowiistite. Yagi et al. (25) present- 
ed the phase diagrams of pyroxene and 
olivine extended to 50 GPa (Fig. 3).  

Research in this area is moving rapid- 
ly, and we may expect a narrowing of 
possibilities of mantle candidate chemis- 
try. Currently, the important questions 
are the following: (i) What is the role of 
calcium compounds in mantle composi- 
tion and structure? Analysis of shock- 
wave results on CaO indicate that the 
high-pressure B2 phase has a density 
such that calcium compounds are candi- 
dates for components of the lower man- 
tle (26). (ii) Is the transition zone (380 to 
670 km) a result of phase transitions, 
chemical interactions between minerals, 
or compositional changes (23)? (iii) Is 
there a significant effect of gravity sepa- 
ration upon mineral phases at the transi- 
tion where phase separation takes place? 
And (iv) with regard to (ii) and (iii), is 
eclogite the major component in the low- 
er part of the upper mantle (27)? 

Equations of state. In addition to en- 
couraging programs on elastic constants, 
the U.S. Program for the Geodynamics 
Project suggested that a better knowl- 
edge (theoretical and experimental) of y 
is required (I). In 1973 a difficulty pre- 
vented the accumulation of equation-of- 
state (EOS) data on many minerals perti- 
nent to geodynamic problems. High- 
quality crystals of the requisite size for 
experimentation were too often not 
available. The U.S. Program recom- 
mended consideration of a national facil- 
ity for growing crystals. Two experimen- 
tal developments circumvented this diffi- 
culty. 

The application of Brillouin scattering 
to measure the velocities of sound in the 
diamond cell enabled researchers to 
measure very small crystals, thereby 
greatly increasing the catalog of informa- 
tion on the bulk modulus (KO) (28). Even 
the single-crystal elastic constants of a 
tiny grain of stishovite have been mea- 
sured in this way (29). The two most 
important constants for an EOS are 
KO and po. The other parameter is 
KO' = (aKdaP)T, which is sometimes 
measured in the diamond cell. 

The application of the rectangular par- 
allelepiped resonant method (RPR) has 
made it possible to measure the elastic 
constants of small crystals against T over 
a wide T range (30). Recently, the mea- 
surements on MgO by RPR have been 
extended so that elastic constants are 
now known from -200" to 1000°C (31). 

In principle, the T data acquisition prob- 
lem is now resolved. A new bonus for 
EOS catalog data has been the resur- 
gence of interest in the measurement of 
the thermal expansivity of minerals at 
high T by Suzuki (32). 

There has been some progress in un- 
derstanding y in the last decade. Two 
theoretical formulas for y are in current 
use (7, 9), but fundamental objections 
have been raised against both of them 
and these objections are not yet re- 
solved. However, recent calculations of 
y for the mantle and core from these two 
formulations agreed to within about 15 
percent, so that computations of thermal 
gradients by Eq. 1 do not yield greatly 
different answers in terms of the two 
formulas for y. Thermodynamic studies 
of the earth, based on current estimates 
of y, seem justified in view of other much 
larger uncertainties. 

On the experimental side, an impor- 
tant advance in the measurement of y 
has been made by Kennedy and his co- 
workers (33). They measured y directly 
by adiabatic decompression, using the 
simple formula 

where KT is the isothermal bulk modulus 
at P and T, and S signifies constant 
entropy. This important experiment is 
very promising. The isotherms in the V- 
P plane for the two solids measured so 
far (NaC1 and LiF) up to 3 GPa and 
500°C (the limits of measurement) are 
parallel. It is easy to show that parallel 
isotherms occur when the thermal pres- 
sure (PTH) is independent of V. This 
results in a significant simplification in 
the general EOS. 

There are thermodynamic equivalents 
to the case of parallel isotherms, which 
allow preliminary tests of PTH on V for 
other minerals. One of them is 

(aKT/aT)" = 0, where T > 0 (4) 

(where 0 is the Debye temperature). The 
other is the case for q = 1 in Eq. 2. High 
T elastic constant data measured by RPR 
and high T thermal expansivity data al- 
low Eq. 4 to be tested. Anderson (34) 
carried out this test and concluded that, 
for many dense minerals important to 
geodynamic problems, Eq. 4 holds, and 
therefore PTH # flu. This finding justi- 
fied the assumption that the simplified 
EOS of the Hildebrand type may be 
appropriate for planetary interiors 

P(V,T) = PI(W + Pz(T) (5) 

where PI(V) is the isothermal EOS eval- 
uated at T = 0; the well-known Birch- 
Murnaghan EOS is an example. The 
quantity P 2 ( n  is PTH and can be comput- 
ed from the approximation PTH = 



aT + b (34). Equation 5 was used to 
compute the T profiles of the planets 
with reasonably good results (17); the T 
profile so computed for the earth is pre- 
sented in Fig. 2. The value of PTH has 
been computed from Debye theory, and 
its value changes from about 12 GPa to 
about 15 GPa throughout the lower man- 
tle (35). These values of PTH were also 
found by direct inversion of the seismic 
data of the parametric earth model 
(PEM) (coupled with the use of the 
Birch-Murnaghan EOS) (36). 

An important advance in the theory of 
the EOS has been the work of 
Bukowinski who, using fundamental 
quantum mechanics, has calculated en- 
ergy (E) versus V for iron, potassium, 
and a few simple oxides. The value of P 
is found from E by a simple derivative. 
This new approach is very promising for 
the future of the EOS. 

Rheology and fracture. In this impor- 
tant research area there has been a great 
deal of experimental progress because of 
its relevance to earthquakes. Excellent 
reviews are available (38), and so I will 
mention only a few points briefly. 

Rheology has two aspects, mantle rhe- 
ology and lithosphere rheology. The lat- 
ter is characterized by lower T and very 
high q (q * poises). Experimental 
measurements of strain rate (€) in the 
laboratory indicate that 1. = cgn ,  where 
u is shear stress, n is - 3. and c is a 
quantity that varies exponentially with 
T ,  which is a measure of the activation 
energy. Tullis (39) has reviewed the ex- 
perimental situation and the parameters 
for various cases of power law creep. 
The details of these varieties of power 
law creep, although very important in 
the upper parts of the earth, have not 
been applied to the deep mantle as much 
as was expected in the early days of the 
Geodynamics Project. Kolstadt et al. 
(40) have shown that one creep 
law-thermal-activated movement of 
dislocations-has Newtonian behavior 
at quite low strain rates and that is in 
agreement with the results of glacial re- 
bound studies. 

As an example of glacial rebound the- 
ory, Cathles (41) concluded that q is 
close to poises and a near constant 
throughout the mantle, except for a pos- 
sible near surface low-viscosity channel 
where it may be less. Glacial rebound is 
often regarded as the most significant 
evidence that the earth's mantle can 
flow. Small variations in the gravity 
field, supported by satellite geodesy, in- 
dicate that the shear stresses supported 
by the convecting mantle are only a few 
tens of bars (42). Thus, after a decade, 
the arguments are still persuasive that 
the rheology of the mantle is essentially 

Newtonian (although slightly nonlinear) 
and that q is virtually constant through- 
out the lower mantle. 

Dynamical Modeling 

The U.S. Program for the Geodynam- 
ics Project (1, p. 43) recommended that 
"an intensive effort be made to stimulate 
coordinated work by applied mathemati- 
cians, numerical analysts, and geophysi- 
cists on the solution of realistic models 
of the circulation of matter in the earth's 
interior." Results in this research area 
have been gratifying, especially in the 
last half of the decade. Excellent reviews 
of the mantle convection have been pub- 
lished recently (43), and so my com- 
ments are limited to a few general re- 
marks. 

The lithosphere is the thin thermal 
boundary layer on the convecting cell in 
the earth's mantle. The plates on the 
earth's surface are part of the convecting 
cell and are thus very important bound- 
ary conditions for the dynamical model. 

For most of the last decade, solutions 
to dynamic problems were restricted to 
limited parts of the globe or were non- 
spherical, two-dimensional models. Just 
recently, however, models have been 
developed that are spherical and global 
in extent and that correctly include the 
boundary conditions of the surface 
plates. The model of Hager and O'Con- 
nell (44) is an example of this general 
approach. 

Great progress is certain to come as 
soon as these generalized models are 
perfected. Results from the general mod- 
el of Hager and O'Connell lend support 
to the idea that convection cells extend 
through the entire mantle. Even so, the 
question of whether the upper convec- 
tion cell extends only to the 670-km 
discontinuity is not settled, and there is 
some evidence that mantle phase 
changes may impede vertical flow 
through the phase boundary. The isoto- 
pic evidence indicates that there are lay- 
ered sets of convection cells (45). 

Instabilities 

The low-velocity zone. The U.S. Pro- 
gram for the Geodynamics Project (1, p. 
30) stated: "It is generally agreed there 
is a minimum in shear velocity that oc- 
curs near the lithosphere-asthenosphere 
boundary. There are many indications 
this minimum results from a zone of 
partial melting-what are the homoge- 
neities . . . where is the bottom of the 
low velocity channel?" In the last dec- 
ade there has been a pronounced shift in 

the consensus of what causes the low- 
velocity zone (LVZ). In the early 1970's 
the majority held that the minimum in 
shear velocity was due to a partial melt- 
ing of the rock (46). A minority held that 
it was due in large part to an abrupt 
change in the thermal gradient near the 
top of the upper mantle (47). 

The argument in favor of partial melt- 
ing relied heavily on the observed low Q 
(high seismic wave absorption) in the 
LVZ, which was postulated as arising 
from acoustic absorption in the melted 
grains of the rock. But now the necessity 
for having a partial melt in the upper 
mantle is no longer demanded by the 
attenuation models of the LVZ. The cur- 
rent view is that the low Q probably 
arises from subsolidus solid-state ab- 
sorption processes (48). Two views have 
recently been advanced for the LVZ. 
One is that the minimum in shear veloci- 
ty (v,) results from a sharp knee in the T 
profile, as the thermal regime changes 
from the conductive mode in the litho- 
sphere to the convective mode in the 
asthenosphere (49). Another is that an 
acoustic absorption band associated with 
the subsolidus mechanisms of the low Q 
channel affects the v, behavior (50). Fur- 
ther work in this field is presently inhibit- 
ed by the lack of resolution in the seismic 
details of the LVZ. 

Melting. An adequate theory of fusion 
seemed remote in 1973, although many 
researchers supported the Lindemann 
law of fusion (51), which was derived on 
the basis of a nai've lattice model. Two 
advances have given a good basis of 
support to the Lindemann law, which 
now appears to be based on assumptions 
far broader than given in the original 
derivation. Stacey and Irvine (52) de- 
rived a melting law by using a clear-cut 
thermodynamic basis, including the Cla- 
peyron relation. Their result is very 
close to the Lindemann formula, but it 
has the important advantage of being 
based on thermodynamic equilibrium 
and not just on a theory of instability. 

The Lindemann law, expressed in 
terms of y, is 

where T ,  is the temperature at melting. 
The Stacey and Irvine formula for solids 
is the same as Eq. 7 except that the 113 
term is replaced by the term AVI 
V(l + y) = a ,  where AVIV is the volume 
change upon melting (a few percent); 

In comparing Eq. 8 with Eq. 1, we see 
that the adiabatic gradient equals the 
melting gradient when y = 2a. For 
y > 2a, the Tin a convective-flow region 
rises more slowly with depth than T,. 



Thus, the T of the deep mantle should be 
far below the T of the solidus if the 
current values of y in the mantle are 
reasonably correct (7, 9). 

Stevenson (53), using liquid theory, 
derived a formula for melting which also 
greatly resembles the Lindemann law: 

where k is the Boltzmann constant and 
Cv is the heat capacity at constant vol- 
ume. Equation 9 approaches Eq. 7 as Cv 
approaches the classical value 3k.  It 
seems clear that the Lindemann law, 
with slight modifications, will become 
part of the future thermal theories of the 
earth's mantle and core. 

The experimental details of the melt- 
ing process seemed clearer in 1973 than 
they do now. It was known that C02  and 
H 2 0  were quite soluble in silicate liquids 
at pressures equivalent to those below 50 
km (54). Consequently, it was assumed 
that at the beginning of melting the melt- 
ing point was substantially depressed 
because of the presumed volatile content 
of the upper mantle (53 ,  an idea that was 
convenient at the time that the LVZ was 
attributed to partial melting. The sepa- 
rate and combined effects of H 2 0 ,  C02 ,  
and other volatiles on melting and other 
phase transformations are now fairly 
well understood (56). The amount of the 
T depression depends upon the details of 
the chemical composition, including es- 
pecially the volatiles. However, it is an 
obvious oversimplification to adopt a 
single geochemical model for the entire 
mantle, particularly because of the het- 
erogeneous distribution of volatiles, al- 
kalies, iron, and other components (57). 

Solid-solid transition. The need for an 
adequate theory of solid-solid transitions 
was emphasized in the U.S. Program for 
the Geodynamics Project (1). But now 
only a little progress can be reported. In 
1973 it was generally supposed that sol- 
id-solid transitions were associated with 
the disappearance of a shear-elastic con- 
stant at high P. Further work disclosed 
that the transitions, at least in simple 
diatomic ionic solids, take place when a 
particular shear constant is not zero but 
is small. The transition takes place when 
the shear elastic constant (c,,) is a given 
fraction of the bulk modulus (K) (c,/ 
K = 0.15 to 2.0) (56). Experimental con- 
firmation of this criterion was reported, 
for example, for CaO (58). 

On the experimental side the progress 
has been quite rewarding. Of special 
significance is the measurement by 
Akaogi and Akimoto (12) of the phase 
equilibrium in garnet lherzolite and in 
particular the stability field of olivine in 

its various phases. In this work they 
found that the pressure corresponding to 
the first jump in v, at the transition zone, 
occurring at 380 km, has a corresponding 
Tof 1400°C. This T is associated with the 
a + y > cr + p transition (olivine to 
modified spinel structure). Thus for the 
peridotite model of the mantle a good T 
fix is 1400°C at the beginning of the 
transition zone. 

Mao et al. (24) showed that iron parti- 
tions between perovskite and mag- 
netowiistite in such a way that the iron 
content of pyroxene and olivine in the 
lower mantle has definite limits. Mao 
and his colleagues and Liu (23) have 
made a convincing case for the perov- 
skite structure of (Mg,Fe)Si03 in the 
lower mantle. This is one of the most 
exciting results of the decade. The edge 
of research in this area now concerns the 
possibility of gravitational separation of 
perovskite and magnetowiistite in the 
lower mantle and the possibility of tran- 
sitions or chemical reactions to phases 
denser than perovskites in the deep parts 
of the lower mantle. 

Deep Structure 

The contributions of seismological re- 
search to the understanding of the 
earth's deep interior have been reviewed 
elsewhere (59). Mention will be made 
here of a seismic solution that has been 
particularly useful to the theories of ther- 
mal structure described in this article. 
The PEM (60) has been frequently used 
for its density, velocity, and pressure 
distributions. They have been the pri- 
mary data in many thermal models. 

The PEM smooths out the seismic 
data so that thermodynamic manipula- 
tion is eased, but at the same time evi- 
dence for heterogeneity is obscured. To- 
day there is mounting evidence that 
there may be several subtle transitions in 
the mantle, and further work along this 
line is under way (61). The resolution of 
possible lateral inhomogeneities is one of 
the most challenging and urgent prob- 
lems facing seismologists. 

The idea that the mean atomic weight 
(m) is constant throughout the lower 
mantle has not been seriously challenged 
in the past decade. The evidence for 
constant ri? has been reviewed by Watt et 
al. (62). Heterogeneities in the lower 
mantle are therefore probably not due to 
variations in the iron concentration but 
rather to the relative changes in calcium- 
rich minerals and garnet structures, 
since m is insensitive to many calcium 
minerals and aluminum-rich minerals 
such as garnet mixed with accepted man- 
tle minerals. 

The Core 

It is interesting that in the U.S. Pro- 
gram for the Geodynamics Project (1) 
there was little mention of the physics of 
the earth's core. It is clear from the 
progress made in understanding the ther- 
mal structure of the earth that the mantle 
cannot be understood apart from the 
core. The core must be producing a large 
thermal flux because of the suspected 
large thermal boundary at the core-man- 
tle interface. A basic understanding of 
the chemistry of the core is needed if we 
are to understand this large flux. It was 
accepted a decade ago that the core is 
largely iron, modified by a lighter ele- 
ment; this concept has not changed. 
Much research has been devoted to un- 
derstanding what this modifying element 
or elements can be. Recent candidates 
include sulfur, potassium, and oxygen 
(63). 

Conclusions 

In 1970 the main features of the earth's 
anatomy were known. Progress in the 
past decade has been devoted to elabo- 
rating upon the earth's anatomy but 
more importantly, has revealed glimpses 
of the planet's physiology. Enough has 
been learned to assure that dynamic 
problems of the planet will be a central 
focus in the coming decade. 

The research results of the geodynam- 
ics of the mantle and core have implica- 
tions for the current philosophical basis 
of geophysics, uniformitarianism. Ac- 
cording to this philosophy, the present is 
the key to the past, and in principle the 
early moments of the earth's creation as 
a planet can be reconstructed if the pres- 
ent state of the earth is sufficiently well 
understood. If the thermal regime of the 
deep interior is controlled by a fixed 
viscosity, as maintained by Tozer (3, 14), 
then the physical properties of the plan- 
et's interior have only a "fading memo- 
ry" of the initial conditions at the time of 
the formation of the planet. This conclu- 
sion is a setback for uniformitarianism 
because, in this case, the present howev- 
er well understood is not reliable as a key 
to the distant past. 

References and Notes 

1. U.S. Program for the Geodynamics Project: 
Scope and Objectives (National Academy of 
Sciences, Washington, D.C., 1973). 

2. U.S. National Report to the 17th General As- 
sembly, International Union of Geodesy and 
Geophysics, 2 to 15 December 1979 [Rev. 
Geophys. Space Phys. 17, 303, 744, 1010, 1352, 
1591 (1979)l. 

3. D. C.  Tozer, Sci. Prog. London 64,  1 (1977). 
4. A. H. Lachenbruch and J. H. Sass, Geol. Soc. 

Am.  Mem. 132 (1978), p. 209. 
5. F. R. Boyd, Geochim. Cosmochim. Acta 37, 

2533 (1973); I. D. MacGregor, Am. Mineral 59, 
110 (1974). 



6. J. C. Mercier, J .  Geophys. Res., in press. 
7. R. D. Irvine and F. D. Stacey, Phys. Earth 

Planet Inter. 11, 157 (1975). 
8. V. Ya. Vashchenko and V. N.  Zubarev, Sov. 

Phys. Solid State 5, 653 (1963). 
9. 0 .  L.  Anderson, Phys. Earth Planet. Inter. 18, 

221 (1979); J .  Geophys. Res. 84, 3537 (1979). 
10. F. D. Stacey, Phys. Earth Planet. Inter. 15, 341 

(1977). 

Manghnani and S. Akimoto, Eds. (Academic 
Press. New York. 1977). oo. 519-532: D. J. 

J. Wasserburg and D. J .  DePaolo, Proc. Natl. 
Acad. Sci. U.S.A. 76, 3594 (1979). 
D. L. Anderson, C. Sammis, T. Jordan, Science 
171, 1103 (1971). 
0. L. Anderson. J .  Geoohvs. Res. 70. 1457 

~ e i d n e r ,  K. ~ w y l e r ,  H.'J. 'carleton, ~ e o ~ h ~ s .  
Res. Lett. 2, 189 (1975); D. J .  Weidner, H. 
Wang, J. Ito, Phys. Earth Planet. Inter. 16, Pi 
11 978) (1965); R. C. ~iebermanh and E.  ~chreiber ,  

Earth Planet. Sci. Lett. 32, 77 (1969). 
D. L. Anderson and R. S. Hart. Phvs. Earth 

, - ? . - , . 
D. J .  Weidner, J. D. Bass, A. E. Ringwood, W. 
Sinclair, Eos 61, 379 (1980); abstract T154. 
Y. Sumino, I. Ohno, T. Goto, M. Kumazawa, J. 
Phys. Earth 24, 263 (1976); Y. Sumino, ibid. 27, 
209 (1979). 
D. L. Anderson and Y. Sumino, Geophys. Res. 

Planet. Inter. 16, 289 (1978). 
0 .  L. Anderson, J .  Geophys. Res. 85, 7003 
119Rn) 

11. R; ~ e i n l o z  and F. M. Richter, J .  Geophys. Res. 
84, 5497 (1979); J. M. Brown and T. J .  Shank- 
land, Geophys. J . ,  in press; 0 .  L. Anderson, 
Am. Geophys. Union Monogr., in press. 

12. M. Akaogi and S. Akimoto, Phys. Earth Planet. 
Inter. 19, 31 (1979). 

13. L. Liu, Earth Planet. Sci. Lett. 36, 237 (1977). 
14. D. C. Tozer, Phys. Earth Planet. Inter. 6, 182 

(1077\ 

\I,"Y,. 

D. L. Anderson, H. Kanamori, R. S. Hart, H.- 
P. Liu, Science 196, 1104 (1977). 
F. A. Lindemann, Phys. Z. 11, 609 (1910). 
F. D. Stacey and R. D. Irvine, Aust. J .  Phys. 30, 
641 (1977). 
D. Stevenson, Phys. Earth Planet. Inter. 22, 42 
(1980). 

Lett., in press. 
I .  Suzuki, J .  Phys. Earth 27, 53 (1979). 
R. Boehler, I .  Getting, G. C. Kennedy, J .  Phys. 
Chem. Solids 38, 233 (1977); R. Boehler and J. 
Ramakrishnan, J .  Geophys. Res.,  in press. 
0. L. Anderson, Phys. Chem. Minerals 5, 33 
11 979) 

, . , , L / .  

Y. Nakamura, G. Latham, D. Lammlein, M. 
Ewing, F. Duennebier, J .  Dorman, Geophys. 
Res. Lett. 1, 137 (1974); M. N. Toksbz, Rev. 
Geophys. Space Phys. 17, 1641 (1979). 
K. Koyama and Y. Nakamura, Eos 61, 283 
(19801, abstract P20. 
J. Baumgardner and 0 .  L. Anderson, in Ad- 
vances in Space Exploration (Pergamon, New 
York, in press). 
D. P. McKenzie and N. Weiss, Geophys. J .  R .  
Astron. Soc. 42, 131 (1975). 
G. Schubert, D. Stevenson, P. Cassen, J .  
Geophys. Res. 85, 2531 (1980). 
F. D. Stacey, unpublished data. 
H. K. Mao and P. M. Bell, Science 200, 1145 
(1978); L. Liu and W. A. Bassett, J .  Geophys. 
Res. 80, 3777 (1975). 
H. K. Mao and P. M. Bell, Carnegie Inst. 
Washineton Yearb. 76. 904 (1977): P. M. Bell. 

R: '.'T. Hill and A. L. Boettcher. Science 167. ,A,,,,. 

V. N. Zharkov and V. P. Trubitsyn, Physics of 
Planetary Interiors (Pachart, Tucson, Ariz., 
1977), figures 1 through 11. 
0 .  L. Anderson and Y. Sumino, Phys. Earth 
Planet. Inter., in press. 
M. S. T. Bukowinski, ibid. 13, 333 (1977). 
N.  L. Carter, Rev. Geophys. Space Phys. 14, 
301 (1976); R. J. Martin 111, ibid. 17, 1132 (1979); 
J. M. Logan, ibid., p. 1121. 
J. A. Tullis, ibid., p. 1137. 
D. L. Kolstadt, C. Goetze, W. B. Durham, The 
Physics and Chemistry of Minerals and Rocks, 
R. G. J .  Strens, Ed. (Wiley, London, 1979), pp. 
35-49. 
L. M. Cathles, The Viscosity of the Earth's 
Mantle (Princeton Univ. Press, Princeton, N.J., 
1975) 

980 (1970). 
I. Kusairo, Am. J .  Sci. 267, 269 (1979). 
P. J. Wyllie, Am. Mineral. 64, 469 (1979). 
A. L. Boettcher and J. R. O'Neil, Am. J .  Sci. 
280-A, 594 (1980). 
H. H. Demarest, J. ,  R. Ota, 0. L.  Anderson, 
High Pressure Research-Applications in Geo- 
physics, M. H. Manghnani and S. Akimoto, 
Eds. (Academic Press, New York, 1977), pp. 
281-301. 
A. M. Dziewonski, Rev. Geophys. Space Phys. 
17, 303 (1979). 
, A. L. Hales, E.  R. Lapwood, Phys. 
Earth Planet. Inter. 10, 12 (1975). 
A. L. Hales, K. Muirhead, J .  M. Ryan, Tectono- 
physics 63, 309 (1980). 
J. P. Walt et al., Geology 3, 92 (1975). 
R. Brett. Geochim. Cosmochim. Acta 37. 165 W. M. Kaula, J .  Geophys. Res. 68, 4967 (1963). 

E. R. Oxburgh and D. L.  Turcotte, Rep. Prog. 
Phys. 41, 1249 (1978); F. Richter, Annu. Rev. 
Earth Planet. Sci. 6, 9 (1978); D. L. Turcotte, 
Rev. Geophys. Space Phys. 17, 1090 (1979). 
B. H. Hager and R. C. O'Connell, Eos 60, 391 
(1979), abstract T153; presented as part of sym- 
posium 10, International Union of Geodesy and 
Geoohvsics. 2 to 15 December 1979. Canberra. 

~ -- 

Rev. ~ g o ~ h y s .  Space ~ h y s .  17, 788 (1979). 
' 

23. L. Liu, Earth Planet. Sci. Lett. 42, 202 (1979). 
24. H. K. Mao. P. M. Bell. T. Yaei. Carneeie Inst. 

(1973); ~ e v .  Geophys. Space Phys. 14, 375 
(1976); A. E. Ringwood, Origin of the Earth and 
Moon (Springer-Verlag, New York, 1979). 
I thank Drs. A. Boettcher, L. Liu, F. Stacey, P. 
Bell, and W. Kaula. I am especially grateful for 
the guidance of Dr. C.  Drake throughout the 
decade of the geodynamics project. This work 
was supported by NSF grants EAR8004272 and 
EAR79-11212. Publication 2091 of the Institute 
of Geophysics and Planetary Physics, Universi- 
ty of California, Los Angeles. 

Washington Yearb. 77-78, 62F(1978-1q79). 
25. T. Yaei. P. M. Bell. H. K. Mao. ibrd.. a.  617. 
26. R. ~e&ioz ,  T. J. Ahrens, P. M. Bell, H. K. Mao, 

ibid., p. 628. 
27. D. L. Anderson, Geophys. Res. Lett. 6, 433 

11 979) ~us i r a i i a  (1979). 
D. J. DePaolo, Eos 61, 207 (1980), abstract U9; 
Geochim. Cosmochim. Acta 44, 1185 (1980); G. 

, A , , , , . 
28. W. A. Bassett and E. M. Brody, High Pressure 

Research-Applications in Geophysics, M. H. 

nate as MORBS, are still uncertain. It 
appears to be very large, homogeneous, 
global in extent, and the result of an ear- 
lier differentiation or fractionation pro- 
cess that depleted it, relative to other 
source regions, of most of the incompati- 
ble elements, that is, those trace ele- 
ments that are strongly concentrated into 
partial melts. On the other hand, it is 
clearly not lacking in a basaltic com- 
ponent. The continental crust is com- 
plementary to MORB in both trace ele- 
ments and isotopic ratios (2, 3). Forma- 
tion of the continents has presumably 
been at least partially responsible for the 
depletion of the so-called oceanic 
mantle. If the continental crust is the on- 
ly enriched reservoir, then mass balance 
calculations indicate that only about 30 
percent of the mantle has been pro- 
cessed, the rest remaining undifferentiat- 
ed and primoridal (3, 4). 

A large primitive reservoir would be 
difficult to reconcile with other evidence 
regarding the early thermal evolution of 
planetary interiors. There is, however, 
evidence for an additional enriched res- 
ervoir in the mantle. Magmas from conti- 

Hotspots, Basalts, and the 
Evolution of the Mantle 

Don L. Anderson 

Hotspots, or plumes, have not yet 
been fitted satisfactorily into either the 
tectonic or the geochemical framework 
for the evolution of the mantle. A hot- 
spot is a relatively stationary and long- 
lived thermal anomaly in the mantle and 
provides a variety of trace element en- 
riched magmas to oceanic islands and 
continental interiors. From the point of 
view of mantle processes and the chemi- 
cal evolution of the mantle, the alkali 
volcanism associated with hotspots is a 
very important process even if the abun- 
dance of such rocks is small as compared 
to the volume of abyssal tholeiites (I). 
The processes of creation and subduc- 

tion of oceanic crust and lithosphere 
clearly account for most of the mass 
transport into and out of the upper man- 
tle, and the study of mid-ocean ridge 
basalts (MORB) has placed important 
constraints on the part of the mantle that 
is providing these magmas. Trace ele- 
ment and isotopic considerations show, 
however, that the source region for 
MORB cannot be representative of the 
average composition of the mantle, nor 
can it have existed as a separate entity 
with its present characteristics for the 
full age of the earth. 

The composition, location, and vol- 
ume of this source region, which I desig- 
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