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It was a long time before man came to understand that
any true theory of the earth must rest upon evidence
furnished by the globe itself, and that no such theory could
properly be framed until a large body of evidence had
been gathered together.

SirR ARCHIBALD GEIKIE, 1905



he maturing of the Earth sciences has led to a frag-

mentation into subdisciplines which speak imperfectly
to one another. Some of these subdisciplines are field ge-
ology, petrology, mineralogy, geochemistry, geodesy and
seismology, and these in turn are split into even finer units.
The science has also expanded to include the planets and
even the cosmos. The practitioners in each of these fields
tend to view the Earth in a completely different way. Dis-
coveries in one field diffuse only slowly into the conscious-
ness of a specialist in another. In spite of the fact that there
is only one Earth, there are probably more Theories of the
Earth than there are of astronomy, particle physics or cell
biology where there are uncountable samples of each ob-
ject. Even where there is cross-talk among disciplines, it is
usually as noisy as static. Too often, one discipline’s un-
proven assumptions or dogmas are treated as firm boundary
conditions for a theoretician in a slightly overlapping area.
The data of each subdiscipline are usually consistent with a
range of hypotheses. The possibilities can be narrowed con-
siderably as more and more diverse data are brought to bear
on a particular problem. The questions of origin, composi-
tion and evolution of the Earth require input from astron-
omy, cosmochemistry, meteoritics, planetology, geology,
petrology, mineralogy, crystallography, materials science
and seismology, at a minimum. To a student of the Earth,
these are artificial divisions, however necessary they are to
make progress on a given front.

Examples abound. A seismologist struggling with the
meaning of velocity anomalies beneath various tectonic
provinces, or in the vicinity of a deeply subducting slab, is
apt to interpret seismic results in terms of temperature varia-
tions in a homogeneous, isotropic half-space or series of
layers. However, the petrological aspects-—variations in
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mineralogy, crystal orientation or partial melt content—are
much more important. These, in turn, require knowledge of
phase equilibria and material properties.

An isotope geochemist, upon finding evidence for sev-
eral ancient isolated reservoirs in the rocks and being gen-
erally aware of the geophysical evidence for a crust and a
650-km discontinuity, will tend to interpret the chemical
data in terms of crustal contamination or recycling, a
“normal” mantle source and a lower mantle source. This
*“standard” petrological model is a homogeneous peridotite
mantle which contains about 20 percent basalt, available as
needed, to fuel the midocean ridges with uniform magmas.
Exotic basalts are assumed to be from the core-mantle
boundary or to have interacted with the crust. The crust and
shallow mantle may be inhomogeneous, but the rest of the
mantle is viewed as well homogenized by convection.

The convection theoretician treats the mantle as a ho-
mogeneous fluid or as a two-layered system, with con-
stant physical properties, driven by temperature-induced
bouyancy, ignoring melting and phase changes and even
pressure.

In Theory of the Earth 1 attempt to assemble the bits
and pieces from a variety of disciplines which are relevant
to an understanding of the Earth. Rocks and magmas are
our most direct source of information about the interior, but
they are biased toward the properties of the crust and shal-
low mantle. Seismology is our best source of information
about the deep interior; however, the interpretation of seis-
mic data for purposes other than purely structural requires
input from solid-state physics and experimental petrology.
Although this is not a book about seismology, it uses seis-
mology in a variety of ways.

The “Theory of the Earth” developed here differs in
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many respects from conventional views. Petrologist’s mod-
els for the Earth’s interior usually focus on the composition
of mantle samples contained in basalts and kimberlites. The
“simplest” hypothesis based on these samples is that the
observed basalts and peridotites bear a complementary re-
lation to one another, that peridotites are the source of ba-
salts or the residue after their removal, and that the whole
mantle is identical in composition to the inferred chemistry
of the upper mantle and the basalt source region. The man-
tle is therefore homogeneous in composition, and thus all
parts of the mantle eventually rise to the surface to provide
basalts. Subducted slabs experience no barrier in falling
through the mantle to the core-mantle boundary.

Geochemists recognize a variety of distinct reservoirs,
or source regions, usually taken as the upper mantle for
midocean-ridge basalts and the lower mantle for hotspot,
plume or ocean-island basalts. In some models the mantle
is still grossly homogeneous but contains blobs of isoto-
pically distinct materials so that it resembles a marble cake.

Seismologists recognize large lateral heterogeneity in
the upper mantle and several major seismic discontinuities.
The discontinuities, in the homogeneous-mantle scenario,
represent equilibrium phase changes. They could also be,
in part, due to changes in chemistry. The ocean and conti-
nental lithospheres, or high-velocity layers, may represent
material different from the underlying mantle.

It is difficult to take data which refer to the present
Earth and to extrapolate conditions very far back into the
past. The “present is the key to the past” training of Earth
scientists leads them naturally to the view that the Earth was
always pretty much the same and, if it assumed that the
mantle is homogeneous now, it always was. A modification
of this view is that the crust formed, in early Earth history,
from the upper mantle, and the lower mantle is still “pri-
mordial” or undifferentiated, and always has been.

If one considers the circumstances of the Earth’s birth,
however, one comes up with a different “simplest” hy-
pothesis. The energy of accretion is so great, and the melt-
ing temperatures and densities of the products are so dif-
ferent, that chemical stratification is the logical outcome.
Basalts and the incompatible elements are expected to be
concentrated toward the surface, and dense refractory crys-
tals are expected to settle toward the interior.

These various hypotheses can be tested with modern
data. It is only by considering a wide-variety of data that
we can narrow the possibilities.

The title of this book was not picked casually. This
year is the two-hundredth anniversary of the publication of
“Theory of the Earth; or an Investigation of the Laws Ob-
servable in the Composition, Dissolution, and Restoration
of Land Upon the Globe™ by James Hutton, the founder of
modern geology. It was not until much progress had been
made in all the physical and natural sciences that geology
could possess any solid foundations or real scientific status.

Hutton’s knowledge of chemistry and mineralogy was con-
siderable, and his powers of observation and generalization
were remarkable, but the infancy of the other basic sciences
made his “Theory of the Earth” understandably incom-
plete. In the present century the incorporation of physics,
chemistry and biology into geology and the application of
new tools of geophysics and geochemistry has made ge-
ology a science that would be unrecognizable to the Found-
er, although the goals are the same. Hutton’s uniformitarian
principle demanded an enormous time period for the pro-
cesses he described to shape the surface of the Earth, and
Hutton could see that the differend kinds of rocks had been
formed by diverse processes. These are still valid concepts,
although we now recognize catastrophic events as well.
Hutton’s views prevailed over the then current precipitation
theory which held that all rocks were formed by mineral
deposits from the oceans. Ironically, a currently emerging
view is that crystallization from a gigantic magma ocean
was an important process in times that predate the visible
geological record. Uniformitarianism apparently cannot be
carried too far.

The word “theory” is used in two ways. A theory is
the collection of facts, principles and assumptions which
guide the workers in a given field. Well-established theories
from physics, chemistry, biology and astrophysics, as well
as from geology, are woven into the Earth sciences. Stu-
dents of the Earth must understand solid-state physics,
crystallography, thermodynamics, Hooke’s Law, optics and
so on. Yet these collections of theories do not provide a
“Theory of the Earth.” They provide the tools for unravel-
ing the secrets of the Earth and for providing the basic facts
which in turn are only clues to how the Earth operates. By
assembling these clues we hope to gain a better understand-
ing of the origin, structure, composition and evolution of
our planet. This better understanding is all that we can hope
for in developing a “Theory of the Earth.”
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FIGURE 1-6
Condensation of a solar gas at 10-¢ atm (after Morgan and Anders, 1980).

would be about 5.34 g/cm®. By “identical structure” I mean
that (1) most of the iron is in the core, (2) the crust is about
0.4 percent of the total mass and (3) the deep temperature
gradient is maintained by convection. The high surface tem-
perature of Venus, about 740 K, would have several effects;
it would reduce the depth at which the convectively con-
trolled gradient is attained, it would deepen temperature-
sensitive phase changes and it may prevent mantle cooling
by subduction.

The density of Venus is 1.2 to 1.9 percent less than
that of the Earth after correcting for the difference in pres-
sure. This has been attributed to differences in iron content,
sulfur content, oxidization state of the mantle and deepen-
ing of the basalt-eclogite phase change. Most of the original
basaltic crust of the Earth subducted when the upper mantle
temperatures cooled into the eclogite stability field. The
density difference between basalt and eclogite is about 15
percent. Because of the high surface temperature on Venus,
the upper-mantle temperatures are likely to be 200—-400 K
hotter in the outer 300 km or so than at equivalent depths
on Earth, or melting is more extensive.

Since the deep interior temperatures of the two planets
are likely to be similar, the near-surface thermal gradient is

controlled by the thickness, 8, of the conductive thermal
boundary layer. This is related to the Rayleigh number, Ra,
and the thickness, D, of the underlying convecting layer by

6 = Ra~*D
where
ATD?
Ra = Eé__,
KV

which is written in terms of the gravitational acceleration
g, temperature rise across the layer A7, the thermal expan-
sion and diffusivity « and «, and the kinematic viscosity v.
The largest difference between Earth and Venus is likely to
be the viscosity since this depends exponentially on tem-
perature and pressure. The higher temperatures in the outer
layer of Venus and the lower pressure throughout serve to
decrease the average viscosity of the Venus mantle by at
least several orders of magnitude. The other parameters in
the Rayleigh number are only weakly dependent on tem-
perature or on the size of the planet. Because of the thinner
boundary layer, the near-surface thermal gradient is steeper
in Venus than the Earth. The net result is that the deep man-
tle adiabat is brought closer to the surface. This has inter-



TABLE 1-11
Compositions of Possible Components of the Terrestrial Planets
(Percent or ppm)

Species Cl EC HTC
Sio, 30.9 39.1 20.2
TiO, 0.11 0.06 1.9
Al 0, 2.4 1.9 36.5
Cr,0; 0.38 0.35 —
MgO 20.8 21.3 7.1
FeO 32.5 1.7 —
MnO 0.25 0.14 —_
CaO 2.0 1.6 34.1
Na,O 1.0 1.0 —
K (ppm) 800 920 —
U (ppm) 0.013 0.009 0.19
Th (ppm) 0.059 0.034 0.90
Fe 0 26.7 —
Ni 1.3 1.7 —
S 8.3 4.5 —

C1: Average C1 carbonaceous chondrite, on a C-, H,O-free basis (Wood,
1962).

EC: Average enstatite chondrite (Wood, 1962).

HTC: High-temperature condensate (Grossman, 1972).

esting implications for the phase relations in the upper man-
tle and the evolution of the planet. In particular, partial
melting in the upper mantle of Venus is probably much
more extensive than is the case for the Earth. Crust can be
much thicker because of the deepening of the basalt-eclogite
phase boundary.

Schematic geotherms are shown in Figure 1-7 for sur-
face temperatures appropriate for Earth and Venus. With
the phase diagram shown, the high-temperature geotherm
crosses the solidus at about 85 km. With other phase rela-
tions the eclogite field is entered at a depth of about 138
km. For Venus, the lower gravity and outer layer densities
increase these depths by about 20 percent; thus, we expect
a surface layer of 100 to 170 km thickness on Venus com-
posed of basalt and partial melt. On the present Earth, the
eclogite stability field is entered at a depth of 40—60 km.

COMPOSITION OF THE TERRESTRIAL PLANETS 17

A large amount of basalt has been produced by the
Earth’s mantle, but only a thin veneer is at the surface at
any given time. There must therefore be a substantial
amount of eclogite in the mantle, the equivalent of about
200 km in thickness. If this were still at the surface as ba-
salt, the Earth would be several percent less dense. Cor-
recting for the difference in temperature, surface gravity
and mass and assuming that Venus is as well differentiated
as Earth, only a fraction of the basalt in Venus would have
converted to eclogite. This would make the uncompressed
density of Venus about 1.5 percent less than Earth’s without
invoking any differences in composition or oxidation state.
Thus, Venus may be close to Earth in composition. It is
possible that the present tectonic style on Venus is similar
to that of Earth in the Archean, when temperatures and tem-
perature gradients were higher.

The high degree of correlation between gravity and
elevation on Venus might suggest that surface loads are sup-
ported by a thick, strong lithosphere. Because of the high
surface temperature, this is unlikely. In the other extreme,
in a purely viscous, convecting planet, such a correlation is
expected if hot upwellings deform the surface upward to an
extent that more than compensates the lower density. This,
in general, is the expected situation. A thick buoyant crust
would also give this effect if isostasy prevails. The relation-
ship between elevation and geoid, or gravity, gives the
depth of compensation. High topography may also be main-
tained dynamically by horizontal compression, but this is
expected to be a transient situation.

The depth of compensation on Venus has been esti-
mated to be 115 = 30 km (Phillips and others, 1980). A
thick buoyant crust on Venus is therefore a distinct possibil-
ity. If the depth of compensation corresponds to the crustal
thickness, then it would be six times the average crustal
thickness on Earth and comparable in thickness to the seis-
mic lithosphere under continental shields, which has been
interpreted as olivine-rich residual material that is lighter
than “normal” fertile (high garnet content) mantle. The
amount of implied crust for Venus is not unreasonable, con-
sidering the amount of CaO, AL,O;, Na,O and so on that is

TABLE 1-12
Rare-gas Isotopes in Planetary Atmospheres and Chondrites
BAF WAy WA/ AF 9% 129%e/132Xe
(10 "®cm?3/g) (10 ~%cm?/g) (10 ~“Zem?/g)
Mars 1.6 48 3000 1.12 1.49
Earth 210 612 291 1.04 0.067
Venus 21,000 225 1.07 — —
Chondrites
C1 7700 476 6.2 380 0.05
C3v 3440 1500 44 780 0.26
E4 3310 8606 260 3890 4.05

Mazor and others (1970), Anders and Owen (1977), Morgan and Anders (1980), Wacker and Marti

(1983), von Zahn and others (1983).
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TABLE 1-13

Representative Model Compositions of Terrestrial Planets and Other Bodies
Based Mainly on Cosmochemical Considerations (Weight Percent and ppm)

Species Mercury Venus Earth Mars Moon EPB
Mantle + Crust
Sio, 438 53.9 48.0 40.0 45.6 46.0
TiO, — 0.20 0.27 0.1 0.2 0.15
Al 0, 4.4 3.9 52 3.1 4.6 3.1
Cr,0, — — 1.1 0.6 0.4 0.8
MgO 47.7 38.3 34.3 27.4 324 32.5
FeO 0 2.1 7.9 24.3 13.0 14.4
MnO — —_ 0.12 0.2 0.18 0.4
Ca0O 4.1 3.6 4.2 2.5 3.8 2.5
Na,O — 1.5 0.33 0.8 0.06 0.07
H,0 — — 0.11 0.9 — —
K (ppm) — 1318 262 573 60 62
U (ppm) 0.024 0.021 0.028 0.017 0.027 0.018
Th (ppm) 0.11 0.096 0.100 0.077 — 0.07
Core
Fe 94.5 84.7 89.2 72.0 — —
Ni 5.5 5.2 5.7 9.3 — —
S 0 10.0* 5.1% 18.6* — —
Relative Masses

Mantle + Crust 33.0 69.1 63.9 88.1 _— —
Core 67.0 30.9 36.1 11.9 — —

Mercury: Cosmic Al:Mg ratio, sufficient SiO, for anorthite, diopside, and forsterite phases in mantle,
core/mantle mass ratio satisfying mean density (BVP, 1980).

Venus: Equilibrium condensation modified by use of feeding zones (Weidenschilling, 1976; BVP, 1980).
Venus can be identical in composition to the Earth (Anderson, 1980, 1981).

Earth: Ganapathy and Anders (1974).
Mars: Anderson (1972a).
Moon: Winke and others (1977).

Bucrite Parent Body: Dreibus and others (1977), Dreibus and Wanke (1979).
* A fraction of the cosmic complement of sulfur is assumed to be in the core.

likely to be incorporated into planetary interiors and consid-
ering the relative thickness of the martian and lunar crusts.
It is Earth that is anomalous in total crustal thickness, and
this can be explained by crustal recycling and the shallow-
ness of the basalt-eclogite boundary in the Earth. Most of
the Earth’s “crust” probably resides in the transition region
of the mantle. Estimates of bulk Earth chemistry can yield
a basaltic layer of about 10 percent of the mass of the
mantle.

There is little evidence for Earth-style plate tectonics
on Venus, but this does not mean that Venus is tectonically
dead. If the surface is choked with thick buoyant crust, the
manifestation of mantle convection would be quite different
than on Earth, where oceanic lithosphere can subduct to
make room for the new lithosphere formed at midocean
ridges. The rifts and highlands on Venus may be recent
transient features, and the surface may be constantly reor-
ganizing itself more on the style of pack ice in the polar
oceans. If the crust and lithosphere on Venus is buoyant, the
cooling effect of subduction is precluded, and the venerian
mantle may be hotter than the Earth’s mantle.

The very slow retrograde spin of Venus and its great
abundance of primordial argon might be explained by the
impact of a major body (Cameron, 1982). The slow rotation
rate may also be at least partly responsible for the small
magnetic field, which is smaller than either Earth’s or
Mars’s. The magnetic dipole moment of Venus is at least
four orders of magnitude less than Earth’s. Other factors
that might be involved in the small magnetic field of Venus
include the roughness of the core-mantle boundary, the tem-
perature of the core and the absence of chemical sedimen-
tation in the core. It is also remotely possible that the field
is temporarily low, as occurs on Earth when the field is
reversing polarity.

The Soviet gamma-ray data from the surface of Venus
(Table 1-15) are consistent with those expected for basal-
tic rocks.

Mars

Mars is about one-tenth of the mass of Earth. The uncom-
pressed density is substantially lower than that of Earth or
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Schematic geotherms for the Earth with different surface temper-
atures. Note that the eclogite stability field is deeper for the
higher geotherms and that a partial melt field intervenes between
the basaltic crust and the rest of the upper mantle. Basaltic mate-
rial in the eclogite field will probably sink through the upper
mantle and be replaced by peridotite. Shallow subduction of ba-
saltic crust leads to remelting in the case of Venus and the early
Earth but conversion to eclogite and deep subduction for the
present Earth. The depth scale is for an Earth-size planet with the
colder geotherm and present crust and upper-mantle densities.
For Venus, with smaller g, higher temperatures and low-density
crust replacing part of the upper mantle, the depths are increased
by about 20 percent.

Venus and is very similar to the inferred density of a fully
oxidized (less C and H,0) chondritic meteorite. The mo-
ment of inertia, however, requires an increase in density
with depth over and above that due to self-compression and
phase changes, indicating the presence of a small core. This
in turn indicates that Mars is a differentiated planet.

Mars has long been known as the red planet. Its soils
are apparently rich in iron oxides, possibly formed by
weathering of an FeO-rich basalt. Models of the mantle of
Mars are also rich in FeO.

The tenuous atmosphere of Mars suggests that it either
is more depleted in volatiles or has experienced less outgas-
sing than Earth or Venus. It could also have lost much of its
early atmosphere by large impacts. Geological evidence for
running water on the surface of Mars suggests that a large
amount of water is tied up in permafrost and ground water
as well as in the polar caps. The northern polar cap of Mars
is mainly solid CO,, while water ice is an important com-
ponent of the “permanent” southern polar cap.

The high “°Ar/*$Ar ratio on Mars, 10 times the terres-
trial value, suggests either a high potassium-40 content plus
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efficient outgassing, or a net depletion of argon-36 and,
possibly, other volatiles. Early outgassed argon-36 could
also have been removed from the planet.

The SNC meteorites, described earlier, have trapped
rare-gas and nitrogen contents that differ from other mete-
orites but closely match those in the martian atmosphere
(Bogard and Johnson, 1983; Becker and Pepin, 1984). The
discovery of meteorites in Antarctica that appear to have
come from the Moon increases the possibility that impacts
on other planets can launch fragments that eventually land
on the Earth. If SNC meteorites do come from Mars (Drei-
bus and Winke, 1985), then a relatively volatile-rich planet
is implied, and the atmospheric evidence for a low volatile
content for Mars would have to be rationalized by the loss
of the early accretional atmosphere. Mars, of course, is
more susceptible to atmospheric escape than Venus or Earth
owing to its low gravity. A model for Mars based on SNC
composition is compared with other models in Table 1-16.

The surface of Mars appears to be basaltic, and the
large volcanoes on Mars are similar in form to shield vol-
canoes on Earth. The composition of the soil is consistent
with weathering from basaltic parent materials (Table 1-17).

The topography and gravity field of Mars indicate that
parts of Mars are grossly out of hydrostatic equilibrium and
that the crust is highly variable in thickness. If variations in
the gravity field are attributed to variations in crustal thick-
ness, with a constant density ratio between crust and man-
tle, then reasonable values of the density contrast imply that

TABLE 1-14
Cosmochemical Model Compositions of Venus
Species Vi1 V3
Mantle Plus Crust
Sio, 52.9 49.8
TiO, 0.20 0.21
Al,0, 3.8 4.1
Cr,0, — 0.87
MgO 37.6 35.5
FeO 0.24 54
MnO —_— —
CaO 3.6 3.3
Na,O 1.6 0.28
H,0 0 0.22
K (ppm) 1442 221
U (ppm) 0.020 0.022
Th (ppm) 0.094 0.079
Core
Fe 94.4 88.6
Ni 5.6 5.5
S 0 5.1
Relative Masses

Mantle + Crust 69.8 68.0
Core 30.2 32.0

V1: Equilibrium condensation (BVP, 1980).
V3: Morgan and Anders (1980).
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the average crusta} thickness is at least 30 km (Bills and
Ferrari, 1978). This minimal bound is based on the assump-
tion of zero crustal thickness in the Hellas basin. An impact
large enough to excavate the Hellas basin would easily re-
move a 30-km-thick crustal layer. This minimal average
crustal thickness on Mars gives a crust/planet mass ratio
that is more than five times the terrestrial value (0.4 per-
cent), indicating a well-differentiated planet.

The crust of the Earth is enriched in CaO, ALO;, K0,
and Na,O in comparison to the mantle, and ionic radii con-
siderations and experimental petrological results (Chapter
16) suggest that the crust of any planet will be enriched in
these constituents. A minimal average crustal thickness for
a fully differentiated chondritic planet can be obtained by
removing all of the CaO possible, with the available ALO;,
as anorthite to the surface. This operation gives a crustal
thickness of about 100 km for Mars. Incomplete differentia-

TABLE 1-15
Surface Composition of Venus
Venera § Venera 9 Venera 10

K, percent 4.0x1.2 0.47 £ 0.08 0.30 = 0.16
U, ppm 2.2 =07 0.60 = 0.16 0.46 = 0.26
Th, ppm 6.5=0.2 3.65 = 0.42 0.70 = 0.34
K/U 20,000 8000 7000
Th/U 3.0 6.1 1.5

Surkov (1977).

TABLE 1-16
Model Compositions of Silicate Portions of Mars and Earth
Species _ Mars Earth
(¢)) 2 3)
SiO, (percent) 44 .4 40.0 47.9
TiO, 0.14 0.1 0.2
ALO, 3.02 3.1 3.9
Cr,0, 0.76 0.6 0.9
MgO 30.2 27.4 34.1
FeO 17.9 243 8.9
MnO 0.46 0.2 0.14
Ca0 2.45 2.5 32
Na,O 0.50 0.8 0.20
P,0; 0.16 0.34 0.01
K (ppm) 315 573 200
Rb 112 — 0.4
Zn 74 — 46
Ga 6.6 — 4.6
In (ppb) 14 — 10
ClI (ppm) 44 — 8
Th 0.56 0.077 0.060
U 0.016 0.017 0.020

(1) SNC model (Dreibus and Winke, 1985).
(2) Meteorite mix model plus geophysical constraints (Anderson, 1972a).
(3) Morgan and Anders (1980).

tion and retention of CaO and Al,O; in the mantle will re-
duce this value, which is likely to be the absolute upper
bound. (Earth’s crust is much thinner due to crustal recy-
cling and the basalt-eclogite phase change.)

The average thickness of the crust of the Earth is 15
km, which amounts to 0.4 percent of the mass of the Earth.
The crustal thickness is 5—10 km under oceans and 30—-50
km under older continental shields. The situation on the
Earth is complicated, since new crust is constantly being
created at the midoceanic ridges and consumed at island
arcs. It is probable that some of the crust is being recycled.
If the present rate of crustal genesis was constant over the
age of the Earth and none of the crust was recycled, then 17
percent of the Earth would be crustal material.

The Moon apparently has a mean crustal thickness
greater than that of the Earth. If the average composition of
the Moon is similar to chondrites minus the Fe-Ni-S, then
the crust could be as thick as an average of 62 km. This is
about the thickness of the crust determined by seismic ex-
periments on the nearside of the Moon but less than the
average thickness inferred from the gravity field.

Atmospheric analyses suggest that Mars is a less out-
gassed planet than Earth, but the high ratio of argon-40
relative to the other inert gases suggests that the martian
crust is enriched in potassium-40 in relation to the Earth’s
crust. The only direct evidence concerning the internal
structure of Mars is the mean density, moment of inertia,
topography, and gravity field. It is possible to calculate
models of the martian interior with plausible chemical mod-
els and temperature profiles that satisfy these few con-
straints; however, the process is highly nonunique (Ander-
son and others, 1971; Anderson, 1972a, 1977; BVP, 1980).

The mean density of Mars, corrected for pressure, is
less than that of Earth, Venus and Mercury but greater than
that of the Moon. This implies either that Mars has a small
total Fe-Ni content, in keeping with its density, or that the
FeO/Fe ratio varies. Plausible models for Mars can be con-
structed that have solar or chondritic values for iron, if most
or all of it is taken to be oxidized (Anderson, 1972a).

With such broad chemical constraints, mean density
and moment of inertia and under the assumption of a differ-
entiated planet, it is possible to trade off the size and density
of the core and density of the mantle. Most models favor an
FeO-enrichment of the martian mantle relative to the mantle
of the Earth. Anderson (1972a) concluded that Mars has a
total iron content of about 25 weight percent, which is sig-
nificantly less than the iron content of Earth, Mercury or
Venus but is close to the total iron content of ordinary and
carbonaceous chondrites. The high zero-pressure density of
the mantle suggests a relatively high FeO content in the sil-
icates of the martian mantle. The radius of the core can
range from as small as one-third the martian radius for an
iron core, or a core similar in composition to the Earth’s
core, to more than half the radius of the planet if it is pure
FeS. With chondritic abundances of Fe-Fe§S, the size of the



TABLE 1-17
Mars Surface Chemistry
Species Soil Igneous
Component

Si0, (percent) 43 53.3
TiO, 0.63 0.78
Al O, 7.2 8.9
Fe,0, 18.0 2.23
MgO 6 7.4
CaO 5.7 7.1
SO, 7.6 —
Cl 0.75 —
Rb (ppm) <30 —
Sr 60 = 30 —
Y 70 = 30 —
Zr 30 £ 20 —
K 2500 —
U 1.1 £0.8 —

Taylor (1982).

core would be about 45 percent of the planet’s radius, or
about 12 percent by mass. A small dense core would imply
a high-temperature origin or early history because of the
high melting temperature of nickel-iron, while a larger light
core, presumably rich in sulfur, would allow a cooler early
history, since sulfur substantially reduces the melting tem-
perature. A satisfactory model for the interior of Mars can
be obtained by exposing ordinary chondrites to moderate
temperature, allowing the iron to form a core. The mecha-
nisms for placing oxygen in the core and for reducing FeO
to metallic iron would be less effective in Mars than Earth.

We know the equations of state (Chapter 5) and the
locations of phase changes (Chapter 16) for most of the ma-
terials that might be expected to be important in the inte-
riors of the terrestrial planets. With this information, we
can completely define the structure of a two-zone planet (for
example, one containing a mantle and a core) in terms of
the zero-pressure densities of the mantle and the core and
the radius of the core. For Mars two of these parameters can
be found as a function of the third. If sulfur is the light
alloying clement in the core, the density of the core will
increase as it grows and become richer in iron because of
the nature of the Fe-FeS phase diagram.

The mantle of Mars is presumably composed mainly
of silicates, which can be expected to undergo one or two
major phase changes, each involving a 10 percent increase
in density. To a good approximation, these phase changes
will occur at one-third and two-thirds of the radius of Mars.
The deeper phase change will not occur if the radius of the
core exceeds one-third of the radius of the planet. With
these parameters we can solve for the radius and density of
the core, given the density of the mantle and the observable
mass, radius and moment of inertia for Mars. The results
are given in Table 1-18.
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The curve in Figure 1-8, giving these results in terms
of the density of the core and the radius of the core, is the
locus of possible Mars models. Clearly, the data can accom-
modate a small dense core or a large light core. The upper
limit to the density of the core is probably close to the den-
sity of iron, in which case the core would be 0.36 of Mars’s
radius, or about 8 percent of its mass. To determine a lower
limit to the density, one must consider possible major com-
ponents of the core. Of the potential core-forming materi-
als, iron, sulfur, oxygen and nickel are by far the most
abundant elements.

The assumption of a chondritic composition for Mars
leads to values of the relative radius and mass of the core:
RJ/R = 0.50 and M /M = 0.21. The density of the mantle
is less than the density of the silicate phase of most ordinary
chondrites.

Three kinds of chondrites, HL (high iron, low metal or
ornasites), LL (low iron, low metal or amphoterites) and L
(low iron or hypersthene-olivine) chondrites, all have lower
amounts of potentially core-forming material than is re-
quired for Mars, although HL and LL have about the right
silicate density (3.38 g/cm?). If completely differentiated,
H (high iron) chondrites have too much core and too low a
silicate density (3.26—3.29 g/cm?). We can match the prop-
ertics of H chondrites with Mars if we assume that the
planet is incompletely differentiated. If the composition of
the core-forming material is on the Fe side of the Fe-FeS
eutectic, and temperatures in the mantle are above the eu-
tectic composition, but below the liquidus, then the core
will be more sulfur-rich and therefore less dense than the
potential core-forming material.
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FIGURE 1-8

Radius of the core versus density of core for Mars models. The
points are for meteorites with all of the FeS and free iron and
nickel differentiated into the core. The dashed line shows how
core density is related to core size in the Fe-FeS system (after
Anderson, 1972a).
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TABLE 1-18
Model Compositions of Mars
Species Mal Ma2 Ma3 Ma4 Ma5
Mantle Plus Crust
Sio, 43.6 43.9 41.6 40.0 41.0
TiO, 0.16 0.16 0.3 0.1 —
Al O, 3.1 3.2 6.4 3.1 3.2
Cr,0, — — 0.6 0.6 —
MgO 31.0 31.2 29.8 27.4 34.1
FeO 17.2 16.7 15.8 24.3 16.8
MnO 0.15 0.2 —
Ca0O 2.9 3.0 5.2 2.5 2.8
Na,O 1.4 1.4 0.1 0.8
H,0 0.47 0.44 0.001 0.9 —
K (ppm) 1190 1199 69 573 1200
U (ppm) 0.017 0.017 0.033 0.017 0.017
Th (ppm) 0.078 0.078 0.113 0.077 0.079
Core
Fe 59.8 60.4 88.1 72.0 —
Ni 5.9 5.8 8.0 9.3 —
S 343 33.8 35 18.6 —
Relative Masses

Mantle + Crust 74.7 74.3 81.0 88.1 85.0
Core 25.3 25.7 19.0 11.9 15.0

Mal: Equilibrinm condensation (BVP, 1980).

Ma2: Equilibrium condensation modified by use of feeding zones (BVP, 1980).

Ma3: Morgan and Anders (1980).
Mad: Anderson (1972a).

Ma5: McGetchin and Smyth, mantle only (in BVP, 1980).

Carbonaceous chondrites are extremely rich in such
low-temperature condensates as H,O and FeS, as well as
carbon and “organic matter.” If we ignore the water and
carbon components, a fully differentiated planet of this
composition would have a core of 15 percent by mass, com-
posed mainly of FeS (13.6 percent FeS, 1.4 percent Ni),
and a mantle with a density of about 3.5 g/cm?®. However,
these meteorites also contain about 19 percent H,O, most
of which must have escaped if Mars is to be made up pri-
marily of this material. Otherwise, the mantle would not be
dense enough.

In ordinary high-iron chondrites, the free iron content
averages 17.2 percent by weight. The FeS content is ap-
proximately 5.4 percent (3.4 percent Fe, 2.0 percent S) and
the nickel content is 1.6 percent. A planet assembled from
such material, if completely differentiated, would yield a
core of 24 percent of the mass of the planet, with Fe:S:Ni
in the approximate proportions of 21:2:2 by weight. Low-
iron chondrites would yield a core of 15 percent of the mass
of the planet, with proportions of 12:1:2.

Carbonaceous chondrites have little or no free iron but
contain 7-25 percent by weight FeS and about 1.5 percent
nickel. The average core size for a planet made of carbo-
naceous chondrites would be 15 percent by mass, Fe:S:Ni
being in the proportions 18:10:3. An absolute minimum
core density can probably be taken as 4.8 g/cm?®, corre-

sponding to a pure FeS core with a fractional core radius of
0.6 and a fractional mass of 26 percent. On these grounds,
the mass of the martian core can be considered to lie be-
tween 8 and 24 percent of the mass of the planet.

This range can be narrowed considerably by further
consideration of the compositions of meteorites. The points
in Figure 1-8 represent most of the major categories of
stony meteorites. The size and density of the “core” are
computed from the amounts of iron, suifur, and nickel in
the meteorite. No single class of meteorites, fully differen-
tiated into core and mantle, would satisfy the data for Mars,
although carbonaceous chondrites and hypersthene (low-
iron) chondrites come close. The open circles indicate sili-
cate (mantle) densities less than the inferred density for the
mantle of Mars; the closed circles indicate silicate densities
that are too high. The meteorites above the curve can be
migrated downward and to the left by placing some of the
iron of the core in the mantle and thereby increasing the
density of the mantle and decreasing the density and radius
of the core. Physically, the result would correspond to a
meteorite model that has been incompletely differentiated.
If chondrites are an appropriate guide to the composition of
Mars, possible core sizes would be further restricted to
12—15 percent by mass. Alternatively, the closed circles
could be migrated to the locus of possible Mars models by
reducing some of the FeO in the silicate phase and allowing



the iron to enter the core. This procedure is much more
drastic and requires high temperature and, probably, the
presence of carbon to effect the reduction. It is interest-
ing that the meteorites in question do contain substantial
amounts of carbon. The resulting cores would be about the
same size as was previously inferred.

A third possibility would be to assemble Mars from a
mixture of meteorites that fall above and below the curve.
The meteorites below the curve, however, are relatively
rare, although Earth may not be collecting a representative
sample.

The size of the core and its density can be traded off.
By using the density of pure iron and the density of pure
troilite (FeS) as reasonable upper and lower bounds for the
density of the core, its radius can be considered to lie be-
tween 0.36 and 0.60 of the radius of the planet.

The zero-pressure density of the mantle implies an FeO
content of 21—24 weight percent unless some free iron has
been retained by the mantle. The presence of CO, and H,O,
rather than CO and H,, in the martian atmosphere suggests
that free iron is not present in the mantle.

If chondrites are an appropriate guide to the major-
element composition of Mars, the core of Mars is smaller
and less dense than the core of Earth, and the mantle of
Mars is denser than that of Earth. Mars contains 25-28
percent iron, independent of assumptions about the overall
composition or distribution of the iron. Earth is clearly en-
riched in iron or less oxidized when compared with Mars or
most classes of chondritic meteorites.

The lithosphere on Mars is apparently much thicker
than on Earth and is capable of supporting large surface
loads. The evidence includes the roughness of the gravity
field, the heights of the shield volcanoes, the lack of appre-
ciable seismicity and thermal history modeling. There is
some evidence that the lithosphere has thickened with time.
Olympus Mons is a volcanic construct with a diameter of
700 km and at least 20 km of relief, making it the largest
known volcano in the solar system. It is nearly completely
encircled by a prominent scarp several kilometers in height
and it coincides with the largest gravity anomaly on Mars.
The load is apparently primarily supported by thick litho-
sphere, perhaps greater than 150 km in thickness (Thurber
and Toksoz, 1978).

The surface of Mars is much more complex than those
of the Moon and Mercury. There is abundant evidence for
volcanic modification of large areas after the period of
heavy bombardment, subsequent to 3.8 Ga. Mars has a
number of gigantic shield volcanoes and major fault struc-
tures. In contrast to Mercury there are no large thrust or
reverse faults indicative of global contradiction; all of the
large tectonic features are extensional. The absence of ter-
restrial-style plate tectonics is probably the result of a thick
cold lithosphere. The youngest large basins on Mars have
gravity anomalies suggesting incomplete isostatic compen-
sation and therefore a lithosphere of finite strength (Head
and Solomon, 1981).
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The data regarding an intrinsic magnetic field for Mars
are inconclusive but allow, at most, only a small permanent
field in spite of the rapid rotation rate and the probable pres-
ence of a dense core. There is no information yet on the
physical state of the core.

Mercury

The planet Mercury has a mass of 3.30 X 10? g and a mean
radius of 2444 km, giving a density of 5.43 g/cm?. Al-
though Mercury is only 5.5 percent of the mass of the
Earth, it has a very similar density. Any plausible bulk com-
position satisfying this density (Table 1-19) is about 60 per-
cent iron. This iron is largely differentiated into a core,
because (1) Mercury has a perceptible magnetic field, ap-
preciably more than either Venus or Mars; and (2) Mercu-
ry’s surface has the appearance of being predominantly sili-
cate. A further inference is that the iron core existed early
in its history; a late core-formation event would have re-
sulted in a significant expansion of Mercury. The presence
of an internally generated magnetic field implies that the
iron core is at least partially fluid.

Mercury’s shape may have significantly changed over
the history of the planet. Tidal despinning results in a less
oblate planet and compressional tectonics in the equatorial
regions. Cooling and formation of a core both cause a
change in the mean density and radins. A widespread sys-
tem of arcuate scarps on Mercury, which appear to be thrust

TABLE 1-19
Cosmochemical Model Compositions of Mercury
(Weight Percent or ppm)

Species Me4 Me3
Mantle Plus Crust
Sio, 43.5 47.1
TiO, — 0.33
Al O, 4.7 6.4
Cr,0, — 3.3
MgO 47.7 33.7
FeO 0 3.7
MnO — 0.06
CaO 4.1 5.2
Na,O 0 0.08
H,0 — 0.016
K (ppm) 0 69
U (ppm) 0.026 0.034
Th (ppm) 0.12 0.122
Core
Fe 94.5 93.5
Ni 5.5 5.4
S 0 0.35
Relative Masses

Mantle + Crust 35.2 32.0
Core 64.8 68.1

Me3: Morgan and Anders (1980).
Me4: Refractory condensate mixing model (Wood, 1962).
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faults, provides evidence for compressional stresses in the
crust (Solomon, 1977). The absence of normal faults, the
result of extension, suggest that Mercury has contracted,
perhaps by as much as 2 km in radius. This perhaps is evi-
dence for cooling of the interior.

The primary factor affecting the bulk composition of
Mercury is the probably high temperature in its zone of the
solar nebula, so that it is formed of predominantly high-
temperature condensates. If the temperature was held
around 1300 K until most of the uncondensed material was
blown away, then a composition satisfying Mercury’s mean
density can be obtained, since most of the iron will be con-
densed, but only a minor part of the magnesian silicates.
Since the band of temperatures at which this condition pre-
vails is quite narrow, other factors must be considered. Two
of these are (1) dynamical interaction among the material in
the terrestrial planet zones, leading to compositional mix-
ing, and (2) collisional differentiation.

If the composition of Mercury is controlled by high-
temperature condensation, it is unlikely to have significant
SiO, beyond that necessary to combine with the MgO,
Al,O,, and CaO to make forsterite, diopside, and anorthite.
Any such model of Mercury must have a ratio of Fe + Ni
to AlL,O; + CaO + MgO + SiO, higher than calculated
from cosmic abundances to satisfy its mean density (BVP).

Mercury probably has an Al:Mg ratio appreciably
higher than cosmic but an Al:Fe ratio somewhat lower,
leading to an anorthite content on the order of 5—10 percent
of its mass. If Mercury had a differentiation efficiency simi-
lar to that of the Moon (the nearest terrestrial planet in terms
of size), it would have a crust approximately 75 to 150 km
thick.

The areal density and size distribution of craters on the
surface of Mercury are similar to lunar highland values.
Both Moon and Mercury, and by inference the other terres-
trial bodies, were subjected to a high flux of impacting ob-
jects in early planetary history. The end of the high-flux
period can be dated from lunar studies at about 3.8 billion
years ago. The large basins on the surface of Mercury prob-
ably formed during the period of high bombardment. Later
cooling and contraction apparently were responsible for
global compression of the outer surface and may have shut
off volcanism. Tidal despinning may have affected the dis-
tribution of fault scarps over the surface.

COMPARATIVE
PLANETOLOGY

Before the advent of space exploration, Earth scientists had
a handicap almost unique in science: They had only one
object to stady. Compare this with the number of objects
available to astronomers, particle physicists, biologists and
sociologists. Earth theories had to be based almost entirely
on evidence from Earth itself. Although each object in the

solar system is unique, we have learned some lessons that
can now be applied to Earth.

Study of the Moon, Mars and the basaltic achondrites
demonstrated that basaltic volcanism is ubiquitous, even on
very small bodies. Planets apparently form, or become, hot
and begin to differentiate at a very early stage in their evo-
lution, probably during accretion. Although primitive ob-
jects, such as the carbonaceous chondrites, have survived
for the age of the solar system, there is no evidence for the
survival of primitive material once it has been in a planet.
One would hardly expect large portions of the Earth to have
escaped this planetary differentiation.

The magma ocean concept was developed to explain
the petrology and geochemistry of the Moon. It will prove
fruitful to apply this to the Earth, taking into account the
differences required by the higher pressures on the Earth.

We now know that the total crustal volume on the
Earth is anomalously small, but it nevertheless contains a
large fraction of the terrestrial inventory of incompatible
elements.

The difference in composition of the atmospheres of
the terrestrial planets shows that the original volatile com-
positions, the extent of outgassing or the subsequent pro-
cesses of atmospheric escape have been quite different. The
importance of great impacts in the early history of the plan-
ets is now clear; it has implications ranging from early,
dense, insulating atmospheres, atmospheric escape and
siderophile and volatile composition to formation of the
Moon and angular momentum of the planets.

We now know that plate tectonics, at least the recy-
cling kind, is unique to Earth. The thickness and average
temperature of the lithosphere and the role of phase changes
in basalt seem to be important. Any theory of plate tecton-
ics must explain why the other terrestrial planets do not
behave like Earth.

The compositions of lunar KREEP and terrestrial kim-
berlite are so similar that a similar explanation is almost
demanded.

These lessons, some of which are just hints, should be
kept in mind as we turn our attention to Earth.
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