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MAJOR PLANET INTERIORS: ABUNDANCES, FIELDS, AND HEAT FLOW. 
W. B. Hubbard, Department of Planetary Sciences, Lunar and Planetary Labora-
tory, University of Arizona, Tucson, AZ 85721. 

INTRODUCTION. Some experimentally accessible clues to the nature of 
Jovian planet interiors are: (a) atmospheric abundances, as determined 
remotely or in situ; (b) external fields, magnetic and gravitational; (c) 
heat flow measur::eriients pertaining to global energy budget. In this review, 
we briefly consider the nature and quality ~f the experimental data, and then 
the level of sophistication of the theoretical models used for interpretation 
of the data. We conclude that available evidence so far indicates that: (a) 
none of the major planets conforms to ••solar•• composition, although Jupiter 
has apparently undergone the least selective volatile loss; (b) although 
internal differentiation may occur in all four major planets, atmospheric 
abundances in Jupiter and Saturn do not so far clearly reflect this process, 
while in Uranus and Neptune they do; (c) a thermal evolution model based on 
slow contraction from a more extended, hotter phase, with interior heat 
transport by convection in liquid matter, is able to successfully account for 
available heat flow measurements. 

ATMOSPHERIC ABUNDANCES. In Jupiter and Saturn, all species except 
hydrogen play the role of 11 impurities 11 • Calculations by Stevenson and 
Salpeter (1976) indicate that helium and presumably many other elements have 
limited solubility in hydrogen at high pressure. A further complication is 
introduced by the possible existence of a first-order phase transition 
between molecular h4drogen liquid and metallic hydrogen liquid at -5 Mbar 
pressure and T- 10 °K. Such a transition will tend to change the concen-
tration of impurities in the molecular hydrogen envelope relative to the 
metal lie hydrogen core. In Jupiter, the envelope comprises -30% of the mass 
of the planet, while in Saturn, the envelope is -60% of the mass of the 
planet (Slattery, 1977). Thus if there is a strong partitioning effect 
between the two phases, a differential between Saturn 1 s and Jupiter 1 s abun-
dances is to be expected. Calculations of such partitioning have so far only 
been carried out for deuterium (Hubbard, 1974), where it is found that the 
deuterium tends to concentrate into the metallic hydrogen phase, but only 
with a relative enrichment -15%. Indeed, to within observational accuracy, 
D/H ratios for Jupiter and Saturn are the same, and equal -5 x lo- 5 (Fink 
and Larson, 1978, Beer and Taylor, 1978). This value apparently signifi-
cantly exceeds the primordial solar and current interstellar value for 
D/H (-2 X 10-5). 

It is not yet clear that other atmospheric abundances in the Jovian 
planets deviate substantially from solar ratios. According to Beer and 
Taylor (1978), the C/H ratio in Jupiter may lie between one and eight times 
the solar value with three a plausible choice. A number of observed minor 
species, such as GeH 4 and PH 3 (Ridgway et al., 1976) can be produced by 
chemical equilibrium at T- 1000°K in a hot, convective atmosphere which then 
carries them to observable levels. 

Observations of Uranus and Neptune indicate that these planets• atmo-
spheres are dominated by H2 , with CH 4 and NH 3 present as minor species but 
possibly with abundances greater than solar. 
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Helium is assumed to be present with H2 in a solar ratio in all giant 
planet atmospheres. Currently available observations do not contradict this 
assumption. 

EXTERNAL FIELDS. Measurements of gravitational multipole moments provide 
direct integral constraints on Jovian planet interior models. For Jupiter, 
available data are sufficient to closely constrain models, and lead to the 
following results. Jupiter's gross composition differs from solar, but not by 
large factors. Typ.ical interior models require ~10 to 15 earth earth masses 
of ''heavy" (i.e. non-hydrogen or helium) material, while a solar abundance of 
"heavy!' material would be about 5 earth masses (Slattery, 1977; Stevenson and 
Salpeter, 1976). According to models, this extra material could be concen-
trated in a dense core, or it could be dispersed throughout much of the 
planet. In the latter case, one might expect to see evidence of SiH4 in the 
observable atmosphere, due to convection from layers where it is chemically 
stable. This molecule is not observed so far (Treffers et al., 1978). 

Gravity data for Saturn are quite good at present, and can be expected to 
improve following the Pioneer 11 flyby. There is some uncertainty as to the 
appropriate planetary rotation rate. Current interior models indicate that 
Saturn almost surely has a dense core of non-solar composition. The mass of 
this core (Slattery, 1977) is -15 earth masses, while for 11so1ar'' composition 
it would be expected to be -2 earth masses. It may be significant that a core 
of about 15 earth masses is inferred for both Jupiter and Saturn. Because of 
lower pressures, Saturn models have a much smaller metallic hydrogen region 
than do Jupiter models. The mass of metallic hydrogen is only -10 to 20% of 
Saturn's mass. 

Available gravity data for Uranus and Neptune are not useful for con-
straining interior models because of the current ambiguity in the rotation 
rates of these planets. Neverthe1ess, the mean densities clearly show that 
these planets cannot be solar composition bodies. A plausible interior model 
would have a "rocky!' core (-25% of mass), an envelope of "ices 11 such as CH4 , 
NH 3 , and H2o (-70% of mass), and a thin outer layer of roughly solar composi-
tion materral. Such a model would fit available data, which evidently show 
that Uranus and Neptune have accreted or differentiated a hydrogen-rich outer 
layer. 

So far, a magnetic field has been detected only on Jupiter, of all the 
major planets. Thermal interior models of Jupiter (see below) predict convec-
tion in a liquid metallic hydrogen interior, thereby fulfilling criteria for 
the existence of an internal dynamo. These criteria are also satisfied for 
Saturn, although the metallic region is smaller. Metallic hydrogen cannot 
exist in Uranus and Neptune because of low pressures, but there is a possibil-
ity of sufficient electrical conductivity due to pressure Ionization of water. 

THERMAL EVOLUTION. Because of the low average molecular weight of 
Jupiter and Saturn, their heat capacity per unit mass is relatively large. 
Likewise, their surface/volume ratio is relatively small. Qualitatively, 
then, we might conclude that these planets have been able to retain a signifi-
cant fraction of their energies of accretion. Detailed thermal evolution 
calculations give the following results: {a) Jupiter cools to its present 
effective temperature of -130°K over -4.5 x 109 Y,e~rs, \1i!h the.result insen-
sitive to starting conditions (Hubbard, 1977). (bJ a s1m1lar t1me obta1ns 
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for Saturn to cool toTe- 96°K, although some gravitational unm1x1ng of He 
may occur in addition to simple cooling (Pollack et al., 1977); (c) Uranus and 
Neptune cool to effective temperature just above the equilibrium with sun-
light. For all of the major planets, the present interior thermal structure 
is one of relatively high temperatures (-10~°K), near-adiabatic temperature 
distributions, almost entirely fluid interiors, and relatively rapid interior 
convection (velocities -1 to 10 cm/s). For Uranus, it is possible that the 
boundary condition due to solar heating has arrested further cooling and sup-
pressed internal convection. 

REFERENCES: 
BBER R., and TAYLOR F.W. (1978) Astrophys. J. 219, 763-767. 
FINK U., and LARSON H.P. (1978) Science, submitted. 
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111-128. 
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Jupiter (ed. Gehrels), 85-112, Univ. of Ariz. Press, Tucson. 
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PLANETARY MAGNETISM, C.T. Russell, Institute of Geophysics and Plan-
etary Physics, University of California, Los Angeles, California 90024 

Planetary magnetic investigations have been performed for all but the 
four outermost planets. For each of these planets, these investigations have 
either shown conclusively that the planet presently has a global moment, or 
have provided data that is at least suggestive of a planetary moment. Further 
one, possibly two, of the outer four planets, are radio wave emitters suggest-
ing that these planets possess a global field similar in nature to that of the 
Earth and Jupiter which also emit such radio waves. 

Mercury's magnetic field was probed twice by Mariner 10, in March of 1974 
and 1975.1 These observations revealed a magnetosphere very similar to the 
terrestrial one, capable on the average of deflecting the solar wind above the 
surface of the planet. Initial estimates of the moment ranged around 5 x 1022 
Gauss-cm3. However, later more sophisticated analyses have revised the best 
estimate of the dipole moment to 2.4 x 1022 Gauss-cm3.Z,3 The most probable 
source for the global magnetic moment is an internal dynamo. However, a mo-
ment arising from magnetized crust has also been proposed. 4 

The Venus magnetosphere has been probed by a variety of spacecraft: 
Mariner 5, Venera 4 and Venera 9 and 10. While the Mariner 5 experimenters 
did not exclude the possibility of a planetary magnetic field,5 they did not 
endorse this interpretation of the data. The Venera 4 investigators came out 
more strongly against the existence of a planetary field,6 postulating the 
surface field was less than 2y. However, re-examination of these data showed 
not only was this limit far too low,7, but that the Venera 4 and Mariner 5 
data8 were consistent with a planetary field. Later Venera 9 and 10 data con-
formed this interpretation.9,10 Since the weak planetary field is insuffi-
cient to stand off the solar wind flow above the atmosphere, the planetary 
field is highly distorted. All observations of the planetary field come from 
the nightside of the planet in regions where internal and external sources to 
the field are comparable. Thus, our best estimate for the moment is rather 
uncertain, about 4.5 ± 2 x 1022 Gauss-cm3. 

The magnetic field of Mars has been probed by three Soviet spacecraft 
Mars 2, 3 and 5. Dolginov maintains that these data can only be explained in 
terms of an intrinsic planetary field.11,12 They base this interpretation on 
the apparent size of the obstacle and the direction and nature of the field in 
the neighborhood of the planet. However, the obstacle may not be any larger 
th~n the planetary ionosphere and the direction of the field is consistent 
with draping of solar wind magnetic field across the planet.l3,14 While 
Dolginov reports that the planetary moment is about 2.5 x 1022 Gauss-cm3, we 
interpret the upper limit to be 2 x 1021 Gauss-cm3, 

Jupiter has been probed only twice by Pioneers 10 and 11, although two 
more spacecraft are on the way and a planned orbiter is under construction. 
This planet has an enormous moment creating a cavity in the solar wind which, 
if it were visible, would appear from the Earth to be twice as large as the 
sun. The existence of a Jovian planetary field has long been inferred from 
radio emissions observed on Earth. However, the size of this moment had been 
the subject of controversy. Little controversy exists now and a moment of 
1.5 x lo30 Gauss-cm3 is generally accepted.15,16 The surface field is more 
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dominated by the higher multipole moments than the terrestrial field. This 
can be understood in terms of the closeness of the "conducting core" of Jupi-
ter to the planetary surface.17 

No spacecraft have yet reached Saturn, although Pioneer 11 is on the way. 
Our only estimate of the moment depends on the scaling of observed radio 
emissions to their observed counterparts on Jupiter and the Earth.l8 This 
scaling gives a moment of 2.2 x 1029 Gauss-cm3. Emissions from Uranus may 
also have been detected but these results are not unambiguous.l9 

In summary the majority of the planets visited to date appear to have 
active planetary dynamos. The one possible exception is Mars. However, like 
the moon which today has no detectable global moment but which has the imprint 
of an ancient field, Mars too may retain a record of an ancient planetary 
dynamo of strength perhaps rivalling that of the Earth. 

References 

1. Ness, N.F., Behannon, K.W., Lepping, R.P. and Whang, Y.C., Icarus,~. 
479-488, 1976. 

2. Jackson, D.J. and Beard, D.B.,~ Geophys. Res., 82, 2828-2836, 1977. 
3. Whang, Y.C., :!_. Geophys. Res.,~. 1024-1030, 1977. 
4. Stephenson, A., Earth Planet. Sci. Letters, 28, 454-458, 1976. 
5. Bridge, H.S., Lazarus, A.J., Snyder, C.W., Smith, E.J., Davis, Jr., L. 

Coleman, Jr., P.J. and Jones, D.E., Mariner V: in The Venus Atmosphere, 
(ed. R. Jastrow and I. Rascal), p-533, Gordon Breach, New York, 1969. 

6. Dolginov, Sh. Sh., Yeroshenko, Y.G. and Davis, L., Kosmich. Issled., 7, 
747, 1969. 

7. Russell, C.T., Geophys. Res. Letters, 1, 125-129, 1976. 
8. Russell, C.T., Geophys. Res. Letters, 3, 589-592, 1976. 
9. Russell, C.T., Geophys. Res. Letters, 1, 413, 1976. 
10. Dolginov, Sh. Sh., Zhuzgov, L.N., Sharova, V.A., Buzin, V.B., Yeroshenko, 

Ye. G., The magnetosphere of the planet Venus, IZMIRAN, preprint no. 
19(193), in Russian, 1977. 

11. Dolginov, Sh. Sh., Geophys. Res. Letters, 2, 89-92, 1978. 
12. Dolginov, Sh. Sh., Geophys. Res. Letters, 5, 93-95, 1978. 
13. Russell, C.T., Geophys. Res. Letters, 2. 81-84, 1978. 
14. Russell, C.T., Geophys. Res. Letters, 2, 85-88, 1978. 
15. Davis, L. and Smith, E.J., in Earth's Mangetospheric Particles and 

Fields, p-301, D. Reidel, Dordrecht, Holland, 1976. 
16. Acuna, N.H. and Ness, N.F., :!_. Geophys. Res., 81, 2917-2922, 1976. 
17. Elphic, R.C. and Russell, C.T., Geophys. Res. Letters, l• in press, 1978. 
18. Brown, L.W., Astrophys. :!_., 198, L89-L92, 1975. 
19. Brown, L.W., Astrophys • .:!_., 207, L209-L212, 1976. 
20. Russell, C.T., Coleman, Jr., P.J. and Schubert, G., Space Research XV,. 

p-621-628, 1975. 



6 

THE THERMAL HODEL/DENSITY HODEL GAME.* Sean C. Solomon, Dept. of 
Earth and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, 
MA 02139. 

Modeling the structure or evolution of a planetary interior can provide 
specific and quantitative tests for hypotheses on planetary composition, dif-
ferentiation, and tectonic and volcanic history. The "density model game" 
consists of solving for the internal structure of a planet given some integral 
properties (mass, moment of inertia), an assumed equation of state, and some-
times additional data from gravity, topography or seismology, The "thermal 
model game" consists of solving an equation for energy balance, ususally with 
some approximation to a momentum balance equation, for assumed initial and 
boundary conditions, energy sources, and heat transfer properties. The con-
clusions derived from these games, some of which are summarized below, are 
always dependent on the necessary simplifying assumptions. 

The major subdivisions of internal planetary structure in the terrestrial 
planets are crust, mantle, and core. What is known or inferrable about the 
relative volume in each body occupied by core and crust is indicated in Figs. 
1 and 2. Though no planet other than the Earth has a conclusively demon-
strated core, cores are probable on Mars because of the low value for C/MR2 

[1] and in Mercury because of the intrinsic magnetic field, the evidence for 
near surface differentiation, and cosmochemical/thermal arguments [2]. The 
core size shown for Mercury in Fig. 1 is for complete differentiation of an 
Fe-Ni core [3]. For Mars the core radius is loosely constrained without an 
~priori assumption about core or mantle composition [4]. Only a bound on 
lunar core radius (400 km) is possible from electromagnetic [5] and limited 
seismic data [6]. 

The presence of a chemically distinct crust on the Earth and Moon is 
known from seismic refraction results. The global value for the latter body 
can be extrapolated with assumptions from topography and gravity [7]. Mini-
mum crustal thicknesses are shown in Fig. 2 for Venus and Mars, the former 
from the center of figure - center of mass offset [8] and a crust/mantle 
density contrast of 0.5 g/cm3 and the latter from gravity and topography and 
a 0.3 g/cm3 density contrast [9]. 

Thethermal evolution of the terrestrial planets is generally dominated by 
global differentiation. Core formation for the larger terrestrial planets 
releases a sizeable sum of gravitational energy as heat. The equivalent rise 
in mean surface temperature is shown in Fig. 3 for differentiation of cores 
of the sizes shown in Fig. 1. The values range from 2300°C for the Earth 
[10] to 12°C for a. 400 km lunar core [11]. Crustal differentiation on the 
planets is less well understood. Formation of a thick crust on the Hoon by 
crystal-liquid segregation in a deep magma 'ocean' is at least consistent 
with radiometric and petrologic constraints [12,13] but may be· an over-
simplification. It is possible that early crusts on other terrestrial 
bodies formed similarly. 

* The title has been contributed by R.J. Phillips. The text is the blame 
of the author. 
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The thermal stress in a planetary lithosphere due to differential expan-
sion and contraction of the deep interior provides a predictive link among 
crustal tectonics, surface volcanism and global thermal history after perman-
ent crust formation [14]. For planets without plate tectonics, interior 
warming leads to volumetric expansion, surface extensional tectonics, and a 
crustal stress system conducive to widespread volcanism. Interior cooling 
leads to global contraction, compressional tectonics, and crustal stresses 
that tend to shut off surface volcanism. The time in the history of a planet 
when the expansive stage evolves to the compressive stage is a function of the 
initial heating of the planet during formation (Fig. 4) as well as the balance 
between heat production and surface heat loss at later times. The system of 
lobate scarps on Mercury indicative of global shrinkage [15] leads to the pre-
diction of extensive early heating, early core-mantle differentiation, the 
likelihood of extensive volcanism during heavy bombardment (e.g., the inter-
crater plains), and a short duration for post-heavy bombardment volcanism, 
including smooth plains emplacement [16]. The long history of formation of 
extensional tectonic features such as graben and chasms on Hars is consistent 
with relatively cool initial temperatures, a long period of interior warming, 
late planet-wide differentiation, and a lithospheric stress system favorable 
to extended surface volcanism until a time at least as recent gs 1 b.y. ago 
[11]. The lack of global-scale tectonic features on the ~ioon restricts ini-
tial temperature distributions to those with extensive heating in the upper 
200-300 km and a cold deep interior (14]. The timing of linear rille and 
mare ridge formation and the duration of mare volcanism on the Hoon are both 
likely controlled by the superposition of lithospheric thermal stress and local 
stress associated with basin loading by mare basalt fill [17]. 
References: [1] Binder, A.B. (1969) JGR 74, 3110; [2] Solomon, S.C. (1976) 
Icarus 28, 509; [3] Siegfried, R.W. and Solomon, S.C. (1974) Icarus 23, 192; 
[4] Johnston, D.H. et al. (1974) JGR 79, 3959; [5] Wiskerchen, M.J. and Sonett, 
C.P. (1977) PLSC 8,-sl5; [6] Nakamura, Y. et al. (1974) GRL 1, 137; [7] Kaula, 
W.M. ~ al. (1974) PLSC 5, 3049; [8] Smith, W.B. ~ al. (1970) JPL Tech. Rep. 
32-1475, 85; [9] Phillips, R.J. (1977) personal communication; [10] Flasar, 
F.M. and Birch, F., (1973) JGR 78, 6101; [11] Solomon, S.C. (1978) PEPI, sub-
mitted; [12] Solomon, S.C. and Longhi, J. (1977) PLSC 8, 583; [13] Longhi, J. 
(1977) PLSC 8, 601; [14] Solomon, S.C. and Chaiken, J. (1976) PLSC 7, 3229; 
[15] Strom, R.G. ~ al. (1975) JGR 80, 2478; [16] Solomon, S.C. (1977) PEPI 15, 
135; [17] Solomon, S.C. and Head, J.W. (1978) LPS IX, in press. 
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Fig. 4. The variation in the time when 
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TRACE ELEMENTS AS PROBES OF DIFFERENTIATION PROCESSES IN PLANETARY 
INTERIORS. Michael J. Drake, Department of Planetary Sciences and Lunar and 
Planetary Laboratory, University of Arizona, Tucson, Arizona 85721. 

INTRODUCTION. It has been apparent for at least the last decade (e.g., 
Gast, 1968) that the abundance patterns observed for groups of trace elements 
in igneous rocks contain much potential information about the composition of 
source regions and the evolutionary histories of magmas. Yet our attempts to 
learn about planetary interiors by modeling trace element abundance patterns 
have met with mixed success. The prime reason for this lackluster performance 
is an inadequate knowledge of the information necessary for the successful 
prosecution of model calculations. Before introducing specific examples of 
trace element calculations, let us briefly review the input data necessary for 
quantitative modeling. 

We need to know: 
1. Trace element abundances in the rocks to be modeled. 
2. Trace element partition coefficients (D) appropriate to the problem. 
3. Relevant phase equilibria in order to obtain P, T, f02, melting 

proportions, etc. 
4. The nature of the'differentiation process(es). 
5. Either the fraction of melting or crystallization (F), or initial 

trace element abundances in the source region (C ). 
The nature of the differentiation process(e~) is frequently the biggest 

uncertainty in a model calculation. A wide variety of differentiation pro-
cesses has been proposed, including exotic processes such as vapor transport, 
zone refining, etc. In the interests of brevity I will discuss only simple 
melting and crysta 11 i zati on processes. Two 11 end member 11 melting processes 
are commonly considered: (i) equilibrium partial melting, and (ii) frac-
tional partial melting. The former involves the assumption that the liquid 
is at all times in equilibrium with all solid phases, i.e., diffusion in all 
phases is rapid relative to the timescale of the process. The latter assumes 
that all solid phases remain in equilibrium with each other and with each 
increment of melt, but that the melt is immediately isolated. A useful 
discussion of the mathematical formalism for partial melting is given by 
Shaw (1970). Obviously there is a complete spectrum of melting models between 
equilibrium and fractional melting. One can also conceive of models in which 
diffusion in one-or-more solid phases is slow relative to the time scale of 
the melting process. Equilibrium partial melting is generally assumed when 
modeling melting processes. The justification for this assumption· is that the 
timescale for the melting event is probably long relative to the timescale for 
diffusion on the centimeter scale. 

Two 11 endmember 11 crystallization processes are commonly considered: (i) 
equilibrium crystallization, and (ii) fractional crystallization. Equilibrium 
crystal1 ization is precisely equivalent to equilibrium partial melting, a 
consequence of the nature of equilibrium. Fractional crystallization involves 
the assumption that each increment of solid is isolated from the melt, either 
because diffusion in the solid is slow or crystal settling is rapid relative 
to the rate of crystallization. Fractional crystallization is frequently 
assumed when modeling crystallization processes. The justification for this 

9 
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assumption is observational evidence (e.g., in cross-sections of thick lava 
flows or sills) which indicates that crystal settling is, in general, rapid 
relative to the rate of crystallization. A useful discussion of the mathema-
tical formalism for fractional crystallization is given by Weill et al.(l974). 
There is a complete spectrum of crystallization mode.ls between equilibrium and 
fractional crystallization and, again, one can conceive of other crystalliza-
tion models. 

A major problem is to correctly select one of the above-listed processes, 
variants thereof, or combinations thereof. If we are sufficiently astute in 
our select·ion, we can compute the fraction of meHing or crystallizat·ion (F), 
or the initial trace element abundances (C), or a range of permissible values 
of F and C0 . Obviously any additional con~traints on the parameters we are 
attempting to calculate will further constrain the number of permissible solu-
tions. If we can calculate a unique va1ue for C , we can also calculate the 
bulk composition of the source region. It shoul8 be intuitively obvious to 
the reader that the smaller the planet, the less complex its geological his-
tory and, consequently, the higher the probability that our calculations model 
differentiation processes which actually occur in nature. I will illustrate 
these points by considering petrogenesis in the Earth, Moon, and differentiat-
ed stony and iron meteorites, the only planetary objects for which we have 
adequate data for quantitative geochemical modeling, dt·awing somewhat 
chauvinistically from my own work, utilizing the work of others where appro-
prate. Although compatible and incompatible trace elments are useful in 
modeling, this review will focus primarily on examples involving the REE. 

EARTH. Although considerable progress has been made in modeling the evo-
lution of trace element abundances during crystallization in closed bodies of 
magma (e.g., Skaergaard- Paster et al., 1974), we have been less successful 
in using trace element abundances-rn-rerrestrial lavas to quantitatively model 
the bulk composition of the mantle. Consider, for example, the problem of the 
origin and evolution of the circumpacific andesite suites. The major com-
peting models are petrogenesis in a descending lithospheric slab or in the 
mantle immediately above the slab, with or without subsequent fractional 
crystallization of the ascending magma. Tr·ace element abundances in andesites 
and relevant phase equilibria are available. Trace element partition coeffi-
cients obtained from phenocryst/matrix pairs in volcanic rocks are generally 
utilized. Model calculations have played a strong role in rejecting some 
hypotheses (e.g., Gill, 1978). A cautionary note must be interjected, how-
ever. Preliminary results on the partitioning of Sm between clinopyroxene 
and hydrous melt at high pressures (Drake and Holloway, 1977) sugge~t that 
solid/melt partition coefficients may vary from values significantly less 
than unity for anhydrous conditions applicable to basalt petrogenesis, to 
values greater than unity for hydrous conditions possibly more appropriate 
to andesite petrogenesis. Thus quantitative modeling of trace element 
abundances in andesites may not be possible until D-values have been experi-
mentally determined under appropriate conditions. Phenocryst/matrix parti-
tion coefficients may not be appropriate to hydrous magma generation. 

An example of possibly erroneous conclusions being drawn about processes 
and compositions of the Earth's interior is the problem of the origin of 
komatiites. Komatiites are highly ultrabasic magmas which have been proposed 
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to represent 50-80% partial melting of a commonly-assumed peridotite mantle. 
However, Arnt (1977) has shown that such a high degree of melting is unlikely 
because physical segregation of the melt from the residual crystals will 
probably occur at 30-50% melting due to crystal settling, thus precluding 
melting ever reaching significantly higher degrees. Thus komatiites more 
probably represent sequential melting of a refractory residue. The major 
problem with the high-degree melting hypothesis is the assumption of a phy-
sically unrealistic melting process. Similar problems would be associated 
with models for the evolution of high-Ti mare basalts which require extensive 
degrees of partial melting, or complete melting of the source cumulate. 

Terrestrial extrusive rocks which are more suitable as geochemical probes 
of the mantle are continental flood basalts such as the Columbia River Basalts. 
In additio~ to trace element abundances in the rocks, knowledge of appropriate 
D-values, phase equilibria (Helz, 1978), and a defensible estimate of the 
differentiation process (equilibrium partial melting with-or-without subse-
quent fractional crystallization), we have the additional constraint that the 
REE abundances in the source region appear to have been approximately chondri-
tic relative to each other, at least for Sm and Nd (DePaolo and Wasserburg, 
1976). I am not aware of any published results of quantitative model calcu-
lations, but such a study of the evolution of trace element abundances in the 
Yakima and late Yakima series is being initiated by Drake, Helz, and Holloway. 
The goal of this study is to calculate either a unique composition or, more 
probably, the range of permissible compositions for the mantle beneath the 
Columbia River Plateau. 

MOON. The Moon is generally more amenable to quantitative geochemical 
modeling than the Earth because its smaller size has resulted in less complex 
differentiation. Two distinct types of extrusive rocks have been erupted on 
the surface of the Moon: KREEP basalts and mare basalts. KREEP basalts are 
difficult to use as geochemical probes of the Moon•s interior, in part because 
of the difficulty in identifying a sample of primitive KREEP magma, but 
primarily because KREEPy magmas appear to have evolved through a complex 
series of differentiation steps which are not well-constrained (McKay and 
Weill, 1977). 

Mare basalts are more amenable to quantitative modeling because we know 
trace element abundances in the basalts, trace element partition coefficient 
values, phaseequilibriafor "primary magmas 11

, the differentiation process, 
equlibrium or, possibly, fractional partial melting, and in some cases, 
information on Sm/Nd ratios and, by inference, the relative REE abundance 
patterns. A number of model calculations have been published (e.g., Shih 
and Schonfeld, 1976; Drake and Consolmagno, 1976; Nyquist et al., 1977; among 
others). While those studies have shed considerable light-on-rhe compositions 
of mare basalt source regions, the three studies referenced abov~ raise a per-
plexing question. It is widely although not universally agreed that mare 
basalt source regions formed as cumulates during differentiation of a global 
lunar magma ocean. The bulk composition of the Moon and of this ocean is 
believed to be chondritic relative at 2-4 x CCl with respect to refractory 
elements such as U (Langseth et al., 1976) and the REE. Yet geochemical 
calculations imply that initial REE abundances in the magma ocean were at 
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least 7 x CCl (Drake and Consolmagno, 1976- high-Ti mare basalts), 10 x CCl 
(Shih and Schonfeld, 1976- all mare basalts), and 10 x CCl (Nyquist et al ., 
1977- Apollo 12 ilmenite basalts). In addition each study has difficu-lty 
in matching the abundances of the heavy REE in mare basalts: calculated heavy 
REE abundances are too high. Shih and Schonfeld (1976) circumvent the problem 
by appealing to a small and precise (4%) amount of garnet crystallizing from 
a magma ocean with initially chondritic relative REE abundances. Drake and 
Consolmagno (1976) appealed to nonmodal fractional partial melting of a 
cumulate formed from a magma ocean with initially chondritic relative REE 
abundances. Nyquist et al. (1977) suggest that the primitive Moon may not 
have had a chondritic-reTative abundance pattern for the REE. 

It is possible that any of the conclusions concerning the apparent deple-
tion of heavy REE in the primitive Moon may be correct. The problem may also 
be an artifact of an inadequate understanding of dynamic petrogenesis in a 
deep magma ocean. For example, Herbert et al. (1977) have argued that an 
early plagioclase-rich crust would form,1nitial1y as 11 rockbergs 11 over the 
surface expressions of the subsiding limbs of convection cells, while the 
bulk of the magma ocean was still substantially above plagioclase saturation 
temperatures. The composition of the magma from which plagioclase crystal-
lized would reflect that crystallization. Pyroxene and olivine would also 
have crystallized, would settle, redissolve, and locally modify magma compo-
sition. Herbert et al. (1978) have shown that such fractionated magmas could 
be convected to the base of the magma ocean on a timescale which is short 
relative to the time required for solidification of the magma ocean. At depth 
fractionated magmas could participate in the formation of mare basalt cumulate 
source regions, and the cumulates would reflect nonchondritic relative REE 
abundances in the magma. Although these geochemical calculations remain to 
be carried out in detail, a possible solution to the apparently nonchondritic 
initial REE abundance pattern predicted for the Moon from modeling of trace 
element abundance patterns in mare basalts may be found in our developing 
understanding of the geophysical and geochemical evolution of the magma ocean. 

Finally, it should be noted that model calculations of the evolution of 
trace element abundances in mare basalts do not constrain the question of 
melting of the whole Moon versus melting of the outer few hundred kilometers 
of the Moon. Mechanisms of crustal formation such as the 11 rockberg 11 hypo-
thesis of Herbert et al. (1977) will only operate when the depth of the magma 
ocean is on the orderof a few hundred kilometers. For magma oceans of 
greater depth, the adiabat intersecting the solidus at depth will intersect 
the surface at a temperature too high to permit crustal formation. ·In such 
cases, the magma ocean will solidify from the base up on a time scale of 
decades of years until the depth is reduced sufficiently to permit crustal 
formation. The discovery of a high-density lunar core would be evidence for 
whole Moon melting. Electromagnetic sounding is consistent with (but does not 
require) an iron core with a maximum radius of 400 km (Wiskerchen and Sonett, 
1978). Density models based on topographic, gravitational, librational, and 
seismic data are consistent with a small sulfide core (Bills and Ferrari, 
1977). 
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EUCRITE PARENT BODY. Eucrites are extraterrestrial plagioclase-pyroxene 
basalts which appear to have originated on an asteroidal-sized body. They are 
well-suited to geochemical modeling because we know trace element abundances 
in the basalts, trace element partition coefficients, and phase equlibria. We 
can also assume with confidence that most eucrites were formed by equilibrium 
partial melting and that the source region had chondritic relative REE abun-
dances. Because most eucrites were produced at ~4.6 AE, i.e., contempora-
neously with the accretion of solid planetesimals, extensive prior differen-
tiation of the eucrite parent body is precluded. Thus we conclude that the 
composition of the source region of the eucritic basalts is that of the bulk 
planet, assuming homogeneous accretion. We can also deduce that refractory 
major elements should be present with approximately chondritic ratios. A 
geochemical modeling study of eucritic basalts shows that the eucrite parent 
body is approximately chondritic relative and absolute for all elements except 
the very volatile (Consolmagno and Drake, 1977}, a result in general agree-
ment with other investigations. The identification of the eucrite parent 
body is controversial. Geochemical arguments favor asteroid 4 Vesta. Dyna-
mical arguments, however, rule out Vesta as the eucrite parent body. Recon-
ciliation of these conflicting arguments is currently not possible unless 
ad hoc, low probability dynamical mechanisms are appealed to (Hostetler and 
Drake, 1978). Vesta would be a profitable target for a future asteroid 
mission. 

PLANETARY CORES. We cannot yet model melting and crystallization in the 
cores of large planets because of the unknown influences of P, T, and compo-
sition on element partitioning. Several iron meteorite groups, however, do 
appear to be products of differentiation in small planetary cores (e.g., Scott, 
1977; Kelly and Larimer, 1977). Until recently partition coefficients were 
not available, although an internally-consistent set of partition coefficients 
could be generated by assuming a value for Ni. Recent measurements of solid 
metal/liquid metal partition coefficients (Drake et al., 1978; Goldstein and 
Friel, 1978) have been reported. These measurementsl:onfirm the general 
conclusions of P.revious workers, but present some discrepancies. For example, 
the measured os/£. for Cr is less than unity, in contrast to the value inferred 
from iron meteorites. This measurement implies that iron meteorites and 
pallasites equilibrated with a sulfide phase. Preliminary results on the 
partitioning of Pt (OS/£.= 0.85 + 0.35) also appears to be inconsistent with 
values inferred from iron meteorites (OS/£.~ l .7), although this result must 
be confirmed with reduced error bars before seeking an explanation of the 
discrepancy. The partition coefficient for Au (OS/£ ~ 0.2)is in general agree-
ment with calculated values. There is an indication that different groups of 
iron meteorites require different values of solid metal/liquid metal parti-
tion coefficient~ if trace element fractionation trends are to be quantita-
tively modeled. If this conclusion is correct, experimental studies may 
provide limits on P, T, fO , and bulk compositions appropriate to each 
planetary core. These inv~stigations represent a small step towards examining 
differentiation in the cores of large terrestrial planets. 

CONCLUSIONS. Quantitative trace element modeling has been most successful 
for small planetary bodies which underwent relatively simple differentiation 
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processes. In more complicated bodies such as the Moon, geochemical 
modeling raises important cosmochemical questions which may reflect on a 
fundamental property of the planet or may be artifacts of our inadequate 
understanding of the differentiation processes involved. It is important to 
distinguish between mathematical games and calculations which shed light on 
the nature of differentiation processes and chemical compositions which actual-
ly occur in nature. 

This work is supported by NASA grant NGR 03-002-388. 
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TERRESTRIAL PLANETARY INTERIORS: LONG-WAVELENGTH GRAVITY ANOMALIES 
AND TECTONICS, R. J. Phillips, Jet Propulsion Laboratory, California Institute 
of Technology, Pasadena, California 91103 

INTRODUCTION 
The general non-uniqueness of gravity fields in the interpretation of 

lateral density inhomogeneities (c.f. moment-of-inertia interpretations and 
radial inhomogeneities; seeS. Solomon, this volume) in planetary interiors 
necessitates the isolation of that portion of the gravity field correlated 
with other geophysical observables or to surface or near-surface geologic 
manifestations. The lithospheres of the terrestrial planets provide a start-
ing point for the interpretation of gravity anomalies for several reasons. By 
definition, the lithospheres can support density inhomogeneities for long 
periods of geologic time; such density inhomogeneities may be directly related 
to observable surface features. The stress levels associated with an assump-
tion of a lithospheric source for a given gravity anomaly may exceed finite 
strength limits and thus a sub-1 ithospheric origin can be assigned [1 ,2]. 
Since (1) stress in the 1 ithosphere is roughly proportional to the wavelength 
of the anomaly, and (2) the upward continuation of gravity attenuates inver-
sely with wavelength in an exponential fashion, then we expect a tendency for 
shorter wavelength anomalies to arise in the lithosphere and longer wavelength 
anomalies to arise in the sub-1 ithosphere, the "transition11 wavelengths depen-
dent on, among other parameters, 1 ithospheric thickness. 

We expect the sub-1 ithospheric mantle regions in the terrestrial planets 
to be asthenospheric throughout, i.e. to be able to flow by sub-solidus creep 
processes, with the possible exception of the Earth, where debate continues 
regarding lower mantle flow [31. In the asthenospheres, lateral variations 
in density will flow, irrespective of the source of the anomalies [4,5], with 
a tendency towards stable horizontal stratification unless maintained by dyna-
mic processes such as convection. Such flow processes will give rise to 
gravity anomalies, arising from both the density heterogeneity in the flow 
and the deformation of the overlying lithosphere [6], although the exact re-
lationships are complex [5]. Deformation is a function of thickness (t) and 
rigid it~ (~) and the reciprocal of the membrane stress parameter (e.g. [7]), 
M = pga /2~t, where p =density, g =planetary gravity, and a= planetary 
radius, is a rough measure of 1 ithospheric elastic resistance to deformation 
forces. For the Moon, Mars and Earth, relative M values are 1, 9, and 81, 
respectively for the same ~t product. The elastic lithospheric thickness 
depends on both the thermal and melting temperature gradients. For Moon, 
Mars, and Earth, thickness estimates lie in the range 100- 200 km [8], 50-
100 km [2], and 20 - 30 km (oceanic, [9]), respectively. Thus, from the fac-
tors considered above, we might expect for the long-wavelength gravity anoma-
lies, in the order Moon, Mars, Earth, decreasing 1 ithospheric contributions 
due to compositional inhomogeneity and an increasing amount of tectonic de-
formation of the lithosphere and anomalous gravity contributions therefrom. 

T~ese ideas above may be tested by studying the long-wavelength gravity 
anomal 1es for each of the three planets. Here long wavelength is defined as 
being, in general, at least 10 to 15 percent of the planetary radius. 
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There are two general classes of long-wavelength gravity anomalies asso-
ciated with the Moon. The irregular maria are isostatically compensated and 
show little or no long-wavelength gravity anomaly. Compensation is most 
likely to be a response at the crust-mantle boundary, now within the elastic 
1 ithosphere and long-term passive isostatic support is operative. The high-
lands show a modest correlation between gravity and topography, possibly due 
to second-order isostatic affects [10], and in any event, the topographic 
stresses are no more than several hundred bars, capable of long-term support 
in the lithosphere [11]. The formation of multi-ringed basins is accompanied 
by a process of isostatic adjustment due to mantle displacement and/or igneous 
densification in the subsurface. Subsequent emplacement of surface lavas 
gives rise to a second class of gravity anomalies, the mascons. Lithosphere 
stresses imparted by the mascons are on the order of 0.5 kbar and are sup-
ported by the finite strength of the 1 ithosphere. 

Present day lunar convection is confined to the lower mantle, deeper 
than about 500- 600 km [8]. The thick lithosphere may not deform a great 
deal and the second degree non-hydrostatic figure of the Moon is most 1 ikely 
supported by lithospheric finite strength. In any event, the gravity contri-
bution of deep flow processes cannot be separated from and is probably over-
shadowed by lithospheric density anomalies [12]. Thus the Moon represents a 
type of planet whose long-wavelength gravity anomal les arise mainly from the 
lithosphere, which in turn is little deformed by dynamic processes in the 
deeper interior. 

MARS 
The gravity anomalies for Mars show two patterns, representing distinct 

episodes in the tectonic history of the planet [\3]. The ancient crust of 
the planet was isostatically compensated early in martian history, such com-
pensation maintained by the finite strength of the 1 ithosphere. The Tharsis 
province is a region of pronounced topographic doming, fracturing, volcanism, 
and is accompanied by a large free-air gravity anomaly which is highly corre-
lated with the topography. The gravity anomaly is dominated by long-wave-
length (second and third order harmonic) contributions. Tharsis is only par-
tially isostatically compensated if an Airy model is assumed [13]. An iso-
static Pratt model has also been advanced [10] which, while leading to lower 
stress levels, probably extends into the asthenosphere and requires dynamic 
support. A partially compensated Airy model has been adopted to test the 
question of lithospheric support [2], and it is shown that if the elastic 
lithosphere is less than 100 km thick, then horizontal deviatoric tensile 
stresses in excess of 1 kbar exist at the surface, possibly beyond the range 
of long-term passive support. If present day mantle convection is reponsible 
for partial support of Tharsls, then one is faced with the task of separating 
flow anomalies from lithospheric anomalies. The important point is, however, 
that the martian 1 ithosphere is thin enough to deform and fracture in response 
to dynami~ pr~cesses i~ the interior and the gravity anomaly we see is chiefly 
due to th1s l 1thospher1c deformation. Valles Marineris is a result of this 
deformation process; the region is presently in a state of tensile stress 
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associated with the Tharsis uplift and ought to be tectonically active. An 
analogy to the Earth of lithospheric doming and fracturing, but not breakup, 
is warranted. 

EARTH 
The Earth represents the extreme case of lithospheric deformation as 

described by the contemporary theory of plate tectonics. There are no parti-
cular long-wavelength anomalies associated with the global aspects of plate 
motion; to be sure, shorter wavelength anomalies are associated with plate 
boundaries (e.g. trenches, rises). On the land masses, long-wavelength 
topography is generally compensated and has no corresponding gravitational 
expression. Exceptions are tectonically active areas (e.g. East African 
Rift) and regions isostatically adjusting following deglaciation (e.g., Hudson 
Bay). lntheocean basins, long-wavelength gravity anomalies are in general 
uncorrelated with deformation of the oceanic lithosphere, except at specific 
locations, such as the Hawaiian swell [1]. Here it has been shown that sup-
port by lithospheric flexure will not satisfy the gravity data and more 
classically compensated models have been proposed [14]. The compensating 
zone must lie in the asthenosphere and be maintained dynamically. 

The general lack of correlation between long-wavelength gravity and 
oceanic topography has been attributed [1] to a stress decoupling at the low 
viscosity zone [15]. Such long-wavelength anomalies must be supported dyna-
mically, although allowance must be made for the longest wavelengths arising 
from a possibly non-creeping lower mantle. lheoretical models of convection 
do not exist at the present time that will explain the details of the asthen-
ospheric anomalies. 

The simple model of asthenospheric flow- lithospheric deformation 
generally fails for long-wavelength anomalies on the Earth. Notable excep-
tions may be the Hawaiian swell [14] and portions of the East African Rift 
[16J. This mechanism does appear to operate, however, at shorter wavelength 
scales. 
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GEOLOGICAL CONSTRAINTS ON THE COMPOSITION AND STRUCTURE OF PLANETARY 
INTERIORS. T. R. McGetchin, Lunar and Planetary Institute, and J. W. Head III, 
Brown University. 

A large number of observational methods are now available to study plane-
tary surfaces; these methods have been used by the USGS and others to define 
and characterize lunar surface units (Wilhelms and McCauley, 1971) as well as 
many planetary surfaces in terms of physical properties (albedo, color, crater 
frequencies, roughness), mineralogy, chemistry and relative age (see Head 
et al., 1978). Important structural relations can be inferred from surface 
photography--although seldom unambiguously. 

For the earth a full array of geological, geophysical and geochemical data 
exists including fundamental physical properties (mass, rotation, moment of 
inertia), seismic structure (body and surface wave and free oscillations), 
present and past magnetic field, thermal regime--from thousands of measure-
ments, and abundant data on volcanic rocks and xenoliths bearing on the 
composition at depth. Within these many constraints, only a restricted range 
of earth models can be postulated (Press, 1968). This is not the case for 
any other planetary body, including the moon. 

Important questions regarding planetary interiors which have been 
addressed utilizing (remotely sensed) surface data include: (1) the relation-
ship of lava compositions to the rocks in the source region at depth; (2) 
volumes of lava and the duration of activity and their relationship to scale; 
(3) planetary expansion or contraction from observation of fracture patterns 
inferred to be global scale faults--some tensional (in the case of Mars) and 
some compressional (Mercury); (4) the distribution in time and position of 
(lunar) lavas and implications for the thermal evolution of the interior, and 
the necessary conditions that the solidus temperature be exceeded for melting 
to occur and that an appropriate stress state exists in the lithosphere for 
melt to escape, namely tensional stresses or preexisting fractures; (5) varia-
tion in the thickness of the lithosphere with time, as inferred from the change 
in height of shield volcanoes or their spacings; (6) the compositions of 
surface lavas inferred from viscosity estimates derived from the shapes of 
lava flows; (7) the presence or absence of volatiles inferred from the 
morphology of volcanic (pyroclastic) landforms; and (8) the absence of features 
attributable to plate-tectonics, except on the earth. 

Surface geological observations provide important clues regarding interiors 
of the planets, although at present the information is indirect and model 
dependent. The problems of surfaces and interiors are closely linked--it is 
quite possible to build models predicting surface properties using internal 
parameters as constraints (e.g. McGetchin and Smyth, 1978) or to do the 
reverse (Solomon and Chaiken, 1976). 

References: Head, J. W., c. Pieters, T. McCord, J. Adams, S. Zisk, 
Icarus, 33, 145-172, 1978, McGetchin, T. and J. Smyth, Icarus, in press, 1978; 
Press, F., J. Geophys. Res., 73, 5223-5234, 1968; Solomon and Chaiken, Proc. 
7th Lunar Sci. Conf., 3229-2343, 1976; Wilhelms and McCauley, USGS MI-703, 
1971. 
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