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Abstract-The volumetrically abundant basalts on the earth, its moon, and the eucrite parent planet 
all have chemical compositions that are controlled to a large extent by dry, low-pressure, crystal-
liquid equilibria. Since this generalization is valid for these three planetary bodies, we infer that it 
may also apply to the other unsampled terrestrial planets. 

Other characteristics of basaltic volcanism show variations which appear to be related to planet 
size: the eruption temperatures, degrees of fractionation, and chemical variety of basalts and the 
endurance of basaltic volcanism all increase with planet size. Although the processes responsible for 
chemical differences between basalt suites are known, no simple systematization of the chemical 
differences between basalts from planet to planet has emerged. 

INTRODUCTION 

Samples of basalts are available from at least three terrestrial planets: the earth, 
its moon, and the parent body or bodies of the eucrite meteorites. Mercury, 
Mars, (and probably) Venus, and some of the jovian satellites appear to have 
generated basaltic volcanism as well. In this paper, we will examine some of the 
broader aspects of basaltic volcanism on the earth, the moon, and the eucrite 
parent body. Some characteristics of basalts appear to correlate with planet size, 
some appear to be invariant, while others show no obvious correlation with planet 
size. Although the basis for comparison is only three planets, the correlated and 
invariant characteristics are interesting and provide a basis for predictions con-
cerning the characteristics which will be encountered when other bodies are sam-
pled. Thus, in addition to providing some insight into the factors controlling the 
chemical and physical characteristics of the basalts currently available for study, 
this approach can provide input into the planning of missions to other bodies 
through its predictions of what we should expect. 

LOW-PRESSURE MELTING RELATIONS 

One useful way to examine the major element chemical variation of a suite of 
igneous rocks is to plot the rock compositions in terms of the mineral components 
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observed as crystallizing species in those rocks. This is commonly done on a 
liquidus diagram for the chemical system appropriate to a particular basalt suite. 
Liquidus diagrams permit easy recognition of chemical control of rock compo-
sition by fractionation of mineral phases; control during fractionation of several 
phases should produce distributions of rock compositions conforming to multiple-
saturation boundaries. The position and configuration of multiple-saturation 
boundaries on liquidus composition diagrams can change as a function of the 
physical conditions of fractionation such as pressure and activity of volatiles. 
Therefore some reference condition must be selected. As we shall see, the dry, 
low-pressure condition is the most useful starting point since this condition is the 
most thoroughly documented experimentally; happily, it also appears to be rel-
evant to the volumetrically abundant basalts on each planet. 

EUCRITIC BASALTS 

Stolper (1977) studied the 1 atm. melting relations of eucritic meteorites at the 
low values off 02 appropriate to their crystallization. The chemical composition 
of the eucrites can be largely described in the system 

Si02-(Mg,Fe)zSi04-CaAl2Si208 

and Stolper chose a ternary liquidus diagram with those coordinates. Microprobe 
analysis of experimental glass compositions coexisting with various crystal spe-
cies provided data from which to draw multiple-saturation boundaries in this 
system. Figure 1 is modified from this work and shows the composition of known 
eucrites as well as the saturation boundaries at 1 atm. at f 0 2 appropriate to metal-
saturated equilibria. 

Most eucrites cluster in composition about the intersection of the olivine, pla-
gioclase, and low-calcium pyroxene phase volumes in this projection. Spinel and 
metal may also be saturating phases in the liquidus assemblages of the eucrites. 
The most obvious suggestion of Fig. 1 is that there is a control on the eucrite 
compositions by these low-pressure saturation equilibria. Stolper (1977) argued 
that this control was partial melting of an olivine + plagioclase + low-Ca pyrox-
ene ( ± spinel ± metal) assemblage. A small amount of crystallization differen-
tiation was subsequently experienced by some of the primary liquids produced 
in this melting. 

The parent body of the eucrite meteorites (EPB) is unidentified but asteroid 4 
Vesta is a possible candidate (McCord et al., 1970; Stolper, 1977; Consolmagno 
and Drake, 1977). However, Vesta is not near a resonance with Jupiter, so that 
derivation of these meteorites from this asteroid may be dynamically unfeasible. 
Hostetler and Drake (1978) have attempted to develop a scenario to overcome 
this difficulty. Wetherill (1977) and Wetherill and Williams (1979) have suggested 
that the eucrites and other differentiated meteorites may come from the S-type 
asteroids near the inner rim of the asteroid belt. Whether eucrites are derived 
from 4 Vesta or other objects of asteroidal dimensions, it is no surprise that the 
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Fig. 1. Compilation of eucritic basalt analyses on liquidus of system plagioclase-olivine-
silica from Stolper (1977) plus data from Wanke et al. (1977) and Palme et al. (1978). 
Cumulative eucrites (Binda, Moama, Moore County, Serra de Mage, Madanitos) are 
excluded. Experimental conditions are 1 atm. with f02 close to metal saturation. Diopside 
is used as a projection point. 

generation of these basalts was controlled by low-pressure equilibria since the 
maximum pressures generated at the centers of these objects do not exceed a few 
kilo bars. 

LUNAR BASALTS 

Little selection is required in choosing the representative basaltic rock type on 
the EPB because only one sort is known. However, the moon has produced at 
least two qualitatively different suites of basaltic rocks, with a number of iden-
tifiable subsets within each suite. Dark basaltic rocks flooding the mare basins 
cover an appreciable area of the lunar near side. Their chemical and petrologic 
characteristics have been reviewed by Papike et al. (1976). However, the volume 
of these mare basalts has been shown to be trivial compared to that of the lunar 
crust (<1%; Head, 1975) and the estimated volume of these rocks continues to 
be revised downwards (De Hon and Waskom, 1976; Horz, 1978). On the other 
hand, estimates of the volume of feldspathic basaltic rocks associated with the 
lunar highlands have increased significantly since their discovery. In fact, some 
recent appraisals suggest that these rocks or their plutonic equivalent may com-
prise a substantial part of the lunar crust itself (Liebermann and Ringwood, 1976; 
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Ryder and Wood, 1977). Even if these basaltic rocks are present only as a lacing 
of a few percent in the crust, they must be volumetrically more important than 
the mare basalts. For the purposes of the present discussion these rocks will be 
considered as the more important lunar basaltic volcanism. 

The feldspathic lunar volcanic rocks go by a variety of names-some of which 
refer to distinct types and some of which do not: Fra Mauro basalt (low, medium 
and high-K), KREEP basalt, VHA basalt, high-alumina basalt, norite, and so 
forth. We shall collectively refer to these rocks as Fra Mauro basalts from the 
site of their first abundant recovery as samples in the Fra Mauro hills. The melting 
relations of these samples were summarized by Walker et al. (1973), who used 
the same chemical system as Stolper (1977) to display the chemical variation. 

Figure 2 shows a liquidus diagram for this system for low pressures and low 
f 02 appropriate to the crystallization of these rocks. The saturation curves are 
topologically the same as those in Fig. 1; however, their positions are different 
since the Fe/Me+ Mg in the region of olivine + plagioclase + low-Ca pyroxene 
saturation is lower for the Fra Mauro basalts than for eucrites. Also shown are 
the compositions of 1160 Fra Mauro samples from an updated version of the data 
base of Wood (1977). Fra Mauro compositions were separated from ANT suite 
rocks on the basis of their Fe/Fe+ Mg. Samples having a numerically greater 
value of molar Fe/Fe+ Mg than the An/An+Ol+Si0 2 of Fig. 2 were assigned to 
the Fra Mauro suite. Mare basalts were removed from the data base by the same 
criterion used by Wood (1975). The Fra Mauro compositions shown are from a 
few rocks, lithic fragments, and a large number of soil glass particles. Undoubt-
edly these compositions are influenced not only by the protolith but also by the 
melting and mixing dynamics responsible for the present state of the samples. 
For this reason the center of gravity of the distribution is of more interest than 
the individual points. We note that Warren and Wasson's (1979) KREEP com-
ponent approximates this center of gravity. 

Fra Mauro basalts have compositions controlled by the low-pressure saturation 
curves shown in Fig. 2. Walker et al. (1973) argued that the major mechanism of 
this control was by partial melting of olivine + plagioclase + low-Ca pyroxene 
assemblages at low pressures within the lunar crust. Subsequent crystal fraction-
ation of partial melts was invoked to explain the compositions along the plagio-
clase + pyroxene curve. Such differentiation sequences were well documented 
by Irving (1977). The argument for partial melting as the major control on Fra 
Mauro basalt compositions stems from the observation that the densest cluster 
of the compositions is found around the reaction point involving olivine, plagio-
clase, and low-Ca pyroxene. Since this point is a reaction point, clustering of 
compositions around it is not expected during crystallization although such clus-
tering is possible during melting (Walker et al., 1972). 

Recent treatments of the subject have tended to reject the melting arguments 
and to interpret Fra Mauro basalts (or KREEP) as crystallization residues, per-
haps from the differentiation of the primordial lunar magma ocean. Lipin (1978) 
argued that many of the primitive characteristics of Fra Mauro basalts would be 
retained if the crystallization sequence, with Fra Mauro basalt as the residue, 
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Fig. 2. Compilation of lunar Fra Mauro compositions including rocks, lithic soil clasts, 
and glass soil particles on liquidus of system anorthite--olivine-silica from Walker et 
al. (1973). Mare basalt suite and ANT suite compositions are excluded from the data 
compilation of Wood (1977). Experimental conditions are 1 atm. with f02 close to metal 
saturation. 

approached equilibrium crystallization. According to Lipin, compositional clus-
ters at the peritectic could be produced and Fe/Fe+ Mg would not be driven 
excessively high by such a process. Lipin then argued that fractionation of cli-
nopyroxene at depth would keep the clino/orthopyroxene ratio low at shallow 
levels to give Fra Mauro basalt. It will be shown below that orthopyroxene 
saturation at depth is more important than clinopyroxene and that fractionation 
at depth actually increases the clino/orthopyroxene ratio of liquids brought to the 
surface so that Lipin's mechanism has the opposite effect to that required. 

Crystal fractionation of a lunar magma ocean increases Fe/Fe+ Mg, Ti02, and 
clino/orthopyroxene ratio of the residual liquid, whether by equilibrium or frac-
tional crystallization. If Fra Mauro basalts are the crystallization residues of the 
magma ocean, they should have the highest values of these parameters for lunar 
samples. However, mare basalts have higher Fe/Fe+ Mg, Ti02, and clino/ortho-
pyroxene ratios than Fra Mauro basalts. No matter whether mare basalts are 
generated by melting of cumulate piles separated from the magma ocean or by 
melting of primordial lunar interior they should be more primitive than the crys-
tallization residue of the magma ocean. Thus, Fra Mauro basalt cannot be the 
crystallization residue of a magma ocean on a moon which has produced mare 
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basalts. The crystallization residue model does not produce a satisfactory un-
derstanding of the major element chemistry of Fra Mauro basalts. 

Warren and Wasson (1979) have claimed that the lack of relative fractionation 
of incompatible elements on a moon-wide basis is inconsistent with an origin for 
KREEP (or Fra Mauro basalt) by partial melting. Instead they proposed a variant 
of the Hubbard-Minear (1976) model in which the magma ocean dregs 
( ~urKREEP) percolate into the crust and are zone-refined. The incompatible 
element signatures of urKREEP survives but the high Fe/Fe+ Mg, Ti, and 
clino/orthopyroxene ratio of urKREEP is erased by the larger mass of primitive 
crustal minerals. This is purported to happen because the crustal minerals assim-
ilated have low incompatible element abundance and little corresponding power 
to introduce relative incompatible element fractionation when assimilated by 
urKREEP. 

We suggest that if the lack of fractionation of incompatible elements is the 
"fatal flaw" in partial melting models, then it must have equally mortal conse-
quences for the model in which urKREEP is zone-refined. A zone-refining model 
requires that there be a complementary mass of precipitated material for the 
assimilated material or else the liquid will be consumed in the process. Because 
the complementary precipitated material is derived from the incompatible-ele-
ment-rich liquid, relative fractionation results. The thrust of this argument is not 
to discredit the Hubbard-Mineard model, but to suggest that Warren and Was-
son's adaptation does not solve the problem originally posed. 

The basic premise of the Hubbard-Minear model is that something must happen 
to the residual liquid of the magma ocean and that this residual liquid should 
resemble KREEP in its incompatible element signature (Dowty et al., 1976). We 
find this reasoning very appealing and feel that Warren and Wasson' s dilemma 
with relative fractionation of incompatible elements has a simple resolution in 
terms of partial melting within this model. All that is required is that the perco-
lation of urKREEP into the crust produce an inhomogeneous distribution of 
urKREEP-enrichment. Wasson and Warren's arguments against partial melting 
are only compelling if the source region is homogeneous on a moon-wide basis. 
Melting of crustal material with variable amounts of urKREEP enrichment can 
produce Fra Mauro basalt with variable levels of KREEP enrichment but little 
relative incompatible element fractionation. 

We conclude that the lack of relative fractionation of incompatible elements 
does not preclude a partial melting origin for Fra Mauro basalts as claimed by 
Warren and Wasson (1979). It is a natural consequence of the Hubbard-Minear 
model if crustal contamination of urKREEP is non-uniform. Hubbard-Minear in 
fact, endorsed the partial melting scenario (' 'in effect, the lower crust must be 
partially melted in order to provide the proper major element composition ... "). 
Warren and Wasson seem to suggest that their zone-refining variant of the Hub-
bard-Minear model is inconsistent with partial melting. This point of view is 
difficult to understand since reheating of the crust is involved and the minerals 
of the crust impose their saturation relations on the melt involved. Clearly the 
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zone-refining model is a disguised form of partial melting, albeit a form unsuc-
cessful at solving the problem it addresses. 

Whatever the merits of the debate about a melting versus a crystallization 
origin, one point is not in doubt: Fra Mauro basalts had their compositions con-
trolled by crystal-liquid equilibria at low pressure and they are volumetrically the 
most important lunar basalt type. This sort of control of eucrite compositions is 
true of necessity because no elevated pressures seem available; but the moon is 
capable of generating basalts at higher pressures; for example, some of the mare 
basalts. So the chemical control of Fra Mauro basalts by low-pressure equilibria 
assumes a more definite significant in the presence of alternate possibilities. 

Just a word about mare basalts is in order here. We mentioned above that some 
mare basalts have their compositions determined by igneous processes at elevated 
pressures. But evidence of crystal-liquid differentiation of such magmas near the 
lunar surface is quite abundant. The basalts from Oceanus Procellarum sampled 
by Apollo 12 are a good example. It was recognized very early (e.g., Green et 
al., 1971) that primary magmas generated at depth were sampled. But subsequent 
work (Walker et al., 1976; Rhodes et al., 1977) showed that the suite of picritic 
to pigeonite basalts were all interrelated by near-surface fractionation and that 
only two primary magmas were required-a picrite low in TiO2 for the picrite-
pigeonite suite and a slightly more titanferous picrite for the ilmenite-enriched 
Apollo 12 suite. Thus, although primary magmas generated at depth were present, 
the bulk of the samples told a story of crystal-liquid differentiation at low pres-
sure. 

TERRESTRIAL BASALTS 

Little discussion is required of the choice of mid-ocean ridge basalt (MORB) as 
the representative terrestrial basalt type. Although only perceived as an important 
rock type relatively recently, lack of seniority by no means dims its importance. 
It covers more than 2/3 of the earth's crust with only the ocean and an occasional 
veneer of sediment to keep the prodigious bulk veiled from more exhaustive 
sampling. 

No diagram strictly comparable to Fig. 1 or 2 can be used to discuss MORB 
petrogenesis because MORB compositional variation does not fit conveniently 
into the chemical system used there. High-calcium pyroxene plays a significant 
role so extra compositional dimensions are required. Of course they are not 
available for convenient graphical analysis and so a sacrifice must be made some-
where. Walker et al. (1979) studied the low pressure crystallization of MORB 
and constructed a liquidus plot analogous to Figs. 1 and 2. The sacrifice made 
was that plagioclase variation was not shown explicitly in their projection. Instead, 
they projected from plagioclase since many MORBs are saturated or slightly 
oversaturated with plagioclase at low pressure. Figure 3 shows a plagioclase-
saturated liquidus on the system diopside-olivine-silica from Walker et al. (1979). 
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Fig. 3. Compilation of terrestrial mid-ocean ridge basalts on plagioclase-saturated li-
quidus of the plagioclase-diopside-olivine-silica system from Walker et al. (1979). 
Only those compositions extensively altered (H20 > 4% or Fe3+ > Fe2+) or indicated 
as obviously petrologically degraded were excluded from the compilation of Mutschler 
et at. (1976). Experimental conditions are I atm. with f02 close to the QFM buffer. 

The compositions of 2000 MORBs are also plotted on the liquidus of Fig. 3 
and it can be seen that the densest cluster of compositions is along the intersection 
of the olivine + augite ( +plagioclase) saturation volumes at low pressure. There 
is also a scatter of points in this data set taken from diverse literature sources 
(Mutschler et al., 1976). The scatter is considerably reduced when the data set 
is restricted only to fresh MORB glass (Melson et al., 1976), presumably because 
the compositions of liquids are not obscured by alteration and phenocryst accu-
mulation which may affect rock compositions. The implication of this figure is 
that the major control on MORB chemistry is crystal-liquid equilibration at low 
pressure. This conclusion was reached by O'Hara (1968a) but has not been em-
phasized by subsequent work on "primary" MORBs (Fuji and Kushiro, 1977; 
Bender et al, 1978; Green et al., 1979; and Presnall et al., 1979). 

On the moon and EPB, partial melting was argued to be the control on the 
compositional clustering because of the peritectic nature of the olivine + plagio-
clase + low-Ca pyroxene equilibrium around which the clustering occurs. The 
cluster of earth's MORBs is not on a peritectic and low-pressure melting is not 
argued. Yet the clustering should not be encountered in a simple fractionation 
sequence and so fractionation may be supplemented by a mixing process in a 
shallow-magma chamber where the fractionation occurs (O'Hara, 1977; Bryan 
and Moore, 1977; Rhodes et al., 1979; Walker et al., 1979). A mixing process 
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could explain the paucity of nearly primary MORBs as well as their expected 
advanced fractionation products as a result of their combination before eruption. 
Mixing suppresses the range in lava compositions which might erupt although 
abundant evidence of the process survives as anomalous phenocryst assemblages, 
anomalous trace element enrichments, and anomalous crystallization sequences 
in the eruption products. The process of periodic remixing of hot, fresh magma 
into a cooler, fractionating, crystal-charged magma chamber is equivalent to par-
tial melting in terms of phase equilibrium constraints, even though the physical 
process is quite different. Either process can produce compositional clusters in 
erupted lavas, and the complex process argued for the earth cannot be excluded 
for the moon and EPB by phase equilibrium arguments. Still, the tectonic setting 
of steady-state MORB fractionation may be peculiar to the earth. Perhaps the 
moon was capable of such activity in its early history, but was the EPB? 

OTHER PLANETS 

We have seen in Figs. I, 2, and 3 that a major control on basalts erupted on the 
earth, its moon, and the EPB is crystal-liquid equilibration at low pressure. With 
this as background, it would be surprising if basalt samples from Mercury, Venus 
and Mars did not also show a major chemical control by equilibration at low 
pressures. We have seen that this control can occur by a variety of mechanisms: 
partial melting at low pressure (whether a high-pressure regime is available or 
not) or fractionation plus mixing at low pressure. Apparently the low-pressure 
regime offers diverse opportunities for control of basalt compositions. These 
opportunities appear to be frequently exercised so far as our sampling experience 
carries us. We expect that these opportunities have been exercised on the as yet 
unsampled terrestrial planets. 

Io could be an exception to this expectation. The tidal heating suggested by 
Peale et al. (1979) appears to be spectacularly confirmed (Boston Globe, 1979). 
Vigorous spouts of volcanic material are presently issuing from Io in a manner 
unprecedented in the solar system. The height of the spouts, measured in 
hundreds of km, suggests a deep origin to produce such a pressure head and rapid 
ascent. Presumably the low-pressure regime has little opportunity to exercise its 
control in this situation. But the activity of Io is exceptional in that it is not an 
intrinsic property of Io, but one derived from closeness to Jupiter. 

We should note that there is another common bond between the melting rela-
tions of three planets in Figs. I, 2, and 3. These melting equilibria are all dry. 
Since the curves change with water pressure we further conclude that volatiles 
such as water (or CO2) have little effect on the compositions of the most abundant 
basalts on a planet. On the moon and EPB this is a trivial statement because they 
are sensibly devoid of water (and CO 2) anyway. But on the earth, the presence 
of volatiles can have a profound effect on the first melting temperature of mantle 
peridotite and on the composition of the liquid produced. However, it turns out 
that the small amounts of volatiles present on initial melting are either bled off 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1979LPSC...10.1995W


1
9
7
9
L
P
S
C
.
.
.
1
0
.
1
9
9
5
W

2004 D. Walker et al. 

with the small volumes of first melt produced, or diluted by extra melting to the 
point where large volumes of abundant basalts show negligible effect of volatiles 
on their chemistry. Even if Venus or Mars should have a low velocity zone, we 
expect that the volumetrically important basalts will not show significant control 
by volatile-saturated equilibria. 

The common characteristics of the sampled planets-large volumes of basalt 
controlled by low-pressure equilibria-should not be taken as an indication that 
no high-pressure primary magmas will be found on other planets. After all, they 
have been found on the earth and the moon. The point to be made here is that 
they may be found on other planets but they are not expected to be in the majority 
among samples and some discrimination is required in recognizing them. 

PLANETARY DIFFERENCES 

Although basalts from the earth, the lunar highlands, and the eucrite parent body 
share the common property of clustering on olivine + plagioclase + pyroxene 
saturation curves at low pressure, the basalt suites are nonetheless distinguish-
able. The nature of the pyroxene and type of equilibrium separate the earth from 
the other two cases. Why are terrestrial MORBs saturated with high-Ca pyroxene 
as the dominant pyroxene? There are at least two effects contributing to this 
change. 

The first of these effects occurs because the partial melting producing MORB 
primary magma takes place at high pressure. Primary melts which fractionate to 
eventually produce MORBs may segregate as deep as ~60 km (O'Hara, 1968a; 
Green et al., 1979). Lunar Fra Mauro basalts may also segregate at depths this 
great but the moon only imposes a pressure of ~ 3 kb at this depth as compared 
with ~20 kb in the earth. This increase of pressure leads to a change in the 
composition of the initial melts. Figure 4 shows how the relative proportions of 
normative ortho and clinopyroxene change as a function of pressure in liquids 
saturated with olivine, two pyroxenes, and an aluminous phase (plagioclase, 
spinel, and/or garnet). This is shown for a model end-member CMAS system 
(Presnall et al., 1979) and for complex natural rock systems (O'Hara, 1968b). 
Both curves show the same effect. The proportion of normative clinopyroxene in 
the liquid is greater at any pressure above zero than at zero. The effect is more 
pronounced in the complex natural system than CMAS; nepheline-normative 
liquids are generated. The important feature here is the increase of cpx/opx with 
pressure. Primary MORB melts produced at elevated pressure have more nor-
mative clinopyroxene than necessary to insure that clinopyroxene will be the 
primary pyroxene crystallizing when such melts are brought to the surface. Oli-
vine fractionation during ascent to the surface then produces MORBs with augite 
as the primary pyroxene rather than pigeonite or orthopyroxene. This mechanism 
is not available to eucrites and Fra Mauro basalts produced by partial melting at 
low pressure. 

We mentioned above that clinopyroxene fractionation at depth is unlikely to 
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lower the clino/orthopyroxene ratio to the point where clinopyroxene is no longer 
the primary pyroxene phase at low pressure. Although fractionation of clinopy-
roxene alone at high pressure can lower cpx/opx of residual liquid, low-Ca py-
roxene saturation occurs at a higher value of cpx/opx with increasing pressure. 
Thus, clinopyroxene fractionation alone does not deplete the liquid in cpx/opx 
enough to make low-Ca pyroxene the primary pyroxene at low pressue becasue 
orthopyroxene saturation eventually puts a high lower limit on clinopyroxene 
depletion. 

An auxiliary effect which enhances clinopyroxene importance at low pressure 
is available as the result of the greater abundance of alkalies in the earth. Qual-
itatively, alkalies couple with Al making plagioclase less An-rich. Ca is thus 
liberated to pyroxene, increasing clinopyroxene importance. A normative reac-
tion of the following sort illustrates the effect: 

Na20 + CaAl2Si208 + 1
2
1 Mg2Si20 6 = 2NaA1Si30 8 + CaMgSi20 6 + 5Mg2Si04 • 

Consequently, a melt crystallizing primary orthopyroxene could be made to crys-
tallize primary clinopyroxene by addition of alkalies. Of course, alkalies are not 
ordinarily dumped into magmas independent of their generation and we must also 
consider the effect of alkalies on the composition produced during first melting. 
Some indication of this effect can be seen in Fig. 4. At O kilobars the melt in the 
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Fig. 4. Normative proportions of ortho- and clinopyroxene in liquids in equilibrium with 
olivine, orthopyroxene, clinopyroxene, and plagioclase (and) or spine! (and/or garnet). 
Such liquids are the first melts produced from 4-phase peridotite. Clino/orthopyroxene 
ratio of these liquids increases with pressure and it increases more rapidly in natural 
rock systems than in alkali-free systems such as CMAS. Liquid saturated with clino-
pyroxene and orthopyroxene at depth-either by melting in the presence of both phases 
or by fractionation of clinopyroxene until orthopyroxene precipitates-are oversaturated 
with clinopyroxene at the surface of a planet. Thus, clinopyroxene-undersaturated Fra 
Mauro basalts cannot have been depleted in clinopyroxene by fractionation at depth. 
Terrestrial MORBs may have primary augite even though they are generated from 
orthopyroxene-bearing residues because they are generated at depth. 
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alkali-free CMAS system may have a slightly higher cpx/opx, but above a few 
kilobars the natural alkali-rich systems (complex rocks) produce melts of higher 
cpx/opx. So primary MORBs generated at depth are not only richer in cpx/opx 
as a consequence of the pressure effect (which operates in alkali-free systems as 
well) but also they are increasingly rich in cpx/opx as the result of the presence 
of alkalies. 

The mineralogical constitution of the source regions of basalts certainly influ-
ences basalt composition. Indeed, the EPB would appear to have no residual 
high-Ca proxene in its source region and this is reflected in the low cpx/opx of 
eucrites. Stolper et al. (1979) have suggested that the increase of cpx/opx in a 
spectrum of differentiated meteorites can be explained in terms of alkali-addition 
to source regions like those of the EPB. The richness in alkalies and clinopyrox-
ene in the earth may be an extension of this process. Likewise, the probable 
rarity of orthopyroxene in the mantle of Mercury (Basaltic Volcanism on the 
Terrestrial Planets, in preparation) and Mars (McGetchin and Smyth, 1978) may 
be expected to influence basalt compositions. 

Nevertheless, in situations where the pressure effect may operate, it is probably 
more important than the alkali effect. Consider the lunar experience. Fra Mauro 
basalts are as alkali-rich as any lunar basalt and yet they have primary ortho-
pyroxene. However, the mare basalts have primary pigeonite and augite but are 
depleted in alkalies relative to Fra Mauro basalts. This is not expected if the 
alkali effect were operating. But since the mare basalts are produced by melting 
at 7-20 kb and the Fra Mauro basalts at <5 kb, the change in pyroxene is 
consistent with the pressure effect. 

CONTROLS ON BASALT DIFFERENCES AMONG PLANETS 

The nature of the primary pyroxene is the most obvious qualitative difference 
which distinguishes the earth in terms of MORB melting relations from the EPB 
and the moon, but it is by no means the only difference. Clearly each planet has 
a different chemical composition in terms of both its major and trace elements 
and these differences are reflected in the details of basalt chemistry (Ganapathy 
et al., 1970, Ganapathy and Anders, 1974; Morgan and Anders, 1979; Papike 
and Bence, 1978). These differences reflect the "primordial" compositions of the 
bodies (e.g., the proportions of cosmic components which are incorporated in the 
planet), the extent to which core formation has occurred, and the extent to which 
the basalt source regions have been preprocessed by magmatic differentiation. 
Lewis (1973) has considered the compositions of planets expected from the con-
densation of a solar nebula. Some features of the distribution of the planets in 
the solar system behave as expected in the model. Furthermore, an increase in 
Fe/Fe+ Mg in the source regions of basalts from Mercury, to the Earth, to Mars 
conforms to this model. However, the important parameter in this model, heli-
ocentric distance, does not explain local details-for instance the earth-moon 
differences. Thus, we do not have adequate understanding of why the cosmic 
ingredients are distributed among the planets as they are, nor do we understand 
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fully their redistribution within a planet. Furthermore, the distribution and redis-
tribution become further obscured if planetary accretion is heterogeneous. Con-
sequently it should be no surprise that a systematic explanation of the detailed 
compositional differences between basalts on different planets has not yet 
emerged. 

One chemical parameter--enrichment in volatile elements-has been suggested 
to show a systematic correlation with the size of the planet (Morgan and Anders, 
1979). However, these authors pointed out that there was no satisfactory expla-
nation of such a correlation and that this correlation may break down in certain 
classes of meteorites to be discussed below. 

We noted above that volatile enrichment-specifically in alkalies-can contrib-
ute to the change in primary pyroxene in basalt and the change is observed on 
the large planet earth. Although the connection between planet size and volatile 
enrichment is speculative, the more important pressure effect enhancing cpx/opx 
ratio in melts has a very straightforward dependence on planet size (or mass). 
What we wish to suggest is that there are a number of other characteristics of 
basalt suites which show a correlation with planet size. And since there are 
obvious explanations for these correlations we suggest that planet size may be 
a useful first-order index of some eruption properties. What are these properties? 

ERUPTION TEMPERATURE 

Figure 5 shows a schematic dry solidus for a basalt source region. The important 
point is that the temperature of the solidus increases with pressure, although 
bumps and dents on such a curve may be present in detail (Presnall et al., 1979). 
The pressure at a reference depth of 150 km is shown for the earth, its moon, 
and the EPB (assumed to be a few hundred km in radius at most). Since the 
temperature of first melting increases with pressure, the initial melt at this depth 
in the earth is the hottest. If the melt segregates from the source region and rises 
adiabatically, a very hot magma erupts. However, in general, the rise of segre-
gated melts is not adiabatic and there is some cooling and differentiation during 
ascent. This is shown schematically by the dashed curves. As we noted above, 
the most abundant basalts have their compositions controlled by phase relations 
at low pressure. So most magmas, if generated at depth, follow the drooping, 
dashed ascent paths. And, indeed, the eucrites, Fra Mauro basalts, and terrestrial 
MORBs are generally erupted within 50°C of~ 1200°C. 

Although there is no great difference between the average eruption tempera-
tures by planet, the maximum eruption temperatures observed do show a cor-
relation with planet size. The earth has generated komatiites with eruption tem-
perature ~ 1600°C (Green et al., 1973). The moon has generated ultramafic 
glasses at ~1400°C (Stolper, 1974; Walker et al., 1975), and the eucrites erupted 
relatively cool, <~1200°C. Obviously this sort of correlation breaks down if a 
small planet is completely melted, but it appears that partial melting is the rule, 
so that temperatures do not exceed the solidus by hundreds of degrees. The 
maximum eruption temperatures possible on a large planet are not often observed 
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Fig. 5. Schematic solidus for a planet's mantle. The temperature of first melting increases 
with pressure. But since planets vary in size, the pressure at any particular reference 
depth varies widely-as does the temperature required for melting to begin at that depth. 
Melts generated at depth in a big planet erupt very hot if they ascent adiabatically. This 
can explain why the maximum eruption temperatures observed correlate with the size 
of the planet. Generally, however, melt ascent is not adiabatic and so temperatures 
commonly do not greatly exceed the solidus. This can explain why the average eruption 
temperatures on the three planets are all 1200° ± 50°C. 

because adiabatic ascent and avoidance of low-pressure control is uncommon. 
But Fig. 5 provides a basis for understanding why the maximum eruption tem-
peratures observed correlate with planet size. There is a pressure effect on 
melting temperature. 

ENDURANCE 

Larger planets have better thermal insulation in terms of their surface/volume 
ratio so they may be expected to remain volcanically active longer. This expec-
tation is confirmed by a survey of "closure ages" for basaltic volcanism in the 
size series EPB, moon, earth. The EPB died almost at its birth ~4.6 by ago. The 
moon's volcanic activity stopped ~3.0---2.5 by ago. And the earth is still active. 
Crater chronologies suggest that Mercury and Mars could fit into this series 
according to their size (Basaltic Volcanism on the Terrestrial Planets, Chp. 8, in 
preparation). 

Io is clearly an exception to this expectation since it currently appears to be 
quite active volcanically, although it is lunar in size. But as we noted above, the 
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exceptional nature of Io's volcanism is probably not Io's fault but Jupiter's (Peale 
et al., 1979). What we really hope to evaluate in this treatment are the intrinsic 
capabilities of a planet with respect to volcanism, not those derived by curious 
accidents. We therefore pass over the anomaly of Io. 

VARIETY 

Figure 4 is one reflection of the fact that the composition of melt produced is 
dependent on pressure. Many other variations with pressure are known (O'Hara, 
1968b). The greater the endurance of igneous activity on a planet, the more 
opportunity there is for basalt source regions to experience differentiation. The 
presence of volatiles can have profound effects on the compositions of melts 
generated (Eggler, 1978; Kushiro, 1972; Mysen and Boettcher, 1978; Wyllie and 
Huang, 1976). Pressure, endurance, and perhaps volatile enrichment increase 
with planet size. We might therefore expect big planets to show more variety in 
their volcanic products. Terrestrial eruptions show much variety reflecting depth 
of melting, previous depletions of the source region, and variable volatile enrich-
ment among other factors. The moon produced a pedestrian series of rocks by 
comparison; while the eucrites are positively barren of variety. Our expectation 
that basalt variety increases with planet size is confirmed. 

We hasten to point out that the variety we find correlates strongly with the 
number of samples we have from these bodies, a correlation which may be more 
than coincidental. Hence it is not safe to conclude that small planets need smaller 
sampling programs. 

FRACTIONATION 

A large planet with a stronger gravity field will be more effective in driving crystal 
fractionation once primary magmas are segregated. We might expect secondary 
differentiation to be more efficient on a large planet and to find a lower proportion 
of primary magmas on larger planets. As many as 1/3 or more of the known 
eucrites appear to have escaped the effects of secondary differentiation. How-
ever, the incidence of primary magmas on the moon is only a few percent. The 
proportion of magmas erupted on earth which are primary is less than 1%. So 
again, our expectation of a size correlation seems to be realized. 

DISCUSSION 

It is easy to imagine any number of circumstances which could upset these cor-
relations. Consider that komatiites and their high liquidus temperatures are a 
comparatively recent revelation on earth. What might further lunar samplings 
disco\;er? Notice also, with regard to sampling, that the amount of variety ob-
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served also correlates with the number of samples we have. Maybe if we visited 
different areas of the moon, totally different types of rocks would be discovered, 
causing us to reevaluate our perception that there is more latitude in terrestrial 
volcanic rock types than on the moon. But no lunar etindites or camptonites were 
discovered nor are they expected. We must be satisfied at present with the data 
base as it is and draw what conclusions we can from it. 

However imperfect the data base, the observation that hotness, endurance, 
variety, and fractionation of basaltic volcanism do correlate with planet size sug-
gests that planet size is a useful index of eruption character. It is interesting to 
note that these correlations can be made even in the presence of gross chemical 
contrasts between the planets (e.g., Fe in earth and moon). This is partly because 
we have carefully picked our characteristics and partly because the chemical 
details apparently play a secondary role in determining basalt properties, at least 
to the rather low resolution with which we are examining them. The implication 
of these correlations is that these properties can be guessed for a planet on the 
basis of its size. We shall have to wait and see if suites of samples from Mercury, 
Venus and Mars fit these correlations. 

The eucrites and other basaltic achondrite meteorites appear to provide a firm 
anchor for the small body end of our petrology versus planet size correlation. 
They are the oldest known basalts, and the igneous activity which produced them 
appears to have been confined to the very beginning of the solar system. A high 
proportion of the eucrites appear to be primary magmas, and none have experi-
enced more than 35-40% fractionation. They exhibit little compositional or pe-
trological variety, are poor in volatiles, have low-Ca pyroxenes dominant over 
high-Ca pyroxene, and have relatively low eruption temperatures. 

There are, however, other, less abundant groups of igenous meteorites-the 
shergottites, the nakhlites, and the chassignites-that would provide exceptions 
to the correlation between planet size and petrology if they came from small 
parent bodies as is usually assumed (Wetherill, 1974). The shergottites and nakh-
lites are very young, about 620 m.y. and 1.3 AE, respectively (Nyquist et al., 
1979; Bogard and Husain, 1977), contrary to expectations for small bodies based 
on the EPB-moon-earth sequence. All are as rich or richer in volatiles (based on, 
for example, K/U ratio) than terrestrial rocks and have augites as abundant or 
more abundant than low-Ca pyroxenes. In addition, all of these meteorites are 
cumulates, indicating the operation of fractionation. 

If the meteorites do indeed come from small parent bodies, they would under-
mine the correlation we have proposed. They would indicate that a great variety 
of possibilities exist for volcanism on small bodies: volatile-rich and volatile-poor, 
young and old, augite-rich and low-Ca pyroxene rich. The silicate inclusions in 
Kodaikanal, an iron meteorite, are also "young" (3.8 x 109 years, Burnett and 
Wasserburg, 1967), rich in alkalies, and have high-Ca clinopyroxene as the dom-
inant pyroxene, providing yet another counterexample to the proposed trend. 
The recent observation of volcanism on Io provides a striking illustration of the 
difficulties associated with generalizing about small bodies. 
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The petrological characteristics of the shergottite, nakhlite, and chassignite 
meteorites can be accounted for by igneous processes on small parent bodies, 
although these parent bodies must be variable in composition (Stolper et al., 
1979). An alternative possibility, however, is that these meteorites are derived 
from large parent bodies. Their ages and their petrological and geochemical char-
acteristics would suggest, based on the EPB-moon-earth sequence, that they 
come from a body larger than the moon. The dynamic difficulties associated with 
deriving meteorites from large bodies may not apply to Mars (Wasson and Weth-
erill, 1979), and it seems at least possible that some of these meteorite groups 
come from Mars. In addition to their ages and the petrological characteristics 
mentioned above, these meteorite groups are rich in FeO relative to terrestrial 
rocks and evolved under oxidizing conditions similar to terrestrial basalts. These 
features are consistent with those expected of martian igneous rocks. Table 1 
contains additional data suggestive of a Mars origin for shergottites. Possible 
difficulties with deriving these meteorites from Mars include: (1) K/U ratio in-
ferred from Mars by Russian orbiting spacecraft indicate K/U ratio of 3000-10000 
(Surkov and Fedoseyev, 1977; Anders and Owen, pers. comm., 1977) lower than 
the 10000-25000 of the igneous meteorites; and (2) oxygen isotopes are consistent 
with derivation of shergottites and nakhlites from a single parent body, but may 
indicate that the chassignites were derived from a separate body. 

Resolution of this issue is not possible at this time. It is clear that the small 

Table 1. 

(1) (2) 

SiO2 (wt%) 54.6 50.4 
TiO2 1.1 .9 
Al2O3 7.0 7.0 
FeO 20.0 19.3 
MgO 10.1 9.3 
Cao 6.8 9.6 
K2O <.4 .2 

Rb (ppm) ~30 6 
Sr (ppm) 60±30 51 
y (ppm) 70±30 <10 

(I) Martian soil analysis SI (Toulmin et 
al., 1977), recalculated to 100% after re-
moving S03 , Cl, and calculating all Fe as 
FeO. 

(2) Shergotty meteorite: major ele-
ments from McCarthy et al. (1974); Rb 
from Nyquist et al. (1979) and Lau! et 
al. (1972); Sr from Nyquist et al. (1979), 
Y from Jerome (1970). 
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body extreme in our sequence is shaky. The eucrites indeed are the most abun-
dant and well understood of meteoritic igneous rocks, but the shergottites, nakh-
lites, and chassignites, some iron meteorites, and lo all indicate that the small 
body end of the spectrum may be more complex than suggested by the size 
generalizations. A martian derivation for some of these meteorites cannot be 
ruled out and could explain the apparent discrepancies presented by some of 
these meteorite groups. However, it is unlikely that all of these meteorite groups 
could have come from Mars. 
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