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494 Basaltic Volcanism on the Terrestrial Planets 

3.1 INTRODUCTION 

This volume is concerned with the basaltic effluent 
from planetary interiors, and this chapter is concerned 
with the extent to which experimental petrology of 
basalts can inform us about the composition and min
eralogy of the source material within the interiors of 
planets. If the compositions of sources can be deduced 
using the experimental petrology of basalts, or in any 
other way (Chapter 4), then the relationship between 
source rock and basaltic magma can be investigated by 
complementary experiments using the proposed source 
material. 

Basaltic volcanism appears to be a characteristic 
feature of most investigated planetary surfaces (Chap
ters 2 and 5), with basalts being produced either when 
internal temperatures become high enough to cause 
partial melting of the planetary rock, or when impacts 
by other bodies raise the temperature high enough to 
cause partial or complete melting of near-surface rocks. 
The main variables to be considered in these processes 
are the pressure and equivalent depth, the temperature, 
and the composition and mineralogy of the planetary 
interior and near-surface rocks. 

Of these three variables, the value of pressure as a 
function of depth is the best known. A given pressure is 
achieved at depths that vary considerably from one 
planetary body to another as illustrated in Fig. 3.1.1. 

Temperature is a variable that changes as a func
tion of time, and as a function of process (Chapter 9). 
Convective movements within a planet, for example, 
influence both the rate of heat transport to the surface, 

0 

and the development of regional variations in tempera
ture distribution versus depth. The temperature pro
duced by meteoritic or planetesimal bombardment 
depends upon the mass, velocity, and frequency of 
impacting bodies. Variations reviewed in Chapter 9 
indicate the extent of our uncertainty about the temper
atures of planetary interiors, even for our own planet. 

Figure 3.1.2 shows three geotherms that have been 
proposed for a convecting mantle within the present 
Earth (Solomon, 1976). The geotherms drawn for the 
lithosphere (shallower than about 100 km) are passed 
through the zones plotted by Solomon ( 1976) for values 
estimated from study of peridotite nodules from the 
mantle; these geotherms are similar to those calculated 
for conduction models (e.g., Clark and Ringwood, 
1964). Temperatures in a region of upwelling, beneath 
ocean ridges for example, are higher than temperatures 
beneath normal ocean plates. The temperatures shown 
beneath shield and ocean plates become identical at 200 
km depth (contrast Jordan, 1975). 

The third variable, the composition and mineral
ogy of basalt source regions, is what we seek to deter
mine from experimental petrology of erupted basalts. 
For the Earth, however, we already have a fairly well
defined model for the structure and petrology of the 
mantle, based on cosmochemistry, geophysics, and 
petrology (Chapter 4). The composition corresponds to 
that of a peridotite dominated at low pressures by oliv
ine and two pyroxene minerals. Figure 3.1.2 outlines the 
main phase relationships for this material up to pres-

3.1.1 Pressure as a function of 
depth in the terrestrial planets. This 

RADIUS (km) MEAN DENSITY function, details of which depend 
200 Earth 6371 5.52 upon structural models of the plane-

Moon 1738 3.34 tary interiors, is best known for the 
2440 5.44 Earth and least well-known for 
6050 5.27 

E 400 3397 3.94 Venus_ Internal structure of Venus 
~ is expected to resemble that of the 
:i Earth, to which the planet is similar .... in size and in mean density. Pres-A. 
LLI 600 sure at any given depth within c Venus may be slightly less than at 

the same depth in Earth, because 

800 Venus is slightly smaller and less 
dense. Radius and mean uncom-
pressed density are listed for each 

1000 planet. Based on data from Jordan 
and Anderson (1974), Siegfried and 

0 100 200 300 400 Solomon (1974), Johnson and Toks<>z 

PRESSURE, kb (1977), and Masursky eta/. (1977). 
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3.1.2 Schematic phase diagram for peridotite based on 
data from various sources (Wyllie, 1971a, Chapter 6; Wyllie, 
1973, Fig. 2; Ringwood, 1975, Chapters 5 and 6; Yoder, 
1976, Chapter 2). Depths are for Earth. The dashed lines 
are geotherms for Earth from Solomon (1976). Abbrevi
ations: s = shield; op = ocean plate; ou = oceanic upwell
ing, as beneath ocean ridge (modified from Wyllie, 1979). 

sures of 250 kb, corresponding to a depth of 700 km 
within the Earth. For other planetary bodies dominated 
by the components of olivine and pyroxenes, the phase 
relationships would be similar, but the specific depth 
scales would differ (Fig. 3.1.1 ). 

Basaltic magmas are generated within the melting 
interval (crystals + liquid), when the temperature 
becomes high enough to cross the solidus. According 
to the terrestrial geotherms given in Fig. 3.1.2, melting 
does not occur at all beneath shield and ocean plates, 
and therefore some special circumstance is required 
to increase the temperature locally to account for the 
oceanic volcanoes and the continental flood basalts. It 
is generally assumed that upward convection of mantle 
material raises the temperature at relatively shallow 
levels, as indicated by the geotherm associated with 
mantle upwelling beneath ocean ridges in Fig. 3.1.2. In 
this tectonic environment, a geotherm crosses the soli
dus at depths of 70 ± 40 km (sections 3.3.7 and 3.3.8). 

Each planetary body has characteristics that dis- , 
tinguish it from the others, even if it should turn out that 
most of them have similar major element compositions. 
The different pressure-depth relationships suggest that 
temperature distribution curves are likely to intersect 
solidus curves at different pressures on the different 
bodies. The phase relationships shown in Fig. 3.1.2 
may be changed by variations in Fe, Mg, Ca, and Al 
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proportions, and changed radically by the addition of 
volatile components (sections 3.3.2 and 3.3.3). For parts 
of the Earth's interior containing traces of C02 and 
H20, there is a wide interval of incipient melting below 
the solidus plotted in Fig. 3.1.2. For the Moon, in 
contrast, the concentration of volatile components 
appears to be negligible. The oxygen fugacity of lunar 
rocks is much lower than that of terrestrial rocks. Mars 
may be enriched in Fe and S compared with Earth and 
Moon (McGetchin and Smyth, 1978). The occurrence 
of partial melting and volcanism depends upon the 
maintenance of sufficiently high temperatures and thus 
upon the body's thermal history (Chapter 9). Parent 
bodies of basaltic achondrite meteorites are believed to 
have solidified at an early stage in the development of 
the solar system, and active volcanism on the Moon 
ceased relatively early in its history. Mars appears to 
have ceased evolving, and the Earth continues with 
active volcanism caused to a large extent by the mass 
movement associated with plate tectonics. Therefore, in 
considering the basaltic volcanism of each planetary 
body, we have different characteristics, and different 
ground rules for interpretation. The spectacular erup
tions on lo were not anticipated according to pre
existing ground rules. 

The purpose of this chapter is to outline the 
methods used to determine whether a particular basalt 
is likely to contain direct information about its source 
region by application of the methods of experimental 
petrology. In addition, the experimental work on terres
trial, lunar, and meteoritic basalts, as well as likely 
source materials, will be reviewed to show the extent to 
which the link between the basalts and their source 
regions has been established, and to show the extent to 
which additional processes are responsible for the 
chemistry observed in the basalts. We will conclude that 
experimental petrology does provide an internally con
sistent framework for understanding basalts as the melt
ing products ofultrabasic mantle assemblages, and that 
laboratory experiments can be used for the exercise of 
going back from basalt chemistry to source region con
stitution, provided that certain conditions are satisfied. 

3.1.1 Historical developments 

Few geologists would disagree with the statement 
that most basalts are derived from liquids produced by 
partial melting of peridotites in the Earth's upper man
tle. This is the main premise of this chapter, indeed, of 
this book, and the primary ingredient of the foundation 
on which most current research on basaltic igneous 
rocks is built. Yet, in the first half of this century, this 
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statement would not have been widely accepted, and 
few petrologists would have felt that proof or disproof 
of this statement would have had much impact on the 
nature or direction of their research. How then, did the 
concept of mantle peridotite sources of basaltic magmas 
evolve into a cornerstone of petrogenetic theory? 

The idea of a peridotite mantle source for basalts is 
not new. It is usually attributed to Bowen (1928), and 
although he appears to have been the first to make a 
reasoned case for it on the basis of petrology, geophys
ics, and cosmochemistry, there were earlier statements 
of this hypothesis (e.g., Harper, 1915). The original 
source of the idea is not really important, however, 
because although it was well publicized in Bowen's 
authoritative book, it was not subsequently developed 
further-not even by Bowen himself. The principal 
concern of petrologists of that time, including Bowen, 
was not where magmas came from, but how one magma 
could be derived from another. Thus, the focus of petro
logical research was on understanding the processes by 
which one magma could evolve into another (e.g., frac
tional crystallization, liquid immiscibility, assimilation, 
vapor transfer, magma mixing, etc.), on detailed frac
tionation schemes relating known magma types, and on 
the identification of "primary magma" types. 

The term "primary magma" meant something dif
ferent to Bowen and his contemporaries than it does to 
us today. The change in the meaning of this term paral
lels the evolution of the focus of basalt petrology. 
Today, primary magma refers to a magma whose com
position has not changed since it was generated by 
melting in its source region. Its importance lies in what 
it can tell us about its source region. This usage of the 
term appears to have been introduced by Turner and 
Verhoogen (1960). Prior to this, a "primary magma" 
referred to one which was widespread, uniform in com
position, and for which no parent magma could be 
found. These magmas were important to Bowen and his 
contemporaries because these were the magmas from 
which they attempted to derive all other known mag
mas. Where they themselves came from-the mantle, 
the crust, or pockets or layers of melt of obscure 
origin-was of little immediate concern. 

The most widely accepted theories from the 1920's 
through the mid-1940's stated that basaltic magmas 
originated in layers of basaltic composition. Views dif
fered widely on the location, and extent of these layers. 
For example, Daly (1933) maintained that basalts orig
inated in a glassy substratum of basaltic composition 
below the crust, while Kennedy and Anderson (1938) 
derived them by remelting of basaltic Ia yers in the crust. 
In the intellectual framework of the time, the primary 
basalt compositions simply existed, prefabricated early 

in earth history and stored in the substratum or crustal 
layers. Any model of origin was regarded as speculative, 
and the main concern was with how the primary mag
mas fractionated after they were produced rather than 
with how they were produced. It was simpler to accept 
this sort of model than Bowen's, with its added com
plexities of partial fusion and degrees of freedom in 
peridotite chemistry. 

Our current outlook began to take hold during the 
1950's. In 1950, Tilley could still deliver a prescient 
Presidential Address to the Geological Society of 
London on "Some aspects of magmatic evolution," and 
not make a single reference to the source of primary 
basaltic magmas. Daly abandoned his glassy substra
tum model in 1946, but in the first edition of their 
Igneous and Metamorphic Petrology, Turner and 
Verhoogen (1951) gave equal billing to partial melting 
of peridotite and remelting of a crustal or subcrustal 
basaltic layer, and appeared to prefer a model based 
largely on the latter hypothesis. However, by the end of 
the 1950's, the notion of peridotite mantle which on 
partial melting gives rise to basaltic magmas began to 
appear regularly in reviews and specific petrogenetic 
models (e.g., Powers, 1955; Wager, 1958; Kuno, 1959; 
Turner and Verhoogen, 1960). By the early-1960's, this 
idea was nearly universally accepted as the starting 
point for research and thought on basalt petrogenesis. 

A detailed analysis of what happened in the 1950's 
is beyond the scope of this chapter, but factors which 
may have been influential in the rapid evolution of 
attitude include the following: (I) Ross, Foster, and 
Myers ( 1954) forcefully brought to the attention of the 
geological community the significance of ultramafic 
nodules in basalts to models of mantle constitution and 
basalt genesis. (2) Renewed interest in cosmochemical 
models of earth composition, origin and evolution had 
been sparked by Urey and his co-workers in the early 
1950's. (3) The petrological implications of geophysical 
constraints on mantle composition, mineralogy, and 
physical conditions were widely discussed (e.g., Birch, 
1952; Verhoogen, 1956; Ringwood, 1958-62). Similar 
considerations had caused Daly ( 1946) to abandon his 
glassy substratum model. ( 4) The development of new 
equipment made possible the quantitative study of 
phase equilibria of basalts, peridotites, and their syn
thetic equivalents at high pressures and temperatures. 
Although relevant experimental data were not widely 
available until the 1960's (e.g., Yoder and Tilley, 1961, 
1962), limited data available in the early 1950's (e.g., 
Yoder, 1952) opened up new vistas for speculation on 
petrogenetic schemes involving igneous processes at 
mantle depths. 
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The 1960's saw probably the greatest advances in 
our knowledge of the phase relationships of basaltic 
magmas at high pressures. Yoder and Tilley's ambitious 
pioneering synthesis of petrologic observations coupled 
with experiments from I atm to 40 kb, begun in the 
mid-1950's, was published in 1962. The development of 
the piston-cylinder apparatus by Boyd and England 
( 1959, 1960) permitted routine experimentation at pres
sures relevant to the generation of basaltic magmas 
from mantle peridotite. Workers such as Boyd, 
Kushiro, O'Hara, Yoder and others at the Geophysical 
Laboratory studied several natural rock samples, and 
many simplified systems as analogs of natural basalts 
and peridotites. 

Kuno was the first, in 1960, to propose that the 
compositions of different primary magmas were con
trolled by the depth of generation. The important 
effects of pressure were confirmed by Yoder and Tilley 
( 1962), who demonstrated experimentally that thermal 
divides between different basaltic compositions shifted 
as a function of pressure. O'Hara (1965, 1968a) and 
O'Hara and Yoder ( 1967) pointed out that the composi
tions of liquids in equilibrium with peridotite mineral 
assemblages at high pressures do not correspond to the 
compositions oflavas commonly interpreted as primary 
magmas. This could be explained if magmas expe
rienced fractional crystallization during part or all of 
their transit from source to surface. Yoder (1976) sum
marized the experimental data supporting his conclu
sion that the major commitment of basaltic types is 
made by melting processes at various depths, and that 
most extrusive basalts are residual liquids of advanced 
fractional crystallization. 

Parallel studies by Green, Ringwood and co
workers at the Australian National University involved 
the crystallization of complex natural basalt and pe
ridotite compositions, with analysis of phases by the 
electron microprobe (invented only in 1951 ). Green and 
Ringwood (1967a) determined the phase relationships 
of a series of synthetic basalt compositions, compared 
the near-liquidus minerals at various pressures with 
near-solidus minerals in peridotite, and presented a 
comprehensive scheme for the chemical variation 
among the major types of terrestrial basalts in terms of 
the physical conditions of partial melting of peridotite, 
and of subsequent fractional crystallization. Details 
were extended and modified in subsequent papers, 
and the effect of H20 was included, as reviewed by 
Ringwood (1975, Chapter 4). 

During the same period, Ito and Kennedy (1967, 
1968) and Cohen eta/. ( 1967) were working with natural 
peridotite, basalt and basanite, or glasses made from 
them, with the same objective, to determine the rela-
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tionships among extrusive basalts and mantle peridotite 
source. They shared O'Hara's conclusion that common 
basalts are not primary, but derived from deep-seated 
picritic liquids which undergo extensive olivine fraction
ation during uprise. 

The return of the first basalt samples from the 
Moon in 1969 provided an opportunity to apply the 
experimental approaches developed from the study of 
terrestrial basalts and peridotites to another planet, 
without having any samples of the source rocks. The 
approach of deducing planetary mantle constitution by 
experimental study of erupted basalts, although criti
cized by O'Hara and co-workers, was applied to basalts 
from succeeding Apollo and Luna missions through the 
1970's particularly by Green, Kesson, Ringwood, 
Walker, and associates (section 3.4). The results provide 
the basis for present models of the lunar interior (Chap
ter 4). More recently, Stolper has applied this approach 
to the eucrite meteorites and developed a model for the 
constitution of their parent body (section 3.5). 

In parallel with the studies of extraterrestrial 
basalts during the-1970's, there were important advan
ces in our understanding of terrestrial basalts. The 
development of energy-dispersive and automated elec
tron microprobes made possible the analysis of phases 
in experimental run products with precision that was 
inconceivable a few years earlier. Experiments on basalt 
and peridotite systems containing controlled amounts 
of volatile components, although previously carried out 
by a few workers, were begun in earnest in the late 
1960's and were continued through the 1970's particu
larly by Boettcher, Eggler, Green, Kushiro, Wyllie, and 
their associates. Attention was first directed to the 
effects of H20, particularly because of the spatial asso
ciation of andesites with subducted ocean floor, but 
also because no way had been found to generate highly 
Si02-undersaturated alkalic basalts and kimberlites 
from peridotite under volatile-free conditions. By the 
mid-1970's the dramatic effects of C02 and of H20-C02 

mixtures were being documented in detail. At the 
beginning of the 1980's, we now have a reasonably 
self-consistent model for the evolution of most types of 
terrestrial basaltic magmas, although many important 
details remain undetermined or unresolved (section 
3.3). In addition, our knowledge of the effects of H20 
and C02 on the behavior of silicate melts at high pres
sures, as well as the probable effects of other volatile 
species such as sulfur, should eventually make impor
tant contributions to our understanding of basalts on 
Venus and Mars. 

Experimental approaches to the problem of the 
generation and evolution of basaltic magmas have 
involved determination of the phase relationships of 
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erupted lavas, assumed primary magmas, and possible 
magma source rocks. A parallel approach involves the 
study of phase relationships in simple analog synthetic 
systems, representing the complex natural composi
tions. The two approaches can provide complementary 
insights to a given problem (e.g., Arculus, 1975). With 
the rock compositions, all components are present, but 
it is difficult to determine how the results for one com
position apply quantitatively to an adjacent composi
tion, it is difficult to evaluate schemes involving 
fractional fusion or crystallization, and it may be diffi
cult to determine the composition of liquid present in 
small quantities. With the synthetic systems, the com
positions of all phases can be represented geometrically, 
the chemical trends of all phases can be plotted for any 
scheme of fusion or crystallization with any arbitrary 
starting composition, and the phase relationships near 
the solidus for a particular composition can be studied 
in detail by determinations on other compositions near 
the appropriate eutectic or peritectic, but the results 
have to be extrapolated to systems containing addi
tional components. Experiments using natural rock 
samples have been cited above. The complementary 
approach is represented by the study by Presnall et al. 
(1979) in the system Ca0-Mg0-Al20 3-Si02 with appli
cation to ocean floor tholeiites, and additional exam
ples have been reviewed by Yoder (1976). 

The 1970's also saw significant advances in other 
disciplines such as trace element and isotope chemistry, 
which provided important independent constraints on 
experimentally-based models for the generation of ter
restrial, lunar, and eucritic basalts. Conversely, experi
mental studies of trace element partitioning in basaltic 
systems (summarized by Irving, 1978) resulted in more 
sophisticated trace element modelling of magmatic pro
cesses (Chapters I and 7). 

3.1.2 Generation of basaltic magmas 

The generation of basalts may be a complex multi
stage process. Figure 3.1.3 is a schematic representation 
of various stages in this process. An ascending diapir of 
partially-melted mantle material has been halted by the 
effective rigidity of the lower lithosphere. Melt has 
segregated into a pool at A, but it is still in equilibrium 
with the crystalline residuum from which it separated. 
This segregated melt is defined as primary liquid. It is to 
be distinguished from bulk suspensions of this liquid 
containing source region crystals which were parental 
before segregation was complete, and from any liquids 
to which it may give rise by any modification process. If 
partial crystallization or vesiculation should occur 

without change of bulk composttlon, the liquid 
becomes a primary magma. The segregated primary 
liquid may be erupted directly to the planet's surface as 
at A . Samples recovered from such an eruption, if they 
preserve the composition of the primary liquid, are the 
most informative for the experimental petrologist to 
investigate for insights into the source region. 

If no adequate duct is available for escape of pri
mary liquid from pool A, heat loss to the base of the 
lithosphere will induce crystallization. The primary 
magma may be in reaction relation with any of the 
phases of the crystalline residuum. Then, fractional 
crystallization of the primary magma will produce 
derivative liquid compositions that are no longer satu
rated with all of the residuum minerals. If the primary 
magma is not in reaction relation with the residuum 
( eutectoid situation), then fractional crystallization of 
primary magma at A produces liquids that remain in 
equilibrium with the residual minerals of the source 
rock, but the compositions of minerals with continuous 
solid solution would change. Loss of heat and crystalli
zation at depth leads eventually to the crystallization of 
minerals from the derivative liquids that are incompati
ble with the source material. 

Ducts may become available permitting primary 
(or fractionated) magma at pool A to ascend only part 
of the way to the surface. Suppose that the magma 
collects at level Bin Fig. 3.1.3. While traversing cooler 
surroundings from A to B, there is opportunity for melt 
to crystallize partially and for crystals to settle or be 
plated on conduit walls, thereby further modifying the 
magma composition. In addition, some assimilation or 
contamination from the duct may occur. If the melt 
stagnates in pool B, heat loss will again induce crystalli
zation. If A and B are at significantly different pres
sures, the proportions and even the types of minerals 
precipitated may be different in the two pools. Conse
quently, a sequence of fractionated magmas erupted 
from chamber A might exhibit chemical variation dif
ferent from that of fractionated magmas erupted from 
chamber B, even though there was only one primary 
magma. 

Magma from B may find access to a subvolcanic 
magma chamber such as C, just below the eventual site 
of eruption D. Again, there may be further differentia
tion in transit from B to Cas well as magma contamina
tion from the surroundings. The mineral compatibilities 
may have changed from B to C, and fractionation at C 
will produce magmas with yet a different chemical 
trend. 

Further complications may be introduced during 
fractional crystallization if batches of magma from B 
find their way into chamber C. There is also a possibility 
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3.1.3 Model for magma generation. Primary magma produced either by in situ partial melting or diapiric uprise, occurs at A 
and A'. Fractionation of magma may occur both at A and B-B ',and further fractionation of B may occur at C, with final eruption 
at D. Of the samples available at the surface, A' is the most useful to the experimental petrologist because it is less fractionated 
than B, Cor D. 
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that magmas unrelated to the sequence A-B-C may 
invade the magma chambers at B or C. In subduction 
zones, for example, primary magmas of quite different 
compositions may be generated in the subducted ocean 
crust, in the overlying mantle, and in the crustal rocks of 
island arcs or continental margins. If successive mag
mas from A or B, or from some unrelated source rock, 
should mix with fractionating magmas in chamber C, it 
may become very difficult to unravel the sequence of 
events between source material at A and eruptive pro
duct at D. 

Finally, magma from C may be erupted to the 
surface D where crystallization proceeds. During crys
tallization, two additional processes can cause differen
tiation. Gravitational crystal sinking can enrich basal 
portions of the magma body in dense, early-crystallized 
or intratelluric phenocrysts. If the magma continues to 
flow during its solidification, flowage differentiation 
preferentially moves crystals away from fixed boundary 
surfaces and into the flow stream. Through such pro
cesses, significant lateral and vertical heterogeneity may 
be introduced in a single magma cooling unit. During 
eruption and solidification, additional contamination 
by soil, surficial debris, and volcanic or atmospheric 
gases is also possible. 

Clearly, the primary magma sampled at A' may be 
very different from the basalt extruded at D. Petrolo
gists must identify the possible modifications which 
could occur between A and D. Of necessity, this is done 
in the reverse order by checking the last possible modifi
cations first. 

3.1.3 Forward and inverse approach in 
basalt-source relationships 

The experimental study of terrestrial basalts and 
analog systems has been concerned more with the 
causes of diversity among known basaltic magmas, 
than with elucidation of the petrology and constitution 
of the mantle. Preconceptions of the nature of the ter
restrial source region have been used to constrain theor
ies of the petrogenesis of basalts rather than the other 
way around. 

This directionality in the approach to unravelling 
the relation between basalts and their source regions is 
so strong that if a basalt cannot be shown to equilibrate 
with plausible ultrabasic mineral assemblages under 
some set of physical conditions (e.g., any P, T, dry), the 
mineral assemblage is not abandoned as implausible. 
Instead, different physical conditions (i.e., wet, car
bonated, oxidized, etc.) are investigated until the liquid 
composition can be related to a plausible ultrabasic 

assemblage. In this intellectual framework, it may be 
difficult to claim that basaltic rocks are informative 
about the petrology of their source regions in anything 
more than a trivial sense. However, the exercise is useful 
in that an internally consistent model of basalt genera
tion is developed in which physical conditions of the 
generation process (P, T, activities of H20 and C02, 

oxygen fugacity, degree of melting, etc.) are identified 
along with detailed compositional information on the 
phases of the residuum. The exercise, conducted experi
mentally, which shows how a known or assumed source 
material can give rise to a particular type of basalt, may 
be considered as a "forward" problem. 

The related "inverse" problem is what one wishes 
to solve for other planets, and for the Moon or eucrite 
parent body. What does the observed basalt chemistry 
tell us about the unsampled source region on those 
planets? As with any inverse problem, the solution has 
an associated uncertainty or ambiguity even when the 
solution to the forward problem is known. In section 3.3 
we examine both the forward and inverse approaches 
for terrestrial basalts to see how secure a foundation we 
may expect for a solution of the inverse problem 
elsewhere. 

The ultimate achievement of experimental studies 
of natural rocks and simplified model systems would be 
to determine all phase relations in the complete multi
component system relevant to igneous rocks as func
tions of pressure. Such a massive and complete data set 
would stand alone, independent of any philosophical 
approach to a petrological problem, either forward or 
inverse, and would provide a rigorous framework for 
constructing and testing petrogenetic models. Although 
progress toward this ultimate goal is being made 
(Ringwood, 1975; Yoder, 1976; Presnall et al., 1979; 
this chapter), it is clear that the end result will not be 
achieved in the near future. In the meantime, important 
conclusions can be obtained from studies of specific, 
carefully-chosen compositions within the multicompo
nent system, as discussed in the next section. 

The distinction between forward and inverse 
approaches may appear to be somewhat arbitrary. 
Geologists study the accessible rocks in order to infer 
the processes that occurred at inaccessible depths, in 
earlier times. In this respect, the inverse approach is the 
standard geological approach. Geologists use any addi
tional information available to reconstruct the evolu
tion of a rock assemblage, and this includes data that we 
have identified as related to the forward approach. 
Therefore, petrologists concerned with the origin of 
terrestrial basalts use both approaches more or less 
simultaneously. It is within the framework of experi
mental petrology that the forward approach tends to 
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have been emphasized. On the other hand, geochemists 
attempting to interpret the distributions of rare-earth 
elements, trace elements, and isotopes have used their 
data to identify possible source rocks and to unravel 
possible processes between source and surface (Chap
ters I and 7), and this in an inverse approach. A com
bined approach, the geological approach, is obviously 
desirable, but when presented with a small set of basal
tic samples from the surface of an unexplored planet, 
petrologists have no choice initially but to follow the 
inverse approach. 

3.1.4 Experimental petrology in a flow 
diagram for the inverse approach 

Starting with a set of basalt samples collected from 
the surface of a planet, as at Din Fig. 3.1.3, the strategy 
outlined in Fig. 3.1.4 illustrates the inverse approach 
for evaluation of the mineralogy and composition of the 
planet's interior at the level A in Fig. 3.1.3, where the 
magma was segregated from its crystalline source. The 
sequence of steps is designed to unravel the processes 
that might have occurred between A and D, and to 
reconstruct the path of the changing liquid composition 
back down to the primary source at A. 

Step I is to identify the samples that represent 
erupted liquids, and step 2 is to determine if these are 
related by low-pressure processes (e.g., at D orCin Fig. 
3.1.3). If they are so related, the parental liquid of the 
suite is identified (step 3), and experiments are con
ducted in step 5 to determine whether the parental 
liquid is characterized by a single mineral or multiple 
minerals on its low-pressure liquidus. Multiple satura
tion indicates that the effects of low-pressure processes 
obscure the earlier, deep-seated events that may have 
been involved. If the rock exhibits single-mineral satu
ration, or if the liquids are not related by low-pressure 
processes (step 2), the procedure follows through step 4 
to the identification of primitive liquids, which could 
have formed at deep levels BorA in Fig. 3.1.3. This may 
require some high-pressure experiments (step 6). It is 
also common practice to identify primitive liquids on 
the basis of their geochemical characteristics even at 
stage I (Chapter I, section 1.3.1). 

The primitive liquids are then subjected to detailed 
high-pressure experimental studies to evaluate whether 
or not they may represent primary liquids formed at A 
in Fig. 3.1.3, and to see what constraints they may 
provide for the source region mineralogy. At this stage, 
the inverse approach is supplemented by whatever 
information may be gleaned from other sources about 
the mineralogy and composition of the planet's interior 
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(Chapter 4), and models are developed for the mantle 
composition. Experimental testing of the mantle mod
els involves the forward approach of determining the 
compositions of liquids produced from this material at 
various conditions. These liquid compositions are then 
related to the compositions ofthe primary and primitive 
liquids determined by the inverse approach. The proce
dure is deemed to be successful if an internally consis
tent model can be erected relating mantle composition 
and mineralogy to primary liquids and erupted lavas, 
through reasonable processes from source to surface. 

Identification of liquid compositions (step 1) 
The starting point in the flow chart is discrimi

nation of basalts with compositions representing 
quenched liquids from phenocryst- or xenocryst
enriched samples, or cumulates. The traditional crite
ria for identification of quenched liquids have been 
largely petrographic. Glassy and aphyric rocks are usu
ally assumed to represent quenched liquids. For a por
phyritic rock, textural criteria alone cannot establish 
whether the phenocrysts were concentrated by gravity 
or by flowage differentiation (in which case the rock 
composition does not represent a liquid composition), 
or whether they crystallized in place (in which case the 
rock composition may represent a liquid composition). 
Figure 3.1. 5 illustrates three different shapes for oliv
ine in a single lunar basalt. Each morphology represents 
a different rate of heat loss during crystallization. The 
skeletal microphenocryst in Fig. 3.1.5a may have crys
tallized in place from liquid, but the equant olivines in 
Fig. 3.1.5b probably represent intratelluric pheno
crysts. This basalt may have suffered some degree of 
olivine fractionation or enrichment. Another lunar 
basalt illustrated in Fig. 3.1.6 has groundmass domi
nated by dendritic pyroxene, but the presence of non
skeletal olivine phenocrysts indicates that it may not 
have erupted as a liquid. 

The field relations may be useful if, for example, 
the sample was collected from a chilled margin or a 
porphyritic layer near the base of a lava flow. Unfortu
nately, for many important rock types such as dredged 
suboceanic basalts and lunar and meteoritic basalts, 
this type of information is usually unavailable. 

Experimental petrology provides several tests 
which can aid in distinguishing quenched liquid 
compositions from phenocryst- and xenocryst-enriched 
compositions. In nonequilibrium experiments con
ducted at controlled cooling rates, a basalt is melted and 
then cooled at various rates. If the resultant textures, 
crystal morphologies and compositions are similar to 
those in the natural basalt, this is evidence of a liquid 
origin for the basalt. However, the large number of 

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

http://adsabs.harvard.edu/abs/1981bvtp.book.....B


1
9
8
1
b
v
t
p
.
b
o
o
k
.
.
.
.
.
B

502 Basaltic Volcanism on the Terrestrial Planets 
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3.1.4 Flow chart for the interpretation of basaltic rocks by the inverse problem approach. 
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A 

8 

3.1.5 Three shapes of olivine in lunar basalt 12009 (from Donaldson eta/., 1975b). Skeletal microphenocrysts in (a) and 
equant microphenocrysts in (b) each occur with chain olivines. Each morphology represents different rates of heat loss with 
the equant olivine (b) possibly representing intratelluric phenocrysts. Thus this basalt may have suffered a certain degree of 
olivine fractionation or enrichment. 
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3.1.6 Olivine phenocrysts in a dendritic pyroxene-rich 
groundmass (lunar rock 74325 from Apollo 17). This rock 
may not have been completely liquid on eruption. 

degrees of freedom in experimental and natural crystal
lization sequences limits the usefulness of this ap
proach. Nevertheless, it has been used with some 
success in several studies of lunar basalts (Lofgren eta/., 
1974; Donaldson eta/., 1975b; Usselman eta/., 1975; 
Walker et a/., l976a and b; Usselman and Lofgren, 
1976). 

The phenocryst matching test in equilibrium exper
iments is another means of testing for phenocryst- or 
xenocryst-enrichment. The compositions of the earliest 
crystallized minerals in the rock itself are compared 
with the compositions ofthose present near the liquidus 
of the rock composition. If the experimentally pro
duced liquidus minerals are enriched in the higher 
temperature component [e.g., olivine has higher 
Mg/(Mg + Fe), or plagioclase has higher Caf(Ca + 
Na)] relative to those minerals in the natural sample 
which appear to have crystallized first, this indicates 
that the rock composition is phenocryst-enriched. 
Green eta/. (1975b) and Walker eta/. (1976b) have 
published examples of this test. 

The principle is easily grasped with the aid of Fig. 
3.1. 7, which shows the Mg2Si04-Fe2Si04 crystallization 

interval at 1 atm. Consider a liquid of composition A. 
The first olivine to crystallize from this liquid has the 
composition C. If a rock were formed by crystalliza
tion of a liquid of composition A at a rate sufficiently 
rapid that the first-formed crystals were preserved in the 
cores of the crystals in the rock, then the most 
magnesian olivines in the rock do have the same compo
sition as the olivine near the liquidus of the rock. Con
sider, on the other hand, a rock B, produced by the 
accumulation of olivines of composition C into the 
liquid A with which they were in equilibrium. If crystal
lized in the laboratory under equilibrium conditions, 
the first olivines to precipitate from the phenocryst
enriched composition B would be of composition D. 
The most magnesian olivines produced in the experi
ment on the rock would thus be more magnesian than 
the most magnesian olivines found in the rock (C). The 
phenocryst matching test can be applied to any mineral 
with a continuous solid solution (e.g., pyroxenes, felds
pars), and a distribution coefficient with the liquid sig
nificantly different from I. 

Unfortunately, the phenocryst matching test is 
ambiguous. Suppose the liquid of composition B in 
Fig. 3.1. 7 cooled so slowly that equilibrium was main
tained, and then no olivines of composition D would be 
preserved in the rock. Application of the phenocryst 
matching test to this rock would suggest that it was 
produced by phenocryst-enrichment (e.g., liquid A plus 
crystals C). This failure of the test may result in the 
misclassification of a liquid composition as a pheno
cryst-enriched composition, but the test will rarely sug
gest that a rock which is in fact phenocryst-enriched had 
been a liquid. From the point of view of the inverse 

u 
0 

Yi 
Clli: 
::::» 

1700 

~ 1500 
Clli: ..... 
a.. 

~ 1300 
Olivine 

I 
I I 
I I 
I I 
0~ 

1100 .__-~----'---~---l..----1 
Fa 20 40 60 80 Fo 

3.1.7 The system forsterite (fo)-fayalite (fa) at 1 atm. 
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problem approach under consideration, this is impor
tant because it means that non-liquid compositions will 
not generally be misidentified as liquids and then used 
to constrain the source region properties incorrectly. 

There are, however, other potential difficulties 
with the phenocryst matching test. Several of these are 
experimental: The difficulties of maintaining constant 
the composition of the sample and of properly repro
ducing the oxygen fugacity relevant to natural crystalli
zation in the experiments are the most critical. For 
example, loss of iron to the capsule in which the exper
iment is conducted or improper Fe2+ I Fe3+ balance in the 
experiments due to improper oxygen fugacity control 
can greatly affect the composition of near-liquidus oliv
ines produced in experiments. 

Another difficulty with the phenocryst matching 
test is associated with the possibility that equilibrium 
experiments may not faithfully reproduce the composi
tions of minerals crystallizing early in the natural crys
tallization sequence. In particular, the results of 
Lofgren et a/. (1975) suggest that the first pyroxenes 
produced during rapid crystallization are more iron
rich than the liquidus pyroxenes produced in equilib
rium experiments. This suggestion is not universally 
accepted, but if it is confirmed, it means that phenocryst 
matching arguments based on equilibrium experiments 
could incorrectly classify liquid compositions as 
phenocryst-enriched compositions. 

In some rocks, the most magnesian natural olivine 
is more magnesian than the most magnesian olivines 
produced during experimental crystallization of the 
rock. For example, suppose a rock of composition A in 
Fig. 3.1. 7 contains olivines of composition D. This rock 
then cannot be interpreted as a liquid composition, but 
as a liquid which contains xenocrystal material (Walker 
eta/., 1976c). 

A variant of the phenocryst matching test which 
may be helpful in recognizing phenocryst-enriched 
compositions exploits the discontinuous reaction rela
tionships between liquid and some minerals. Consider 
Fig. 3.1.8. Experimental crystallization of a rock of 
composition B would show olivine as the liquidus 
phase. However, if the petrography indicated that only 
pyroxene phenocrysts were present in the rock, the 
experiments could indicate that composition B was 
produced by enrichment of pyroxene phenocrysts (P) 
into a liquid such as A which had pyroxene on its 
liquidus. If, however, a liquid of composition B had 
experienced poly baric crystallization, the application of 
this reasoning could lead to an invalid conclusion, 
because phenocrysts could have grown by slow cooling 
of liquid Bat high pressures, when the olivine-pyroxene 

Low 
calcium 

Si 

3.1 Introduction 505 

- ---High pressure ol + px curve 
---,1•~- Low pressure saturation curves 

3.1.8 Liquidus surface for the system olivine (ol)
anorthite (pi) -silica (Si). The primary phase field of pyrox
ene expands at the expense of olivine, with increasing 
pressure. Abbreviations: px = low calcium pyroxene; 
sp = spinel; pi = plagioclase; si = silica. 

liquidus boundary corresponded to the dashed line in 
Fig. 3.1.8. 

If two or more minerals crystallize simultaneously 
at the liquidus of a rock composition at 1 atm, this may 
indicate that the composition represents a liquid com
position. Consider the liquid at x in Fig. 3.1.9 that 
crystallizes minerals a and b simultaneously. Pheno
cryst-enrichment of these minerals in liquid x can pro
duce bulk compositions plotting anywhere in the 
shaded region. It would thus be fortuitous for a 
phenocryst-enriched composition to be on the a-b 
cotectic curve. On the other hand, liquid compositions 
move inexorably toward these multiple saturation 
curves so that compositions on the curves are likely to 
represent liquids. One limitation for this line of reason
ing is that if the cotectics are approximately straight as 
in Fig. 3.1.9, then phenocryst-enrichment in the propor
tions in which the minerals crystallize from the liquid 
can produce phenocryst-enriched compositions plot
ting on the cotectic. For example, the bulk solid sep
arating from liquid x in Fig. 3.1.9 is y. If this is 
concentrated in the liquid with no differential move
ment of minerals a and b, then the phenocryst-enriched 
composition (e.g., z) would also plot on the a-b cotectic. 

It is often supposed that a basalt containing dense 
xenoliths of high-pressure origin must represent a liquid 
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c 

3.1.9 Model system A·B·C, illustrating compositional 
modifications which may result from phenocryst·enrich
ment processes. 

composition. If the transport of the magma to the sur
face was sufficiently rapid that the large xenoliths (e.g., 
from A' in Fig. 3.1.3) were not able to settle out of the 
ascending liquid, it is argued that the smaller pheno
crysts which are often present in the host basalt could 
not have been added to or removed from the basalt. 

This conclusion follows from calculations, using 
Stokes' Law, of the particle settling velocity which 
depends on the square ofthe particle size. If the magma 
ascent rate can counteract the settling velocity of larger 
nodules, smaller crystals with correspondingly lower 
settling velocity will certainly have no opportunity for 
separation. These conclusions are valid if the fluid sup
porting the nodules has a Newtonian rheology, an 
implicit feature of the Stokes' formulation. Magmas 
in the wholly liquid state do appear to be Newtonian 
(Bottinga and Weill, 1972). Partially crystalline mag
mas, however, appear to have a definite yield strength 
before viscous flow begins and hence are not Newtonian 
(Shaw et al., 1968) but more nearly Bingham plastics. 

Sparks eta/. (1977) pointed out that the Bingham 
behavior of partially crystalline magmas will increase 
their nodule-carrying capacity because the yield 
strength must be overcome before the nodules can begin 
to settle, no matter what the ascent rate. They proposed 
that magmas carry nodules because of their rheology 
rather than their ascent rate. They suggested that the 
small volumes of (terrestrial) alkalic lavas (G. P. L. 
Walker, 1973) lose heat to their conduits and suffer 
partial crystallization. Consequently, the alkalic mag-

mas acquire a rheology more conducive to nodule 
transport than the larger volumes of more rapidly 
erupted tholeiitic magma which do not exchange 
enough heat with their conduits to acquire a nodule
carrying rheology. If this interpretation is correct, then 
the magma which bears nodules has suffered partial 
crystallization since segregation from the source region. 
Furthermore, because the local liquid on the scale of 
small phenocrysts is Newtonian in rheology (as opposed 
to the macroscopic partially crystalline Bingham 
magma suspending the nodules), phenocryst separation 
or enrichment may occur even in the presence of sus
pended nodules. It is also possible that significant 
amounts of xenocrystal debris may be included in the 
host lava (thus inhibiting meaningful chemical analy
sis), or that xenocryst or phenocryst resorption may 
have occurred under conditions of pressure release dur
ing ascent. These considerations cast some doubt on the 
concept that the presence of nodules can be taken as a 
firm indication that the host lava is an unmodified 
liquid. 

The preceding discussion demonstrates that the 
identification of quenched liquid compositions is not a 
trivial task. Nevertheless, a balanced application of tex
tural criteria, petrographic analysis, experimental evi
dence, considerations of the chemical variations among 
related members of a suite of rocks, and field evidence 
(where available) can permit the distinction of liquid 
from nonliquid compositions. 

If all compositions in a suite of basaltic rocks 
appear to be cumulates or phenocryst-enriched compo
sitions, it may be possible to place constraints on the 
compositions of the liquids into which phenocryst
enrichment occurred by subtracting the phenocryst 
compositions from the bulk rock composition to obtain 
an estimate of the groundmass composition. The 
amount of a phenocrystal component to be subtracted 
may be determined by modal analysis, or the sample 
may be experimentally partially melted until the com
positions of the residual phases in the experiment 
correspond to the phenocryst compositions. The exper
imentally produced liquid at this point should have the 
composition of the liquid into which the phenocrysts 
accumulated. The difficulty in distinguishing accumu
lated phenocryst material from material overgrown on 
phenocrysts limits the applicability of this type of analy
sis. Suites of rocks in which only phenocryst-enriched 
or cumulate compositions are known are common 
among meteorites: the shergottite, nakhlite, chassig
nite, and angrite meteorite classes contain only cumu
late members. Thus it is often necessary to resort to this 
type of analysis to identify the compositions of liquid 
basalts on meteorite parent bodies. 
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Are the liquid compositions related by low 
pressure processes? (steps 2 and 3) 

Once the liquid compositions in a suite of basaltic 
rocks have been identified, the next problem is to estab
lish the relationships among them, if any exist. The 
starting point is to determine if the compositions can be 
related by igneous processes operative at relatively low 
pressures. 

The primary inputs into this analysis are the bulk 
compositions of the liquids. Continuous trends on vari
ation diagrams are usually taken as evidence that the 
liquid compositions were produced by crystallization 
differentiation of some parental composition. Experi
mental studies can be used to verify the plausibility of 
various differentiation schemes and to constrain the 
conditions under which the differentiation occurred. 

Consider, for example, the hypothetical variation 
diagram shown in Fig. 3.1.10 for a suite of liquid com
positions from a basaltic province. The variation dia
gram might be provisionally interpreted in terms of a 
sequence of liquids produced by crystallization 
differentiation of a liquid of composition A; olivine 
fractionated alone between A and B and an augite 
pyroxene joined the crystallization sequence at B. By 
melting composition A to different degrees at I atm and 
analyzing the glasses produced by quenching of the 
experimentally generated liquids, one can deduce the 
equilibrium liquid line of descent of composition A at I 
atm. If the experimental line coincides with the trend 
A-B-C in Fig. 3.1.10, and if the experiment in which 
clinopyroxene first appears in the crystallization 
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3.1.10 Hypothetical CaO vs. MgO variation diagram for a 
typical basaltic province. 
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sequence coincides with the experiment in which the 
liquid has the composition B, this can be interpreted as 
confirmation of the hypothesis that this suite of liquids 
was produced by crystallization differentiation of com
position A at low pressure. 

These experiments yield the equilibrium liquid line 
of descent of composition A. The liquid line of descent 
produced by natural processes would probably corres
pond more closely to that for fractional crystallization 
than that for the equilibrium crystallization conducted 
in the laboratory. This may result in differences between 
the natural and experimental liquid lines of descent. 
Other causes of differences between natural and exper
imental liquid lines of descent include differences in 
oxygen fugacity between the experimental and natural 
crystallization conditions, differences in volatile com
ponents and progressive contamination in the natural 
sequence. 

Are the liquid compositions related by high 
pressure processes? (steps 4 and 6) 

The liquid trend shown in Fig. 3.1.10 is reproduced 
in Fig. 3.1.11. Suppose that rather than following the 
path A-B-C, the I atm liquid line of descent followed the 
path A-B-E-F. This experimental liquid line of descent 
does not substantiate the initial suggestion that the 
trend A-B-C was developed by the crystallization dif
ferentiation of a liquid of composition A at I atm by the 
fractionation of olivine alone from A-B and olivine 
and augite from B-C. Ideally, this might have been 
deduced from the petrography of rock B by noting that 
it-s natural crystallization sequence was olivine followed 
by olivine + augite rather than near-liquidus coprecipi
tation of olivine + clinopyroxene. 

Suppose that equilibrium melting experiments 
were then carried out on composition A at a pressure of 
10 kb, and that the experimental liquid line of descent at 
this pressure was close to the path A-B-C. (This 
reflects the fact that the pyroxene liquidus field expands 
relative to the olivine field with increasing pressure, as 
illustrated schematically for low calcium pyroxenes in 
Fig. 3.1.8.) The correspondence of the high-pressure 
liquid line of descent to the natural liquid line of descent 
would support the interpretation that the suite of 
liquids sampled was related by crystallization differen
tiation at high pressure. This might correspond to suc
cessive tappings of a deep magma chamber (e.g., 
chambers A or B in Fig. 3.1.3). 

Another indication that high pressure fractiona
tion has been important in the evolution of a suite of 
liquids is the presence of phenocrysts or megacrysts, 
which can crystallize from the lava compositions only at 
elevated pressures. An example is the occurrence of 
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3.1.11 Hypothetical CaO vs. MgO diagram illustrating 
effects of high-pressure fractionation. 

orthopyroxene megacrysts in alkalic basalts, which do 
not have orthopyroxene near the liquidus at low pres
sure. Experimental determination of the range of exper
imental conditions under which the high pressure 
mineral does crystallize near the liquidus can help to 
constrain the conditions under which fractionation 
occurred (step 6 in Fig. 3.1.4). 

The preceding examples have emphasized simple, 
single-stage types of fractionation histories to explain 
the relationships between members of a basaltic suite, 
but polybaric fractionation may also occur. For exam
ple, it is possible for fractionated liquids to develop in 
successively shallower magma chambers or along the 
system of conduits that carry them to the surface. The 
more complex histories are probably more realistic than 
the simple isobaric differentiation histories discussed 
above. 

Parental and primary liquids (steps 3, 4, 5 and 6) 
In both Fig. 3.1.10 and 3.1.11 it appears that a 

liquid of composition A could yield all compositions 
from A-B-C by crystallization differentiation. Thus, 
liquid A can be regarded as a composition which is 
parental to the other members of the A-B-C suite. 
The next step is to consider the origin of the parental 
liquid A, and to decide whether it is primary, or to what 
extent it has differentiated at high or low pressures from 
a primary liquid. For terrestrial rocks we have fifty 
years of petrological wisdom and preconceptions to 
guide us, but for basalts from meteorites and other 
planetary bodies we cannot rely on preconceptions. 

Two lines of reasoning of general significance in 
distinguishing primary from differentiated composi
tions can be useful under special circumstances. Con
sider a suite of liquids which are virtually identical in 
major element chemistry but vary significantly in con
tents of incompatible elements. This can be interpreted 
as indicating that the sequence of liquids was produced 
by increasing but small degrees of partial melting of a 
single type of source material. There are alternate inter
pretations of this same trend, however, and the relative 
merits of the competing interpretations must be 
assessed. For example, the trend could be produced by 
periodic tapping of a magma chamber in which succes
sive pulses offresh primary liquid mix with the differen
tiated liquids from early pulses (O'Hara, 1977 ). 

The second line of reasoning is valid only for par
ental compositions which are multiply saturated under 
the physical conditions at which the other members of 
the suite developed from the parental liquid by crystalli
zation differentiation. This line of reasoning states that 
(I) if there appears to be a clustering of liquid composi
tions at the parental liquid composition, (2) if the paren
tal liquid composition is multiply saturated, and (3) if 
one or more of the minerals with which the liquid is 
saturated is in reaction relation with the liquid, then it is 
likely that the parental liquid composition is a primary 
liquid composition rather than a differentiated liquid 
composition. This type of argument was developed in 
detail by Walker et al. (1972) with respect to lunar 
KREEP basalts (section 3.4.1) and by Stolper (1977) in 
a discussion of the origin of eucritic meteorites (section 
3.5.4). 

For terrestrial rocks, the criteria for assessing the 
significance of a parental liquid and deciding if it may be 
a primary liquid composition are relatively straightfor
ward. Our petrological wisdom tells us that basalts are 
generated by partial melting in the mantle, where the 
olivines may be as magnesian as Fo94• Therefore, we 
expect a primary liquid to be capable of equilibrating 
with olivine-orthopyroxene bearing residues at high 
pressures, and the liquid to be magnesian enough to 
equilibrate with olivines as magnesian as Fo90• The 
liquidus would not be multiply saturated at low pres
sures except by a fortuitous accident. A parental liquid 
with major and trace element contents appropriate for 
equilibration with our notion of mantle source rocks is 
described as a primitive magma. The more primitive 
the geochemistry of a parental basalt, the more closely 
we would expect it to approximate a primary liquid 
composition. 

As an example, suppose that the parental liquid in 
a suite of continental basalts has olivine (Fo6s), pyrox
ene and plagioclase simultaneously on its liquidus at I 
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atm pressure (step 5 .in Fig. 3.1.4). Most petrologists 
would reject this parental basalt as a possible primary 
magma, because (l) a liquid in equilibrium with olivine 
of composition Fo6s could not be a primary liquid from 
our preconceived notion of the mantle source material, 
and (2) the experimental evidence for multiple phase 
saturation suggests that it was produced by shallow 
igneous processes. 

What if this same parental basalt composition 
appeared as a meteorite? With no preconceptions to 
guide us, we cannot discard this as a possible primary 
meteoritic liquid composition. For all we know, mete
oritic source regions could be at low pressures and have 
iron-rich olivines. The point of this example is to dem
onstrate that assessment of the significance of a paren
tal liquid is of necessity subjective, and quite often based 
on circular reasoning. When we try to generalize the 
philosophy behind petrologic constraints on planetary 
interiors, we find that nearly all of our terrestrial ground 
rules concerning source region composition, mineral
ogy, and depth are inapplicable. 

In general, the only course open, barring evidence 
to the contrary, is to assume that the parental liquid is 
primary and to examine the implications of this assump
tion for the constitution of the basalt source region. If a 
parental liquid is not primary, it may still be possible to 
infer the type of fractionation which produced the dif
ferentiated parental liquid and, given this, to use the 
phase relations of the parental liquid to set constraints 
on the phase relations ofthe actual primary liquids. For 
example, while most olivine tholeiites are not primary, 
it is considered by some that they differ from primary 
liquids only by virtue of extensive fractionation of oliv
ine. If this is correct, and if the phase relations of 
olivine tholeiites are known, one can reasonably infer 
the phase relations of the primary compositions which 
differ from olivine tholeiites by being richer in the oliv
ine component. 

Primary basaltic liquids as probes into planetary 
interiors 

By definition, a primary magma is a liquid that has 
not changed in composition since it was generated in its 
source region by melting. Assuming that the liquid was 
in equilibrium with the crystalline phases in the source 
region, it is possible, by examining the liquidus minerals 
of a primary liquid, to identify some or all of the miner
als (and their compositions) left in the source region as 
residues, and to constrain the pressure and temperature 
in the source region. The procedure can be illustrated 
with Fig. 3.1.12, the liquidus diagram for a typicallunar 
primary liquid. As with most inverse problems, the 
solution is not unique. The liquidus diagram outlines 
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the range of possible solutions: (1) the primary liquid 
was generated between 0-12 kb and between T 1 and T 2 

leaving olivine in the residue, or (2) it was generated at 
12 kb and T 2 leaving both olivine and clinopyroxene in 
the residue, or (3) it was generated between 12 and 25 kb 
and between T2 and T3 leaving clinopyroxene in the 
residue, or (4) it was generated at 25 kb and T3 leaving 
both clinopyroxene and garnet in the residue, or (5) it 
was generated at pressures above 25 kb and a tempera
ture above T3 leaving garnet in the residue. 

Again, prejudice and data from other sources are 
commonly used to place further constraints on the 
range of likely solutions. Suppose, for example, given 
certain assumptions about the initial rare earth pattern 
of the source, that the basalt rare earth pattern indicates 
garnet in the residue. This would suggest that the liquid 
was generated at P 2::25 kb and T 2:: T 3• Or suppose that 
geochemical arguments or geophysical limitations on 
the amount of liquid in a source region suggest that the 
liquid was generated by small degrees of partial melting. 
Because the source in general must have been polymine
ralic, it is usually assumed that more than one mineral 
would remain in the residue at small degrees of partial 
melting (section 3.3.3). This would suggest that the 

30 

(25) 
..a 
~ 

w~ 20 All a:: 
::J 

"' "' w 
a:: 
a.. (12) 

10 

liquid 

1200 T1 T 2 1400 T 3 1600 

TEMPERATURE, ° C 

3.1.12 Model liquidus mineralogy for typical lunar or ter· 
restrial basaltic compositions. Abbreviations: ol = olivine; 
cpx = clinopyroxene; ga = garnet; L = liquid. 
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510 Basaltic Volcanism on the Terrestrial Planets 

liquid was generated at P = 12 kb, T = T2 or at P = 
25 kb, T = T3• 

In general, any randomly chosen bulk composition 
will have only one mineral on its 1 atm liquidus. By 
increasing pressure, the liquidus mineral will generally 
change at discrete T and P, as in Fig. 3.1.12. For a 
random composition, it is extremely unlikely that more 
than two phases will appear simultaneously on the 
liquidus. If, for a given primary liquid composition, a 
point is found on the liquidus at which three or more 
minerals coexist, it is likely that the P and T of this 
multiple saturation represent the conditions of the sepa
ration of the liquid, and that the three or more saturat
ing phases were residual minerals left in the source 
region. Figure 3 .1.12 is typical of many lunar and ter
restrial basaltic compositions. For meteoritic basalts, 
where our preconceptions tell us that only relatively low 
pressures are applicable to the asteroidal source 
regions, it is the low pressure phase diagrams which are 
applicable. 

The P-T diagram in Fig. 3.1.12 is for experiments 
conducted without H20 or C02• This is applicable to 
lunar basalts, but it is not strictly applicable to most 
terrestrial basalts. Where volatile components are sus
pected to play a role in magma genesis, the inverse 
approach requires that the liquidus of the primary liq
uid composition must be investigated under conditions 
of controlled activities of volatile components. The 
interpretation can proceed much as outlined above for 
the dry liquids, except that the degrees of freedom 
allowed in the interpretation are substantially in
creased. Therefore, as the liquidus is investigated as a 
function ofP,/0 .JH,o.fco etc., the multiple saturation 
points in Fig. 3.i. 12 extetid to lines and areas, and the 
condition of multiple saturation, where two or more 
minerals coexist with the liquid, loses the precise signifi
cance assigned to it in a system where P and T are the 
only intensive variables. 

What if we knew that the parental liquid composi
tion of a given suite of rocks was not primary? Could 
any constraints be placed on the mineralogy and com
position of the source region and the conditions which 
prevailed there during generation of the primary liquid? 
The answer may be yes, if the type of fractionation 
which has produced the parental liquid from a primary 
liquid can be ascertained. Consider, for example, the 
composition whose phase diagram is shown schemati
cally in Fig. 3.1.12. Suppose it is known that this basalt 
differs from a primary liquid only in that some un
known amount of olivine has crystallized from it. With 
addition of olivine, the point where the liquidus mineral 
changes from olivine to pyroxene moves to higher pres
sure (steps 4 and 6 in Fig. 3.1.4). If we assume that 

olivine and pyroxene were left as residual phases in the 
source region, then this point on the phase diagram of 
the differentiated basalt composition gives us a lower 
limit for the P-T conditions prevailing in the source 
region of the primary liquid. The effect of addition of 
olivine to lunar basaltic compositions is very well 
known (Walker et a/., 1976c), and if the amount of 
olivine which separated from the primary magma can 
be estimated, then the conditions of pressure and 
temperature of the cotectic of the deduced primary 
magma can be predicted with confidence. 

The success of olivine-addition experiments de
pends critically on the assumption that olivine was the 
only mineral to crystallize from the primary liquid as it 
migrated from source region to surface. Assume that 
the liquid pin Fig. 3.1.13ais a primary liquid, produced 
at 20 kb from a source rock composed of forsterite, 
enstatite, and diopside. Equilibrium crystallization of 
olivine and diopside from this liquid at 1 atm pressure 
would yield fractionated liquids such as liquid f. Addi
tion of forsterite to liquid f would not yield the original 
primary magma p. 

It has been implicitly assumed that if a mineral is 
present in the source region after the generation of a 
primary liquid, then this mineral will crystallize at the 
liquidus of the primary liquid. However, this is not so if 
a mineral in the residue is in reaction relation with the 
liquid in the source region. In experiments conducted 
under conditions similar to those prevailing in the 
source region, the mineral in reaction relation will not 
appear on the experimental liquidus, even though the 
liquid is saturated with this phase under these condi
tions. In Fig. 3.1.13a, reaction relationships exist at 
1 bar pressure between liquids a and forsterite, and b 
and forsterite, and at high pressures between liquids p 
and enstatite, and q and enstatite. The consequence is 
illustrated in Fig. 3.1.14, which shows the binary phase 
diagram from one side of Fig. 3.1.13a. The liquid a that 
coexists with forsterite and enstatite, if removed, would 
precipitate only enstatite. There would be no evidence 
that it could coexist with forsterite. Addition of a few 
percent of forsterite to a, however, would produce the 
assemblage forsterite, enstatite, and liquid at tempera
ture T 1• 

The mineral in reaction relationship may appear in 
experiments conducted at pressures slightly higher or 
lower than the actual pressure prevailing in the source 
region, but Fig. 3.1.13 demonstrates that this is not 
necessarily so. The primary magma p is in reaction 
relationship with enstatite in the source region at 20 kb. 
The phase diagram for the specific composition p is 
given in Fig. 3.1.13b. Although the liquid coexists with 
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enstatite at 20 kb, enstatite does not occur at any pres
sure or temperature on the isopleth of Fig. 3.1.13b. 

If a reaction relation exists, then one or more min
erals present in the source region may not be recognized 
by the inverse method approach, even if a primary 
liquid has been identified. Studies of synthetic systems 

A 

---- Liquidus boundary line 

----- Solidus boundary 

- • -- Olivine addition line 

------- Path of invariant 
point with increasing 
pressure 

~~==~------L--L~--------~Si02 
Mg2Si04 MgSi03SiO 

WEIGHT% 

3.1.13 Phase relationships in the system Mg2Si04·CaMg 
Sh06·Si02 based on Bowen (1914), Schairer and Yoder 
(1962), Kushiro and Schairer (1963), Kushiro (1969), and 
Chen and Presnall (1975), but modified in order to illustrate 
graphically some possible effects of olivine-addition ex· 
periments and reaction relationships. a. Effect of pressure 
on the phase boundaries. Short·dashed line b-p-q shows 
the path followed by the isobaric invariant point for liquid 
coexisting with forsterite and two pyroxenes. Long-dashed 
lines connect forsterite to pyroxene compositions. Dash
dot lines show effect of adding forsterite to liquid composi
tions p and f. b. Phase relationships for the composition p 
(isopleth) in a, the isobaric invariant liquid at 20 kb. Note 
that although liquid p is in equilibrium with enstatite solid 
solution at 20 kb (a), enstatite does not appear anywhere in 
its equilibrium crystallization sequence at this pressure. 
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and reference to the liquidus diagrams of several basal
tic compositions can aid the petrologist in recognizing 
situations in which this complication may be significant 
(section 3.3.8). In general, if a mineral is present at the 
liquidus of a primary basalt at the pressure of magma 
separation from the source, then that mineral must be 
present in the source. If a mineral is absent under the 
same conditions, then that mineral may or may not be 
present in the source. 

Reaction relationships in systems more complex 
than binary systems (Fig. 3.l.l4) may also confuse the 
rationale and interpretation of olivine-addition exper
iments. Assume that the liquid composition p, defined 
as primary at 20 kb in Fig. 3.l.l3a, was sampled as a 
lava at the Earth's surface, and interpreted as a primi
tive and possibly primary composition. The phase dia
gram for this composition in Fig. 3.l.l3b shows the 
liquid to be saturated with forsterite and diopside at 20 
kb, but enstatite is absent. The inverse approach has 
been followed through the flow chart of Fig. 3.1.4 to this 
stage, but it is commonly abandoned when it comes to 
considerations of source region constraints and other 
applicable evidence. For example, petrologists expect a 
terrestrial primary basalt to be saturated with olivine 
and orthopyroxene at the source depth (section 3.3.1). 
Given the phase diagram in Fig. 3.1.13b, a petrologist 

8 
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3.1.14 A portion of the system Mg2Si04-Si02 at 1 bar( not 
to scale) illustrating the effect of a reaction relationship in 
confusing the application of the inverse approach. If liquid 
a, saturated with forsterite and clinoenstatite, is separated 
from its source, it will at no time crystallize forsterite during 
subsequent cooling and equilibrium crystallization. 

might therefore conclude that this composition was a 
primitive magma which had precipitated some olivine 
en route from source to surface, and an experimentalist 
might conduct olivine-addition experiments to deter
mine conditions under which olivine and enstatite 
would coexist at the liquidus. Figure 3.l.l3a shows that 
with addition of forsterite to the liquid p, the field 
boundary between forsterite and enstatite would be 
crossed at higher pressure than 20 kb, e.g., at point s. 
The liquid s is picritic compared with the primary 
magma p, and it is saturated simultaneously with oliv
ine and orthopyroxene. But it would be incorrect to 
infer that the picritic liquid s has the composition of a 
primary magma, generated at great depth, or that it was 
parental to liquid p. This is a hypothetical example 
where application of assumed source region constraints 
to the high-pressure melting relationships (Fig. 3.1.4) 
leads to incorrect conclusions, simply because enstatite 
is in reaction relationship with liquid at points along the 
polybaric line pq. 

Enstatite-addition experiments may also be mis
leading. Based on the absence of enstatite at the liquidus 
of a postulated primary magma composition, one might 
undertake experiments on mixtures of this composition 
with varying amounts of enstatite in order to see how far 
the composition lies from the enstatite field (Green et 
a/., 1979). For the topology shown in Fig. 3.1.13, addi
tion of enstatite to the composition p would show ensta-

tite at the 20 kb liquidus even for mixtures containing 
the smallest amount of added enstatite, and one could 
therefore conclude that enstatite was present in the 
source. However, the topology of Fig. 3.1.13 could be 
modified so that no amount of added enstatite would 
produce enstatite at the 30 kb liquidus even though the 
composition p remained in equilibrium with enstatite . 
This would occur if enstatite melted incongruently at 20 
kb and liquid p remained at its location shown in Fig. 
3.1.13. Of course, enstatite does not melt incongruently 
at 20 kb, but the purpose here is to illustrate permissi
ble lines of reasoning for complex compositions where 
the detailed topological relationships are not known. 
Thus, the generalization observed earlier holds also for 
enstatite-addition or other types of addition experi
ments. That is, if a phase is present at the liquidus, it can 
safely be concluded that this phase is also present in the 
source, but if a phase is not observed, it may still be 
present in the source. The only way to avoid this ambi
guity in the inverse approach is to explore completely 
the liquidus phases in the composition space around the 
postulated primary magma composition. Partial explo
rations, such as enstatite-addition experiments, are a 
help, but they are not definitive. 

Another major limitation on the inverse approach 
is that while it can identify the residual minerals in 
source regions, their compositions (obtained from the 
compositions of the liquidus minerals in the experi
ments), and the physical conditions prevailing during 
magma generation, it cannot set constraints on the pro
portions of the minerals left in the residue. For example, 
suppose we concluded that the basalt in Fig. 3.1.12 
was generated at P = 12 kb and T = T 2 leaving olivine 
and clinopyroxene in the residue. The liquid could just 
as well have left I% pyroxene and 99% olivine or 99% 
pyroxene and I% olivine in the residue. Similarly, the 
liquid would be in equilibrium with the olivine and 
pyroxene if there were 99% liquid and I% residue, or if 
there were I% liquid and 99% residue, so that the exper
iments cannot set limits on the degree of partial melting. 
Constraints on the proportions of residual phases and 
on the percent of partial melting require the application 
of geochemical or geophysical arguments, or petrologi
cal prejudice concerning the nature of the source region. 

In principle, the minerals at the liquidus of a pri
mary liquid composition can be used to set limits on the 
mineralogy of the residue left in the source region after 
extraction of the primary liquid, and on the conditions 
in the source region during magma genesis. This is one 
of the most powerful of available probes into planetary 
interiors, despite the pitfalls and limitations emphasized 
in the preceding discussion. Petrologists have relied on 
this approach largely to provide support and detail for 
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their already firm notions of the nature of basalt source 
regions on the Earth. However, in applications to extra
terrestrial petrology where supplementary data in the 
form of field relations, ultramafic rocks and other 
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petrological information are unavailable, the applica
tion of this approach is our main clue to the nature of 
basalt source regions. 

3.2 EXPERIMENTAL PROCEDURES AND INTERPRETATIONS 

The details of experimental procedures for the var
ious types of apparatus used in experimental petrology 
have been adequately covered by Ulmer (1971), Edgar 
(1973) and Ernst (1976). The following discussion 
concentrates on the problems and limitations of exper
imental techniques, and their influence on the interpre
tation of results. It is important to understand these 
problems, because interpretations of the experimental 
results place constraints on the conditions and pro
cesses under which natural rocks form, and these should 
provide cornerstones for petrogenetic theory. Experi
mental problems have contributed significantly to bitter 
controversies about fundamental aspects of petrology, 
such as the effect of water on the composition of magma 
generated from peridotite (sections 3.2.2 and 3.3). 

3.2.1 Documentation of experiments 

It is a maxim that scientific reports should include 
comprehensive documentation of experimental tech
niques. Unfortunately, the technical descriptions 
accompanying many published experimental studies 
are inadequate to permit their re-evaluation in light of 
more recently-discovered experimental difficulties. 
This renders the data unreliable or obsolete. Table 3.2.1 
is a list of items which we consider necessary for a 
thorough documentation of any petrological experi
ments. 

The normal procedure for petrological experi
ments is to observe the effects of experimental run 
conditions upon a phase assemblage. Changes in the 
phase assemblage depend primarily on pressure and 
temperature, but may also depend on the starting mate
rial and the experimental technique. 

Starting material 
It is essential to document the bulk composition 

and the composition and structural state of each phase 
present in the starting material. The experimenter 
should determine the bulk composition of the starting 
material after it has been prepared, so that effects ofthe 
preparative steps (oxidation, reactions with its con
tainer, volatilization, etc.) are accounted for in the final 
analysis. 

The starting materials are normally either crystal
line rock powders, glasses or gels, crystallized glasses or 
gels, or chemical mixtures (principally for experiments 
involving volatile phases or components). For rock 
powders it is important to document (1) efforts to insure 

Table 3.2.1 Items necessary to document an experimental 
study properly. 

l. Aim of experiments. 

2. Sample documentation: 
(a) Natural or synthetic. 
(b) Preparation (oxide mix or gel, if synthetic; grinding 

method; temperature and oxygen fugacity of pre
paration). 

(c) State (e.g., crystalline, glass, gel). 
(d) Mineralogy, if crystalline. 
(e) Grain size and size distribution. 
(f) Storage methods. 
(g) Composition before preparation, after preparation 

and after experiment. 

3. Experimental apparatus. 

4. Thermocouple type, calibration and error limits. 

5. Pressure measurement method, calibration and error 
limits. 

6. Methods of temperature and pressure control. 

7. Oxygen fugacity (controlled or uncontrolled, method of 
measurement and error). 

8. Method of addition of volatiles (if any) and error. 

9. Sample container: 
(a) Material. 
(b) Shape. 
(c) Mass and/ or ratio of surface area to that of the 

sample. 
(d) Open or sealed. 

10. Details of change in P and T during ascent to run condi
tions, or during run. 

ll. Time at each pressure and temperature. 

12. Quenching method and time to reach room temperature 
(or some arbitrary temperature between run temperature 
and room temperature). 

13. Any special treatment during opening of charge (e.g., 
freezing a volatile phase). 

14. Evaluation of attainment of equilibrium. 
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homogeneity of the powder, so that each experiment 
starts with the identical composition, and (2) the grain 
size of the powder. The grain size (or the surface area) 
influences reaction rates and thus aids in evaluating the 
duration of the experiment necessary to approach equi
librium. Gels have been used for their ease of homo
geneous mixing and their reactivity, but they have 
problems which need to be evaluated for each investiga
tion. Homogeneous glass can be prepared from rock 
powders, gels, or chemical mixtures. The use of glass 
insures an identical composition of each experiment 
and eliminates the possible metastable persistence of a 
crystalline phase. This advantage is offset by the fact 
that some minerals (e.g., feldspar) have lengthy incuba
tion periods before nucleation from glass or melt, even 
when the conditions are well within their true stability 
fields. The nucleation and incubation period may be 
dependent on the amount of superheat (above the equi
librium liquidus temperature) used in preparing the 
glass. To avoid nucleation problems or for preparation 
of starting material for reversal experiments, the glass 
can be partially or wholly crystallized. 

Techniques 
It is essential to document carefully the techniques 

employed before, during, and after each run, because 
these are critical to interpretation of the experimental 
data. It is important to know what changes occur as the 
charge is approaching run conditions. Crystals which 
nucleate and grow within a starting material during the 
"run-up" and persist metastably throughout the exper
iment may compromise the run product assemblage 
sufficiently to affect its interpretation. The accuracy of 
the pressure and temperature conditions may substan
tially affect interpretation of the results. Also crucial to 
the data are composition control during the run, 
charge-capsule interaction, and monitoring and control 
of volatile components. Reactions which occur during 
the quench may vary according to quenching tech
niques and rates. The methods of determining run dura
tion and evaluating the approach to equilibrium (not a 
factor in controlled cooling rate runs) must also be 
documented. 

Run products 
In order to permit evaluation of the quality of an 

experiment and to understand the reaction and crystal
lization processes which have occurred, run products 
ideally should be described in terms of the phases pres
ent, the proportions of phases, phase chemistry, crystal 
morphology, grain size and crystal abundance, and 
structural state. 

The phases present may be identified by use of the 
petrographic microscope, X-ray diffractometer and 
electron microprobe. Additional information can be 
obtained from density measurements, thermogravi
metric analyses, transmission electron microscope 
studies and infrared absorption spectra. 

The proportions of phases may be estimated by 
inspection (which is inadequate), measured by micro
scopic modal analysis, or calculated by chemical mass 
balance. This information is used in checking for 
changes in bulk composition of the charge, in construct
ing quantitative models of fractional crystallization, 
and in testing for equilibrium by reproduction of the 
same proportions of phases in runs identical in all 
respects but duration. 

Approximate estimates of mineral compositions 
may be obtained by optical methods, including refrac
tive index measurements, for example, and from X-ray 
diffractometer measurements. Precise results are ob
tained by electron microprobe analysis of all run
product phases, including homogeneity or zoning 
within crystals, and the detection of minute inclusions. 
An indication of how well the phase assemblage that 
formed during experimentation was retained during 
quenching may be obtained by analysis of chemical 
gradients in glass adjacent to crystals-if the condition 
of an experiment is preserved during quenching there 
will be no composition gradients; however, these may 
be too small to observe. The trace element, water, and 
carbon contents of melts and crystals may be deter
mined by the ,8-track mapping method (Mysen and 
Seitz, 1975). In experiments involving a vapor phase, a 
minimum estimate of the content of silicate material 
dissolved in the vapor may be obtained by microchemi
cal analysis of the condensed vapor (Holloway, 1971). 

Crystal shape is a sensitive index of growth condi
tions, growth rate and growth mechanism. Crystals 
grown under conditions of slight super-saturation are 
facetted and complete, those grown at substantial 
super-saturation generally grow more rapidly as skele
tons or dendrites. The crystal shape can be useful in 
distinguishing crystals grown isothermally from those 
grown as run conditions changed, or during the quench
ing process. Note the two different morphologies of 
olivine in Fig. 3.2.1. 

Grain size is an important factor in the quality of 
electron microprobe analyses, because interference and 
absorption effects may be severe for crystals less than 10 
microns in size. In addition, grain size and crystal abun
dance contain information about the relative rates of 
nucleation and growth of crystals in glass or melt. 

The stability and composition of certain minerals
notably pyroxenes and plagioclases-are sensitive to 
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3.2.1 Basaltic charge contained within a platinum cap
sule, which was run in the horizontal position shown; the 
height is 3 mm. The material was heated to melting, then 
cooled at a regular rate, and then quenched. Note the two 
different olivine morphologies (Donaldson, 1976). 

the internal structure of the crystal. When comparing 
experimental results with natural rocks, the crystals 
being compared should be in the same structural state. 

3.2.2 Experimental techniques 

Equipment 
Most experimental studies of basaltic and perido

titic materials have been conducted in the temperature 
range 600-1600°C at pressures from 1 atm to 50 kb. 
Many different types of 1 atm quench furnaces have 
been utilized including several in which/0 ,/8 andfs 

• • • 2 2 2 
can be controlled by gas-mtxmg techmques (see Edgar, 
1973, for design details). The more commonly used 
types of high-pressure apparatus are cold-seal gas ves
sels (0.1 to 6 kb; 200-800°C), internally-heated gas 
apparatus (0.1 to 10+ kb; 200-1400°C), solid-media 
piston-cylinder apparatus (7 to 60 kb; 200-1800°C) , 
and other types of solid-media apparatus (belt, tetra
hedral anvil, etc.) for pressures greater than 25 kb. 

Control and calibration of temperature 
Temperatures during experiments are normally 

measured by one or more thermocouples, and main
tained within narrow limits by automatic controllers. 
Commonly used thermocouples (and their operational 
ranges) are composed of Pt-Rh alloys (up to 1600°C), 
W-Re alloys ( 1100-2200° C) and the Ni-rich alloys 
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Chrome! and Alumel (up to 1200°C). Temperatures 
recorded by thermocouples may be monitored during 
experiments by use of a chart recorder and measured 
using a calibrated potentiometer. All thermocouples are 
subject to poisoning (contamination) by extraneous 
elements, which results in erroneously measured tem
peratures. Such effects may be small or large depending 
on thermocouple type, the host material, temperature, 
and time, and they need to be evaluated for each set of 
experiments. In some types of apparatus, thermocouple 
contamination can be reduced by using sheaths of 
Inconel or other materials, or by using inert wafers 
between the thermocouple bead and sample container. 

Temperatures within all types of apparatus are 
calibrated by determining one or more simple reactions 
within the temperature-pressure range of interest. Some 
of the more commonly used are the melting points of 
Au, Ag, Ni, AgCl, NaCl and diopside, and the eutectic 
melting reactions of Fe-FeS and anorthite-wollastonite
gehlenite. The temperature distribution within the fur
nace in the vicinity of the sample container is another 
important consideration, which can be determined by 
monitoring a calibration reaction with one or more 
thermocouple probes. 

Thermocouple emf is also affected by pressure. 
This effect is commonly disregarded, although some 
calibrations have been made (e.g., Getting and 
Kennedy, 1970). A statement should be made whether 
the temperatures have been corrected and, if so, using 
what calibration. Merrill and Wyllie (1975) concluded 
from available studies that the maximum temperature 
uncertainty due to pressure effects for their melting 
experiments on basaltic compositions in piston
cylinder apparatus was ±l3°C (at 1000°C, 30 kb). The 
temperature uncertainty from other sources in all types 
of modern apparatus is commonly ±5°C or better. 

Control and calibration of pressure 
In gas-media apparatus, the hydrostatic pressures 

are monitored with mechanical gauges attached directly 
to the pressure vessel. Gauges may be calibrated against 
a dead-weight piston. 

In solid-media apparatus, pressures are non
hydrostatic and cannot be monitored directly. Hydrau
lic ram pressures are monitored instead. Each particular 
apparatus and furnace assembly must be individually 
calibrated for friction effects and "anvil" (or "piston
ing") effects over the pressure-temperature range of 
interest. This is usually done by using reactions such as 
albite~ jadeite+ quartz (e.g., Johannes eta/., 1971) 
and the quartz ~ coesite transition, electrical resistivity 
transitions in Ba, Th, Cs or Bi, and some of the melting 
reactions mentioned above. The precision of pressure 
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same minerals in the original experiment, then the iden
tity of the equilibrium liquid is confirmed. Alterna
tively, if large clear areas of glass are found to be 
homogeneous even in the presence of quench crystals 
around the margins of such areas, the glass composi
tions may be considered to be valid. Any effect of the 
quench crystals on the glass far removed from the 
quench crystals would be revealed by composition gra
dients in the glass. 

An important example of this type of problem is 
provided by the determination of the first liquids pro
duced during the melting of peridotite in the presence of 
water (Green, 1976a). The problems of quenching and 
testing equilibrium liquid compositions have also been 
well-documented by Cawthorn et a/. (1973a) and 
Nicholls (1974). 

It is commonly desirable to confirm the presence or 
absence of a free vapor phase. Quench problems may 
interfere with this interpretation. For example, in many 
systems which are undersaturated under run condi
tions, vapor bubbles may appear in the charge during 
quenching. 

It is not possible to preserve the exact equilibrium 
conditions of some experiments during the quench. 
High temperature magnetic states may not be pre
served. Structural modifications may occur, with high
pressure polymorphs reverting to low-pressure forms, 
as observed in studies of MgSi03 pyroxenes. In very 
high pressure experiments, the high-pressure min
eralogy may revert to a glass or to the low-pressure 
mineralogy upon quenching. This reversion has been 
confirmed by studies using in situ X-ray diffraction of 
minerals produced in diamond anvil cells. 

3.2.3 Composition control during 
experimentation: the container 
problem 

Differences in the interpretation of experimental 
results often arise from lack of control of the bulk 
composition of the charge during the experiment. The 
major problems are interactions of the sample with its 
container, resulting in the gain or loss of iron, and 
changes in the activity of FeO due to lack of oxygen 
fugacity control. The container problems have not yet 
been adequately resolved. A discussion follows of the 
various materials which have been used. 

Platinum group metals 
Platinum, palladium, rhodium, and their various 

alloys have classically been used for high-temperature 
experimentation. They have relatively high melting 
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points (circa 1600°-1800° C) and are easily sealed by 
welding techniques. The metals are malleable, and thin
walled metal capsules collapse, effectively transmitting 
the pressure to the sample. 

Containers of these metals are notorious for alloy
ing with iron in iron-bearing systems (Merrill and 
Wyllie, 1973; Nehru and Wyllie, 1975). The alloying of 
Fe (from FeO in the charge) with these metals affects the 
aFeo during the experiment. These metals are also very 
permeable to hydrogen. In high-pressure experiments 
where H20 is present as a component, or where H20 
may be generated from the pressure media (e.g., by 
dehydration of talc or pyrophyllite ), H2 from disso
ciated H20 may diffuse into or out of the capsule. This 
will not only directly affect the/02 and the complemen
tary aFeo• but may also change the observed phase rela
tions due to the presence of H20 in experiments 
designed to be anhydrous, or to a reduction in the 
amount of H20 in hydrous experiments. The problem 
of hydrogen diffusion can be minimized by careful 
experimental design as mentioned in section (3.2.2). 

Two methods of minimizing iron loss to these 
metals merit discussion. One is to presaturate the plati
num or alloy with the proper amount of iron so that no 
iron loss or gain occurs at the temperature and pressure 
of the experiment (Huebner, 1973). This technique 
requires knowledge of the aFeo of the charge at the 
experimental P and T and saturation of the metal with 
the proper amount of iron so that no interchange occurs 
at the given P and T. This is an almost ideal sample 
container, but it requires detailed thermochemical data 
for the sample and tedious capsule preparation proce
dures. More recent methods involving the use of soluble 
iron silicates (Ford, 1978) and electroplating of iron on 
capsule walls (Johannes and Bode, 1978) have given 
promising results. 

The other method of minimizing iron loss to these 
metals has been to suspend the melt from wire segments 
or loops in controlled atmosphere experiments at 1 atm 
(Riboud and Muan, 1962; Presnall and Brenner, 1974; 
Donaldson eta/., 1975a). The iron loss to the metal is 
minimized due to the large mass of the sample com
pared to the mass of the wire loop (commonly from 
200: 1 to 50: 1 ). An experimental charge is illustrated in 
Fig. 3.2.2. Relative iron losses of up to 10% have been 
recorded in experiments of more than a few hours dura
tion at temperatures of 1100°-1200° C (U sselman and 
Lofgren, 1976; Irving eta/., 1978; Corrigan and Gibb, 
1979; Donaldson, 1979). Huebner's (1973) technique of 
presaturating platinum with iron can substantially 
reduce the iron loss. The loss of volatile elements such as 
sodium is a disadvantage of the wire loop technique at 
high temperatures. 
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518 Basaltic Volcanism on the Terrestrial Planets 

3.2.2 Quenched experimental charge suspended on a 
Pt-wire loop. A pellet of high-titanium lunar basalt (74275) 
was placed on the loop and melted. The molten sphere, 
adhering to the wire by surface tension, was cooled from 
the liquid field to 1030°C at a rate of 7°C/hr. The bladed 
crystals are armalcolite and ilmenite. The grid spacing is 
0.5mm. 

The compositional problems encountered with 
these platinum group metals are not limited to the 
overwhelming iron loss, but extend to the loss of other 
elements such as Mn, Co, Ni, and S. The effects of these 
problems on the interpretation of experimental results 
are normally insignificant, but they can be significant in 
some investigations. 

For long runs at very high temperatures(> 1500° C), 
Chen and Presnall (1975) found that silicon diffuses 
from the charge into aPt capsule, forming a Pt-Si alloy, 
and causing failure of the capsule by melting far below 
the normal melting temperature of Pt. 

Silver and silver-palladium alloys 
These capsule materials behave similarly to plati

num in malleability and sealability, but their useful 
temperature ranges are restricted: silver melts at 961° C, 
whereas some Ag-Pd alloys can be used up to about 
1200° C. Pure silver does not alloy readily with iron 
from iron-bearing samples, but as the palladium con
tent of the alloy increases, the magnitude of iron losses 
approaches that encountered with platinum. The iron 
loss is not as rapid as to platinum (Nehru and Wyllie, 
1975). In addition, these alloys are also permeable to 

hydrogen and possess the same problems as platinum in 
this respect. 

Gold 
Gold capsules exhibit superior qualities. Gold is 

malleable, is easy to seal, does not readily alloy with 
iron, is almost impermeable to hydrogen, and is unreac
tive with sulfur. It melts at 1063°C, which makes it 
suitable for only a limited range of hydrous basalt 
experiments. The alloying of small amounts of gold 
with platinum only slightly decreases the iron loss prob
lems of platinum. 

Iron and various iron alloys 
Closed capsules of these materials have been used 

(primarily in studies of lunar and meteoritic basalts) in 
attempts to buffer the oxygen fugacity in closed cap
sules, and thus the aFeo of basaltic charges. Capsules are 
normally used with a tight fitting cap, because it is 
extremely difficult to seal these metals. For I atm experi
ments, the capsules are placed in an evacuated sealed 
silica glass tube. Alkali loss and volatile loss to the 
evacuated volume of the silica glass tube is often 
recorded (Walker eta/., 1976a). Devitrification of the 
silica glass tube, in long term experiments, allows oxy
gen to diffuse through with a potential oxidation of the 
sample. 

The aFeo of the charge equilibrates with the capsule 
material as the oxygen fugacity is buffered by the cap
sule and the phase assemblage of the charge. Depending 
on the initial aFeo of the sample, the resultant iron 
content can increase, decrease, or remain the same 
(O'Hara and Humphries, 1977). The buffering capacity 
of the capsule can be changed from iron saturation 
(pure iron capsules) to nickel saturation (about three 
orders of magnitude more oxidizing); Fe-Ni alloys pro
duce intermediate levels of oxidation. The actual oxy
gen fugacity imposed on the samples is not known for 
any of the iron or alloy containers. 

Open iron capsules have been used in controlled 
atmosphere experiments for limited ranges of oxygen 
fugacity. They can only be used for systems which are 
iron saturated; at oxygen fugacities above that of iron 
saturation there are significant increases in the FeO 
content of the charge. 

Molybdenum 
Molybdenum capsules have been used in experi

ments where the oxygen fugacity desired is near the 
iron-wtistite buffer (Mo02-Mo buffer is reportedly near 
Fe-FeO; Visser and Koster Van Groos, 1979). Molyb
denum behaves mechanically much like iron, but it is 
more brittle. Molybdenum will alloy with iron from the 
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charge if the sample is iron saturated. It can readily 
substitute in some phases, especially oxide minerals. 

Graphite 
Graphite capsules have been used in some high

pressure experimentation. At about 150 bars, the gra
phite buffer crosses the quartz-fayalite-iron buffer. At 
higher pressures the graphite buffer probably lies 
between the Fe30 4-Fe0and Fe-FeObuffers. It has been 
suggested by Sa to ( 1978) that terrestrial basalts and 
possibly lunar basalts originated under conditions of 
graphite saturation. Graphite containers should be 
further calibrated before their utility in high pressure 
experiments can be adequately assessed. Graphite cap
sules are not acceptable below I 50 bars due to their very 
strong reducing capacity. At high pressures, C dissolves 
in some liquids producing carbonate ions. 

Boron nitride 
Boron nitride behaves similarly to graphite, but 

there are no indications that its buffer curve crosses over 
into a useable basaltic range of oxygen fugacity at high
pressures. It is, however, a useful capsule material for 
high-pressure sulfide experimentation (Usselman, 
1975), although in some systems boron from the BN 
capsule may alloy with metallic iron, with a significant 
effect on the determined phase relations. 

Capsule summary 
For I atm experimentation, the preferred technique 

of oxygen fugacity control is the use of gas-mixing 
systems (e.g., Williams and Mullins, 1976). This, how
ever, does not overcome the container interactions, and 
it introduces another constraint to the experimental 
design. One must have a good estimate of what the 
intrinsic/0 of the basalt was at formation; this can be 
approximaiely measured by various techniques, or 
inferred from mineral assemblages and thermodynamic 
considerations. Other minor, but potentially important 
compositional changes may occur with gas-mixing 
techniques. Loss of sodium and other volatile elements 
may affect the determinations of phase boundaries. 
Sodium loss will increase the temperature of plagioclase 
appearance. This error can be assessed experimentally if 
identical runs are made at critical conditions as a func
tion of time. 

The problems of constant composition and/0 con
trol become more acute in high-pressure experi~ents, 
because the sample containers that can be used have 
unacceptable properties, and because/0 control is pos
sible only by using solid buffer tecliniques (which 
require water to buffer the charge through hydrogen 
equilibration). Furthermore, we have inadequate know-
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ledge of oxygen fugacity at the pressures and tempera
tures of basaltic evolution. 

In an attempt to avoid the iron loss problems, 
Coons et al. (1976) investigated an analogue basalt 
composition where the ferrous iron was replaced by 
divalent cobalt. Initial results offer some promise, but 
further calibration and work on the effect of Co2+ 

(instead of Fe2+) is required before the utility of such 
analogues can be confirmed. 

This review of sample containers and experimental 
design may appear somewhat pessimistic. However, 
documented information on the magnitude of composi
tional changes during an experiment allow constraints 
to be placed on the interpretation of the results. Deter
mination of the phase relations over a range of oxygen 
fugacities allows interpretations which are independent 
of preconceptions of oxygen fugacity at the time of 
evolution or fractionation. 

3.2.4 Equilibrium and its recognition 

A closed system at constant pressure and tempera
ture is in an equilibrium state if the condition of the 
system does not change spontaneously with increasing 
time. Distinctions between different sorts of equilib
rium states depend on how the system responds to 
externally imposed disturbances such as fluctuations in 
temperature, pressure, or substitution of different phase 
assemblages of equivalent bulk composition. Systems 
which do not return to their original state following 
such disturbances are in unstable equilibrium. 

Examples of equilibrium states are illustrated by 
the positions of the spheres on the slope in Fig. 3.2.3. 
The horizontal axis represents some reaction variable, 
which is associated with a change in energy for the 
system. The sphere in position A is in equilibrium until a 
slight change causes it to roll down to position B. It is in 
unstable equilibrium because it has an inherent capacity 
to react. Equilibria which are stable against small 
temperature and pressure fluctuations or phase substi
tutions may not return to their original state for larger 
fluctuations or other phase substitutions. The activa
tion energy required to displace the sphere from equilib
rium position B is much less than that required to 
displace the sphere from equilibrium position C. All 
equilibrium states in Fig. 3.2.3. are metastable with 
respect to the position D, the state with the lowest free 
energy for the stipulated conditions. Metastable states 
may persist indefinitely. If the magnitude of the activa
tion energy involved in a transition is large (as for 
position C in Fig. 3.2.3.), or if all possible equilibrium 
states are not anticipated, it may become impractical to 

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

http://adsabs.harvard.edu/abs/1981bvtp.book.....B


1
9
8
1
b
v
t
p
.
b
o
o
k
.
.
.
.
.
B

520 Basaltic Volcanism on the Terrestrial Planets 

REACTION VARIABLE 

3.2.3 Diagram illustrating positions of unstable (A), meta· 
stable (B and C), and stable (D) equilibrium. It requires 
more energy to change from metastable condition C to 
stable condition D than from condition B to C, because of 
the higher threshold (energy barrier) between C and D 
than between B and C. 

determine experimentally whether a state of lower 
energy exists for the system. 

Departures from an equilibrium state in natural 
mineral systems are introduced by changes of physical. 
conditions such as pressure and temperature or changes 
in the system's energy (by heat flow). H the changes are 
introduced slowly enough so that the system continues 
to maintain an equilibrium state throughout the pro
cess, the process is reversible. Such a transformation is a 
succession of equilibrium states which are each charac
terized by a particular set of physical conditions. To the 
extent that a natural process is reversible, laboratory 
observation of the equilibrium state of the system under 
each set of physical conditions will provide an adequate 
understanding of the possible system behavior. Many 
natural and experimental systems; however, are not the 
result of equilibrium states or of reversible processes. 
These departures from equilibrium may be of interest in 
themselves, but they are most instructive when com
pared relative to the equilibrium state. It is of critical 
importance, therefore, to demonstrate whether the 
results in experimental studies correspond to an equi
librium state, using the methods outlined in the follow
ing sections. 

Variation of experiment length 
A system at equilibrium does not change with 

increasing time of observation. If the run products in 
short runs are different from those run at a variety of 
longer times under the same physical conditions, the 

short-term run products are not equilibrium products. 
Although products of the longer runs are more likely to 
be the equilibrium products, this is not assured. Long 
runs may promote interaction of charge with container 
as discussed in section 3.2.3., and place an operational 
limit on the useful length of an experiment. Further
more there is no guarantee that long runs give stable 
rather than metastable products. The persistence of 
metastable glass and non-growth of crystalline phases 
below their melting temperature is legendary for albite 
(Schairer, 1959) and common for plagioclase from 
basaltic compositions (Biggar eta/., 1972). Increasing 
run time without changing run products is not a rigor
ous demonstration of equilibrium. 

Synthesis and use of different starting materials 
A common experimental technique employed in 

reconnaissance studies aimed at outlining possible sys
tem configurations is the use of reactive starting mate
rials such as glass or gels. Products of such experiments 
may show changes in phase appearance and changes in 
solid solution compositions with variations of experi
mental conditions. The synthesis boundaries deter
mined in this way may not correspond with equilibrium 
boundaries, because all that has been demonstrated is 
that the product is more stable than the starting mate
rials. The stability of the products with respect to 
alternate states is not addressed. Although synthesis 
products may correspond with equilibrium results, 
counter examples are numerous. For instance, Green 
(1976b) has shown that intermediate-calcium pyrox
enes synthesized near the liquidi of many lunar mare 
basalt compositions at elevated pressures are metasta
ble with respect to mixtures of high- and low-calcium 
pyroxenes. 

Phase rule 
Chemical thermodynamics (Gibbs' phase rule) 

places a limit on the number of phases which may be 
present in a system of a given complexity at equilibrium. 
If this number is exceeded, equilibrium has not been 
established. Typical basaltic systems have enough 
rninor components which can be accommodated by 
solid solutions in the major mineral phases that an 
improbable number of phases must be. present to see a 
clear violation of the phase rule. Therefore, this crite
rion of disequilibrium is most readily applicable to sim
ple laboratory systems with limited compositional 
variability. Furthermore, even if the product obeys the 
phase rule with respect to numbers, there is no assur
ance that the phases present are stable so we can only 
use the phase rule as a criterion of disequilibrium. 
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Textural features 
The equilibrium state, when considered as an 

energy minimum, has textural features which are a 
result of the minimization of the surface energy of the 
phases. Although the energy involved in this considera
tion may be relatively small, the effects are readily 
observable and well known. Coarseness of grains corre
lates with equilibration. Also, skeletal crystal morphol
ogies with large surface areas may be interpreted as 
disequilibrium products as in the case of"quench" crys
tals. Once again, however, we have an essentially nega
tive criterion for equilibrium, since it is perfectly 
possible to grow coarse, faceted crystals which do not 
correspond to the equilibrium composition or struc
tural state. Absence of disequilibrium characteristics is 
a necessary but not a sufficient condition to demon
strate equilibrium. 

Reversals and convergences 
Equilibria of interest in basalt petrogenesis com

monly involve the appearance or disappearance of a 
phase, or change in composition of a phase as physical 
conditions are changed. Consider the high-pressure 
reaction represented by the boundary between phase 
assemblages B and C in Fig. 3.2.4a. The starting mate
rial M, of suitable composition to determine this reac
tion, may be composed of glass, gel, oxide mixture, or 
crushed rock. If a series of one-stage runs, Ia, I b, and 
lc, produce the phase assemblages A, B, and Cat high 
pressures, the synthesis boundary is located between the 
runs producing B and C. 

To test for stability, it is common practice to intro
duce initial perturbations of the system by substitution 
of different starting materials. If the system reacts to the 
same final states from the different starting materials, 
the equilibrium is at least demonstrated to be stable 
against perturbations as large as the difference in start
ing materials. For sluggish reactions, seeds of the 
desired products in B or C may be added to starting 
material M in order to overcome nucleation problems. 
If the phase assemblage A includes high pressure miner
als absent from the starting mixtures, M, it may be 
useful to repeat with two-stage runs, 2ab and 2ac, in 
which starting material M is first converted to A by 
routine I a, and then increased in temperature. If phase 
assemblages Band Care produced at the same condi
tions from D as they were from M in the one-stage runs, 
confidence in the synthesis boundary is increased. 

For demonstration of reversible equilibrium, it is 
necessary to perform two-stage runs 2bc and 2cb, where 
starting mixture M is first converted to B (via first stage 
lb) or to C (via first stage lc), and then converted by 
change of temperature in the second stage from B to C, 

3.2 Experimental Procedures and Interpretations 
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3.2.4 Experimental routines for approaching and testing 
a state of equilibrium: reversais and convergence. 
a. Starting mixture M is converted to assemblage A, B or C 
by synthesis runs la, lb or lc. Reversal is demonstrated by 
converting B to C, and C to B, via two-stage runs 2bc and 
2cb (see text, and Stern and Wyllie, 1975). b. Mixtures of 
minerals A and B can be reacted to coexisting solid solu
tions a1-b1 and arb2 at temperatures T1 and T2, respec
tively. These compositions may define a solvus, but for 
confirmation, the high-temperature assemblage a1-b1 is 
lowered to T 2 where it is converted to arbJ. Convergence 
of aJ-bJ with a2-b2 is evidence for equilibrium. 
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and from C to B, respectively. In simple systems, com
plete reaction in both directions may be achieved but, 
commonly, the demonstration that B is partially con
verted to C and that C is partially converted to B is 
accepted as proof of reversible equilibrium. Similarly, 
the change in proportions of phases in a mixture of B 
and Cis used to indicate direction of reaction. In com
plex silicate systems where the phase assemblages Band 
C include minerals of variable composition, it may be 
impossible to achieve complete reaction to phases of 
identical proportions and compositions on either side of 
the equilibrium boundary. 

Equilibria involving phases of variable composi
tion may be investigated to establish the stable composi
tion by the method of convergence of composition from 
two different directions. Consider, for example, the 
solvus between minerals A and B in Fig. 3.2.4b. At 
temperatures T 1 and T2, the mineral pairs a 1-b 1 and 
a2-b2 were synthesized from a mixture of minerals A and 
B. The mixture a 1-b 1 when run at temperature T2 

reacted to produce the minerals a 3-b3• The compositions 
of the minerals at temperature T 2 converged towards 
the same composition, and the equilibrium phase 
boundary is thus located between a 2-a3 and b2-b 3• 

The solvus may be defined by the synthesis bound
aries represented by minerals a 1-a2, and b 1-b 2 in a reac
tive system, but convergence tests are required to prove 
that the synthesis products have reached the equilib
rium boundaries. For example, the reaction boundaries 
obtained by Nehru and Wyllie (1974) for the solvus 
between enstatite and diopside in the presence of 
hydrous liquid at 30 kb remained suspect until Lindsley 
and Dixon (1976) confirmed them by the convergence 
method. 

Finally, it should be pointed out that metastable 
phases may show compositional convergence in the 
same way that metastable phases may participate in a 
reversal demonstration. Experimental distinction 
between the metastable and stable valleys in Fig. 3.2.3 is 
very difficult. 

Liquidus reversals 
The temperature of first appearance of crystalline 

phases in the melting interval of basaltic compositions 
at constant pressure may be shown to be the equilibrium 
temperature by the following procedure. In Fig. 3.2.4a 
let C be liquid, and B the assemblage liquid plus primary 
crystals. Crystalline starting material (M) is run at suc
cessively higher temperatures (runs la, lb, lc) and 
examined until the product of the experiment is all 
liquid (or glass if examination follows a quench). A 
charge is then run at this temperature (run lc) for a time 
previously shown to give a liquid product (now a liquid 

starting material) and then the temperature is lowered 
until crystals are observed to have grown (run 2cb). The 
equilibrium liquidus temperature may be between the 
temperature at which crystalline material melts and 
liquid materials begin to crystallize. 

This statement is necessarily qualified for several 
reasons. If the crystalline assemblage melted (M) is not 
the same as the one grown (in assemblage B), the dem
onstration is incomplete. This may occur if the starting 
material is a slightly quartz-normative crystalline 
composition without olivine, which has olivine as the 
liquidus phase. A more subtle problem can arise if the 
liquidus phase entertains solid solution so that the 
crystalline starting material may have the liquidus spe
cies present but of the wrong composition. These prob
lems may be overcome by taking a charge up to the 
temperature shown to grow crystals from a liquid start
ing material (run lb) and determining that the crystals 
in the two situations correspond. The demonstration is 
only completed when a charge processed in this way is 
shown to melt completely when raised to the higher 
temperature above the liquidus (run 2bc). 

Bulk vs. surface equilibrium 
Reversal of phase appearance temperatures within 

the crystallization interval suffers additional complica
tions, largely as a result of possible solid solutions and 
the difficulty of establishing homogeneous equilibrium 
within the crystalline phases. Zoning may be produced 
and preserved in phases which grow as temperature is 
lowered from above to below the appearance tempera
ture of the phase of interest. Zoning present in initially 
crystalline starting material may also be preserved. 
Besides indicating a type of disequilibrium, the pres
ence of zoning will affect the composition of the liquid 
phase in the experiment. This has the undesirable con
sequence that there will be difficulty in establishing the 
correspondence of products and starting materials on 
either side of a phase appearance temperature, which is 
necessary for a demonstration of reversal. 

The recognition of the greatly different rates of 
homogenization in liquid and crystals has led to the 
concept of surface equilibrium, in which homogeneous 
liquid is in equilibrium with the surface of a crystal 
without regard as to whether the crystal is in homo
geneous equilibrium. This condition is not really an 
equilibrium state, because the system would change as 
the crystal homogenized with increasing length of time. 
Surface equilibrium is a useful concept, however, 
because it can provide a framework for understanding 
the zoning in crystals so often observed in basaltic sys
tems. The effect on the temperature, and even the order, 
of phase appearance within a basaltic crystallization 
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interval may be very large, and the difference between 
liquid compositions in a bulk equilibrium vs. a surface 
equilibrium situation may be substantial (compare 
Walker eta/., 1976a and b). Demonstrations of phase 
appearance temperature during controlled cooling ex
periments, where surface equilibrium conditions ob
tain, may be of interest because rapidly crystallizing 
basaltic melts are not governed by the bulk equilibrium 
condition. 

Summary and caution 
Once obvious indications of disequilibrium are 

lacking, demonstrations of reversal or convergence 
constitute the most nearly reliable evidence of equi
librium. Accordingly, Kesson and Lindsley ( 1976) placed 
high importance on these criteria in judging whether 
equilibrium had been achieved in experiments on lunar 
mare basalts. However, it must be remembered that 
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such demonstrations are only as thorough as the range 
of initial perturbations explored. There always remains 
the prospect of metastability relative to some untried 
state or with respect to some longer period of observa
tion, especially when one considers the disparity be
tween the time scale of the laboratory experiment and 
the time available for geological processes. Experi
mental results must be reproducible both by the original 
investigators and by others. Failure to meet this re
quirement indicates that at least some of the results are 
not consistent with equilibrium. It is unfortunately 
common for different investigators to report different 
results for similar experiments, and potential users of 
the results should pay attention to the tests made for 
stability, reversibility, convergence, and reproducibil
ity. It should be clear that a completely adequate dem
onstration of the stable equilibrium state can rarely if 
ever be made. 

3.3 TERRESTRIAL ROCKS 

While it is a relatively simple matter to arrive at a 
working definition of a basalt, definition of limits to 
what is meant by "basaltic volcanism" is less straight
forward. Indeed, most terrestrial igneous rocks have 
field associations with basalts and an understanding of 
their origins would presumably clarify their relation
ships to basalts and thereby aid our understanding of 
basaltic volcanism. For example, while neither koma
tiites nor rhyolites are basalts, both are often closely 
associated with basalts and are often clearly related to 
them. Most petrologists would agree that the experi
mental petrology of komatiites can yield valuable 
information relevant to the origins of basalts and the 
nature of the mantle. Some petrologists have suggested 
that rhyolites and basalts are partial melts of the same 
source regions, and others have suggested that rhyolites 
are often the residual liquids produced by extensive 
fractionation of basaltic melts. Either of these sugges
tions of rhyolite origin can be tested by an experimental 
approach and either, if shown to be valid, would yield 
valuable constraints on models of basalt genesis and on 
our understanding ofthe Earth's interior. However, it is 
clearly beyond the scope of this Chapter to review the 
experimental petrology of all igneous rocks which are 
associated with or related to basalts. If andesites are 
generated in a hydrous mantle above subducted oceanic 
plates, then the experimental petrology of andesites 
should yield additional constraints on the mantle min
eralogy. Where do we draw the line? Should we include 
andesites, trachytes, ultrapotassic lavas and anortho-

sites? The list could become very long indeed. A some
what arbitrary choice of topics must be made, and we 
will focus on rocks which can yield the most direct 
insights into the nature of the Earth's mantle. These 
include basalts, komatiites, highly Si02-undersaturated 
lavas, and andesites. Detailed discussions and defini
tions of the rock types and their petrographic associa
tions are given in Chapter 1, section 1.2. 

Basalts are the most abundant extrusive igneous 
rocks on Earth. According to Daly's (1933) estimates 
from continental outcrops, basalt has at least five times 
the total volume of all the other extrusive rocks com
bined; basalt and pyroxene andesite together have at 
least fifty times the volume of all other extrusive rocks 
combined. In addition, it is now established that the 
ocean basin is floored by a layer of basalt (Chapter 1, 
section 1.2.5). The prospects for interpretation of the 
experimental petrology of basalts in terms of planetary 
interiors must be far more favorable for Earth than for 
other planets, given this large volume of terrestrial 
basalts available for study, with a wide range of compo
sitions (section 3.3.1). 

3.3.1 Source rocks and magmas 

The historical development of ideas related to 
basalt petrogenesis were outlined in section 3.1.1. It 
was only in the late 1950's that petrologists began to pay 
much attention to mantle peridotite as a source for 
basaltic magmas. 
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In the discussion of the flow chart in Fig. 3.1.4, we 
maintained that through an integrated application of 
the results of petrographical, geochemical and experi
mental petrological studies, constraints could be 
placed on the mineralogy and composition of basalt 
source regions and the physical conditions of basalt 
genesis in these source regions. While we hailed the 
virtues of this approach as applied to lunar and meteor
itic basalt studies, we emphasized that it has seen little 
detailed application to terrestrial basalt petrology be
cause knowledge of the petrology and chemistry of 
ultramafic rocks and of the geophysical properties of 
the crust and upper mantle had historically provided us 
with preconceptions of the nature of basalt source 
regions. In effect, terrestrial petrologists already knew 
too much about the Earth when the techniques needed 
to apply the inverse approach became available. Evi
dence from other sources had already constrained the 
nature of the upper mantle, so that it has never been 
necessary to use the basalts for any more than filling in 
the details of mantle mineralogy, the building of 
detailed models within the framework of already firm 
notions of source region properties, and as a check on 
internal consistency. In this section, therefore, we begin 
at the end of Fig. 3.1.4 and present the source region 
constraints provided by model mantle compositions, 
and then consider the compositions of the samples in 
step 1 of Fig. 3.1.4. 

Peridotites 
Five estimates of the composition of the Earth's 

mantle plus crust are listed in Chapter 4, Table 4.3.2. 
These were derived from considerations of the chemis
try of the solar system, physical and geochemical mod
els for the origin of the terrestrial planets, and the gross 
geophysical properties of the Earth. The crust consti
tutes a small fraction of the total, and the estimated 
compositions correspond effectively to that of the 
mantle. More than 90% by weight of these compositions 
is represented by the components Mg0-Fe0-Si02, and 
another 6.9-9.7% by the components Na20-Ca0-
Al203. More than 99% of the mantle is composed of 
these six components. Material of this composition at 
upper mantle pressures would crystallize to form a 
peridotite dominated by olivine. These compositions 
are represented in terms of normative mineralogy at 
various pressures in Figs. 3.6.1-3. 

Earlier estimates for the composition of mantle 
peridotite using extraterrestrial chemistry and geo
chemical models for the origin ofthe solar system, and 
other approaches involving the study of peridotites 
derived from the mantle, or the computation of 
hypothetical peridotite compositions (pyrolite = 

pyroxene + olivine rock) were reviewed by Wyllie 
(1971a, Chapter 6), Ringwood (1975, Chapters 3, 5, 6 
and 16), and Yoder ( 1976, Chapter 2). Whatever 
approach is used, the result is consistent with the com
positions cited above, although there are large uncer
tainties about the concentrations and distributions of 
trace elements and volatile components; e.g., esti
mated K20 contents vary by a factor of ten (about 
0.015-0.15%). 

The pyrolite model for the chemistry of primitive 
mantle was formulated by Ringwood ( 1962a, and sub
sequent versions) by recombining basalt with a refrac
tory peridotite such as harzburgite or dunite, presumed 
to be a residue after basalt extraction. The specific 
basalt and refractory material chosen, and the propor
tions in which they ought to be recombined, have been 
subjects of debate. Ringwood (1975, Chapter 5) has 
reviewed the substance and history of the pyrolite 
model. 

The ultramafic nodules brought up in alkalic 
basalts and kimberlites include candidates for the 
peridotite source rocks of basaltic magmas (Chapter 1, 
section 1.2.11). The observed range of compositions of 
peridotite nodules is wide (e.g., Maal~e and Aoki, 
1977), and much attention has been devoted to finding 
the Holy Grail among them, i.e., primitive, undepleted, 
or fertile mantle. Behind this search lie the assumptions 
that the mantle at one time was comprised wholly of this 
material, and that this was the most readily fusible 
peridotite in the mantle. 

The peridotite nodules demonstrate that the upper 
mantle is chemically heterogeneous, although miner
alogically fairly uniform. Samples could range from 
original undifferentiated mantle, to depleted modifica
tions produced by the partial or complete removal of 
the more fusible fractions, or to enriched modifications 
produced by the infiltration of melts or metasomatic 
solutions. Trace element and isotopic studies have gen
erally supported the view that the source material of 
basalts in space and time can be neither unique nor 
uniform (Chapters 1 and 7). 

Many of the peridotite nodules have mineral 
assemblages which indicate that they equilibrated at 
considerable depth, and it is commonly assumed they 
may have come from the neighborhood of the source 
region of the host magma. The relevant chemical, petro
logical and textural data for these natural mantle sam
ples have been presented in exhaustive detail in several 
recent volumes (Nixon, 1973; Ahrens et al., 1975; 
Boettcher, 1976; Sobolev, 1977; Boyd and Meyer, 
1979), and only a brief outline is needed here. 

Spinel lherzolite with Cr-diopside is by far the most 
common type of nodule in alkalic basalts (Wass and 
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Irving, 1976), and there is abundant chemical and iso
topic evidence that these nodules are accidentally
incorporated fragments of chemically-modified mantle 
residues after partial melting (Frey and Prinz, 1978). 
Kimberlites contain a different nodule suite dominated 
by garnet lherzolite, which also appears to be of acci
dental origin (e.g., Barrett, 1975). The pyrolite composi
tions derived from recombining basalt and refractory 
residue crystallize as a garnet-lherzolite assemblage at 
pressures greater than about 25 kb, or to spinel- or 
plagioclase-lherzolite at successively lower pressures, as 
depicted in Fig. 3.1.2. The mineralogy of the peridotite 
nodules is thus consistent with the pyrolite model, 
although the nodules encompass a wider range of 
compositions. 

The forward approach to terrestrial basaltic vol
canism, that of determining the compositions of liquids 
derived by partial melting of the source peridotite under 
various conditions, thus involves the measurement of 
liquid compositions generated from assemblages con
taining olivine, orthopyroxene, clinopyroxene, and 
garnet or spinel or plagioclase. We should emphasize at 
this point that any knowledge of the source region of 
terrestrial basalts is indirect, even though various lines 
of evidence are convergent. The foundation of the for
ward approach is no more secure than our inferences. 
Moreover, the forward approach need not have a uni
que foundation. There may be various combinations of 
minerals in variable proportions which will yield basalt 
on partial fusion. 

Given the known range of compositions for mantle 
peridotite nodules, models of magma genesis based on 
primitive pyrolite represent only one of many possible 
schemes, since the composition of the "blood" obtained 
from a "stone" depends on the composition ofthe stone 
itself (Mysen and Boettcher, 1975b). The phase rela
tionships of a range of peridotite compositions from 
primitive or fertile to depleted are relevant, particularly 
as subduction processes may recycle depleted perido
tites into the potential source regions of basaltic mag
mas. The compositions of peridotites used in experi
mental studies (Table 3.3.1) are listed in Table 3.3.2, 
together with an estimate of primitive mantle composi
tion based on peridotite nodules. These analyses merit 
comparison with those in Table 4.3.2, Chapter 4. 

Basaltic magma types 
Solution of the inverse problem illustrated in Fig. 

3.1.4 involves an experimental demonstration of the 
conditions under which basaltic liquids can equilibrate 
with plausible mineral assemblages of the mantle. This 
demonstration is more useful as a test for internal con
sistency in theories of basalt petrogenesis than as an 
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avenue for fresh insight into terrestrial mantle petrol
ogy, because of our well-developed ideas about what 
constitutes a plausible mantle assemblage. Neverthe
less, further compositional and mineralogical details of 
the mantle residuum assemblage can be provided by 
such experiments. For the procedures to provide real 
insight into mantle constitution, we must pay particular 
attention to step I of the flowchart in Fig. 3.1.4. Ideally, 
the basalts studied must be demonstrated to have 
erupted in the liquid state rather than as crystal-liquid 
mixtures, and they must be reasonably inferred to have 
come directly from the mantle without crystal fraction
ation or contamination from the time of segregation of 
the liquid from its residuum until the experimental 
work is performed. 

The unequivocal identification of a primary mag
ma in any given tectonic environment or geographic 
region on the Earth is notoriously difficult. This state of 
affairs persists despite the availability of large numbers 
of samples, not only of lavas, but also of the residual 
material left after magma generation (ultramafic no
dules). Under the optimum conditions in which data are 
available for a large number of samples, it is sometimes 
possible to make a reasonable estimate of a primary 
magma composition (Chapter I, section 1.4.2). The 
results of crystallization experiments on this composi
tion would not generally lead to a unique characteriza
tion of the source material, but would provide a set of 
constraints that could be used alongside other geochem
ical data to narrow the possible alternatives. 

How many terrestrial samples warrant experi
mental investigation for information about the mantle? 
To answer this question, we must have some idea ofthe 
range in composition of natural basaltic liquids, and the 
distribution of this range of compositions relative to 
atmospheric pressure thermal divides and liquidus satu
ration curves. This information can only be gained by 
experimental studies (steps 1-5 in Fig. 3.1.4). If basalts 
are found to be distributed on opposite sides of ather
mal divide, they cannot have been produced from the 
same parent in a fractionation sequence near the Earth's 
surface, since such sequences do not cross low pressure 
thermal divides. For terrestrial basalts, there are at least 
two important low pressure thermal divides. 

The concept of the basalt tetrahedron was devel
oped by Yoder and Tilley ( 1962), and reviewed by 
Yoder ( 1976, Chapter 7). 

The thermal divides are illustrated in Fig. 3.3.1, the 
tetrahedron with apices normative olivine, diopside, 
quartz and nepheline. These normative constituents 
also provide the basis for nomenclature of basaltic 
rocks (see Chapter 1). The olivine basalt divide is the 
plane including olivine, diopside and plagioclase solid 

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

http://adsabs.harvard.edu/abs/1981bvtp.book.....B


1
9
8
1
b
v
t
p
.
b
o
o
k
.
.
.
.
.
B

526 Basaltic Volcanism on the Terrestrial Planets 

Di 

Fo 

3.3.1 Schematic representation of the system diopside· 
forsterite-nepheline-quartz showing the plane of silica satu
ration, Di-En-Ab, and the critical plane of silica under
saturation, Di-Fo-Ab. This iron-free simple basalt system 
includes the principal components of the major phases of 
basalt. 

solutions, and the olivine nephelinite divide is the plane 
including olivine, diopside, and nepheline solid solu
tions. The compositional range of terrestrial basaltic 
rocks extends across both divides, as shown in Fig. 
3.3.2. Hypersthene-normative tholeiitic basalts occupy 
the compositional range to the high-silica side of the 
olivine basalt divide. Nepheline-normative alkali oliv
ine basalts and basanites without hypersthene or larnite 
in their norms occupy the range between the two 
divides. Olivine nephelinites and olivine melilitites with 
nepheline and either very minor albite or larnite in the 
norm populate the highly alkaline, subsilicic side of the 
olivine nephelinite divide. 

Alkali olivine basalts are here defined as nephe
line-normative magmas with no more than 5% normative 
nepheline. They are compositionally separate from 
more Si02-undersaturated magmas such as basanites. 
The distinction can also be drawn from trace element 
data. Basanites have steep REE patterns enriched in 
light REE, suggesting that garnet is a residual phase in 
their generation (e.g., Kay and Gast, 1973; Frey et al., 
1978), whereas the most primitive alkali olivine basalts 
show lower light REE abundances and probably have 
never equilibrated with garnet (e.g., Frey eta/., 1978). 

Yoder ( 1976) traced the flow sheet of univariant 
liquid paths connecting invariant points at l atm for 
a tetrahedron expanded to include !amite-normative 
compositions, using experimental data from many syn
thetic systems including relevant minerals. He con
cluded (p. 128) that three parental magmas are required 
to derive the magma sequences observed at I atm: oliv
ine tholeiite, basanite, and olivine-melilite nephelinite. 
These three magma types are separated by the two 
thermal divides, and they cannot be interrelated by 
crystal fractionation at low pressures. Therefore, at 
least these three compositions need to be experimen
tally investigated at high pressures (step 6 in Fig. 3.1.4). 

Figure 3.3.2 shows something of the range and 
distribution of the compositions of basic terrestrial 
igneous rocks. The data base for this plot is the 
PETROS compendium of igneous rock analyses pre
pared by Mutschleret a/. (1976). Included are the 13600 
rock analyses which have Si02less than 56% and are not 
too oxidized (Fe20 3/Fe0 < 1), hydrated (~ H20 < 
4%), or otherwise too obviously degraded to be of petro
logic interest. The analyses have been recast into a 
modified version of the CAMS system proposed by 
O'Hara ( 1968a). Molar oxides are combined as follows: 

C = (CaO - P20 5/ 3 + K20 + 2Na20) X 56.08 
A = (Al203 + Cr203 + Fe203 + Na20) X 101.96 
M = (MgO + FeO + MnO) X 40.30 
S = (Si02 - 2Na20 - 4K20) X 60.08 

This modification has the property that all feldspars still 
plot together at CAS2, but that leucite and nepheline 
now plot together at CA. Ti02 has been ignored to 
suppress the undesirable effects of Ti02 concentration 
during fractional crystallization which are incurred in 
the original CAMS recalculation. Figure 3.3.2 is a sub
projection in the CAMS system which uses S, M, and 
CA as the image plane and CS-M as the projection 
point (CS-M is equivalent to CaMg-1Si02). This un
conventional choice of components was made so that 
both low pressure thermal divides would appear as lines 
in projection. The choice of CS-M as a projection point 
makes diopside plot on olivine at M2S so that the olivine 
basalt divide is the line connecting M2S and CAS2, the 
point where feldspar compositions plot. The recombi
nation procedure used for K20 which puts leucite with 
nepheline at CA, makes the line connecting CA with 
M2S equivalent to the olivine nephelinite divide. Aker
manite plots at M and other parts of the melilitite solid 
solution plot below the M to CA line. 

Of the 13600 basic igneous rock compositions plot
ted in Fig. 3.3.2, 62% fall above the olivine basalt divide 
and, hence, are tholeiitic. Alkali olivine basalts to 
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basanites falling between the olivine basalt divide and 
the olivine nephelinite divide comprise 37% of the popu
lation, whereas olivine nephelinites and olivine melilit
ites falling below the olivine nephelinite divide are 
slightly less than 1% of the population. This breakdown 
of the population may not be an accurate reflection of 
the natural abundances of these rock types because of 
sampling procedures, a point made with some force by 
Chayes (1972, 1977). It is easy to imagine, for example, 
that the melilitites are collected and analyzed out of 
proportion to their natural abundance as a direct con
sequence of their novelty. However, the central point 
here is that, of basalts which come to the attention of 
science through collection and analysis, the distribution 
is heavily weighted towards tholeiites. 

An important feature of Fig. 3.3.2 is that there is a 
very dense concentration of compositions rather than a 
uniform spread over the available composition space. 
This cluster includes a substantial part of the tholeiites 
but partly straddles the olivine basalt divide to include 
some alkali olivine basalts and basanites. In contrast, 
the more alkalic rocks (with the exception of the alkali 
olivine basalt subsection of the big cluster) show a con
siderably more diffuse distribution over composition 
space. 

Parental compositions within the three crystalliza
tion cells in Fig. 3.3.1 and 3.3.2 should be chosen to 
avoid the low-pressure liquidus saturation curves. 
Determination of the field boundaries representing 
multiple saturation at the liquidus requires many ex per-

3.3.2 The range of compositions of 
terrestrial basaltic rocks, projected into 
the system CaO-Ah03-MgO-Si02 by a 
modified version of the procedure pro
posed by O'Hara (1968a), as described 
in the text. Two of the thermal divides 
shown in Fig. 3.3.1 appear as lines in 
this projection. The heaviest concen
tration corresponds to tholeiites. 

iments, involving steps 2, 3, and 5 of the inverse flow 
chart of Fig. 3.1.4. It turns out that the densest part of 
the cluster in Fig. 3.3.2, near the olivine basalt divide, 
coincides with the low-pressure liquidus field bounda
ries of multiple saturation with plagioclase, olivine, and 
pyroxene (section 3.3.8). This implies that the tholeiite 
compositions include liquids, because crystal-liquid 
mixtures would only have these special compositions by 
chance, but the low-pressure control on their composi
tions implies that they are derivative liquids, and there
fore not candidates for primitive or primary magmas. 
This conclusion applies to the basalts produced at sub
marine ridges (section 3.3.8). Considerable care must be 
exercised in the selection of samples to avoid the low
pressure derivative material which will not be relevant 
to exploration of basalt generation at higher pressures. 

It should be recognized that uniformity of com
position and overall abundances are not necessarily 
indicative of primary character. In their pioneering 
experimental studies, Yoder and Tilley (1962) con
cluded that the compositions of most magmas gener
ated in the mantle had apparently adjusted successively 
on the way to the surface, or equilibrated near the 
surface in magma reservoirs; the common basalts 
appear to be the orderly end-products of polybaric frac
tional crystallization (Fig. 3.1.3). This theme was devel
oped by O'Hara (1965, 1968a), O'Hara and Yoder 
(1967), and Yoder (1976). 

In the tholeiitic crystallization cell, on the silica 
side of the olivine basalt divide, many liquids are found 
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to be significantly displaced from low-pressure multiple 
saturation curves, in the direction of oversaturation 
both with plagioclase and with olivine. The komatiite 
lavas are examples of liquids that are extremely over
saturated with olivine at low pressures. 

The absence of clustering among the olivine 
nephelinites and olivine melilitites can probably be 
taken as an indication that no single control, such as 
low-pressure fractionation, is responsible for their 
present range of compositions. 

One criterion which is used in the search for pri
mary magmas is that their Fe2+ IMg ratios must be 
within the range expected for liquids equilibrated with 
mantle olivines. The distribution coefficient between 
olivine and basaltic liquids 

K Fe>•;Mg = (F 2+1M ) I(F 2+1M ) D e g olivine e g liquid 

is virtually independent of temperature over the melting 
interval of basaltic compositions and typically has a 
value between 0.30 and 0.33 (Roeder and Emslie, 1970; 
Roeder, 1974a; Longhi eta/., 1978). The olivine-liquid 
distribution coefficient exhibits some dependence on 
pressure (Longhi eta/., 1978; Bender eta/., 1978) and 
liquid composition (Longhi eta/., 1978). Although K0 

is largely independent of oxygen fugacity, the composi
tion ofthe olivine in equilibrium with a particular liquid 
will vary as a function of oxygen fugacity since Fe2+ 1 Mg 
of the liquid varies with oxygen fugacity as Fe2+ ~ 
Fe3+ equilibrium changes. The composition of olivine in 
equilibrium with a particular liquid can vary signifi
cantly over the range of oxygen fugacities which may be 
relevant to basalt genesis (Biggar et al., 1974; Biggar, 
1974; Hill and Roeder, 1974; Mysen, 1975). 

Assuming K0 = 0.33, liquids in equilibrium with 
mantle olivines of composition Fo86-Fo90 would have 
Mg-values between 66 and 75. Erupted liquids with 
Mg-values less than 66 can therefore be inferred to be 
derivative liquids produced by fractionation of more 
primitive liquids which could have equilibrated with 
mantle olivines. Application of this line of reasoning to 
determine whether a specific lava composition could be 
primary requires: (1) demonstration that the lava 
composition represents that of a liquid; (2) the assump
tion that mantle olivines are always more forsteritic 
than Fo86; (3) demonstration that the value of the K0 

employed is relevant for the liquid composition and the 
likely pressure of equilibration with mantle oli
vines; and ( 4) demonstration that Fe3+ I Fe2+ of the lava 
used in calculating its Mg-value is consistent with the 
likely oxidation state of the source regions. The Mg
value only includes ferrous iron, but since many analy
ses only report total iron and in others Fe3+ 1 Fe2+ has 

been affected by weathering, hydrogen loss or other 
processes which tend to oxidize the lava, the Mg-values 
actually used to compare with probable primary Mg
values often depend on an assumed Fe3+ 1 Fe2+ ratio for 
the lava. 

A further criterion is available for the identi
fication of primitive basic alkalic rocks. Unlike all but a 
few tholeiites (e.g., Sutherland, 1974), these rocks 
commonly contain inclusions of dense mantle-derived 
material (dominantly spinel lherzolite nodules). Assum
ing a Newtonian flow model, it may be argued (e.g., 
Maalq>e, 1973; Kushiro et al., 1976) that, if the ascent of 
liquid had been slow enough to allow fractionation by 
crystal settling en route, these nodules should have been 
removed more efficiently than the crystals because of 
their greater size and bulk density (see Section 3.1.4). 
However, Sparks et al. (1977) have shown that for a 
Bingham plastic flow model, the presence of nodules 
could imply slow ascent rates which allowed the liquid 
to acquire a finite yield strength by partial crystal
lization (not necessarily accompanied by crystal frac
tionation). Another factor which may be even more 
important in governing xenolith transport is the volatile 
content of the liquid, because xenoliths are observed to 
be most abundant in explosively-erupted kimberlite 
and highly alkalic basalt magmas, which are known to 
have high contents of dissolved H20 and C02• 

The presence of peridotite xenoliths has been gen
erally accepted as a criterion for identifying the more 
primitive liquids of a particular province which have 
not suffered low-pressure fractionation by crystal set
tling, despite the questions raised by Sparks et al. 
( 1977). The chemical systematics of xenolith-bearing 
magmas themselves are certainly consistent with this 
interpretation (e.g., Irving and Green, 1976). 

Picrite and komatiite magmas 
Picrite and komatiite magmas are of considerable 

interest because they span the composition gap between 
basalt and its assumed source, peridotite. Picrites occur 
in both the tholeiitic and alkaline associations whereas 
komatiites appear to belong to a distinct magma series 
whose existence has been recognized only in recent 
years. Geological studies of Archean greenstone ter
ranes have confirmed the identity of the komatiite 
magma series, which ranges from peridotitic through 
basaltic compositions (Chapter 1, section 1.2.1). With 
only a very few exceptions (e.g., in the Proterozoic of 
Newfoundland-Gale, 1973), these rocks are Archaean 
in age. Field relations (e.g., pillow structures, brecciated 
flow tops, chert horizons) indicate that the lavas were 
erupted under submarine conditions. The ultramafic 
members of this rock series, the komatiites, represent a 
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unique type of ultraba.sic liquid, in which varying 
degrees of crystallization and accumulation of olivine 
phenocrysts have occurred. These rocks characteristi
cally exhibit spinifex texture whereby acicular bladed 
and skeletal olivine (also pyroxene) crystals form sheaf
like aggregates. These textures are analogous to 
experimentally-produced quench textures and provide 
key supporting evidence for the eruption of ultrabasic 
liquids (Green et a/., 1975a; Donaldson, 1976), 
although considerable loss or gain of olivine by crystal 
settling nevertheless has occurred in many hand
specimens. 

The chemical characteristics of komatiitic perido
tites have been discussed in some detail (e.g., Arndt et 
al., 1977), and they are reviewed in Chapter 1, section 
1.2.1. MgO contents typically range from 20-30%, 100 
Mgi(Mg + Fe2+) (Mg-value) from 60 to 80. At any 
particular Al20 3 content, the Mg-value of a member of 
the komatiite magma series is higher than that of a 
corresponding member of the tholeiitic magma series. 
Table 3.3.2lists analyses of picrites and komatiites used 
in experimental studies. Most komatiitic peridotites 
have cosmic CaO I Al20 3 ratios ( ~ 1 ). The high values 
( > 1) reported for the Barberton Mountain Land 
komatiites-if indeed this is a primary igneous feature 
and does not reflect secondary alteration-may be due 
to minor garnet fractionation at high pressures. Green 
et iii. (1975a) pointed out that this explanation seems 
plausible in examples where high CaO I Al20 3 is accom
panied by heavy REE depletions. Nesbitt and Sun 
(1976) and Sun and Nesbitt (1978) have shown that the 
abundances of incompatible elements, particularly 
those little affected by secondary alteration (e.g., Ti and 
heavy REE), are generally 2-2.5 times chondri tic. Many 
komatiites have REE patterns characterized by marked 
depletions in the light REE. 

Initial studies of komatiites were directed to dem
onstrating that some were liquids (step 1 in Fig. 3.1.4). 
This has now been established for the tops of flows from 
petrography(Viljoenand Viljoen, 1969; Nesbitt, 1971), 
from experimental duplication of the distinctive crys
tal shapes and textures of komatiites (Green et al., 
1975a; Donaldson, 1976; Arndt, 1977),andforsample 
491 from Barberton Mountain Land (Table 3.3.2, No. 
13) by demonstration that the most magnesian olivine 
in the sample matched that ofthe experimental liquidus 
olivine (Green et al., 1975a). Although there still 
remains some doubt as to the amount of olivine which 
has settled from these liquids before, during and follow
ing emplacement (Lewis and Williams, 1973; Arndt et 
a/., 1977; Walker et a/., 1977a), they probably are 
depleted in olivine relative to the time of magma segre
gation from the source. 

3.3 Terrestrial Rocks 529 

Some picrites are undoubtedly olivine-enriched, 
whereas others containing skeletal olivines (pheno
crysts and some groundmass), represent liquids (Drever 
and Johnston, 1966; Donaldson, 1976). The same is 
probably true of komatiitic basalts (sometimes called 
"high-magnesium basalts"). To our knowledge, no 
phenocryst-matching tests have ever been performed on 
a picrite. 

Highly Si02-undersaturated basaltic rocks 
Highly Si02-undersaturated alkalic basalts, such 

as basanites, olivine nephelinites, olivine melilitites 
and certain highly potassic lavas, are volumetrically 
very minor by comparison with tholeiites (Fig. 3.3.2). 
However, many of these lavas contain xenoliths and 
megacrysts of high-pressure origin which has ensured 
their widespread study (see Chapter 1 section 1.2.1). 
Green and Ringwood (1967a) conjectured that, just as 
alkali olivine basalts could be derived from olivine tho
leiites by high pressure fractional crystallization pro
cesses dominated by aluminous orthopyroxene, so 
basanites and other more Si02-undersaturated liquids 
might be produced from alkali olivine basalts by con
tinued fractional crystallization. In order to account for 
the very high abundances of incompatible elements in 
these rocks they invoked a mechanism of "wall rock 
reaction." However, basanites, olivine nephelinites, 
etc., do not have systematically lower Mg-values than 
other lavas as would be expected from orthopyroxene 
removal: in fact the opposite is true. Furthermore, the 
earliest high-pressure experiments on such composi
tions under dry conditions (Ito and Kennedy, 1968; 
Bultitude and Green, 1971) showed that orthopyroxene 
was conspicuously absent as a liquidus phase at any 
pressure, and this has been confirmed by Arculus 
(1975). Thus, the concept of a high-pressure fraction
ation series from tholeiite through alkali olivine basalt 
to basanite was abandoned as a general model in favor 
ofthe concept of a spectrum of primary liquids (Green, 
1970a). Experimental studies (sections 3.3.2 and 3.3.6) 
have since confirmed the influence of H20 and C02 in 
the generation of low-Si02 liquids from mantle 
peridotite. 

Some kaersutite megacrysts from basimites have 
planetary-type rare gas isotope patterns and primitive 
Sr and 0 isotope ratios (Saito et a/., 1978; Basu, 
1978; Boettcher and O'Neil, 1980) consistent with man
tle derivation, and they contain small quantities of H 20 
(0.1-0.8 wt. %) as well as F and Cl (Boettcher and O'Neil, 
1980). 

Rare-earth element data for natural basanites were 
interpreted by Frey et al. (1978) to indicate a garnet
bearing residuum and degrees of melting of 5-7%. 
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However, in order to reconcile the low Sm/ Nd ratio 
(< l) measured for basanite lavas (e.g., Frey et a/., 
1978) with the high time-averaged Sm/Nd ratio ( > 1) 
oftheir mantle sources inferred from Nd isotopes (e.g., 
DePaolo, 1978), it is necessary to postulate a recent 
enrichment of the source peridotite in light rare-earth 
and other lithophile elements (Carteret a/., 1978; see 
also Chapter 7). Petrologic, trace element and isotopic 
data for xenoliths and megacrysts from basanites (e.g., 
Frey and Prinz, 1978; Boettcher and O'Neil, 1980; 
Menzies and Murthy, 1980) support the idea that meta
somatism by migrating fluids is a common precursor to 
the generation of highly Si02-undersaturated magmas 
(Chapter 7). Degrees of melting greater than 5-7% (per
haps as high as 10-15%) would then be required to 
produce basanites, with the exact value for a given lava 
dependent on the extent of local pre-enrichment of its 
source. 

Trace element data for olivine nephelinites and 
olivine melilitites, as for basanites, strongly indicate 
garnet as a residual phase in the source regions of these 
magmas (e.g., Frey eta/., 1978). 

There are other alkalic lavas which contain high
pressure inclusions. These include nepheline hawai
ites, nepheline mugearites, nepheline benmoreites and 
phonolites, which are especially well-represented in 
eastern Australia (e.g., Irving and Green, 1976; Irving 
and Price, 1980). Most examples of these volcanic rock 
types, as well as trachytes, tristanites, alkali rhyo
lites and other evolved lavas, have been interpreted 
classically as the products of low-pressure fractional 
crystallization of basanites, alkali olivine basalts or 
transitional basalts (e.g., Bowen, 1928; Mukherjee, 
1967). The lack of high-pressure inclusions in well
studied evolved volcanic suites from oceanic islands 
(e.g., Reunion, Tristan da Cunha, Comoro Islands, 
Hawaii) and continental provinces (e.g., Kenya Rift, 
Hebridean, Rhine Graben), along with chemical evi
dence for feldspar removal (or addition) in these suites 
(e.g., Zielinski, 1975; Baker eta/., 1977 ), are consistent 
with the classic interpretation. 

In contrast, the less common inclusion-bearing 
examples show no evidence that feldspar was involved 
in their evolution (e.g., Irving and Price, I 980), yet they 
have Mg-values (45-64) that are too low for primary 
liquids (unless unusually iron-rich sources are invoked). 
This leaves the possibility that the inclusion-bearing 
lavas evolved at higher pressures before they acquired 
their mantle xenoliths. 

Certain alkalic lavas enriched in K20 (5-7%), Ti02 
(4-5%) and other large ion lithophile elements, best 
known from Bufumbira, East Africa, and Leucite Hills, 
Wyoming, were thought by Carmichael (1967) to be 

primary magmas. Rare-earth element data (Kay and 
Gast, I 973) indicate equilibration with garnet and even 
smaller degrees of melting (or alternatively greater de
grees of source pre-enrichment in light REE) than 
inferred for olivine nephelinites and olivine melilitites 
(Frey eta/., 1978). Olivine Ieucitites are the most typical 
lavas, but a range of compositions (and names) has been 
included in this potassic kindred. The minette from 
Shiprock, New Mexico, is unusual because it contains 
xenoliths of garnet lherzolite (Ehrenberg, 1977 ). 

Subduction zone source rocks and magmas 
The subduction of cool oceanic lithosphere 

through the seismic low-velocity zone to depths of at 
least 700 km introduces variety to the possible mag
matic source materials, with the prospect of magmatic 
processes that differ significantly from those occurring 
in other tectonic environments. An essential prerequi
site for comprehension of the processes associated with 
subduction is a knowledge ofthe temperature distribu
tion. This is discussed in Chapter 9. Although there is a 
reasonable consensus for the thermal structure of the 
descending lithosphere plate, uncertainties remain with 
respect to the actual temperatures at specific locations 
in the subducted ocean crust, and with respect to the 
thermal structure associated with asthenospheric con
vection and back-arc spreading. These uncertainties 
give great flexibility to the selection of source rocks for 
the generation of primary magmas. At various times all 
possible sources have been claimed by investigators. 

Magmatic products associated with subduc
tion are dominated by the calc-alkaline rock series, 
basalt-andesite-dacite-rhyolite of volcanic arcs, and 
gabbro-tonalite-granodiorite-granite of batholiths in 
continental margin arcs. Possible sources for the mag
mas in these associations are the subducted oceanic 
crust, the overlying mantle, and, for the batholiths and 
some acidic lavas, the base of the continental crust. 
Progressive dehydration during subduction of hydro
thermally altered oceanic crust provides water for par
ticipation in magma generation. 

Many of the processes that have been invoked to 
explain the origin of the volcanic rocks are summarized 
in schematic form in Fig. 3.3.3. Magma could be gener
ated from the subducted oceanic crust by partial melt
ing of sediments, or by partial melting of amphibolite or 
quartz/ coesite eclogite, either dry or with hydrothermal 
fluids. Magma could be generated in overlying mantle if 
the hydrothermal fluids cross the peridotite-H20 soli
dus, if hydrous magmas from the subducted crust react 
with mantle producing pyroxenite or hybrid magmas, 
or if the hydrous fluids produce metasomatic phlogo
pite or other hydrous minerals in the peridotite that are 
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subsequently transported by convecting mantle down 
to melting temperatures. Rising magmas could expe
rience fractionation through the crystallization of min
erals that varied as a function of depth. 

There is still no general agreement about which 
lavas, if any, represent primary magmas. Kuno (1950) 
and Tilley ( 1950) were the first to recognize the exis
tence of tholeiitic basalts in island arcs. Subsequently, 
Kuno (1959) showed that in Japan the volcanic rocks 
could be grouped into three series, the tholeiite (pigeon
itic) series nearest the trench, the calc-alkali (hyper
sthenic) series at an intermediate position, and the alkali 
series farthest from the trench. Each series shows a wide 
range of rock types, from tholeiitic basalt through 
andesite and dacite to rhyolite for the tholeiite and 
calc-alkali series and from alkali olivine basalt through 
mugearite to trachyte for the alkali series. The tholeiite 
series typically shows hypersthene grading into pigeon
ite in intermediate members of the series whereas the 

Shallow r-----..... 

Deep 

pi cpx 

hb cpx 
ga cpx 

Eruption 

Fractionation ol 

Dry 

AMPHIBOLITE Qz-eclogite 

3.3.3 Processes that have been proposed for subduction 
zones involve the release and migration of volatile com
ponents, and the generation of magmas in ocean crust, 
overlying mantle peridotite, or in hybrid rocks generated 
from magma reacting with mantle. The diagram is a sche
matic representation of paths followed by H20 and C02, of 
proposed sites of magma generation, and the main types of 
fractional crystallization that may modify magma compo
sitions during uprise (after Wyllie, 1979a, b). 
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calc-alkali series shows only hypersthene. Also, the tho
leiite series shows more iron enrichment and lower 
Na20 + K20 than the calc-alkali series (see Chapter 1, 
section 1.2. 7). 

Jakes and Gill (1970) and Jakes and White (1971, 
1972) argued in favor of a temporal sequence in which 
the tholeiite series appears first and is followed sequen
tially by the calc-alkali and alkali series. Jakes and 
White (1971) also concluded that basalt is the most 
abundant member of the tholeiite and alkali series but 
andesite is the most abundant member of the calc
alkalic series. Arculus and Johnson (1978) accepted 
the existence of the three rock series but presented 
evidence that generalizations about their temporal and 
geographic distribution do not always apply. For 
example, in the Lesser Antilles the rocks change from 
tholeiitic to calc-alkalic to alkalic from north to south 
parallel to the arc rather than perpendicular to it, and 
this change is not accompanied by an increase in depth 
to the Benioff zone. Moreover, the three rock types have 
formed more or less contemporaneously in post
Miocene time. 

If, as in the Lesser Antilles, each of the three rock 
series is capable of being produced in geographic isola
tion from the others, it may be argued that at least three 
primary magmas are required. Also, because basalts are 
associated with each of the three series, it appears that 
some sort of basaltic primary magma must be asso
ciated with each series, although it is not a necessary 
consequence that more felsic members of the same 
series must be derived from this primary basalt by frac
tional crystallization. In this regard, it should be noted 
that rocks with less than 56% Si02 are rare or absent 
in at least some continental arcs (JakeS and White, 1972, 
p. 36), and many have argued the case for primary 
andesites derived either from mantle peridotite, or from 
subducted ocean crust (see review by Boettcher, 1973). 

It is clear that the minimum requirement for the 
construction of more satisfactory petrogenetic models 
for the production of island arc volcanic rocks is more 
detailed information on the spatial and temporal distri
bution of rock types. In a review of the island arc 
volcanic rock series, Miyashiro (1975) wrote: "the 
existing data are so complicated that they are not prop
erly understood and used in the existing discussions, 
and that incorrect generalizations are widespread." 

Summary 
In this section, we have considered the range of 

basaltic magma compositions with reference to their 
candidacy as primary liquids from the mantle, but 
without specific reference to their tectonic environment, 
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except for subduction zone magmas. It should be evi
dent that experimental petrology has become an impor
tant adjunct to geochemistry in the identification of 
primary liquids (see also section 3.3.8). The significance 
of tectonic environment will be discussed in section 
3.3.4, and the petrogenesis of some basaltic rocks in 
selected tectonic environments will be reviewed briefly 
in section 3.3.7, using the results of experimental 
petrology (sections 3.3.2, 3.3.3, and 3.3.4) and of 
geochemistry. 

3.3.2 Phase relationships of peridotite 

Peridotite has assumed a critical role in discussions 
of the origin of terrestrial basalts, and many experi
mental studies have been directed towards the subsoli
dus mineralogy, the determination of solidus curves, 
and the amount and composition of the liquids pro
duced as a function of temperature above the solidus at 
various pressures. Unfortunately, the results ofthe var
ious studies have not always appeared to be compatible 
and this fact, combined with the acrimony of some of 
the debate about the incompatibility of the data, has 
done little to improve the confidence of geochemists 
and petrologists in the experimentalist. The result has 
been to foster suspicion about the quality of the work 
conducted, whereas the real culprit is probably inade
quate appreciation by the experimentalists themselves 
of the differences between their laboratories in such 
matters as capsule materials, open versus closed cap
sules,/02, run durations, iron loss, and the content and 
composition of volatiles. These and related experi
mental topics were reviewed in detail in section 3.2. 

Lavas contain dissolved gases, some of which are 
derived from the source regions, so it is necessary to 
determine the effect of these volatile components on the 
phase relationships. In a detailed review of gases from 
volcanoes, from hot springs, and from mineral inclu
sions, Anderson (1975) concluded that the major com
ponents of volcanic gases are H20, C02, S02, and H2, 
commonly in that order. This composition differs from 
the inferred composition of the magmatic gas at Kilauea 
at 1200° C and 500 bars, corresponding to seafloor pres
sure: 60% S02, 20% H20, 10% H2S, and 10% C02. The 
relevant system for study is peridotite-C-H-S-0. Data 
are available for peridotite-C02-H20. 

The evidence that minerals and magmas derived 
from the upper mantle contain H20 and C02 has been 
reviewed by Irving and Wyllie (1975), Wyllie (1977, 
1979) and Eggler ( 1978). The existence of diamonds and 
graphite in peridotite nodules demonstrates the exis
tence of carbon at great depths, and indicates that the 

oxygen fugacity is not high enough to oxidize all carbon 
at these depths. According to M. Sato (pers. comm., 
1977), there is probably a depth interval within which 
carbon and carbonate can coexist in the mantle, a view 
shared by Rosenhauer et al. ( 1977) and W oermann et al. 
(1977). It appears that at some level, the deep-seated 
components C-H-0 are sufficiently oxidized that H20 
and C02 become dominant. The variation of tempera
ture and oxygen fugacity as a function of depth in 
different tectonic environments is inadequately under
stood. 

We will consider first the phase diagrams for dif
ferent peridotite compositions studied in different labora
tories, and the changes produced by adding H20, C02, 
or H20-C02 mixtures. Given this experimental frame
work, we then review the compositions of liquids pro
duced as a function of peridotite composition, pressure, 
temperature, and the amounts of volatile components. 

Table 3.3.1 summarizes the significant experi
mental details for published phase equilibrium studies 
of peridotite compositions. The compositions of the 
rocks or synthetic equivalents used are given in Table 
3.3.2. 

Synthetic and natural peridotite 
The phase relationships of peridotite have been 

determined by the two complementary approaches of 
studying reactions in synthetic systems simple enough 
that the phase rule can be applied with confidence, and 
of studying the phase assemblages produced in complex 
peridotite compositions. Figure 3.1.2 is a generalized 
phase diagram using data from both approaches. The 
results presented in this section illustrate in more detail 
the phase transitions and phase assemblages in the low
pressure part of Fig. 3.1.2. 

Presnall et al. (1979) studied a simplified lherzolite 
composition in the system Ca0-Mg0-Al20 3-Si0 2. The 
composition crystallizes to an assemblage of olivine and 
two pyroxenes, together with an aluminous mineral 
such as anorthite, spinel, or garnet, occupying the 
phase fields shown in Fig. 3.3.4. The three subsolidus 
phase assemblages correspond to the fields for 
plagioclase-, spinel-, and garnet-peridotite in Fig. 3.1.2. 
Two cusps are produced by the changes in slope of the 
solidus curve at each triple-point in Fig. 3.3.4. Similar 
changes in slope must exist for the complex peridotite 
compositions, although the precision of experiments 
has not yet been adequate to define them (Fig. 3.3.5). 

In Fig. 3.3.5, the phase relationships determined 
for a garnet lherzolite nodule by Ito and Kennedy ( 1967) 
are compared with results determined for pyrolite 
composition by Green and Ringwood (1967b). Both 
investigations reproduced the garnet-peridotite and 
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3.3.4 Solidus curve and stability limits for simplified 
plagioclase lherzolite (fo + en + di + an), spinel lherzolite 
(fo +en + di + sp ), and garnet lherzolite (fo +en+ di + ga) 
in the system CaO-MgO-Ah03-SiOz, after MacGregor 
(1965), Kushiro and Yoder (1966); O'Hara et a/. (1971), 
Presnall (1976), Presnall et a/. (1979), and Jenkins and 
Newton (1979). fo = forsterite, en= enstatite, di = diop
side, an = anorthite, ga = garnet, sp = spinel. 

spinel-peridotite facies shown in Figs. 3.1.2 and 3.3.4, 
but neither located the boundary with the plagioclase
peridotite field. Ito and Kennedy (1967) reported three 
runs in a divariant field between spinel- and garnet
peridotite. Green and Ringwood explored the effect of 
changing bulk composition. The pyrolite-III composi-
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tion has a near-solidus field free of both spinel and 
garnet (KLF in Fig. 3.3.5b). Increasing the Al20 3 

content produced spinel and garnet in addition to the 
aluminous pyroxenes in this area, and the phase rela
tionships then corresponded to those for the model 
peridotite of Fig. 3.3.4. Kushiro eta/. (1968) reported 
similar subsolidus relationships for a spinel lherzolite 
nodule, with no garnet present below 20 kb, but with 
some spinel persisting with garnet to pressures of at 
least 40 kb. The five-phase assemblages reported by Ito 
and Kennedy (1967) and Kushiro eta/. (1968) could be 
caused by failure to reach equilibrium. Smaller Mg
values and higher AI, Fe3+, Ca and Na contents stabilize 
garnet to lower pressures, whereas higher Cr3+ contents 
stabilize spinel to higher pressures. 

The solidus curve for peridotite depends upon 
the bulk composition, as shown for four materials in 
Fig. 3.3.6. The solidus for the garnet lherzolite from Fig. 
3.3.5a is somewhat lower than that for pyrolite from 
Fig. 3.3.5b, whereas the solidus obtained by Kushiro et 
a/. (1968) for spinel lherzolite is somewhat higher. In 
view of the lower Mg-value for the spinel lherzolite, its 
higher solidus temperature may reflect iron loss during 
the runs. Nishikawaet a/. (1970) studied a spinel lherzo
lite nodule, and found a solidus at temperatures above 
the liquidus for basalts. They concluded that this sam
ple represented residual mantle. 

The phase fields above the solidus have not yet 
been adequately defined for any peridotite. For garnet 
lherzolite, Ito and Kennedy ( 1967) found complete 
melting of clinopyroxene at the solidus, and substan
tial stability fields for spinel and garnet with increas
ing temperature (Fig. 3.3.5a), whereas Green and 
Ringwood ( 1967b) observed the disappearance of spinel 
and garnet at the solidus in pyrolite (Fig. 3.3.5b). These 

3.3.5 a. Anhydrous melting of peri
dotite (Ito and Kennedy, 1967). The liq
uidus boundary was not actually 
determined. b. Anhydrous phase 
relations of pyrolite III (Green and 
Ringwood, 1967b). ol = olivine, sp = 
spinel, opx = orthopyroxene, cpx = 
clinopyroxene, ga = garnet, pi = 
plagioclase, L = liquid. 

ol , opx , cpx , pi 

0~._._-'_.--~--~~~ 

1200 1600 1200 1600 
TEMPERATURE, ac 
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tTl c., 

""' Table 3.3.1 Experimental melting studies of complex peridotite, peridotitic komatiite and picrite compositions. t 

@ 

t"'4 Sample Starting Apparatus Container Run Volatile Oxygen Temperature Reference 
= = Material Pressures Activities Fugacity Extent of Runs 

= .., 
= Synthetic lherzolite sintered oxide nitrogen open Pt I atm dry ? 3.9-28.6% (27) = ~ mix atmosphere capsules molten 
""C furnace -= Mixtures of minerals powders piston-cylinder open Pt 30 kb dry ? near-solidus (26) = ~ from garnet capsules S" .., lherzolite 
~ A.3/ 10596, 
~ Wesselton Mine = [IJ ...... 

Garnet lherzolite rock powder piston-cylinder graphite or I atm- dry ? subsolidus to (15) ..... ...... 
= KA 64-16, dried at 1000°C Fe capsules 40 kb near liquidus ...... 
~ Dutoitspan Mine 
• Pyrolite III minus crystallized piston-cylinder graphite, 5-40.5 kb dry ? subsolidus to (8), (10), ""C .., 40% olivine (F09i6) oxide mix sealed Pt, HzO-deficient 200°C above (11) 
c Ag1sPdzs or (0.3 wt.%) solidus < ..... AgsoPdso HzO-excess ~ 
~ capsules (10 wt.%) 
~ 
C"' Pyrolites I and II crystallized piston-cylinder graphite or 18-40.5 kb dry ? subsolidus (10), (II) 
~ minus 50% olivine oxide mix sealed Pt to solidus ...... 
=- (Fo9is) capsules 
~ 

z Spinel lherzolite, rock powder tetrahedral-anvil open Moor I atm- dry controlled near-solidus (17), (20), 
> HK661 01703, dried at 650° C piston-cylinder Ag6oPd4o and 50 kb HzO-deficient only at (21) 
00 
> Salt Lake Crater gas mixing sealed Pt (uncontrolled) I atm 

> furnace capsules HzO-excess 
[IJ 

Spinel lherzolite rock powder piston-cylinder sealed Pt 15-25 kb dry ? near-solid us (16) ...... .., 
c M6 -128, Beni capsules 

"C:l Bouchera =-~ 
Spinel-amphibole powders dried tetrahedral-anvil open Mo and dry controlled near-solidus (25) [IJ I atm-..... 

~ lherzolite at 130°C piston-cylinder Fe-saturated 50 kb only at [IJ 

~ HK 63111602a, gas mixing Pt capsules I atm 

= Ichinomegata, and furnace 
S" two mineral mixtures 
00 

Mixture of minerals near-solidus (21) ~ powder tetrahedral-anvil open Mo 20-30 kb dry ? [IJ ...... from Dutoitspan Mine capsules to -10% 
~ 

9 garnet lherzolite molten 
+ 2% fluorphlogopite 

tsee Table 3.3.2. 
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Table 3.3.1 (Continued) 

© 
Sample Starting Apparatus Container Run Volatile Oxygen Temperature Reference 

Material Pressures Activities Fugacity Extent of Runs 
t"' 
= = Mixture of minerals powder piston-cylinder graphite 10-25 kb dry ? near-solid us (18), (19) = .., from Bultfontein heated at capsules 
= garnet lherzolite 1000°C 
= ~ JJG-352 

""C Spinel lherzolite powder piston-cylinder graphite 10-20 kb dry ? near-solid us (18) -= from Salt Lake heated at capsules = ~ Crater+ 1% 10000C 
S" anhydrous phlogopite .., 
~ Paragasite-spinel rock powder piston-cylinder sealed Pt 10-30 kb H20 deficient ? solidus to (22), (31) 
~ 

= peridotite 18-900, dried at capsules (5.7 wt.%) liquidus 
Ill St. Paul's Rocks J20oC ...... .... ...... 
= Iron-rich garnet rock powder piston-cylinder sealed Pt 35-45 kb dry ? solidus to (13) ...... 
~ lherzolite I 032, capsules liquidus 
• Matsoku 

""C Garnet lherzolite rock powder piston-cylinder sealed 7.5-30 kb H20-excess uncontrolled solidus to (23) .., 
c ga-p(!), Wesselton AgsoPdso H20+COz-excess orMH - 60%molten < .... Mine capsules (XH20 = ~ 
~ 0.25-0.75) 
~ 
;:' Spinel lherzolite rock powder piston-cylinder sealed 7.5-30 kb H20-excess uncontrolled solidus to (23) 
~ 618-138 b. I AgsoPdso H2 O+C02-excess MH, IW, MW - 60%molten ...... =- Salt Lake Crater capsules (X H20 = or NNO 
~ 

z 0.25-0. 75) 

> Spinel lherzolite rock powders piston-cylinder sealed 7.5-30 kb H20-excess uncontrolled solidus to (23) 
00 66 PAL-3 AgsoPdso H20+C02-excess or MH liquidus > 
> Pali dike capsules (X H20 = 
Ill ± 2.7-10.7% 0.25-0.75) ...... phlogopite .., 
c 

"C:l Garnet-olivine rock powder piston-cylinder sealed AgsoPdso 7.5-30 kb dry uncontrolled solidus to (23), (24) =-~ websterite or Pt9sAus H20-excess orMH - 60%molten w 
Ill 66SAL-I, capsules H20+C02-excess (A) .... 
~ 
Ill Salt Lake Crater (XH20 = 

~ ~ 0.25-0.75) .... = (il 
S" Garnet lherzolite rock powder piston-cylinder graphite or 10-35 kb dry ? near-solid us (19), (24), (/) ... 

PHN 1611, dried at sealed H20-deficient to-70% (30) .... 
00 §.: 
~ Thaba Putsoa 600°C in air Pt9sAus (1.9 wt.%) molten Ill :::0 ...... or fired at capsules C02-deficient 0 
~ (") 

9 1150°C (QFM) (5 wt.%) ;or 
(/) 

C02-excess 

tn 

~ 
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Table 3.3.1 (Concluded) 
(To 
t.) 
0\ 

Sample Starting Apparatus Container Run Volatile Oxygen Temperature Reference 
b:l @ Material Pressures Activities Fugacity Extent of Runs Q 
(I) 

t"'4 Q 

= near-solidus ~ = Spinel lherzolite powder dried piston-cylinder sealed AgsoPdso 10-30 kb H20-deficient ? (29) 

= 618-138 b. I+ at li0°C or Pt9sAus (0.56 wt.%) to> 200°C ~ .., 
0 = I 0% phlogopite capsules H20-excess above solidus Q 

= (10 wt.%) ::s 
~ c;;· 

""C Peridotitic komatiite rock powder piston-cylinder graphite or 2-25 kb dry ? near-liquidus (12) 3 - 0 

= 49J, Barberton sealed Pt H20-deficient ::s 

= Mountain Land .... 
capsules (5 wt.%, 10 wt.%) ::r ~ (1) 

S" H20-excess 
~ .., (30 wt.%) 

~ ~ ~ Peridotitic komatiite rock powder piston-cylinder graphite within I atm- dry I atm runs solidus to (1) = .... 
[IJ SA 3091, Munro dried at 900° C gas mixing sealed Pt 42 kb controlled liquidus §: ...... ..... Township furnace capsules, Pt at 10-9 - :52 ...... 
= wire loops 10-12 atm Q ...... ::s 
~ (1) 

• Peridotitic rock powders piston-cylinder graphite capsules, I atm- dry I atm runs near-liquidus (3), (4) ii!" 

""C 
komatiite (5), dried at 1075°C gas mixing Pt wire loops 40 kb controlled .., Belingwe (IW) furnace at ceo or 

c IW -< ..... 
~ Synthetic picrite glass piston-cylinder sealed Pt I atm- dry ? solidus to (9) 
~ 
~ argon atmosphere capsules 27 kb liquidus 
C"' furnace 
~ 

10-7.2-...... Picrite dikes, rock powders gas mixing open Mo, I atm dry near-solidus (5). (7) =- Skye furnace Ag.oPdoo, 10-11.s to near-~ 

z Ag.oPd•o or atm liquidus 

> Pt capsules 
00 

Parental picrites, gels gas mixing Pt wire loops I atm dry 10-6.7 - near-solidus (6) > 
> Rhum furnace 10-9.1 to near-
[IJ atm liquidus ...... .., 

Picrite basalt, rock powder air atmosphere sealed Pt I atm dry air liquidus to (28) c 
"C:l Kilauea Iki furnace capsules near-solidus =-~ Oceanite series rock powders gas mixing open Mo I atm dry IW near-liquidus (14) [IJ ..... 

lavas, Reunion furnace capsules to solidus ~ 
[IJ 

~ Oceanite A219M, rock powder piston-cylinder sealed Pt 5-14 kb dry ? near-liquidus (2) 

= Mauritius dried at capsules S" 1000°C 
00 
~ 

References: [IJ ...... 
~ (1)Arndt(I976); (2)Baxter(I972); (3) Bickle eta/. (1977); (4)Bickle(l978); (5)Biggarand Gibb(l976); (6)Forster(l978); (7)Gibb(l971); (8) Green (1973a); (9) Green and 9 Ringwood(l967a);(10)Greenand Ringwood (1967b); (ll)Greenand Ringwood(l970); (12)Greenetal. (l975a);(l3)Howellseta/. (1975); (14) Humphries (1972); (15) Ito 

and Kennedy(l967); (16) Kornprobst (1970); (17)Kushiro(l970); (18)Kushiro (1972); (19) Kushiro (1973b); (20) Kushiroeta/. (1968); (21) Kushiro eta/. (1972a); (22) 
Millholleneta/. (1974);(23)Mysenand Boettcher(l975a, b);(24)Mysenand Kushiro(l977); (25)Nishikawaetal. (1970);(26)0'Hara and Yoder (1967); (27) Reay and 
Harris ( 1964); (28) Tilley eta/. ( 1965); (29) Wendlandt and Eggler ( 1980); (30) Wendlandt and Mysen ( 1978); (31) Nehru and Wyllie (1975). 
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Kushiro et al. -------. 
Green and Ringwood 

40 Ito and Kennedy-.... 

10 

1200 1600 
TEMPERATURE, oc 

3.3.6 Comparison of anhydrous solidi for peridotite 
compositions 3,4,5 and 7 in Table 3.3.2. 

different results can probably be attributed to the effects 
of different bulk compositions, because the peridotite is 
quite magnesian (Mg-value 94), with CaO and Al20 3 

contents roughly half those of the pyrolite compositions 
(see Table 3.3.2). At pressures greater than about 20 kb, 
there appears to be agreement that clinopyroxene, 
spinel and garnet are completely melted within 50° C of 
the solidus, producing a wide field for the coexistence of 
olivine and orthopyroxene with liquid. Mysen and 
Kushiro ( 1977) obtained a similar result at 20 and 35 kb 
for a garnet peridotite nodule (see Fig. 3.3.20). 

Peridotite-H20 
Water reacts with peridotite to produce hydrous 

minerals, including serpentine, amphibole, phlogopite, 
humite-minerals, and various hydroxylated silicates 
stable only at high pressures. If more H20 is added than 
that required to generate the maximum amount of 
hydrous minerals appropriate for the specific bulk 
composition, pressure, and temperature, the excess 
H20 exists as vapor. The presence of vapor causes a 
marked lowering of the solidus temperature, due to the 
high solubility of H20 in silicate liquids. The liquid at 
the solidus is H20-saturated, but unless there is suffi
cient H20 present to saturate the whole rock, the liquid 
becomes H20-undersaturated at some temperature 
above the solidus. If all H20 is stored in hydrous miner
als, the solidus is lowered to the temperature where the 
hydrous mineral reacts with the peridotite assemblage, 

3.3 Terrestrial Rocks 537 

breaking down to release H20 for solution in H20-
undersaturated liquid. 

The first determination of the solidus for peridotite 
with excess H20 was by Kushiro et al. (1968; see also 
Kushiro, 1970, for run points at 15 and 20 kb). Other 
H20-excess solidus curves were reported by Green 
(1973a) for pyrolite-III, by Millhollen et al. ( 1974) and 
Nehru and Wyllie (1975) for a mantle-derived 
amphibole-peridotite, and by Mysen and Boettcher 
(1975a) for four nodule specimens (selected to give a 
broad range of composition). These solidus curves are 
compared in Fig. 3.3. 7. The differences among the first 
three determinations are no greater than might reason
ably be expected for the different bulk compositions, 
and the different experimental techniques employed in 
three different laboratories, but the results obtained by 
Mysen and Boettcher (1975a) are lower than the earlier 
determinations by 50-200° C. Mysen and Boettcher 
(1975a) explained the difference of 120-200° C between 
their highest and lowest solidus determinations in terms 
of variations in the chemistry of the four samples, and 

60 

50 

40 

20 

10 

800 

Kushiro, Syono 
and Akimoto 1968 

1200 
TEMPERATURE, 0 ( 

1600 

3.3. 7 Comparison of results of several studies on the 
solidus of peridotite in the presence of excess water. 
Brackets denoted by circles are from Kushiro eta/. ( 1968) 
and Kushiro ( 1970), and those denoted by crosses are from 
Millhollen et a/. (1974). The four curves A-D are from 
Mysen and Boettcher (1975a). 
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538 Basaltic Volcanism on the Terrestrial Planets 

Table 3.3.2 Compositions and norms of complex peridotites, peridotitic komatiites and picrite used in experimental studies, and 
comparisons with three estimated primitive mantle compositions (columns 18, 19, 20). 

Si02 

Ti02 

Ah03 

Cr203 

Fe203 

FeO 

MnO 

NiO 

MgO 

CaO 

Na20 

K20 

P20s 

1 

44.6 

0.4 

4.3 

2.4 

9.5 

0.15 

33.4 

4.2 

0.76 

0.13 

2 

47.38 

0.13 

9.70 

1.27 

1.05 

5.69 

0.24 

0.12 

28.62 

6.02 

0.38 

0.01 

0.03 

3 

43.86 

0.39 

1.96 

0.46 

0.69 

6.21 

4 

47.8 

1.2 

5.9 

0.7 

0.8 

8.2 

0.14 0.1 

0.25 0.2 

39.82 28.7 

1.68 5.1 

0.14 0.95 

0.08 0.22 

0.03 

5 

48.02 

0.22 

4.88 

0.25 

1.94 

8.15 

0.14 

32.35 

2.97 

0.66 

O.o7 
0.07 

6 7 8 9 10 

45.36 44.02 48.06 49.46 42.22 

0.05 0.30 

4.39 1.03 4.93 6.83 4.42 

0.25 0.42 2.16 I. 70 0.50 

0.83 2.86 

6.59t 7.06 5.73t 5.10t 4.45 

11 12 

45.52 45.7 

0.15 0.05 

4.83 1.6 

0.58 0.41 

1.61 0.77 

10.40 5.21 

13 

43.7 

0.20 

4.0 

0.40 

0.89 

8.09 

14 

45.10 

0.13 

3.92 

0.31 

1.00 

7.29 

0.11 0.18 0.13 0.13 0.18 0.09 0.12 0.14 

0.14 0.27 

38.73 46.99 32.90 28.62 34.61 

2.24 0.04 4.99 7.70 3.92 

0.26 0.05 0.62 0.46 0.43 

0.02 0.25 0.11 

0.18 0.05 

0.22 0.26 

30.34 42.8 

4.26 0.70 

0.34 0.09 

0.04 0.04 

0.02 0.01 

0.24 

37.4 

3.50 

0.38 

0.01 

0.00 

0.25 

38.81 

2.66 

0.27 

0.02 

0.01 

SUM 99.84 100.64 95.71 99.87 99.72 98.02 100.55 100.01 100.00 94.27 98.49 97.73 98.93 99.91 

100 Mg 

Mg+ ~Fe 

or 

ab 

an 

cor 

di 

by 

ol 

mt 

chr 

ilm 

ap 

Notes: 

83.6 

0.77 

6.43 

7.94 

10.22 

13.01 

57.23 

3.48 

0.76 

tTotal Fe as FeO. 

88.5 

0.06 

3.22 

24.73 

3.91 

32.55 

32.46 

1.52 

1.87 

0.25 

O.o7 

91.2 85.2 85.3 91.3 91.5 9l.l 90.9 89.8 82.0 92.8 

C. I. P. W. Weight Percent Norms* 

0.47 1.30 

l.l8 8.04 

4.48 1l.l9 

2.89 1l.l7 

26.14 27.37 

57.80 36.13 

1.00 l.l6 

0.68 1.03 

0.74 2.28 

O.o7 

0.41 

5.58 

10.15 

3.30 

38.38 

38.15 

2.81 

0.37 

0.42 

0.15 

0.12 

2.20 

10.05 

0.26 

28.06 

55.76 

0.87 

0.37 

0.39 

0.42 

0.20 

0.88 

20.06 

77.17 

1.20 

0.62 

1.48 

5.25 

9.93 

11.65 

27.82 

39.76 

0.75 

3.18 

0.09 

3.89 

16.57 

17.01 

33.14 

26.26 

0.68 

2.50 

0.65 

3.64 

9.81 

7.32 

17.20 

49.82 

4.15 

0.74 

0.57 

0.11 

0.24 

2.88 

11.54 

7.54 

30.70 

41.87 

2.33 

0.85 

0.28 

0.04 

0.24 

0.76 

3.41 

0.16 

32.95 

58.11 

l.l2 

0.60 

0.09 

0.02 

•Norms for compositions 6, 8, 9, 20, 22-27 calculated for Fe20/Fe) = 0.1. 

88.2 89.4 

0.06 

3.22 

9.18 

6.46 

13.28 

64.23 

1.29 

0.59 

0.38 

0.12 

2.28 

9.43 

2.93 

22.15 

60.58 

1.45 

0.46 

0.25 

0.02 

I. Synthetic lherzolite modeled on Nockolds' average peridotite (Reay and Harris, 1964). 2. Mixture of minerals (Cpx20 Opx-200120Ga40) from 
Wesselton Mine garnet lherzolite A.3/10596 (O'Hara and Yoder, 1967). 3. Garnet lherzolite KA 64-16, Dutoitspan Mine (Ito and Kennedy, 
1967). 4. Pyrolite III minus 40% olivine (Green and Ringwood, 1967b, 1970; Green, 1973a). S. Spinel lherzolite HK 66101703, Salt Lake Crater 
(Kushiro eta/., 1968, 1972a; Kushiro, 1970). 6. Spinellherzolite M6-128, Beni Bouchera (Kornprobst, 1970). 7. Spinel-amphibole lherzolite HK 
63111602a, Ichinomegata (Nishikawa et al., 1970). 8. Mixture of minerals (01300px28Cpx20Ga20) from Dutoitspan Mine garnet lherzolite + 2% 
fluorphlogopite (Kushiro eta/., 1972a). 9. Mixture of minerals (01200px20Cpx30Ga30) from Bultfontein garnet lherzolite JJG-352 (Kushiro, 
1972b, 1973b). 10. Pargasite-spinel peridotite 18-900, St. Paul's Rocks (Millhollen eta/., 1974). 11. Iron-rich garnet lherzolite 1032, Matsoku 
(Howells et al., 1975). 12. Garnet lherzolite ga-p(l), Wessel ton Mine (Mysen and Boettcher, 1975a, b). 13. Spinellherzolite 618-138b.l, Salt Lake 
Crater (Mysen and Boettcher, 1975a, b). 14. Spinellherzolite 66PAL-3, Pali dike (Mysen and Boettcher, 1975a, b). IS. Garnet-olivine websterite 
66SAL-1, Salt Lake Crater (Mysen and Boettcher, 1975a, b; Mysen and Kushiro, 1977). 16. Gamet lherzolite PHN1611, Thaba Putsoa (Mysen 
and Kushiro, 1977; Kushiro, 1973b; Wendlandt and Mysen, 1978). 17. Spinel lherzolite 618-138b.l + 10% phlogopite (Wendlandt and Eggler, 
1980). 18. Pyrolite I (Green and Ringwood, 1967b). 19. Pyrolite III (Green and Ringwood, 1967b). 20. Proposed primitive mantle composition 
(Maalpe and Aoki, 1977). 21. Peridotitic komatiite 491, Barberton Mountain Land, South Africa (Green eta/., 1975a). 22. Peridotitic komatiite 
SA3091 Munro Township, Ontario (Arndt, 1976). 23-27. Peridotitic komatiites (NG157, NG152, NG7638, NG7621, NG7628, respectively), 
Belingwe Greenstone Belt, Rhodesia (Bickle et al., 1911; Bickle, 1978). 28. Synthetic picrite (Green and Ringwood, 1967a). 
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Si02 

Ti02 

AhOJ 

Cr203 

Fe203 

FeO 

MnO 

NiO 

IS 

44.82 

0.52 

8.21 

0.20 

2.07 

7.91 

0.19 

0.20 

16 

43.70 

0.25 

2.75 

Table 3.3.2 (Concluded) 

17 18 19 20 21 22 

43.7 43.20 45.20 44.71 46.46 45.4 

0.18 0.58 0.71 0.16 0.19 0.39 

4.84 4.01 3.54 2.46 3.58 7.5 

3.3 Terrestrial Rocks 539 

23 24 25 26 27 28 

47.59 46.90 47.96 48.76 51.83 45.51 

0.29 0.22 0.36 0.42 0.37 1.93 

6.34 5.08 7.44 8.44 6.65 12.44 

0.28 0.36 0.42 0.43 0.42 0.43 0.40 0.42 0.44 0.41 0.43 0.45 

1.38 

8.81 

0.13 

0.80 0.35 0.48 

7.28 7.88 8.04 

0.11 0.13 0.14 

0.22 0.39 0.20 

1.00 0.92 

8.15t 9.38 12.9t 10.19t 10.62t 11.39t 12.o9t 10.11t 8.67 

0.18 0.21 0.28 0.17 0.14 0.20 0.19 0.17 0.15 

0.26 0.27 0.18 0.21 0.13 0.13 0.13 

MgO 26.53 37.22 36.6 39.54 37.48 41.00 32.97 25.1 28.18 31.81 24.35 20.45 22.47 18.79 

CaO 8.12 3.26 3.15 2.67 3.08 2.42 5.10 7.4 5.91 5.05 7.46 8.58 7.24 9.67 

Na20 0.89 0.33 0.36 0.61 0.57 0.29 0.49 0.73 0.16 0.02 0.64 0.39 0.26 1.64 

K20 0.03 0.14 1.02 0.22 0.13 0.09 0.18 0.44 0.03 0.06 0.50 0.19 0.08 

P20s 0.04 0.06 0.01 0.02 0.01 0.03 0.04 0.00 0.20 

SUM 99.73 98.25 98.62 100.00 100.00 100.20 100.27 100.10 100.49 100.53 100.43 100.42 100.47 100.00 

100 Mg 

Mg+ !Fe 
82.9 86.8 89.1 89.6 88.7 89.9 85.1 77.6 82.3 84.2 79.2 75.1 78.9 77.9 

C. I. P. W. Weight Percent Norms* 

or 0.18 

7.53 

18.32 

0.83 6.03 1.30 0. 77 0.53 1.06 2.60 0.18 0.35 2.95 1.12 0.47 

ab 

an 
2.79 

5.61 

3.05 

8.58 

5.16 4.82 2.45 

7.55 6.72 5.15 

4.15 6.81 1.35 0.17 5.42 3.30 2.20 13.88 

7.04 17.19 15.28 13.68 17.25 19.80 16.42 26.35 

di 

hy 
ol 

mt 

chr 

ilm 

ap 

17.22 

7.09 

8.35 5.56 4.49 6.76 5.13 14.44 15.63 11.08 8.98 15.65 18.10 15.59 16.31 

14.97 5.64 4.32 16.54 16.74 19.99 14.56 31.65 33.51 28.35 32.93 55.38 3.04 

44.83 

3.00 

0.29 

0.99 

0.09 

62.81 67.52 74.56 61.52 67.89 50.86 43.56 35.80 41.39 30.52 20.19 6.95 34.52 

2.00 

0.41 

0.47 

1.16 0.51 0. 70 1.07 1.45 1.77 1.44 1.42 1.51 1.61 

0.63 

0.80 

1.42 

0.66 

0.70 

1.33 

0.53 0.62 0.63 0.62 0.63 0.59 0.62 0.65 0.60 

0.34 1.10 1.35 0.30 0.36 0.74 0.55 0.42 0.68 3.67 

0.44 0.13 0.02 0.04 0.02 O.D7 0.09 

they gave reasons for suspecting the validity of the 
results of Kushiro eta/. (1968) and of Green (1973a). 
The results of Millhollen eta/. (1974), independently 
determined, were consistent with the latter results. 
Nehru and Wyllie (1975) documented the problems of 
iron loss and discussed other experimental problems in 
peridotite-H20 systems, and Green (1976a) presented a 
detailed review of experimental problems, including 
specific reference to the difference between solidus 
curves in Fig. 3.3.7. Green stated that he had foreseen 
and minimized or surmounted the experimental prob
lems, and he concluded that Mysen and Boettcher 
(1975a) had misinterpreted glassy deposits from the 
vapor phase as glass quenched from liquid (see also 

Brey and Green, 1976b). We remain uncertain of the 
reason for the different results in Fig. 3.3.7. 

Phase relationships through at least part of the 
melting interval of peridotite with excess H20 were 
presented by Kushiro et a/. (1968), Green (l973a), 
Millhollen et a/. (1974), and Mysen and Boettcher 
(1975a). Results for pyrolite-111 and a spinel lherzolite 
nodule are compared in Fig. 3.3.8. Mysen and 
Boettcher ( 1975a) found a similar pattern of phase rela
tionships in all four oftheir samples, with the positions 
of the phase boundaries sensitive to the bulk composi
tion. The amphibole breakdown curves in each oftheir 
samples had a shape similar to that in Fig. 3.3.8b. This is 
compared in Fig. 3.3.9 with amphibole breakdown 
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3.3.9 Comparison of results of several studies on the 
stability of amphibole in peridotite in the presence of excess 
H20. Amphibole is stable on the low temperature/low 
pressure side of each curve. The solidus curve shown is 
after Green (1973a), as given in Fig. 3.3.7. 

ol, opx, 
sp, L,V 

cpx out 

1200 

3.3.8 a. Water-saturated phase 
relations of pyrolite III (Green, 
1973a). b. Phase relationships for 
peridotite with excess H20. (Mysen 
and Boettcher, 1975a). Abbrevia
tions as in Fig. 3.3.5. 

curves determined in three other studies of peridotite 
with excess H20. 

The differences between the shapes of amphibole 
phase boundaries are due in part to differences in chem
istry, but some of the experimental problems discussed 
above and in section 3.2 probably contribute. Amphi
bole breaks down in a pressure-sensitive reaction pro
ducing garnet and other minerals (Lambert and Wyllie, 
1968), and one might therefore expect a change in slope 
of the amphibole boundary like that reported by Mysen 
and Boettcher. Attempts to establish the subsolidus 
reaction interval have not been satisfactory, on account 
of the complexity and sluggishness of both the reaction 
to garnet, and the synthesis of amphibole of the correct 
composition. On the basis of the differences shown in 
Figs. 3.3.8 and 3.3.9, it appears that similar problems 
may persist under conditions with liquid present. 

For more realistic mantle conditions, it is necessary 
to know the phase relationships in the presence of small 
amounts of H20. Kushiro et al. (1968) determined the 
solidus for peridotite with low H20 contents, using 
open capsules, but the uncertainty about the conditions 
renders the results inapplicable. Green (1973a) used a 
pyrolite composition, minus the components of 40% 
olivine, crystallized to amphibole-peridotite containing 
0.3% H20, to produce the phase diagram shown in Fig. 
3.3.10a; this corresponds to pyrolite with 0.2% H20. 
The solidus curve is reproduced in Fig. 3.3.10b, and 
compared with other experimentally based and de
duced solidus curves for peridotite containing less than 
about 0.4% H20, the amount required to produce the 
maximum amphibole (about 30%) in fertile peridotite. 
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The solidus curves in Fig. 3.3.10b correspond to 
the excess-H20 curves of Fig. 3.3.7, except where 
amphibole is stable. In this interval, all H20 is stored in 
amphibole, and melting begins only where amphibole 
reacts. The solidus curves in Fig. 3.3.10b are therefore 
related to the amphibole curves in Fig. 3.3.9. The soli
dus curve presented by Boettcher (1973) was based on 
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3.3.10 a. Solidus of pyrolite 
III with 0.2% H20 (Green, 
1973a). ilm = ilmenite, am = 
amphibole, ph = phlogopite. 
b. Experimentally based and 
deduced curves for the soli
dus of amphibole-peridotite, 
with <0.4 wt.% H20, and for 
phlogopite-peridotite with 
<0.02 wt.% H20. Depths are 
for the Earth. MIW = 
Millhollen eta/. (1974); B = 
&ettcher (Mysenand&ettcher, 
1975a); G = Green (1973a). 
See Wyllie (1978a). 

studies in peridotite-H20-C02 for low H20 activities 
(Mysen and Boettcher, 1975a). The amphibole
peridotite solidus of Millhollen eta/. (1974) was based 
on the curve determined with excess H20 (Fig. 3.3.9), 
with temperature increased according to the demon
stration of Holloway (1973) that the melting tempera
ture of pargasite at 10 kb increases from 1065°C with 

A Excess C02 8 0.1% C02 

ga +do,.+ em 
+ qz + C02 

800 1000 1200 1400 800 1000 1200 1400 
TEMPERATURE, ° C 

3.3.11 Partly-schematic phase dia
grams for peridotite-C02 with a. ex
cess C02 and b. 0.1% C02. See 
Eggler (1976, 1978) and Wyllie 
(1977, 1978a) for data sources. 
·Abbreviations: ol = olivine, opx = 
orthopyroxene, ga = garnet, sp = 
spinel, pi = plagioclase, qz = Si02 
polymorphs, do = dolomite solid 
solution, em= magnesite solid solu
tion, V =vapor, dashed line= dry 
peridotite solidus. 
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excess H20 to a maximum of lll0°C with decreasing 
H20 content. The experimentally determined solidus 
for vapor-absent amphibole pyrolite is similarly at 
higher temperature than the amphibole boundary in 
pyrolite with excess H20, the difference being about 
80°Cat lOkb,and l50-l60°Cat20kb. This increase in 
solidus temperature is higher than that anticipated by 
others, which may indicate that the basis for anticipa
tion was incorrect, or that amphibole persisted above its 
stability limit in the vapor-absent experiments of Green 
(l973a). 

Phlogopite is another hydrous mineral which may 
play an important role in magma generation. A perido
tite containing 0.1% K20 would require about 0.02% 
H20 to convert all of the K20 into about 0.5% phlog
opite. Figure 3.3.10b shows an estimate of the solidus 
curve for vapor-absent phlogopite-peridotite, based on 
the results of Modreski and Boettcher ( 1973) and 
Holloway and Eggler (1976). 

Peridotite-C02 

On the basis of studies in the model mantle system 
Ca0-Mg0-Si02-C02 by Wyllie and Huang (1975, 
1976) and Eggler (1974, 1976, 1978), the approximate 
phase relationships for peridotite-C02 have been deter
mined within limits that are fairly well constrained 
(Wyllie, 1977, 1978a; Eggler, 1978). Figure 3.3.11 shows 
the reactions caused by C02 superimposed on the sub
solidus phase boundaries separating the fields for 
plagioclase-, spinel-, and garnet-peridotite facies (see 
Figs. 3.1.2 and 3.3.4). The solidus for peridotite alone is 
marked by the dashed line. 

Carbon dioxide reacts with peridotite at high pres
sures to produce calcic dolomite (Wyllie and Huang, 
1975, 1976; Eggler, 1976) by the reaction: 

olivine + clinopyroxene + C02 = 
orthopyroxene + dolomitess· 

(l) 

This react~on, plotted in Fig. 3.3. I I, divides the subsoli
dus region into two parts. For peridotite with less than 
about 5% C02, free C02 vapor exists only on the low
pressure, high-temperature side of this reaction. On the 
high-pressure side, as shown in Fig. 3.3.1 I b, all of the 
C02 reacts with the peridotite to produce calcic dolo
mite. If there is more than 5% C02 present, all of the 
clinopyroxene reacts away and, with increasing pres
sure, two additional carbonation reactions occur as 
shown in Fig. 3.3.lla (Wyllie and Huang, 1975, 1976). 

olivine + dolomite88 + C02 = 
orthopyroxene + magnesite88 

(2) 

and: 

orthopyroxene + dolomitess + C02 = 
quartz/ coesite + magnesite88 • 

(3) 

It requires approximately 23% C02 to convert peridotite 
completely to coesite-garnet-marble via the three reac
tions. For peridotite with less than 5% C02, the vapor
absent dolomite-peridotite shown in Fig. 3.3.11 b is 
stable to high pressures until it reaches the subsolidus 
exchange reaction between pyroxenes and carbonates 
(Kushiro et al., 1975): 

orthopyroxene + dolomite88 = 
clinopyroxene + magnesite88• 

(4) 

According to G. Brey and D. H. Green (pers. comm., 
1977), this reaction has a steeper slope than that 
depicted, which brings the magnesite-peridotite stabil
ity field down to lower pressures at moderate tempera
tures. 

The very low solubility of C02 in silicate liquids at 
low pressures causes only minor depression of the soli
dus for peridotite-C02 compared with that for perido
tite, as shown in Fig. 3.3. I I. Mysen et al. (I 976) 
determined that the solubility of C02 in the model 
mantle system increased to about 5% at 20 kb, with 
moderate depression of the solidus, as shown in Fig. 
3.3. I I and by Eggler ( 1974). Wyllie and Huang (I 975, 
I 976) outlined evidence supporting their conclusion 
that the liquid at the invariant point Q1 and along the 
solidus at higher pressures in Fig. 3.3.11 was essentially 
a carbonate liquid, with only I 0-15% dissolved silicates. 
The marked increase in C02 solubility, which is asso
ciated with the stabilization of dolomite at the solidus, is 
responsible for the sharp curvature and decrease in 
temperature of the solidus within the small pressure 
interval below Q1. At pressures above Qh the solidus 
in Fig. 3.3.11 b for vapor-absent dolomite-peridotite 
remains unchanged for C02 contents up to 5%, and the 
solidus in Fig. 3.3.lla for carbonated-peridotite in the 
presence of C02 occurs at lower temperatures (the 
temperature difference has not been determined, even in 
the model system). 

Peridotite-H20-C02 

Mysen and Boettcher ( 1975a, l975b) published the 
only comprehensive experimental investigation of the 
effects of H20-C02 mixtures (with controlled oxygen 
fugacity) on the melting relationships of natural perido
tites. Eggler ( 1975) studied their effects on the melting of 
synthetic forsterite + enstatite. These investigations 
established the effects of H20 + C02 at pressures up to 
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about 20 kb, but they did not take into account the 
effect of carbonation reactions. This effect, discovered 
by Wyllie and Huang (1975) and Eggler (1976), pro
duces striking changes in near-solidus phase relation
ships between about 20 and 30 kb, as shown for the C02 
system in Fig. 3.3.11. 

Figure 3.3.12 shows the divariant solidus surface 
for peridotite-H20-C02 with contours for constant 
vapor-phase composition, based at pressures up to 20 
kb on experimental data of Mysen and Boettcher 
( 1975a), and fitted between the solidus curves for excess 
H20 (Fig. 3.3.7, solidus of Millhollen eta/., 1974) and 
for excess C02 (Fig. 3.3.lla). There is a similar con
toured solidus surface at pressures above Q~o extending 
from the dolomite-peridotite-C02 solidus (Fig. 3.3.lla) 
to lower temperatures as H20 is added. Whereas this 
surface is convex upward with respect to temperature, 
the low-pressure solidus surface is concave upward. The 
univariant carbonation reaction ( 1) terminating at Q1 in 
Fig. 3.3.11 becomes a divariant surface if H20 is added, 
and the shape of this surface is shown in Fig. 3.3.12 by 
the contours for constant vapor-phase composition 
(Eggler et a/., 1976; Wyllie, 1977). Similar divariant 
surfaces for the carbonation reactions extending from 
Q2 and Q3 (Fig. 3.3.lla) are not illustrated, because they 
can be attained only for C02 contents greater than 5%. 

The carbonation surface meets the solidus surface 
along the line Q1N, which gives the univariant begin-
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ning of melting of partly carbonated peridotite in the 
presence of H20-C02 vapors of buffered compositions. 
The significance of this vapor-buffer line was discussed 
by Eggler ( 1978) and Wyllie ( 1977), who both extended 
the contour lines on the low-pressure solidus surface 
directly to the corresponding compositions on the 
buffer line. Wyllie (1978a), after consideration of the 
distribution of H20 and C02 between liquid and vapor, 
concluded that this geometry was incorrect, and that the 
contours on the solidus surface at low pressures had to 
be passed over a temperature maximum (the light line 
mnin Fig. 3.3.12) and then down to the bufferlineQ1N. 
The temperature maximum, a ridge on the solidus and 
liquidus surfaces, is a significant addition to the pre
vious interpretations. The limiting contour for C02 has 
a shape consistent with this family of solidus contours. 
The shapes of the contours can be more easily visualized 
in Fig. 3.3.13. 

The temperature maximum, mn, divides the soli
dus surface for peridotite-vapor into two parts. For the 
area extending from low pressures to the line mn, H20 is 
preferentially dissolved in the liquid, leaving the vapor 
enriched in C02 (Mysen and Boettcher, 1975a; Eggler, 
1975). For the area between the temperature maximum 
and the dolomite-peridotite buffer line, mnNQ~o C02 is 
preferentially dissolved in-the liquid, leaving the vapor 
relatively enriched in H20. The same condition holds 
for the carbonated-peridotite-vapor solidus surface at 
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3.3.12 Peridotite-H20-C02 with 
excess vapor, omitting amphibole 
and phlogopite, pieced together and 
averaged from various data sources 
(see Wyllie, 1977, 1978a; Eggler et 
a/., 1976). The divariant carbonation 
surface divides the solidus surface 
into (1) the area PQNM passing 
through a temperature maximum 
along mn, for the melting of 
peridotite·vapor, and (2) the area 
QNU for the melting of carbonated 
peridotite-vapor. Two other carbo
nation reactions (not shown) inter
sect the latter area (see Fig. 3.3.11). 
The temperature maximum mn is 
consistent with phase relationships 
deduced in the system MgO-Si02· 
COrH20 (Ellis and Wyllie, 1979), 
but its magnitude is not known 
(except for PmQ, pure C02). 
Depths are for the Earth. ~0 = 
mole fraction of C02 in vapor phc{se. 
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higher pressures. Along the line mn, C02 / H20 is the 
same in liquid and vapor. 

The phase diagrams for peridotite-H20-C02 given 
here do not include the transitions from plagioclase- to 
spinel- to garnet-peridotite. These phase boundaries 
(Fig. 3.3.5) can be superimposed as they were for 

peridotite-C02 in Fig. 3.3.11. The aluminous minerals 
appear to remain unaffected by carbonation reactions 
through the PT range under consideration. 
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X~0 =0.5 
2 

D. OPEN SYSTEM 

X~02 = 0.5 

The occurrence of amphibole was omitted from 
Fig. 3.3.12 for simplicity, in order to illustrate the buf
fering effect of dolomite in peridotite-H20-C02• The 

B. CLOSED SYSTEM 

C02/(C02 + H20) = 0.5 
(C02 + H20) < 0.8% 

E. CLOSED SYSTEM 

C02/(C0 2 + H20) = 0.5 
(C02 + H20) < 0.8% 

H20 VAPOR C02 

C. VAPOR PHASE 
AT SOLIDUS 

OF B. 

F. VAPOR PHASE 
AT SOLIDUS 

OF E. 
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TEMPERATURE, °C 

3.3.13 Schematic phase relationships in the system peridotite-C02-H20 using two different experimental results for 
amphibole (from Wyllie, 1979). A, Band C after Millhollen eta/. (1974); D, E and F after Green (1973a). The heavy arrows 
show the directions of increasing ~0 on divariant vapor-buffered reaction surfaces. No vapor exists within the shaded 
areas. Points a, c and dare located on u2nivariant curves; d, for example, is on Q 1N in Fig. 3.3.12. Point mn is on the T max line 
mn of Fig. 3.3.12. Abbreviations: hb =amphibole, do= dolomite, opx =orthopyroxene, ga =garnet, em= magnesite solid 
solution, qz = Si02 polymorphs. 
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subsolidus divariant surface for the dehydration of 
amphibole in the presence of H20-C02 vapors inter
sects the solidus surface along an amphibole vapor
buffer curve, and there is also a subsolidus vapor-buffer 
curve where the decarbonation and dehydration sur
faces meet (Wyllie, 1978a). 

The main features of the system peridotite-H20-
C02, assuming a composition without phlogopite, are 
illustrated in Fig. 3.3.13 (Wyllie, 1979). Figure 3.3.13a 
shows the phase fields for an open system, where H20 or 
C02 is added to or subtracted from the system as 
required to maintain a constant vapor phase composi
tion. Each phase boundary is thus a contour from a 
divariant surface, like those projected in Fig. 3.3.12. 
The temperature maximum on the solidus surface is 
clearly displayed by the point mn. Figure 3.3.13b shows 
the phase fields for a closed system, with less than 0.4% 
H20. With the formation of dolomite, the vapor-phase 
composition is buffered, and the solidus dN for 
dolomite-peridotite-vapor is part ofthe line Q1N in Fig. 
3.3.12. With the formation of amphibole, the vapor is 
buffered to the solidus for amphibole-peridotite-vapor, 
along the curve aa'. The composition of the vapor 
phase as a function of pressure along the solidus in Fig. 
3.3.13b is given in Fig. 3.3.13c. In the shaded area of 
Fig. 3.3.13b, all H20 and C02 are stored in vapor
absent amphibole-dolomite peridotite. This area is 
bounded by the subsolidus vapor-buffer line. 

The top row of diagrams in Fig. 3.3.13 uses the 
amphibole data of Millhollen et al. (1974), and the 
bottom row shows equivalent diagrams using the 
amphibole data of Green (1973a). Although the shapes 
and positions of phase boundaries differ, the basic 
geometry remains the same. Green's larger field for 
amphibole (Fig. 3.3.1 Ob) buffers the vapor along aa to 
higher C02 / H20. An important feature of Fig. 3.3. 13 is 
the demonstration that at pressures greater than about 
30 kb, vapor coexisting with peridotite must be H20-
rich. It requires only a low ratio of C02 / H20 to produce 
dolomite, and the formation of dolomite absorbs C02 

and forces the vapor to very high H20/C02• 

For a wide range of total C02/ H 20 in the system, 
and for systems with H20 < 0.4% and C02 < 5%, the 
phase relationships are similar to those shown in Fig. 
3.3.13 (Wyllie, 1979). The solidus buffer lines are fixed 
in position, but other phase fields' boundaries change 
position, following the vapor contours on divariant 
surfaces (Fig. 3.3.12) for the specific values of total 
C02 / H 20. In the limiting cases, the amphibole field 
disappears as in Fig. 3.3.llb, and the dolomite field 
disappears as in Fig. 3.3.10b. 

The phase relationships become more complex 
if there is sufficient K20 present for the growth of 

3.3 Terrestrial Rocks 545 

phlogopite. Holloway and Eggler ( 1976) determined the 
solidus temperatures for vapor-absent phlogopite
peridotite and phlogopite-dolomite-peridotite at 30 kb. 
Other details were reviewed by Eggler ( 1978) and Wyllie 
( 1978a). According to Wyllie ( 1978a), the occurrence of 
phlogopite introduces a phlogopite-dolomite-vapor 
sub-solidus reaction which intersects the dolomite
peridotite vapor-buffer line Q1N at an invariant point 
very close to Q1 (Fig. 3.3.12). Extending from this point 
to higher pressures there are two additional solidus 
curves: the phlogopite-dolomite-peridotite vapor
buffer curve situated at somewhat lower temperatures 
than Q1N, and the vapor-absent phlogopite-dolomite
peridotite solidus situated at somewhat higher tempera
tures than Q1N. The buffering capacity of dolomite is 
far greater than that of phlogopite, and the buffered 
vapor composition with phlogopite-dolomite-peridotite 
is very similar to that for dolomite-peridotite, illus
trated by dN in Fig. 3.3.13c. The vapor has high 
H20/C02 above 30 kb. 

3.3.3 Compositions of liquids from partial 
melting of peridotite 

Some of the volatile components dissolved in 
magmas (section 3.3.2) are derived from mantle sources. 
The compositions of initial liquids produced from man
tle peridotite may be strongly influenced by the amount 
and composition of the volatile components. This has 
been established for H20 and C02 (Kushiro, 1972b; 
Eggler, 1973, 1974; Mysen and Boettcher, 1975b; 
Wyllie and Huang, 1975, 1976). 

Small quantities of volatile components can have a 
large effect on solidus temperatures (Fig. 3.3.10 and 
3.3.llb), but they have little effect on liquidus tempera
tures and relationships. Recent data by Delaney et al. 
( 1978) and Muenow eta/. ( 1979) onthe volatile content 
of glass-vapor inclusions contained within olivine and 
plagioclase phenocrysts from Hawaiian and mid-ocean 
ridge tholeiites bear on this question. They found 0.2-
0.4 wt.% C02 and no detectable H20, with a detectabil
ity limit for H20 of 0.0004 wt. %. In agreement with 
Hart and Nalwalk(l970)and Moore (1970), they found 
0.1-0.7 wt.% H20 in the matrix glass surrounding the 
phenocrysts. Data are not yet available on the volatile 
contents of inclusions from continental basalts, island 
arc basalts, and alkalic basalts from oceanic islands. 
Moore (1970) found that matrix glasses of alkalic 
basalts from Hawaii contain about I wt.% H20, and 
Garcia et al. (1979) have found I wt.% H20, and 0.2 wt.% 
C02 in the matrix glass of andesites and basalts from the 
Marianas Islands. If the same relative difference between 
matrix and inclusion glass in oceanic tholeiites holds 
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546 Basaltic Volcanism on the Terrestrial Planets 

also for basalts from these other environments, 1 wt.% 
would be an extreme upper limit for the H20 content of 
the magmas at depth. 

The upper limits of the volatile contents of both 
tholeiitic and alkali olivine basalt, if uncontaminated, 
are thus about 1% H20 and 0.4% C02, and actual con
tents are commonly much lower. These concentrations 
of volatile components would cause a negligible change 
in composition of basalts derived from peridotite, com
pared with basalts derived under similar conditions but 
without the volatile components. This was pointed out 
by Presnall eta/. ( 1978a) in their discussion of melting in 
the model mantle system Mg2Si04-CaMgSi20 6-Si02-
H20 at 20 kb. It has been confirmed experimentally that 
addition of a few tenths of a percent H20 causes only 
minor changes in the liquidus temperature and miner
alogy, as shown in Fig. 3.3.29. The volatile-free melting 
relationships of peridotite thus appear to be an ade
quate approximation of actual melting relations involv
ing the production of the abundant basalts. 

Some magmas contain higher proportions of dis
solved volatile components. Anderson's ( 1975) analyses 
of glasses trapped in large crystals in pumice indicate 
that 3-5% H20 is commonly dissolved in basaltic and 
andesite magmas below volcanoes of continental mar
gins associated with compressive plate boundaries. 
Water may therefore be influential in modifying the 
compositions of magmas generated from peridotite in 
subduction zones (Fig. 3.3.3) (Boettcher, 1973; Mysen 
and Boettcher, l975b; Green, l976a). Kimberlite 
magmas contain high proportions of C02 and H20, and 
C02 appears to be important in controlling the compo
sition of kimberlite and other subsilicic alkaline mag
mas (Irving and Wyllie, 1975; Eggler, 1974, 1976; 
Wyllie and Huang, 1975, 1976; Brey and Green, 1975, 
1976a, b, 1977). 

The following discussion will be divided into two 
sections, the first discussing melting relations of 
peridotite without volatile components, and the second 
discussing melting relationships with H20 and C02. 
Determination of the composition of the exper
imentally-produced liquids is typically beset with 
uncertainties related to quenching the liquid to a homo
geneous glass (sections 3.2.2 and 3.3.3). Some experi
mental results are listed in Table 3.3.3. For each study it 
is desirable to carry out a complementary set of experi
ments to confirm that the compositions of the liquidus 
minerals in the glass match those of the peridotite resi
duum after partial melting, but this confirmatory step 
has been taken in only a few of the experiments con
ducted to date (Green, 1976a). 

Models of magma genesis will not be developed 
here. Instead, the experimental data will be treated as 

one set of constraints that must be taken into account 
when developing such models, as illustrated briefly for 
selected examples in sections 3.3.5-7. 

Types of fusion processes 
Before we consider the specific compositions of 

liquids that can be derived from partial melting of 
peridotites under various conditions, we should con
sider the possible types of melting processes that can 
take place, and understand how these processes can 
affect the compositions of the magmas that are sepa
rated from the source rocks. This is most important for 
evaluation of a suite of basalts from a given region in an 
attempt to determine the primary magma composition 
or compositions. 

Because of the emphasis for many years on crystal
lization differentiation (section 3.1.1), petrologists are 
familiar with the limiting cases of equilibrium and frac
tional crystallization of liquids. It was only in the late 
1950's and 1960's that petrologists became concerned 
with the processes of partial fusion, and it was Presnall 
( 1969) who systematized the types of processes that 
could be discerned from consideration of simple phase 
diagrams. Processes in nature would not exactly dupli
cate those in simplified systems, but they would be 
analogous. 

Presnall ( 1969) defined partial fusion as fusion of 
some portion less than the whole. Two types of partial 
fusion were distinguished. With equilibrium fusion, the 
liquid produced during heating remains in equilibrium 
with the crystalline residue until it is separated from the 
source. With fractional fusion, each infinitesimal 
amount of melt is removed from the source as soon as it 
is formed and is thereby prevented from further reac
tion with the crystalline residue. A process intermediate 
between these two extremes can be thought of as a series 
of equilibrium fusion events from the same source, and 
as the number of equilibrium fusion events increases to 
infinity, the process approaches the extreme case of 
perfect fractional fusion. Methods for deducing crystal 
and liquid paths followed during equilibrium and frac
tional fusion in simplified systems have been developed 
by Presnall (1969) and· Roeder (1974b), and some 
further quantitative aspects of these processes have 
been discussed by Morse (1976). 

Presnall ( 1969) pointed out that during fractional 
fusion in simplified systems the liquid path is frequently 
discontinuous. That is, large volumes of a series of 
liquids of constant composition are produced without 
intermediate compositions. Also, he emphasized the 
point previously made by Yoder and Tilley ( 1962) that if 
fusion takes place at a liquidus invariant point, wide 
variations in the composition of the source can exist 
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Table 3.3.3 Selected compositions and norms of partial melts obtained from peridotites in the presence of 
excess H20 and/ or C02. 

1 

Pressure 26 
(kb) 

Temperature 1190 
(OC) 

(~,o)t 1.0 

Si02 

Ti02 

AbOJ 

Cr20J 

IF eO 

MnO 

MgO 

CaO 

Na20 

K20 

Sum 

100 Mg 

Mg+ IFe 

58.9 

0.5 

14.0 

1.0 

0.1 

0.5 

8.9 

2.7 

0.3 

86.9 

47.1 

2 

15 

950 

1.0 

62.2 

0.8 

20.1 

1.7 

0.2 

2.1 

10.4 

2.1 

0.2 

99.8 

69.0 

3 

15 

1150 

0.75 

58.0 

0.4 

16.1 

5.2 

0.1 

4.7 

12.0 

3.8 

0.5 

100.00 

62.0 

4 

15 

1150 

0.4 

52.0 

0.7 

14.1 

9.4 

0.2 

6.7 

14.3 

2.5 

0.1 

100.00 

56.0 

s 
10 

llOO 

1.0 

56.1 

2.5 

12.4 

0.1 

7.3 

0.1 

9.3 

9.5 

2.0 

0.5 

99.8 

69.5 

6 

20 

1100 

1.0 

48.5 

2.7 

12.2 

l.l 

9.6 

0.2 

11.3 

10.7 

2.1 

0.5 

98.9 

72.0 

7 

15 

1415 

0.0 

51.5 

0.75 

10.5 

0.48 

9.9 

0.24 

9.1 

9.3 

0.53 

0.37 

92.67 

62.1 

8 

15 

1425 

0.0 

50.1 

0.79 

10.8 

0.49 

10.8 

0.24 

9.1 

9.1 

0.67 

0.42 

92.51 

60.0 

9 

15 

1600 

0.0 

45.7 

0.38 

4.3 

0.38. 

13.9 

0.15 

29.3 

5.0 

0.52 

0.21 

99.84 

79.0 

C. I. P. W. weight percent norms (for Fe20 3 / FeD= 0.1) 

qz 25.88 

1.77 

22.85 

25.20 

4.52 

24.40 5.04 9.95 11.33 8.52 

2.48 

5.67 

or 

ab 

an 

di 

hy 

ol 

mt 

chr 

ilm 

0.13 

0.95 

tx~,o = 1.0-X~o,. 

l.l8 

17.77 

44.83 

5.43 

4.52 

0.16 

1.52 

2.95 

32.16 

25.40 

27.88 

5.96 

0.70 

0.76 

0.59 

2l.l6 

26.96 

36.21 

10.98 

1.61 

1.25 

1.33 

2.95 

16.92 

23.38 

19.03 

21.77 

0.97 

0.15 

4.75 

2.95 

17.77 

22.39 

24.66 

14.18 

9.00 

1.29 

1.62 

5.13 

2.19 

4.48 

25.18 

17.10 

29.03 

1.32 

0.71 

1.42 

25.22 

16.30 

30.75 

1.45 

0.72 

1.50 

1.24 

4.40 

8.78 

12.81 

21.63 

47.98 

1.86 

0.56 

0.72 

I. Kushiro eta/. (l972a, Table 4). Starting material: Column 5, Table 3.3.2. 
2. Mysen and Boettcher (1975b, Table 9). Starting material: Column 13, Table 3.3.2. 
3,4. Mysen and Boettcher (1975b, Table 11). Starting material: Column 13, Table 3.3.2,/8 = magnetite- hematite buffer. 
5,6. Green (1973a, Tables 3 and 8). Melt compositions computed from bulk composition ind crystal compositions. Starting 
material: Column 4, Table 3.3.2. 
7,8,9. Wendlandt and Mysen (1978, Table 20). Starting material: Column 16, Table 3.3.2. 

without changing the composition of the initial melt. In 
order to maintain the same initial melt composition, it is 
necessary only to retain the same crystalline phases in 
the source; variations in the proportions of these 
phases do not affect the initial melt composition. 

These features can be understood more easily by 
reference to Fig. 3.3.14. Suppose the simplified mantle 

composition m consisting offorsterite, enstatite (b) and 
diopside (a) is fractionally fused at 20 kb. The initial 
liquid is produced at the peritectic p and the composi
tion of this initial liquid would not change regardless of 
the proportions of forsterite, enstatite, and diopside. 
That is, the initial liquid would lie at p for any starting 
composition within the triangle Mg2Si04-a-b. For 

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

http://adsabs.harvard.edu/abs/1981bvtp.book.....B


1
9
8
1
b
v
t
p
.
b
o
o
k
.
.
.
.
.
B
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---- Liquidus boundary line 

- ---- Solidus boundary 

------- Crystal and liquid 
paths 

20 kb 

~~~------~--L---------~Si02 

Mg2Si04 MgSi03 
WEIGHT% 

3.3.14 Liquidus (heavy boundary lines with arrows indi
cating directions of decreasing temperature) and sol
idus (long-dashed lines) phase relationships in the system 
Mg2Si04-CaMgSh06-Si02 at 20 kb, modified after Kushiro 
(1969) and Chen and Presnall (1975). 

the starting composition m, liquid at p would continue 
to be extracted until 30% of the source was melted. The 
crystal path would move across the solidus along the 
line m-r. Then, liquids along the univariant line p-s 
would be produced as the crystal path moves along a 
solidus fractionation line (not shown) close to but not 
exactly coincident with the dashed curved line r
Mg2Si04. Just as about 62% of the source is fused (see 
Morse, 1976, for use ofthe lever rule during fractional 
fusion), the liquid path reaches s and the crystal path 
reaches pure forsterite. Further addition of heat results 
in an increase in temperature without the production of 
any further liquids until the temperature reaches the 
melting temperature of pure forsterite. Finally, the 
remaining 38% of the starting composition m is pro
duced as pure forsterite liquid. Thus, large amounts of 

liquid of constant composition are produced at two 
points, the peritectic p and pure forsterite, 32% of the 
source is fused to produce liquids of variable composi
tion along p-s, and no liquids occur in the gap between s 
and forsterite. 

The spectrum of primary magmas produced would 
depend on the amount of thermal energy available and 
the nature of the fusion process. For example, if there is 
only enough thermal energy to fuse up to 30% of the 
source, only one primary magma composition would be 
produced regardless of whether the magma is extracted 
in one step or many steps. If there is enough thermal 
energy to fuse up to 62% of the source and if the magma 
is extracted in one step, the composition of the magma 
could lie anywhere along the boundary line p-s. If the 
magma is extracted in a large number of small steps, a 
range of compositions from p to a point slightly toward 
p from s would be produced, with those at p making up 
about half of the total. This illustrates the point that in 
some areas, not one but many different primary magma 
compositions could be produced from the same source. 
Therefore, selecting the "most primitive" lava with the 
highest value for Mg/(Mg+Fe2+) might lead to an 
incorrect petrogenetic model. 

In the mantle, melting relationships would not con
form to the simplified situation just described. There are 
many components in the mantle and only a few phases. 
Thus, fusion would not take place at an invariant point, 
and the compositions of minerals would change during 
melting (e.g., MgjFe). Also, the extraction of finite 
amounts of melt from the source implies that real fusion 
processes would at best only approach perfect frac
tional fusion. Finally, it is likely that part of the liquid 
produced at each fusion step would be left behind in the 
source region. It might be supposed that these compli
cations would cause important differences between the 
above simplified discussion and real fusion processes in 
the mantle. Presnall (1979) has argued, however, that 
even though these complications would cause some 
changes, the general types of effects deduced from sim
plified phase diagrams would be retained, and in partic
ular, large volumes of primary magma showing only 
small variations in composition would still be expected. 

As discussed above, it is possible for the composi
tion of the primary melt to remain fairly constant even 
though the proportions of phases in the source vary 
widely. Thus, if one has samples only of basalts pro
duced from this source, as on the Moon, it is possible 
from experimental studies to place restrictions on the 
phases that must exist in the source, but it is important 
to recognize that the proportions of these phases are 
difficult to determine from constraints of experimental 
petrology alone. Thus, very large uncertainties in the 
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bulk composition of the source can exist. On the Earth, 
samples of the residual material remaining after fusion 
(ultramafic nodules) are also available, and with this 
added information, the proportions of phases in the 
unfused mantle can be estimated with greater certainty. 

Peridotite without volatile components 
In general, the composition of a primary magma 

depends on ( 1) the bulk composition of the source mate
rial, (2) the amount of fusion, and (3) the depth of 
separation of magma from the source. In the following 
discussion, the source will be considered to consist 
essentially of olivine, orthopyroxene, clinopyroxene, 
and one of the aluminous phases plagioclase, spinel, or 
garnet (see Figs. 3.1.2, 3.3.4 and 3.3.5). By assuming a 
four-phase peridotite source, the first factor will be held 
relatively constant, although small changes in derived 
liquids would be expected depending on the assumed 
compositions and proportions of phases in the perido
tite. It should be kept in mind, however, that detailed 
knowledge about variations in the composition of the 
mantle source for basalts does not presently exist. 

Consider first the dependence of the primary 
magma composition on the depth at which it is gener
ated. Numerous studies of both simplified systems and 

An 

Fo En Qz 
WEIGHT% 

3.3.15 Projection from di showing compositions of first 
liquids (dashed where inferred) along the solidus curve of 
Fig. 3.3.4. Di = CaMgSb06, Fo = Mg2Si04, En= MgSiOJ, 
Qz = Si02, An = CaAbSbOs. After Presnall eta/. (1979) 
and Davis and Schairer (1965). 
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Di 

Fo En Qz 

WEIGHT% 

3.3.16 Projection from an. See caption to Fig. 3.3.15 for 
explanation. 

natural compositions have shown that as pressure 
increases in the approximate range 0-24 kb, near
solidus liquids from peridotite become increasingly 
depleted in Si02 and eventually become nepheline
normative(O'Hara, 1965, 1968a; Green and Ringwood, 
1967a; Kushiro, 1968, 1972b, 1973a; Presnall et a/., 
1978a, 1979). 

In studies of simplified model systems, Presnall et 
a/. (1979) have achieved the closest approach to the 
compositions of real liquids generated from partial 
fusion of lherzolite. In the system Ca0-Mg0-Al20 3-

Si02, they determined the compositions of initial 
liquids in equilibrium with simplified plagioclase lher
zolite (forsterite + enstatite + diopside + anorthite) 
and spinellherzolite(forsterite +enstatite+ diopside + 
spinel) from 1 atm to 20 kb. They plotted their results in 
the simplified tholeiitic basalt tetrahedron forsterite
diopside-anorthite-quartz (compare Fig. 3.3.1) and 
projected the compositions onto three faces of this tetra
hedron (Fig. 3.3.15-17). These compositions corre
spond to liquids along the univariant solidus curve for 
simplified lherzolite given in Fig. 3.3.4. As pressure 
increases, the liquids change from quartz-normative 
compositions below about 9 kb to olivine-normative 
compositions above 9 kb. The sharp change in direction 
at 9 kb occurs at the invariant point in P-T space at 
which forsterite, enstatite, diopside, anorthite, spinel, 
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Di 

1 atmosphere 

L , ....... 4okb 

.... "' 9 kb ~24 kb 

An Fo 
WEIGHT% 

3.3.17 Projection from qz. See caption to Fig. 3.3.15 for 
explanation. 

and liquid are all in equilibrium. This invariant point 
marks the intersection of the P-T univariant solidus 
curve with the univariant subsolidus transition between 
plagioclase and spinel lherzolite. 

Data on first liquid compositions are not yet avail
able above 20 kb in the system Ca0-Mg0-Al20 3-Si02 

except for one point estimated by Davis and Schairer 
(1965), who reported a hypersthene-normative picritic 
liquid in equilibrium with forsterite, enstatite, diopside, 
and garnet at 40 kb. This composition is plotted in Figs. 
3.3.15-17. O'Hara (1965, 1968a) also discussed the 
production of picritic liquid as an initial melt from 
lherzolite at high pressures. In the system CaO-Mg0-
Al203-Si02, it is probable that first liquids produced 
from simplified lherzolite will never lose normative 
hypersthene. Liquids with the lowest content of norma
tive hypersthene will probably occur at approximately 
24 kb (Figs. 3.3.15-16), where the spinel lherzolite to 
garnet lherzolite transition intersects the solidus to form 
an invariant point at which forsterite, enstatite, diop
side, spinel, garnet, and liquid are in equilibrium (Fig. 
3.3.4). 

As discussed by O'Hara ( 1965, 1968a), Green and 
Ringwood (1967a), and Kushiro (1968), the reason for 
the shift to liquids with lower Si02 content as pressure 
increases in the range 0-24 kb is the expansion of the 
orthopyroxene primary phase field at the expense of the 

olivine field, as indicated in Fig. 3.1.13 (Boyd et al., 
1964; Kushiro, 1969; Chen and Presnall, 1975). 
Kushiro (1969) and Presnall eta/. (1978a) have shown 
that the diopside primary phase field also expands with 
pressure at the expense of the olivine field (Fig. 3.3.18). 
At higher pressures, the production of hypersthene
normative picritic liquids is caused by expansion of the 
garnet field. 

Consider now the effect of additional components 
on the trends shown in Figs. 3.3.15-17. Although detailed 
information is not available, several studies of the melt
ing behavior of compositions containing other compo
nents give an indication of the changes to be expected 
(Kushiro, 1968, 1972b, 1973a, 1973b; Green and 
Ringwood, 1967a, b; Mysenand Kushiro,1977). Based 
on these studies, Presnall et al. ( 1978a, 1979) concluded 
that for the real mantle, the entire trend would be 
shifted away from the Si02 apex, as shown in Figs. 
3.3.15-16 by the large arrow, and that the minimum 
pressure at which initial liquids could be alkalic is 
approximately 12 kb. Thus, the data available at pres
ent suggest that if all nonvolatile components are pres
ent, initial liquids will be quartz-normative at the lowest 
pressures and will become increasingly depleted in Si02 

as pressure increases up to approximately 24 kb. At 
intermediate pressures up to about 12 kb, the liquids 

WEIGHT% 

3.3.18 Composite diagram of the )Om Mg2Si04· 
CaAbSb0s-CaMgSb06 showing the effect of pressure 
on liquidus boundary lines. Labels of primary phase fields 
refer to the 15 kb diagram. After Presnall eta/. (1978a). 
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would retain normative hypersthene but would contain 
normative nepheline at pressures above about 12 kb. 
With increasing pressure above the spinel lherzolite to 
garnet lherzolite transition at about 24 kb, initial liquids 
would become increasingly picritic and would move 
back toward hypersthene-normative compositions. The 
pressure at which the change would occur from 
nepheline-normative back to hypersthene-normative 
compositions is not known, but is probably in excess of 
35 kb (Mysen and Kushiro, 1977). The overall trend 
from quartz-normative to olivine- and hypersthene
normative to nepheline-normative and back to hypers
thene-normative picritic compositions is qualitatively 
similar to the trend proposed by O'Hara ( 1965, 1968a). 

The discussion so far has been concerned for the 
most part only with primitive or fertile peridotites, and 
with the compositions of initial liquids, those produced 
near the solidus. Liquid compositions also change sig
nificantly as a function of temperature above the soli
dus. A depleted peridotite from which basaltic liquid 
had previously been extracted would produce liquid of 
a different composition if it was remelted, and the soli
dus temperatures would be higher (Fig. 3.3.6). 

The information needed for the forward approach 
to basaltic volcanism could be plotted in a three
dimensional diagram, with axes for pressure, tempera
ture, and percent melting. The result would be a surface 
on which changes in liquid composition could be 
mapped. There would be a different surface for different 
source peridotites, varying from fertile to depleted. 

The changes in percentage and composition of liq
uid produced through the melting interval at constant 
pressure can be illustrated in detail in the system 
Mg2Si04-CaMgSi20 6-Si02. Figure 3.3.14 gives the 

A 
0 

20 

C) 
z 40 

3.3 Terrestrial Rocks 551 

phase relationships at 20 kb. Assume that the unde
pleted mantle source consists of 45% forsterite, 28% 
enstatite (b), and 27% diopside (a), with bulk composi
tion given by the point m. The pyroxene compositions a 
and bare those in equilibrium at 20 kb with the peritec
tic liquid p. These proportions are similar to those listed 
by Carter (1970, Table 2A) for undepleted mantle 
beneath Kilbourne Hole, New Mexico. During equilib
rium fusion, the liquid path is the line p-n-m, and the 
crystal path (Presnall, 1969) is the dashed line m-r
Mg2Si04. 

Melting begins at 1640°C with the formation of 
liquid p, and the same liquid is produced at constant 
temperature until 30% of the mixture has melted. Sepa
ration of liquid at this stage would leave a crystalline 
residue consisting offorsterite, enstatite, and diopside. 
When all of the diopside a has melted, the temperature 
increases as the liquid changes composition along the 
field boundary p-n, with composition becoming enrich
ed in Mg/ Ca. During this stage of fusion, which con
tinues up to 62%, the crystalline residue consists of 
forsterite and enstatite, with the proportion of enstatite 
decreasing as fusion proceeds. For very large amounts 
of fusion in excess of 62%, the liquid path would move 
from n toward m with increase in temperature and 
dissolved forsterite component. During this stage, the 
crystalline residue would be pure forsterite. 

The curve for percent melting as a function of 
temperature has changes in slope associated with the 
disappearance of each mineral in the crystalline residue. 
The curve is isothermal for 30% melting, followed by a 
change in slope as the liquid composition leaves point p 
along p-n, with another change in slope at n. For a 
natural peridotite, the effects of solid solution in the 

Stages of -Stage 1 

O'Hara, 1968 Stages 2&3 

i= \ .... 
\ ..... 

Garnet peridotite 
25kb 

3.3.19 Estimated fusion curves for 
dry peridotite, showing the percen
tage liquid produced at successive 
temperatures above the solidus, 
and the minerals coexisting with the 
liquid in different parts of the melting 
interval (after Wyllie, 1971a). a. Dry 
curve from Green and Ringwood 
(1967b). b. Dry curve estimated by 
Wyllie (197la, p. 204) from partial 
experimental data by Ito and Kennedy 
(1967), see Fig. 3.3.5a, with stages 
according to O'Hara (1968a). 

~ 
~ 

60 

80 Pyrolite 
25kb 

Green & Ringwood 1967 

100 
1200 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

from Ito and Kennedy 1967 data 

by Wyll;e 1971. 

1600 1400 
"TEMPERATURE, °C 
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minerals would be to change the 30% fusion correspond
ing to point pin Fig. 3.3.14 from constant temperature 
through a temperature interval, whose extent is a sub
ject of debate. 

Two comprehensive, experimentally based petro
genetic schemes relating temperature and percentage 
melting of peridotite to liquid composition were com
pared by Wyllie (197la, p. 196-208). These schemes 
were developed by O'Hara ( 1965, 1968a) and Green and 
Ringwood (1967a, b; see also Ringwood, 1975, Chap
ter 4). Green and Ringwood (1967a, b) developed a 
model for the fusion of pyrolite estimating the percent
age of melting as a linear function of temperature above 
the solidus and assigning compositions to various 
percentages of liquid produced. An example of their 
scheme is shown for 25 kb in Fig. 3.3.19a. Presnall 
(1969) has emphasized, however, that in simplified sys
tems such as Fig. 3.3.14 described above, the percentage 
of melting is not a linear function of temperature, and 
would not be expected to be a linear function in more 
complex natural compositions. Wyllie (197la) esti
mated the stepped curve shown in Fig. 3.3.19b, based on 
the experimental data of Ito and Kennedy (1967) (see 
Fig 3.3.5b ), and on consideration of the shapes of liquidus 
surfaces and field boundaries in simpler systems. The 
steps correspond also to what O'Hara (1968a) referred 
toasstagesofmelting. Subsequently, Green(l970b, 1971) 
agreed that a curve with changes in slope is more likely. 

Mysen and Kushiro ( 1977) conducted melting stud
ies of two natural garnet-peridotite nodules using 14C 
tracer to determine accurately the proportions ofliquid. 
The results for one specimen at 20 and 35 kb are repro
duced in Fig. 3.3.20. They were interpreted in terms of 

stepped curves (although smooth curves with changes in 
slope could be drawn through the error boxes). Mysen 
and Kushiro noted that the initial melting step closely 
resembled the isobaric invariant melting of a synthetic 
composition (similar to the melting described above for 
composition min Fig. 3.3.14). 

Jaques and Green (D. H. Green, pers. comm., 
1979) have completed experiments on the melting of 
anhydrous pyrolite and the Tinaquillo lherzolite com
position, "eliminating problems of starting material and 
coping with the Fe-loss problems." They found that the 
solid solution character dominates over the cotectic 
character at least for melting greater than I 0%. "The 
stepped character of melting is so inconspicuous as to be 
undetectable," as shown by their results for pyrolite at 
15 kb in Fig. 3.3.20. 

Figure 3.3.21 is a sketch diagram showing some of 
the results obtained by Jaques and Green for part ofthe 
P-T -% melting surface for pyrolite. Contours are given 
for the percentage melting up to 50%, with other con
tours showing the amount of normative olivine in the 
liquid. The compositions of liquids given in this dia
gram may be compared with earlier results and conclu
sions reviewed above for initial liquids, and below for 
liquids within the melting interval. 

At intermediate pressures (about 12-35 kb), stud
ies of both simplified and natural compositions have 
indicated that initial liquids are alkalic. With increasing 
amounts of equilibrium fusion, the liquids become tho
leiitic (Green and Ringwood, 1967a, b Kushiro, 1968, 
1972b, 1973a, b; Mysen and Kushiro, 1977). In addi
tion, Green and Ringwood (1967a, b) noted a shift 
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3.3.20 Fusion curves for anhy
drous peridotite at 20 and 35 kb 
(Mysen and Kushiro, 1977, Fig. 3), 
compared with curve for pyrolite at 
15 kb (Jaques and Green, manus
cript in preparation, from D. H. 
Green, pers. comm., 1979; see 
legend to Fig. 3.3.21). 
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3.3.21 Anhydrous melting of pyrolite composition, show
ing percent melting contours, and the change in composi
tion of liquids as a function of pressure and temperature; 
the normative olivine content of liquids is shown by con
tours. This is based on a sketch diagram kindly provided by 
D. H. Green from a manuscript by A. L. Jaques and D. H. 
Green, "Anhydrous melting of peridotite compositions at 
0-15 kb and the genesis of tholeiitic basalts" (D. H. Green, 
pers. comm., 1979). 

produced by 40% melting at 27 kb toward more olivine
rich (picritic) liquids. Similarly, Mysen and Kushiro 
( 1977) found that at 20 kb, nepheline normative liquids 
are produced by less than 2% fusion, but with increasing 
amounts of fusion, the liquid compositions change from 
olivine tholeiite through picrite to komatiite. Micro
probe analysis of liquids produced at 35 kb was ham
pered by the presence of quench crystals, but Mysen and 
Kushiro ( 1977) suggested that initial liquids (up to 25%, 
in equilibrium with garnet) resemble alkali picrite and 
that liquids produced by greater degrees offusion range 
from olivine tholeiite through picrite to komatiite, as 
observed at 20 kb. Phase relations in the system Ca0-
Mg0-Al203-Si02 (Figs. 3.3.14-18) considered together 
with probable shifts in the phase boundaries produced 
by the addition of other components (Presnall et a/., 
1978a, 1979), also indicate that larger amounts of equi
librium fusion would produce liquids that not only shift 
from alkalic to tholeiitic compositions but become 
richer in olivine. 

With increasing pressure, the composition of the 
initial liquid would vary, as described above, from tho
leiite to alkalic basalt to hypersthene normative picrite. 

3.3 Terrestrial Rocks 553 

Very large amounts of fusion, however, would tend to 
suppress differences among primary magmas produced 
at different pressures. That is, the liquid will become 
richer in olivine and approach the composition of the 
source regardless ofthe pressure at which fusion occurs. 

Peridotite with H20 and C02 

In a volatile-free peridotite mantle, the only liquids 
expected as primary magmas are tholeiitic basalts, 
alkali olivine basalts, picrites and komatiites, as dis
cussed in the previous section. However, if volatile 
components are present in the source, other types of 
primary magmas may be produced. If H20 is present, 
phase boundaries are shifted toward more silica-rich 
compositions, far enough to allow the production of 
andesite as a primary liquid. If C02 is present, phase 
boundaries are shifted in the opposite direction away 
from silica, reaching compositions equivalent to the 
silica-undersaturated liquids such as melilitite, kimber
lite, and carbonatite. The main thrust of this book 
concerns the abundant basalt types, but the possibility 
that andesites and highly silica-undersaturated magmas 
may be produced directly from a volatile-enriched 
peridotite mantle justifies some discussion. 

The compositions of liquids generated at the 
solidus surface for peridotite-H20-C02 have been 
reviewed by Mysen and Boettcher (1975b), Eggler 
(1978), and Wyllie (1978a, 1979). No definitive scheme 
emerges from the available data, and Fig. 3.3.22 is 
Wyllie's (1979a) attempted compromise which illus
trates the major trends. It will serve as a basis for 
comparison of the various experimental results dis
cussed. Figure 3.3.22c is a projection of the divariant 
solidus surface from Fig. 3.3.12, with vapor-phase con
tours omitted, and with the chemical variation of near
solidus liquids shown by lines representing changes in 
the normative composition. Figures 3.3.22a and b show 
the P-Xv projection of the solidus surface, giving the 
compositions of the liquids as a function of pressure and 
vapor-phase composition. 

As discussed in section 3.3.2, the solidus surface is 
traversed by a series of vapor-buffer lines involving 
dolomite, amphibole, and phlogopite. With excess of 
H20 + C02, i.e., with enough to complete hydration 
and carbonation of the peridotite (Figs. 3.3.7, 3.3.8, and 
3.3.lla), the vapor phase is not buffered, and melting 
may begin anywhere on the surface. The dolomite
peridotite vapor-buffer line, Q1N, cannot be crossed if 
the C02 content is less than 5%, as shown by the shaded 
area in Fig. 3.3.22 (see discussion of Figs. 3.3.11-12). 
Similarly, if the H20 content is less than 0.4%, the 
amphibole-peridotite vapor-buffer line AaB in Fig. 
3.3.22 becomes effective, and no vapors can exist in the 
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shaded area within AaB in Fig. 3.3.22 (compare the 
buffer line aa' in Figs. 3.3.13c and f). 

The compositions of liquids near the solidus of 
peridotite without volatile components are given in Fig. 
3.3.21. Figure 3.3.22 shows how the addition of C02, 

or H20, or mixtures of C02 + H20 lowers the solidus 
temperature and changes the liquid compositions. 

Consider first the effect of C02• At pressures to 
more than 20 kb, the solubility of C02 is low, and the 
C02-saturated peridotite solidus is depressed only 
about I 00° C below the peridotite solidus (Fig. 3.3.11 ), 
compared with more than 400° C for the H20-satu
rated solidus. Eggler (1974, 1978) studied the synthetic 
peridotite assemblage forsterite + enstatite + diopside 
in the system Na20-Ca0-Al20 3-Mg0-Si02, and estab
lished that with increasing pressure in the presence of 
C02, the near-solidus liquid becomes more alkalic and 
depleted in Si02, in comparison with the results given 
for peridotite in Fig. 3.3.21. Dramatic changes occur 
above about 20 kb. The forsterite-enstatite-normative 
liquid becomes larnite-normative as the liquid migrates 
towards the lower-temperature silicate-carbonate liq
uids (Wyllie and Huang, 1975, 1976). The C02-

saturated solidus drops through about 300° C, and the 
solubility of C02 increases to high values as the liquid 
approaches the invariant point Q1• Estimates of C02 

contents of the liquid at Q1 are 20% (Eggler, 1976), 27% 

40 
n 

0.4 0.8 C02 H20 0.4 
Xco2 IN VAPOR 

(Eggler, 1978), or 35-40% (Wyllie and Huang, 1975, 
1976). The liquid is carbonatitic. 

According to these results, as shown in Fig. 3.3.22, 
the effect of C02 on near-solidus liquids is to shift the 
compositional boundaries down to somewhat lower 
pressures, with minor changes in composition until 
the pressure exceeds about 20 kb, where the composi
tion changes within a narrow pressure interval to that 
of a carbonatitic liquid (coexisting with dolomite). 
According to results reported by Wendlandt and 
Mysen (1978) on a garnet peridotite nodule with C02, 

using 185W as a radioactive tracer to determine the 
degree of melting, carbonatitic liquids are produced at 
30 kb up to at least 20% melting, but at 15 kb the 
analyzed compositions of quenched liquids are "approxi
mately tholeiitic at temperatures near the solidus." The 
weight of evidence from the other experiments outlined 
above suggests that at 15 kb, the tholeiitic compositions 
are developed not at the solidus, but at temperatures 
somewhat higher than the generation of nepheline
normative liquids at or near the solidus (e.g., Fig. 
3.3.21). 

The effect of H20 on liquid compositions is less 
dramatic, but more complicated. The solubility of H20 
reaches high levels at moderate pressures, in contrast to 
C02, and the largest effect occurs at these pressures, 
where the tholeiitic liquids of Fig. 3.3.21 become ande-

c 

100 
c 
m 
"'V ...... 
::I: 
' 

50 ~ 
3 

H20 

0 
1000 1400 
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3.3.22 Projections of the solidus surface for peridotite-C02-H20 (compare Figs. 3.3.12, 3.3.13c and f) with tentative 
boundaries showing the changes in normative composition of the near-solidus, vapor-saturated liquids. Conditions in the 
shaded areas cannot be achieved for the stipulated conditions. Abbreviations: fo = forsterite; ne = nepheline; Ia = lar
nite; qz = quartz; and = andesitic; fo-ne = forsterite-nepheline-normative liquid; la-ne = !amite-nepheline-normative 
liquid; (after Wyllie, 1979). 
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sitic, as shown in Fig. 3.2.22. With increasing pressure, 
the relative Si02-enrichment of the liquid decreases, 
and the quartz-normative liquid becomes forsterite
normative at some pressure which remains a topic for 
debate (Nicholls and Ringwood, 1973; Mysen and 
Boettcher, 1975b; Nehru and Wyllie, 1975; Green, 
1976a). 

O'Hara ( 1965) appears to have been the first to use 
experimental data (very limited) to support the sug
gestion that andesites might be generated as partial 
melts from a hydrous peridotite mantle, but this was 
omitted from his subsequent petrogenetic model 
(O'Hara, 1968a). Kushiro (1972a) studied several sim
plified systems under H20-saturated conditions, and 
concluded that andesitic or dacitic liquids could be 
produced by partial fusion of peridotite at depths down 
to about 80 km (25 kb). In further support of this 
conclusion, Kushiro et al. (1972a) gave an analysis of a 
glass produced by less than 20% melting of a spinel 
lherzolite at 26 kb, 1190° C, which they argued was 
broadly andesitic (Table 3.3.3), although it was en
riched in CaO and depleted in MgO and iron in 
comparison to andesites. Mysen and Boettcher (1975b) 
melted peridotite in the presence of excess H20, and 
their analyses of the quenched glasses corresponded to 
aluminous, silica-rich liquids between 7.5 and 17 kb, 
and at temperatures up to 200° C above the solidus. 
They concluded that these liquids, which contained 10-
16% dissolved H20, resembled andesites and dacites, 
and they suggested that andesites could be produced 
from peridotite in the presence of H20 at pressures up to 
at least 25 kb. 

In contrast, Nicholls and Ringwood (1972, 1973), 
Nicholls (1974), Green (1976a), and Ringwood (1977a) 
argued that, although the presence of water increases 
the silica content of partial melts, the effect is not as 
great as that indicated by Kushiro, Mysen, and 
Boettcher, and that andesitic liquids cannot be gene
rated as primary liquids from wet peridotite at pressures 
greater than about 10 kb. Further details concerning the 
various arguments are contained in a discussion paper 
by Mysen et al. (1974), and reviews ofthe experimental 
problems which may have contributed to the contro
versy were given by Nehru and Wyllie ( 1975) and Green 
(1976a). 

Green ( 1973a) published the compositions of all 
phases obtained in H20-saturated melting experiments 
on the material pyrolite III less 40% olivine. Because of 
changes in Fe content of the charge during experimental 
runs and crystallization during quenching, Green con
cluded that glass compositions were not reliable esti
mates of equilibrium liquid compositions, and he 
argued that liquid compositions should be calculated 
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from a knowledge of the amounts and compositions of 
crystalline phases. He concluded that the Si02 content 
ofliquid obtained from pyrolite is never likely to exceed 
56 wt. %, and thus will never be dacitic (contrast 
Kushiro et al., 1972a). With additional experimental 
data in hand, Green (1976a) concluded that quartz tho
leiites and more siliceous liquids cannot be equilibrium 
partial melts from pyrolite under any conditions at 
pressures greater than 20 kb. At lower pressures, 
H20-saturated melting of peridotite could produce mag
nesian quartz tholeiites. 

Nicholls (1974; Nicholls and Ringwood, 1972, 
1973) approached the problem from two directions 
(H20-saturated): melting the pyrolite less 40% olivine 
composition, and determining the liquidus relation
ships of andesite and basaltic andesite compositions 
olivine components added. He demonstrated convinc
ingly that at pressures above 15 kb, andesitic liquid 
(about 60% Si02) cannot be produced by direct partial 
melting of peridotite. The liquids produced under these 
conditions have 5-10% normative olivine, and a maxi
mum of 56% Si02. At pressures below 10 kb, Nicholls 
( 1974) found that more siliceous liquids could be gener
ated, but that they differed from most natural andesites 
in having much higher MgO and lower alkalies. 

The most recent study of the effects of H20 on 
melting relationships of peridotite is that of Mysen and 
Kushiro (1977), who compared anhydrous and H20-
undersaturated melting relationships at 20 kb. Inspec
tion of their Table 3 in conjunction with their Figure 2 
reveals that hydrous liquids in equilibrium with olivine 
and enstatite are considerably richer in normative oliv
ine than corresponding anhydrous liquids, a result in 
conflict with the findings of almost all other studies 
(e.g., Kushiro et al., 1968), which indicate that water 
causes the olivine-enstatite phase boundary to shift 
away from olivine toward silica. Thus, a serious prob
lem with their data appears to exist independent of the 
comments and correction by Presnall et al. ( 1978b ). It 
seems that the last word on the effect of H20 on phase 
boundaries has yet to be written. 

The major changes in liquid composition at pres
sures up to Q1 (Fig. 3.3.22) are caused by changes in the 
relative sizes of the liquidus fields for olivine and ortho
pyroxene. Kushiro (1972a) showed that whereas pres
sure alone causes the stability field of olivine to shrink 
relative to that of orthopyroxene, H20 under pressure 
causes expansion of the olivine field. Eggler (1974) 
demonstrated that the effect of C02 under pressure is to 
expand the primary phase field of orthopyroxene rela
tive to olivine. Therefore, in the system peridotite-C02-
H20, the compositions ofliquids coexisting with olivine 
and orthopyroxene vary systematically as a function of 
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pressure and C02 / H20, across the divariant solidus 
surface. 

There are only two relevant experimental studies 
on the compositions of glasses quenched from liquids 
with C02 + H20. Eggler (1975) studied forsterite
enstatite at 20 kb, and Mysen and Boettcher (1975a,b) 
studied four peridotite compositions from 10-20 kb. 
These results indicate that near-solidus liquids between 
I 0 and 20 kb are quartz-normative for vapors up to 
about 50 mole fraction C02. In the presence of vapors 
with higher C02/H20, Mysen and Boettcher reported 
glasses that were nepheline-normative, and even }amite
normative at 10 and 15 kb. The liquid compositions 
represented in terms of their normative character on the 
solidus surface in Fig. 3.3.22 take into account these 
results, and those reviewed above for the effects of H20, 
and of C02, but they are not consistent with all results, 
because many of these remain controversial. 

The line XY marks the fundamental change from 
quartz-normative to olivine-normative (Fig. 3.3.22). 
The small area for andesitic liquids is based on the 
results of Nicholls (1974) with H20, but Mysen and 
Boettcher (1975b) would expand the andesite field 
upwards in pressure at least to the line YX. The line ZW 
for normative nepheline (Fig. 3.3.22) is quite arbitrary. 
The results of Mysen and Boettcher ( 1975b) suggest that 
ZW is close to XY between 10 and 20 kb. Kushiro eta/. 
(1972a) and Mysen and Boettcher (1975b) would prob
ably prefer to see point Z located at higher pressures. 
Wyllie (1978a) suggested that the change to }amite
normative liquids (Eggler, 1974) was associated with the 
change in distribution of H20 and C02 between liquid 
and vapor, and therefore with the temperature maxi
mum on the solidus surface. The boundary proposed is 
UK, located near the line mn. This is not consistent with 
the larnite-normative glasses at 10 kb reported by 
Mysen and Boettcher (1975b). 

For H20 and C02 contents less than 0.4% and 5%, 
respectively, the area of divariant melting is restricted 
by the vapor-buffer lines, as shown in Fig. 3.3.22a. The 
amphibole buffer AaB eliminates a large area for the 
development of quartz-normative liquids. At pressures 
higher than 25 kb, melting is controlled by the dolomite 
buffer, Q1N. The near-solidus liquid along Q 1N is dom
inated by dolomite, and even in the presence of the 
buffered H20-rich vapor it is probably carbonatitic, 
with Mg/Ca < I (Wyllie, 1977, 1978). Withphlogopite 
present in addition, Mg/ Ca would probably be in
creased in the first liquid developed at the phlogopite
dolomite buffer line near Q1N. Holloway and Eggler 
(1976) studied a garnet lherzolite with phlogopite and 
dolomite added, and estimated that the liquid devel
oped in the vapor-absent assemblage at 30 kb was meli-

lititic in composition. This could coexist with vapor 
buffered to high H20 I C02, probably with little change 
in composition. 

The data available on the compositions of liquids 
along Q1N and at higher temperatures are as yet preli
minary. For increasing amounts of fusion above Q1N, 
with low contents of H20 and C02 corresponding to 
upper mantle conditions, there is a very wide tempera
ture interval through which liquids present in very small 
quantities can follow diverse paths through a complex 
system, with decreasing C02, H20, and alkalies, in
creasing Si02, and variable CajMg. The liquids range 
from carbonatitic, through various high-alkali, low
Si02 compositions including kimberlites and melilitites, 
and eventually approach the composition of an alkali 
picrite at temperatures near the solidus in Fig. 3.3.21. 

3.3.4 Phase relationships of abundant 
basalts 

The influence of experimental studies on the histor
ical development of petrogenetic theory concerning the 
origin of basalts was outlined in section 3.1.1. The study 
of haplobasaltic compositions in synthetic systems has 
provided important insights, as shown by accounts in 
the book by Yoder ( 1976), and in the extensive study by 
Presnall eta/. (1978a, 1979) in the system Ca0-Mg0-
Al203-Si02 (see section 3.3.2 and Figs. 3.3.14-18). In 
this section, we concentrate on experimental studies of 
natural basalt compositions. 

In Appendix 3.1 we have attempted to document 
all the high-pressure studies (mainly at pressures up to 
40 kb) of terrestrial basaltic compositions published 
through 1979. Selected 1-atm studies are also listed. 
Details of the experimental methods that should be 
known in order to evaluate experimental results are 
tabulated (see also section 3.2, and Table 3.2.1). The 
chemical compositions of the basalts that have been 
used in phase equilibrium studies are listed in Table 
3.3.4. 

Not all of the experimental melting studies on ter
restrial basalt compositions that have been carried out 
during the past twenty years have direct relevance to 
problems of generation of primary magmas from the 
Earth's mantle. Most of the 1-atm studies were com
pleted without reference to the philosophical frame
work given by the flow diagram of Fig. 3.1.4. One
atmosphere melting studies by Tilley and co-workers 
(reviewed by Thompson, 1973) were interpreted in 
terms ofliquidus temperature and Mg/ Fe to provide an 
estimate of the parental magma composition in a given 
suite of basalts. These and other 1-atm results have 
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served to identify the liquidus phases and to establish 
the probable crystallization sequences, and to deter
mine the effect of oxygen fugacity on crystallization 
sequences, as illustrated in Fig. 3.3.23. Dynamic crystal
lization studies at 1 atm have not yet been widely 
applied to the identification of natural liquid composi
tions, as advocated in the flow diagram (Fig. 3.1.4). 

One-atmosphere studies could provide much of the 
basis for selection of samples to be used in high-pressure 
studies for insights into magma genesis, as discussed in 
connection with the association of basaltic composi
tions with boundaries of multiple saturation in Fig. 
3.3.2. However, with the exception of the experiments 
of Bender eta/. ( 1978) and Green et al. ( 1979) which are 
described in section 3.3.8 as examples of the inverse 
approach, detailed 1-atm studies have not been con
ducted as a prelude to high-pressure studies of specific 
terrestrial basaltic compositions. Instead, the selection 
of compositions for high-pressure study has been based 
on other criteria (particularly Mg-value ), without rigor
ous experimental confirmation that the compositions 
represent erupted liquids. Several investigated compo-
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3.3.23 Generalized diagram showing the crystallization 
sequence of a typical basaltic composition at 1 atm as a 
function of oxygen fugacity (Biggar, 197 4). Dashed lines are 
oxygen buffers. Similar diagrams for specific basalt composi· 
tions are given in Biggar (1974), Hill and Roeder (1974) and 
Thompson (1975). 
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sitions, such as the olivine tholeiite used by Green and 
Ringwood (1967a) and the basanite used by Green 
( 1973b ), are not naturally-occurring magmas but 
inferred or model compositions beyond the extremes of 
variation of natural magmas in a particular province, 
and evaluation of such studies must take into account 
the necessarily subjective means of composition 
selection. 

Olivine tholeiites 

Olivine tholeiites are by far the most voluminous 
basaltic magmas erupted on the Earth. Three major 
suites can be distinguished on the basis of tectonic set
ting: seafloor olivine tholeiites, ocean island olivine 
tholeiites and continental flood (plateau) olivine tho
leiites. The more primitive examples in these suites are 
reasonably similar in major element chemistry, so that 
experimental studies would be expected to yield broad
ly similar conclusions regarding the physical conditions 
of their origin. The three suites differ, however, in major 
element variation (see Chapter 1), suggesting that the 
detailed source chemistry, source mineralogy and the 
processes of evolution of primitive mantle partial melts 
in these three environments may be different. 

We have previously noted the low contents ofvola
ti1e components dissolved in the tholeiites (section 
3.3.3). This fact establishes the relevance of melting 
experiments with dry basalts. 

Oceanic tholeiites are discussed in considerable 
detail in the case study of the inverse approach to basalt 
petrogenesis in section 3.3.8. Experiments by Bender et 
a/. (1978) on a primitive FAMOUS basalt and by 
Kushiro (1973a) and Fujii and Kushiro (1977) on less 
primitive olivine tholeiites (Mg-values 57-64) are inter
preted in terms of a close approximation to multiple 
saturation of the liquidus with olivine, calcic pyroxene, 
sub-calcic pyroxene, and plagioclase, at 8-10 kb, as 
illustrated in Fig. 3.3.24. However, following their own 
work on similar primitive oceanic tholeiite, Green eta/. 
( 1979) expressed doubts that orthopyroxene saturation 
had really been demonstrated, and concluded that these 
basalts had lost 5-20% olivine since their segregation 
from the source region. When the olivine is recombined 
with the primitive ocean tholeiite composition, a 
multiple-saturation point on the liquidus involving oliv
ine, orthopyroxene, and clinopyroxene is discovered 
at about 20 kb. Green et a/. (1979) thus endorsed the 
model of O'Hara ( 1968b) in which tholeiitic picrite 
segregates from the mantle at depths greater than 60 
km. The petrogenetic discussion associated with these 
experimental results will be considered in sections 3.3.7 
and 3.3.8. 
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558 Table 3.3.4 Compositions and norms of selected complex terrestrial basaltic and kimberlitic compositions used in experimental 
studies. 

Si02 

Ti02 

A1203 

Cr203 

Fe203 

FeO 

MnO 

MgO 

CaO 

Na20 

K20 

P205 

H2o+ 
C02 

1 

49.11 

2.51 

12.74 

3.23 

8.40 

0.17 

10.31 

10.73 

1.97 

0.49 

0.27 

0.07 

46.95 

2.02 

13.10 

1.02 

10.07 

0.15 

14.55 

10.16 

1.73 

0.08 

0.21 

3 

48.2 

0.73 

16.3 

0.05 

8.92t 

0.25 

10.7 

12.0 

1.95 

0.09 

0.06 

4 

49.7 

0.72 

16.4 

0.07 

7.9t 

0.12 

10.1 

13.1 

2.0 

0.01 

s 
50.0 

1.64 

15.0 

I 1.2t 

0.22 

8.40 

10.6 

2.70 

0.13 

6 

50.3 

1.7 

17.0 

1.5 

7.6 

0.1 

7.8 

11.4 

2.8 

0.2 

SUM 100.00 100.04 99.25 100.12 99.89 100.4 

100 Mg 61.9 70.2 68.1 70.9 57.2 64.7 
Mg+ IFe 

7 

52.9 

1.5 

16.9 

0.3 

7.9 

0.2 

7.0 

10.0 

2.7 

0.6 

100.0 

60.4 

8 

48.21 

2.99 

14.38 

13.55t 

0.21 

7.18 

9.15 

2.70 

0.73 

0.56 

9 

49.93 

1.34 

16.75 

11.40t 

0.18 

7.59 

9.33 

2.92 

0.37 

0.19 

10 

45.91 

0.94 

17.19 

2.33 

7.67 

0.22 

7.48 

13.54 

1.63 

0.14 

0.04 

1.78 

11 

46.53 

2.28 

14.31 

0.06 

3.16 

9.81 

0.18 

9.54 

10.32. 

2.85 

0.84 

0.28 

0.08 

99.66 100.00 98.87 100.24 

48.6 54.3 57.7 57.3 

qz 
C. I. P. W. weight percent norms§ 

1.26 

or 

lc 

ab 

an 

ne 

ac 

ns 

ks 

di 

hy 

ol 

In 

mt 

chr 

ilm 

ap 

cc 

Notes: 

2.90 0.47 0.53 0.06 0.77 

16.67 14.64 16.50 16.92 22.85 

24.47 27.74 35.46 35.74 28.43 

21.80 17.25 

23.81 12.52 

0.25 21.64 

4.68 

4.77 

0.59 

1.48 

3.84 

0.46 

19.22 23.63 

8.90 10.68 

15.94 10.56 

1.19 

0.07 

1.39 

0.13 

1.13 

0.10 

1.37 

19.81 

14.28 

9.29 

1.45 

3.11 

t Total Fe as FeO. 

1.18 3.55 4.31 2.19 0.83 4.96 

23.69 22.85 22.85 24.71 13.79 20.39 

33.23 32.22 24.96 31.51 39.18 23.77 

18.91 14.22 

11.74 22.63 

6.25 

2.17 0.43 

3.23 2.85 

14.16 

15.51 

9.29 

1.80 

5.68 

1.22 

2.02 

11.25 22.59 20.87 

15.39 6.94 

10.57 8.51 18.53 

1.54 

2.54 

0.42 

3.38 

1.79 

0.09 

4.58 

0.09 

4.33 

0.61 

• CoO as analogue for total Fe. 
§ Norms for compositions 3, 4, 5, 8, 9, 22, 24 calculated using Fe20 3/ FeO = 0.1. 

45.39 

2.52 

14.69 

1.87 

12.42 

0.18 

10.37 

9.14 

2.62 

0.78 

0.02 

100.00 

56.7 

4.61 

17.82 

26.02 

2.36 

15.69 

25.97 

2.71 

4.79 

0.04 

1. 1921 Kilauea olivine tholeiite (Fudali, 1965; Hill and Boettcher, 1970; Holloway and Burnham, 1972; Helz, 1973, 1976; Allen eta/., 1975; Allen 
and Boettcher, ( 1978). Similar compositions were used by Yoder and Tilley ( 1962) and Hill and Roeder ( 1974). l. Synthetic olivine tholeiite glass 
(Green and Ringwood, 1967a; Green, 1970a, b). 3. FAMOUS olivine tholeiite glass 527-1-1 (Bender eta/., 1978). 4. Synthetic olivine tholeiite 
glass modelled on DSD P3-18-17-l (Green eta/., 1979). S. DSDP Leg 45 olivine tholeiite glass 395A-8-l-9 (Fujii and Kushiro, 1977). 6. Synthetic 
abyssal olivine tholeiite glass (Green and Ringwood, 1968; Greenet a/., 1967). 7. Synthetic quartz tholeiite glass (Green eta/., 1967; T. H. Green 
and Ringwood, 1967; Green and Ringwood, 1968). 8. Snake River Plain olivine tholeiite 59-P-13 (Thompson, 1975; Tilley and Thompson, 1970). 
9. High-alumina olivine tholeiite glass prepared from Buffalo Butte basalt NM5 (Cohen et a/., 1967; Yoder and Tilley, 1962). 10. Soay 
high-alumina olivine tholeiite (Lambert and Wyllie, 1972; Stern and Wyllie, 1973, 1978; Stern eta/., 1975). 11. Prehistoric Hualalai alkali olivine 
basalt (Yoder and Tilley, 1964; Nesbitt and Hamilton, 1970). A similar composition was used by Haygood eta/. ( 1971 ), Allen eta/. ( 1975), Allen 
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Si02 

Ti02 

Ah03 

Cr203 

Fe203 

FeO 

MnO 

MgO 

CaO 

Na20 

K20 

P20s 

H2o+ 
C02 

SUM 

IOOMg 

Mg+ !Fe 

qz 

or 

lc 

ab 

an 

ne 

ac 

ns 

ks 

di 

hy 

ol 

In 

mt 

chr 

ilm 

ap 

cc 

Notes: 

13 14 

46.12 44.7 

1.81 2.9 

13.94 11.7 

1.95 1.8 

10.46 10.5 

0.18 0.15 

11.08 13.9 

9.05 7.7 

3.11 3.65 

0.57 2.0 

0.23 1.0 

1.49 

99.99 100.00 

61.8 67.1 

3.37 

21.22 

22.39 

2.76 

11.82 

11.07 

9.63 

10.73 

15 

44.19 

2.75 

13.26 

0.03 

2.82 

8.79 

0.18 

10.30 

8.77 

3.71 

2.02 

0.97 

0.86 

0.19 

98.84 

61.8 

11.94 

16 

41.20 

3.20 

16.35 

2.87 

11.40 

0.20 

10.93 

9.61 

2.33 

0.86 

0.14 

0.38 

99.47 

58.2 

Table 3.3.4 (Concluded) 

17 

49.1 

2.17 

15.4 

0.04 

1.11 

9.0 

0.18 

7.1 

6.3 

5.6 

2.9 

0.68 

99.58 

55.9 

18 

40.37 

4.38 

14.90 

3.30 

7.95 

0.09 

12.80 

10.30 

2.60 

2.05 

0.90 

99.64 

67.6 

19 20 

38.57 39.4 

2.79 2.9 

11.71 9.8 

0.06 

5.21 1.2 

7. 78 10.3 

0.11 0.4 

13.08 16.3 

12.84 13.4 

4.22 3.7 

1.20 1.4 

1.11 1.3 

0.59 

0.27 

99.58 100.1 

65.2 71.9 

C. I. P. W. weight percent norms§ 

5.08 17.14 

21 

42.6 

5.3 

8.3 

0.2 

0.2 

7.8 

0.2 

15.8 

10.7 

0.8 

7.1 

0.4 

99.4 

77.9 

2.01 

7.92 5.56 6.49 32.9 

13.28 7.73 20.33 

13.56 31.62 8.32 22.93 

9.81 6.49 14.66 11.92 

9.47 

19.34 

6.00 

16.96 1.71 

0.58 

0.69 

17.16 18.24 18.51 12.34 15.49 22.26 26.61 18.75 16.65 

24.83 28.20 

2.83 

3.44 

0.50 

2.61 

5.51 

2.19 

18.97 25.29 

4.09 

0.04 

5.22 

2.12 

0.43 

4.16 

6.08 

0.31 

16.38 

1.61 

0.06 

4.12 

1.49 

18.60 

4.78 

8.32 

18.15 32.70 26.46 

3.83 9.12 9.18 

7.55 

0.09 

5.30 

2.43 

0.61 

1.74 

5.51 

2.84 

0.29 

10.07 

0.87 

22 23 24 

55.14 43.98 37.68 

2.58 1.85 2.16 

10.35 9.91 5.11 

0.04 0.16 0.23 

3.27 3.06 

0.62 8.10 ( 11.27)* 

0.06 0.17 

6.41 20.30 25.85 

3.45 8.75 10.62 

1.27 1.55 0.22 

11.77 1.74 0.91 

1.40 0.37 0.74 

1.23 0.47 

0.20 5.22 

97.79 100.41 100.01 

76.2 76.9 (80.3)* 

3.51 

56.51 

0.93 

2.26 

3.62 

10.28 

4.49 

14.94 

4.67 

6.00 20.84 

14.97 

5.38 

1.86 

10.27 

4.03 

15.04 

35.72 44.11 

0.06 

4.90 

3.06 

0.45 

4.44 

0.24 

3.51 

0.81 

1.49 

0.34 

4.10 

1.62 

11.87 

and Boettcher ( 1978), and another similar composition (1801 Hualalai flow) was used by Helz ( 1973, 1976) and Tilley et at. (1965). 12. Synthetic 
alkali olivine basalt glass (Green and Ringwood, 1967a; Essene eta/., 1970). 13. Skye alkali olvine basalt 66018 (Thompson, 1974). 14. Basanite 
glass prepared from Mt. Leura basanite 2650 + 10% Fogo olivine (Green, 1973). IS. Mt. Shadwell basanite 2164 (Arculus, 1975). 16. Kakanui 
kaersutite eclogite K-14 (Merrill and Wyllie, 1975). 17. Nepheline mugearite glass prepared from The Anakies (east) nepheline mugearite 2102 
(Irving and Green, 1980). 18. Kakanui kaersutite megacryst K-1 (Merrill and Wyllie, 1975). 19. Honolulu olivine-melilite nephelinite (Allen et 
al., 1975; Allen and Boettcher, 1978). 20. Synthetic olivine melilitite glass modelled on Laughing Jack Marsh olivine melilitite 2927 (Brey and 
Green, 1975, 1976, 1977). 21. Synthetic biotite mafurite glass modelled on natural lava from Bufumbira, Uganda (Edgar et al., 1976). A similar 
composition was used by Ryabachikov and Green (1978). 22. Leucite Hills orendite Al770 (Barton and Hamilton, 1978, 1979b; Carmichael, 
1967). 23. Olivine ugandite lava from Bufumbira, Uganda (Edgar and Condliffe, 1978; Edgar et al., 1980). 24. Synthetic kimberlite analogue 
composition (oxide-silicate-carbonate-phosphate mix) modelled on average Lesotho kimberlite with all Fe replaced by Co (Eggler and 
Wendlandt, 1979). 
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560 Basaltic Volcanism on the Terrestrial Planets 
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3.3.24 Anhydrous liquidus phase relationships for ocean 
floor basalt from Fujii and Kushiro (1977). The liquidus is 
simultaneously saturated with olivine, orthopyroxene, clino
pyroxene and plagioclase at about 8 kb and 1250°C. 

Chemical and petrographic work by Macdonald 
and Katsura (1961) and Murata and Richter (1966) 
identified a primitive Hawaiian olivine tholeiite compo
sition (containing 22% normative olivine) inferred to be 
parental to the 1959-60 Kilauea Iki lavas. Green and 
Ringwood (1967a) determined the phase relationships 
for this model composition, with results given in Fig. 
3.3.25. The liquidus is cosaturated with olivine and 
aluminous orthopyroxene at 11.5 kb under dry condi
tions, indicating that it could have been derived as a 
primary liquid by partial melting of peridotite at about 
35 km depth leaving a residuum of olivine + ortho
pyroxene. Although the measured relative iron losses to 
platinum capsules reached about 30% (even in near
liquidus runs of 40-60 minutes duration), later experi
ments on the samecomposition using graphite capsules 
(Green, 1970a) confirmed olivine-orthopyroxene cosat
uration between 9 and 13.5 kb. An illustration of how 
critically the inferred depth of origin depends upon bulk 
composition is provided by Green's ( 1970a) results for a 

slightly more magnesian olivine tholeiite composition, 
prepared by adding 5% olivine (Fo90) to the original 
composition. This second composition also shows 
cosaturation with olivine and orthopyroxene, but at 16 
kb (equivalent to about 50 km depth). 

Little systematic experimental work has been done 
on continental flood tholeiites. Thompson (1975) stud
ied an evolved tholeiite (Mg-value 49.1) from the Snake 
River Plain and concluded that it may be a product of 
fractional crystallization at about 8 kb from a more 
Mg-rich tholeiite parental liquid. The most primitive 
Snake River Plain (and Columbia Plateau) tholeiites 
have Mg-values of 65 and, if primary, could be partial 
melts from a mantle containing Fo85 olivine (slightly 
more Fe-rich than the Fo87-Fo89 inferred for other oliv
ine tholeiites and for nodule-bearing basanites). By 
analogy with dry melting relations for a Skye alkali 
olivine basalt (Fig. 3.3.26), Thompson ( 1975) suggested 
that the parental Snake River Plain magma might be 
derived from lherzolite at about 50 km depth (by larger 
degrees of melting than required to yield the Skye 
basalt). Alternatively, more primitive flood tholeiites 
may exist unsampled which could be primary melts 

1100 1300 

I 
-:- opx + L 

_,...f ol + opx 

l +L 

:J- ol + liq 
I 

' Olivine-enriched 
tholeiite 

1500 
TEMPERATURE, oc 

3.3.25 Anhydrous phase relations for Hawaiian olivine 
tholeiite (Green and Ringwood, 1967a; Green, 1970a). Liq
uidus mineralogy changes from olivine to orthopyroxene to 
garnet with increasing pressure. 
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3.3.26 Anhydrous phase relations for alkali olivine basalt 
(Thompson, 1974). Liquidus is multiply saturated with oli
vine and high Ca-pyroxene (± pigeonite) at about 16 kb and 
1380°C. 

from a source similar in major element chemistry to that 
inferred for the FAMOUS sample. 

Unusual olivine-rich lavas of the Karroo Province 
at Nuanetsi have been studied by Cox and Jamieson 
( 197 4). Although these tholeiitic lavas are not typical 
of the Karroo flood basalts (especially because of their 
very high MgO and K20 contents), they are of interest 
because they contain megacrysts of aluminous ortho
pyroxene and olivine of probable high-pressure origin. 
Melting relations of several lavas were determined at 
7 kb and 10 kb. Most samples (including one of the most 
magnesian, with Mg-value 79) show near-liquidus oliv
ine followed closely by orthopyroxene at 7 kb and 
near-liquidus orthopyroxene (± calcic pyroxene ± 
olivine) at 10 kb. Cox and Jamieson (1974) suggested 
that the Nuanetsi suite may be derived from a parental 
K -rich magma (originally in equilibrium with olivine 
and orthopyroxene at about 12 kb, i.e., about 36 km 
depth), which underwent either polybaric fractional 
crystallization of olivine and orthopyroxene or poly
baric reaction with harzburgite wall-rock during ascent 
to depths of 18 km (i.e., pressures of about 6 kb). 

3.3 Terrestrial Rocks 561 

The conclusion that emerges is that the parental 
magmas of the three most voluminous basalt suites on 
Earth originated as primary liquids which segregated 
from the upper mantle at depths of at least 35-50 km. 
Near-liquidus experimental studies provide little 
information on the extent of partial melting involved, 
except that the residual olivine + subcalcic pyroxene 
mineralogy suggests that the degree of melting was suf
ficiently large to eliminate calcic clinopyroxene and any 
Al-rich phase presumed to have been present in the 
original source peridotite. Partial melting experiments 
on peridotite (section 3.3.3) and trace element data for 
tholeiites (e.g., Frey et al., 1978) show that generation of 
primary olivine tholeiite liquids requires degrees of 
melting of 20-25%, with the exact composition of a 
particular batch of segregated liquid being a function of 
source bulk composition and residual mineralogy at the 
particular depth of segregation, as well as the exact 
degree of melting involved. Such relatively high degrees 
of melting ensure very low volatile contents in the par
tial melts, even if minor amounts of volatile-bearing 
phases were present in the original source. The subse
quent evolution of a primary olivine tholeiite liquid is 
likely to be complex, involving such processes as poly
baric crystal fractionation (e.g., O'Hara, 1965, 1968a) 
and magma mixing (e.g., Rhodes eta/., 1979) during 
ascent. The extent to which these modifying processes 
operate, and hence the extent of compositional diversity 
among erupted lavas, will be controlled in large part by 
tectonic factors, both in the plasticly-deforming astheno
sphere and the relatively rigid lithosphere. 

Alkali olivine basalts and transitional basalts 
Green and Ringwood (l967a) conjectured that if 

the olivine basalt thermal divide of Fig. 3.3.1 was 
breached at pressures greater than about 12 kb (Yoder 
and Tilley, 1962), then liquids resembling alkali olivine 
basalts could be produced by fractional crystallization 
of orthopyroxene + olivine from olivine tholeiite at 
depths of about 40 km. Transitional basalts (just 
saturated with normative hypersthene or nepheline) 
were envisaged by Green and Ringwood as inter
mediate residual liquids of this process, and the occur
rence of aluminous orthopyroxene megacrysts in some 
ofthem (e.g., Green and Hibberson, 1970; Merrill and 
Irving, 1977) is supporting evidence for high-pressure 
orthopyroxene crystallization from such liquids. The 
high-pressure fractional crystallization hypothesis is 
adequate for some alkali olivine basalts, but, because of 
the relatively rapid iron enrichment involved, this pro
cess cannot explain those examples with Mg-values as 
great as that of the assumed tholeiite parental liquid. In 
view of this problem, Green ( 1970a, p. 227) favored the 
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562 Basaltic Volcanism on the Terrestrial Planets 

idea that the more primitive alkali olivine basalts are 
primary liquids. 

The most primitive sample studied experimentally 
is an aphyric alkali olivine basalt (Mg-value 65) from 
Skye, which Thompson (1974) found to be multiply 
saturated with olivine, calcic clinopyroxene and pigeon
ite at about 17 kb, as shown in Fig. 3.3.26. Thompson 
interpreted this lava as a primary partial melt of rela
tively Pe-rich (spinel) lherzolite at depths of about 50 
km. Alternatively, if it suffered minor olivine loss dur
ing ascent, a more magnesian source lherzolite at 
slightly greater depths would be appropriate. 

Spinel lherzolite xenoliths do not occur in the 
Hebridean alkali olivine basalts, but they do occur in 
more primitive examples, such as in the Newer Basalts 
of Victoria, Australia (Irving and Green, 1976). Frey et 
a/. (1978) found that trace element data for the latter 
basalts and xenoliths are consistent with degrees of 
melting of 11-15% from a garnet-free lherzolite source. 
Such degrees of melting are sufficiently great that the 
volatile content of alkali olivine basalt liquids remains 
low enough for dry melting relations to be applicable, 
even though the content of volatile components is 
greater than in olivine tholeiites (e.g., Moore, 1970; 
section 3.3.3). 

Eclogite 
Yoder and Tilley ( 1962) experimented with several 

basaltic compositions at high pressures and demon
strated that they could all be converted into eclogite, 
consisting essentially of garnet and clinopyroxene, with 
minor amounts of hypersthene, quartz, or kyanite, 
depending upon the bulk composition of the basalt. 
Subduction of basaltic ocean crust introduces gabbro 
(or amphibolite) or eclogite as possible source rocks for 
magma generation at depth below the andesitic volca
noes of volcanic arcs. The basalts and andesites in this 
tectonic environment may therefore need special con
sideration in connection with the flow chart of Fig. 
3.1.4, and source region constraints. 

Experimental studies of the transition from basalt 
to eclogite and of related simple mineral reactions were 
reviewed by Wyllie (1971a, Chapter 5) and Ringwood 
(1975, Chapter I). Figure 3.3.27 is a generalized phase 
diagram, based on the reviewed results. Attempts to 
determine the precise mineralogical changes occurring 
within the transition interval, and the slope of the tran
sition at low temperatures, have been hampered by the 
sluggish reactions in the complex compositions. It is 
significant that compositions corresponding to many 
ocean tholeiites, without too much normative olivine, 
can be transformed into quartz eclogite (Green and 
Ringwood, 1967c; Ito and Kennedy, 1971). 

The effect of H20 
It is necessary to understand the effect of H20 on 

the phase relationships of basalt, because petrogenetic 
models appeal to the involvement of H20 released by 
dehydration of subducted ocean crust in the generation 
of magmas from the overlying mantle (section 3.3.7), 
and because Anderson (1975) has reported 3-5% H20 
dissolved in some basaltic magmas associated with sub
duction. Yoder and Tilley ( 1962) determined the effect 
of excess H20 on several basaltic compositions up to 10 
kb, including the olivine tholeiite and alkali olivine 
basalt shown in Fig. 3.3.28. These results have been 
extended to 30 kb, using data from the other sources 
cited. 

The main effects of H20 are to lower the melting 
temperatures, increase the melting interval, and intro
duce a hydrous mineral, amphibole. The amphibole 
masks the gabbro-eclogite phase transition (compare 
Figs. 3.3.27 and 3.3.28), but it breaks down in a complex 
pressure-sensitive reaction involving the formation of 
garnet, and the production of eclogite plus vapor. Phase 
boundaries of pyroxene and plagioclase are not given in 
Fig. 3.3.28, but the effect of H20 is to lower the phase 
boundary for plagioclase to a greater extent than for 
other minerals; the boundary reaches the solidus at 
about 15 kb, where it becomes unstable by reaction to 

0 ~~------~------~._--~ 
0 200 600 1000 1400 

TEMPERATURE, °C 

3.3.27 Generalized diagram illustrating the transforma
tion of gabbro to eclogite. The width of the reaction interval 
and mineralogical details vary with bulk composition. 
There are changes in slope of the solidus at each phase 
change. The basic transition involves reaction of plagio
clase and augite to garnet and omphacite, but a gabbro 
containing a small percentage of olivine can be converted 
into an eclogite containing quartz. 
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eclogitic minerals. Allen et al. (1975) determined the 
effect of oxygen fugacity on phase relationships be
tween about 10 and 20 kb, and reviewed previous work 
at lower pressures. 

There are only two conditions under which the 
excess-H20 results are likely to be relevant to magmas. 
In subducted ocean crust at high pressures, melting of 
amphibolite or eclogite may begin near the solidus in 
the presence of hydrothermal fluids, but the magmas 
would not be basaltic in composition. In subvolcanic 
chambers, crystallizing basaltic magmas with initial 
H20 contents higher than normal, because of the sub
duction environment, may reach H20-saturation. 

More generally relevant are the phase relationships 
in the presence of small amounts of H20. Allen and 
Boettcher ( 1978) determined the crystallization se
quences of the olivine tholeiite in Fig. 3.3.28a at lower 
and more realistic values of H20 fugacity by using 
H20-C02 vapors, with oxygen fugacity buffered. They 
were especially concerned with amphibole stability in 
the range 10-20 kb. 

Figure 3.3.29 shows the subsolidus phase fields and 
melting interval for H20-saturated gabbro (a high
alumina olivine tholeiite), and the H20-undersaturated 
liquidus surface connecting the H20-saturated liquidus 
with the dry basalt liquidus (compare Figs. 3.1.12, and 
3.3.16-24). This is Wyllie's (1979) modification of a 

1200 
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3.3.28 Selected phase boundaries for 
basalt with excess H20. a. Kilauea 1921 
olivine tholeiite. b. Prehistoric Hualalai 
alkali olivine basalt. Compiled from Allen 
eta/. (1975), Haygood et al. (1971), Helz 
(1973), Hill and Boettcher (1970), Holloway 
and Burnham (1972), Nesbitt and Hamilton 
(1970), and Yoder and Tilley (1962). 

diagram published by Stern et al. ( 1975), based on data 
obtained at 10 kb and above by Lambert and Wyllie 
(1972), Stern and Wyllie (1973, 1978), and Huang 
(reported in Stern et al., 1975), and estimated at lower 
pressures on the basis of published data on similar 
compositions. The contours on the surface give the 
liquidus temperatures for specific H20 contents, and 
show the increase in H20 solubility for saturated liquids 
as a function of pressure. The liquidus or near-liquidus 
minerals are shown. The addition of H20 increases the 
maximum pressure at which olivine is a liquidus phase 
in this composition (Nicholls and Ringwood, 1973), but 
there is no area on this surface where the liquid exhibits 
multiple saturation with mantle minerals olivine + 
orthopyroxene + clinopyroxene. 

3.3.5 Phase relationships and petrogenesis 
of picrites and komatiites 

Tables 3.3.1 and 3.3.2 list the compositions and 
experimental details for one picrite and six komatiites 
for which full or complete phase relationships have been 
published. Phase diagrams are given in Fig. 3.3.30. 
High-pressure melting experiments on picrites and 
komatiites show an extensive field of olivine crystalliza
tion, extending to both higher temperatures and higher 
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3.3.29 Basalt-H20 phase relationships for a high-alumina 
olivine tholeiite (Lambert and Wyllie, 1972) compiled by 
Stern et a/. (1975) and Wyllie (1979) from several experi
mental studies. The presence of excess H20 produces 
amphibole (see Fig. 3.3.28) which masks the gabbro
eclogite transition (compare Fig. 3.3.27). The melting inter
val with excess H20 corresponds to those in Fig. 3.3.28. 
The purpose of the diagram is to illustrate the H20· 
undersaturated liquidus surface, connecting the excess
H20 liquidus (compare Fig. 3.3.28) and the dry liquidus (see 
Figs. 3.3.24-26). Dashed contour lines show the liquidus for 
specific H20 contents, and they give the H20 solubility as a 
function of pressure along the excess H20 liquidus. The 
minerals stable at or near the liquidus surface are shown. 
Abbreviations: Amphib. = amphibolite, hb = amphibole, 
qz = quartz, eclog. = eclogite, cpx = clinopyroxene, ol = 
olivine, ga =garnet. 

pressures than the olivine field in basaltic compositions 
(compare Fig. 3.3.30 with Figs. 3.3.24-26). Moreover, 
the pressure of multiple-phase saturation at the liquidus 
increases from basalt to picrite to komatiite. This is 
consistent with the experimental determination that 
the content of normative olivine in liquids derived by 
partial melting of peridotite increases as a function of 
pressure (Fig. 3.3.21). Primary liquids are picritic if 
segregated at pressures greater than 15-20 kb. 

Figure 3.3.30a indicates that typical ultrabasic 
komatiites have high liquidus temperatures at the 
Earth's surface. Arndt (1976) deduced experimentally 
that a sample with 25% MgO and Mg-value of 78 has a 
dry liquidus temperature of about 1500°C at I atm. 
Green eta/. (1975a)determined the liquidus fora koma
tiite both dry, and H20-saturated. Green(l975) deduced 
the sequence of crystallization at pressures greater than 
40 kb to be olivine, then orthopyroxene, then garnet 
(compare Fig. 3.3.30a). Green et al. (1975a) and Green 
( 1975) showed that extrusion temperatures would be as 
high as 1650°C for a sample with 33% MgO and Mg
value of 85. Green et al. (1975a) concluded that the 
natural magmas contained less than 0.2% H20. 

Widely differing interpretations have been made 
on the basis of these results. Green et al. (1975a) and 
Green (1975) proposed that komatiites are probably 
generated from the same source as basalts at similar 
depths, and thus very extensive partial melting of up to 
70% is required. Supporting their arguments are the 
chemical data of Sun and Nesbitt (1978), which show 
that incompatible element abundances are low, and that 
their ratios are commonly chondritic, i.e., similar to 
those expected in fertile peridotite mantle. It would be 
difficult, however, to retain such a high percentage of 
liquid in deep, partially melted mantle through the long 
time interval required to achieve such a high degree of 
melting. In contrast, Howells et al. (1975) interpreted 
komatiites as minimum melts derived from depths 
greater than 120 km, and suggested that ultrabasic liq
uids of this type are the primary magmas from which 
high-pressure fractionation produces the parental liq
uids for the common eruptive basaltic magma series 
(e.g., olivine tholeiites). 

Arndt (1977) proposed an appealing model where
by komatiites are obtained by small degrees of partial 
melting at fairly shallow depths ( < 120 km) from a 
depleted peridotite, a source material which has already 
been subjected to a previous partial melting episode. 
This model is consistent with the phase equilibria and it 
also accounts for field relationships. Moreover, it 
appears to be consistent with geochemical constraints, 
because remelting of depleted peridotite should pro
duce liquids with light REE depletions, as observed in 
many komatiites. 

Bickle et al. (1977) also suggested that a depleted 
peridotite is the source for komatiites, but proposed a 
somewhat more complex petrogenesis. They suggested 
that during adiabatic uprise, the melt assimilated and 
digested approximately its own mass of garnet perido
tite. This appears to be very unlikely from consideration 
of the constraints imposed by the thermal budget. 

3.3.6 Phase relationships and petrogenesis 
of highly Si02-undersaturated 
magmas 

The Si02-undersaturated basaltic rocks were dis
cussed in section 3.3.1. It is evident that they cannot be 
primary melts from volatile-free mantle peridotite (sec
tion 3.3.3, Fig. 3.3.21), but the review in section 3.3.3 
showed that some of these magmas could possibly 
represent primary liquids from mantle containing H20 
and C02• A few experiments have been completed on 
possible primary liquids to determine the conditions 
under which they might have equilibrated with mantle 
peridotite. 
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3.3.30 a. Phase relationships of 
komatiite, sample SA 3091 of Arndt 
(1976). b. Phase relationships for 
anhydrous picrite (Green and 
Ringwood, 1967a). Phase fields very 
approximate. Abbreviations as for 
Fig. 3.3.29, plus sp = spinel, pi = 
plagioclase, opx = orthopyroxene, 
px = pyroxene. 10 ol, sp, 

px, pi 
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Bultitude and Green (1968, 1971) reasoned that 
H20 was probably involved in the generation of basan
ites. This would be consistent with the explosive erup
tive style of these magmas, and their common content 
of megacrysts of kaersutite and biotite, generally 
thought to be high-pressure crystallization products 
(e.g., Irving, 1974, 1977a). Initial experiments by 
Bultitude and Green ( 1968) were conducted in open 
capsules with low but uncontrolled H20 activities. In 
his search for a basanite possessing liquidus minerals 
consistent with an origin by partial fusion of the mantle, 
Green (1973b) postulated that such magmas, formed at 
25-30 kb, should contain about 25% normative olivine. 
Therefore, in constructing an experimental starting 
material, he added 10% olivine components to a natural 
basanite. His experiments in sealed Pt and Ag-Pd cap
sules with a range of H20 contents yielded the H20-
undersaturated liquidus surface shown in Fig. 3.3.31 
(compare Fig. 3.3.29 for a basalt). The liquidus is satu
rated with the mantle minerals olivine, orthopyroxene, 
clinopyroxene and garnet within a limited area between 
25-30 kb, l200-1300°C, and 2-7% H20. Green devel
oped from this the specific model for the generation of 
basanite by 6% partial melting at about 100 km depth of 
a garnet lherzolite containing 0.2-0.4% H20. The liquid, 
containing 2-7% H20, "could have dropped olivine 
prior to picking up mantle xenoliths at 10-20 kb," and 
thus could have attained the composition of the basan
ite erupted at the surface. 

Merrill and Wyllie (1975) determined the H20-
undersaturated liquidus surface, corresponding to 
Fig. 3.3.31, for a kaersutite eclogite nodule from Kaka
nui, with bulk composition corresponding to that of 
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3.3.31 Liquidus surface as a function of H20 content. 
H20-undersaturated liquidus surface for basanite (com
pare Fig. 3.3.29 for basalt). Olivine, orthopyroxene, clino
pyroxene and garnet occur simultaneously on the liquidus 
at about 1250° at 28 kb within a limited range of H20 
contents (2-10%). 
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olivine basanite. They located a more extensive area for 
multiple saturation with orthopyroxene, clinopyroxene 
and garnet, extending from about 20 kb at the H20-
excess solidus, and opening up to lower H 20 contents 
with pressure increasing to greater than 30 kb. The 
olivine field on the liquidus did not quite reach this area, 
but with addition of normative olivine to the composi
tion to allow for olivine fractionation (Green, 1973b), 
the area off our-phase saturation could be considerably 
more extensive than that defined for the composition in 
Fig. 3.3.31. 

Merrill and Wyllie (1975) determined a field for 
kaersutite on the H20-undersaturated liquidus surface 
for their basanitic composition, between about 12 and 
21 kb, extending to almost 1200°C. The crystallization 
of kaersutite on or near the liquidus is restricted to 
liquids containing at least 2-3% H20, and the occur
rence of kaersutite megacrysts in basanites, implying 
near-liquidus crystallization, indicate that basanite 
magmas at depth contain at least 2-3% H20. 

Chemical variations among basanites and neph
elinites are irregular (Bultitude and Green, 1971), as 
indicated by the scatter of points in Fig. 3.3.2. The 
experimental results suggest that many of these lavas 
are produced by deep-seated fractionation of olivine 
from hydrous low-Si02 picritic liquids. There is evi
dence that other minerals may be involved in deep
seated fractionation. High-pressure experiments on a 
lherzolite-bearing nepheline mugearite as a function of 
H20 content (Irving and Green, 1972 and pers. comm., 
1980) showed that kaersutitic amphibole (similar in 
composition to the kaersutite megacrysts typically found 
in such evolved lavas) is a near-liquidus phase at special 
conditions, with about 3.5% H20 at about 14 kb. This 
observation reinforces arguments from major and trace 
element data (Irving and Price, 1981) that the lineage 
basanite to nepheline hawaiite to nepheline mugearite 
may be produced at moderate pressure (depths of 40-45 
km) by fractionation of predominantly olivine+ kaer
sutite, and that further fractionation dominated by 
aluminous clinopyroxene + biotite will yield nepheline 
benmoreites and phonolites. Irving (1980) suggested 
that the dominant mechanism by which fractionation 
takes place at mantle pressures is flow crystallization 
within narrow dikes rather than gravity crystal settling. 

Olivine nephelinites and olivine melilitites are also 
candidates for primary magmas, but in experiments 
with H20, conditions for multiple saturation of the 
liquidus with an appropriate assemblage of mantle min
erals have not been found. Clinopyroxene and not 
orthopyroxene appeared on the liquidus, as shown for a 
synthetic olivine nephelinite by Bultitude and Green 
( 1968), an olivine nephelinite from Honolulu by Allen et 

a/. (1975), an olivine nephelinite composition (natural 
kaersutite) by Merrill and Wyllie (1975), and an olivine 
melilitite by Brey and Green (1975, 1977). 

While Eggler (1974, 1978), Huang and Wyllie 
(1974) and Wyllie and Huang (1975, 1976) investigated 
the effect of C02 in producing low-Si02 liquids from 
model mantle compositions, Brey and Green (1975, 
1976a, 1977) followed the complementary approach for 
a specific olivine melilitite composition, determining 
the liquidus mineralogy as a function of pressure, and 
contents of H20 and C02• At 30 kb, they determined a 
small range of C02/(C02 + H20) for which the liqui
dus was close to multiple saturation with garnet lherzo
lite minerals. They concluded that this specific 
composition could be a 5% melt from garnet lherzolite 
at about 27 kb, between 1150°C and 1200° C, with 7-8% 
H 20 and 6-7% C02 dissolved in the liquid. Eggler and 
Mysen (1976) argued that the mole fraction of C02 

required to produce olivine melilitite must be much 
higher (see also reply by Brey and Green, 1976b). 

Eggler and Wendlandt ( 1979) similarly determined 
the phase relationships for a kimberlite composition 
with variable amounts of H20 and C02 at 30 and 55 kb, 
in order to locate conditions where kimberlite could be 
a primary liquid from the mantle. In order to overcome 
the problem of Fe-absorption by Pt capsules, they sub
stituted CoO for FeO (Coons eta/., 1976). Their kim
berlite composition crystallized subsolidus to garnet 
lherzolite minerals with H20-rich buffered vapor, plus 
phlogopite and dolomite (30 kb) or magnesite solid 
solution (55 kb) (see Fig. 3.3.llb and the dolomite 
vapor-buffer Q1N in Figs. 3.3.12 and 3.3.22). They 
found that kimberlite containing 5% H20 and 5% C02 is 
likely to be a primary magma at 55 kb, but not at 30 kb. 
At 55 kb, liquids resembling those of the kimberlite 
composition coexist with the four lherzolite minerals 
through at least 200° C. The conclusion that kimberlite 
could be a primary liquid from the mantle is consistent 
with REE patterns (Mitchell and Brunfelt, 1975; Frey et 
a/., 1977). 

Several potassic lavas have been studied experi
mentally at high pressures. Cundari and O'Hara (1976) 
found clinopyroxene as the sole liquidus phase of an 
olivine leucitite under dry conditions from 20-40 kb, 
and Thompson (1977) obtained similar results for a 
clinopyroxene leucitite. If these magmas were dry, they 
must be derivative liquids, but general chemical analo
gies with olivine nephelinites, olivine melilitites and 
kimberlites suggest that H20 and C02 are involved in 
their genesis. 

Three lavas from the Leucite Hills were investi
gated by Barton (1976) and Barton and Hamilton (1978, 
1979). Under vapor-absent conditions (with small quanti-
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ties of both H20 and C02 present from the natural 
rocks), clinopyroxene was the sole liquidus phase of a 
madupite to 30 kb, but an orendite showed a near
liquidus assemblage of olivine + orthopyroxene + 
clinopyroxene + garnet above 26 kb. Barton and 
Hamilton concluded that the orendite was a primary 
magma and that other K-rich magmas might be pro
duced by high-pressure fractionation of olivine + py
roxenes or lower-pressure fractionation of mica + 
clinopyroxene (possibly correlated with xenoliths of 
biotite pyroxenite characteristically associated with K
rich lavas). Experimental data for a biotite mafurite composi
tion with varying amounts of H20 and C02 (Edgar et 
a/., 1976; Ryabchikov and Green, 1978) suggest that 
the generation of primary potassic magmas requires the 
presence of both C02 and H20 and small degrees of 
melting. It has been suggested that phlogopite may be a 
residual phase in the source region of some potassic 
magmas; however, the experimental evidence to sup
port this suggestion is inconclusive. 

The conclusion from the foregoing discussion is 
that highly Si02-undersaturated magmas including 
basanites, olivine nephelinites, kimberlites, and various 
potassic magmas can be generated in the mantle as 
primary magmas only if small proportions of C02 and 
H20 are present. There is growing evidence that the 
generation of primary Si02-undersaturated magmas 
involves the local influx into the upper mantle of meta
somatizing fluids rich in H20, C02, and lithophile ele
ments such as light REE, K, Rb, etc. The evidence for 
mantle metasomatism raises some intriguing questions. 
It is not clear to what extent these components are 
derived from deeper mantle sources, or through recy
cling of the hydrosphere via subduction. If they come 
from deeper sources, they must be transported to the 
regions of metasomatism by magmas. 

If interstitial magma is associated with the seismic 
low-velocity zone (Lambert and Wyllie, 1968), it belongs 
to this family of highly Si02-undersaturated liquids 
(Green, 1973b; Eggler, 1976). Whether or notthe liquid 
can become concentrated and escape in an eruptive 
event depends upon the tectonic conditions. For low 
degrees of melting, Figs. 3.3.11 band 3.3.13b show that 
magmas migrating upward under adiabatic conditions 
would reach the solidus at a depth of 80-100 km. The 
solidus barrier in the system peridotite-C02-H20 is 
related to the temperature maximum mn in Fig. 3.3.12 
(point mn in Fig. 3.3.13b). Under equilibrium condi
tions, the magma would crystallize at that level, releas
ing dissolved volatile components, which could 
represent one source for metasomatizing solutions at 
shallower levels. In a region of tectonic tension, how
ever, the gases could enhance the prospect of crack 
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propogation, and explosive eruption of magma and gas. 
This feature could certainly contribute to the eruptive 
mechanism of kimberlites and related magmas. If tec
tonic conditions were not suitable, that is, without ten
sion, the magmas would not be erupted. For higher 
degrees of melting, or higher values of H20 f C02 in the 
system (Wyllie, 1979a, Fig. 7), the barrier mn becomes 
less effective. Thus, the compositions of erupted mag
mas depend not only on the physical chemistry at the 
source, but on the physical conditions of the tectonic 
environment. 

3.3. 7 Petrogenesis of basalts and andesites 

This is an open-ended subject, and the geochemical 
data interpreted in Chapters 1 and 7 provide an essential 
prerequisite for its discussion. It is not our intent to 
review all aspects of petrogenesis; we intend only to 
demonstrate that petrologists do not yet agree on the 
compositions of primary magmas. 

The petrogenesis of komatiites, picrites, and the 
highly Si02-undersaturated magmas was discussed 
briefly along with the presentation of phase relation
ships in sections 3.3.5-6. In this section, with similar 
brevity, we combine the phase relationships reviewed 
for basalts and peridotite from sections 3.3.2-4 with 
other constraints, mainly geochemical (see Chapters 1 
and 7 for details), and consider the compositions of 
likely primary magmas in each of three different tec
tonic environments: mid-ocean ridges, oceanic islands, 
and subduction zones. Continental basalts will not be 
reviewed, because there are insufficient experimental 
data to justify additional discussion. Basalts in regions 
of compressive plate boundaries cannot be discussed 
without reference to andesites and their sources (section 
3.3.1). 

Primary magmas produced at mid-ocean ridges 
The discussion of this topic is not completed in this 

section, which constitutes the background for a more 
searching inquiry into methods given in section 3.3.8, 
where the question is asked: can we take oceanic 
basalts, follow the inverse approach, and reach defini
tive conclusions about the nature of the mantle below? 

Engel and Engel (1964) and Engel eta/. (1965) 
were the first to present extensive chemical data on 
mid-ocean ridge tholeiites. They commented on the 
uniform compositions of these basalts and proposed 
that they represent primary melts from the mantle. 
Green eta/. (1967) also argued that these basalts are 
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relatively unfractionated and suggested that they repre
sent direct partial melts separated from the mantle 
source at about 30 km depth (9 kb ). In contrast, O'Hara 
( 1968b) proposed that the primary magma is pi critic 
and is generated at 25-30 kb pressure. According to this 
model, the compositions of mid-ocean ridge tholeiites 
as observed at the surface are the result of extensive 
fractionation of olivine. 

More recently, many new data on mid-ocean ridge 
tholeiites have appeared including many electron mic
roprobe analyses of glasses from chilled pillow margins 
(Melson et a/., l976a, b; Bryan and Moore, 1977; 
O'Donnell and Presnall, 1980; Bryan, 1979 ). It is now a 
well-documented observation that mid-ocean ridge tho
leiites show evidence of crystal fractionation (for exam
ple, see Shido et a/., 1971; Clague and Bunch, 1976; 
Bryan and Moore, 1977; O'Donnell and Presnall, 
1980) and attention has recently been focused on the 
least fractionated of these basalts as likely candidates 
for primary magmas. Frey eta/. (1974) reported analy
ses of three basalts from DSDP Legs 2 and 3 that they 
considered to be good candidates for primary magmas 
because of their high Mg-values [Mg/ (Mg + Fe2)] of 
70-71. Bender et a/. ( 1978) studied a basalt from the 
FAMOUS area with an Mg-value of 68 and concluded 
that this basalt was itself not primary but the result of 
crystallization of about 10% olivine from a more primi
tive parent. Rhodes and Dungan (1979) argued that 
primary abyssal tholeiites are characterized by Mg
values of 70-73, high CaO (12.0-13.5%), low Ti02 

(< 0.9%), low Na20 (< 2.1%), and Ni between 250 and 
300 ppm. Although Donaldson and Brown ( 1977) are in 
general agreement with these characteristics, they have 
proposed a more magnesian composition with Mg
values of 75-79. See Chapter l, section 1.2.5. 

Presnall et al. (1979) also argued that the least 
fractionated abyssal tholeiites with Mg-values of 70-72 
have been modified very little during their passage to 
the surface and are close to the compositions of primary 
magmas. They presented a model to explain the pro
duction of large volumes of these primary magmas at 
about 30 km depth based on high pressure experimental 
data in the system Ca0-Mg0-Al20 3-Si02• They deter
mined the solidus for simplified plagioclase lherzolite 
and spinel lherzolite, found a low temperature cusp at 
9 kb, 1300°C (Fig. 3.3.4), and noted that the composi
tion of the initial melt at the 9 kb cusp corresponds 
closely to the composition field of the least fractionated 
mid-ocean ridge tholeiites. They postulated continuous 
production of primary mid-ocean ridge tholeiites at the 
cusp from mantle material rising along the ascending 
limb of a mantle convection cell, with the geotherm 

directly beneath ridges being controlled by the produc
tion and upward transport of magma at the cusp. 

However, the nature of primary magmas produced 
at oceanic ridges remains controversial. At about the 
same time that Presnall et al. (1979) presented strong 
arguments favoring a shallow depth of origin of 30 km, 
as proposed earlier by Green and Ringwood (l967a), 
Green eta/. (1979) abandoned this earlier model and 
proposed that a picritic primary magma produced at 
depths of about 70 km is parental to mid-ocean ridge 
tholeiites, a model very similar to that of O'Hara 
(1968b ). Bender et a/. (1978) reached a similar conclu
sion. The arguments are reviewed in detail below, in 
section 3.3.8. 

One of the most Important constraints on the type 
of fusion process occurring at mid-ocean ridges comes 
not from experimental petrology but from rare-earth 
element (REE) data. Mid-ocean ridge tholeiites typi
cally show nearly flat or slightly light-REB-depleted 
patterns. Given reasonable assumptions about REE 
abundances in the source, such patterns require that the 
magmas separated from the source are the result of a 
large amount offusion, about 10-30% (Gast, 1968; Kay 
eta/., 1970; Schilling, 1971, 1975). That is, the liquid 
must remain in equilibrium with the source until a large 
amount of this liquid is formed, and models involving a 
close approach to fractional fusion are eliminated (sec
tion 3.3.3). This conclusion applies regardless of the 
disagreement discussed above concerning the nature of 
the primary magma, because those postulating a picritic 
primary magma would obtain the primary magma of 
Presnall et a/. (1979) and Rhodes and Dungan 
(1979) by crystallization of olivine. This would change 
the REE concentrations, but would not alter the slope 
of the REE distribution pattern. 

Primary magmas produced at oceanic islands 
One of the most important petrologic conclusions 

from isotopic studies of oceanic basalts is the finding, 
first reported by Tatsumoto (1966), that the source 
regions for mid-ocean ridge basalts and oceanic island 
basalts are different and have existed separately for a 
time on the order of 1-2 billion years (see Chapter I). If 
it is assumed that the entire oceanic lithosphere is 
created at mid-ocean ridges, the isotopic data require 
that the source region for oceanic island basalts must 
lie, at least in part, beneath the lithosphere. Thus, infer
ences about the nature of the mantle based on studies of 
mid-ocean ridge basalts will not necessarily apply to the 
source region for oceanic island basalts. 

The locations of volcanically active oceanic islands 
show no special correlation with the locations of mid
ocean ridges. Iceland lies astride the Mid-Atlantic 
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Ridge, several others such as Ascension, Tristan da 
Cunha, and the Galapagos Islands are near active 
ridges, and others such as the Hawaiian Islands are far 
removed from ridges. The compositions of the erupted 
lavas also vary. For example, at many islands, only 
alkalic lavas are found, but at Hawaii, the most abun
dant basalt is tholeiite. Hawaiian tholeiites show very 
pronounced shallow-level crystal fractionation con
trolled in the initial stages by olivine (Powers, 1955; 
Murata and Richter, 1966), a feature that is absent from 
the Galapagos tholeiites (McBirney and Williams, 
1969). Thus, it appears that a single petrogenetic model 
for oceanic islands cannot be universally applied. Only 
the Hawaiian Islands will be discussed here, mainly 
because far more data exist for this island group than 
any other. It is not to be implied, however, that the 
Hawaiian Island chain is typical of oceanic islands in 
general. See Chapter 1, section 1.2.6. 

Dalrymple et al. (1973) presented an overview of 
the geology of the Hawaiian Archipelago-Emperor 
Seamount chain. Very briefly, the Hawaiian 
Archipelago consists of a broadly linear chain of islands 
extending northwestward for about 3500 km across the 
central Pacific Ocean. Near Yuryaku Seamount, the 
chain abruptly changes direction and becomes the 
Emperor Seamount chain, which continues northward 
for another 2500 km. The ages of the volcanoes decrease 
progressively southeastward to the presently active 
island of Hawaii. The entire chain is generally believed 
to be the result of movement of the Pacific plate across a 
"hot-spot" (Wilson, 1963; Morgan, 1972) or "melting 
anomaly" (Shaw and Jackson, 1973). In the model of 
Morgan, the source material for the volcanoes starts in 
the deep mantle and rises along a thermal plume, 
whereas in the model of Shaw and Jackson, melting 
takes place in the asthenosphere with formation of a 
residue that is denser than either the surrounding unde
pleted asthenosphere or the mantle beneath the astheno
sphere. The residue thus sinks into the mantle and forms 
what they called a "gravitational anchor." However, 
O'Hara (1975) and Boyd and McCallister (1976) con
cluded that the residue of partial fusion would be less 
dense, not more dense than the unfused parental mate
rial, and the residue would not sink. It is possible, 
however, that the source region might be in the astheno
sphere even though the residue does not sink, although 
if Schilling (1975) is correct that the source of mid
ocean ridge basalts is in the asthenosphere, the isotopic 
constraints mentioned at the beginning of this section 
would appear to favor a deeper source. 

On a given volcano, the earliest observable lavas 
are invariably tholeiitic, and these lavas are erupted 
throughout the main shield-building stage. As the vol-
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cano matures, the tholeiitic flows are typically followed 
by alkalic lavas that form a thin cap on the tholeiitic 
shield. After the alkalic stage, the eruption rate de
creases enough to allow dissection of the volcano and 
the formation of deep canyons. Finally, in the terminal 
stages of the eruptive cycle, small amounts of nephelin
itic lavas are produced from vents scattered over the 
shield. 

Green and Ringwood (1967a) argued that in 
Hawaii, primary olivine tholeiite magmas are generated 
by a high degree of partial fusion at 35-70 km depth. 
They accepted the arguments of previous investigators 
that fractionation at shallow depths, initially of olivine 
and later of hypersthene, augite, and plagioclase, is 
primarily responsible for the trend toward quartz
normative tholeiites. They proposed that the alkali oliv
ine basalts are produced from primary olivine tholeiites 
by fractionation of aluminous enstatite also in the depth 
range of35-70km(see section 3.3.4). However, O'Hara 
(1968a), Kushiro (1969), and Presnall et a/. (1978a) 
pointed out that derivation of alkali olivine basalt from 
an olivine tholeiite parent must be accompanied by the 
crystallization of olivine as well as enstatite. This is 
because the olivine field expands as pressure drops. A 
magma generated at any given pressure must therefore 
crystallize olivine at any lower pressure. All the avail
able evidence indicates that derivation of alkali olivine 
basalts from tholeiites by fractional crystallization at 
shallow depths within the crust is not possible (Powers, 
1955; Yoder and Tilley, 1962; O'Hara, 1965, 1968a; 
Presnall et al., 1978a). For the nephelinites, Green and 
Ringwood (1967a) preferred a separate source. At least 
for the Koolau shield on Oahu, a separate source for the 
nephelinites and tholeiites appears to be required by the 
systematically lower 87Sr I 86Sr ratios of the nephelinites 
(Powell and De Long, 1966; Lanphere and Dalyrmple, 
1980). 

Tholeiites, alkali olivine basalts, and nephelinites 
from the same volcano can be characterized by hetero
geneous 87Sri 86Sr ratios (Powell and De Long, 1966; 
O'Nions et al., 1977), which suggests that a single, well 
mixed source is not appropriate even for successive 
eruptions of a single basalt type from the same volcano. 
Data available at present indicate that the range of 
87 Sr 1 86Sr values in tholeiites and alkali olivine basalts 
from the same volcano overlap. Thus, even though 
multiple source regions are indicated for the same vol
cano, it may still be possible for some Fe-rich alkali 
olivine basalts to be derived by high pressure fractional 
crystallizaton of primary olivine tholeiites. 

Wright (1971) carried out a detailed study of 
Kilauea and Mauna Loa lavas and suggested that the 
primary Kilauea magma is a picritic olivine tholeiite 
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(oceanite) with about 25% MgO. He based this on two 
considerations. First, Murata and Richter (1966) had 
found that the lava from the highest temperature part of 
the 1959 Kilauea eruption contains slightly more than 
15% MgO. Wright considered this olivine-phyric lava to 
be representative of the magma supplied to the 2-4 km 
deep reservoir beneath Kilauea, and that the primary 
magma generated at depth in the mantle must therefore 
contain at least this amount of MgO. Second, he 
assumed with Jackson and Wright (1970) that dunite is 
the residue produced by the removal of tholeiite from 
the mantle. The undepleted mantle would then lie on a 
line between dunite and tholeiite. He then calculated the 
composition of the undepleted mantle by assuming it 
contained 35% MgO, and from reasonable assumptions 
about the type and compositions of minerals present, he 
calculated a mode. He arrived at a minimum MgO 
content of 15-20% for the primary magma by assuming 
all minerals except olivine were incorporated into the 
primary melt. Because ·some olivine would also be 
melted, he increased the MgO content of the primary 
magma to 25%. 

In summary, for oceanic islands, as for mid-ocean 
ridges, many basalts appear to be derived from a pri
mary, magnesian olivine tholeiite, the precise composi
tion of which is still being defined. It is evident that there 
is no universal petrogenetic model for oceanic islands, 
and that there are multiple source regions even for the 
same volcano. The nephelinites are derived from an 
independent magmatic episode involving a primary 
liquid different from the picritic tholeiite (section 3.3.6). 

Primary magmas produced at subduction zones 
This discussion begins with section 3.3.1, where it 

was concluded that there may be three independent 
primary liquids associated with the three magmatic 
series: tholeiitic, calc-alkalic, and alkalic, which exhibit 
spatial and perhaps temporal relationships with the 
geometry and history of subducted oceanic lithosphere 
(see Chapter 1, section 1.2.7.) It was also pointed out 
that more detailed geological information is required 
before satisfactory petrogenetic models can be con
structed. The wide variety of possible source rocks and 
magmatic processes that have been proposed is sum
marized in Fig. 3.3.3. A distinctive feature of this envi
ronment, compared with the oceanic environments, is 
the availability at depth of H20 carried down with the 
hydrated ocean crust. The geochemistry of rare-earth 
elements, other trace elements and isotopes offers 
promise for discrimination among the possible sources 
(Chapters 1 and 7). In order to unravel the petrogenesis, 
we must know, in addition to the geology, geochemistry, 
and geophysics, the phase diagrams for possible source 

rocks and observed magmatic products through the 
range of pressure and temperature from deep source to 
surface, including the effects of H20. We are still far 
from the attainment of this goal. 

We have nothing to add to previous discussions 
about primary liquids and primary magmas associated 
with the tholeiitic and alkalic rocks. Most of the recent 
petrogenetic models for island arcs have focused on 
mechanisms for producing the andesitic members ofthe 
calc-alkalic series. Some of these invoke partial melting 
of amphibolite or hydrous quartz eclogite from the 
subducted oceanic crust (Green and Ringwood, 1968; 
Green, 1972; Marsh and Carmichael, 1974), possibly 
with an intermediate stage of hybridization of the liquid 
with mantle peridotite (Nicholls and Ringwood, 1973; 
Nicholls, 1974). Others invoke the direct production of 
primary andesitic liquids by the wet partial fusion of the 
peridotite wedge above the Benioff zone at depths as 
great as 80 km (Kushiro, 1972a; Kushiro et al., 1972a; 
Mysen and Boettcher, 1975b; Anderson et al., 1978). 
Reviews of these proposals based on a framework of 
experimental petrology have been given by Boettcher 
(1973), Ringwood (1975, Chapters 7 and 8), Stem and 
Wyllie (1978), and Wyllie (1979b). 

Allen et al. ( 1975, 1978) studied the phase rela
tionships of amphiboles in basalts and andesites under a 
variety of conditions (section 3.3.4), and concluded that 
amphiboles are a major carrier of H20 in subducted 
oceanic slabs, and that crystal-liquid equilibria involv
ing amphiboles are prominent in the genesis of calc
alkaline magmas. The process begins by partial melting 
of the oceanic crust. The compositions of liquids were 
determined in experiments, but were not specified for 
the natural processes. However, it appears that amphi
bole fractionation ensures that the primary liquids 
would not reach the surface as primary magmas. 

Marsh and Carmichael ( 1974) tested earlier models 
of Green and Ringwood ( 1968) and, by ingenious calcu
lations, they related primary andesites to a source of 
quartz eclogite. Stem and Wyllie ( 1978) combined their 
new experimental data on the phase relationships of 
basalt-andesite-H20 at 30 kb wjth the results of Green 
and Ringwood (1968) and Green (1972}, and estimated 
the effects of bulk composition, pressure, and H20 on 
the compositions of liquids through the melting inter
vals of the rocks, and of garnets and clinopyroxenes 
coexisting with the liquids. They concluded that partial 
melting of subducted oceanic crust at about 100 km 
depth does yield liquids with a range of intermediate 
Si02 contents, but that these must be modified by frac
tionation at shallower depths if they are to reach the 
surface with chemistry corresponding to the average 
calc-alkalic lavas. 
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The data of Stern and Wyllie ( 1978) can be used to 
test the primary character of andesite with respect to the 
mineralogy of possible residual basaltic source rock, 
following step 6 and source region constraints in the 
flow chart of Fig. 3.1.4. Figure 3.3.32 shows for basalt 
the effect of H20 content on the compositions of liqui
dus garnet and clinopyroxene and, in addition, the 
paths followed by these two minerals during the crystal
lization of dry basalt, and of basalt with 5% H20. These 
crystallization paths are compared with the liquidus 
mineralogy of andesite as a function of H20 content. 
The phase relationships suggest that neither dry nor 
hydrous andesite liquid can coexist with residual min
erals during the partial fusion of this basaltic composi
tion (quartz eclogite) at a depth of about 100 km, for the 
following reasons. 

During the crystallization of dry basalt (or equilib
rium fusion of quartz eclogite, section 3.3.3), the garnet 
composition passes very close to the liquidus garnet for 

A 

Mol% 

8 

Almandine 

so 

Clinopyroxenes ----£] Liquidus 

..--r- Crystallization intervals 

30 kb 

Pyrope 

3.3.32 The compositional variation of liquidus garnets 
and clinopyroxenes for basalt and andesite as a function of 
H20 content, compared with garnet and clinopyroxene 
compositions through the equilibrium crystallization inter· 
vals of basalt dry, and with 5% H20 (after Wyllie, 1978b). 
Based on data of Green and Ringwood (1968, 1972) and 
Stern and Wyllie (1978). 
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dry andesite, indicating a possible match. However, the 
clinopyroxene in the dry basalt has a composition quite 
different from the liquidus clinopyroxene of the andes
ite. More experiments are required for basalts and 
andesites of different compositions. 

During the crystallization of basalt with 5% H20 
(or equilibrium fusion of hydrous quartz eclogite), the 
composition path of the garnet crosses the garnet trend 
for the andesite liquidus at a point corresponding to 
H20 content within the range 10-15%. At the point of 
intersection, the H20 content of the liquid in the basal
tic assemblage would be between 8% and 13%, according 
to the results of Stern and Wyllie ( 1978), which is a 
reasonable match for the andesite liquidus, considering 
the uncertainties in these estimates. Furthermore, the 
temperature on the basalt path is between 1000° C and 
ll00°C, which is in the correct range for the andesite 
liquidus with this H20 content. A match is denied, 
however, by the fact that for andesite liquids with more 
than about 1% H20, clinopyroxene does not crystallize 
at the liquidus. 

If the dehydration of subducted oceanic crust 
triggers melting of overlying peridotite, with the genera
tion of primary andesites, then these andesites should be 
capable of providing information about the mantle 
source via the flow chart of Fig. 3.1.4. The processes of 
dehydration and melting in and above a subducted slab 
are commonly described in qualitative terms, without 
too much attention to specific phase diagrams, temper
atures, and pressures. Experimental data are now avail
able to provide some constraints for the conditions 
under which andesite might be produced as a primary 
magma from mantle peridotite. 

The progressive thermal metamorphism of a 
descending slab of ocean crust produces a series of 
dehydration fronts, which can be mapped according to 
whatever thermal structure is adopted (see Chapter 9; 
Wyllie, 1973; Delany and Helgeson, 1978; Anderson 
eta/., 1978). Anderson eta/. (1978) took into account 
the cooling effect of endothermic dehydration reactions 
and, using a finite difference numerical program, they 
computed isotherms at various stages during the history 
of a descending slab. They concluded that, because of 
the heat sink created by dehydration reactions within 
the depth interval 75-125 km, the oceanic crust does not 
reach a high enough temperature to be melted before 
complete desiccation. They concluded that arc vol
canism must be produced by melting induced in the 
overlying peridotite by aqueous solutions rising from 
the subducted slab. 

Experimental data needed for evaluation of this 
proposal include the solidus for peridotite-H20 (a 
variety of results is shown in Fig. 3.3. 7), and the range 
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of pressures and temperatures above the solidus for 
peridotite-H20-C02 through which andesitic liquids 
can be generated (results for the solidus surface are 
summarized in Fig. 3.3.22). For many published ther
mal structures, hydrothermal fluids released from the 
subducted oceanic crust could not cause melting in the 
overlying peridotite because the overlying mantle 
would be too cool for temperatures to exceed the 
peridotite-H20 solidus. For the model of Anderson et 
al. (1978) to be effective, appeal must be made to vigor
ous asthenospheric convection in the mantle wedge, 
raising temperatures to high levels at shallow depths, 
and producing high temperature gradients above the 
oceanic crust without overcoming the cooling effect of 
the dehydrating slab (Wyllie, 1978b). Even if these con
ditions are achieved, Fig. 3.3.22 indicates that the 
production of primary andesites is limited to depths 
shallower than about 40 km. The H20-saturated liquids 
that would be generated from mantle peridotite at 
depths of 80-100 km are not even quartz-normative 
according to Fig. 3.3.22; they may be forsterite
normative, or even nepheline-normative. It is difficult 
to devise a reasonable physical process to generate 
andesitic liquids from mantle peridotite flushed by H20 
from 100 km depth. 

Nicholls and Ringwood (1973) proposed that sub
ducted oceanic crust dehydrates in the depth interval of 
70-100 km and releases H20 into the mantle wedge 
above. They argued that this would reduce the viscosity 
and increase the mobility of the overlying mantle, which 
would cause diapirs of wet peridotite to rise. Partial 
fusion of these rising diapirs would then produce pri
mary Si02-saturated tholeiites that would fractionate to 
produce the Si02-oversaturated basalts and basaltic 
andesites of the tholeiite series. 

At greater depths of 100-150 km along the sub
ducted plate, Nicholls and Ringwood (1973) proposed 
the generation of highly siliceous melts from wet oce
anic crust. These melts then rise, react with the overly
ing peridotite and produce wet garnet pyroxenites. 
Finally, these wet garnet pyroxenites rise diapirically 
and partially melt to produce calc-alkalic magmas, 
mainly andesite. 

The approximate H20 content of H20-saturated 
magmas as a function of pressure is given by the con
tours intersecting the excess-H20 liquidus for basalt in 
Fig. 3.3.29. Values range from about 15% to nearly 30% 
between about 40 km and 100 km depth. Garcia et al. 
(1979) have recently found that the H20 content of the 
glassy rims of andesitic and basaltic pillow lavas from 
the Marianas Island Arc and trough is only about 1%. If 
this is a measure of the H20 content at the site of 
magma generation, then the compositions of the pri-

mary liquids would not be significantly altered from 
those expected from anhydrous melting, and a serious 
problem exists for all the models that invoke wet partial 
fusion of peridotite, regardless of whether basalt or 
andesite is considered to be a product of this fusion. 
Andesite would be immediately eliminated as a partial 
fusion product from peridotite at any depth and the 
primary Si02-saturated tholeiite of Nicholls and 
Ringwood would have to be separated from the rising 
mantle diapir at less than about 15 km depth (see Figs. 
3.3.22 and 3.3.29). However, seismic evidence indicates 
that the crust directly beneath island arcs, although 
highly variable from arc to arc, averages about 22 kni 
(Condie, 1976, p. 57) and a rising peridotite diapir 
would be incapable of reaching this level. 

The question of the compositions of primary 
magmas in subduction zone regions thus remains 
unanswered. The processes are complex. Even if a pri
mary magma composition can be identified, the possi
bility that hydrothermal fluids released from the 
subducted oceanic crust have migrated into the overly
ing peridotite may limit severely its usefulness as a guide 
to normal mantle material. 

It is well known that aqueous fluids at mantle 
pressures are concentrated solutions containing tens of 
percent of dissolved solid components (Holloway, 1971; 
Nakamura and Kushiro, 1974; Wyllie, 1979, Figure 
18). Such fluids would be expected to metasomatize 
peridotite. Mysen (1978) determined the rare-earth 
element partition coefficients for the minerals of eclo
gite and peridotite in equilibrium with H20 at upper 
mantle pressures and temperatures. From these results, 
he argued that solutions released from subducted eclo
gite would equilibrate with peridotite and cause 
considerable light-REE enrichment. He related this to 
metasomatized garnet peridotite nodules (section 
3.3.6). He also argued that partial melting ofthis type of 
hydrated peridotite would produce liquids of andesitic 
bulk composition with REE patterns closely resembling 
those found in andesites of island arcs. We have 
reviewed the problem of deriving andesites as primary 
magmas from mantle peridotite. These results show 
that the inverse approach applied to some primary 
magmas may yield chemical information about a man
tle source that has been modified by hydrothermal 
alteration. 

3.3.8 Does the inverse approach work on 
Earth? 

The procedure outlined in the flow chart of 
Fig. 3.1.4 is designed to lead from studies of surface 
basalts to information about the mineralogy and consti-
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tution of the internal source material, using the results 
of experimental petrology together with whatever other 
information could be used to apply constraints. For 
terrestrial basalts, we commonly apply a forward 
approach in conjunction with the inverse approach, as 
discussed in some detail in section 3.1.4. 

Would the inverse approach work on the Earth? If 
Martians landed on Earth, scooped up some basalt and 
took it back to their laboratories and applied the flow
chart, would they come up with what we perceive as the 
right answer? This is, after all, what we claim to have 
done on the Moon (see section 3.4) and what we pro
pose to do for the other planets (section 3.6.4). Let us 
examine how the inverse approach fares when applied 
to the Earth as it has been applied to extraterrestrial 
basalt petrology. 

The inverse approach: a case study 
For our case study we will deal with oceanic tho

leiites (sections 3.3.4 and 3.3.7). These basalts are par
ticularly suitable for our purposes, because they are 
surely the most abundant surface basalts on Earth, and 
therefore have some analogy with what would be 
returned by a grab sampling of lavas from this planet if 
the oceans were absent. Their chemistry has been dealt 
with in detail in Chapter I, section 1.2.5, and there are 
recent experimental data available. 

The flow chart first directs us to identify liquid 
compositions and to reject phenocryst-enriched or 
cumulate compositions (step I, Fig. 3.1.4). For oceanic 
tholeiites, this is a relatively simple task, because most 

I I I 
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contain less than 5% microphenocrysts and many glassy 
samples are available. 

From those samples that are wholly glass or that 
contain few (e.g.,< 5%) phenocrysts, the flow chart 
then directs us to establish whether these liquid compo
sitions are related by low pressure fractionation (step 2, 
Fig. 3.1.4). Figure 3.3.33 shows the variations of 
Fe/(Fe + Mg) and Ti02 concentrations for basalt 
glasses from oceanic tholeiites. Both of these para
meters increase in residual liquids during fractionation 
of olivine or pyroxene. Because olivine phenocrysts are 
present in most phenocryst-bearing samples, olivine 
was probably involved in any differentiation which 
might have affected these samples. Therefore, the liquid 
sample with the lowest Ti02 and Fej(Fe + Mg) is a 
reasonable choice for the most primitive liquid compo
sition. Several other lines of evidence point to a liquid 
with molar Fe/(Fe + Mg) about 0.28 and Ti02 about 
0.7% as the most primitive sample available. These are 
discussed in detail in Chapter I. 

Experiments at low pressure on vitreous samples 
near the low Fej(Fe + Mg) and low Ti02 end of the 
spectrum have been performed by Bender et a/. ( 1978) 
and U sselman and Hodge ( 1978). These samples had the 
same composition and are plotted on Fig. 3.3.33 and 
listed in Table 3.3.4. A similar oceanic basalt composi
tion was studied by Green eta/. ( 1979) and is also shown 
in Fig. 3.3.33 and Table 3.3.4. These liquids are primi
tive compared to the rest of the spectrum. 

A summary of experimental phase relations for 
oceanic tholeiites at I bar from Walker eta/. (1979) is 

I 

3.0 I- e Bender et al (1978) -

t= 

.......... 
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(Rhodes and Dungan, 1979) 
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0.50 0.55 0.60 0.65 0.70 0.75 
Mg/(Mg+Fe) 

3.3.33 Compositions of abyssal 
volcanic glass (after Rhodes and 
Dungan, 1979), with bulk composi
tions of basalts studied experimen
tally and discussed in the text. 
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shown in Fig. 3.3.34 along with a comprehensive com
pilation of oceanic basalt compositions and the composi
tions of the primitive basalts studied by Bender et a/. 
( 1978) and Green eta/. ( 1979). Figure 3.3.34 is a simpli
fied liquidus projection for liquids saturated with pla
gioclase feldspar, and may be used to evaluate the 
fractionation of oceanic basalts at low pressure. Arrows 
indicate the direction of falling temperature on bound
ary curves between phase volumes. Low pressure crys
tallization of both primitive samples begins with olivine 
and is followed by plagioclase before clinopyroxene. 
Fractionation of the primitive samples on Fig. 3.3.34 
produces residual liquids which move from the primi
tive compositions away from olivine and towards the 
boundary curve olivine and clinopyroxene (+ plagio
clase) and then down the boundary curve (steps 3 and 4 
of Fig. 3.1.4). 

One point to emerge from Fig. 3.3.34 is that the 
largest cluster of oceanic basalt compositions is on the 
olivine + clinopyroxene (+ plagioclase) boundary 
curve and appears to be the result of crystal-liquid 
fractionation at low pressure (see discussion of Fig. 
3.3.2). Furthermore, this dense cluster of oceanic basalt 
compositions is on the liquid line of descent from the 
primitive compositions and, therefore, these primitive 
compositions could be parental to a large number of 
oceanic basalts (step 5, Fig. 3.1.4). Another point to 
emerge from Fig. 3.3.34 is the noticeable scatter about 
the densest cluster. Some of this is undoubtedly due to 
analytical and sampling problems but may also include 
effects introduced by admixture of various phenocryst 
proportions. Further complications may result from 
fractionation processes at high pressures, or from mix
ing of magma batches at various stages of evolution in a 
magma chamber feeding the ocean ridge volcanism. 

Si 

3.3.34 The compositions of oceanic tholeiites 
compared with experimental phase relation· 
ships for liql}ids saturated with plagioclase 
feldspar (after Walker eta/., 1979). The two 
primitive liquids plotted in Fig. 3.3.33 precipi
tate first olivine at low pressures, followed by 
plagioclase and then clinopyroxene. 

Evidence of the existence of such complex processes has 
been presented by Cann (1974), Dewey and Kidd 
(1977}, Bryan and Moore (1977), Donaldson and 
Brown (1977), O'Hara (1977), Dungan and Rhodes 
(1978), O'Donnell and Presnall (1980), Rhodes eta/. 
(1979) and Walker eta/. (1979). 

No matter what the nature and complexity of pro
cesses that supplement low pressure fractionation of 
oceanic basalts, the primitive compositions selected by 
Bender et a/. ( 1978) and Green et a/. ( 1979) are reason
able points of departure in the search for primary ocea
nic basalts. Both compositions are primitive in terms of 
Ti02 and Fe/(Fe + Mg) criteria and can fractionate to 
produce many other oceanic basalts. Bender's composi
tion is more primitive in terms of the abundance of 
normative olivine shown in Fig. 3.3.34, whereas Green's 
composition is more primitive in terms of Fe/ (Fe + Mg) 
shown in Fig. 3.3.33. This discrepancy, if significant, 
may indicate that primary compositions can differ 
slightly in Fej(Fe + Mg) ratio in different regions of 
the ocean. It is also possible that the operation of com
plex fractionation or mixing processes, or both, have 
influenced even these rather primitive oceanic basalts. 
Nonetheless, the prescription of the flow chart (Fig. 
3.1.4) is that we proceed with the most primitive compo
sitions available. 

We therefore make the interim assumption that 
these primitive compositions are primary. Next, we 
examine the consequences of this assumption with the 
aid of Fig. 3.3.35, which shows the results of high pres
sure experiments on these compositions. Both composi
tions have similar near-liquidus phase relations. The 
results of Green et al. are shown in detail, with only the 
liquidus of Bender eta/. given for comparison. Bender's 
composition (ALV-527-1-1) has more normative oliv-
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3.3.35 The liquidus and near-liquidus minerals for olivine 
tholeiite DSDP3-18-7-1, and an olivine-enriched composi
tion, after Green et a/. (1979). This is the primitive 
composition plotted in Figs. 3.3.33-34. The liquidus results 
for the primitive composition of Bender et a/. (1978) are 
given by the dashed line (ALV-527-1-1). 

ine and, hence, a higher liquidus temperature than 
Green's (DSDP3-18-7-l). These results may be com
pared to those of Fujii and Kushiro (1977) on a mid
ocean ridge basalt that is less primitive, based on its 
slightly higher Fej(Fe + Mg) ratio and Ti02 content 
(Fig. 3.3.24). 

All three compositions show a major change of 
slope in the liquidus at 8-12 kband 1250-1300°C where 
the primary liquidus phase changes from olivine to 
clinopyroxene with increasing pressure (Fig. 3.1.12). At 
this change in slope, Fujii and Kushiro (1977) found 
that their basalt was multiply saturated at the liquidus 
at 8 kb with olivine, clinopyroxene, plagioclase and 
orthopyroxene. In contrast, Green et a/. ( 1979), found 
approximate multiple saturation with olivine, clino
pyroxene, and plagioclase, while Bender et a/. ( 1978) 
found only olivine and clinopyroxene. 

Because of the presence of orthopyroxene at the 
multiply saturated inflection on the liquidus, Fujii and 

3.3 Terrestrial Rocks 575 

Kushiro argued that their basalt could be in equilibrium 
with plagioclase lherzolite in the mantle at about 25 km 
depth. If an alien petrologist following the discussion in 
section 3.1.4 on the flow chart had only a limited 
number of samples available to him and had chosen this 
basalt as the most primitive, he would conclude that it is 
primary and was derived at about 25 km depth at 
1225°C from a mantle containing olivine, orthopyrox
ene, clinopyroxene and plagioclase. The alien petrolo
gist might also equate the compositions of liquidus 
crystals at the inflection with those in the residual man
tle. Indeed, a line of reasoning similar to this was fol
lowed by Fujii and Kushiro. 

However, a more extensive set of samples is avail
able to us and we have chosen the basalts of Bender eta/. 
( 1978) and Green et a/. ( 1979) as provisional primary 
magmas. An alien petrologist might conclude that the 
basalt studied by Green eta/. was primary and derived 
at about 35 km depth at 1300°C from a mantle consti
tuted of residual olivine, clinopyroxene and plagio
clase; or that the basalt of Bender eta/. was derived at a 
similar depth and temperature from a mantle consisting 
only of residual olivine and clinopyroxene. 

It must be concluded, as we might have expected, 
that the inverse approach, when used with only a limited 
type of data such as basaltic lava compositions, may 
lead to a solution that is not definitive or is even incor
rect. Much of what is known about the Earth's mantle 
has been learned from studies of ultramafic nodules, but 
these nodules would have a low probability of being 
sampled by a brief series of missions to Earth by alien 
petrologists. Largely because of studies on these no
dules, it is generally believed that orthopyroxene must 
be present in the mantle. This additional constraint 
caused Green et a/. (1979) to disregard the liquidus 
inflection in Fig. 3.3.35, and to abandon the idea that 
their basalt was primary, because orthopyroxene was 
not present at the liquidus at any pressure. To correct 
this deficiency, they added olivine to DSDP3-18-7-l 
until orthopyroxene became a saturating phase near the 
liquidus inflection. This condition was encountered 
after a 17% olivine addition at 20 kb, 1430°C, as shown 
by the additional experiments in Fig. 3.3.35. Green eta/. 
concluded from this result that picritic basalt produced 
by adding about 17% olivine was the primary liquid and 
that it was separated from its source at about 70 km. 
Bender eta/. ( 1978) also concluded that their basalt was 
not quite primary, and that it was produced by fraction
ation of 5-10% olivine from a more picritic primary 
magma. Some of the problems associated with the 
interpretation of olivine-addition experiments are dis
cussed in section 3.1.4. 
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576 Basaltic Volcanism on the Terrestrial Planets 

Before proceeding, it should be emphasized that 
phase relationships involving reaction relations are pos
sible in which a primary magma could be in equilibrium 
with a mineral in the mantle yet never show that mineral 
at the liquidus at any pressure. This situation is 
reviewed in section 3.1.4. Thus, the absence of ortho
pyroxene from the basalts of Green eta/. and Bender et 
al. is not a priori evidence that these basalts were never 
in equilibrium with orthopyroxene in the mantle. 
Nevertheless, the simplified phase diagrams for the tho
leiitic basalt tetrahedron at various pressures given by 
Presnall et al. (1979, Fig. 7-10) suggest that, for this 
example, orthopyroxene would be observed at the liq
uidus if the basalt had been in equilibrium with ortho
pyroxene in the mantle. 

Green et al. ( 1979) assumed that their basalt 
DSDP-3-18-7-1 was produced by fractional crystalliza
tion only of olivine from a picritic composition, and 
their experiments verified that this explanation is possi
ble. This is consistent with O'Hara's (1968a) earlier 
advocacy of primary picrite magmas. However, it is also 
possible that basalt DSDP-3-18-7-1 was derived by 
fractional crystallization of other phases, possibly cli
nopyroxene and plagioclase, in addition to olivine, and 
that the shortest compositional route to the orthopy
roxene field lies in another direction from that taken by 
Green eta/. The discussion of Fig. 3.1.13 is relevant. If 
minerals in addition to olivine were involved, then the 
primary magma would not necessarily be picritic, and 
could be close to the composition of DSDP-3-18-7-l. 

Presnall et al. (1979) have argued that basalts like 
DSDP-3-18-7-1 are either primary magmas derived at 
about 9 kb or are the result of only a small amount of 
fractionation in this pressure range. They argued 
against extensive fractionation alone of olivine from a 
picritic parent because olivine-controlled fractionation 
trends do not exist among reported analyses of mid
ocean ridge basalt glasses. They presented evidence that 
the enstatite field lies close to the composition of primi
tive basalts such as DSDP-3-18-7-1 at about 9 kb. 

Thus, there are presently two views of the depth of 
origin and composition of primary magmas produced 
at mid-ocean ridges. It appears that considerably more 
work will be required to resolve the controversy. The 
results of Fujii and Kushiro (1977) remain tantalizing: 
it appears to be possible that their (seemingly more 
fractionated) basalt may actually be a primary basalt 
derived at about 8 kb from a fertile mantle somewhat 
richer in Fe I (Fe + Mg) than has usually been assumed. 

We have only discussed the minerals in the mantle 
residue, not their relative proportions. There are several 
ways in which these proportions and the bulk composi
tion of the source could be constrained within the 

framework of the interpretation of the experimental 
data. One of these might be to assume a rare-earth 
distribution pattern in the source. Using the rare-earth 
analysis of the basalt, known crystal/liquid partition 
coefficients for basalt at 20 kb, 1425° C, and a specific 
partial melting model, one could solve for the degree of 
partial melting represented by the primitive liquid and 
the proportions of phases in the residue after adjust
ment is made for some olivine fractionation. The com
positions of the phases in the residue and the basaltic 
liquid composition could then be mixed in the propor
tions determined by the rare-earth analysis to obtain an 
estimate of the initial source composition. Although 
this exercise has not been carried through, it illustrates 
how the inverse approach could be used to provide a 
detailed estimate of the source region composition. 

Appraisal of the inverse approach 
It is clear from the discussion in section 3.3. 7 of 

primary magmas on Earth that petrologists are a long 
way from agreement on the compositions of primary 
magmas in various tectonic environments. Successful 
application of the inverse approach to infer the consti
tution ofthe basaltic source material on another planet 
requires that primary magmas be identified, yet the data 
on which these identifications will be based will, in the 
foreseeable future, be much more limited than the data 
base for Earth. Gaps in understanding are certain to 
exist for a long time, yet it is a remarkable advance that 
we are even able to address problems of magma genesis 
on other planets. 

Despite the remaining uncertainty about the 
primary magma composition for the ocean tholeiite 
case study, the application of the inverse approach 
prescribed in Fig. 3.1.4 was fairly straightforward 
through step 6. Liquids can be identified and the most 
primitive ones can be chosen. They can be related to 
their differentiates, they can be assumed to be primary, 
and their high pressure melting relations can be deter
mined. At this point a critical logical crossroad is 
reached. The terrestrial petrologist, realizing the impor
tance of orthopyroxene as a residual mantle phase, may 
abandon the connection between the primitive oceanic 
tholeiite and a primary magma since no liquidus satura
tion point with olivine and orthopyroxene is discov
ered. A primary liquid is then reconstructed in the 
simplest way possible-adding olivine to the primitive 
liquid-and an internally consistent solution is demon
strated. But this is not a unique solution, as discussed in 
the preceding section (see section 3.1.4). 

An alien petrologist, without the benefit of expe
rience with terrestrial peridotites, might well take a 
different turn at the critical crossroad. He might assign 
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petrologic significance to the multiply-saturated inflec
tion on the liquidus of the primitive samples at 11-12 kb 
and interpret the liquidus phases as components of the 
mantle residual to primitive oceanic tholeiite genera
tion. The primitive basalts would be accepted as pri
mary, just as they were not accepted by the terrestrial 
petrologist. Alternately, the alien petrologist may be 
influenced by experience on his home planet and con
clude that the primitive samples are not primary, but for 
reasons other than the absence of orthopyroxene at the 
inflection, which caught the attention of the terrestrial 
petrologist. Furthermore, the alien petrologist might 
well choose a different expedient for reconstructing the 
primary magma from the constraints imposed by high 
pressure melting studies of the primitive samples. He 
could add any combination of the high pressure liqui
dus minerals (or minerals in reaction equilibrium not 
seen on the liquidus) to reconstruct his preferred pri
mary magma and not do violence to the experimental 
data. Needless to say, the alternate choices may well 
lead to what we would consider unrealistic models of 
the Earth's mantle and basalt genesis. 

3.4 Lunar Basalts 577 

Most of our choices involved assuming the simpl
est model, and an understanding of what we knew 
would lead us to our perception of a "correct" answer. A 
Martian, using martian experience, might well have 
made different assumptions or choices. The lesson to be 
learned from this is, of course, that regardless of the 
objectivity with which we may claim to apply our flow 
chart to other basalts and other planets, we always do so 
within the framework of what we already know about 
the Earth. We must emphasize the importance of the 
cycle at the end of the flow chart which requires testing 
the models derived from basalt studies against other 
constraints on the source regions. With basalt studies, 
internally consistent solutions can always be produced. 
With intelligent choices at branches in the flow chart 
and sufficient additional constraints there is a reason
able presumption of arriving at the correct solution, but 
no guarantee. We will thus start our tour of "experi
mental petrology on the other planets" with confidence 
in our vehicle but with some circumspection as to the 
sufficiency of road signs at critical turns. 

3.4 LUNAR BASALTS 

The return of lunar basalt samples provided the 
first opportunity to test the scheme that we have plot
ted, in retrospect, in Fig. 3.1.4. The basalts themselves 
are our only petrologic clues to the natures of igneous 
processes and source regions within the Moon. None of 
the rocks returned from the Moon includes fragments 
analogous to the ultramafic xenoliths in terrestrial 
basalts and kimberlites, so we possess no direct evidence 
of mineral assemblages in the lunar mantle. Such frag
ments occur at relatively few terrestrial localities, so 
even if they were erupted on the lunar surface, it is not 
surprising that we have failed to find them in our limited 
sampling. 

The lower oxygen fugacity, very low alkalis and 
volatile components, and the virtual absence of hydrous 
minerals are the most obvious features distinguishing 
lunar from terrestrial basalts. The differences in oxygen 
fugacity are reflected in lower Cr3+ I Cr2+ and Fe3+ 1 Fe2+ 

of lunar basalts. In fact lunar basalts appear to crystal
lize Fe(Ni) metallic alloy phases. These features indicate 
that the oxygen fugacity and temperature at the begin
ning of melting differ considerably in the interiors of the 
two planets. According to Sa to ( 1978), the lower oxida
tion state of lunar basalts is a consequence of the 
absence of H20 from the lunar mantle. In both lunar 

and terrestrial mantles, the oxygen fugacity appears to 
be buffered by the graphite-C02 system. Lunar basalts 
continue to be buffered in this way throughout ascent, 
but in terrestrial basalts, reaction between graphite and 
H20 produces C02 and H2, H2 escapes due to its high 
mobility, and exhaustion of the graphite eliminates the 
buffer; subsequent thermal dissociation of H20, with 
continued loss of H2, leads to increased oxygen 
fugacity. 

Basaltic samples returned from the Moon's two 
major physiographic provinces-highlands and 
maria-are distinctly different in composition and in 
age. The highly-shocked and brecciated, plagioclase
rich rocks of the lunar highlands have crystallization 
ages of 3.9-4.1 b.y. Samples of the more mafic mare 
basalts range in crystallization age between 3.1-3.9 b.y., 
although photogeologic studies indicate that unsam
pled basalt flows as young as 2.5 b.y. exist in some mare 
regions (Chapter 8). Detailed discussions oflunar rock 
types, including their chemical and mineral constituents 
and ages, are given in Chapters 1, 7 and 8; relevant 
points will be reiterated where necessary in this discus
sion. Details for experimental studies of compositions 
related to lunar mare volcanism and highlands volca
nism are listed in Tables 3.4.1 and 3.4.2, respectively. 
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Table 3.4.1 Experimental studies of lunar mare basalt compositions. 
a. Melting experiments at 0-1 bar. (a) 

Sample Description Starting Container Technique Reference Criteria 

Apollo 17 

74275 

Luna 24/ow-Tiferrobasa/ts 

Luna 24 average 

Apollo 12 olivine-normative 

12009 analog 

Apollo 15 olivine-normative 

I 5555 analog 

15555 

Apollo 15 quartz-normative 

15597 

15065 

Material 

natural Pt wire loop CO-C02 atmosphere, 
controlled/02 range 

synthetic high purity Fe evacuated Si02-glass 
tubes, controlled cooling 
rates 

synthetic glass Pt wire loop controlled cooling 
rates, CO-C02 

atmosphere 

synthetic glass Pt wire loop controlled cooling 
rates, CO-C02 

atmosphere 

natural high purity Fe evacuated Si02-glass 

synthetic 

natural 

tubes, controlled 
cooling rates 

high purity Fe evacuated Si02-glass tubes, 
controlled cooling 
rates 

high purity Fe evacuated Si02 tubes 

(14) 

(4) 

(2) 

(2) 

(15) 

(6) 
(5) 
(7) 

(15) 

b. Miscellaneous experimental studies relevant to mare basalt petrogenesis. (c) 

Description of Experiments 

Oxidation states of Ti, Eu and Cr in synthetic lunar basalts a function of/02• 

Cr partitioning among olivine, spinel and liquid. 

Cr partitioning between crystals and liquid. 

Intrinsic/02 measurements on Apollo 16 and 17 rocks. 

Model hybrid origin for mare basalts. 

Armalcolite stability relations. 

Sm, Tm, Sc, Cr and Mn partitioning among olivine, ilmenite, armalcolite and liquid. 

c. Melting experiments at high pressure.<d) 

Sample Description 
Pressure Temperature Starting . 

Technique Range,kb Range, °C Material Contamer 

Apollo 15 quartz-normative 

15065 5-30 II30-1375 natural Mo instroke-8% 

Apollo 15 olivine-normative 

15555 5-30 II25-1450 natural Mo, Fe, C instroke-8% 

Duration 
(hours) 

2-42 

2-42 

(a>continuation of Table I from Kesson and Lindsley (1976). See also comments by O'Hara and Biggar (1977). 

Met<b) 

2, 3, 4 

2, 3, 4 

2, 3, 4 

2, 3, 4 

I, 2, 3, 4 

2, 3, 4 

I, 2, 3, 4 

Reference 

(12) 

(1), (8) 

(13) 

(11) 

(10) 

(3) 

(9) 

Reference 

(15) 

(15) 

Criteria 
Met 

2, 3, 4 

2, 3, 4 

(b)The criteria are as follows: (I) demonstration of equilibrium (not relevant for rate studies), entry of phases in parentheses being bracketed; (2) 
temperature control; (3) oxygen fugacity controlled or monitored at levels appropriate to lunar petrogenesis; and (4) bulk composition 
maintained. 
(c)continuation of Table 2 from Kesson and Lindsley (1976). 
(d)continuation of Table 3 from Kesson and Lindsley (1976). 

References: 
(1) Akella eta/. ( 1976); (2) Bianco and Taylor ( 1977); (3) Friel et al. ( 1977); (4) Grove ( 1978); (5) Grove and Bence ( 1977); (6) Grove and Raudsepp 
(1978); (7) Grove and Walker(l977); (8) Huebner et al. (1976); (9)Irving et al. (1978); (10) Ringwood and Kesson (1976); (JJ) Sato (1976); (12) 
Schreiber (1977); (13) Schreiber and Haskin (1976); (14) Usselman and Lofgren (1976); (15) Walker et al. (1977b). 
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Table 3.4.2 Experimental studies of compositions related to lunar highlands volcanism. 
a. Experiments at 0-1 bar. 

Sample Starting Container Technique Duration References Criteria 
Material (hours) Mett 

Apollo 14 

14053 rock powder Mo H2-C02 atm at Fe/FeO 5-12 (2) 1, 2, 3, 
and glass 4 

14072 rock powder Mo evacuated Si02 17-148 (16) 1 (sp, 
px, 
plag), 2 

14162 soil powder Mo H2-C02 atm at Fe/FeO 5-72 (2) 2, 3, 4 

14259 soil powder Fe evacuated Si02 16-64 (13) 2, 3, 4 

14259 soil powder Mo evacuated Si02 1-10 (16) 2 

14310 rock powder Mo H2-C02 atm at Fe/Feo 5-72 (2), (4) I (plag, 
and glass sp,ol,px), 

2, 3, 4 

14310 rock powder Mo H2-C02 atm at FeO 5 (2) 2, 3, 4 
+ 1.5%Na20+0.5%K20 

14310 glass and Fe evacuated Si02 I? (5) 1 (plag), 
devitrified 2, 3? 
glass 

14310 rock powder Mo evacuated Si02 21-73 (6), (8) 2, 3, 4 

14310 synthetic glass Pt loops CO-C02 atm below 
Fe/FeO, controlled cooling 

(10) 2, 3 

14310 rock powder? Fe evacuated Si02 16 (13) 2, 3, 4 

14310 rock powder Mo, Fe evacuated Si02 4-111 (16) 1 (plag, 
px, 
silica),2 

14321 breccia powder Mo,Fe Fe/FeO and 5-11 (2) 2, 3, 4 
H2 90% - C02 10% 
!. = 10-14 

02 

Apollo 15 

15405 reduced gel Mo evacuated Si02 20-40 (14) 2, 3, 4 
KREEP 

15382 reduced gel Mo evacuated Si02 2-188 (8) 2,3,4 

Apollo 16 

60025 rock powder Mo H2-C02 atm at Fe/FeO ? (3) 2,3 

60315 rock powder Mo H2-C02 atm at Fe/FeO ? (3) 2,3 

60335 rock powder Mo H2-C02 atm at Fe/FeO ? (3) 2,3 

62295 rock powder Mo H2-C02 atm at Fe/FeO ? (3) 2, 3 

62295 rock powder Fe H2-C02 atm below Fe/FeO 1-4 (17) 2, 3, 4 

63545 synthetic glass high evacuated Si02 1.5-51 (1) I, 2, 3, 
±crystals purity Fe 4 

68415 rock powder Mo H2-C02 atm at Fe/FeO 3 (3), (4) 2, 3 

68415 rock powder Mo evacuated Si02 52-163 (17) 2 

tsee Table 3.4.1. 
References for Table 3.4.2a: 
(1) Delano (1977); (2) Ford et a/. (1972); (3) Ford et a/. (1974); (4) Ford et a/. (1977); (5) Green et a/. (1972); 
(6) Hess et a/. (1975); (7) Hess et a/. (1977); (8) Hess et a/. (1978); (9) Lipin (1978); (10) Lofgren (1977); 
(11) McKay and Weill (1977). 
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580 Table 3.4.la (Continued) 

Sample Starting Container Technique Duration References Criteria 
Material (hours) Mett 

Apollo 17 

76015 synthetic glass high evacuated Si02 5-21 (1) 2, 3, 4 
±crystals purity Fe 

76055 synthetic glass high evacuated Si02 1-64 (1) I, 2, 3, 
±crystals purity Fe 4 

77135 rock powder, glass Mo H2-C02 atm at Fe/FeO ? (15) I, 2, 3 
and devitrified 
glass 

Related Compositions 

"Monzonite" reduced gel± crystals Mo evacuated Si02 3-89 (14) I (px), 
2, 3, 4 

Apollo glass Mo H2-C02 atm at Fe/FeO 5-12 (2) 2, 3, 4 
Soil Survey ± (Na20, K20) 
(1971) 
Glass C 

Apollo glass Mo 
Soil Survey ± (Na20, K20) 

H2-C02 atm at Fe/FeO 5-12 (2) 2, 3, 4 

(1971) 
Glass B 

Model glass Fe evacuated Si02 I? (5) I (ol), 
KR.EEP 2, 3? 

Apollo glass Mo 
Soil Survey ± (Na20, K20) 

H2-C02 atm at Fe/FeO 5 (2) 2, 3, 4 

(1971) 
Glass E 

Low-K synthetic pre-soaked H2-C02 atm 24-48 (11) 2, 3, 4 
Fra Mauro glass Pt-Rh loops 

Low-K reduced gel Mo evacuated Si02 24-144 (7) 2, 3, 4 
Fra Mauro 

Evolved reduced gel Mo evacuated Si02 48 (8) 2, 3, 4 
Low-K 
Fra Mauro 

Average glass? Pt loops 
Highlands 

H2-C02 atm 24-48 (18) 2, 3, 4 

"Anortho- glass Mo evacuated Si02 3-115 (17) 2 
sitic Gabbro" 

CaAl2Si20 8- synthetic Pt loops 
MgSi03- glass+ gel 

CO-C02 atm at Fe/FeO 17-163 (12) 2, 3, 4 

FeSi03 

Mg2Si04- synthetic high purity evacuated Si02 17-161 (9) l, 2, 3, 
Fe2Si04- crystalline Fe 4 
CaAl2Si20 8- mixture 
Si02 

(12) Merrill and Williams (1975); (13) Muanet a/. (1972); (14) Rutherford et al. (1976); (J5)Storey eta/. (1974); (16) Walkeret a/. 
(1972); (17) Walker eta/. (l973a); (18) Weill and McKay (1975). 
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Table 3.4.2b (Continued) 
581 

b. l bar related experiments. 

Sample Starting Experiment References Criteria 
Material Mett 

14259 synthetic glass crystal growth rate measurements (14) 2 

14259 synthetic glass + liquid viscosity measurements (1) 2 

14310 synthetic glass + liquid viscosity measurements (1) 2 

14310 synthetic glass crystal growth rate measurements (14) 2 

15286 synthetic glass + liquid viscosity and crystal growth measurements (15) 2,3 

15418 synthetic glass + liquid viscosity and crystal growth measurements (16) 2 

15498 synthetic glass+ liquid viscosity and crystal growth measurements (15) 2,3 

60095 synthetic glass + liquid viscosity and crystal growth measurements (16) 2 

60095 synthetic glass+ liquid viscoisty and crystal growth measurements (16) 2 

60095 natural glass crystal growth measurements (10) 2 

65016 synthetic glass + liquid viscosity and crystal growth measurements (16) 2 

68502 synthetic glass + liquid viscosity and crystal growth measurements (2) 2 

HIGH PRESSURE EXPERIMENTS 
Starting Pressure Temp. Duration Crite~ 

Sample Material range,bk range Container Technique (hours) References Met oc 
Apollo 14 

14053 rock powder 2-5 1200- Ag7oPd3o internally heated 0.17-17 (5) 2, 3 
±H20 950 Pt sealed gas vessel (FeO/ 

Fe30 4) 

14072 rock powder 5-20 1150- Mo piston in -8% 3-15 (17) 2 
1440 

14259 powdered soil 5-20 1150- Mo piston in -8% 1.5-24 (17) 2 
1425 

14310 rock powder 2-10 1336- Fe sealed internally heated 0.5-22 (5) 2 
1175 gas vessel 

14310 rock powder 2-5 1200- Pt, Fe internally heated 0.5-22 (5), (6) 2, 3 
±H20 1000 Ag1oPd3o gas vessel (FeO/ 
±Na20 sealed Fe30 4) 

14310 rock powder 10-25 1450- Pt piston out 1-4 (5) 2 
± Na20± K20 1175 Fe 

14310 glass + seeds 5-25 1100- Fe piston in -10% 1? (7) 2,3,4 
1350 

14310 rock powder 5-25 1470- graphite piston out 0.5-4 (11) 2,4 
and glass 1100 

14310 rock powder 2.5-10 1300- graphite piston out 1-3.5 (11) 2,4 
+glass 1200 
+ 3.2% Na20 
+-l% K20 

14310 rock powder 5-20 1150- Mo piston in -8% 2-24 (17) 2 
1405 

14321 rock powder 2-10 1336- Fe sealed internally heated 2-88 (5) 2 
1175 gas vessel 

14321 breccia powder 10-25 1440- Pt piston out 0.17-3 (5) 2 
1150 Fe 

14321 rock powder 2-5 1200- Ag30Pd30 internally heated 0.17-22 (5) 2, 3 
±H20±Na20± 950 Pt sealed gas vessel (FeO/ 
K20 Fe30 4) 

tsee Table 3.4.1, footnote b. 
References for Table 3.4.2b: 
(1) Cukierman et al.; (1972) (2) Cukierman et al. (1973); (3) Delano (1977); (4) Ford (1976); (5) Ford et al. (1972); 
(6) Ford et a/. (1977). 
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582 
Table 3.4.2b (Concluded) 

Starting Pressure Temp. Duration Criteria Sample Material range, bk range Container Technique (hours) References Mett oc 
Apollo 15 

15386 synthetic glass 1-5 1200- Mo internally heated 19-20 (9) 2, 3, 4 
1125 gas apparatus 

Apollo 16 

62295 rock powder 5-30 1525- graphite piston in -8% 2-24 (18) 2 
1250 Mo 

62295 rock powder 5-12.5 1375 graphite piston out 1-4 (8) 2, 4 
1200 

63545 synthetic 5-30 1650- high purity overpump I kb 0.7-3.3 (3) I, 2, 3, 4 
glass ± crystals 1230 Fe, Mo adjust to nominal P 

68415 rock powder 5-30 1500- Mo piston in -8% 1-24 (18) 2 
1225 

68416 rock powder 5 1400- graphite piston out 1-3 (8) 2, 4 
1225 

Apollo 17 

76015 synthetic 5-15 1395- high overpump I kb, 0.7-1.8 (3) I, 2, 3, 4 
glass± 1295 purity Fe adjust to nominal P 
crystals 

76055 synthetic 7.5-25 1560- high purity overpump I kb 0.7-1.8 (3) I, 2, 3, 4 
glass± 1380 Fe, Mo adjust to nominal P 
crystals 

Related Compositions 

Model synthetic glass 5-25 1100- Fe piston in -10% I? (7) 2, 3, 4 
KREEP 1350 
Apollo 17 synthetic glass 1-5 1200- Mo internally heated 19-20 (9) 2, 3, 4 
KREEP glass ll25 gas apparatus 

"Anor- glass 5-20 1500- graphite piston in -8% 1-19 (18) 2 
thositic 1275 Mo 
Gabbro" 

"High- synthetic 1450- Fe piston in -10% .2=100 (13) I, 2, 3 
land glass± 1000 
Basalt" crystals 

CaAl2 synthetic 2 1300- Mo internally heated 1-7 (12) 2, 3, 4 
Si20 8 · glass+ II 50 gas apparatus 
-FeSi03 gels 

Related Experiments 

68415 rock melt 0-1 1250 Pt depressurization- (4) 
+H20 devolatilization 

quench 

60335 rock melt 0-1 1250 depressurization- (4) 
+H20 devolatilization 

quench 

60315 rock melt 0-1 1250 depressurization- (4) 
+H20 devolatilization 

quench 

62295 rock melt 0-1 1250 depressurization- (4) 
+H20 devolatilization 

quench 

77135 synthetic 0-.25 1250- Pt depressurization (4) 
glass+ ll80 devolatilization 
HzO quench 

(7) Green eta/. (1972); (8) Hodges and Kushiro (1973); (9) Irving (1977b); (10) Klein and Uhlmann (1976); (11) Kushiro eta/. 
(1972b); (12) Merrill and Williams (1975); (13) Raheim and Green (1974); (14) Scherer eta/. (1972); (J5)Uhlmann and Klein 
(1976); (16) Uhlmann et al. (1974); (17) Walker eta/. (1972); (18) Walker eta/. (1973a). 
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Table 3.4.1 updates the bibliography for the previous 
tabulation and evaluation of mare basalt experiments 
by Kesson and Lindsley (1976). 

Estimates of the abundance of Fra Mauro basalts 
are somewhat variable. They range from a very conser
vative estimate that basalts comprise a few percent of 
the crust-a delicate lacing of partial melt in a predomi
nantly anorthositic norite crust-to estimates that 
basalts comprise a major portion of the lower crust 
(Ryder and Wood, 1977). Whichever estimate one 
chooses, it seems inescapable that these rocks are volu
metrically more important on the Moon than are the 
mare basalts, which make up less then I% of the crust 
(Head, 1976; DeHonand Waskom, 1976; Horz, 1978). 

3.4.1 Highland basalts 

The lunar highland crust appears to be a 60-100 
km thick layer of plagioclase-rich basalts, anorthositic 
norites, anorthosites, and noritic anorthosites which 
have been almost completely reconstituted by many 
impact events subsequent to their initial crystallization. 
Primary igneous textures cannot be distinguished un
ambiguously from textures produced by the crystalliza
tion of impact melts. Interpretations of the ultimate 
origins of these rocks have been based primarily upon 
their compositions and upon equilibrium phase rela
tions, rather than textures. 

Plagioclase-rich basalts were found as important 
components of the highland samples at Apollo 14, 15, 
16, 17, and Luna 20 sites and were sampled as soil 
fragments at other mare landing sites, presumably as 
the result of ballistic transport from neighboring high
lands. Their first abundant return was from the Apollo 
14 mission to the Fra Mauro Hills; hence, this suite 
became known as the Fra Mauro basalt suite. The 
nomenclature and compositional variations of these 
rocks are reviewed in Chapter I. Certain variants 
among the Apollo 15, 16 and 17 sample returns were not 
recognized until later. The relatively high abundances 
of K, REE and P and of other incompatible elements 
in these samples were incorporated in the term KREEP 
basalts. The extent of enrichment of this collection of 
elements is highly variable. 

Age dating of members of this suite has indicated 
that most samples crystallized from 3.9-3.95 b.y. ago, 
with some Apollo 17 samples having ages near 4.1 b.y. 
ago (Shih, 1977). Recent Nd/Sm work has suggested 
that the last REE fractionation to affect these samples 
took place about 4.3 b.y. ago (Lugmair and Carlson, 
1978). The picture which emerges is that the chemical 
fractionation which established the element abundance 

3.4 Lunar Basalts 583 

patterns in Fra Mauro basalts took place 0.2--0.4 b.y. 
before the eruption and solidification of the magmas. 

The Fra Mauro rocks are characterized by a pre
dominance of normative low-Ca pyroxene over high
Ca pyroxene. Chemical variations in the Fra Mauro 
basalt system can be described approximately with the 
components (Mg,FehSi04-CaA12Si20 8-Si02• One
atmosphere liquidus diagrams for this compositional 
system have been constructed on the basis of experi
mental work on the Fra Mauro samples themselves 
(Walker eta/., 1972, 1973a, b; Kushiro et al., 1972b) 
and on synthetic analog systems (McKay and Weill, 
1976; Lipin, 1976, 1978). Additional experimental 
work on subsystems and on specific complex composi
tions approximately within the system has been per
formed by Ford et al. (1972), Green et a/. (1972), 
Hodges and Kushiro (1973), Raheim and Green ( 1974), 
Merrill and Williams (1975), Irving (1977b) and Hess 
eta/. (1977). 

Results of these experiments are summarized in 
Fig. 3.4.1, a pseudoternary liquidus diagram. The liqui
dus saturation curves are for I bar pressure, dry, and 
low oxygen fugacity. The projections of the Fra Mauro 
basalt compositions on this diagram are concentrated 

01 

LOW PRESSURE 
LIQUIDUS 

Si 

. Spinel 

LUNAR 
FRA MAURO 
SUITE 

An 

3.4.1 Fra Mauro basaltic compositions plotted on the 
low-pressure liquidus surface of the system olivine-anor
thite-silica (Walker eta/., 1973a). Data base includes rocks, 
lithic fragments, and glass compositions compiled by Wood 
(1977). Fra Mauro suite rocks are separated from ANT 
suite rocks on the basis of their higher Mg/(Mg +Fe) and 
lower normative plagioclase. These two non-mare popula
tions are separated by a line on plots of Mg/(Mg +Fe) vs. 
an/(an + ol + qz) with slope 1. 
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584 Basaltic Volcanism on the Terrestrial Planets 

along the low-temperature, plagioclase-saturated 
trough, which suggests that the plagioclase-saturated 
equilibria are responsible for their compositional dis
tribution. These phase relations probably do not change 
dramatically for pressures less than about 5 kb (Walker 
et al., 1972), so the events leading to the observed com
positional distribution could have occurred anywhere 
in the outer 100kmofthe Moon(Fig. 3.1.1). It has been 
common practice to assume that these events took place 
in the outer 60 km of plagioclase-rich lunar crust. These 
experiments provide a positive answer for step 2 of the 
flow diagram of Fig. 3.1.4. We have concluded that the 
compositions of Fra Mauro basalts are related by low
pressure processes. 

Walker et al. (1972, 1973b) proposed that partial 
melting of highland crust composed of the mineral 
assemblage olivine, plagioclase, low-Ca pyroxene(s) 
was responsible for the production of parental Fra 
Mauro basalts. Their reason for favoring partial melt
ing as the generating mechanism, instead of fractional 
crystallization within crustal-level magma chambers, 
was the observation that a large proportion of the sam
ple population has compositions near point B in Fig. 
3.4.1, a liquid which is saturated with plagioclase, oliv
ine and low-Ca pyroxene. Because this is a reaction
relation equilibrium in which olivine disappears with 
falling temperature, it was argued that fractional crys
tallization could not produce a preferred liquid of this 
composition because fractional crystallization would 
not allow olivine to remain present on the liquidus with 
falling temperature. 

Whereas most of the samples plotted in Fig. 3.4.1 
do not have igneous textures and could possibly have 
some admixture of anorthositic material, at least fifty 
Apollo 15 KREEP basalt samples (including 15405 
quartz monzodiorite) have been identified which 
appear to be igneous liquids on the basis of texture, 
metal compositions and siderophile trace element abun
dances (Irving, 1975, 1977c). The compositions ofthese 
are plotted in Fig. 3.4.2 (a portion of Fig. 3.4.1). The 
distribution of liquid compositions along the low-Ca 
pyroxene-plagioclase cotectic from B to C is most 
simply interpreted as a result of low pressure fractional 
crystallization of a parental liquid at B (Walker et al., 
1973b), a hypothesis consistent also with trace element 
variation of these samples (Irving, 1977c). 

An embarrassment for the partial melting model 
for the parental Fra Mauro or KREEP magmas is the 
difficulty of finding a suitable heat source to remelt a 
portion of the lunar crust once it has crystallized 
initially to form the required three-phase assemblage. 
For this and other reasons, Lip in (1976) resurrected the 
model of Smith et al. ( 1970) and Wood et al. ( 1970) in 

Si 

Olivine 

01 

• Apollo 15 KREEP 
basalts 

® 15405 quartz
monzodiorite 

Plagioclase 

An 

3.4.2 Part of the pseudo-ternary diagram of Fig. 3.4.1 
after Irving (1977c). Data from melt-textured Apollo 15 
KREEP basalts and 15405 quartz monzodiorite. The effects 
of low-pressure crystal fractionation have produced a dis
tribution of compositions from melts near B to residual 
liquids at C. 

which the plagioclase-rich basalts were the end products 
of fractional crystallization of large volumes of magma. 
Lipin(1976) proposed that the KREEP (or Fra Mauro) 
basalts were residual liquids from crystallization of a 
magma ocean. This alternate interpretation appears to 
be inconsistent with the relatively high Mg/ Fe (about 
50-70) and relatively high Cr contents of the samples, 
because these values should be decreased by a fractional 
crystallization process. 

Recently, more complex models have been pro
posed in which either crustal assimilation (Hubbard 
and Minear, 1975; Warren and Wasson, 1979) or 
magma mixing (O'Hara, 1977) are involved. In these 
models, hot liquid generated in the lunar interior 
intrudes the crust. The thermally more massive crust 
imposes upon this foreign magma the major element 
chemistry appropriate to saturation with crustal phases 
(plagioclase, magnesian olivine and low-Ca pyroxene). 
However, assimilation ofthe crustal material, which is 
poor in incompatible elements, has relatively little effect 
upon the incompatible element abundances of the hot 
foreign liquid. Additional complications may result if 
the hot liquid intrudes pools of stagnant liquid which 
have already accommodated their chemistries to the 
crustal saturating phases (O'Hara, 1977). In these 
models, the hot foreign magma is itself the heat source 
for generating crystal-liquid equilibration relations 
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within the crust. It remains to be shown, however, 
whether the major and trace elements can be so effec
tively decoupled. 

Whatever the detailed mechanism of Fra Mauro 
basalt production, it is clear that the major element 
compositions of the magmas are controlled by pro
cesses operating at rather low pressures, and that we do 
not have samples in this suite whose major element 
compositions were established by partial melting events 
at depths greater than 60-100 km in the lunar mantle. In 
terms of the flow diagram (Fig. 3.1.4), these basalts lead 
us via step 5 (multiply-saturated liquid at low pressure) 
to conclude that the suite was generated by processes 
occurring within the lunar crust. 

3.4.2 Mare basalts 

The mare basalt samples are generally less shocked 
and brecciated than the highlands rocks, so step I in the 
flow chart of Fig. 3.1.4 is facilitated, because textural 
criteria can be applied in the search for parental 
magmas. 

Search for parental magmas 
Fine-grained aphyric or vitrophyric basalts, pro

ducts of rapid cooling and solidification, are the mare 
basalt samples most likely to have preserved original 
liquid compositions. Such basalts are relatively rare in 
the lunar collection, and much emphasis has been 
placed upon the study ofthese few. None of the basalts 
is entirely convincing as a likely liquid composition 
on the basis of petrographic examination, because all 
contain microphenocrysts or significant textural in
homogeneities or both. These features comprise the 
interpretive link between rock and liquid chemistries 
because the magma could have been enriched in micro
phenocrysts prior to solidification and because the tex
tural domains, often characterized by compositional 
differences, may introduce sampling problems. 

O'Hara et al. (1975, and earlier references) have 
rejected the mare basalt hand specimens themselves as 
valid samples of magmas erupted at the various landing 
sites, contending that the local soil compositions, cor
rected for obviously extraneous highlands debris, are a 
better statistical sample of local magma compositions. 
The results of their exercise, with the exception of soils 
at the Apollo 15 landing site, indicate that the average 
lava erupted should have had the composition of a 
plagioclase-saturated cotectic liquid. Hand specimens 
corresponding to such cotectic liquids do exist among 
the samples (e.g., 12038, 10047, 75035), but they do not 
include the fine-grained, quench-textured samples. 

3.4 Lunar Basalts 585 

According to their argument, hand specimens which do 
not correspond to the average cotectic compositions 
must have crystallized from magma which had become 
enriched with microphenocrysts. If this were true, the 
micro phenocrysts would have compositions which were 
in equilibrium with the cotectic liquid upon eruption. 
However, experiments consistently have shown that the 
equilibrium compositions of olivines and pyroxenes 
grown in equilibrium with the cotectic liquid composi
tions are more Fe-rich than microphenocrysts actually 
present in the hand specimens. Similar experiments 
employing liquids having the compositions of the hand 
specimens themselves produce ferro magnesian liquidus 
phases which do match microphenocrysts in the hand 
specimens (Green et al., 197la, b; Grove et al., 1973; 
Kesson, 1975). 

In addition, it has been shown that armalcolite, 
which is found as microphenocrysts in high-Ti basalts, 
is not stable at the plagioclase-saturated cotectic 
(Longhi et al., 1974), so the quench-textured, armal
colite-bearing samples could not have been derived by 
simple enrichment of such a plagioclase-saturated cotec
tic liquid with cognate armalcolite phenocrysts. 

These results are comprehensible only if the hand 
specimen compositions represent liquid compositions 
which have not been modified significantly by admix
ture of crystals. The experimental arguments have been 
sufficiently convincing that most petrologists have 
reached the point of trying to identify the most primitive 
liquid compositions among the fine-grained, quench
textured mare basalt hand specimens. For relatively 
small compositional differences, phenocryst-matching 
tests do distinguish liquids from crystal-liquid mixtures 
reliably (step I in Fig. 3.1.4). Although the tests dis
cussed above demonstrate that the hand specimens are 
not cotectic liquids enriched in crystals, they do not rule 
out the possibility that the hand specimens represent a 
microphenocryst-enriched parental liquid which was 
not cotectic. 

Low-titanium mare basalts 
Low-titanium mare basalts are representative of 

the Apollo 12 and 15 sites. The Apollo 12 suite consists 
of olivine-normative and quartz-normative (pigeonite) 
basalts which appear to be related by olivine fraction
ation (Rhodes et al., 1977). Other distinctive Apollo 12 
basalt suites are the ilmenite basalts and feldspathic 
basalts (see Chapter 1). The Apollo 15 basalts also 
include olivine- and quartz-normative suites, but these 
two suites (each of which shows internal chemical frac
tionation trends) are unrelated to one another by low
pressure fractionation processes (e.g., Papike et al., 
1976). 
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586 Basaltic Volcanism on the Terrestrial Planets 

The low-pressure equilibrium experiments (Green 
et al., 197la, b; Kushiro and Haramura, 1971; Grove et 
al., 1973; Kesson, 1975; Walker eta!., 1976a, b) substan
tiate that the various low-Ti basalt suites are character
ized by low-pressure fractionation trends and that many 
of the samples can be considered to represent liquids 
(steps 1 and 2 in Fig. 3.1.4). The least-fractionated 
Apollo 12 and 15 olivine-normative basalts have olivine 
as their sole liquidus phase and can be treated as the 
parental liquids oftheir respective suites (step 3 in Fig. 
3.1.4). 

The phenocryst-matching test has proven suffi
ciently sensitive for the Apollo 12 olivine basalt suite, 
for example, to show that the most olivine-normative 
samples probably are crystal-liquid admixtures and do 
not represent unmodified liquid compositions. This 
conclusion rests upon the observation that liquidus oli
vines grown experimentally in those samples are signifi
cantly more magnesian than the olivine phenocrysts 
actually in the samples. The probable compositions of 
liquids parental to this suite lie between the most 
olivine-normative basalts and the cotectic liquid. 

Green et al. (197lb) proposed that one vitrophyre, 
12009, has an appropriate composition for such a pa
rental liquid. Walker et al. (1976b) have shown that a 
quantitative and internally consistent explanation of 
the chemical differentiation within the olivine basalt 
suite can be based upon a parental 12009-liquid, in 
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Donaldson et al. (1975b) have shown that a few 
percent of the olivine microphenocrysts in 12009 were 
present before eruption and may be accidental inclu
sions, as suggested by their heterogeneous distribution 
from one section to the next. The calculations by 
Walker et al. (1976b ), however, suggest that the amount 
of admixed olivine in 12009 must be less than about 3% 
on the basis of the effect a greater amount would have 
had upon magma differentiation. The conclusion, then 
is that sample 12009 probably represents the most prim
itive liquid in the Apollo 12 collection, and therefore is 
the best available candidate for a parental magma. 

Arguments have not been made in similar detail for 
the analogous Apollo 15 suite, but liquidus phase com
positions suggest that samples 15016 and 15555 are 
suitable choices for parental magmas (Kesson, 1975). 

These parental magmas have primitive geochemi
cal characteristics (Chapter 1), and this leads us through 
steps 4, 5 and 6 in the flow diagram of Fig. 3.1.4 to 
determination of the high-pressure melting relation
ships of the primitive liquid compositions. Figure 3.4.3 
represents the phase relationships of Apollo 12 picrite 
liquid, based on results for 12009 (Green et al., 197lb) 
and 12002 (Walker et al., 1976). Note the arrowed point 
near 15 kb where the picrite liquid equilibrates with 
olivine and two pyroxenes. If the liquid is a primary 

500 

400,... c: 3.4.3 Phase relations of a primitive 
z Apollo 12 picrite liquid as a function of 

• pressure and temperature. Based on 
:liD 12009(Greeneta/., 1971b)and 12002 
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-4 liquid equilibrates with olivine and two :::1: pyroxenes. This has been interpreted 
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magma generated from an olivine-pyroxenite source 
region (Chapter 4), then this point corresponds to the 
depth where the magma was segregated from the 
source. The cosaturation pressure for olivine and py
roxene(s) is commonly used as an index of depth of 
origin from primary lunar magmas. 

Green et al. (197lb), Chappell and Green (1973) 
and Green and Ringwood (1973) have coupled geo
chemical data with their high-pressure experimental 
studies, and interpreted the olivine-normative low-Ti 
basalts as primary magmas, partial melts of an olivine
pyroxenite source at depths of 200--400 km for Apollo 
12 basalts and 300-400 km for Apollo 15 basalts. 
These interpretations concur with those of Walker et al. 
(1976a) for 12002. Kesson (1975) concluded that the 
minimum source depth for a primitive Apollo 15 
olivine-normative basalt was 240 km. 

The range in inferred source depths could be real, 
reflecting a spectrum of partial melts generated over a 
wide range of depths within the lunar interior. How
ever, the position of the arrowed point in Fig. 3.4.3 is 
very sensitive to the abundance of normative olivine in 
the sample. Small errors introduced by including cumu
lus olivine in the bulk chemical sample translate into 
large depth uncertainties. 

The effect of normative olivine abundance on the 
pressure for the coexistence of olivine and pyroxenes on 
the liquidus of lunar basalt is illustrated in Fig. 3.4.4. 
The two lines correspond to the variation of olivine 
abundance (horizontal axis) in high-titanium and low
titanium basalts. The error bars for 70215 and 74275 
show the range of analyses reported for these two fine
grained samples. The sampling and analytical range 
alone for 70215 introduces an uncertainty of about 75 
km in the depth of magma segregation. Much of the 
apparent difference in depth estimates may simply 
reflect minor modifications in magma compositions by 
crystal settling processes (Walker et al., 1976c). Sim
ilarly, a primitive liquid magma which has lost olivine 
by fractionation during uprise would give a depth cor
responding to the arrow in Fig. 3.4.3 which would 
represent only the minimum depth of magma separation. 

Relatively little attention has been given to the 
search for primary magmas among the quartz-norma
tive pigeonite basalts from Apollo 12 and 15, despite 
their vitrophyric textures. This neglect results from the 
experimental observation that these compositions are 
multiply saturated with both olivine and pyroxene at 
pressures below 5 kb, which suggests that they last 
equilibrated at rather shallow depths, perhaps even 
within the lunar crust (step 5 in Fig. 3.1.4). Hence, they 
are not useful probes of the deep lunar interior. 
Chappell and Green ( 1973) concluded that the Apollo 
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3.4.4 The pressure at which olivine and pyroxene(s) 
coexist on the liquidus of lunar basalts vs. (Fe0/71.8) + 
(Mg0/40.3) which is an index of normative olivine abun
dance. Error bars (on 70215) show the range of analyses 
reported for this fine-grained sample (after Walker et a/., 
1976c). Small additions or subtractions of olivine pheno
crysts in liquid compositions translate into significant shifts 
of the estimated depth of derivation. 

15 quartz-normative basalts experienced shallow-level 
(200 km) partial melting or magma separation. 

Although there is general agreement as to the 
residual mineralogy and source depths for low-Ti par
tial melts, divergent models have been proposed for the 
petrogenesis of the source regions. Green et al. 
(197la, b) proposed that the source region constituted 
the primordial lunar interior, an interpretation which, 
although consistent with experimental data, left many 
geochemical questions unanswered. Moreover, they 
proposed that the differences between the high-Ti and 
low-Ti basalt suites reflected either widely different 
degrees of partial melting, or inhomogeneous source 
regions. The latter explanation was preferred by Green 
et al. (1975b). Walker et al. (1975a) suggested that the 
source regions for the low-Ti suite consisted of early 
ferromagnesian cumulates formed during the 4.6-4.4 
b.y. differentiation events, an interpretation which is 
compatible with the trace element and isotopic charac
teristics of the basalts. Ringwood and Kesson (1976) 
have subsequently taken an intermediate position. They 
proposed that low-Ti basalts constitute partial melts of 
the primordial lunar interior, but suggested that these 
source regions had experienced minor contamination 
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by the sinking of cumulates produced in the 4.6-4.4 b.y. 
differentiation event. 

High-titanium mare basalts 
High-titanium basalts collected by Apollo II and 

Apollo 17 show a broad range in chemical composition 
(Chapter 1). Rhodes eta/. (1976) showed that at least 
three chemically-distinct groups of high-Ti basalts 
occur at the Apollo 17 site. Each group has been inter
preted to represent various stages of differentiation by 
subtraction of low pressure phases (step 2 in Fig. 3.1.4). 
The most differentiated samples in the Apollo 17 collec
tion are chemically similar to all of the samples from 
Apollo 11. This implies that none of the Apollo 11 
basalts is as primitive as the most primitive Apollo 17 
samples, so the Apollo 11 basalts must have crystallized 
from fractionated liquids. Figure 3.4.5 is a schematic 
phase diagram for a primitive high-Ti basalt. 

Plagioclase-saturated cotectic liquid compositions 
are present among the titaniferous basalts of Apollo 11 
and 17 as hand specimens (e.g., 10047 and 75035), but 
such rocks are among the coarsest-grained members 
of their suites. They record the slowest cooling his
tories with the greatest opportunities for differentia-
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3.4.5 Schematic phase diagram for a primitive high-Ti 
basalt composition (corresponding to sample 70215) based 
on results in Longhi et al. (1974), Kesson (1975), Green et 
al. (1975b); and Walker et al. (1976c). Solidus approxi
mates from results of O'Hara et al. ( 1970) on sample 10017. 
Spinel may be present near the liquidus at low to interme
diate pressures. Phase boundaries are labeled by showing 
the side of the boundary on which the phase is stable. 

tion, and contain the least-convincing petrographic 
evidence for well-preserved liquid compositions. It is 
the compositions themselves which provide the strong
est indications that these samples represent simple liq
uids, because it would require an unlikely coincidence 
for crystal-liquid mixtures to have precisely the compo
sition of the special multiply-saturated liquid. 

The more primitive samples [higher Mg/ (Mg + 
Fe) and more normative olivine] are not plagioclase 
saturated (Fig. 3.4.5) and are sometimes very fine
grained. It has been difficult to select a possible parental 
magma composition from these primitive samples for 
two reasons. First, the most primitive sample of all 
(74275), using the Mg/(Mg +Fe) ratio as criterion, is 
contaminated with fragments of polycrystalline olivine 
amounting to as much as 4.7% of the sample (Walker et 
a/., 1976c). Second, these rocks (including 74275) 
exhibit textural domains with different bulk chemis
tries, which are of large size compared with a standard 
thin section or the typical sample allocated for analyti
cal or experimental work. Walker et a/. (1976c) sug
gested that these domains may be the source of the 
analytical and experimental inconsistencies which have 
plagued the study of high-titanium basalts. If they are 
correct, then it may be that none ofthe samples studied 
so far strictly represents a liquid composition. 

Sample 70215 seems to be the most primitive tita
niferous basalt without obvious admixed material; 
hence it would seem to be the best candidate for a 
parental liquid composition. However, Kesson (1975) 
reported that the average 70215 composition is multiply 
saturated with olivine, armalcolite and spinel (but not 
with plagioclase) at I bar (see Fig. 3.4.5), suggesting that 
though this sample may be one of the most primitive 
available to us in the titaniferous basalt suite, it may 
have evolved at low pressures by fractionation of still 
more primitive liquids. 

There are two further considerations in choosing 
possible parental liquids from the high-Ti basalt suite. 
Usselman and Lofgren (1976) found that they were 
unable to reproduce the natural titaniferous basalt tex
tures in controlled cooling rate experiments unless their 
charges were partially crystalline at the commencement 
of cooling, but not so crystalline that the residual liquid 
was saturated with plagioclase. The implication is that 
the magmas from which the natural rocks crystallized 
contained crystals before eruption. 

The second consideration is the disparity between 
compositions of the soils and of hand specimens at 
high-Ti basalt localities. A similar disparity at the low
Ti Apollo 12 locality was resolved by noting that the 
inferred parental magma composition could have dif
ferentiated to form a large volume of cotectic residual 
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liquid, plus a smaller volume of olivine-rich cumulate 
rocks. The residual compositions from flow tops be
came degraded and entered the soils, and the cumulates 
were sampled as hand specimens. No similar solution to 
the problem can be postulated at high-Ti basalt locali
ties because no examples have been found of the 
cumulus-crystal-enriched rocks needed to complement 
the liquids which would be represented in the soils 
(O'Hara eta/., 1975). Haphazard sampling techniques 
are unlikely to account for their absence, because at 
least three separate flows were sampled at Apollo 17, 
and two at Apollo 11. These difficulties cloud any 
straight-forward identification of the sample most use
ful for study as a primitive parental magma in the 
high-Ti basalt suite. 

Longhi eta/. (1974) and Walker et al. (1975a) have 
determined experimentally the liquid line-of-descent 
for the chemically least-fractionated high-Ti basalts 
[highest Mg/(Mg + Fe), highest Cr20 3, and lowest 
incompatible element content]. This low-pressure liq
uid line-of-descent corresponds to the low-pressure 
fractionation sequence interpreted on geochemical 
grounds by Rhodes et a/. (1976). Green eta/. (l975b) 
observed that the experimental liquidus olivine compo
sitions matched the compositions of the cores of olivine 
phenocrysts in the least-fractionated Apollo 17 sam
ples, and concluded that these samples may represent 
liquids. Proceeding on the joint assumptions that some 
of the Apollo 17 basalts do represent liquid composi
tions, and that the least-fractionated samples can be 
identified, we can equate these samples to three parental 
liquids (one for each chemical group observed by 
Rhodes et a/., 1976). Of these samples, only 70215 
(Group B of Rhodes eta/.) and 74275 (Group C) have 
been studied experimentally. The least-differentiated 
samples of Group A, 71175 and 76136, have not been 
studied experimentally to date. A schematic liquidus 
diagram for a typical primitive high-Ti basalt is shown 
in Fig. 3.4.5. References to specific studies on high-Ti 
basalts are listed in Table 3.4.1. 

O'Hara et al. ( 1970) interpreted the high-Ti suite as 
products of advanced near-surface fractional crystalli
zation oflava lakes filling mare basins. They concluded 
that high-pressure experiments on such extremely frac
tionated samples would be meaningless and could not 
establish the nature of the source regions ofthe parental 
magmas. 

In contrast, Ringwood and Essene ( 1970) con
cluded that near-surface fractionation processes did not 
play an important role, and that high-pressure studies 
of Apollo 11 basalts, which they interpreted as primitive 
partial melts, could reveal substantial information on 
the nature of the source region. They proposed that 

3.4 Lunar Basalts 589 

high-Ti basalts were produced by very small degrees of 
partial melting of the primordial lunar interior at depths 
of 200-400 km. This single-stage partial melting model 
has since been abandoned (e.g., Green eta/., 1975b) in 
view of the demonstrably derivative status of the com
position studied, and the mounting geochemical and 
isotopic evidence for a more complex history. 

It has been inferred from trace element and isotope 
geochemistry that Ti-rich cumulates were formed dur
ing the early melting and differentiation of the Moon at 
about 4.6-4.4. b.y., and then later were involved in 
high-Ti basalt genesis. Longhi eta/. (1974) and Walker 
et a/. (l975a) found that a primitive high-Ti basalt, 
70215, was multiply saturated with olivine, pyroxene 
and ilmenite at pressures corresponding to a depth of 
120 km, as shown in Fig. 3.4.5. They attached consider
able importance to the presence of ilmenite on the high
pressure liquidus and interpreted their results in terms 
of the then popular cumulate-remelting hypothesis 
(e.g., Schnetzler and Philpotts, 1971; Taylor and Jakes, 
197 4), suggesting that the high-Ti suite was produced by 
the remelting of an ilmenite-bearing residuum imme
diately beneath the crust. However, Green eta/. ( 1975b) 
claimed that one of the most primitive Apollo 17 
basalts, 74275, was nowhere saturated with ilmenite on 
its high-pressure liquidus, and Kesson (1975) obtained 
similar results for a pimitive high-Ti glass composition. 
Kesson (1975) confirmed that the 70215 composition is 
simultaneously saturated with olivine, pyroxene and 
ilmenite at high pressures (see Fig. 3.4.5). However, she 
also showed that it is saturated with olivine, spinel and 
armalcolite at 1 atm, and it may therefore be a differen
tiated liquid, whose high-pressure equilibria are simply 
not relevant. Thus, both Green et al. (1975b) and 
Kesson (1975) concluded that high-Ti basalt source 
regions did not contain ilmenite and, moreover, that 
those source regions lay at considerable depths (below 
200 km) within the lunar interior. 

Hubbard and Minear (1975) suggested that the 
high-Ti suite might be of hybrid origin (step 4 in Fig. 
3.1.4). Kesson and Ringwood (1976) and Ringwood 
and Kesson (1976) developed this idea further, pro
posing that large, dense ilmenite-pyroxenite cumulate 
bodies, produced during the final stages of the 4.6-4.4 
b.y. differentiation event, sank through the differen
tiated lithosphere and into the primordial interior. 
Hybrid regions were thus produced. Subsequent partial 
melting ofthese regions at about 3.8 b.y. produced the 
high-Ti basalts. Ringwood and Kesson (1976) demon
strated experimentally that the assimilative processes 
proposed for the hybrid regions are plausible. 

Throughout the lunar program, experimental petrol
ogists have agreed that pyroxene was present in the 
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residuum following the genesis of the high-Ti basalt. All 
experimental results (e.g., Kesson, I975; Walker et al., 
I975a; Green et al., I975b) have indicated that this 
pyroxene was pigeonitic. However, Green (I976b) has 
demonstrated that these experimental pigeonites are in 
fact metastable and that the equilibrium mineralogy of 
the residuum probably included both orthopyroxene 
and calcic clinopyroxene. 

Biggar et al. ( I972) extended the arguments of the 
Edinburgh laboratory concerning the fractionation of 
high-Ti basalts to cover the low-Ti basalts as well. They 
maintained that near-surface fractionation phenomena 
have so modified magma chemistry on the hand speci
men scale that high-pressure experimental studies are 
futile for petrogenetic interpretations. It is otherwise 
generally accepted that selected low-Ti basalts and, in 
particular the more olivine-normative low-Ti basalts, 
may usefully serve as probes of the deep lunar interior. 
An extreme view is held by some (e.g., Ringwood and 
Kesson, I976), who maintain that only the more 
primitive low-Ti basalts provide adequate geochemical 
information on the nature of the primordial lunar inte
rior, and that the high-Ti suite is irrelevant in this 
context. 

Ultramafic glasses 
The ultramafic green and orange glasses have also 

been considered as samples of primitive, possibly pri
mary, liquids. There is little doubt that these materials 
once were liquids. However, very few samples have yet 
been identified which can be considered possible deriva
tives of these compositions. Grove and Vaniman (1978) 
suggest that the very low titanium (VL T) basalt frag
ments which were returned from Mare Crisium by Luna 
24 may be derived by near-surface fractionation from 
the ultramafic glasses found associated with them, but 
no similar relationships have been established at other 
sites. High-pressure studies of the 74220 orange glass 
(Green et al., I974; Walker et al., I975a) found the 
liquidus to be multiply saturated with olivine and 
orthopyroxene at around 20 kb. This implies that the 
orange glass could represent a partial melt of an olivine
pyroxenite source at depths of 400 km or more or, 
alternatively, it might represent a partial melt produced 
at shallower depths, where partial melting was so exten
sive that olivine alone remained in the residuum (see 
Fig. 3.4.3 and 3.4.5). 

Many of the ultramafic lunar glass suites are char
acterized by internal compositional variations (Stolper 
et al., I974) which are inconsistent with equilibrium or 
fractional melting of a planetary interior. So, even if the 
glasses should prove to be samples of primary ultra
mafic liquids, experimental studies of these variable 

compositions may provide little in the way of informa
tion directly applicable to deep source regions. 

3.4.3 Experimental constraints on the bulk 
composition of the Moon 

The methods and techniques of experimental 
petrology can be used to evaluate lunar bulk composi
tion models. It can often be a simple matter to prove a 
model unsatisfactory. For example, following the 
Apollo 11 mission, Ringwood and Essene (I970) and 
O'Hara et al. ( I970) demonstrated that Apollo II basalt 
with its very dense high-pressure mineralogy could 
not represent the bulk composition of the Moon 
because neither the moment of inertia nor mean density 
constraints would be satisfied. Similarly, following 
their high-pressure studies, Hodges and Kushiro (1973) 
concluded that bulk compositions resembling the (Ca, 
Al)-rich aggregates in the Allende meteorite were un
suitable. Raheim and Green (1974) reached similar con
clusions and showed in addition that lunar highland 
basalt was an unsatisfactory model for the Moon's bulk 
composition. 

The various estimates of the bulk composition of 
the Moon obtained using geophysical and geochemical 
constraints differ principally in the proportions of 
involatile elements (Ca, AI, Ti .... ) relative to elements 
of intermediate volatility (Fe, Mg, Si .... ). Low abun-
dances of volatile elements (Na, K .... ) are common to 
all model compositions (see Chapter 4). Any acceptable 
lunar bulk composition must satisfy the constraint that 
it be capable of generating mare basalt magmas. 
Because this criterion is model-dependent, all plausible 
petrogenetic schemes must be considered. These include 
the formation of mare basalts by the following 
mechanisms: (a) by direct melting of the primordial 
lunar interior, e.g., Ringwood and Essene ( I970); (b) by 
assimilation at shallow levels, where parental partial 
melts from the primordial interior assimilate differen
tiated material beneath the crust, producing hybrid 
mare basalt magmas, e.g., Hubbard and Minear ( I975); 
(c) by assimilation at depth, where dense cumulates 
formed during the early lunar differentiation sank down 
into the primordial interior, causing local contami
naton and ultimately giving rise to mare basalts, e.g., 
Kesson and Ringwood (1976), Ringwood and Kesson 
(1976); and (d) by remelting of cumulates formed during 
an early differentiation event (about 4.6 b.y. ago), e.g., 
Schnetzler and Philpotts (1971), Taylor and Jakes 
(I974), Walker et al. (1975a). 

The probable behavior of any assumed bulk com
position if subjected to melting and differentiaton can 

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

http://adsabs.harvard.edu/abs/1981bvtp.book.....B


1
9
8
1
b
v
t
p
.
b
o
o
k
.
.
.
.
.
B

be tested by means of melting experiments at high pres
sures, provided that one assumes differentiation to be a 
straightforward process analogous to that interpreted 
for terrestrial stratiform intrusions (an alternative 
viewpoint was expressed by Walker eta/., 1975b ). From 
the high-pressure equilibria, Ringwood (1976) deduced 
the mineralogical zonation resulting either from total 
lunar melting or from melting only of the outer regions, 
followed by differentiation. He concluded by emphasiz
ing the unsuitability of lunar bulk compositions with 
comparatively high abundances of involatile elements, 
such as those of Anderson ( 1973), Ganapathy and 
Anders (1974), Wanke et al. (1974), and Taylor and 
Jakes (1974). Irrespective of the particular petrogenetic 
model being considered, these (Ca,Al)-rich composi
tions would give rise to high-Al liquids quite unlike 
primitive mare basalts. Similar conclusions were reach
ed by Raheim and Green (1974). Even the model com
positions suggested by Taylor and Bence (1975) with 

3.5 Meteoritic Basalts 591 

lower CaO and Al20 3 contents than any of those dis
cussed above appear to be unsatisfactory for this reason 
(Kess on and Ringwood, 1977). Moreover, in all of these 
model compositions, the pyroxenes that co-precipitate 
with plagioclase (which represent those which were co
precipitating during formation of the lunar crust) are 
Ca-rich and unlike the normal pyroxenes of the lunar 
highlands. 

These experimental evaluations of model compo
sitions place petrologic limits on the bulk composition 
of the Moon. In this manner, Ringwood (1976) and 
Kesson and Ringwood ( 1977) have argued that the bulk 
composition of the Moon is very similar to that of the 
Earth's mantle, having similar abundances of the in vol
atile elements Ca, Al, REE, U, etc. Their conclusions 
are in accordance with the most recent lunar heat flow 
values of Langseth et al. (1976). Chapters 4 and 9 give 
more details of lunar composition and thermal history. 

3.5 METEORITIC BASALTS 

Meteorites with compositions, mineralogies, and 
textures similar to terrestrial basalts have been known 
and studied since the middle of the nineteenth century. 
Although these meteoritic basalts have not been studied 
as extensively as terrestrial or lunar basalts, sufficient 
information is available to begin to characterize igneous 
processes on the parent bodies of these meteorites, and 
in so doing, to extend our understanding of basaltic 
volcanism to (1) bodies outside of the Earth-Moon 
system, to (2) bodies smaller than the Earth and the 
Moon, and to (3) the period immediately following 
planetary accretion. 

Five types of differentiated meteorites believed to 
have been formed by igneous processes similar to those 
involved in the formation of terrestrial and lunar basalts 
are currently recognized: the basaltic achondrites, the 
shergottites, the nakhlites, the chassignites, and Angra 
dos Reis (see Chapter I, section 1.2.8). The relation
ships between these igneous meteorites and cosmo
chemical models for planetary compositions will be 
reviewed in section 3.6.3 (see Fig. 3.6.4). In this section, 
further discussion will be limited to the basaltic achon
drites, including the eucrites, howardites, and dioge
nites and the silicate portions of mesosiderites. These are 
the most abundant and extensively studied of the differ
entiated meteorites. The discussion will illustrate how 
the methods of experimental petrology could be used to 
elucidate the origins of other meteorite groups. 

3.5.1 Terminology and brief description of 
basaltic achondrites 

Wasson ( 1974) reported that 71 basaltic achondrite 
meteorites are known, of which 52 were falls. These 
amount to 7% of all falls. Descriptions of the petro
graphy, structure, and chemistry of the basaltic achon
drites were given by Mason ( 1963), Duke and Silver 
(1967) and Powell (1969, 1971). Briefly, eucrites are 
composed dominantly of low-calcium pyroxene (ini
tially pigeonite) and a calcic plagioclase (An80_ 96 ), with 
minor amounts of silica polymorphs, ferroaugite, chro
mian spinel, ilmenite, and metallic iron. Igneous tex
tures ranging from vitrophyric to gabbroic are often 
present, but are usually somewhat obscured by breccia
tion and thermal metamorphism. The term eucrite is 
restricted to unbrecciated and monomict brecciated 
achondritic meteorites fitting the above description. 
Diogenites are composed dominantly of orthopyroxene 
(En72_ 76) with accessory olivine, plagioclase, spinel and 
metal. They are generally coarse-grained and usually 
brecciated. Ideally, the term diogenite should be re
stricted to unbrecciated and monomict brecciated mete
orites, but most diogenites contain some fragments of 
eucritic material and are, in fact, polymict. Howardites 
are polymict breccias containing a spectrum of eucritic 
and diogenitic mineral and lithic fragments, many of 
which are unknown from monomict brecciated or 
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unbrecciated meteorites. Howardites are similar in 
many respects to lunar soil breccias. Mesosiderites are 
metal-rich meteorites whose silicate portions are similar 
to howardites. Whole-rock and mineral isochron dating 
of eucrites and fragments in howardites and the pres
ence in these meteorites of 129Xe from decay of 1291 
indicate that the igneous processes involved in the for
mation of these meteorites were restricted to a narrow 
time interval near 4.6 b.y. (see Chapter 7). 

3.5.2 Experimental studies 

Sample selection 
One-atmosphere melting experiments on fourteen 

eucritic meteorites were described by Stolper (1975, 
1977). Samples were chosen largely on the basis of 
availability and to span the range of known eucritic 
compositions. Experimentation was limited to eucrites 
because these unbrecciated and monomict brecciated 
meteorites are most likely to have bulk compositions 
controlled by igneous processes alone. The polymict 
characters of howardites and mesosiderites indicate 
that their bulk compositions were controlled mainly by 
mechanical mixing processes. Despite their monomict 
characters, however, the bulk compositions of brec
ciated eucrites could be influenced by impact processes, 
such as contamination from the impacting projectiles or 
impact differentiation. Additional potential difficulties 
with the starting materials used in these studies were: ( 1) 
the metamorphism which affected most eucrites may 
have modified their original compositions; and (2) the 
compositions of the starting materials used in experi
ments may not have been representative of the bulk 
compositions of the meteorites, due to the small sample 
size available for study (generally less than 2 grams). 

Experimental results 
Eucrites appear to have crystallized at low oxygen 

fugacities similar to those oflunar basalts (Duke, 1965). 
Experiments at 1 atm have been conducted at oxygen 
fugacities between the iron-wiistite and iron-ilmenite
ferropseudobrookite buffers. The major features of the 
results of these experiments are summarized in Fig. 
3.5.1. The clustering of nearly all eucritic compositions 
near the 1-atm peritectic A, olivine (Fo65)-pigeonite 
(Wo5En65)-plagioclase (An94)-chromian spinel-metal, 
demonstrates that these meteorites have the composi
tions of liquids controlled by equilibration with these 
crystalline phases a:t low pressures (steps 1 and 5, Fig. 
3.1.4). 

The clustering of the meteorite compositions near 
this peritectic, despite the variable extent of brecciation 

Si 

01 PI 

3.5.1 Metallic iron and chromian spinel saturated plagio
clase-silica-olivine "pseudo-liquidus" diagram for eucritic com
positions. Phase boundaries for molar Mg/(Mg + Fe) = 0.60 
(Bowen and Schairer, 1935) based on multiply-saturate 
liquid compositions from experiments on the Sioux County 
and Juvinas eucrites (Stolper, 1977). Filled circles are 
projected compositions of eucrites taken from the litera
ture. Stars are projected compositions of "anomalous" 
eucrites, some or all of which may be cumulates. Projection 
as in Stolper (1977). Note that the field boundaries for 
Mg/(Mg + Fe) = 0.60 do not define the paths followed by 
residual liquids produced by fractionation of liquid compo
sitions with Mg/(Mg + Fe) = 0.60. 

and degree of metamorphism, demonstrates that these 
two processes did not significantly modify the initial 
compositions produced by igneous processes. All of the 
eucrites whose compositions plot near the peritectic A 
have a small degree of crystallinity (<5%) at multiple 
saturation, which demonstrates that the restriction to 
small sample size introduced no significant problems. 
Therefore, heterogeneities similar to those observed by 
Walker eta/. (1976c) in 70215 are not important in the 
eucrites. If they were developed at some stage, breccia
tion has homogenized them. Before the experimental 
data were available, Mason (1962) and Duke and Silver 
(1967) had concluded that most eucrites have the com
positions of liquids on the basis of petrographic studies 
of the original igneous textures of eucrites (step 1, Fig. 
3.1.4). Duke and Silver (1967) also predicted the 1-atm 
multiple saturation of eucrite liquids (step 5, Fig. 3.1.4) 
on the basis of interpolation between the anorthite
enstatite (Anderson, 1915) and anorthite-ferrosilite 
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(Schairer, 1942) joins, and they discussed its signifi
cance. The experimentalstudies of Stolper ( 1975, 1977) 
confirm these predictions. The textures of the eucrites 
whose compositions cluster at peritectic A in Fig. 3.5.1 
vary from vitrophyric to gabbroic, and if textural crite
ria alone were used to distinguish liquid compositions 
from cumulate compositions, some of these eucrites 
would be suspected of containing accumulated mate
rial. This observation emphasizes the difficulty, so well 
exemplified in the lunar literature, of distinguishing 
quenched liquids from cumulates by textural criteria 
alone. 

3.5.3 Cumulate eucrites 

The eucrites shown as stars in Fig. 3.5.1 have com
positions which deviate from the olivine-pyroxene
plagioclase peritectic at 1 atm. These eucrites are more 
magnesian than those near the peritectic. Three of them 
have unbrecciated poikilitic or ophitic textures and are 
identified as adcumulates: Moama, Moore County and 
Serra de Mage. The Binda eucrite has a composition 
displaced from the 1-atm peritectic. Two interpreta
tions for this have been offered. McCarthy et al. (1973) 
suggested that the composition of Binda may represent 
that of a magnesian parental liquid from which the 
eucrites at peritectic A developed by differentiation. 
Stolper (1975, 1977) suggested that Binda may repre
sent a cumulate, on the basis of its coarse-grain size and 
the fact that its most magnesian pyroxenes are similar in 
composition to the pyroxenes near the liquidi of the 
eucrites at peritectic A. Three other eucrites, Brient, 
Medanitos and Pomozdino could be subject to similar 
interpretations, but no detailed petrographic descrip
tions are available for these meteorites. 

These two interpretations of the Binda eucrite 
demonstrate that the petrology of meteoritic basalts has 
not entirely escaped the ambiguities of distinguishing 
liquid from cumulate compositions. In fact, the difficul
ties of interpreting the textures of brecciated and 
metamorphosed eucrites can render the problem even 
more intractable than for lunar rocks. 

3.5.4 Primary or differentiated liquids? 

The major problem once the compositions of liq
uids have been established is to determine to what 
extent these liquid compositions were controlled by 
melting processes, and to what extent they have been 
modified by crystal fractionation and other post
melting processes. This distinction has been con trover-

3.5 Meteoritic Basalts 593 

sial, just as it has for lunar and terrestrial basalts. Some 
petrologists interpret those eucrites with compositions 
near the 1-atm peritectic (A in Fig. 3.5.1) as residual 
liquids produced by extensive fractionation of abun
dant orthopyroxene plus minor olivine, spinel and 
metal from magnesian parental magmas, perhaps sim
ilar in composition to chondrites or to Binda (Mason, 
1962, 1967; Moore, 1962; Duke and Silver, 1967; 
Schnetzler and Philpotts, 1969; McCarthy et al., 1973; 
Reid, 1974; Shimizu and Allegre, 1975; Bunch, 1975a, 
b; Dymek et al., 1976). Others have suggested that the 
liquids with compositions near the peritectic were pro
duced by low-pressure partial melting of source regions 
containing olivine (Fo 65) + low-calcium pyroxene 
(Wo5En65) + plagioclase (An94) + Cr-rich spinel + 
metal, followed by only minor fractionation of pigeon
ite and plagioclase (Stolper, 1975, 1977; Consolmagno 
and Drake, 1977; Ma et al., 1977). 

Geophysical and geochemical constraints 
Experimental study ofthe compositions identified 

as liquids is generally insufficient to establish whether a 
given liquid composition is primary or differentiated 
(Fig. 3.1.4). This distinction, for terrestrial and lunar 
basalts, is largely based on preconceptions concerning 
the depth of generation of primary magmas, the nature 
ofthe source region(s), and the relationships of basaltic 
magmas to certain ultramafic rocks (sections 3.3-4). 
Likewise, there are geophysical and geochemical con
straints on the generation of meteoritic basalts. 

Low-pressure multiple saturation in lunar and ter
restrial basalts would generally be regarded as evidence 
against their interpretation as primary magmas. This 
means of identifying differentiated liquids is not valid 
for meteoritic basalts, ifthe beliefthat these meteorites 
originate in the asteroid belt is correct. Because all 
igneous processes on asteroids must occur at low pres
sures, low-pressure multiple saturation is equally con
sistent with a partial melting origin as with a residual 
liquid origin. Figure 3.5.2 gives the general relation 
between central pressure and planet size and mean den
sity. The central pressure in the largest asteroid, Ceres 
(R = 510 km, p === 2.4 gjcc) is approximately 2 kb, 
while the central pressure in Vesta (R = 275 km, 
p e: 3.5 g/ cc), often regarded as similar to the parent 
body of the basaltic achondrites, is approximately I kb. 
The heat source which caused melting is unknown, and 
the primary magmas for the basaltic achondrite suite 
may have been generated at depth in the parent body, or 
near the surface. 

Foremost among the constraints affecting the iden
tification of primary meteoritic magmas is the assump
tion that the eucrites, howardites, and probably the 
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1 10 100 1000 
PLANET RADIUS, km 

3.5.2 Relationships between the pressure at the center of 
a small planet, and the size and density of the planet. 

diogenites were produced by the same or similar igne
ous processes on the same or similar parent bodies. The 
juxtaposition of eucritic and diogenitic fragments in 
howardite polymict breccias bears out this assumption. 
This has been the most influential constraint placed on 
the origin of the basaltic achondrites and, in particular, 
on whether eucrites represent primary or differ
entiated magmas. This is because the orthopyroxenes in 
diogenites (Enn-16; Dymek eta/., 1976) and the most 
magnesian orthopyroxenes in howardites (En85) are 
significantly more magnesian than the pigeonites pres
ent at the liquidi ofthe eucrites with compositions near 
peritectic A (Wo5En65). This implies that liquids more 
magnesian than these eucrites must have existed and 
that these magnesian liquids were related to the eucrites. 

Model 1: eucrites as residual liquids 
Most petrologists have concluded from the evi

dence outlined above that the implied liquids more 
magnesian than the eucrites were probably parental to 
the eucrites, and hence that the eucrites are probably far 
removed from primary liquid compositions. This pet
rogenetic model for the origin of basaltic achondrites is 
portrayed in Fig. 3.5.3a. 

According to this interpretation, the continuous 
trend of pyroxene compositions observed in howardites 
(Dymek eta/., 1976) reflects the trend of cryptic varia
tion in cumulus pyroxenes accumulated during fraction
ation of the parental liquids in plutonic environments. 
It is doubtful that any known meteorites represent 
quenched examples of the hypothesized magnesian par
ental liquids. Binda is a possible example, but the sparse 
petrographic data available appear to be more consis
tent with a cumulate origin for this meteorite. Brient 
and Pomozdino are other possibilities, but their com
positional similarities to the Serra de Mage cumulate 
strongly suggest that they too are cumulates. A cumu
late origin for Medanitos is probable as well, judging 
from its compositional similarity to the Moama 
cumulate. 

This petrogenetic model has the advantage of pro
ducing all of the basaltic achondrites in a single 
fractionation sequence, sometimes identified with the 
differentiation of the initially molten planet, but there 
are several difficulties which have been discussed in 
detail by Stolper (1975, 1977). Briefly, these are: (1) 
residual liquids similar in composition to the eucrites 
are unlikely to form by fractionation of the proposed 
parental magmas (section 3.5.4); (2) residual liquids are 
unlikely to be produced preferentially at a peritectic by 
fractional crystallization; (3) the eucrites have constant 
major element chemistry but variable incompatible 
element chemistry, which is not consistent with a series 
of residual liquids produced by fractionation. 

Model 2: eucrites as primary magmas 

Figure 3.5.3b illustrates schematically a contrasted 
model, in which the eucrites are regarded as primary 
magmas or as magmas modified only slightly by crystal 
fractionation. According to the details given by Stolper 
(1975, 1977) and Consolmagno and Drake (1977), and 
summarized below, this appears to be more consistent 
with most of the known features of basaltic achondrites 
than does the fractionation model I. 

Low-pressure partial melting (5-20%) of a source 
comprising olivine + low-Ca pyroxene + plagioclase + 
Cr-spinel + metal, produced eucritic liquids with com
positions at peritectic A in Fig. 3.5.1, until plagioclase 
was exhausted from the residue. Minor (<20%) fraction
ation of pigeonite and plagioclase from these primary 
magmas produced the compositions of most of the 
eucrites with compositions near peritectic A. Two 
known eucrites appear to require 30-35% fraction
ation of the primary magmas to account for their lower 
Mg/(Mg + Fe) ratios and incompatible element con
centrations. Further melting after the exhaustion of 
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3.5.3 Schematic flow diagrams illustrating proposed models of basaltic achondrite genesis. a. After Mason (1962, 1967) 
and Bunch (1975b). b. After Stolper (1977). 
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plagioclase from the source regions produced liquids 
becoming progressively more magnesian, and moving 
away from peritectic A on the olivine-, pyroxene reaction 
surface. These liquids became magnesian enough to 
crystallize pyroxenes as magnesian as the most magne
sian pyroxenes in howardites and diogenites. Eventu
ally, pyroxene became exhausted from the source 
regions and liquids produced by larger degrees of par
tial melting moved away from the olivine-pyroxene 
reaction surface into the olivine volume. Crystallization 
of these magmas first produced olivine, perhaps account
ing for the rare olivines observed in howardites and 
diogenites. 

The magnesian melts produced by more extensive 
partial melting would have resembled the parental 
magmas of the fractionation model of eucrite genesis. 
Crystallization of these magmas in plutonic environ
ments would have produced olivine cumulates, overlain 
by orthopyroxene cumulates, and finally overlain by 
pyroxene-plagioclase cumulates. Ultimately, silica and 
ferrohedenbergite might have crystallized, as in the high 
levels oflarge terrestrial intrusions. The composition of 
the liquid in such an intrusion would have started in the 
olivine field; moved away from olivine until it reached 
pyroxene saturation; then, because of the fractional 
crystallization, it would have moved across the pyrox
ene volume until it reached plagioclase saturation; and 
then moved along the pyroxene + plagioclase surface 
until it became saturated with a silica polymorph. At no 
time would the residual liquid have been similar in 
composition to known eucrites. Diogenites and the 
cumulate eucrites would, according to this model, be 
samples of the cumulates from such plutons. 

The scarcity of known meteorites with composi
tions which could represent the more magnesian liquids 
could indicate that these advanced partial melts were 
restricted to crystallization in plutonic environments. 
One possible explanation of this could be that the 
eucrites generally produced near-surface flows, and 
underwent only minor fractionation. The earlier eucrite 
flows may have formed an impermeable crust, thus 
limiting the later-formed magnesian melts to develop
ment in plutons beneath the crust. The rarity of meteor
ites with compositions similar to the residual liquids 
which would have been produced during the fraction
ation of these postulated plutons could suggest that the 
plutons crystallized as closed systems. One would 
expect that high-level cumulates containing iron-rich 
pyroxenes, such as ferrohedenbergite, would be the 
least abundant of all basaltic achondrites, and, in fact, 
they are only known as rare fragments in howardites 
(Dymek et al., 1976). 

3.5.5 The bulk composition of the source 
regions of eucritic magmas 

Consolmagno and Drake (1977) calculated a bulk 
composition of the source region, using the major
element compositions of the minerals near the liquidi of 
the eucrites investigated experimentally by Stolper 
(1977), assuming that the eucrites were approximately 
primary magmas as outlined above (model2), and using 
rare-earth element patterns of the eucrites. The calcu
lated bulk composition of the source region resembles 
ordinary chondrites and Cl chondrites in all but the 
most volatile elements (e.g., H, C, N), except for a 
significant depletion in moderately volatile elements 
such as Na and K. It also resembles the bulk composi
tion of the eucrite parent planet calculated by Morgan 
et al. ( 1978) and Hertogen et a/. ( 1977) on independent 
bases. When coupled with the 4.6 b.y. age of the 
eucrites, this similarity suggests that the eucrites may 
represent the quenched products of melting of the bulk 
composition of a planet soon after homogeneous accre
tion, and that the basaltic achondrites as a whole 
represent the products of the initial differentiation of a 
small planet. The estimates of the composition of the 
eucrite parent body and further discussion are given in 
Chapter 4, section 4. 

3.5.6 Experimental petrology as a guide 
to the origins of meteoritic basalts 

The available evidence appears to favor model 2, 
the interpretation that most of the eucrites are quenched 
primary or nearly primary magmas produced by 5-20% 
low-pressure partial melting of a source region 
assemblage: olivine + low-calcium pyroxene + plagio
clase + spinel + metal. As shown in Fig. 3.5.3b, most 
of the other basaltic achondrites could then be pro
duced by physical mixing of these eucrites and the cum
ulates formed during fractional crystallization of more 
advanced partial melts of the same source regions in 
plutonic environments. 

The details of the considerations which led to this 
model and the model itself are of interest for their own 
sakes, because if this preferred model of igneous evolu
tion of the basaltic achondrite parent body is valid, it 
gives us an idea of ( 1) the nature of planetary differen
tiation on small bodies, (2) the bulk composition of a 
differentiated meteorite parent body, and (3) the nature 
of basalt development on bodies outside of the Earth
Moon system. 

The details are also of interest in that they demon
strate the applicability to other bodies of the petrologic 
principles developed for the Earth and the Moon, and 
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the possibilities and hazards involved in extending this 
approach to meteorite groups and other planets where 
important data (e.g., field relationships) can only be 
guessed or at best inferred. These considerations also 
demonstrate some of the specific problems associated 
with application of petrologic reasoning to meteorites 
and other planets. Some ofthese problems are the small
ness of the sample, the possibly unrepresentative nature 
of the sample, and the necessity of assuming that differ
ent meteorites come from the same or similar planets. 

3.6 Other Planets 597 

Although the specific conclusions reached above 
will undoubtedly be modified or discarded in the future, 
either due to new insights, new data, or perhaps due to 
newly discovered meteorites which will change our 
views of processes or relationships between basaltic 
achondrites, the approach serves as an example of the 
type of approach which will be needed in the study of 
other meteorites, and the exploration of other planets 
where the samples will be few and not random. 

3.6 OTHER PLANETS 

Experimental petrology will probably play a cen
tral role in future efforts to understand the evolution of 
the terrestrial planets and the asteroids. In connection 
with basaltic samples from the Earth, Moon and mete
orites, we have reviewed the application of an inverse 
approach from basalt to source rock, following proce
dures outlined in the flow chart of Fig. 3.1.4. For 
terrestrial basalts, it is clear that the interpretations and 
conclusions are actually influenced very strongly by the 
forward approach, according to our knowledge of the 
composition and mineralogy of the mantle, and of liq
uids produced by partial melting of this material. We 
are not yet in a position to attempt the inverse approach 
for basaltic samples from Mercury, Venus and Mars, 
but there is sufficient information available for cosmo
chemists, geophysicists and geochemists to estimate the 
compositions of the mantles of these planets. Therefore, 
we can start at the end of the flowchart in Fig. 3.1.4, and 
follow the forward approach involving experimental 
testing of models of mantle source rocks. This will allow 
predicti0ns about basaltic volcanism on planets which 
we have not yet sampled. 

3.6.1 The composition and petrology of 
planetary mantles 

Model compositions for the terrestrial planets are 
presented in Table 4.3.2. These compositions are spec
ulative, as indicated by the range of estimates listed for 
each specific planet, including those that have been 
sampled. The compositions given are for mantle + 
crust, which limits the applicability of the following 
discussion, because we assume that basalts are generally 
produced by partial melting of planetary mantles. 
However, estimates of the composition of the Earth's 
mantle are similar to those of mantle + crust, and this 
limitation therefore may not affect our conclusions. For 

the Moon, in contrast, the crust constitutes a consider
ably larger proportion of the mantle+ crust system, and 
the mantle source regions of basalts may bear little 
compositional or petrological resemblance to the pri
mordial mantle. We will nevertheless treat the mantle+ 
crust compositions as if they do provide adequate 
approximations of the compositions of the mantle 
sources of basaltic magmas. 

Chemical compositions as they are presented in 
Table 4.3.2, provide only limited petrological insights. 
Comparisons are made more usefully if the chemical 
analyses are recast from oxide components into the 
norm, which represents the chemistry in terms of a 
series of standard mineral components which could 
make up a rock of the given composition. For the 
chemical compositions given in Table 4.3.2, graphical 
equivalents of the norm calculation are schematically 
displayed in Figs. 3.6.1-2 for pressures between 1 atm 
and about 65 kb. The recalculated compositions from 
Table 4.3.2 are plotted in these diagrams, and the posi
tions of each point shows the subsolidus mineral assem
blage for each composition. The figures do not take into 
account the effects of variations in Mg/ (Mg + Fe), and 
probably do not fully account for the effects of the 
abundances of minor components, such as Na20, 
Cr20 3, and Ti02, on the subsolidus mineral assemblages. 
However, they do provide a good expression of the 
compositional and mineralogical differences between 
hypothetical planetary mantles, and the effects of pres
sure on the mantle mineral assemblages. 

Quantitative calculation of the norms shows that 
49-90% of these compositions, by weight, would be 
composed of olivine. Figure 3.6.1 shows that all of the 
subsolidus assemblages are olivine-rich. Variations in 
the amounts of normative constituents other than oliv
ine are shown in Fig. 3.6.2. On this diagram, all of the 
estimates of planetary composition vary approximately 
along a line emanating from the MS corner. This 
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reflects the fact that all of these compositions have 
Ca/ Al near the cosmic ratio of 1.10. 

The phase diagrams from Fig. 3.6.1 have been 
reproduced in Fig. 3.6.3, but only the planetary compo
sitions based on the equilibrium condensation model 
and its feeding zone modifications are shown (see 
Chapter 4 and Table 4.3.2). This permits the trends in 
planetary compositions to be compared within the 
framework of a single model. 

Earth 
The mineralogical changes with depth in the Earth 

are reasonably well known (section 3.3.2), and the sub-

A 

0 - 10 kb 
-1300 oc 

D 

-so kb 
- 1300 oc 

MgO 

MgO 

B 
-10- 25 kb 
-1300 oc 

E 

-65 kb 
-1300°C 

solidus phase changes are illustrated in Fig. 3.1.2. The 
phase assemblages repesented in Fig. 3.1.2 correspond 
closely with the normative mineral assemblages calcu
lated from the estimated mantle composition, near its 
solidus, as shown in Fig. 3.6.3: (a) 0-10 kb (0-33 km 
depth)-olivine + diopside + enstatite + plagioclase 
(plagioclase lherzolite); (b) 10-25 kb (33-80 km 
depth)-olivine + diopside + enstatite + spinel (spinel 
lherzolite); (c) 25-130 kb (80-400 km depth)-olivine + 
diopside + enstatite + garnet (garnet lherzolite). The 
pressure (depth) limits of these assemblages, as well as 
those discussed below, are only approximate because: 
(1) the transformations do not take place at a discrete 

MgO 

MgO 

c 
25 kb + 
-1300 oc 

*Mercury 
0 Venus 
e Earth 

OMan 

MgO 

MgO 

To grossular 

3.6.1 Near-solidus phase diagrams (largely schematic) between 1 atm and 65 kb for estimates of planetary bulk composition 
(Table 4.3.2). Molar CMAS coordinates (O'Hara, 1968a) recast into molar coordinates M-S-CA-CMSz then projected from 
diopside (CMSz). All assemblages are diopside-saturated. Inset shows portion of CA-M-S plane plotted in a-e. Garnet 
compositions in di-sp-fo-ga and di-fo-en-ga assemblages are based on data in MacGregor (1965). Mel= melilite. 
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pressure, but rather, through a pressure interval; and (2) 
the locations of the reactions in P-T space have not been 
unambiguously determined. If the mantles are not at the 
solidus, the sequence of mineral assemblages will gener
ally be the same as the solidus sequence, but the exact 
pressures of the transformations will depend on the 
geotherm (Fig. 3.1.2). 

Venus 
The venusian mantle composition is qualitatively 

similar to the terrestrial mantle and has the same 
sequence of assemblages as the function of pressure 
(Fig. 3.6.3). The depth ranges of these assemblages 
would also be approximately the same on the two 
planets (see Fig. 3.1.1). For the equilibrium condensa
tion model, Venus' mantle composition is richer in 
orthopyroxene relative to olivine and has a lower 
Mg/(Mg +Fe) ratio than the terrestrial mantle. How
ever, when the full range of venusian and terrestrial 
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mantle compositional estimates are compared (Figs. 
3.6.1-2; Table 4.3.2), these differences are diminished. 

Mars 
From 0-10 kb (0-80 km depth), the estimate of the 

martian mantle composition from the equilibrium 
condensation model would be close to the olivine + 
plagioclase + diopside join, (Fig. 3.6.3a), but most of 
the other estimates of the martian mantle composition 
would also include spinel (Fig. 3.6.la). From 10-25 kb 
(80-210 km depth) the martian mantle composition 
would have the same spinel lherzolite assemblage as at 
intermediate depths in the Earth and Venus: spinel 
+ olivine + diopside + enstatite (Fig. 3.6.3b ). At pres
sures greater than 25 kb (210 km depth), the martian 
mantle would consist of olivine + spinel + garnet + 
diopside (Fig. 3.6.3c). This would eventually be re
placed by an olivine+ garnet± (diopside or spinel) 
assemblage at high pressure (by about 50 kb, 400 km 

c 
-25 kb 
1300 °C 

F 

-65 kb 
1300 oc 

A 

A 

*Mercury 
0 Venus 
e Earth 

0 Mars 

3.6.2 Near-solidus phase diagrams (largely schematic) between 1 atm and 65 kb for estimates of planetary bulk composition 
(Table 4.3.2). Molar CMAS coordinates (O'Hara, 1968a) recast into molar coordinates CS-MS-A-M2S then projected from 
olivine (M2S). All assemblages are olivine-saturated. Diopside compositions based loosely on data from Ferguson et a/. 
( 1977 ), Herzberg (1978), and Presnall eta/. ( 1978a). Garnet compositions and phase relations at pressures above 25 kb based 
on 1300°C data and extrapolations in MacGregor (1965). Cord = cordierite. Mel = melilite. 
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depth). These high pressure assemblages (>25 kb), con
taining spinel and lacking orthopyroxene, would differ 
from those of the venusian and terrestrial mantles at 
equivalent pressures. McGetchin and Smyth ( 1978) also 
concluded that the martian mantle would lack ortho
pyroxene, but suggested that an (Mg, Fe)O phase, 
rather than spinel, would be stable at high pressures. 
There is, however, experimental evidence that the spinel 
+ olivine + garnet + diopside assemblage is stable to 
at least 40 kb and that the olivine-spinel join is not 
broken by an (Mg, Fe)O-garnet tie line (MacGregor, 
1965). The martian mantle also differs from the terres
trial mantle in that it has a significantly higher 
Fe I (Mg + Fe) ratio according to all available estimates 
(0.22-0.34 for Mars vs. 0.11-0.15 for Earth). 

Mercury 
Although less magnesian [Mg/(Mg + Fe)<O.Ol] 

and virtually devoid of alkalis and other volatile ele
ments, Mercury's mantle would be most similar in 
petrological terms to that of Mars, if it has a com
position intermediate between Mel and Me2 (Table 
4.3.2, Chapter 4). Its sequence of mineral assemblages, 
and the depths at which they occur, are the same as 
those given above for the martian mantle (Fig. 3.6.3). 
The Me 1 composition actually falls slightly to the MgO
rich side of the diopside + olivine + spinel join, and 
could conceivably have normative periclase, monticel
lite, or melilite rather than plagioclase, orthopyroxene, 
or garnet in addition to olivine + spinel + diopside. 
The Me2 composition would have normative enstatite 
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Mel, MgO 

8 
MgO, mel, mont,? c MgO, mont 

0 - 10 kb 
-1300 oc 
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-50 kb 
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--Earth 
-·-·- Mars 
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To grossular 

3.6.3 As in Fig. 3.6.1, except only planetary compositions from equilibrium condensation model and its "feeding zone" 
modifications are shown (see Chapter 4). Mel = melilite. Mont = monticellite. 
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in the low pressure (<10 kb) region. However, most of 
the compositions falling between the Me 1 and Me2 
compositions would have the Mars-like mineralogy des
cribed above. 

Comparative mantle mineralogies 
Despite the differences in the estimates of the 

compositions of planets given in Table 4.3.2, we may 
draw the following tentative conclusions: at low pres
sures (0-10 kb), the venusian and terrestrial mantles 
would be plagioclase lherzolites ( ol + di + en + plag) 
while the martian and mercurian mantles would be 
spinel-plagioclase wehrlites ( ol + di + sp + plag). At 
intermediate pressures (10-25 kb), mantles on all four 
planets would have the same mineral assemblage
spinellherzolite ( ol + di + en + sp ). At high prC?ssures 
(>25 kb), the planetary mantles would probably again 
divide into two groups based on their subsolidus miner
alogies: Earth and Venus would be garnet lherzo
lites (ol + di +en+ garnet) while Mercury and Mars 
would be spinel-garnet wehr lites ( ol + di + sp + 
garnet). 

A 

To volatile-rich 
component / 

(e.g.,Na20!,_/"" 
/ 

// 
/ 

/ 
/ 

Olivine 

8 Plagioclase 
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3.6.2 Testing of model mantle compositions 

Examination of the subsolidus and melting inter
val phase relations ofthese model mantle compositions 
and of the liquids produced by partial melting could 
yield insights into the modes of differentiation of other 
planets, and into the igneous activity expected on them. 
McGetchin and Smyth (1978) have made a start in the 
application of this approach by using the results of 
experiments on simple systems to make inferences 
about the mineralogy and melting relations of a model 
martian interior. 

Stolper eta/. ( 1979) took a less specific approach to 
the testing of model mantle or bulk planet composi
tions. Most current cosmochemical models of planetary 
composition involve mixtures of several nebular com
ponents (Chapter 4). Some of these are relatively simple 
two-component models in which planets are composed 
of varying proportions of a volatile-poor and a volatile
rich component (e.g., Wood, 1962; Larimer and 
Anders, 1967; Dreibuseta/., 1977; Ringwood, 1977b). 

Plagioclase 

c 
from olivine 

To projection D 
of volatile-rich 
component 

(e.g., Na20) ,, 
' 

Diopside --------------:.Enstatite 

3.6.4 Phase relations in the system olivine-diopside-enstatite-plagioclase, projected from olivine, representing two
component models for mantle or bulk planet compositions. 
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Stolper et al. ( 1979) examined the petrological conse
quences of such two-component models in order to 
elucidate the relationships between four groups of igne
ous meteorites-the basaltic achondrites, the shergot
tites, the nakhlites, and the chassignites. We will discuss 
these petrological consequences in detail in order to 
show briefly how they can be used to constrain our 
thoughts on the igneous petrology of other planets, and 
to provide a petrological framework for Chapter 4. 

The volatile-poor component in these models at 
low pressures is essentially a feldspathic harzburgite; 
that is, largely olivine with lesser amounts of low
calcium pyroxene and minor calcic plagioclase. The 
bulk composition of the eucrite parent body (section 
3.5.5) is an example of this component. The volatile
rich components ofthese models often have normative 
feldspathoids or alkali silicates. The effect of addition of 
the volatile-rich components to the volatile-poor peri
dotite component is to increase the albite content of the 
plagioclase and to increase the high-calcium pyroxene I 
low-calcium pyroxene ratio in the peridotite. This effect 
is summarized in the following normative reaction: 

Na20 + 
(alkali-rich 
component) 

2 NaA1Si30s 
(albite) 

CaA12Si20 8 + 11 Mg Si03 ~ 
(anorthite) (low-Ca pyroxene) 

+ CaMgSi20 6 + 
(high-Ca pyroxene) 

5Mg2Si04 
(olivine) 

Figure 3.6.4a illustrates the effect of adding a pure Na20 
component to the bulk composition of the eucrite 
parent body. The effect is similar if a carbonaceous 
chondrite composition is used as the volatile-rich com
ponent. It is clear from Figs. 3 .6.4a and b that a series of 
planetary compositions produced by these two
component models will vary continuously from perido
tites such as the eucrite parent body (E) with calcic 
plagioclase and dominantly low-calcium pyroxene, to 
peridotites such as N with sodic plagioclase and domi
nantly high-calcium pyroxene. If the volatile-rich 
component is also oxidized and hydrous, as it is in some 
models, peridotites such as N would also be more 
oxidized and hydrous than E. 

The compositions of the liquids produced on 
melting of peridotites with compositions ranging from 
E toN (Fig. 3.6.4a) will differ. The low pressure phase 
boundaries for calcic compositions such as E and for 
sodic compositions such as N are projected in Figs. 
3.6.4c and d, respectively. 

Melting of E will begin with liquid a and will follow 
the path a-b-E at low pressure (Fig. 3.6.4c). The pro
ducts of fractional crystallization of liquids between b 

and E will be low-Ca pyroxene, low-Ca pyroxene 
+ plagioclase, joined late in the crystallization 
sequence by augite and a silica polymorph. The crystal
lization sequences of the liquids produced by melting of 
E correspond well to basaltic achondrite meteorites. 

Melting of N begins with liquid c and follows the 
path c-d-N (Fig. 3.6.4d). The early portions ofthe frac
tional crystallization sequences ofliquids between c and 
N would be olivine + augite, and olivine + augite 
+ sodic plagioclase. The crystallization sequences 
from the liquids produced by melting of N correspond 
to those inferred for the nakhlite and chassignite mete
orites. Similarly, the shergottite meteorites correspond 
in terms of their compositions and mineralogy to crystal 
fractions from liquids produced by the melting of a 
source peridotite such as S, intermediate between E 
and N. 

In the sequence basaltic achondrites to shergottites 
to nakhlites-chassignites, the plagioclases become more 
sodic, the oxidation state increases, the K/U ratio 
increases, and hydrous phases begin to appear. These 
facts, together with the crystallization sequences de
scribed above (Figs. 3.6.4c and d), suggest that a link 
can be made between the sequence of igneous meteor
ites, and the cosmochemical models which predict a 
sequence of planetary compositions between E and N 
(Fig. 3.6.4). 

This example has dealt with only a small range of 
meteorites and peridotites at low pressure, but the 
integration of (1) experimentally determined phase 
diagrams; (2) the petrographic, chemical and experi
mental petrological studies of the meteorites; and (3) 
cosmochemical models is illustrative of the type of 
study which must become important in future attempts 
to synthesize models of the terrestrial planets. Exten
sion of this same approach to other models and higher 
pressures may be the next step. For the model mantle 
compositions discussed in this section and in Chapter 4, 
detailed phase diagrams corresponding to Fig. 3.1.2 
should be determined in order to confirm that the sub
solidus modal mineralogy is consistent with the deduced 
normative mineralogy illustrated in Figs. 3.6.1-3. The 
compositions of liquids derived by partial melting of 
these model mantles should also be determined (see 
section 3.3.3 for terrestrial examples). 

3.6.3 Implications of model mantles for 
basalt genesis 

Although the analysis of mantle mineral assem
blages in section 3.6.1 was based on the equilibrium 
condensation model of planetary compositions, refer-
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ence to Figs. 3.6.1-2 shows that the trends established 
by these compositions generally hold for the other esti
mates of planetary composition from Table 4.3.2 in 
Chapter 4. We will now apply the analyses of near
solidus mineralogy on these different planets to a dis
cussion of the compositions of those primary magmas 
that would be produced by degrees of partial melting at 
which no minerals are exhausted from the residues. The 
conclusions depend to a considerable extent on phase 
relationships reviewed in sections 3.3.2-3. 

The first variation to be anticipated is in the Mg
values of mantle liquids. We should expect a progres
sion from liquids with Mg-values near I 00 on Mercury, 
to liquids with Mg-values near 70 on the Earth, to 
iron-rich liquids with Mg-values near 40 on Mars 
[based on an olivine-liquid K0 (Fe/Mg) of about 0.3]. 
There is no general agreement on the relative Mg-value 
of the venusian mantle. This simple sequence could be 
disturbed if the Mg-values of basalt source regions on 
Mars, Venus, or Mercury had been altered during pre
vious episodes of differentiation. 

At low pressures (<10 kb), incipient melts of the 
venusian and terrestrial mantles would have composi
tions controlled by equilibration with olivine + diop
side + plagioclase + enstatite; such liquids would be 
similar to each other, and to common terrestrial tho
leiites, though they might differ from typical terrestrial 
tholeiites in their Mg-values. Compositions of liquids 
produced by melting of the mercurian and martian 
mantles would be controlled by equilibration with oliv
ine + spinel + plagioclase + diopside, and would 
therefore be petrologically distinct from terrestrial and 
venusian low pressure melts. At pressures below about 5 
kb (Presnall et a/., 1978a), these liquids would be 
undersaturated-nepheline-normative on Mars, and 
larnite-normative on Mercury. At pressures higher than 
5 kb, liquids produced by melting of these source 
regions would be tholeiitic according to Presnall and his 
co-workers. 

At intermediate pressures (10-25 kb), all of the 
mantle mineralogies are the same (olivine + spinel 
+ diopside + enstatite), and consequently the liquids 

will be petrologically similar. At pressures below about 
12-15 kb, the liquids from these mantles will be tholei
itic. At higher pressures within this interval, liquids on 
Venus, Earth and Mars would be alkali olivine basalts, 
i.e., nepheline-normative. On Mercury, with its low 
alkali contents, it is unlikely that liquid compositions 
would cross the olivine-plagioclase-diopside join into 
undersaturated compositions even at these higher pres
sures (Presnall et al., 1978a). 

At higher pressures (25 kb +), the mantle assem
blages again divide into two groups: Earth and Venus, 

3.6 Other Planets 603 

olivine + diopside + enstatite + garnet, and Mars 
and Mercury, olivine + diopside + garnet +(spinel). 
Liquids from these pressures on Venus and Earth will 
thus be similar, and bear the stamp of equilibration with 
the garnet lherzolite assemblage. Martian and mercu
rian basalts will differ from them, however, since they 
would be produced by melting of a different assemb
lage. Just how different these liquids would be is diffi
cult to determine, because the locations in composition 
space of liquids saturated with olivine + diopside 
+ garnet + (spinel) are unknown. However, the liquids 
are probably more aluminous and undersaturated than 
orthopyroxene-saturated liquids produced on Earth 
and Venus. 

In summary, the most notable differences between 
primary magmas produced on these planets would be in 
Mgj(Mg +Fe) ratio: mercurian magmas would have 
very low Mgj(Mg +Fe) ratios, terrestrial (and venu
sian?) basalts would have intermediate ratios, and mar
tian basalts would have very high ratios (but no higher 
than lunar mare basalts and achondritic meteorites and 
their parent magmas). Mercurian basalts would also be 
nearly devoid of alkalis and more volatile elements. The 
phase equilibria of primary liquids on Earth and Venus 
would differ from those of primary liquids on Mars and 
Mercury if the liquids were produced by melting at 
pressures less than 10 kb or greater than 25 kb.Primary 
liquids from these pressure ranges on Mars and Mercury 
would probably be more aluminous and undersaturated 
than terrestrial and venusian liquids from similar 
pressures. 

We emphasize that in this analysis we have tried to 
characterize only the compositions of the most abun
dant types of basalts on a planet, analogous to mid
ocean ridge basalts or continental tholeiites on Earth. 
Just as there are carbonatites and lamprophyres on the 
Earth, undoubtedly there will be less abundant magma 
types on other planets which do not conform to the 
patterns outlined above. The diversity of magma types 
may be related to planetary size or richness in volatiles 
(sections 3.6.4and 3.7), so that mercurian magmas may 
have less diversity than those from Venus, the Earth, 
and Mars. 

3.6.4 Solar system exploration and the 
inverse approach 

The approach of analyzing hypothetical planetary 
compositions in terms of the growing body of phase 
equilibrium data, and the completion of subsolidus and 
melting experiments on the hypothetical compositions 
themselves, will not only yield more detailed insights, 
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604 Basaltic Volcanism on the Terrestrial Planets 

but will also provide a framework for mission planning 
and for the interpretation of sample returns, remotely 
sensed surface compositions, and geological features 
observed via satellites and surface-based cameras. 

Experimentation on returned samples, on compo
sitions obtained by automated analysis (e.g., the Mar
tian XRF experiment), and on compositions obtained 
by remote sensing techniques (Chapter 2) is inevitable 
once these samples and compositions become available. 
The utility of this approach will depend upon whether 
igneous compositions are returned, or whether surface 
compositions are extensively weathered or altered, as 
they may be on the sampled regions of Mars. Assuming 
the availability of igneous compositions, experimental 
techniques can be employed to place constraints on the 
possible relationships between different samples, on the 
physical conditions and processes involved in their 
genesis, and on the mineralogy and composition of the 
source regions in the planetary interiors from which the 
igneous rocks were ultimately generated by partial or 
complete melting. 

The flow chart introduced in Fig. 3.1.4 and dis
cussed in connection with terrestrial, lunar and meteo
ritic basalt studies summarizes the experimental 
approach which we anticipate will be applied to the 
study of igneous rocks from other planets. The ground 
rules may, of course, differ from planet to planet. The 
geophysical, geochemical and petrological constraints 
which provide the framework for the application of the 
flow chart will almost certainly vary. Planetary density 
and heliocentric distance, or the discovery of rock types 
other than basalt (e.g., ultramafic rocks or granites) on 
a planet will probably influence the types of experi
ments conducted and their interpretations. We have 
referred to Fig. 3.1.4 as the inverse approach, but the 
procedures followed actually represent an integrated 
approach, as exemplified in sections 3.6.1-3 by the for
mulation and testing of hypothetical planetary mantle 
compositions before basaltic samples have been 
obtained. 

We have emphasized in this chapter that primary 
liquid compositions are required before meaningful 
inferences concerning the mineralogy and conditions 
(e.g., P, T, activities of volatile components) of the 
source regions can be made from experimental petro
logy. Is it likely that primary liquid compositions will be 
returned by automated "grab" sampling of planetary 
surface? Are average surface compositions obtained by 
remote sensing likely to yield primary liquid composi
tions? Is fieid judgment required for the return of these 
petrologically significant primary liquid compositions? 
Questions of this sort are vital to mission planners as 
well as to petrologists. Can petrologists provide insight 

into the answers to these questions by application of 
their experience on the Earth, the Moon, and the eucrite 
parent body? 

Walker and Hays (1977) suggested that the answer 
to this last question may be yes. They noted that the 
most abundant basalt types on the Earth, the Moon, 
and the eucrite parent body-oceanic tholeiites, Fra 
Mauro basalts, and eucrites, respectively-appear to 
have compositions which were controlled by low pres
sure equilibration with olivine, pyroxene and plagio
clase. They then inferred, by analogy, that "the most 
abundant basalts on Mercury and Mars will not be 
primary magmas from great depth." If valid, this infer
ence has important implications for planetary explora
tion. However, a direct comparison between the Earth, 
the Moon, and the eucrite parent body may not be 
strictly valid. Even though the most abundant basalts 
are multiply saturated at low pressure, they may be so 
for three different reasons: the Earth because of frac
tionation between the source and the surface; the 
Moon because melting occurred in the lunar crust; and 
the eucrite parent body because of its small size and low 
maximum internal pressures. 

Several factors control whether primary magmas 
are likely to fractionate en route to the surface or to 
erupt unfractionated: the depth of melting, the size of 
the body and g, the layering of the planet ( discontinui
ties in density may provide sites for formation of 
magma chambers), the widths and spatial density of 
conduits, the dynamics of melting, tectonics, and the 
thermal structure of the planet. On the Earth, the large 
value of g, the layering of the outer regions of the mantle 
and crust, and the generally deep level of melting make 
fractionation of melts en route to the surface the rule 
rather than the exception. These factors probably play 
important roles in other large planets, so that pessimism 
regarding the likelihood of obtaining primary liquid 
compositions in a random, small sample may be realis
tic. The change from a tensional to a compressive stress 
regime on Mars and Mercury at the close of their vol
canic histories (Solomon and Chaiken, 1976) would 
also favor the eruption of fractionated compositions, 
suggesting perhaps that the latest volcanic rocks on 
both of these planets-those which would be sampled 
selectively on the surface-will be heavily weighted 
towards differentiated rather than primary composi
tions. 

Our experience has been that the abundant basalts 
on each planet sampled are multiply saturated at low 
pressure, and we can think of reasons why this might be 
so, but it would be unfortunate to conclude that sam
pling of basalts is a useless exercise. On small planets, 
for example those parental to basaltic meteorites, low 
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pressure fractionation control does not rule out the 
sampling of primary magmas since all processes, includ
ing primary melting, must occur at low pressure (Fig. 
3.5.2). Furthermore, the lunar experience was profit
able despite the fact that the sampling incidence of 
primary material was quite low, as it is on the Earth. 
Given these precedents, we may expect to find useful 
primary material, but we should not be surprised if it is 
low in abundance. 

Let us consider the incidence with which primary 
material has been sampled. For the Earth, oceanic 
basalts provide a useful analog for planetary sampling 
in that they are of widespread occurrence, and have 
been sampled by procedures such as dredging and drill
ing which afford relatively little geological control. Ref
erence to Fig. 3.3.34 shows that the incidence of 
primitive magmas close to compositions which might 
be primary melts is extremely low. These likely candi
dates comprise a fraction of a percent of the total popu
lation of oceanic basalts, which generally show the 
effect of low pressure fractionation. In lunar experience 
the fraction of basalts which were eventually decided to 
be nearly primary was also low, but the proportion of 
the total population was measured in percents. For the 
eucritic meteorites, the unmodified melts certainly did 
not comprise the majority of samples either. However, 
the proportion of samples of primary character reached 
25-33% of the population. 

Thus, it appears that the proportion of primary 
samples in a population decreases dramatically with 
increasing size of the planet on which the population 
occurs. This observation is consistent with the notion 
that larger planets with stronger gravity fields have 
more opportunity to impose differentiation on their 
primary melts. Consequently it might be concluded that 
smaller objects require smaller sampling programs to 
extract the required information contained in primary 
melts. This conclusion is dangerous for two reasons. It 
is very difficult, on the basis of present experience, to 
know how to scale a sampling program to planet size
the correlation noted can only be a qualitative guide at 
best. Second, the proportion of primary material also is 
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inversely correlated with the total size of the popula
tions collected. The fewer samples we have, the more 
primary material seems to be present on a planet-by
planet survey (of only three planets!). If the anti
correlation of the proportion of primary material with 
planet size is more than an illusion of population size, 
then it has significant implications for differentiation 
dynamics. These implications also correlate with intui
tion. However, it would be unfortunate to design 
sampling programs as if the apparent correlation were 
universal, thereby forfeiting an opportunity to test the 
premise. 

It is difficult to anticipate the limitations which 
will be placed on our ability to use experimental petro
logy to place constraints on planetary interiors by the 
availability of only a small number of samples from a 
given planet, none of which represent primary liquids. 
Stolper and McSween (1979) were presented with this 
problem, in their study of the shergottites, a two 
member group of basaltic meteorites. Both of the sher
gottites are cumulates, and experimental melting 
studies demonstrated that the liquids from which the 
cumulates formed were not olivine-saturated. Assum
ing that the liquids parental to the shergottite suite were 
produced by low pressure partial melting of a perido
tite, the lack of olivine-saturation in the liquids from 
which the cumulates formed indicated that these liquids 
were not primary. Nevertheless, it was possible to set 
broad constraints on the mineralogy and bulk composi
tion of the source regions of primary shergottite liquids, 
given the assumption of a low pressure peridotite 
source, and the composition and liquidus phase rela
tions of the differentiated liquid from which the sher
gottite cumulates formed, and the rare-earth pattern of 
this liquid. Therefore, even without the availability of 
primary liquid compositions from other planets, mean
ingful constraints on the mineralogy and composition 
of magma source regions will be attainable from the 
inverse approach outlined in the flow chart of Fig. 3.1.4, 
if this is integrated with the forward approach using 
whatever other information and deductions that may be 
available in the normal, geological way. 

3.7 OVERVIEW SUMMARY 

Some of the lessons we have learned from this 
review of the experimental petrology of basalts and 
their source regions can now be summarized, and some 
inferences can be drawn about the basalts we are likely 
to sample on other planets. 

The rationale for assembling the present chapter is 
that the experimental study of crystal-liquid equilibria 
is relevant to an understanding of basalt petrogenesis, 
and the review has confirmed that this is true. For 
example, among the abundant basalts sampled on each 
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planet, a sense of the importance of crystal-liquid satu
ration equilibria can be appreciated by a glance at Figs. 
3.3.34, 3.4.1 and 3.5.1. It is seen that these basalts have 
compositions which generally conform to crystal-liquid 
saturation boundaries determined by the methods of 
experimental petrology. Therefore, we pursue labora
tory investigations with some confidence that the rela
tionships discovered have applications to the problems 
we try to solve. Furthermore, we have every reason to 
believe that the petrogenesis of basalts on planets not 
yet sampled may be addressed by the same methods. 

In our review of the melting relations of terrestrial 
peridotites we learned that a variety of liquid composi
tions could be generated at different conditions of 
temperature, pressure, and activity of volatile species, 
and indeed that some of these liquids corresponded to 
basalts that have been observed to erupt. Furthermore 
it was found that certain primitive basalts could be 
shown to equilibrate with the mineralogy of peridotite 
under conditions relevant to the Earth's interior and 
that an internally consistent scheme of basalt petro
genesis by melting of peridotite could be constructed. 
This exercise produces information on the pressure, 
temperature, and residual mineralogy of the magma 
segregation event. 

The results of experimental work on primary 
magmas from planets sampled so far have converged in 
that the 'planetary mantles reconstructed as source 
regions bear a generic resemblance to one another. Oliv
ine and pyroxene(s) emerge as the principle constituents 
along with some aluminous phase. This result is not 
particularly surprising in terms of cosmochemical and 
bulk density constraints. However, it may not be free of 
a component of circular reasoning. In any event, the 
convergent results are internally consistent and investi
gations of basalts from other planets will probably use 
this framework as a point of departure. Nonetheless, we 
should not discount alternate possibilities. In fact, a 
case can be made for expecting that oxides may be more 
important than pyroxenes on Mars on the basis of its 
mean density and moment of inertia. Furthermore, the 
enstatite achonarites may point to a planet where 
pyroxene is more important than olivine. 

We emphasize that models of planetary mantles 
based on the primary basalts which issue therefrom 
have not converged to the point where they are in
distinguishable-far from it. Each mantle appears to 
have distinct characteristics, and the proportions of 
phases and details of mineral chemistry in each mantle 
may be quite different. The abundance of volatile com
ponents demonstrably shows enormous variation from 
planet to planet. Indeed, it may prove possible to relate 
many of the important interplanetary differences to the 

proportion of volatile components such as alkalis 
incorporated during planet formation. 

In contrast to the important role volatile compo
nents may play in establishing the constitution of plane
tary mantle source regions, we discovered that the 
composition of the most abundant basalts erupted on 
all the planets sampled so far is influenced to a negligi
ble extent by H20 or C02• For Earth, where these 
volatile components are present (as they are not on the 
Moon or eucrite planet), this is because abundant 
basalts are generated by a high degree of melting of the 
source region. When a source region produces a large 
amount of basalt, the volatiles are either bled off in the 
early-generated melts, or diluted to such an extent that 
their influence is small. This is not to say that H20 and 
C02 have no important role in terrestrial petrogenesis. 
They clearly have a profound influence on the first 
melting of peridotite, and the composition and physical 
behavior of some magmas. But, because of their low 
abundance, the volume of liquids produced under 
hydrated or carbonated conditions is trivial compared 
with the essentially anhydrous, voluminous lavas of 
ocean ridges. 

By analogy with Earth, we may expect volatile 
components to play an important role on Venus and 
Mars in determining such things as the first melting of 
the mantle, the presence or absence of a low-velocity 
zone, the compositions of rarer basalts, and eruptive 
mechanisms. We may also expect that the compositions 
of the most voluminous eruptions are little influenced 
unless the abundance of volatile components on these 
planets exceeds that on Earth by orders of magnitude. 

We find that some results can be correlated with 
planetary size for the planets sampled so far, in order of 
decreasing size: the Earth, the Moon, and the sources 
of basaltic meteorites (presumed to be small). A large 
planet has a stronger gravitational field than a small 
planet and has more energy f unit mass available 
through processes such as core formation and pressure 
release. Because of the increase of solidus temperatures 
with increasing pressure, melts produced at depth in a 
large planet with a large pressure gradient must be 
hotter than melts produced at similar depths and 
degrees of melting in a small planet. Following this 
reasoning, we might expect bigger planets to be able to 
produce hotter magmas. This seems to be valid, for the 
Earth has generated komatiites (-1600°C), the Moon 
has produced ultramafic glasses (-1400°C), and the 
eucrites erupted as relatively cool liquids ( -1180° C). Of 
course, energetic heating mechanisms (unspecified) 
could raise temperatures on small planets as well, so 
deviations from this general expectation would not be 
surprising. 
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Larger planets have better insulation in terms of 
their surface/volume ratio. They may be expected to 
remain sufficiently hot and active enough to produce 
basalts longer than small planets. Once again, we find 
our expectations crudely confirmed. The Earth is still 
volcanically active, the Moon seems to have been dead 
in this respect for at least 2.5 b.y., and the eucrite planet 
burned out shortly after its formation about 4.5 b.y. 
ago. Again, this correlation between size and endurance 
may be upset by any number of additional factors. 
Indeed, if the shergottite, nakhlite, and chassignite 
meteorites should prove to come from a small planet 
or planets, their ages of about 1.3-0.6 b.y. would be 
exceptions. However, the crater chronologies reviewed 
in Chapter 8 are consistent with the expectation, based 
on size, that Mercury and Mars have had a volcanic 
endurance intermediate between the Earth and the 
Moon. 

Larger planets have a larger range of pressure in 
their interior than small planets. Also, once they reach a 
certain size, they are able to contain effervescent volatile 
components when hot. Furthermore, the longer-lived 
activity of larger planets gives more opportunity for 
multiple and continuous differentiation events to pro
duce a spectrum of source regions. These factors might 
lead us to expect a greater complexity of volcanic rock 
types on a large planet, because melt composition is 
influenced by volatile content, pressure of segregation, 
and previous depletion of the source region. Clearly, the 
Earth has a variety of volcanic rocks reflecting these 
influences. The lunar collection is quite pedestrian by 
comparison and the eucrites are barren of variety. We 
should 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 
smaller planets need smaller sampling programs. 

We emphasized the importance of identifying the 
actual primary liquid segregated if the exercise of 
working back from the basalt to the source region 
constitution is to be meaningful, and we suggested a 
strategy for accomplishing this goal in Fig. 3.1.4. In our 
case study of how well the approach works (section 
3.3.8), we pointed out the importance of having as many 
additional constraints on the source region mineralogy 
as possible, because the process of working backward 
from the basalt to the planetary interior could give 
ambiguous or misleading results, as with any inverse 
problem. 

In our survey ofthe planets sampled we found that 
the majority of abundant basalts had experienced 
crystal-liquid fractionation at low pressures, as is 
graphically apparent in Figs. 3.3.34, 3.4.1 and 3.5.1. 

3. 7 Overview Summary 607 

Even for the Moon, where the primary melting occurred 
at low pressure in the lunar crust, and for the eucrite 
parent planet, which presumably was too small to have 
the primary melting occur at other than low pressure, 
the majority of compositions had experienced some 
low-pressure fractionation. Low-pressure fractionation 
is also ubiquitous on the Earth, where primary melting 
does occur at elevated pressures. As a result, the pri
mary magmas we require in order to work back to 
basalt source regions are decidedly in the minority in 
sample populations. It would be surprising if this were 
not also true on the planets remaining to be sampled. 

This expected low incidence of primary magmas is 
of great importance to mission planners, and two points 
must be emphasized. The first is that our experience 
shows that this incidence is not zero and important 
results are derived from the few that are found. The 
second is that sampling must be designed to encounter 
as much variability as possible. In the search for 
primary magmas, the population is as important as the 
individual-it serves as a background against which the 
individual acquires more definite significance. Conse
quently, missions which produce a single average or 
grab sample are of decidedly less use to the petrologist 
and planetologist than the mission which produces a 
suite of samples. 
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Appendix 3.1 Experimental studies of complex terrestrial basaltic compositions. I 0 

© Composition 100 Mg Normative Nature of fo, of I Atm. High Pressure High Pressure Run Volatile High Temperature References 

t"" Mg+Fe Features Starting I Atm. Sample Apparatus Sample Pressures Activities Pressure Extent of 

= (pi= an/ Material Runs Container Container fo, Runs 

= ab +an) 
~ 
'"1 
~ 

I. Ocean Island Olivine Tholeiites 

= 1921 Kilauea 65.6 of 19.14, rock air sealed Pt cold seal sealed Pt 1-10 kb H20-excess ?-HM liquidus to Yoder & Tilley 
~ hy 15.35, powder N, open Fe internally- subsolidus (1962) 
""C pi 55.1 heated Ar -~ 
= 1921 Kilauea 68.6 of 0.25, rock piston-cylinder sealed 10-30 kb H20-excess -NNO solidus to Hill & Boettcher 
('!) 

hy 23.8, powder Ag50 Pd50 H,O+ C02- near liquidus (1970) ...... 
~ pi 59.5 excess 
'"1 
~ (XH,o= 0.5) 
..... 
= 1921 Kilauea 68.6 of 0.25, rock internally-heated sealed 2-8 kb H,o+ co,- NNO solidus to Holloway& 
[IJ ...... hy 23.8, powder Ar cold seal Ag40Pd60 excess QFM near liquidus Burnham (1972) .... ...... pi 59.5 (XH,O = 0.59) 

= ...... H20-excess 
('!) 

1921 Kilauea 68.6 of 0.25, rock 10-8 '-10-8 Ag60 Pd40 piston-cylinder sealed 10-21 kb H20-excess -NNO liquidus and Allen eta/. (1975); • hy 23.8, powder Ag50 Pd 50 HM near-liquidus Allen & Boettcher 
""C pi 59.5 MW (1978); 
'"1 Fudali ( 1965) 
0 
""'~ 1921 Kilauea 63.6 of 17.30, rock internally- sealed 5 kb H20-excess QFM solidus to Helz (1973, 1976) .... 
~ hy 19.77, powder heated Ar Ag40 Pd60 HM -50% molten 
('!) p/59.5 
~ 
'a' 1921 Kilauea 56.6 of 1.6, glass 10-0 68- open Pt, liquidus to Hill& Roeder 
~ hy 18.7, 10-14 Ag,0 Pd40 , -50% (1974) 
...... pi 57.2 Ag55 Pd45 crystalline 

=- or Al 20 3 ('!) 

z 1959-60 Kilauea various various rock air sealed Pt liquidus to Thompson & Tilley 

> powders -50% (1969) 
\J). crystalline > 
> Synthetic 72.0 of 21.9, glass ? sealed Pt piston-cylinder sealed Pt 5-27 kb dry ?-NNO subsolidus Green & 
[IJ Kilauea Iki 1959 hy 12.3, to liquids Ringwood ...... "Parent Magma" pi 65.2 (1967a); '"1 
0 Green (1970) 
"0 
=- Anjouan 70.2- of 15.88- rock Ar open Ag70 Pd30 liquidus to Thompson & ~ 
[IJ 63.6 11.76, powders or Pt -60% Flower (1971) .... 

hy 7.23-6 .62, crystalline ~ 
[IJ pi 51.1-59.6 
~ 
~ Reunion various various rock Ar open Ag70 Pd 30 liquidus to Tilley eta/. ...... 
~ powders or Pt -50% (1971) 

\J). crystalline 
~ 
[IJ Galapagos various various rock NNO sealed Pt, solidus to Bow (1976) ...... 
('!) powders Ag40 Pd60 or Ag liquidus a 

Iceland various various rock air sealed Pt liquidus Tilley eta/. 
powders QFM ( 1967);Fisk et a/. 

(1976) 

t See Table 3.3.4. 
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Appendix 3.1 (Continued/ 

Composition 100 Mg Normative Nature of / 02 of I Atm. High Pressure High Pressure Run Volatile High Temperature References 
@ --- Features Starting I Atm. Sample Apparatus Sample Pressures Activities Pressure Extent of Mg+Fe 
t"'4 (pi= an/ Material Runs Container Container fo, Runs 

= ab +an) 

= = 2. Abyssal Tholeiites .., 
= Mid-Atlantic Ridge 66.5 of 11.0, rock Ar Pt piston-cylinder graphite 5-12 kb dry- >IW near-liquidus Kushiro & 

= 24°-30°N hy 10.9, powders sealed Pt -2%H20 -HM Thompson (1972); 
~ 

""C 
(T87, T89) pi 54.4. Tilley et a/. (1972) - 63.1 of 7.7, 

= hy 10.3, 

= pi 55.2 
~ 

S" Mid-Atlantic Ridge 68.1 of 15.9, natural MMO Mo (sealed in piston-cylinder graphite 5-15 kb dry >IW near-liquid us Bender et a/. ( 1978) .., 
~ 36°N FAMOUS hy 8.9, glass Si02) 

~ (572-1-1) p/68 .2 

= [IJ Mid-Atlantic Ridge 70.9 of 10.6, devitrified ? Fe (sealed in piston-cylinder Fe 5-25 kb dry ? near-liquidus Green eta/. (1979) ...... ..... 
DSDP3-18-17-l hy 10.7, glass Si02) graphite ...... 

= (synthetic) p/67 .9 glass ...... 
~ (±olivine) 

• 10-'-10-" Mid-Atlantic Ridge ? '! rock open AgPd liquidus to Benhamou & 
""C FAMOUS powders or Mo near solidus Biggar ( 1978a) .., 

(6 samples) c 
< ..... Mid-Atlantic Ridge 57.2 of 9.3, rock Mo (sealed piston-cylinder graphite 5-12 kb dry >IW near-liquidus Fujii & Kushiro ~ 
~ DSDP45-395A- hy 14.3, powder in Si02) (1977) 
~ 8-1-9 pi 55.4 
C"' 
~ Mid-Atlantic Ridge 67.9 of 120.18, rock air sealed Pt near-liquius Tilley eta/. (1965) 
...... hy 4.25, powder =-~ pi 63.5 

z Mid-Atlantic Ridge 63.9 of 7.3, rock 0.5 log unit Pt wire liquidus to Dungan et a/. > DSDP45-395A hy 11.5, powders below QFM loops near-solidus (1979) 
00 pi 51.2; > 70.4 of 5.5, 

> hy 10.6, 
[IJ pi 60.7 ...... .., 
c Reykjanes Ridge various various rock QFM near-liquidus Fisk eta/. (1976) 

"C:l 
=- powders 
~ 
[IJ Synthetic oceanic 60.7 of 6.2, glass ? Pt piston-cylinder sealed Pt 4.5-36 kb dry ?-NNO liquidus to T. H. Green& ..... 
~ tholeiite hy 11.9, unsealed Pt H,O- solidus Ringwood (1968); 
[IJ 

pi 58.4 deficient T.H. Green eta/. 
~ (uncon- (1967) 

= trolled) 
S" 
00 3. Quartz Tholeiite.\' 
~ 
[IJ 

Picture Gorge 42.0 q; 0.73, rock internally- sealed 5 kb H,O- QFM solidus to Helz (1973, 1976) ...... 
~ hy 20.9, powder heated Ar Ag4oPd6o excess HM -50% molten 9 pi 46.3 

'see Table 3.3.4. 
0'1 ..... ..... 
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Appendix 3.1 (Continued} 

Composition IOOMg Normative Nature of fo, of !Atm. High Pressure High Pressure Run Volatile High Temperature References 

@ Mg+Fe Features Starting !Atm. Sample Apparatus Sample Pressures Activities Pressure Extent of 
(pi= an/ Material Runs Container Container fo, Runs 

t"'4 ab +an) 

= = Picture Gorge 47.9 qz 3.82, rock w-•-w-•' Ag60Pd40 piston-cylinder sealed 10-21 kb H,O- -NNO near-liquidus Allen eta/. (1975); = ..., hy 14.39, powder Ag,0Pd,0 excess HM Allen & Boettcher 

= pi 46.3 MW (1978); 

= Fudali (1965) 
~ 

""C Picture Gorge 47.9 qz 3.82, rock air sealed Pt internally- sealed Pt I kb H,O- QFM near-liquidus Hamilton et a/. - hy 14.39, powder heated Ar excess HM (1964); = = pi 46.3 MW Tilley eta/. (1964) 
~ 

S" Hirschberg 79.3 qz 2.1, glass piston-cylinder sealed Pt or 2-15 kb 2%H20, -NNO near-liquidus Nicholls & Lorenz ..., hy 27.5, Ag,Pd, 4%H20 (1973) 
~ pi 50.1 
~ 

= Glenelg eclogite 51.3 qz 1.80, liquidus to Yoder& Tilley [IJ rock air sealed Pt internally- sealed Pt 10- dry ?-HM ..... ..... hy 18.71, powder heated Ar 31.4 kb H20- subso!idus (1962) ..... 
= pi 54.5 piston-cylinder excess ..... 
~ 

Synthetic quartz 60.4 qz 1.3, glass ? Pt piston-cylinder sealed Pt 4.5-36 kb dry ?-NNO liquidus to T. H. Green et al. 
• tholeiite hy 22.6, unsealed Pt H,O- subsolidus (1967); 

""C pi 58.5 deficient T.H. Green& ..., (uncon- Ringwood (1967, 
c trolled) 1968) < ..... 
~ Synthetic albite- 61.0 qz 2.5, glass piston-cylinder sealed Pt 13.5- H,O- -NNO near-solidus Essene et al. ( 1970) 
~ 
~ rich quartz hy 20.6, or Ag,Pd, 29 kb excess and subsolidus 

C" tholeiite pi 53.6 

~ ..... Synthetic Si02- 65.0 qz 0.2, olivine- ?-IW Fe piston-cylinder sealed 5-22.5 kb H,O- ? near liquidus Nicholls& 

=- saturated tholeiite hy 27.8, seeded Ag50Pd,0 deficient Ringwood (1973) 
~ pi 53.1 glass, or Ag,Pd, H,O-z glass excess 

> 
00 Kingston diabase 45.3 qz 1.9, glass w-• "- open Pt,- - liquidus to Hill& Roeder 

> RHB hy 26.2, 1o-" Ag60Pd40, -50% (1974) 

> pi 63.8 Ag,Pd., or crystalline 
[IJ Al20 3 ..... ..., 
c Skaergaard chilled 51.2 qz 1.2, rock NNO,QFM, Pt wire - - liquidus to Hoover ( 1978) 

"C:l margin hy 21.7, powder MW loops -50% =- pi 52.8 crystalline 
~ 
[IJ ..... 

4. Continental Olivine Tholeiites ~ 
[IJ 

~ Snake River Plain various various rock Ar open Ag70Pd30 piston-cylinder graphite 5-35.5 kb dry >IW liquidus to Tilley & Thompson 

= 49.1 ol 8.37, powders air or Pt (sealed solidus (1970); 

S" hy 15.49, in air) Thompson (1975) 

00 pi 55.4 
~ 
[IJ Nuanetsi various various rock internally- unsealed Pt 7kb, dry ?-NNO liquidus to Cox & Jamieson ..... 
~ powders heated gas 10 kb -60% (1974) 
9 piston-cylinder crystalline 

Deccan Traps various various rock NNO Ag40Pd60 liquidus to Krishnamurthy 
powders IW MO -60% & Cox (1977) 

crystalline 

t See Table 3.3.4. 
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Appendix 3.1 (Continued/ 

© 
fo, of References 

t"' 
Composition ~ Normative Nature of I Atm. High Pressure High Pressure Run Volatile High Temperature 

= Mg+Fe 
Features Starting I Atm. Sample Apparatus Sample Pressures Activities Pressure Extent of 

= (pi= an/ Material Runs Container Container fo, Runs 

= ab +an) .., 
= 5. High-Alumina Tholeiites 

= ~ Yak uno ? ? rock air open Pt piston-<:ylinder sealed Pt 9.7- dry- ? liquidus Shimada (1966a,b) 
""C - powder open Pt 33 kb H20-excess to solidus 

= = Buffalo Butte 54.3 of 14.06, glass, ?-IW Fe pi~ton-<:ylinder Fe 6.3- dry ?-JW liquidus to Cohen et a/. (1967); 
~ 

S" hy 13.20, seeded glass sealed Pt unsealed Pt 49.8 kb subsolidus Yoder & Tilley .., pi 56.0 (1962) 
~ 
~ Synthetic 69.8 of 14.5, glass - piston-<:ylinder sealed Pt 4.5-9 kb dry ?-NNO liquidus to T. H. Green eta/. 

= hy 9.7, near-solidus (1967) 
Ill pi 58.6 ...... .... ...... 
= Warner 65.8 of 20.55, rock air sealed Pt cold seal sealed Pt 2-10 kb H20-excess ?-HM liquidus to Yoder & Tilley ...... 
~ hy 0.0, powder internally- subsolidus (1962) 

• p/60.5 heated Ar 

""C Soay 63.5 of 8.6, rock - piston-<:ylinder sealed Pt, 10-35 kb H20-excess <NNO liquidus to Lambert & Wyllie .., 
c hy 7.0, powder Ag30Pd70 or IJ,O- subsolidus (1972); 
< pi 73.9 Ag,Pd, deficient Stern & Wyllie .... 
~ (1973, 1978); 
~ Stern et a/. ( 1975) 
~ 
;:' 6. "Pseudotholeiites" 
~ 
...... Roberts Victor 67.7 of 33.40, mineral co+co, Fe-bearing piston-<:ylinder graphite 5.5- dry ?2:JW solidus to Ito & Kennedy =-~ eclogite hy 10.17, mix; (1:1) Pt Fe 30.5 kb liquidus (1974) 

z pi 69.3 powder 

> Salt Lake Crater 83.1 of 20.0, rock piston-<:ylinder sealed 7.5-30 kb H20-excess -NNO liquidus to Mysen & 00 
> garnet websterite hy 8.6, powder Ag50Pd50 solidus Boettcher (1976) 

> 
pi 74.6 

Ill Synthetic "olivine 65.0 of 22.7, glass piston-<:ylinder sealed Pt, 5-30 kb dry, H20- -NNO near-liquidus Nicholls& ...... .., tholeiite" hy 9.7, (fused Ag50Pd50 or deficient, Ringwood (1973) c pi 84.0 mineral mix) Ag,Pd,; H20-excess "C:l =- graphite 
~ 
Ill Lock Duich 43.2 of 10.62, rock air sealed Pt internally- sealed Pt 10-30 kb dry ?-NNO liquidus to Yoder & Tilley .... 
~ eclogite hy 15.83, powder heated Ar H20-excess subsolidus (1962) Ill 

~ 
pi 75.1 piston-<:ylinder 

= Silberbach eclogite 84.9 of 2.61, rock air sealed Pt internally- sealed Pt IOkb dry- ?-NNO liquidus to Yoder & Tilley S" hy 16.95, powder heated Ar H,O-excess subsolidus (1962) 
00 pi 73.7 
~ 
Ill 

Matsoku olivine- various various ? solidus to Howells eta/. ...... rock - piston-<:ylinder sealed Pt 20-40 kb dry 
~ garnet websterite, powders liquidus (1975) 9 2 eclogites 

tsee Table 3.3.4. 
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Appendix 3.1 (Continued/ 
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~ 

@ 

~ Composition 100 Mg Normative Nature of fo, of I Atm. High Pressure High Pressure Run Volatile High Temperature References 

= = Mg+Fe 
Features Starting !Atm. Sample Apparatus Sample Pressures Activities Pressure Extent of 

~ (pi= an{ Material Runs Container Container fo, Runs ..., 
ab +an) 

~ 

= South African and various various rock piston-cylinder open Pt 30 kb dry ? solidus to O'Hara & Yoder Q. 

""Cl 
Tanzanian powders liquidus (1967) - eclogites (3) 

~ 

= Beni Bouchera various various rock - piston-cylinder Pt 15-30 kb dry ? solidus to Kornprobst ('!) ..... garnet pyroxenites powders liquidus (1970) 
~ (4) ..., 
~ 
~ 7. Transitional Alkalic Basalts 

= [IJ 
Synthetic olivine 68.1 hy 1.3, glass piston-cylinder sealed Pt 9-27 kb dry -NNO near-liquidus Green & Ringwood ..... - -.... 

= 
basalt o/ 21.9, (1967a) 

..... pi 59.1 
('!) 

• Auckland Islands 66.2 hy 2.7, glass piston-cylinder open or 9-18 kb dry -NNO near-liquidus Green & Hibberson 

""Cl 
ol 18.8, sealed Pt, H20- (1970) 

..., pi 43.2 graphite deficient 

0 
< Skye (SK971) 58.2 ne 0.19, rock Ar open Ag70Pd30 piston-cylinder graphite 5-26 kb dry >IW liquidus to Thompson (1974); .... 
Q. pi 55.2 powder or Pt near-solidus Thompson et a/. 
('!) (1972) 
Q. 
r::;' Mt. Baldy 43.1 hy 0.25, . glass - piston-cylinder sealed 5-15 kb dry to -NNO near-liquidus Knutson & Green 
~ ol 13.81, Ag70Pd30 5%H20 (1975) 

;. pi 35.3 sealed Pt 
('!) 

z Alwne 50.6 ne 0.11, glass QFM Pt wire internally- open Mo 1-9 kb dry -MMO near-liquidus Merrill & Irving 

> pi 45.7 IW loops heated Ar graphite ?-ceo (1977) 

\Jl piston-cylinder 

> 8. Transitional "Pseudobasa/t"' 

> [IJ Ronda plagioclase- 69.2 ne 0.12, rock piston-cylinder graphite; 5-30 kb dry ?-HM liquidus to Obata & Dickey ..... ..., garnet clino- pi 69.3 powder sealed subsolidus (1976) 
0 pyroxenite glass Pt., Au, "C 

=- seeded glass 
~ 
[IJ 9. Alkali Olivine Basalts .... 
~ 
[IJ 

Prehistoric 63.4 ne 2.20, 
~ 

rock air sealed Pt cold seal sealed Pt 2-10 kb H20-excess ?-HM liquidus to Yoder& Tilley 

~ 
Hualalai pi 54.1 powder internally- QFM solidus (1962); 

..... heated Ar Nesbitt & 
~ Hamilton (1970) 
\Jl 
~ Prehistoric 66.6 ne 0.20, rock - - piston-cylinder sealed 10-33 kb H20-excess -NNO liquidus to Allen et a/. ( 1975); [IJ ..... Hualalai pi 52.8 powder Ag,0Pd,0 MW solidus Allen & Boettcher 
('!) 

= 
HM (1978); 

Haygood et a/. 
(1971) 

tsee Table 3.3.4. 
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Composition 100 Mg Normative Nature of fo, of I Atm. High Pressure High Pressure Run Volatile High Temperature References 
@ --- Features Starting I Atm. Sample Apparatus Sample Pressures Activities Pressure Extent of 

t"'4 
Mg+Fe 

(pi= an/ Material Runs Container Container fo, Runs 

= ab +an) 

= = 1801 Hualalai 57.7 ne 3.02, rock air sealed Pt internally- sealed 5 kb H20-excess QFM solidus to Helz ( 1973, 1976); .., 
pi 55.4 powder heated Ar Ag.0Pd60 HM -50% molten Tilley et a/. ( 1965) 

= = Synthetic 59.8 ne 2.2, glass ?-IW sealed Pt piston-cylinder sealed Pt, 9-32.5 kb dry -NNO liquidus to Green & Ringwood ~ 

""C 
pi 59.3 crystallized Ag,Pd, or H20-excess subsolidus (I967a); - glass Au Essene et a/. (I 970) 

= = Skye (66018) 65.4 ne 2.84, rock piston-cylinder graphite 8-31 kb dry >IW liquidus to Thompson (I974) 
~ 

S" pi 51.6 powder near-solidus .., 
Kilsyth Hills ? ~ ? rock internally- sealed Pt, 1-10 kb dry -NNO near-liquidus Ford& 

~ ZP422 powder heated Ar sealed or open Macdonald (I 978) 

= Fe-sat. Pt 
[IJ ...... ..... 

Grenada (286) 66.6 ne 2.38, rock internally- sealed 5 kb H20-excess NNO liquidus to Cawthorn et a/. ...... -
= pi 67.4 powder heated Ar Ag70Pd30 -50% (I973b) ...... 
~ crystalline 

• Galapagos various various rock NNO sealed Pt, solidus to Bow (I976) 
""C powders Ag.0Pd60 or liquidus .., 
c Ag70Pd30 

-< ..... 
Horta, Azores 57.3 ne 1.63, glass co, Ag.0Pd40 liquidus to Duke (I974) ~ -

~ pi 47.9 CO+C02 (1:2) -50% 
~ co+co, crystalline 
C"' (I: 10) 
~ 
...... 1964 Surtsey 60.8 ne 4.2, rock air sealed Pt - near-liquidus Tilley eta/. =-~ pi 58.4 powder (I966) 

z Guyra 59.6 ne 2.3, rock air sealed Pt near-liquidus Tilleyet a/. > 
00 pi 51.2 powder (I966) 

> 10. Basanites 

> [IJ Synthetic 73.7 ne 9.4, glass piston-cylinder graphite 13.5- dry <QFM liquidus to Bultitude & Green ...... .., pi 74.3 31.5 kb -30% (I971) c crystalline "C:l 
=- Mt. Leura + 10% 70.2 liquidus to ~ ne 10.5, glass ?-IW Fe piston-cylinder sealed Pt, 5-36 kb dry to -NNO Green (1973b) 
[IJ olivine (Fo90) pi 45.5 Ag,Pd, or H20-excess near-solidus ..... 
~ Ag,0Pd50 [IJ 

~ Dish Hill ? ? rock ?-IW Fe piston-cylinder Fe 10.8- dry ?-IW liquidus Ito & Kennedy = powder 40.8 kb only (I968) S" 
00 Mt. Shadwell 67.6 ne 11.92, rock piston-cylinder graphite 10-30 kb dry >IW liquidus to Arculus ( 1975) 
~ pi 49.8 powder near-solidus 
[IJ ...... 
~ Grenada (531) 73.7 ne 7.84, rock piston-cylinder graphite 10-35 kb dry >IW liquidus to Arculus (1975) 9 pi 78.4 powder near-solidus 

tsee Table 3.3.4. 
0\ .... 
tn 
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© Composition 100 Mg Normative Nature of fo, of I Atm. High Pressure High Pressure Run Volatile High Temperature References 
t"' Features Starting I Atm. Sample Apparatus Sample Pressures Activities Pressure Extent of 

= Mg+Fe 

= (pi= an( Material Runs Container Container fo, Runs 

= ab +an) .., 
= Grenada (209, 184) 73.4, ne 10.84, rock internally- sealed 5 kb H20-excess NNO liquidus to Cawthorn eta/. 

= pi 86.3 powders heated Ar Ag70Pd30 -50% (1973b) 
~ 68.4 ne 8.78, crystalline 
""C pi 82.8 -= = Mt. Kenya and various various rock internally- open AgPd 2-15 kb dry MH liquidus to Rock (1978) 
~ Kilimanjaro powders heated Ar or Pt; sealed H20-excess near-solidus S" piston-cylinder AgPd or Pt C02 -excess .., 
~ 

liquidus to Merrill & Wyllie 
~ Kakanui kaersutite 63.0 ne 6.4, rock piston-cylinder sealed Pt 10-30 kb H20-excess <NNO 

= eclogite pi 79.9 powder sealed H,O subsolidus (1975) 
Ill Pd70Ag30 deficient ...... .... (0.4%) ...... 
= ...... Inverell 62.7 ne 10.7, rock air sealed Pt near-liquidus Tilleyet a/. ~ 

• pi 67.3 powder (1966) 

""C II. Evolved Alkalic Basalts .., 
c The Anakies (east) 55.9 ne 4.7, glass; ?-IW Fe piston-cylinder sealed Pt 2.2- dry to -NNO liquidus to Irving & Green < .... nepheline pi 29.0 seeded sealted Ag,Pd25 31.5 kb H20-excess (NNO) near-solidus (1972, 1980) 
~ 
~ mugearite glass; crystal- sealed Ag,0 Pd,0 (MH) 
~ (2102) lized glass (QFM) 

;:' 
~ Skye hawaiite 44.2 ne 2.29, rock Ar open Ag70Pd30 piston-cylinder graphite 10-22 kb dry >IW liquidus to Thompson (1974); 
...... (SK 931) pi 34.4 powder or Pt -50% Thompson et a/. 

=- crystalline (1972) 
~ 

z Mauna Kea 49.9 hy 6.43, rock air sealed Pt cold seal sealed Pt 2-5 kb H20-excess liquidus to Yoder & Tilley 

> hawaiite pi 45.3 powder internally- subsolidus ( 1962); Tilley et a/. 
00 heated Ar (1965) 
> 
> Anjouan nepheline 53.7- ne 4.48- rock Ar open Ag70 Pd30 liquidus Thompson & 
Ill hawaiites, neph. 29.4 14.06, powders or Pt Flower (1971) ...... mugearites, neph. pi 42.5-.., 
c 

"C:l 
benmoreite 20.4 

=- Aden trachybasalts various various rock IW Mo liquidus to Humphries & Cox 
~ 
Ill and trachytes powders near-solidus (1972) .... 
~ 
Ill Hebridean hawaiites, various various rock Ar open Ag70 Pd30 near-liquidus Tilleyet a/. 
~ mugearites, powders air or Pt; (1965, 1966); 

= benmoreites, sealed Pt Thompson et a/. 

S" trachyte (1972) 

00 
~ Hawaiian hawaiite, various various rock air sealed Pt near-liquidus Tilley eta/. 
Ill mugearite, powders (1965) ...... 
~ benmoreite 
9 

Reunion various various rock IW Mo liquidus Humphries (1972) 
powders to solidus 

•see Table 3.3.4. 
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Appendix 3.1 (Continued/ 

Composition 100 Mg Normative Nature of fo, of I Atm. High Pressure High Pressure Run Volatile High Temperature References 
@ --- Features Starting I Atm. Sample Apparatus Sample Pressures Activities Pressure Extent of Mg+Fe 

t"'4 (pi= an/ Material Runs Container Container fa, Runs 

= ab +an) 

= = Gough Island various various rock air sealed Pt near-liquidus Tilley et a/. (1966) .., 
trachybasalt, powders 

= tristanite, 

= trachyte 
~ 

""C Tristan da Cunha various various rock air sealed Pt near-liquidus Tilley eta/. -= trachyba.salt, powders (1965, 1966) 

= tristanite, 
~ trachyte S" ---.., 

Afar ferrobasalts, various various rock NNO open Ag70Pd 30 liquidus to Benhamou & ~ 
~ trachytes, alkali powders C0,+0.2% H2 or Pt near-solid us Biggar ( 1978b) 

= rhyolites, 
[IJ pantellerites ...... ..... ...... 
= 12. Olivine Nephelinites ...... 
~ 

• Synthetic 71.0 ab 2.0, glass ? sealed Pt piston-cylinder sealed Pt 4.5-36 kb dry -NNO near-liquidus Bultitude & Green 
o/ 25.9 graphite H20- (1968, 1971) 

""C deficient .., 
(uncontrolled) c 

< ..... Synthetic 73.8 ab 3.4, glass piston-cylinder graphite 9-36 kb dry -NNO near-liquid us Bultitude & Green 
~ 
~ (pi critic) o/ 35.7 sealed Pt H20- (1968, 1971) 
~ deficient 
C" (uncontrolled) 
~ 
...... St. Paul's Rocks 56.5 ab 2.14, rock piston-cylinder sealed Pt 10-32 kb H20-excess <NNO liquidus to Millhollen & =- brown hornblende ol 11.30 powder H,O- solidus Wyllie (1974) 
~ 

z mylonite deficient 

> Honolulu 75.0 /c 5.6, rock piston-cylinder sealed Ag,0 Pd50 10-36 kb H20-excess -NNO near-liquidus Allen eta/. (1975); 
00 o/ 18.2 powder MW Allen & Boettcher > HM (1978) 

> [IJ Monchique 61.3 /c 3.5, rock internally- open AgPd or 2-15 kb dry MH near-liquidus Rock (1978) ...... .., camptonite ne 26.6 powder heated Ar Pt H20-excess to near-
c CDM43 piston-cylinder sealed AgPd or C02-excess solidus 

"C:l 
=- Pt 

~ 
[IJ Kakanui kaersutite 74.2 /c 6.2, mineral piston-cylinder sealed P 10-30 kb H20-excess <NNO liquidus to Merrill & Wyllie ..... 
~ ol 17.3 powder or Ag30Pd 70 H20- solidus (1975) 
[IJ 

deficient 
~ 

= Kakanui kaersutite 72.8 lc 5.2, mineral air ? Pt piston-cylinder sealed Pt 5-~0 kb H,O- ? near-solidus Yagi eta/. (1975) 
S" o/ 16.8 powder tetrahedral deficient and 
00 anvil subsolidus 
~ 
[IJ Dish Hill ? ? mineral piston-cylinder sealed 10-22 kb H20-excess ? liquidus to Stewart eta/. ...... -
~ kaersutite powder AgPd or Pt H,O- near-solidus (1979) 
9 deficient 

+See Table 3.3.4. 
0'1 ..... 
'l 
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Appendix 3.1 (Continued/ 

t"' fo, of = Composition 100 Mg Normative Nature of I Atm. High Pressure High Pressure Run Volatile High Temperature References 

= --- Features Starting I Atm. Sample Apparatus Sample Pressures Activities Pressure Extent of = Mg+Fe .., (pi= an/ Material Runs Container Container fo, Runs 

= ab +an) 

= ~ Pali 74.1 kl 4.1, rock air sealed Pt liquidus to Yoder & Tilley 

""C cs 3.2, powder near-solidus ( 1962); Tilley et a/. - o/ 17.2 (1965) = = ~ 13. Olivine Melilitites 

S" .., Laughing Jack 73.8 lc 6.5, glass piston-cylinder sealed Ag17 5-40 kb dry, H,O- -NNO near-liquidus Brey & Green 
~ Marsh cs 10.9, Pd 23 , Ag50 Pdso excess to HM (1975, 1976a,b, 1977) 
~ o/ 36.3 or Pt C02 -excess, = Ill varying ....... H 20/C0 2 .... ....... 

= Ca-Mg rich olivine near-liquidus Brey (1978) ....... 74.8 kl 4.4, glass and - piston-cylinder sealed 30-35 kb H20-excess to HM 
~ melilitite (synthetic) cs 19.8, oxides or Ag77 Pd23 co,-excess, 
• o/ 44.4 carbonates or Pt varying 

""C H20/C02 .., 
c Moiliili 66.0 kl 6.0, rock air sealed Pt liquidus to Tilley eta/. ( 1965) 
< cs 5.1, powder near-solidus .... 
~ o/ 16.9 
~ 
~ 

Uvalde Co. 72.8 kl 4.1, rock air sealed Pt liquidus to Tilley eta/. ( 1965) 
;:' -
~ cs 6.5 powder near-solidus 

....... o/ 18.2 

=-~ 14. Potassic Basalts 

z 
> Synthetic biotite 77.6 /c 33.1 glasses piston-cylinder Fe, graphite; 10-30 kb dry to -NNO near-liquidus Edgar eta/. (1976); 

00 mafurites ne 1.4; sealed Pt, H20-excess :s HM Ryabchikov & 

> 76.1 /c 33.6, Ag50 Pd50 or C02 -excess Green (1978) 

> ne 0.45 Ag,Pd, CO,+H,O-

Ill excess 
....... .., 

Begargo Hill 79.1 ab 0.93, rock NNO Pt piston-cylinder sealed Pt 18-40 kb dry ? liquidus to Cundari & O'Hara c 
"C:l mafic leucitite ne 9.08 powder near-solidus (1976) 

=-~ Leucite Hills 77.0 /c 33.3 rock ? sealed Pt, cold seal sealed Pt or Au 0.5-30 kb H20-excess ? liquidus to Barton & Hamilton Ill .... madupite (LHI6) ne 0.19 powder Au internally- H20- solidus (1978, 1979a); 
~ 
Ill heated Ar deficient Carmichael (1967) 

~ piston-cylinder 

= S" Leucite Hills 76.2 qz 3.5, rock ? sealed Pt, cold seal sealed Pt or Au 0.5-30 kb H20-excess ? liquidus to Barton & Hamilton 

00 
orendite (LHI2) ks 3.6 powder; Au internally- H,O- solidus ( 1978, l979b ); 

~ 
glass heated Ar deficient Carmichael (1967) 

Ill piston-cylinder ....... 
~ 

9 Leucite Hills 75.3 /c 9.0, rock ? sealed Pt, cold seal sealed Pt or Au 0.5-5 kb H,O-excess ? liquidus to Barton & Hamilton 
wyomingite ne 1.0 powder; Au internally- H20- solidus ( 1978, l979b ); 
(LH2) glass heated Ar deficient Carmichael ( 196 7) 

piston-cylinder 

•see Table 3.3.4. 
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@ 

t"'4 

~ .., 
~ 
~ 

~ 
~ 
~ 

S" 
~ 

~ ...... 
~ ;-
• 
~ .., 
c 
< 
5: 
~ 
~ 
C"' 
~ 

;. 
~ 

~ 
00 
> 
> 
~ 

~ 
t:r' 
~ 
[IJ 

~· 
~ 

~ 
00 
~ 
[ 

Composition 100 Mg 

Mg+Fe 

Olivine ugandite, 81.7 
Bufumbira 

Leucite Hills 73.7 
wyomingite (I 101) 

Alban Hills 63.4 
Ieucitite (EU 13) 

Latera Ieucitite 73.8 

I 5. Ankaramites 

Anjouan 69.3 

67.4 

Deccan (R-9) ? 

tsee Table 3.3.4. 

Normative Nature of / 02 of 

Features Starting I Atm. 
(pi= anj Material Runs 
ab +an) 

ne 4.7, rock 
pi 76.9 powder; 

glass 

/c 38.8, rock air 
ne 1.42 powder 

/c 32.5, rock Ar 
ne 13.6 powder 

lc 26.7, rock NNO 
ne 8.6 powder 

ol 17.39, rock Ar 
hy 1.62, powders 
pi 51.0 
ol 0.43, 
hy 24.44, 
pi 53.5 

? rock NNO 
powder 

Appendix 3.1 (Concluded} 

I Atm. High Pressure High Pressure Run Volatile 
Sample Apparatus Sample Pressures Activities 
Container Container 

piston-cylinder graphite, 10-40 kb dry 
sealed Pt, H20-
Ag,Pd, or deficient 
Ag,0Pd,0 H20-cxcess 

H20+ C02 

excess 

Pt 

Pt piston-cylinder graphite 5-45 kb dry 

Pt 

open Ag70 Pd30 

or Pt 

Ag.0 Pd60 

or Pt 

High Temperature 
Pressure Extent of 

fo, Runs 

? near-liquidus 

near-liquidus 

>IW liquidus to 
near-solidus 

- liquidus to 
near-solidus 

liquidus to 
-60% 
crystalline 

near-liquidus 

References 

Edgar & Condliffe 
(I 978); Edgar et a/. 
(1980) 

Sobolev et a/. 
(1975) 

Tilley & Thompson 
(1972); 
Thompson ( 1977) 

T rigila ( 1969) 

Thompson & 
Flower (197 I) 

Krishnamurthy 
(1976) 

0\ ... 
1,() 
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Overleaf: 

Ultramafic xenoliths, probably derived from the upper mantle, in a sample of basanite from San Carlos. 
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