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EXPERIMENTAL DATA FOR THE SYSTEM
MgO-FeO-Fe,0,-CaAl,Si, 04-Si0.,
AND THEIR PETROLOGIC IMPLICATIONS*

P. L. ROEDER*#* and E. F. OSBORN

The Pennsylvania State University, University Park, Pennsylvania

ABSTRACT. Liquidus data are presented for the system MgO-FeO-FepO3-CaAleSiaOg-
SiOg, determined at one atm total pressure and at oxygen partial pressures ranging
from 10711 to 10707 atm. Equilibrium relations among olivine, pyroxene, anorthite,
magnetite, tridymite, liquid, and a gas phase have been determined for the four
levels of oxygen partial pressure: 1007, 10-7, 10-9, 10-11 atm. Magnetite and py-
roxene are compatible phases at the first three but not at the last. Therefore at
oxygen partial pressures as low as 1079 atm, anorthite, pyroxene, magnetite, and
tridymite coexist with liquid. This liquid is the end result of fractional crystalliza-
tion of basalt-like liquids in the system at oxygen partial pressures of 1079 atm or
higher. Compositionl and temperature data for this residual liquid at three oxygen
partial pressures are as follows:

pOg2 = 10707 atm, 1185°C, 57 SiOg, 8 iron oxide, 9 MgO, 9 CaO, 17 AlOg
pO2 = 1077 atm, 1155°C, 55 SiOg, 14 iron oxide, 6 MgO, 9 CaO, 16 ALOg
pO2 = 10-% atm, 1120°C, 51 SiOq, 21 iron oxide, 6 MgO, 8 CaO, 14 AlxO3

The part of the system in which anorthite is one of the crystalline phases
present is depicted as a tetrahedron—the anorthite-saturation tetrahedron. This per-
mits visual representation in a single diagram of the phase relations of most interest
in geologic applications. The anorthite-saturation tetrahedron is compared with the
tetrahedral diagram for the quaternary system MgO-FcO-FepO3-SiOg to estimate the
cffect on phase relations of adding CaO and AleO3 to the quaternary system, or in
other words the effect of the presence of anorthite on phase relations among olivine,
pyroxene, magnetite, tridymite, liquid, and gas. The general nature of courses of
arystailization is not changed by the addition of anorthite. Liquid compositions,
temperatures, and oxygen partial pressures however are much closer to those of
basalts and andesites with anorthite present. With fractional crystallization at an
oxygen partial pressure of 10~7 aum, the residual liquid has an andesitic composition
as indicated above. On the other hand. the course of fractional crystallization of
liquids in the system at constant total bulk composition (constant oxygen content,
as in a closed system) is toward low oxygen partial pressures and ferrogabbroic
liquids. The residual liquid in this latter instance approaches the composition, 45
Si0g, 38 iron oxide, 6 CaO, and 11 AlyOg, where it is in equilibrium with anorthite,
fayalite, magnetite, and tridymite at 1050°C and an oxygen partial pressure of about
10711 atm.

Liquid variation curves ave drawn for the system showing the change in com-
position of the lquid in equilibrium with anorthite, magnetite, tridymite, and either
pyroxene or olivine, as a function of oxygen partial pressure. From these curves it
is evident that fractional crystallization of a simplified basaltic magma in the system
may produce a residual liquid ranging in S$iOs content from 45 to 57 and in iron
oxide content from 38 to 8 weight percent as the oxygen partial pressure of the
residual liquid varies from 10-11 to 10707 atm. A higher SiO. content of the residual
liquid at any oxygen partial pressure will undoubtedly result if NasO is present and
plagioclase crystallizes rather than anorthite, permitting the plagioclase continuous
reaction series to have its cffect on liquid compositions.

* Contribution No. 64-63, College of Mineral Industries, The Pennsvlvania State
University, University Park, Pennsylvania. A part of the data appearing herein is
included in the Ph.D. thesis of P. L. Roeder, “Phase Relations in the MgsSiO4-CaAls-
Si00g-FeO-Fep03-Si0Og System and their Bearing on Crystallization of Basaltic Magma”,
The Pennsylvania State University, University Park, Pennsvlvania, 1960.
**Present address: Queen’s University, Kingston, Ontario, Canada.

1 In weight percent, with all iron oxide calculated as FegOy.
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INTRODUCTION

If basaltic magma is crystallized under equilibrium conditions and
as a closed system. a body will result consisting essentially of pyroxene,
plagioclase, and magnetite. Each of these minerals will be uniform in
composition throughout the body, that is, each crystal will be homo-
geneous, and all will be identical in composition, but the ratio of the
masses of the several crystals may differ from place to place. If on the
other hand this magma is {ractionally crystallized, other phases in addi-
tion to pyroxene, plagioclase, and magnetite may be present in the end
product (for example, olivine), crystals may not be homogeneous, and
different crystals of the same phase may not have identical compositions.
Various fractions of the crystallized body may differ consequently in
respect to composition of the constituent phases and in number, types,
and proportions of the phases present. It is the behavior during frac-
tional crystallization that is of especial interest to geologists, for by this
process a diversity of rock types can be produced from a single primary
magma. Phase relations during fractional crystallization can be estimated
if equilibrium relations are known. Indeed, the behavior of a system in
crystallizing with perfect fractionation is completely determined, and
if the equilibrium relations are known is predictable from them. While
equilibrium relations are not known for a system of the composition of
basalt, those for the simpler system, MgO-FeO-Fe,03-Si0,, have been
obtained and may be usefully applied to the more complex basalt
systems (Osborn, 1959).

From an analysis of data for the systemm MgO-FeO-Fe;05-Si0; there
is the suggestion that the manner of change of oxygen partial pressure
during fractional crystallization of a basalt may be a very important
[actor affecting especially the distribution of iron oxide and silica in the
fractions (Osborn, 195G). In the system MgO-FeO-Fe.03-SiOs, if mix-
tures of the nature of a simplified basalt (those which will crystallize
under equilibrium conditions to pyroxene plus magnetite) are {raction-
ally crystallized as « system closed to oxygen, the residual liquid becomes
rich in iron oxide. I, however, the oxygen partial pressure is maintained
approximately constant or increases during the fractional crystallization
ol such mixtures (necessitating an increase in oxygen content of the
mass) , the liquid composition does not move to such high iron oxide
compositions but instead may move to moderately high silica composi-
tions. In general for this latter case, the higher the partial pressure of
oxygen during the later stages of crystallization, the higher will be the
silica content and the lower the iron oxide content of the residual liquid.

1f we add CaO to these four components, a closer approach to basalt
compositions is achieved. An estimate of phase relations can be made
from existing data (Osborn, 1962} - With CaO added some changes in
phase assemblages occur, as for example, a diopsidic pyroxene is stable
as well as a pigeonitic pyroxene, but the general nature of crystallization
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of mixtures of simplified basalt composition as far as distribution of iron
oxide among the liquid and crystalline fractions is concerned seems not
to be changed because of the CaO additions.

In the experimental work discussed in this paper, Al,O; and CaO
were both added to the MgO-FeO-Fe,03-5i0, system. They were added
as CaAl;Si;Og and thus in a fixed 1:1 mole ratio. The resulting system,
MgO-FeO-Fe,03-CaAlSip0s-Si0,, was studied in the compositional region
of principal geologic interest to determine liquidus relations over a wide
range of oxygen partial pressures, at a total pressure of one atm. Simpli-
fied basalts and andesites in this system approach much more closely their
natural analogues than in the systems studied previously, for the feldspar
anorthite is present as a phase as well as the ferromagnesian minerals
and silica, and liquidus temperatures and oxygen partial pressures ap-
proach closely those of basalts (Fudali, Muan, and Osborn, 1961). In
determining phase relations for this system a further step is thus being
made toward understanding the phase relations for basalt and related
magmas.

In presenting data for the system MgO-FeO-Fe;03-CaAlsSia0g-Si0s
certain approximations and simplifying devices will be used in order to
develop diagrams that show phase rclations for this complex system in a
relatively uncomplicated manner. A first approximation is to treat the
system as quinary, neglecting the fact that CaO and Al,Oj are not always
present in a phase in precisely a 1:1 mole ratio. Fortunately, making
this approximation for purposes ol plotting the data and portraying
phase relations does not introduce any error that is significant in the
arguments or conclusions of this paper. Throughout the paper the
system will therefore simply be relerred to as quinary.

GENERAIL CONSIDERATIONS AND METHOD OF PRESENTATION OF DATA

In his treatment of the FeO-Fey03-Si0, system Muan (1955) made
the important distinction between crystallization at constant pO.,? and
crystallization at constant total composition. In the former, the oxygen
content of the condensed phases changes during crystallization, in the
latter the oxygen content of the condensed phases remains constant.
Ordinarily for silicate systems this latter case only is considered, but
where iron oxide is a component pO, becomes an important variable,
and one case which can be treated quantitatively and illustrated with
reasonable clarity even in very complex systems is that of constant pOs.
In describing crystallization paths for mixtures in the FeO-Fe.03-510;
system, Muan (1955) called attention to the fact that during crystalliza-
tion at constant pOg the liquid composition changes along an oxygen
isobar on the liquidus surface, while the total composition of the mixture
changes along an iso-silica line. Consequently, the composition of the

2 Throughout this paper the term pOg signifies oxygen partial pressure. Where-

ever the term “isobaric” is used it refers to constant pOo. All experimental work was
carried out at a total gas pressure of one atm.
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Fig. 1. Tetrahedron to illustrate liquidus phase relations in the quaternary
system  MgO-FeO-Fea03-5i0» in air  (alter Muan and Osborn, 1956). Univariant
houndary curves on three of the bounding ternary systems are shown by light lines.
The heavy lines represent univariant curves within the tetrahedron along which three
crystalline phases, one liquid, and vapor are in equilibrium. Arrows indicate the
direction of decreasing temperature. Lines are solid if experimentally determined,
dashed if inferred. Composition joins for three solid solution series are shown by
cross-hatched  lines. The triangular plane MgO-Feg04-Si0» passing through the
tetrahedron is shown by light lines and is presented scparately in figure 2. Abbre-
viations used are: HEM = hematite, MAGN. FER = magnesioferrite, SIL = silica,
MAG = magnetite, PER = periclase, OL. = olivine, PY — pyroxene, WUST — wiis-
tite, M. WUST = magnesiowiistite.

liquid at any stage in the crystallization is a function of the manner and
degree of change of pO; as well as the other variables.

Addition of MgO to the FeO-IFe,03-5i0: system requires use of a
tetrahedron to represent the composition ol the phases. In figure 1 the
heavy solid lines are quaternavy univariant lines representing liquid
compositions in equilibrium with three crystalline phases and a vapor.
The range in composition of the crystalline phases is indicated, and by
the use of tie lines the composition of a crystalline phase in equilibrium
with a liquid on the univariant line can be shown (Muan and Osborn,
1956) . The pO; of the vapor phase in equilibrium with the liquid is
more difficult to show. Whereas in the triangular diagram representing
phase relations for the system FeO-Fe;O3-Si0, the pO, of liquids at
liquidus temperatures could be shown by isobaric lines drawn on the
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liquidus surface (Muan, 1955), isobaric surfaces® within a tetrahedron are
required to represent analogous data. Thus for the tetrahedron of figure
1 liquid compositions at liquidus temperatures for a given pO, can be
shown by an irregular surface of constant pO. passing through the
tetrahedron from the FeO-Fe,O3-5i0, face to the MgO-SiO; edge. A
series of such isobaric surfaces within the tetrahedron would indicate
pOq-liquid composition relations. We have not drawn such surfaces be-
cause a confusion of lines would result. Instead, for showing the com-
position of liquid at constant pO, the device is used of recalculating
points on an isobaric surface so that they lie on a triangular plane within
the tetrahedron, for example, the MgO-Fe,O,-85i0, plane, and then
sketching this plane as a separate triangular diagram. Divariant phase
boundaries and univariant lines intersected by an isobaric surface are
shown on the isobaric plane as univariant lines and invariant points
respectively. The isobaric plane, MgO-Fe304-5i0,, for a given pOs is
derived from an isobaric surface of this pO, simply by recalculating all
iron oxide as FezO4 and is equivalent to projecting points on the iso-
baric surface to the MgO-Fe304-Si0, plane along lines extending from
the oxygen apex ol the MgO-S8iO.-Fe-O system. The air isobaric surface,
representing liquidus phase relations in air atmosphere (constant pOs
of 1097 atm) is thus represented by the isobaric plane shown by the
light lines in figure 1 and also as the equilateral triangle in figure 2,
after Muan and Osborn (1956). The actual deviation of the Fe,O3/FeO
ratio of the isobaric surface from that of the isobaric plane can be shown
by a series of Fe,O3/FeO contours. These contours, shown by triple-dot-
dash lines on the air isobaric plane of figure 2, indicate the actual com-
position of the liquid as determined by analysis.

This isobaric plane for the MgO-FeO-Fe,0,-5i0, system (fig. 2)
can be used for describing courses of crystallization at the constant pO»
of 1007 atm just as an isobaric line is used for the FeO-Fe»03-SiO»
systen. During crystallization of a mixture in the MgO-I'eO-Fe.05-8i0,
system at this constant pO, of 10—%7 atm, the liquid as it changes com-
position must stay on the surface represented by this plane (fg. 2).
The composition change of the liquid can theretore be followed pre-
cisely. The point ¢ represents a peritectic and 4 a eutectic under this
isobaric condition. Compositions of crystalline phases can be recalculated
or projected onto the isobaric plane by the same method used for the
liquid phase and are shown as cross-hatched lines in figure 2. As described
by Presnall (ms), an isobaric plane such as figure 2 can be used in the
same way as the usual phase equilibrium diagram of a condensed ternary
systemn for illustrating the phase relations.

In the present study CaO and Al;O3 have been added as CaAlySi;Oq
to part of the MgO-FeO-Fe,0;3-5i0; system. Inasmuch as compositions

8 Hereafter the term “isobaric surface” will be used for the irregular surface
within the tetrahedron which represents the actual liquidus at the particular pOs
under consideration. The term “isobaric plane” will be used for the equilateral tri-
angle which is derived from the isobaric surface by recalculation of liquid compositions

or by projection.
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Fig. 2. Diagram to illustrate liquidus phase relations in the system NMgO-FeO-
FeaO3-8i0s at pOs = 107%7 atm (air). The position of this isobaric plane®™ within
the tetrahedron is shown in figure 1. The heavy lines represent isobarict® univariant
boundary curves, and the light solid and dashed lines are isotherms on the liquidus
surface. The light dashed-triple dot lines arve curves of constant FesOs/FeO ratio in
the liquid and indicate the position of the air isobaric surface within the tetrahedron
of figure 1. Compositions of olivine and pyroxene solid solutions in the system have
been recalculated with all iron oxide as FezOy so that their composition joins, shown
as cross-hatched lines, lic in this plane (after Muan and Oshorn, 1956).

richer in MgO than Mg,5i0; are of little or no petrologic interest, and
in order to simplily the representation of this very complex system
wherever possible, Mg,5iOy will be used as a component instead of MgO
in much of the subsequent discussion. The resulting five component
system is Mg,5i04-FeO-FeoO3-CaAl,S1o0g-510..

The representation ol equilibrium phase relations in a five com-
ponent system is {raught with difhculties. For a ternary system we may
use a triangle whose apices are the three components and whose side-
lines are the three limiting binary systems. For a quaternary system, a
tetrahedron may be used, having the four components as apices and the
four faces as the [our limiting ternary systems. In this latter case three
dimensions are required for the model, but usetul sketches in perspective
in two dimensions can be made. In the case of a quinary system there
are five limiting systems which are themselves quaternary systems. These
limiting quaternary systems can be sketched, but there is no way of
showing the complete phase relations for the quinary system in a single
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model or diagram. With certain simplifications, however, a quinary
system can be sketched in a way that will give a reasonably clear and
meaninglul picture ol significant relations.

One very uselul approach both in its investigation and in its por-
trayal is to fix the system at a series of constant pOs’s. By doing this the
complexity is reduced by one variable or by one dimension. This tech-
nique has been discussed above for the quaternary system MgO-FeO-
Fe, 0,510, where a tetrahedron (fig. 1) is required to illustrate phase
relations in a single diagram, but with the pO; held constant at 1097
atm, phase relations at this pO, can be shown by using a triangular
plane (fig. 2). A series of such isobaric triangles can be drawn from
data obtained at different pOy’s as done by Muan and Osborn (1956),
and this series then can give a quantitative picture of phase relations
within the tetrahedron. Similarly, a series of isobaric tetrahedra is one
ol the possible ways of studying and presenting the data for the quinary
system, and this is the principal method used in this paper. Such an
isobaric tetrahedron, without however showing internal phase boundaries

SILICA

. S SR
MgSi0s o vine ©  MAGNETITE

Mg, SiQ4 Fez.oa

Fig. 3. Tetrahedron to illustrate manner of presentation of phase relations at
a constant pOs, in this case for air (10707 atm), for the five-component system Mg»-
5104-FeO-FeoOQy-CaAluSin0g-Si0y. Boundary curves are shown on three of the four
bounding faces of the isobaric tetrahedron. The left face is after Andersen (1915),
the base is part of the plane shown in figure 2 after Muan and Osborn (1956), and
the right face which was studied in the present work is shown separately in figure 7.
Liquidus phase relations within the tetrahedron have been omitted.
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or those on the front face, is sketched in figure 3. The three faces of the
tetrahedron having Fe,O, as an apex are air-isobaric planes in quaternary
systerns, for example, the right face is the air isobaric plane in the
tetrahedron for the system CaAloSisOg-FeO-Fe.03-5i0,. The left face of
figure 3 is the diagram for the condensed system Mg»Si04-CaAl,8ia0s-Si02
after Andersen (1915). This tetrahedron (fig. 3) in its relation to the
quinary system is analogous to the triangle of figure 2 in its relations
to the quaternary system of figure 1. In an isobaric tetrahedron such as
figure 8, the recalculated compositions of liquids and crystals can be
represented [or the given condition of constant pO,. For this tetrahedron,
just as for the isobaric plane ol figure 2, all iron oxide is recalculated as
Fe;O4. Divergence of actual liquid compositions from this 1:1 Fe,O3/FeO
ratio might be shown on the faces of the tetrahedron by lines of constant
Fe,O3/FeO ratio, as done in figure 2, and within the tetrahedron by
surfaces of constant Fe.O,/FeO ratio.

METHODS OF INVESTIGATION

The quenching technique first described by Day, Shepherd, and
Wright (1906) was used in this study. A charge of material weighing
approximately 0.1 gram was placed in a platinum or palladium-silver
envelope which in turn was inserted into a vertical-tube resistance
furnace. The top of the envelope was left open to facilitate attainment
of equilibrium between the gas phase and the charge.

The time necessary to achieve equilibrium for mixtures in this study
is highly variable, depending upon the temperature, the chemical com-
position of the mixture, the amount of liquid present, and the pO..
Approximately four hundred experimental runs are listed in the data
tables (app., p. 462-480), although more than seven hundred runs were
made in the course of this study. Many of these runs were made in order
to determine the length of time needed to achieve a close approach to
equilibrium for diflerent compositions and experimental conditions. In
such test runs, temperature and pO; were approached from both higher
and lower levels as one means of estimating whether or not time was
sufficient for attainment of equilibrium among the phases. As a result
of these tests we feel certain that the data presented represent substan-
tially equilibrium relations.

The atmosphere within the furnace was controlled by mixing CO.
and H, in the appropriate proportions to give the desired pO, at the
temperature of the run. The COy:H, ratio needed to give a desired pOs
can be calculated by knowing the equilibrium constants for the following
equations as a function ol temperature (Muan, 1958) .

COQ + I‘I_v = CO + I‘{go
2C0O, = 2CO + O.

The gas mixer used in the present study to mix CO, and H. is
similar to that described by Darken and Gurry (1945). The capillary
flow meters were calibrated using a standard wet-test meter and checked
by runs made in the Fe-O system (Muan, 1958). The total flow rate
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through the (urnace was maintained at a value corresponding to a linear
flow rate of approximately I centimeter per second (Darken and Gurry,
1945) .

The temperature of the runs was measured by means of a Pt versus
90Pt-10Rh thermocouple standardized at periodic intervals using as
fixed points certain melting points defmed as follows: gold 1063°C,
diopside  (CaMgSi-Og) 1391.5°C, and pseudowollastonite (CaSiOs)
1544°C. Because of the danger of contamination of the thermocouple,
most runs were made without the thermocouple in the furnace, and so
the temperaturc measurements were made before and after each run.

Mixtures used in this study were prepared from chemically analyzed
reagents. The reagents were heat treated as follows: MgO at 1400° for
24 hours, SiQ» at 400° for 24 hours, then at 1200° for 24 hours, Fe.Ogy
at 400° for 12 hours, CaCOs at 300° for 24 hours, Al,Oz at 1200° for
24 hours. The reagents were weighed to give a ten-gram sample of the
desired final composition and were then ground under ethyl alcohol to
approximately 200 mesh. The mixtures were fired to a temperature above
the liquidus in a globar resistance furnace for 12 hours or in a gas-air
combustion furnace [or approximately one hour. The mixtures were then
quenched and crushed to pass an 80 mesh screen and were used for the
experimental runs in the phase equilibrium studies. Iixcept for very
iron-rich mixtures, all samples quenched to a glass.

Iron in the sample alloys to some extent with the platinum envelope
containing it, changing the total composition of the sample. Analysis
showed that in air (pO. = 10-"7 atm) there is negligible loss of iron
to the platinum, but at a pO, of 109 and 10— the iron loss is consider-
able. All samples which were run at a low pO- in platinum were analyzed
for total iron, and the sample compositions were then recalculated to
100 percent. In order to circumvent this problem containers made of a
palladiumsilver alloy (Muan, 1961) were used in many runs at 10-7,
1070, and 107 atm. A 40 percent Pd-60 percent Ag alloy was used for
all the runs in palladium-silver shown in tables 4, 5, and 6. The runs
analyzed by C. O. Ingamells (shown in table 10) were run at a later
time, and only the 45 percent Pd-55 percent Ag alloy was available.
As seen in table 10 the Iater runs at 10— aum did lose some iron to the
container.

Some samples were analyzed for their ferrous iron content in order
to determine the change in ferrous to [erric ratio in the charge as a func-
tion of temperature, composition, and pO.. The results are shown in
table 10.

Samples were analyzed for divalent iron by the potassium perman-
ganate method as described by Hillebrand and others (1953). Total
iron was determined by reducing with stannous chloride, using sodium
diphenylamine indicator, and titrating with standardized potassium
dichromate solution.
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Except for silica and anorthite the crystalline phases in this study
exhibit significant variation in composition. The methods used in at-
tempting to determine this variation in composition are discussed below.

The amount of Fet*® substituting for Mg*? in the olivine structure
was found independently by two methods. One method involved the
measurement of refractive indices which were then plotted on a curve
determined by Bowen and Schairer (1935). In the other method samples
were X-rayed and the shift in “d” spacing ol the (130) reflection was
measured using an internal standard of annealed NaCl, and this valuc was
plotted on the curve of “d” spacing versus composition as given by Yoder
and Sahama (1957). The cffect of calcium substitution was neglected.

Determination of the composition of the pyroxene in equilibrium
with liquid presented a problem. It was not possible to determine the
polymorphic form of the pyroxene which was present at the temperature
of the runs. X-ray diffraction lines of the quenched samples closely re-
sembled the lines of clinopyroxene; however, it was impossible to index
completely the diffraction patterns. Because of the small size of the
crystals, the possibility of more than one structural modification or of
disordered structure (Brown and Smith, 1963), and the lack of suitable
data correlating composition with physical properties, no reliable com-
positional or structural data on the pyroxenes were obtained.

The amount of AlLQO; in solid solution in hexagonal Fe,Os was
found by measuring the shift in “d” spacing of the (124) reflection and
then plotting this value on a curve published by Muan and Gee (1956).

The composition of the spinel phase in equilibrium with other
crystalline phases and liquid shows a large variation. In the system under
study spinel can be represented by six end members: FeFe,O4 FeAlOy,
MgFe,O4, MgAlQy, AlLO; and Fe.Os. The spinel modifications of
Fe,0y and ALO; are cation-deficient spinels. Inasmuch as the results of
Atlas and Sumida (1958) and the present work indicate that cation de-
ficiency has only a small effect on the cell dimensions of spinel, the varia-
tion in the cation to anion ratio will be neglected and only the first four
end numbers listed above will be considered. Because of the relatively
small temperature range over which the present work was conducted,
the change in unit-cell size with the temperature of quenching as de-
scribed by Paladino (1960) will be neglected. When Mg+2 substitutes
for Fe+2 in FelFe,Qy there is little change in the “d” spacing of the (311)
reflection. This reflection was used because it gave the most intense X-ray
peak and could be found even when the amount of spinel present was
small. The (311) “d” spacing of FeFe.OQ, was found to be 2.531 (com-
pared to 2.531 from Atlas and Sumida) at 1200° while that of MgFe,O4
was 2,530 (compared to 2.531 from Paladino) . The change in the (311)
“d” spacing in the MgALOsFeAl,Oy series is greater than that in the
MgFe;O4-FeFe,O, series but is small compared to the effect of Al*3
substitution for Fe*3. Thus the (311) “d” spacing can be used as a rough
guide to indicate Al;O3 content. Iigure 4 is a plot of the (311) “d”
spacing against mole percent Al,Oy in the spinel. Of the four series
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Fig. 4. Curves illustrating the change in (311) “d” spacing of spinel as a
function of mole percent Al,O3z. Although only two curves are shown, this diagram
represents four binary solid solution series as explained in text. The area bhetween
the two curves, indicated by diagonal lines, is assumed to encompass all spinel solid
solutions having as end members: FezOy4, MgFeoOy, FeAloOy, MgALOy4. A particu-
lar “d” spacing plotted on this diagram would indicate a spinel with an AlOgz content
within a certain range.
which are represented (MgFe,0;-FeAl,O,;, MgFe,O,-MgAlO,, FeFe Oy
FeAlL,O,, and FeFe.O-MgAl,O4) only two have been experimentally
determined. They are the Fele,0,-MgAl,O, series published by Atlas
and Sumida (1958) and the MgFe,04-MgAlL Oy series by Rait (1946).
Rait (1946) showed that a plot of cell dimensions against composition in
mole percent for the MgFe,O,-MgAlLQO, series approaches a straight line,
but the cell dimensions for the two end members do not agree with the
present work, that of Paladino (1960}, or that of Swanson and Fugar
(1953) . For this reason Rait’s data have not been shown on figure 4. It
has been assumed that the other series obey Vegard’s law (Vegard, 1921)
and are straight lines or at least {all within the two curves which are
shown. This is probably a reasonable assumption as shown by the ex-
perimentally determined FeFe,O,-FeAl,O, series and the Mgle,O,-
MgALO, series. When the (311) “d” spacing of a spinel is plotted on
figure 4 a range ol ALO, content in the spinel phase can be found.

EXPERIMENTAL RESULTS
General Statement

For the systematic study ol a quinary system it is a virtual require-
ment that information be available for the limiting quaternary systems.
Phase relations in four of the five limiting quaternary systems are es-
pecially relevant to the study of the quinary system Mg,S5i04-FeO-FesOs-
CaAlSis04-S10,. The fifth limiting quaternary system, Mg.5i04FeO-
Fe,0,-CaAl,S1,0y4, is too low in silica to be ol general interest in petrol-
ogy and is not considered in the present study.

The Mg,8i0,4-FeO-Fe,05-8510, quaternary system has been described
by Muan and Osborn (1956), and certain phase relations are shown in
figures 1 and 2. The CaAlLSi:OsFeO-Fe,0,3-810, system can be investi-
gated In a manner similar to that employed by Muan and Osborn. Our
data for this system are presented below. The Mg,S5104FeO-CaAl:Si,Og-
$i0, and the Mg.5i0,-Fe,03-CaAlSi,04-510, systems differ {from the
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other limiting systems in having only one of the iron oxides as a com-
ponent. They represent in effect the quinary system at limiting conditions
of pO». An estimate of phase relations for these two systems is obtained
by extrapolating our data for the quinary system at the highest pO,
used (air = 10=%7 atm) and at the lowest pO, used (10— atm)
respectively.

The System CaAl,Si,O¢FeO-Fe,03-5i0,

General statement.—The system CaAlLSi,O-FeO-Fe,0,-510, is sketched
as a tetrahedron in figure 5a, on the faces und in the interior of which
are shown univariant curves. Phase relations on the base of the tetrahe-
dron, the system FeO-Fe,03-510,, are as reported by Muan (1955). Re-
lations shown on the left face (Schairer, 1942) arc a projection onto this

CoAl,S1,0,

MAGNETITE 107
FeO Feyd, Fe0,
WT %

Fig. 5. Diagrams illustrating liquidus phase relations in the FeO-Fe2O3-CaAl-
Si50g-Si0» systent.

(a) System shown as tetrahedron with liquidus phase relations indicated. Light
dashed and light solid lines are boundary curves on the three bounding faces. Dash-
dot lines on the base are curves of constant pOs in atm. Heavy dashed lines within
the tetrahedron are univariant curves along which three crystalline phases and a
liquid phase are in equilibrium. The univariant curve y-A originates in the front
face. The left face of the tetrahedron where phase relations are those in equilibrium
with metallic iron is after Schairver (1942), and the base is after Muan (1955). Phase
relations for the right face are inferred. Two liquid areas and the field of metallic
iron arc not shown.

(h) Anorthite-saturation planc. This diagram is a projection onto the hase of
the tetrahedron of the quaternary liquidus surface in equilibrium with anorthite and
one or more other crystalline phases. The symbols 17, 2, 3, 4, 5, ¢, A\, B,
v correspond to the same svmbols without primes in figure 5a. Points {2 and g’
correspond to points f and g in figure 7. The heavy dashed lines are the same as
those in figure 5a. The dash-dot lines are curves of constant pOs drawn schematically
to represent the intersection of planes of constant pPO» (not shown) in the tetrahedron
with the anorthite-saturation surface.
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Fig. 6. Diagram illustrating phase equilibrium relations at pOo — 10707 atm
£ § 2

(air) for the CaAlsSinOg-FeO-FeaOg system with all iron oxide calculated as FezOg.
Dots represent especially significant experimental runs (sec also table 1).

face of the metallic iron saturation surface. The right [ace represents
liquid compositions at very high pO,’s. We have estimated positions of
univariant curves for this lace by extrapolation [rom the air-isobaric
surface within the tetrahedron. The [ront face is not shown, but we do
show a univariant line which originates in the f[ront face at point y
and extends to the invariant point A. Sketched within the tetrahedron
are approximate locations of univariant lines drawn from the data
described in the next section.

This system was studied only in air. Phase relations were therefore
determined only lor the isobaric surface at pO; = 10-°7 atm. This sur-
face if shown in figure ba would appear as an irregular surface having
the Si0;-CaAl,51,04 join as one edge and extending from 10—%7 jsobar
on the base up through the tetrahedron to the CaAl.Si,Og apex. It
would lie close to the triangular plane, CaAlsSi;Og-Fes04-510,, as shown
by the ¥FeO/Fe,O3 weight ratios of liquid compositions listed in table 2.
It is convenient for presentation of the data to recalculate all iron oxide
as FegOyg so that points on the isobaric surface lie on this plane. Re-
drawn as an equilateral triangle, this plane showing phase relations at
pO: =107 aum is pictured in figure 7. Phase relations for compositions
at higher pOy’s than that ol air—the region of figure 5 between the air-
isobar and the right {ace—are of little interest in geology.

The system CaAl,Si,05Fe¢O-Fe,03 in aiv.— Liquidus phase relations
for the CaALSi,OsFeO-Fe 05 system, the front face of figure 5a, have
been experimentally determined at a constant pO, of 10—%7 atm (air).
The data are listed in table 1, and the liquid compositions are recalcu-
lated so that they lie on the CaAlySi;Og-Fe;Oy join as shown in figure 6.
Four condensed phases are found to coexist along this join: liquid,
magnetite, liematite, and anorthite. If the phase relations for the CaAl,-
Si05-FeO-Fe O3 system were ternary there would be a maximum of
two condensed phases which could coexist with vapor over a range of
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temperature at a constant pO,. As is seen on figure 6 however, there are
portions of this system at lower temperatures where three condensed
phases coexist in equilibrium over a range of temperature. The reason
for this deviation from ternary behavior is that AlLO; and a very small
amount of CaO (Phillips and Muan, 1958) enter the Fe;O, structure,
and AlO; enters the FeosOy structure. In addition, Fe+? and Fe+* may
enter the anorthite structure, but the amount is small as indicated by
refractive indices ol the anorthite crystals and phase relations. The
deviation [rom ternary behavior is small at the higher anorthite con-
centrations and becomes appreciable at high iron oxide compositions.
Anorthite, hematite, and liquid coexist over a range of temperature,
the lower limit of which was not determined.

The amount of Al,Oj in the magnetite and hematite structures was
found by the procedure outlined in an earlier section and is shown
in tables 7 and 8. The ALOj content of the spinels on the CaAlSi,Os-
Fe;04 join shown in table 7 was determined directly from the curve of
Atlas and Sumida (1938).

The system CaAlyS1,08Fe0-Fe,0458i0, in air—Phase equilibrium
relations at liquidus temperatures for the system CaAlySi;Og-FeO-Fe,Os-
$10, at pOs; = 10-07 atm (air) are represented on the triangular plane

$10;

~ s

oo ) :
\\"\CRISTOBALITE \
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o/qOoe\ 7)?/02\- \ g
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Fig. 7. Diagram illustrating phase equilibrium relations at pOs = 10797 atm

(air) for the system CaAlsSiaOg-FeO-FeaO3-Si0» represented as an isobaric plane with
all iron oxide calculated as FegO4. Heavy lines are boundary curves and light lines
are isotherms on the liquidus surface. Dots are compositions used in the quenching
experiments. Points f and g correspond to points 2 and g’ in figure 5b.
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shown as figure 7, and the data are listed in table 2. This isobaric plane
was constructed by calculating all iron oxide as Fe;O4. The liquidus sur-
face is divided into four primary phase fields: anorthite, silica, hematite,
and magnetite. The temperature of the phase boundary between the
two iron oxide phases, hematite and magnetite, changes slightly with
composition. This boundary has been dashed because the temperature
change and its position have not been thoroughly investigated. The
phase boundary representing the cristobalite-tridymite inversion tempera-
ture has been shown as 1470° after Fenner (1913). The samples con-
taining silica which were X-rayed always contained cristobalite even
though the temperature of the run was below 1470°. Samples containing
crystalline SiO, as a phase are simply listed in table 2 as containing
“silica”. The boundary of the region of two liquids has been dashed in
figure 7 because it was not experimentally investigated.

The composition of the point [, at 1290°, where liquid, silica, anor-
thite, and hematite are in equilibrium, is in weight percent: 11 iron
oxide (calculated as FezOy), 89 SiOs, and 50 CaAlsSi»Os. The system
deviates considerably from quaternary behavior as magnetite and hema-
tite both contain Al+3 in their structures (for hematite see table 8) and
liquid is a stable phase below 1290° over a range of temperature at the
fixed pOs.

The System Mg,Si04+FeO-Fe,03-CadlySi,04-810,

General statement.—The system Mg.S$i0,-FeO-Fe,0;3-CaAl,Si,08-510.
can, as discussed earlier, be systematically studied at a fixed pO. and
then described and portrayed very much in the manner that a quater-
nary system is ordinarily treated. This is the approach used in this in-
vestigation. A series of tetrahedra huave been developed representing
phase relations in the system at a series of pO.’s. The results of studies
in an air atmosphere will be described first, followed by those at lower
PpOy’s. Finally, the data will be depicted in a single anorthite-saturation
tetrahedron.

The system Mg,SiO - I'eO-Fe,05CaAl.S1,04-Si0; in air. — Phase
relations in the quinary system at pO, = 10—97 atm (air) can be de-
scribed by use of a tetrahedron as discussed earlier in referring to figure
3. The interior of this tetrahedron (fig. 3) has been investigated by
studying mixtures lying on planes of constant anorthite content, that is,
planes parallel to the base. Liquidus phase relations in an air atmosphere
on the 40, 46, 48, and H0 weight percent anorthite planes are shown in
figure 8. Data obtained on these planes and on intermediate planes are
summarized in table 8. From the positions of phase boundaries and
piercing points on these planes, a good estimate of the locations of
univariant lines and invariant points in the tetrahedron can be obtained.
These are shown in figure 9.

There are three liquidus points within the isobaric tetrahedron,
P, E, and | (fg. 9 and table 9) at which four crystalline phases and a
gas phase of pO, = 10-97 atm are in equilibrium with the liquid. If



for the system MgO-Ie¢Q-Ie,0;-CaAl,$i,0,510, 443

the phase relations were truly quinary, six phases could coexist at equili-
brium at only a single temperature at a constant pO,. They were how-
ever found to coexist over a range of temperature below 1185° (point E
in fig. 9), as expected in view ol the situation at point [ mentioned in
the previous section. Becausc of the difficulty in detecting small amounts
of liquid, the range in temperature is not precisely known but is thought
to be less than 30° for geologically important mixtures.

Of the six crystalline phases in the system, only silica and anorthite
are approximately constant in composition. Refractive index measure-
ments on the pyroxenes indicate a maximum ¥eSiO; content of 8§ weight
percent. The amount ol CaO and AlLO; in the pyroxene could not be
measured, but 1t is thought to be small on the basis of refractive index
measurements. Olivine is high in Mg.SiO4, as determined by optical
and X-ray measurements, having a maximum Fe,SiOy4 content of 4 weight
percent. The range in ALO; content of the spinel phase is given in
table 7.

The system Mg:8i04+FeO-Fe,05-CaAdl.Si,04810; at lower oxygen
pressures.—Mixtures in the quinary system were run at pO,’s of 1077,

60 % $10, 54 % $10,

46% Ca ALS),0
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Fig. 8. Phase rvelations on planes of different CaAlSisOg content at pO» =
167 atm (air) for the quinary system. Heavy lines arve traces of divariant surfaces
within the tetrahedron of figure 9. Light lines are liquidus isotherms. The composi-
tion of mixtures used in the quenching experiments, which lie on these planes, are
shown by dots (see table 3). All iron oxide is calculated as FegOq4 for plotting points
on these isobaric planes.

(a) 40 wt percent CaAlsSisOg planc, (b) 46 wt percent CaAlSisOg plane, (c) 48
wt percent CaAlsSinOg plane, (d) 50 wr percent CaAllSizOg plane.
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10-9, and 10— atm as well as 10—%7 atm. Liquidus phase relations at
each of these partial pressures are sketched within the isobaric tetrahedra
of figure 10. All iron oxide is calculated as Fe;O4 in (a), (b), and (c)
and as FeO in (d). Tetrahedron (a} is redrawn after figure 9. For
tetrahedra (b), (c), and (d) the lelt {ace in each case is after Andersen
(1915) . Relations on the base in (b) and (c) are estimated from data
of Muan and Osborn (1956) and for the right face are inferred. The
base and right face of (d), alter Bowen and Schairer (1935) and Schairer
(1942) respectively, represent phase relations for liquids in equilibrium
with metallic iron. These low pO,’s are slightly lower than 1071 aum.
Data for the interior phase relations ol (b), (¢), and (d) were obtained
at the indicated, fixed pO, and are listed in tables 4, 5, and 6. Some
representative values of the ferrous to ferric ratios in the samples are
shown in table 10.

The data listed in tables 4, 5, and 6 are lor a range of CaAl:Si,O4
contents from 30 to 51 weight percent. From these data triangular
planes showing phase relations at various CaAlsSi,Og contents can be

Cahl,Si,04

M3SOs oL vine MAGNETITE

Mg,Si0, Fey0,

Fig. 9. Tetrahedron representing liquidus phase relations in the MgsSiOg-FeO-
Fep0O3-CaAlpSia0g-Si0s system at a constant pOy of 10707 atm  (air). Light lines are
boundary curves on three of the four bounding isobaric planes. Heavy solid lines
within the tetrahedron represent liquid compositions in equilibrium with three
crystalline phases and a gas phase of pOg = 10707 atm. Arrows indicate the direction
of decreasing temperaturce. Points P, E, and | are liquid compositions coexisting with
four crystalline phases and a gas phase of pO» = 10707 atm (sce table 9).
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CaALSi0, CoALSIO,
o) ®

M50,

C2aLSH0,

Mg, SiO,

Fes0,

Fig. 10. Tetrahedra representing liquidus phase relations in the MgeSiO4-FeO-Feo-
03-CaAlaSia0g-Si0y system at four different oxygen partial pressures. For plotting
purposes, iron oxide is caleulated as FezOy in (a), (b), and (¢) and as FeO in (d).
Figure (a) is redrawn from figure 9 for ready comparison with (b), (c), and (d).

(a) pO2 = 10707 atm (air), (b) pO2 = 1077 atm, (¢) pOx = 1079 atm, (d) pO-
= 10711 atm.

Abbreviations used are: AN = anorthite, Sp = spinel (MgAlOy), HEM — hema-

tite with AlOs in solid solution, O = olivine, PY = pyroxene. SIL. = silica, M.
WUST — magnesiowiistite, MAG — magnetite with Mg** and AI** in solid solution,
HER = hereynite.

-

sketched. The plane at 40 percent CaAl,Si, Oy (1.7 percent Al,O,) which
passes through the composition region of the invariant* points E, F, G,
and H (fg. 10 and table 9) has becn selected for illustrating phase rela-
tions on such planes. The relations at this CaAlLSI, O, content at different
pO.’s are illustrated by the diagrams of figure 11. Comparison of the 40
percent CaAlLSi,O4 planes (fig. 11) for 10707, 1077, 107, and 107 atm
shows a marked and significant change in the phase relations as a function
of pO,. As pO, decreases, the primary phase volume of hematite disap-
pears, that of magnetite becomes smaller, and those ol pyroxenc, anorthite,
and olivine become larger. Minimum liquidus temperatures are lowered

+ It is convenient to refer to these points of coexistence of six phases at constant
pO2 as “invariant” points, and lines of coexistence of five phases at constant pOs as
“univariant” lines, just as the svstem MgO-FeO-FeoO3-CaluSin0g-SiOs is called qui-
nary throughout this paper, as explained in the introduction. The six phases are in
equilibrium over a range of temperature instead of at a single-temperature, reflecting
the deviation of the system from quinary behavior.
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60%Si0; 60%Si0;

%7 atm {oir)

1 -
MAGNETITE \,” ’MAGNET]TE/ -

60%Mg5TT, .0, 60%MgGS0, T0%Fe,0,

60%Mg, S0, 60%Fe,0, 60%MS0, 60%Fe0

Fig. 1. Diagrams illustrating liquidus phase relations at a constant CaAlsSisOg
content of 40 wt percent at four different oxygen partial pressures in the MgeSiO4-FeO-
Fe,04-Cail 8iy0e-5i0, system. These planes intersect the four isobaric tetrahedra of
ﬁgmc 10 at’ 40 \\t percent CaAlSi, ,Og. Mixtures used in the experimental study lying
within =+ 2 percent of the 40 percent (.x AloSi: )()g planes are shown by dots.

(@) pOy = 107%7 atm (air), (h) pOs = 1077 aum, (¢) pO» = 16-2 atm, (d)y pO2
= 107" atm.

and shifted toward higher iron oxide compositions. At approximately
10™® atm the anorthite primary phase volume intersects the 40 percent
CaAlsSisOg plane as the anorthite volume expands downward into the
tetrahedron with decreasing pO,. On diagram (c) of figure 11 anorthite
is not shown for although a very small anorthite field may exist on this
plane, this could not be definitely established. At 10—11 atm the anor-
thite field is large. separating pyroxenc and magnetite. On this plane
(fig. 11d), therefore, anorthite and pyroxenc coexist and also anorthite
and magnetite, but pyroxene and magnetite whose fields adjoin at pOs’s
of 107 and greater (fig. 11a, b, and ¢) are no longer compatible phases.

The tetrahedron for constunt pO, = 1077 (fig. 10a) contains
three invariant points, P, E, and ]. Composition and temperature data
for these points are listed in table 9. Each point represents the com-
position of a liquid in equilibrium with four crystalline phases and
a gas phase of pO, — 1077 awmm. Liquid P coexists with olivine,
pyroxene, magncetite, and anorthite; liquid E with pyroxene, magne-
tite, tridymite and anorthite; liquid ] with magnetite, hematite,
tridymite, and anorthite. With lowered pO, the hematite phase volume
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disappears. At 1077 atm (fg. 10b) a point corresponding to ] does
not exist, but a new point L. is present, representing a liquid that
can coexist with olivine, magnetite, silica, and pyroxene. Points Q and F
at 10—% atm and R and G at 10—% atm correspond to P and E in type
of phase assemblage, but as the pO, is lowered the compositions of the
liquid decrease in CaAlSi»Og and increase in iron oxide contents. At
some low pO; between 10—% and 10—1! atm the points R and G merge
with a point M to [orm two new points. This change in configuration of
the invariant points is especially significant from the standpoint of
pyroxene-magnetite relations. At and above 10—* atm pyroxene and
magnctite are compatible phases, coexisting with anorthite and with
liquid compositions along the boundary curves P-E, Q-F, and R-G. At
107 atm (fig. 10d), however, pyroxene and magnetite arc incompa-
tible phases. Similarly, magnetite and silica become incompatible phases
between 10—% and 10— atm. At these low pO,’s the magnetite phase
approaches hercvnite in composition. At the very low pO. represented
by figure 10d only one invariant point remains. Pyroxene, anorthite,
olivine, and silica coexist at equilibrium with liquid of composition H.

At a high pO, (air) the lowest liquidus temperature is at point E
(fig. 10a). As the pO, is lowered this point changes composition and
its liquidus temperature (table 9) drops. Continued lowering of the pO.
not only changes the temperature and composition of the invariant points
but changes the whole configuration of the liquidus. The liquidus of
some mixtures i raised (most of those in the primary phase field of
anorthite) and that of others is lowered, while for some mixtures the
liquidus is lowered and then raised because of a change in the primary
crystalline phase. Examination of the direction (indicated by arrows)
of the temperature drop shows that at a low pO, the minimum liquidus
temperature is on the right-hand lace of the tetrahedron (point 3,
fig. 10d).

THE ANORTHITE-SATURATION TETRAHEDRON

From the tetrahedra of figure 10, a picture can be obtained of
courses of crystallization of mixtures at different levels of pO,, but
courses of crystallization within each tetrahedron can be considered only
under the condition of constant pO.. During constant pO, crystallization
of a mixture the oxygen content changes, as the system is open with respect
to oxvgen. We want also to be able to describe courses of crystallization
under another type of condition and one no doubt more generally
familiar to the reader because it applies when considering crystalliza-
tion in the usual condensed silicate system, as for example in the treat-
ment of courses of crystallization in the MgO-FeO-5i0, system by Bowen
and Schairer (1935). In this case a crystallizing mixture is considered to
have a constant bulk composition. The system is closed. During crystalli-
zation of a mixture the equilibrium pQO, changes but not the total oxygen
content.

One method of representing the liquidus phase relations under
conditions of variable pO, in a three dimensional diagram is to control
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arbitrarily some other parameter. For our purposes it is convenient and
instructive to use the concentration of the CaAlySi,Og (anorthite) com-
ponent as this other parameter, restricting the manner of variation of
the concentration at a level such that the liquid phase is always saturated
with respect to anorthite.

This condition might be achieved experimentally if phase relations
in the system MgO-FeO-Fe,0,-Si0, were determined using crucibles of
CaAl,Si;Og with runs of sufficient length that the melts come into equili-
brium with the crucible material—analogous to the studies of Bowen
and Schairer (1935) of the MgO-FeO-5i0; system where iron crucibles
were used and melts were all equilibrated with metallic iron. In this
latter case only the part of the quaternary system Mg-Fe-S$i-O was studied
that has metallic iron as a constant crystalline phase in equilibrium with
liquid. With this restriction the quaternary system was treated as the
system MgO-FeO-5i0.. Similarly we may select only that part of the
quinary system MgO-FeO-Fe,03-CaAl,8i,04-5i0, that has anorthite as a
phase in equilibrium with liquid and then treat this as the system MgO-
FCO-FCgOg-SiOQ.

Instead, however, of using crucibles ol CaAl;Si,Og in these studies,
diagrams to show relations for the quinary system with anorthite always
present as a phase are produced by a projection analogous to the pro-
jection of a surface of constant pO,. A diagram [or part of the quaternary
system FeO-Fe,0,;-CaAl,S1,04-510, (fig. 5) will be used to illustrate
this type of projection. In the tetrahedron of figure 5, phase boundaries
on the faces are shown by light solid and dashed lines, and quaternary
univariant lines within the tetrahedron are indicated by heavy dashed
lines. On the base the dot-dash lines are lines of constant pO,. There are
two quaternary invariant points A and B. An irregular surlace can be
visualized within the tetrahedron connecting the compositions ol all
liquids saturated with respect to anorthite and one or more other crystal-
line phases. The points 1-2-3-4-5-6-A-B-y all lie on such a surface. Inas-
much as this surface represents liquid compositions saturated with anor-
thite (and also one or more other crystalline phases) it will be called an
anorthite-saturation surface. This surlace can be projected from the anor-
thite apex onto the base of the tetrahedron to give an anorthite-satura-
tion plane as shown in figure 5b. A point in the projection (fig. 5b)
corresponding to a point in the tetrahedron is shown with a prime. Every
point on this anorthite-saturation plane represents the composition of
the liquid in terms of the ratio of §i0. to FeO to Fe.Oj; exclusive of the
percentage of CaAlySisOy in the liquid. The percentage ol CaAl,Si,Og
in the liquid is variable on the anorthite-saturation surface as can be
seen from the difference in CaAlSi,Og content of points T and 2 of
figure 5a. Sets ol contours on the anorthite-saturation plane could be
uscd to represent lines of eqtial CaAlySi,Og content of the liquid and of
equal pO.. We have not undertaken to draw on figure 5b the lines of
equal CaALSi»Og content of the liquid but do show schematically lines
ol constant pOs. As stated above every point on the projected anorthite-
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saturation surface (fig. 5b) represents the composition of a liquid in
equilibrium with anorthite and at least one other crystalline phase. The
boundary lines of figure 5b represent liquid compositions in equilibrium
with two crystalline phases plus anorthite, and the points of intersection
of the boundary lines represent liquid compositions in equilibrium with
three crystalline phases plus anorthite. Thus equilibrium phase relations
in a quaternary system where the liquid is always in equilibrium with
anorthite as one of the crystalline phases can be represented on a plane,
and the concentration of anorthite in the liquid and of oxygen in the
gas can also be shown.

The same approach will be used in showing phase relations for the
more complicated quinary system MgeSiO4-FeO-FeyO3-CaAlsSi,Og-SiOs.
The anorthite-saturation plane shown as figure 5b is one of four limiting
anorthite-saturation planes of an anorthite-saturation volume for the
quinary system, or in other words, the triangle of figure 5b is one face of
an anorthite-saturation tetrahedron for the quinary system. By using an
anorthite-saturation tetrahedron, it will be possible to represent graphic-
ally a part of the five component system as a function of pO.. It will
also be possible to compare the liquidus phase relations of the MgO-FeO-
Fe,03-510, system with those for the MgO-FeO-Fe,03-Si02-CaAl,Si-Os
system.

An anorthite-saturation plane can be developed from each of the
tetrahedra of figure 10 by projecting from the CaAlySi,Og apex onto the
base the surface separating the anorthite primary phase volume from
the rest of the tetrahedron. The planes resulting from these projections
are shown in figure 12. Lettered and numbered points on figures 9 and
10 appear with primes on figure 12. The letters and numbers on figure
12a are taken from figure 9, an enlarged version of figure 10a, and primes
added indicating that the points are projected. The designations, 4, e, p,
b and a, on figure 9 appear, with primes, on all four triangles of figure
12 inasmuch as these points all lie on the MgsSi04-CaAl;Six04-8510, face
which is common to all four of the tetrahedra of figure 10. Each of the
planes of figure 12 represents the projected liquid compositions in equili-
brium with anorthite and one or more other crystalline phases in terms
of the ratio of Mg:5i0Os to FesO4 to SiO; exclusive of the silica in
CaAl,Si,05. The actual percentage of CaAl,Si,Og in the liquid of the
anorthite-saturation surface is given by the dashed-line CaAlSi,Og con-
tours.

The planes of figure 12, which show phase relations in the quinary
system at four different pOs’s, were used in the construction of the anor-
thite-saturation tetrahedron of figure 13. This tetrahedron is an attempt
to summarize in a single diagram general liquidus phase relations for
that part of the quinary system in which anorthite crystals are present
as a phase along with one or more other crystalline phases, a liquid phase,
and a gas phase. In figure 13 each apex of the tetrahedron represents the
composition of a liquid saturated with anorthite and has the composition
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as given in the caption, with all iron oxide in the top apex calculated
as Fe3O4 and in the bottom right apex as FeO.

This diagram (fig. 13) is helpful we believe in showing general
phase relations for the quinary system but cannot be quantitatively used
like the usual tetrahedron representing a quaternary system, for ex-
ample, the tetrahedron of figure 1. The reason is that the CaAlsSiyOg
content of liquids does not vary in a regular manner. Take for example
the lower right edge, along which are points 17, 2’, 8, and 4’. The actual
composition of these points can be read from figure 5a, except for the
precise ratio of Fe;O5:FeO. Although the CaAly;Si;Og contents of points
1" and 4 (fig. 13) are 73 and 52 percent respectively, CaAl,Si,05 con-
tents of points 2 and 3’ do not lie between these two values but are
considerably less than either. What does vary regularly from 1’ to 4
along this edge of the tetrahedron is the FeO:5i0, ratio, exclusive of
SiOy in the CaAl;Si;Og end member of the quinary system. Similarly
the Fe;04:510, ratio, exclusive of S§iOy in CaAlsSisOg, varies regularly
along the lines h’-4” and h’-a’. Inasmuch as the iron oxide in liquid I’
is nearly 100 percent FeO and that for point h’ has approximately a I:1
Fe,0,:FeO ratio, points along 1-h” have a regularly changing FeO:Fe,O,
ratio. But we emphasize that the actual percentage of iron oxide changes

 MAG+AN,
~70m _

(b}
4

~~ T HAG T AN

~80.. TTT 0

(c)

Fig. 12.  Anorthite-saturation planes for the four isobaric tetrahedra of figure 10,
developed by projecting the anorthite-saturation surface within each tetrahedron onto
the base. Lettered and numbered points in figure 12 correspond to points similarly
lettered in figures 9 and 10 but with a prime added to each. Dashed lines are contours
of wt percent CaAlsSisOg in the liquid phase.
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Fe,Q, +An
W

OL. +AN.

MAG. + AN. ‘
d |
Mg,Si0, +An X FeO +An
An - Saturation Tetrahedron

Fig. 13. Tetrahedral liquidus phase equilibrium diagram representing the anor-
thite-saturation volume for the system MgoSiO4-FeO-FeaO3-CaAlSiaOg-5i02.  Apices
are liquid compositions saturated with anorthite and one other crystalline phase and
have compositions in wt percent as follows: top apex — 68 CaAl,Si,O4, 32 iron
oxide calculated as FegOy; right apex = 73 CaAlsSiaOg, 27 iron oxide calculated as
FeO; rear apex = 32 CaAlsSiaQOg, 48 SiOg; left apex = 86 CaAlaSinQOg, 14 MgeSiO4.
An = CaAlpSisOsg.

The front face of the tetrahedron has been removed to show interior relations.
The left face is the anorthite-saturation plane for air shown in figure 12a. The base of
the tetrahedron is the anorthite-saturation plane for a pOs = 10711 atm shown in
figure 12d. The right facc is part of the anorthite-saturation plane of figure 5b. Heavy
solid lines within the tetrahedron are univariant curves along which anorthite is in
cquilibrium with three other crystalline phases, liquid, and vapor. The two scts of
points, @ and F/, and R’ and ¢’, correspond to these lettered points on anorthite-
saturation surfaces at pOg’s of 1077 and 1079 atm respectively. These surfaces are
shown projected onto the MgaSiO4-Fez04-§i0y plane in figure 12h and ¢. The liquid
of composition 77 is in equilibrium with anorthite, pyroxene, olivine, tridymite, mag-
netite, and a gas phase having pOs of about 107" atm, at a temperature of 1075° +
25°. Crystalline phases in equilibrium with liquid in the composition fields on each
of the three faces of the tetrahedron are as indicated. AN = anorthite, MAG =
magnetite, HEM = hematite, SIL = silica (iridymite), PY = pvroxene, Ol = olivine.

irregularly along this line as the amount of CaAlSi.Og required to
saturate the liquid varies.

The left face and base of the tetrahedron of figure 18 are the iso-
baric anorthite-saturation planes of figure 12, a and d. The right face
is taken from figure 5b. The univariant lines P’Q’R’Z'B’ and E'F'G’Z’B’
within the tetrahedron were constructed by drawing straight lines {rom
P’ and E’ to a point Z/, above H’, and then continuing to B’. Although
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schematic in this diagram, these lines represent real relations for the
quinary system, giving a diagrammatic view of the manner of change of
liquid compositions during crystallization. Temperatures and pO,’s de-
crease along these lines from left to right. Liquids along P'Q’R’Z’ are in
equilibrium with anorthite, olivine, pyroxene, magnetite, and vapor,
along E'F'G’Z’ are in equilibrium with anorthite, tridymite, pyroxene,
magnetite, and vapor, and along Z'B’ are in equilibrium with anorthite,
olivine, tridymite, magnetite, and vapor. These univariant curves are
very similar to the univariant curves in the tetrahedron of figure 1, but
with anorthite present as a crystalline phase (fig. 13) temperatures along
the lines are lower than in figure 1. Temperature and composition
estimates for points P, £/, F/, G/, B’, and H’ are listed in table 9.

DISCUSSION
Crystallization of Mixtures in the Quinary System,
111’g;3Si04-FeO—F6203-CaAlgSi;_»Og-SiOg

Crystallization of mixtures in the quaternary system MgO-FeO-
Fe;03-5i0; has been discussed in some detail in previous papers (Muan
and Osborn, 1956; Osborn, 1959). Four types of crystallization were
described: (1) equilibrium crystallization at constant total composition,
(2) fractional crystallization at constant total composition, (3) equili-
brium crystallization at constant pO,, and (4) fractional crystallization
at constant pQO,. From an understanding of courses of crystallization
under these standard conditions, one can judge the nature of courses of
crystallization under other pO, conditions, as for example increasing pO,,
and under varying degrees of fractionation. Although this quaternary
system has here been expanded by the addition of CaAlsSi»Os, the same
principles apply. The problem is to be able to show the quinary system
diagrammatically or otherwise to handle the data so that courses of
crystallization can be treated. As pointed out in the preceding section,
crystallization at constant pOs can be visualized with the aid of the
isobaric tetrahedra of figure 10, while figure 13 has been developed as
an aid for understanding crystallization at constant total composition.
We will discuss briefly fractional crystallization under the two standard
conditions.

Fractional crystallization at constant total composition.—The tetrahe-
dron of figure 18 can be used very much as that of figure 1 for visualizing
crystallization at constant total composition—the situation where the
system is closed, where the oxygen content of a crystallizing mixture
therefore does not change. Limitations in the use of figure 13 are: (1)
anorthite must always be a crystalline phase present along with one or
more of the other crystalline phases, (2) compositions of olivine, py-
roxene, and magnetite cannot be readily shown, and (8) compositions
of liquids cannot be read directly. Liquid compositions can be taken
from this diagram only in terms of the ratio of Mg,SiO,:FeO:Fe,0,:5i0,,
exclusive of the SiO, tied up in the CaAlsSi,Oz end member. The com-
positions of P/, ¥/, F/, G’, and B’ however are known approximately
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(table 9) along with the equilibrium pO, for each, so that compositions
and pOy’s of other liquids can be estimated.

In looking briefly at fractional crystallization in this system let us
consider the idealized condition of perfect fractionation. To illustrate
this we will first take as an example a mixture with a composition lying
on the curve P'Q'R’Z’, say mixture Q’ (fig. 13). The mixture Q' at
the temperature of point ()’ is at its liquidus temperature and is there-
fore just saturated with respect to AN, OL, PY, and MAG. As the
temperature is lowered infinitesimally below that of Q’, crystals of all
four of these phases appear, causing the composition of the liquid to
change. The composition of the liquid does not however move down
P'Q'R’Z’ because of the OL-PY reaction relation.” P'Q’R’Z’ in other
words is a reaction or peritectic line. The liquid can remain on this line
during crystallization only if OL crystals are present to dissolve and only
then if some degree of equilibrium crystallization is being considered.
With perfect fractional crystallization a crystalline phase does not react
with the liquid to dissolve but drops out of the system as far as any
further reaction with the liquid is concerned. The liquid being con-
sidered therefore must leave the boundary curve P/Q’R’Z’ immediately
that crystals begin to separate. OL appears only as a trace. AN, PY, and
MAG continue to precipitate as the temperature is lowered, causing the
liquid to move along the boundary surface separating the PY 4+ AN
volume from the MAG + AN volume, the surface P’Q'R’Z'G’F’L’, across
to the E'F'G’Z’ curve, intersecting this curve at a point below (to the
right of) . The liquid composition must reach this second boundary
curve at a point below F’ because during crystallization of the mixture
Q' at constant total composition the pO, decreases. The pO, of Q' and
F’ is the same, 1077 atm. Crystals of SIL join AN, PY, and MAG in pre-
cipitating from the liquid as the liquid composition moves down
EFG'Z to Z'. As the liquid moves to Z' the PY phase® becomes more
iron rich and the MAG decreases in MgO-content, although the percent
of MgO in MAG is probably less than one percent at point F” as judged
from Speidel’s data (1964) for the system MgO-FeO-Fe,0,5i0,. At point
Z’, OL with a high FeO-content appears as PY ceases to crystallize. With
continued perfect fractionation the liquid approaches B’ in composition.
As the liquid moves from ¥’ to B’ the iron oxide content of the liquid

5 The peritectic H” (fig. 13) lies on the silica side of the pyroxene join MgSiOsz-
FeSiOy when this join is drawn on the base of the tetrahedron of figure 13, indicating
a reaction relation between olivine and pyroxene for all compositions. This is con-
trasted with the simpler MgO-FeO-5iOg system (as shown on the hase of fig. 1) which
shows a reaction relation between olivine and pyroxene only at low iron-oxide con-
centrations. The addition of CaAleSipOg to the MgO-FeO-FesO3-Si0Os system thus ap-
pears to increase the range of the olivine-pyroxene reaction relation as expected in
view of the phase relations in the system MgoSiO4-CaAloSiaOg-SiOo (left face of tetra-
hedron of fig. 10). This effect of anorthite in extending olivine-pyroxene reactions was
remarked upon by Bowen and Schairer (1935, p. 211).

¢ There may be an invariant point along F’F’G’Z’ at which two pyroxenes, anor-

thite, tridymite, and magnetite coexist with liquid and gas, but we have no data on
this.
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increases from 14 to 38 percent (table 9), and the pO, decreases from
1077 to about 10711 aum.

If we start with a mixture whose composition lies in the OL 4 AN
volume, the course of fractional crystallization will be different during
the early stages. As OL 4 AN separate the liquid will move to one of the
surfaces bounding the OL +4- AN volume, p'P’Z’H’, b’P’Z’B’2’, or Z'B’3'-
H’, which one depending on initial liquid composition. If the initial
liquid has a composition similar to that of an olivine basalt, the third
crystalline phase will be cither PY or MAG, the liquid will move to the
E'F'G’Z’B’ line, and with perfect fractionation will then move on down
to B’. The path of the liquid in moving to the E'F'G’Z’B’ line may be
complicated in detail. For a description of this type of crystallization in
similar but simpler systems, the reader is referred to thorough discus-
sions by Bowen and Schairer (1935), Muan and Osborn (1956), and
Osborn  (1959).

If the composition of a mixture is such that the primary phase
separating along with AN is one of PY or MAG or SIL, again the course
of the liquid during perfect fractionation is to the E'F’G’Z’B’ line and on
down to B’. Therelore, whether the initial FeO:Fe,Os ratio is high or
low and irrespective of the crystalline phase first separating, the path of
fractional crystallization is to B’, a point of high iron oxide and low pOs..
It fractionation is not perfect, then the liquid composition will not move
all the way to B’, but the direction of its movement will be toward E'F’-
G’7’B’ and then down this curve.

Fractional crystallization at constant pO,.—If the oxygen pressure
is held constant during crystallization (oxygen here considered as a
mobile component), the oxygen content of a mixture will change, and
for compositions similar to those of basalt and andesite, the oxygen con-
tent of condensed phases no doubt increases. The isobaric tetrahedra of
figure 10 are useful in visualizing crystallization under these conditions.
Here phase relations are indicated for four pO, levels. At the pOs of air
figure 10a applies. This case has already been discussed (Osborn and
Roeder, 1960) wherein phase relations in the tetrahedron were com-
pared with those in the system represented by just the base of the tetrahe-
dron. It is especially noteworthy that just as in the case described above,
adding the anorthite composition to the system MgO-FeO-Fe,0,-8i0,
does not change the nature of the courses of crystallization. With frac-
tional crystallization at this constant pO,, liquids move to the point E,
an isobaric eutectic point.

At a lower pOs and one similar to that of basaltic magma, figure 10b
applies. During the fractional crystallization of a mixture simulating
olivine basalt in composition, the liquid moves to point T, increasing
thereby in silica content. Just as in the case of figure 10a, relations-are
such at 1077 atm (pO,) that the pyroxene primary phase volume is
truncated by that of magnetite, preventing liquids on fractional crystalli-
zation [rom moving very far down the boundary curve to higher iron
oxide contents. Instead a liquid, with pryoxene as one of the phases
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separating, moves only as far as the line QF or the face QLF and then
must change abruptly in composition and move toward F, which is the
direction of increasing silica with little or no increase in iron oxide. At
the Iower pO, of 10—% awm, figure 10c applies, with point G correspond-
ing to F of figure 10b.

At a pO; between 10— and 10— aum, the primary phase volumes
ol pyroxene and magnetite cease to adjoin. Therefore at lower pOy’s the
liquid is not stopped at an isobaric eutectic (such as G) by the crystalli-
zation of an iron oxide phase, magnetite, but rather as can be seen from
figure 10d the liquid moves during perlect fractionation to a point H
and then along H-3 to high iron oxide contents. Magnetite does not
appear at all as a phase during the crystallization of mixtures simulating
basalts and andesites in composition at this very low pO. of 10— atm.

Significant iron enrichment can therefore occur in liquids of simpli-
fied olivine basalt composition fractionally crystallized under either one
of two different types of conditions, illustrated for this quinary system
by the two sketches, figure 18 and figure 10d. In the first, where total
composition is constant, the pO, may be high, moderate, or low at the
beginning of crystallization. If high or moderate, magnetite is an early
phase; the liquid moves to the E'F'G’Z’B’ line and then down to B’
(fig. 13). Magnetite crystallization prevents the liquid from moving
up into the tetraliedron to high Fe,O3/FeO ratios. If the pO, is initially
low, magnetite is a late phase to separate. In the second case, illustrated
by figure 10d, fractional crystallization at this very low but constant pO,
can also develop an iron rich liquid, but here magnetite is not a phase
separating from liquids of initial basalt type compositions.

Petrologic Implications

When the results of studies of the quaternary system MgO-FeO-
Fe, 053810, were applied to the problem of the crystallization and dif-
ferentiation of basaltic magma (Osborn, 1959), the extrapolation was
greater than might be desired, for lime, alumina, and alkalis were all
absent [rom the simpler system. We have now in this quinary system
added lime and alumina. They have been added in a ratio (1:1) which
seems reasonable from the standpoint of application of results to basaltic
magma. Liquid compositions in this system approach closely those of
basalt and related magmas, and therelore application of phase relations
can be more direct and certain than formerly. It is of especial impor-
tance then to note that the conclusions earlier drawn (Osborn, 1959),
by applying results from the quaternary system to basaltic magma are not
changed on the basis of this present work. We can now use figure 10b
instead of figure 2 as formerly for illustrating phase relations at constant
pO.. The composition of F (fig. 10b and table 9) is that of the residual
liquid on fractionally crystallizing a mixture in the system simulating
olivine basalt in composition where the final pO, = 10=7 atm. This is
approximately the pO. of basaltic magma (Fudali, Muan, and Osborn,
1961) . The andesite-like liquid, F, coexists with anorthite, pyroxene,
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magnetite, and tridymite. Liquids of basalt-like composition in the system
do not have to be extremely fractionated to reach this composition point,
but the greater the degree of [ractionation the higher the percent of liquid
of composition F. During fractional crystallization of a basalt-like liquid
in this system, pO. does not have to remain constant at 10-7 atm for the
final liquid to have composition F; but if it does remain constant at 10=7
atm, or if the final pO; = 10~7 atm, then the final liquid has the com-
position F. If during the fractional crystallization of a natural basaltic
magma the pOs is maintained at about 10-7, or if after crystallizing
partly at a higher or lower or fluctuating pOs it levels off at a final pO,
of about 10—7 atm, then except for the effect of alkalis and minor ele-
ments the liquid phase should be similar in composition to that of
point F.

Similarly, figure 13 can now be used instead of figure 1 for illustrating
phase relations under conditions of constant total composition. For any
liquid in the compositional region of figure 13 similar to basalt, the resid-
ual liquid on fractional crystallization approaches the ferro-basalt type
of composition of point B’ (fig. 13 and table 9), a liquid which co-
exists with anorthite, fayalite, magnetite, and tridymite.

It is clear from the diagrams of figures 10b and 13 that the initial
FeO:Fe,0, ratio is immaterial as far as residual liquid composition on
fractional crystallization is concerned. Liquids move to and remain at F
if pO; reaches and remains at 10—7 while liquid is still present. Liquids
move down E'F'G’Z’B’ during fractional crystallization if pO, decreases
as in a closed system.

Dilterences in final liquid composition on fractional crystallization
at various conditions of pOs can be [urther illustrated by reference to
figure 14. In this diagram are plotted the estimated compositions of
liquids lying along the univariant curve E'F'G’Z’B’ of figure 18. Points
E, I, G/, and B’ shown along the top of diagram, are the composition
points appearing in figure 18. They represent final liquid composition
on fractional crystallization of a simplified olivine basalt at pOs’s respec-
tively of 10-07, 10—7, 10—*, and 10—1! atrm. Thus for example the final
liquid from fractional crystallization at pO, = 10=%7 atm contains 57
percent 8i0; and 8 percent iron oxide whereas the final liquid at 10—?
atm contains 51 percent $iO, and 21 percent iron oxide. From the curves
joining these points the final liquid composition can be estimated for
fractional crystallization of a simplified olivine basalt at any pO, within
the range shown. These curves also represent the change in composition
of liquids moving down the curve E'F'G’Z'B’ of figure 13 during frac-
tional crystallization under conditions of constant total composition. The
composition of the simplified basalt, m, listed in table 9 has also been
plotted in figure 14 (shown by X'’s). This composition was plotted at a
pO2 = 10-8 atm which is in the range of pO:’s of natural basaltic mag-
mas (Fudali, Osborn, and Muan, 1961; and also Heald, Naughton, and
Barnes, 1963). If this simplified basalt is fractionally crystallized at a
constant pO, of 10—S8 atm the last liquid will contain approximately 54
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Fig. 14. Series of curves showing the change in composition of liquids along the
E'F’G’Z’B’ univariant curve in figure 13 as a function of pOs. The X’s represent the
composition in wt percent of the oxides of a simplified basalt, m (figs. 8a and
11a and table 9), plotted at a pO3 of 10~% atm. The lines with arrows near the top of the
diagram show the general silica trend of the liquid during fractional crystallization
of this simplified basalt liquid at a constant pOg (vertical arrow), increasing pOs (left
arrow), and decreasing pO» or constant total composition (right arrow).

percent SiO,. The general silica trend is shown by the vertical arrowed
line extending upward from the initial SiO. percent point for m of 45.
If during crystallization the pO, should increase, a silica crystallization
trend such as shown by the left-hand arrowed line might take place while
with decreasing pO. a silica trend such as indicated by the right-hand
arrowed line might occur. The change in liquid composition with respect
to iron oxide, lime, alumina, and magnesia can be traced in a similar
manner.

The SiO, curve in figure 14 rises from a low of 45 percent at the
right end to a high of 57 percent at the left end. The SiO, content of all
residual liquids {rom fractional crystallization at any pO, from 107 to
10— atm of all mixtures in the system of figure 13 lie as points on this
line. Therefore the maximum SiO, content during fractional crystalliza-
tion is 57 percent. As shown for mixture, m, in figure 14, the SiO, content
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may remain about constant at 45 percent if fractionation is extreme ana
of the constant total composition type, for under these conditions pO,
drops to 10—11 atm and the SiO, content changes as indicated schemati-
cally by the right arrowed line in figure 14. 1If pO, = 10-8 atm at the
close of crystallization, the residual liquid contains 54 percent SiOs.
Higher SiO, contents, but not greater than 57 percent unless pO; exceeds
that of air (10707 atm), are attained if the final pO, is greater than 1078
atm.

Inasmuch as liquids in this system closely approach basaltic magma
in composition, how may residual liquids higher in SiO, than 57 per-
cent, for example, dacitic or rhyolitic liquids, be formed by fractional
crystallization of a basaltic or olivine basaltic magma? Higher SiO» resid-
ual liquids may form if alkalis are present—the principal oxide constit-
uents of basaltic magma not present in the system discussed in this paper,
CaO-MgO-FeO-Fe.03-Al,0;-810,. Alkalis added to this system should have
little effect on the early stages of fractional crystallization of basalt-like
liquids in the system, but as crystallization proceeds they will exert an
increasingly important effect on the change in composition of the liquid.
‘The most pronounced effect will be in causing the liquid to move to
higher levels of SiO. than possible without the alkalis.

CaMgSi,0,

'

PLAGIOCLASE i :

} 50% 48
5?% : 4 8 o

1133%¢’ ' : H E

: P 45%
Vi V. N (VN LVA VA
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Fig. 15. Liquidus diagram of the NaAlSizOg-CaAlySisOg-CadgSioO¢ system, after
Bowen (1915), modified to conform to the recent experimental data of Schairer and

Yoder (1960). Dashed lines are lines of constant silica content. Points A and B are
referred to in text.
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This effect of the alkalis may be illustrated by comparing the frac-
tional crystallization of liquids A and B of figure 15. This diagram for
the system NaAlSi;Os-CaAlsSi0s-CaMgSizOg is from the work of Bowen
(1915}, revised on the basis of later studies (Schairer and Yoder, 1960).7
On fractional crystallization of composition A, anorthite separates caus-
ing the liquid to change composition to the minimum point e at 1274°.
In so doing the liquid increases in SiO, from 48 percent to 51 percent.
By adding a small amount of Na,O to give composition B (0.8 percent
NapO), the liquid on crystallization moves to and then down the bound-
ary curve toward € at 1135°. With extreme fractionation the composition
of the final liquid approaches that of e’. The SiO;, content has now
changed from 48 percent at B to 68 percent at e’. This simple model is
presented to illustrate the effect of an addition of Na,O in increasing the
silica content of the liquid and decreasing the temperature of solidifica-
tion during crystallization. These effects must also take place with the
addition of Na,O (and K,O) to the quinary system MgO-FeO-Fe,Os-
CaAlSi,04-510s.

Water present in the magma will also influence liquid compositions
to change toward higher SiOs contents if during fractional crystallization
temperatures drop low enough for crystallization of amphiboles and bio-
tites, as discussed by Bowen (1922).

If we think in terms of reaction sevies as a scheme for illustrating
courses of crystallization of basaltic magma (Bowen, 1922; Osborn, 1962),
phase relations for the system discussed in this paper involve the
olivine — pyroxene discontinuous reaction series and the magnetite con-
tinuous series but exclude the important continuous reaction series of the
plagioclase feldspars and the hydrous members of the discontinuous series.
Only the basic end member of the feldspar series, anorthite is present, and
there is no water. Thus the SiOQ, enrichment of the residual liquid to a
maximum of 57 percent is a result alone of the action of the anhydrous
part of the discontinuous series plus magnetite and anorthite. With the
Si0, enrichment effect of the plagioclase series, and of water, impressed on
the course of change of liquid compositions during fractional crystalliza-
tion, much higher SiO» contents may result.
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7 These more recent data show that the feldspar in equilibrium with diopside and
liquid ¢’ is plagioclase rather than pure albite and that the diopside is aluminous.
Liquid of composition ¢’ coexists with crystals of sodic plagioclase and diopside over
the temperature range, 1133° to 1045°, The diopside in equilibrium with liquid e
and anorthite is probably also aluminous as concluded by Osborn (1942).
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APPENDIX

TABLE 1

Results of quenching experiments at an oxygen partial pressure
of 10—07 atm (air) for the system CaAlySi;OgFeO-Fe O3

Composition (wt %)

Preparation Fe as Temp Time Phases

no. CaAleSisOg Tes04 (°C) (hr) present*
5 95.0 5.0 1523 2 L

1515 1.5 An 4 L

1404 16 An 4 L
6 90.0 10.0 1500 3.5 L

1478 3 An 4+ L

1401 1.5 An + L

1390 2 An 4 Mag L
7 80.0 20.0 1484 2 L

1425 An + L

1398 An 4 L

1388 An 4 Mag + L
8 70.0 30.0 1399 4 L

1392 2 An 4 Mag 4+ L
4 66.7 38.3 1401 14 L

1369 5 Mag 4 L

1394 4 Mag 4 An L L
16 65.0 35.0 1419 22 L

1403 20 Mag 4 L

1389 16 Mag 4 An + L
9 60.0 40.0 1430 2 L

1419 2 Mag + L
3 50.0 50.0 1466 18 L

1453 2.5 Mag 4 L

1399 5 Mag 4 L

1368 4.5 Hem 4 An 4+ L
11 40.0 60.0 1494 16 L

1486 1.5 Mag + L

1378 23 Mag + L

1357 24 Hem 4 An + L
12 30.0 70.0 1502 12 L

1498 24 Mag + L

1894 2.5 Mag + L

1367 48 Hem 4 An 4+ L
13 20.0 80.0 1524 2 L

1515 6 Mag 4 L

1389 17 Mag - L

1373 12 Hem 4 L

1322 3 Hem 4- An L L
14 10.0 90.0 1569 2 L

1556 4 Mag 4 L

1387 16.5 Mag + L

1351 18 Hem + L

* Abbreviations in this and succeeding tables have the following meanings: L —
liquid, An = anorthite, Mag = magnetite, Hem — hematite.
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TABLE 2

Results of quenching experiments at an oxygen partial pressure
of 10—07 atm (air) for the system CaAlySi,05-FeO-Fe,05-510,

Composition (wt %)

Prepa-
ration Fe as Temp Time Phases
no. CaAlgSiQOS Fes0y4 $i10» (OC) (hr) pl‘esem“‘
39 25.0 40.0 35.0 1452 2 L
1448 2 Sil 4+ L
1421 5 Sil 4 Mag 4+ L
35 25.0 45.0 30.0 1389 20 Mag + L
1362 3 Hem 4 Sil + L
34 34.0 30.0 36.0 1395 3 L
1384 2 Hem 4+ L
29 43.0 20.0 37.0 1376 17 L
1368 3 Hem + L
1802 2 Hem 4 L
26 45.0 10.0 45.0 1355 20 L
1340 48 Sil 4 L
1305 2 Sil4+ L
1277 17 Sil + An 4 Hem + L
31 45.0 15.0 40.0 1358 12 L
1348 3 Hem 4- Sil 4~ L
1311 18 Hem 4 Sil 4 L.
1279 2 Hem 4+ Sil + An 4L
27 45.0 25.0 30.0 1369 18 L
1364 20 Hem | L
1293 4 Hem + L
1276 3 Hem 4 An 4- Sit - L
28 48.0 10.0 42.0 1339 2 L
(045 at 1332°)** 1327 3 Sil 4~ L
1300 12 Sil + An () 4+ L
1278 19 Sil 4 An 4+ Hem 4+ L
33 48.0 15.0 37.0 1307 4 Hem 4 L
1297 1 Hem + Sil + An 4+ L
32 49.0 12.0 39.0 1312 3 L
1299 B! Hem 4 Sil - L
1277 16 Hem 4 Sil 4+ An 4- L
38 30.0 10.0 40.0 1313 19 An () + L
1305 17 An 4 Sil + L
1287 149 An £ Sil 4 Hem (tr) + L
30 50.0 20.0 30.0 1350 3 1.
(0.55 at 1335°) 1339 16 Hem 4 L
1302 13 Hem 4+ An 4+ L
25 52.0 10.0 38.0 1315 17 1
(0.52 at 1314°) 1307 4 An 4 Sil 4+ L
1288 3 An 4 Sil 4- Hem + L
36 62.0 23.0 15.0 1384 17 I
1382 2 An 4 L
1348 2 An + Hem 4 L

* Abbreviations used in this table and not cxplained previously have the following
meanings: Sil = silica (tridymite), (tr) = trace.

** Numbers in parentheses show FeO:FepOy ratio as determined by analysis of the
mixture after quenching from the temperature as shown.
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for the system MgO-FeO-Fe,0,-CaAdl,Si,0,510, 4

1
~I1

TABLE 8

ALO; in hematite from mixtures run at oxygen partial pressure of 10-97
atm (air)

Prepa- Hematite
ration Fe as Temp (124) Mole %
no. CaAlsSiaOg 5100 FesOy4 (°C) “d” spacing AlaO3*
— — — 100.0 1200 1.4859 0
— — — 100.0 Directly from 1.4857 0
reagent bottle
13 20.0 — 80.0 1374 1.482¢ 3
13 20.0 — 80.0 1373 1.4819 5
12 30.0 — 70.0 1332 1.480g 5
8 70.0 — 30.0 1373 1.479 8
7 80.0 — 20.0 1332 1.4787 8
36 62.0 15.0 23.0 1317 1.481¢ 5

* Mole % of AlLO3z in hematite was found by plotting (124) “d”-spacing on curve
published by Muan and Gee (1956).
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