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ABSTRACT. The liquidus surface of the join forsterite_diopside—iron oxide has been
studied by quenching techniques at a total pressure of 1 atm and at oxygen fugacities
from 10-%% to 10 atn. At oxygen fugacities from 10°% to 10°° atm, the minimum
liquidus temperature on the join forsterite_diopside—iron oxide remains nearly con-
stant in temperature and composition at about 1300°C and 79 percent diopside, 21
percent iron oxide (total iron as FeO) by weight. Almost coincident with this minimum
is a piercing point at which olivine, diopside, and spinel are in equilibrium. As
oxygen fugacity decreases from 10°% to 10-° atm, the quantity (Fe,Q,)(100)/ (FeO +
Fe,O;) in the liquid at this piercing point decreases from 87.7 to 37.0 and the weight
percent fayalite in the olivine in equilibrium with this liquid changes from 4 to 14
weight percent. At 10 atm oxygen fugacity, an additional piercing point occurs at
which olivine, spinel, and magnesiowliistite are in equilibrium. At 10-® atm oxygen
fugacity, the primary phase field of spinel is absent, and no piercing points occur.

Comparison of published data on the chemistry of basaltic and ultramafic rocks
with data on the join forsterite_diopside—iron oxide, inferred relationships in parts
of the system CaO-MgO-FeO-Fe,0,SiO, adjacent to this join, and previous data on
the system MgO-FeO-Fe,0,-Si0, (Muan and Osborn, 1956) yields the following
conclusions: (1) The Skaergaard intrusion represents the results of a close approach
to fractional crystallization of an essentially anhydrous magma at constant total
composition. In this situation, the oxygen fugacity of the magma would be controlled
by the liquid and crystalline phases in equilibrium in the magma. (2) If basaltic
magmas similar in composition to the initial Skaergaard magma have fractionally
arystallized at relatively low pressures within the Earth’s crust, and if liquids derived
from this fractional crystallization have been produced at the surface as lavas, the
oxygen fugacities of these basaltic magmas were controlled by oxidizing buffers. (3) The
equilibrium diagrams support the hypothesis of Kuno (1950b) that in volcanic rocks,
reaction rims consisting of both hypersthene and magnetite on olivine phenocrysts are
the result of partial resorption of olivine by liquid. (4) At low pressures, peridotites can
exist while partly liquid at temperatures as low as about 1250°C. Complete melting
would require temperatures in the vicinity of 1700°C. (5) Fractional crystallization of
ultramafic magma under conditions of buffered oxygen fugacity adequately explains
the origin of the major ultramafic rock-types in the Duke Island ultramafic complex
in Alaska.

INTRODUCTION

Several zoned ultramafic bodies in Alaska and British Columbia
consist mainly of the minerals olivine, diopside, magnetite, and horn-
blende and are thought by field investigators to have crystallized from
ultramafic magmas (Findlay, ms; Irvine, 1963; Ruckmick and Noble,
* Contribution no. 65-28, College of Mineral Industrics, The Pennsylvania State
University, University Park, Pennsylvania.
** Present address: Geophysical Laboratory, Carnegie Institution of Washington,
Washington, D. C.
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1959; Taylor and Noble, 1960). Inasmuch as about 90 percent of the
composition of these ultramafic bodies consists of the five oxides CaO,
MgO, FeO, Fe,Og, and Si0,, an understanding of liquidus phase equilibria
in the pertinent parts of this five-component system should allow a
more certain interpretation of the manner in which these rocks were
formed.

A knowledge of phase equilibria in the system CaO-MgO-FeO-
Fe,0,-Si0, is also an important step toward an understanding of the
crystallization behavior of basaltic magmas, for this system shows equili-
brium relationships among the important basalt-forming minerals,
olivine, diopsidic pyroxene, enstatitic pyroxene, and spinel.

The experimental work in this paper consists of a determination
of the liquidus surface of the join forsterite-diopside-iron oxide at
10--%% atm oxygen fugacity, at the oxygen fugacity produced by the
equilibrium decomposition of pure CO,, at 10-° atm oxygen fugacity,
and at 108 atm oxygen fugacity (see fig. 1). This study is thus an explora-
tion into that part of the system CaO-MgO-FeO-Fe,O,-Si0, that
applies most directly to the ultramafic rocks in Alaska and British Co-
lumbia but also partly to problems of crystallization of basaltic magmas.
Since all experiments were performed at a total pressure of 1 atm, the
geologic applications are limited to crystallization processes taking place
at low pressures in the Earth’s crust.

Cao0

CoFeSé 208

MgO FeO
WEIGHT PER CENT

Fig. 1. The tetrahedron CaO-MgO-FeO-8i0,. The apex labeled FeO indicates total
iron calculated as FeO. The join studied in the present investigation is shown as a
ruled surface.
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ENPERIMENTAL METHOD

The quenching technique (Shepherd, Rankin, and Wright, 1909,
p- 308), modified to permit control of the oxygen fugacity, was
employed in determining liquidus surfaces at 1 atm total pressure.
Open-topped, folded platinum foil envelopes containing the desired
charges were suspended in a vertical quench-furnace until equilibrium
among the various phases was reached. Phases in quenched samples were
identified by microscopic examination in both reflected and transmitted
light and by powder X-ray diffraction. After the liquidus temperature
for a given mixture was determined, another sample of the same mixture
was held at this temperature, quenched, and analyzed for FeO and total
iron. The oxygen fugacity was controlled by equilibrating the samples
with air, CO,, or a mixture of CO, and H, supplied by a gas mixer.
Compositions of olivines were determined by a combination of optical
and X-ray methods. Compositions of diopsides, spinels, and magnesio-
wiistites were not determined. Further details on the experimental
method are given in appendix A.

REPRESENTATION OF THE EQUILIBRIUM DIAGRAMS

In the study of iron-bearing ternary and quaternary oxide systems
at a total pressure of 1 atin, it has been common to remove one
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degree of freedom by equilibrating the condensed phases with a con-
tinuous flow of gas whose oxygen fugacity is independent of temperature.
The resulting equilibrium diagrams have been represented by showing
the phase equilibrium relations on a chosen join in which the iron is in
an arbitrarily fixed state of oxidation. For example, in the system MgO-
iron oxide-Si0, at 10-%%8 atm oxygen fugacity, Muan and Osborn (1956,
fig. 5) found different Fe,O,/FeO ratios for different mixtures at their
liquidus temperatures. For purposes of representation, they converted
all iron oxide to Fe O,, recalculated the oxide percentages to 100
percent, and plotted the resulting compositions on the join MgO-Fe, O
SiO,. This procedure is equivalent to projecting all liquid compositions
onto the join MgO-Fe;0,-Si0, along lines defined by the compositions
in question and the oxygen apex of the tetrahedron Mg-Fe-Si-O. These
lines are the “oxygen reaction lines” of Muan (1958, p. 194) and the
“total composition lines” of Osborn (1959, p. 618).

In figure 2A, the system MgO-iron oxide-SiO, is shown with all
iron calculated as FeO so that compositions of pyroxenes and olivines
containing iron can be read directly {rom the diagram. Figure 2A has
the appearance of the equilibrium diagram of a ternary system but
actually shows equilibrium relations at 10-%° atm oxygen fugacity in
the quarternary system MgO-FeO-Fe,0,-SiO,. This diagram can be
used for deducing liquid crystallization paths at 10--% atm oxygen
fugacity just as if it were the diagram of a ternary system; no reference
to the tetrahedron MgO-FeO-Fe,0,-Si0, is necessary. (For an example
of another system treated in this way, see Muan and Sémiya, 1960.) As
equilibrium crystallization proceeds at constant oxygen fugacity, the
oxygen content of the total mixture changes along its total composition
line in the teterahedron MgO-FeO-Fe,0,-Si0,, but the projected total
composition remains at the same point on the plane of projection. That
is, the starting composition, in terms of S§i0,, MgO, and total iron
oxide as FeO, does not move on the join MgO-FeO-5i0O, as the oxygen
content of the mixture varies during cooling. Thus, all the usual geo-
metric devices for deducing liquid crystallization paths in a ternary
system can be used.

When using the projected diagram, MgO-FeO-SiO,, to determine
relative proportions of phases in equilibrium, direct measurement does
not yield the true proportions of phases but rather the proportions
that would exist if all iron in each of the phases in equilibrium were
present as FeO. However, if the amount of Fe,O, in each phase were
known, then the apparent proportion of each of these phases as read
from the diagram could be recalculated to its true proportion by using
appropriate conversion factors. The calculation of the total composition
of the mixture (that is, the position of the mixture on its total com-

1 Hereafter, when a composition is spoken of as projected onto a join, it will be
understood that the projection is performed along the total composition line passing
through the composition in question.
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position line) would follow immediately. In order to make these calcula-
tions, it would be necessary to show three sets of lines on the liquidus
surface in addition to liquidus isotherms. One of these sets would be
fractionation curves (Bowen, 1941), and the other two would be contours
showing Fe.O,/FeO ratios of liquids and Fe,O,/FeO ratios of crystalline
phases in equilibrium with these liquids. The Fe,O,/FeO ratios of
liquids have been shown in this way by Muan and Osborn (1956, fig. 5).

Thus, for a four-component oxide system containing iron, all the
liquidus equilibrium relationships at a constant oxygen fugacity can be
shown on a projected triangular diagram. When the above treatment is
extended to a five-component oxide system containing iron, the
equilibrium relationships at a constant oxygen fugacity are represented
in a tetrahedron, and total iron oxide is calculated as FeQ and plotted
at one apex. Again, no compositional information at this oxygen fugacity
need be sacrificed by projecting into the tetrahedron. The data on
Fe,0,/FeO ratios of the various phases in equilibrium at liquidus
temperatures could be shown by contour surfaces passing through the
various primary phase volumes. The projected diagram at constant
oxygen fugacity would look like a quaternary system and could be treated
as such when deducing crystallization paths at constant oxygen fugacity.
As before, true relative proportions of phases could be calculated using
the contoured data on Fe,O,/FeO ratios of phases.

The equilibrium diagrams that follow are projected in the manner
described above. All iron is calculated as FeO so that compositions of
olivines and pyroxenes can be read directly from the diagrams without
recalculation. Some of the projected diagrams to be discussed below
do not show phase relationships at constant oxygen fugacity but instead
show phase relationships in equilibrium with a gas of constant bulk
composition. In each case, the oxygen fugacity imposed on the condensed
phases by this gas varies continuously with temperature but is defined
at any given temperature by the equilibrium constants for the gas re-
actions involved. Thus, in all of these diagrams, the principles discussed
above are fully applicable.

THE LIMITING JOINS

The join forsterite-diopside-iron oxide is not bounded on any of
its sides by binary systems. Equilibrium relationships on the limiting
join forsterite-iron oxide at various oxygen fugacities can be understood
from figure 2. Figure 2B does not show relationships at constant oxygen
fugacity because pure CO, decomposes at high temperatures according
to the reaction CO, = CO + 14 O,, and the oxygen fugacity at elevated
temperatures is determined by the equilibrium constant for this reaction.
The exact oxygen fugacity at a given temperature can be found from
figure 9. The boundary curve between olivine and magnesiowiistite in
figure 2D has not been drawn at high temperatures because this curve
intersects the primary phase volume of metallic iron. The phase



758 D. C. Presnall

S0,

Mgl ic ES £ 4G 50 0 0 (MgFe0s)  7°  FeO
(Fes0,)

90, -
\ N
. MAGNESIOWUS
MgO 10 20 30 A0 50 60 70 (Mnge Ca) ~I1680 FeO
(FelGy)

Fig. 2. The system MgO-iron oxide-$iO, at 10-°% atm oxygen fugacity (A), at the
oxygen fugacity produced by the equilibrinum decomposition of pure CO, (B), at 10-°
atm oxygen fugacity (C), and at 10~ atim oxygen fugacity (D). All diagrams are drawn
in weight percent. Diagram A is redrawn after Muan and Osborn (1965, fig. 5) and
Phillips, Somiya, and Muan (1961, fig. 1) . Diagrams B, C, and D are interpolated from
diagrams and data by Muan and Osborn (1956). Medium-weight lines are liquidus
boundary curves with arrows pointing in directions of decreasing temperature. Light-
weight lines connect compositions of coexisting crystalline phases at solidus tempera-
tures. These lines outline the shape of the solidus surface; the temperature of a three-
phase triangle is that of its corresponding liquidus invariant point, and the tempera-
ture variation across a two-phase area is given by the temperature variation along its
corresponding liquidus boundary curve. Compounds whose compositions have been
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projected onto the join MgO-FeO are shown in parentheses. Numbers beside invariant
points are temperatures in degrees C. The extents of the magnesiowlistite and spinel
solid solutions are indicated by short graduations extending below and above the base
line of the triangle, respectively. These graduations are spaced every 5 percent of each
end member for spinel and every 1 percent for magnesiowiistite. Similar graduations
for the olivine and pyroxene solid solutions are spaced every 5 percent. In diagrams
B, C, and D, the maximum amounts of solid solution for magnesiowiistite and spinel
are inferred. In diagrams C and D, the boundary curve between magnesiowiistite and
olivine has been curved slightly so as to correlate better with the present data.
Liquidus isotherms, the boundary curve between tridymite and cristobalite, and the
region of immiscibility in the field of silica are omitted.
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equilibrium relations at temperatures above this intersection are not
usefully represented or discussed here, and the boundary curve is simply
stopped at the approximate inferred location of the intersection. Recent
data (Speidel, ms) indicate that the inferred compositions of spinels
shown at solidus temperatures in figure 2 are too rich in magnesium.
Tie-lines from spinel compositions will be shifted to the right by these
new data, but the general appearance of the diagrams will not change.

Bowen (1914, fig. 3) originally drew the limiting join forsterite—
diopside as a binary system with a eutectic and with no solid solutions
in either forsterite or diopside. Osborn and Muan (1960) inferred that
this join shows ternary behavior due to the presence of calcium in
forsterite. Kushiro and Schairer (1963) experimentally confirmed this
inference and, in addition, found solid solution in diopside and a maxi-
mum on the diopside liquidus.

Figure 3 shows the limiting join diopside-iron oxide at 1005 atm
oxygen fugacity. For oxygen fugacities other than 100 atm, no data
have been collected on this join below liquidus temperatures.

THE LIQUIDUS SURFACES
Figure 4A shows the liquidus surface of the join forsterite—diopside—
iron oxide at 109-68 atm oxygen fugacity. The data on which this diagram
is based are given in appendix B. The diagram is not ternary because
compositions of crystalline phases do not lie on the join. Contours of
the quantity (Fe,O;) (100) / (FeO + Fe,O,) in the part of the diagram
that is low in FeO are inferred. Mixtures in this region of the diagram
were analyzed for iron, but reproducible determinations of FeO could
not be obtained (see appendix A for further discussion).
No direct comparisons can be made between the data for the quantity
(Fe,O,) (100)/(FeO + Fe,O;) plotted in figure 4A and similar data of
previous investigators. However, some comparisons based on extra-
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Fig. 3. The join diopside-iron oxide at 10-*% atm oxygen fugacity. Solid circles are
experimental points listed in appendix B. DIOP — diopside, HEM — hematite.
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polations are possible. Muan and Osborn (1956), in their study of the
system MgO—iron oxide-SiO, at 106 atm oxygen fugacity, determined
FeO and total iron in mixtures quenched from their liquidus tempera-
tures. They did not analyze mixtures on the join forsterite-iron oxide,
but they extrapolated to this join from data in other parts of the diagram
(see their fig. 5). Data in the present work are also extrapolated to
the join forsterite-iron oxide (fig. 4A). In the magnesioferrite (here
referred to as spinel) field of the diagram by Muan and Osborn, Fe,O,
decreases relative to FeO when moving along the join forsterite-iron
oxide toward forsterite. Data from the present investigation, however,
indicate that Fe,O, increases relative to FeO under the same conditions
(fig. 4A). The maximum discrepancy occurs at the boundary curve
between spinel and olivine. At this point, Muan and Osborn show a
value for Fe,O,/FeO by weight of about 1.34, which, when converted to
the quantity (Fe,O;) (100)/(FeO + Fe,Oy), is 57.3. This is to be com-
pared with the value 81.7, taken from figure 4A. The reason for this
difference is unknown. It cannot be accounted for by slight errors in
extrapolating to the join forsterite-iron oxide. The belief that the iron
determinations in this work are correct is supported by close agreement
with the data of Darken and Gurry (1946, table 1). The present data
for the quantity (Fe,O;)(100)/(FeO + Fe,O;) along the join diopside-
iron oxide extrapolate to the value 74.2 for pure iron oxide at its
liquidus temperature, 1595°C; at this same temperature, Darken and
Gurry obtained the value 3.529 for the quantity (Fet+ + Fet++)/
Fet++, which, when converted to the quantity (Fe,O.)(100)/(FeO 4+
Fe,0,), is 73.8.

Figures 4B to D show the liquidus surface of the join forsterite-diop-
side-iron oxide at the oxygen fugacity produced by the equilibrium de-
composition of pure CO,, at 10® atm oxygen fugacity, and at 10-% atm
oxygen fugacity, respectively. Data for these diagrams are given in ap-
pendices C, D, and E. Pure CO, was used in determining figure 4B be-
cause the ratio CO,/H, required to yield the desired oxygen fugacity,
about 10 atm, is so large that it is difficult to achieve accurately
with a gas-mixer. The high temperature part of figure 4D has been
omitted because this diagram intersects the primary phase field of metal-
lic iron, as discussed earlier in reference to figure 2D. The line of inter-
section has not been determined, so the boundary curve and liquidus
isotherms are merely stopped at the approximate inferred location of
the line.

COMPOSITIONS OF CRYSTALLINE PHASES

In the system CaO-MgO-FeO-Fe,0,-Si0,, there would seem to be
the possibility of forming olivines near the join forsterite-fayalite that
contain calcium, ferric iron, or both, in addition to magnesium and
ferrous iron. Since Takashi Katsura (oral communication, 1962) found
no ferric iron in fayalite in his investigations in the system FeO-Fe,O,—
Si0O,, it is assumed that none exists in olivine when the additional
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Fig. 4. The join forsterite-diopside-iron oxide at 10-% atm oxygen fugacity (A), at
the oxygen fugacity produced by the equilibrium decomposition of pure CO, (B), at
10-% atm oxygen fugacity (C), and at 10-® atm oxygen fugacity (D). Filled circles are
compositions of mixtures studied. Medium-weight lines (dashed where approximately
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located) that separate the primary phase fields are not univariant lines because this
join is not ternary. Light-weight long and short dashed lines (continuously short
dashed where approximately located) are contours of the quantity (Fe,Og) (100/

(FeO - Fe;0;) on the liquidus surface.
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oxides CaO and MgO are added to the system. If this assumption is
granted and if the compositions of olivine solid solutions do not other-
wise deviate [rom the orthosilicate join, then two parameters are sufficient
to fix an olivine composition in the five-component system. Two such
parameters are d,;, and the g8 refractive index.

Figure 5 shows inferred contours of dy;, and g refractive index in
the vicinity of the forsterite apex of the orthosilicate join, Mg,SiO.
Ca. S10,-Fe,Si0,. The contours are based on data for the binary solid
solutions, and the properties are assumed to vary linearly with com-
position on the ternary mole percent diagram. Justifications for this
assumption are: (1) the linear variation of refractive index versus
mole percent composition found by Bowen and Schairer (1935, fig. 25)
for forsterite-fayalite solid solutions and by Bowen, Schairer, and Posnjak
(1933a, fig. 5) for fayalite-kirschsteinite solid solutions; and (2) the
linear variation of d,;, with mole percent composition found by Yoder
and Sahama (1957, fig. 1) for natural forsterite-fayalite solid solutions.

In order to test for the presence of calcium, samples were held
well below their liquidus temperatures so as to produce sufficient olivine
for precise measurement of d,;, as well as the g8 refractive index. Table
I lists measured values of d,,, and 8 refractive index for three olivines.
Rows 3 and 4 of this table show that if calcium is assumed to be absent,
the amounts of fayalite in the olivines are quite different depending

—~——— MOLE PER CENT Ca2Si0g

Fig. 5. Compositions of olivines. Solid Jines are contours of g refractive index and
dashed lines are contours of dyy in A. Open circles are olivine compositions determined
by measuring both the d,, and the g refractive index. The estimated uncertainty in
composition, assuming that the contours are correct, is indicated by the size of the
circles. Numbers beside the circles key the compositions to table 1. The contours of
dya are based on the data of Yoder and Sahama (1957, p. 186) for forsterite and fayalite
and Sahama and Hytonen (1958, p. 869) for monticellite and kirschsteinite. The contours
of B refractive index are based on the data of Bowen and Schairer (1985, p. 196) for
the forsterite-fayalite solid solution series, Ferguson and Merwin (1919, p. 92) for
monticellite, and Bowen, Schairer, and Posnjak (1933a, fig. 5) for kirschsteinite.
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TasLE 1

Compositions of olivines based on g refractive indices and dy3,

Sample number 1 2 3

ng of olivine 1.658 1.663 1.668
dis of olivine (A) 2772 2.774 2.776
Mole percent fayalite using ng* 3 6 8
Mole percent fayalite using d;** 10 13 16
Olivine composition (mole percent)

from figure 5% Fo,.FazLa, Fo,sFagLa, Fog,Fagla,
Composition of { Mg,SiO, 20.5 20.5 21.7

mixture (wt {Ca;\[gSizo\i 66.4 66.7 70.5

percent)f total Fe as FeO 13.1 12.8 7.8
Temp (°C) 1309 1309 1338
Time (hours) 11 20 28
Oxygen fugacity (atm) 10-9-%8 10-3-30 10-8
Mixing ratio, CO./H, — pure CO, 4.74
Phases presentf ol 4 diop 4+ 1 ol 4+ diop 4 1 ol 1

* Using the optical data of Bowen and Schairer (1935, fig. 25) for synthetically made
forsterite-fayalite solid solutions.

** Using the equation of Yoder and Sahama (1957, p. 486) for synthetically made
forsterite-fayalite solid solutions.

tFoFa,La, — x percent Mg.Si0,, y percent Fe,S8i0,, z percent Ca,SiO,.
i The compositions shown are for these mixtures at their liquidus temperatures as
given in appendices B, C, and D.

ol = olivine, diop = diopside, 1 = liquid.

on whether the g refractive index or the d,; value is used. The dis-
crepancies can be explained by small amounts of Ca,SiO, in the olivines;
the resulting ternary solid solutions are then determined by the inter-
sections of the appropriate ng and d,,, contours. The three compositions
so determined are given in row 5 of table 1 and shown graphically as
points 1, 2, and 3 in figure 5. Although these determinations indicate
the amount of calcium present in the olivines, they are not otherwise
useful because these olivines are in equilibrium with liquids whose
precise compositions are unknown.

In order to measure compositions of olivines in equilibrium with
liquids lying essentially on the join forsterite-diopside-iron oxide, mix-
tures were held at temperatures only slightly below their liquidus
temperatures. This procedure did not yield sufficient amounts of olivine
for measurements of d,;,; however, figure 5 shows that for an olivine
containing a small amount of Ca,$iO,, the fayalite percentage can be
determined with only slight uncertainty by measuring just the g8 refractive
index. Table 2 shows three determinations of fayalite percentage by this
method. It is assumed, based on the data in table 1, that these olivines
contain very small amounts of Ca,SiO,. The three olivine compositions
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TApLE 2
Compositions of olivines in equilibrium with liquids
on the join forsterite-diopside-iron oxide

ng of olivine 1.657 1.666 1.673
Amount of mole percent 3 7 10
fayalite* wt percent 4 10 14
Oxygen fugacity (atm) 10-0-% 1042 10-°
Approximate composition of
equilibrium liquid phase x (fig. 4A) x' (fig. 4B) x” (fig. 4C)
Composition [ Mg,Si0, 2.0 2.0 2.0
of mixture | CaMgSi,0, 71.0 77.1 71.4
(wt Pel?gnt,% Total Fe as FeO** 21.0 20.9 20.6
iron oxides -
by analysis) | (L0 (100) 88.9 7.1 *rx
FeO  Fe,0,
Liquidus temp of mixture
(°C, from appendices B, C, and D) 1321 1320 1854
Sample for measure- {temp (°C) 1313 1305 1297
ment of ng} time (hours) 18 22 24
Sample for  {temp (°C) 1313 1304 1297
analysist {time (hours) 24 22 21
Mixing ratio, C./H. — pure CO, 70.6
Phases presenti: ol 4 sp ol + 1f ol 4 diop
+ 1 (trace) + sp

(trace) 4 1

* Using the optical data of Bowen and Schairer (1935, fig. 25), for synthetically made
forsterite-fayalite solid solutions.
** Total Fe as ¥FeO —

( g FeO + (g Fe,0.) (0.8998) )

g FeO 4 (g Fe,0,)(0.8998) 4 wt of all other oxides (100)-

*#+% This sample was inadvertently oxidized during quenching and yielded an anom
alously low FeO determination.
+ The samples for determination of FeO and total iron were entirely consumed, and
it was therefore necessary to make separate, duplicate samples for measurement of
the B refractive indices of the olivines.
f ol = olivine, sp — spinel, diop = diopside, 1 = liquid.
{ This same mixture held in CO, at 1801°C for 20 hours showed the phases olivine,
diopside, spinel, and liquid. The composition of the liquid is therefore very close to
point x’ in figure 4B.

given in this table are in equilibrium with liquids essentially at points
x, x’, and x” in figure 4.

One might argue that the determinations of g refractive index are
uncertain due to the difhiculty of obtaining an olivine edge completely
free of attached glass. However, for all of the samples except the one
made at 10-% atm oxygen fugacity (see table 1), the glass was colored
distinctly brown whereas the olivine grains were colorless. Furthermore,
all of the values were verified by measurements on at least two care-
fully selected grains. Still, thin layers of glass might have remained
undetected, so there is some possibility of error due to this effect. For
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all the samples for which there are data in tables 1 and 2, except the
one at 10® atm oxygen fugacity in table 1, the refractive index of the
glass is greater than the g refractive index of the olivine. Thus, a com-
pound edge consisting of olivine and glass would give an erroneously
high g refractive index for the olivine, which would yield an erroneously
high fayalite percentage. Therefore, this error would not affect the
previous conclusion that Ca,SiO, is present in the olivines. The deter-
mined amount of Ca,SiO, simply would be less than that actually present.
For the sample made at 10-® atm oxygen fugacity in table 1, the index
of refraction of the glass is less than the B refractive index of the olivine,
and the determined amount of Ca,SiO, would be greater than that
actually present.

Compositions of diopsides and spinels were not determined. However,
the spinels must consist primarily of compositions along the join between
Fe;O, and MgFe,0,, the proportion of magnetite being greater at lower
oxygen fugacities. Compositions of diopsides must be near the join
CaMgSi,0,-CaFeSi, 0, and may contain small amounts of ferric iron.

THE JOIN CaSiO,~MgO-IRON OXIDE-SiO, AS A FUNCTION
OF OXYGEN FUGACITY

The diagrams presented above for the join forsterite-diopside—iron
oxide at different oxygen fugacities are more easily understood by con-
sidering probable relationships in adjacent parts of the system CaO-
MgO-FeO-Fe,0,-Si0,. In the treatment that follows, the tetrahedron
CaSi0,-MgO-iron oxide-SiO, in figure 1 is removed from the tetrahedron
CaO-MgO-iron oxide-SiO, and shown in figure 6 as a series of separate
equilateral tetrahedra, presented in order of decreasing oxygen fugacity.

In figure 6, liquidus boundary curves in the faces of the tetrahedra
form limits for divariant surfaces within the tetrahedra. Similarly,
liquidus invariant points in the faces of the tetrahedra form limits for
univariant lines inside the tetrahedra. Each of these univariant lines is
the intersection of three divariant surfaces and defines the compositions
of liquids in equilibrium with three crystalline phases. In figures 6A to C,
three proposed invariant points are shown inside each tetrahedron; at
each of these points, four crystalline phases are in equilibrium with
liquid. At points b, &', and b”, the crystalline phases are diopside, aker-
manite, olivine, and spinel; at points d, d’, and d”, the phases are diop-
side, protoenstatite, olivine, and spinel; and at points e, ¢/, and e”, they
are diopside, protoenstatite, spinel, and silica. This arrangement of
invariant points is the same as that proposed by Osborn (1962a, fig. 4).
However, only the existence and partial location of univariant lines
b-d, b'-d’, and b"-d” have been established by the present data; it is not
possible to be certain that all three of the proposed invariant points
shown in each of these tetrahedra exist. Arrows on univariant lines
have been omitted where the direction of falling temperature is uncer-
tain. In each tetrahedron, the curved lines on the join forsterite-
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C0S.0,

AKERMANITE ~

CaMgSiy0g"

MAGNESIOWUSTITE

Mg0 {MgFep04) FeO

CaS03z

AKERMANITE

MAGNESIOWUSTITE

) (MgF-r3021 FeQ
Mg0 (Fe=04)

Fig. 6. The join CaSiO;-MgO-iron oxide-Si0, at 10-% atm oxygen fugacity (A),
at the oxygen fugacity produced by the equilibrium decomposition of pure CO, (B), at
108 atm oxygen fugacity (C), and at 10-® atm oxygen fugacity (D). All diagrams are
drawn in weight percent. Each tetrahedron is shown with the S§i0, apex in the rear
and the front face removed. Medium-weight lines in the faces of each tetrahedron are
liquidus boundary curves, and heavy-weight dashed lines in the interior of each
tetrahedron are univariant lines. Arrows indicate directions of decreasing tempera-
ture. The short and long dashed lines x-y, x'-y’, and x”-y”, are tie lines connecting
the compositions of liquids x, x’, and x” to olivines y, y’, and y” (see table 2). The
small amounts of calcium in these olivines are neglected. In each diagram, the gradu-
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CaS03

AKERMANITE ./

MAGNESIOWUSTITE

MgO MgFez0a) FeO

CaSi0

AKERMANITE

CcMgSi,0; [

SPINEL

MgO {MgFe,04) FeO

(Fe,0z)

ations along the line from Mg.SiO, to Fe,S$iO, are at intervals of 2 percent Fe,SiO,.
Compounds whose compositions have been projected onto the join MgO-FeO are
shown in parentheses. Liquidus isotherms, the boundary curve between tridymite
and cristobalite, and the region of immiscibility in the silica volume are omitted.
The left face of each tetrahedron is after Kushiro (1964, fig. 28), Kushiro and Schairer
(1968, fig. 25), and Osborn and Muan (1960), and the base is taken from figure 2.
The right face of diagram A is after Phillips and Muan (1959, fig. 5), and the right
face of diagrams B and C is inferred from the data of Bowen, Schairer, and Posnjak

(1983b, fig. 6), Muan (1955, fig. 4), Phillips and Muan (1959, fig. 5), and Phillips and
Muan (1960, fig. 5).
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diopside-iron oxide mark the determined intersections of the plane
of this join with divariant boundary surfaces in the tetrahedron.

It is useful at this point to consider the join diopside-iron oxide
at 10098 aum oxygen [ugacity (fig. 8) and its relation to figure 6A. The
fact that the line {-u in figure 3 is not horizontal shows that liquids
on the divariant surface b-d-e (fig. 6A) are in equilibrium with spinel
solid solutions rather than pure magnetite. The existence of point u
in figure 3 demonstrates the existence of a univariant line in figure 6A
along which diopside, spinel, hematite, and liquid are in equilibrium.
This line is not shown in figure 6A because its location and relationship
to the other univariant lines are not known.

Of particular significance is the series of experiments on the thir-
teenth mixture in appendix C. The composition of this mixture lies
in the olivine primary phase volume and very near point x’ on the
univariant line b’-d’ (see figs. 4B and 6B). As shown in appendix C,
this mixture consists of the equilibrium assemblage diopside, spinel,
and liquid at 1297°C. The absence of olivine indicates that in the
vicinity of point x’ the univariant line b-d’ must be a reaction line along
which olivine dissolves while diopside and spinel crystallize during
cooling at equilibrium. Further, it follows that line b-d in figure 6.\
must also show this same reaction relation, for in this diagram the
position of point x is nearly the same as point x” in figure 6B. At the same
time, a liquid at point x must be in equilibrium with a diopside and a
spinel that both contain less iron than the corresponding phases in
equilibrium with a liquid at point x’ in figure 6B. There are no data
to indicate whether or not line b”-d” in figure 6C shows this reaction
relation.

At 10® atm oxygen fugacity (fig. 6D), the spinel volume is suf-
ficiently reduced in size that it nowhere intersects the join forsterite-
diopside-iron oxide. No univariant lines are drawn in this tetrahedron;
none of these lines intersect the join [orsterite-diopside-iron oxide, and
their positions are therefore unknown.

FRACTIONAL CRYSTALLIZATION OF BASALTIC MAGMA

In order to determine to what extent the various igneous rocks in
the Earth’s crust are derived by fractional crystallization of basaltic
magma, it is important to know ecxperimentally the possible liquid
compositions that can be derived by this process. This would require
knowledge of a system of about nine or ten components. In the absence
of this knowledge, petrologists have drawn preliminary conclusions
based on data from three and four-component silicate systems and on
relationships observed in the rocks themselves. One of the major points
of controversy is the question of enrichment of residual liquids in
iron oxides or in silica, soda, and potash (Bowen, 1928, 1954; Fenner,
1929; Wager and Deer, 1939; Kennedy, 1955; Osborn, 1959, 1962a).
The present section deals with the relation between oxygen fugacity and
the trend that is followed.
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In discussing anhydrous, iron-bearing silicate systems, two types of
crystallization paths have been distinguished, those at constant total
composition and those at constant oxygen fugacity (Muan and Osborn,
1956, p. 136-188; Osborn, 1959, p. 611-630) . In the former case, crystal-
lization takes place without exchange of oxygen (or any other com-
ponent) with the surroundings, and the oxygen fugacity at any tem-
perature is determined by the equilibrium assemblage of liquid and
crystalline phases. In the latter case, the crystallizing melt behaves as
a system that is open with respect to oxygen but closed with respect to
all other components. The oxygen fugacity is externally fixed and
imposed on the melt. A variant of this latter case would be the
situation in which the oxygen fugacity is imposed on the melt but varies
continuously during cooling. This would occur, for example, if the melt
were continuously equilibrated with a gas of constant H,O/H, ratio.

Following Osborn (1959), crystallization of a melt without ex-
change of oxygen with the surroundings will be called crystallization
at constant total composition. In an equilibrium situation in which the
crystallizing melt is free to exchange oxygen with its surroundings and
in which the oxygen fugacity is imposed by the surroundings on the
melt, the oxygen fugacity of the melt will be referred to as buffered.
This distinction works very well when discussing crystallization paths
in anhydrous systems studied in the laboratory. However, in discussing
the crystallization of magmas, the possible presence of water causes
some slight complications; these complications will be taken up later
in the section on magmas that contain water.

In this section, paths of fractional crystallization in the system
Ca0O-MgO-FeO-Fe O,-SiO, will be considered first with emphasis on
comparisons with the simpler system, MgO-FeO-Fe,0,-8i0,. The dis-
cussion of crystallization paths under conditions of buffered oxygen
fugacity will be confined initially to the somewhat artificial situation of
buflering at constant oxygen fugacity; this will be followed by a treatment
of buffers whose oxygen fugacities vary with temperature. Then, in light
of fractionation trends observed in these systems, some trends of chemical
variation in volcanic rocks will be compared with the trend produced
by fractional crystallization of the Skaergaard magma.

As with all silicate systems studied so far, the system CaO-MgO-
FeO-Fe,0,-510, omits several important components found in igneous
rocks, most notably some components necessary for the formation of
feldspar; thus. enrichment trends in this system cannot be compared
rigorously with enrichment trends in basaltic magma. Nevertheless, all
of the major ferromagnesian minerals of basalts are included, so trends
in this system are important as guide posts.

Comparison of Fractional Crystallization in the Systems
CaO-MgO-FeO-_Fe,0;,Si0, and MgO-FeO-Fe,0,Si0,
The following discussion is aimed toward an explanation of the
following statements regarding paths of fractional crystallization of
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haplobasaltic? compositions in the two systems, MgO-FeO-Fe,0,-SiO,
and CaO-MgO-FeO-Fe,0,-Si0,. These statements and the discussion
that follows should be compared with the closely related discussions of
Osborn (1959, 1962a, b), Osborn and Roeder (1960), and Roeder and
Osborn  (1966) .

1. During the early stages of fractional crystallization, the starting
composition exerts a strong control on the trend of enrichment of
residual lquids. Enrichment in silica, in iron oxides, or in both can
occur regardless of how the oxygen fugacity is controlled.

2. During the late stages of fractional crystallization, control of
oxygen fugacity is important in determining the trend followed. Iron-
enrichment is suppressed and silica-enrichment can be produced if the
oxygen fugacity is buffered at a sufficiently high value that spinel has
a large primary phase field or volume. On the other hand, iron-enrich-
ment is produced either when crystallization takes place at constant total
composition or when the oxygen fugacity is buffered at a sufficiently low
value that the primary phase field or volume of spinel is either very
small or absent.

3. At geologically reasonable oxygen fugacities, crystallization under
conditions of buffered oxygen fugacity results in a greater suppression
of iron-enrichment in the system CaO-MgO-FeO-Fe,0,-SiO, than in
the system MgO-FeO-Fe,0,-Si0.,.

4. Buffering of the oxygen fugacity can suppress iron-enrichment
regardless of whether the buffering agent causes the oxygen fugacity
of the melt to increase, remain constant, or decrease during cooling. It
is important only that the buffering agent be sufficiently oxidizing that a
large field or volume of spinel occurs.

5. When crystallization takes place at constant total composition,
the precipitation of spinel is accompanied by simultaneous enrichment
of the residual liquid in iron. When the oxygen fugacity is buffered,
iron-enrichment does not accompany the precipitation of spinel.

Early stages of fractional crystallization. — Figure 2A illustrates
crystallization behavior in the system MgO-FeO-Fe,0,-SiO, when the
oxygen fugacity is buffered at 10-%% atm. As explained earlier, this
diagram can be treated as a ternary system for purposes of deducing
crystallization paths. Point n is the haplobasaltic composition chosen by
‘Osborn (1959, figs. 8 and 9) to show that silica-enriched residual liquids
2 Bowen (1915, p. 161) used the word “haplobasaltic” to mean “simple basaltic”. In
the systems MgO-FeO-Fe,0;S8i0, and CaO-MgO-FeO-_Fe,0,-8i0,, haplobasaltic com-
positions are here taken to be those that (1) lie on or in the olivine, protoenstatite, or
diopside field or volume, (2) contain silica in excess of that in the olivine join, and (3)
contain less than 45 percent CaSiO,. For these compositions, the phase first precipitated
on cooling is either olivine or a pyroxene, a situation in common with many basaltic
liquids (for example, see Yoder and Tilley, 1962, figs. 27-30; Murata and Richter, 1966).
Also, fractional crystallization of these compositions results in the precipitation of
spinel, at least one pyroxene, and sometimes olivine; all of these phases characteristi-
cally precipitate from Dbasaltic liquids. Some of the compositions included might be

regarded as more ultramafic than basaltic, but a more complicated definition designed
.to eliminate the ultramafic compositions would not alter the conclusions reached below.
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can result from fractional crystallization at constant oxygen fugacity.
During the initial stages of cooling, the liquid composition is enriched
in silica as it moves along the boundary curve n-c. Point n’ also could be
considered a reasonable haplobasaltic composition. On cooling of this
mixture, the liquid becomes enriched initially in iron oxides and de-
pleted in silica as it moves through the pyroxene field toward m. Thus,
when the oxygen fugacity is buffered, the starting composition exerts a
strong control on the initial trend that is followed.

Figure GA shows crystallization paths in the system CaO-MgO-FeO-
Fe,0,-810, when the oxygen [ugacity is buffered at 10-%¢ atm. On cool-
ing of a composition at point g, protoenstatite and diopside precipitate
as the liquid fraction moves toward the vicinity of invariant point e.
The liquid is thus enriched in iron oxides. Point g’ lies on the divariant
surface between olivine and spinel. On cooling of this mixture, olivine
and spinel precipitate as the liquid [raction moves along the divariant
surface toward invariant point d. In this case, the liquid is enriched in
silica. Again, both early silica-enrichment and early iron-enrichment are
possible when the oxygen fugacity is buffered.

Early enrichment trends that occur in the system MgO-FeO-Fe, O,
SiO, when crystallization takes place at constant total composition can
be deduced from figure 7. Point r lies in the olivine volume, and on pre-
cipitation of olivine during cooling the liquid fraction is enriched pre-
dominantly in silica but also in iron oxides as it moves through the
olivine volume along the curved path rs. The liquid fraction derived
from crystallization of mixture #' is enriched in iron oxides and depleted
in silica as it moves toward the peritectic point g. Again, the starting com-
position greatly influences the initial enrichment trend, but in this
case crystallization has taken place at constant total composition.

In general, then, the early trend toward silica or toward iron is
strongly controlled by the starting composition; either trend can occur
regardless of whether the oxygen fugacity is buffered or the total
composition remains constant. Pending more precise knowledge of which

.~ SPINEL
/ .

PYROXENE
OLIVINE

MAGNESIOWUSTITE

MgO FeO

WEIGHT PER CENT

Fig. 7. A portion of the system MgO-FeO-Fe;0,-SiO, (after Muan and Osborn,
1956, fig. 12) to illustrate paths of fractional crystallization.
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starting compositions are most analogous to basalts, it is concluded that
the trend of enrichment that occurs in the early stages of fractional
crystallization of basaltic magma need not necessarily be related to the
manner in which the oxygen fugacity is controlled.

Supression of iron-envichment during the late stages of fractional crys-
tallization.—During the late stages of fractional crystallization of haplo-
basaltic mixtures, the effect of buflering the oxygen fugacity assumes
greater importance in determining the path of the liquid. It can be
seen in figure 2A that regardless of the early trend of the liquid, contin-
uous iron-enrichment is not possible when the oxygen fugacity is
buffered at 10-°68 atm (also sce Osborn, 1959, p. 627-628). Thus, in
the case of mixture n’, it was observed earlier that the liquid initially
becomes enriched in iron; however, it turns abruptly toward the in-
variant point d when it reaches the field of spinel at m. In a similar
way, the spinel volume in figure 6A suppresses iron-enrichment. Haplo-
basaltic mixtures, such as g, lying to the left of the spinel volume will,
on cooling, yield residual liquids that are enriched in iron until
they reach the surface of the spinel volume. As soon as spinel starts
to precipitate, iron-enrichment stops and silica-enrichment is produced
(also see Osborn, 1962a, p. 219). Thus, when the oxygen fugacity is
buffered, iron-enrichment is arrested during the late stages of crystal-
lization, regardless of the initial trend of the liquid.

As we shall now see, one could conclude from the system MgO-FeO-
Fe,0,-8i0, that the oxygen fugacity required to suppress iron-enrich-
ment in residual liquids is too high for buffering of oxygen fugacity
to be important in controlling differentiation trends of basaltic magma.
In figure 2, the size of the spinel field gradually shrinks as oxygen
fugacity decreases. As pointed out by Roeder (ms), this produces a gradual
change in the extent to which liquid compositions can move to the
right and become enriched in iron oxides during fractional crystalliza-
tion at constant oxygen fugacity. Thus, at 10-°6 atm oxygen fugacity
(fig. 2A) the spinel field is large, and liquid crystallization paths are
prevented from continuing toward the iron oxide apex. However, with
fractional crystallization at an oxygen fugacity of 10-¢ atm or lower (figs.
2C and 2D), the spinel field is small, and liquid crystallization paths
continue toward relatively iron-enriched compositions without turning
noticeably toward the silica apex. Fudali (1965) determined experi-
mentally that the oxygen fugacities in equilibrium with nine andesites
and basalts at 1200°C are in the range of 10-%4 to 10-%% atm. These rocks
thus crystallized in a range of oxygen fugacity too low for significant
suppression of iron-enrichment as indicated in the system MgO-FeO-
Fe,0,-Si0,.

Addition of CaO to the system dissipates this difficulty to the
buffer concept, for even though the spinel field on the base of each
tetrahedron (fig. 6) shrinks gradually as oxygen fugacity is reduced, the
spinel volume in the interior of each tetrahedron contracts very little
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as the oxygen fugacity is decreased from 10-°-%8 to 10-¢ atm. This can be
seen in figures 6A to C, in which the positions of points x, x’, and x”
are almost coincident. Thus, at 10 atin oxygen fugacity (fig. 6C), start-
ing compositions containing CaO produce residual liquids enriched
in iron approximately the same amount as if the oxygen fugacity were
maintained at 10°% atm (fig. 6A). This fact completely negates the
idea that geologically reasonably oxygen fugacities are too low for the
suppression of iron-enrichment through buffering. The presence of CaO
simultaneously makes the laboratory compositions more realistic geolo-
gically and reduces the oxygen fugacity required for the supression of
iron-enrichment.

Iron-enrichment during the late stages of fractional crystallization.—
Iron-enrichment is enhanced either when the total composition remains
constant or when the oxygen fugacity is buffered at a sufficiently low
value that the spinel field or volume is very small or absent. Crystalliza-
tion at constant total composition in the system MgO-FeO-Fe,0,-Si0O,
has been discussed previously (Osborn, 1959, p. 618-619; Muan and
Osborn, 1956, p. 136-137) . Unfortunately, the present data are insufficient
for an understanding of crystallization paths in the system CaO-MgO-
FeO-Fe,0,-Si0O, when the total composition remains constant.

The enhancement of iron-enrichment that occurs when the oxygen
fugacity is buffered at a low value can be seen in figure 2D. In this
diagram, the spinel field is very small; [ractional crystallization of
haplobasaltic mixtures lying in the olivine or pyroxene primary phase
field therefore yields a final iron-enriched liquid at the invariant point
at which the olivine, pyroxene, and spinel fields meet.

The spinel volume in the system CaO-MgO-FeO-Fe,0,-5i0, at 10-#
atm oxygen fugacity is also small (fig. 6D), for even though the positions
of the univariant lines in the tetrahedron are not known, the extent
of the spinel volume must be more restricted than at higher oxygen
fugacities since it nowhere intersects the join Mg,S510,~CaMgSi.O4—iron
oxide. The spinel volume must entirely disappear at some lower oxygen
fugacity, as inferred by Osborn (1962a, fig. 3). Thus, when the oxygen
fugacity is buffered at a low value (at least less than 10-* atm), haplo-
basaltic liquids are free to move toward compositions greatly enriched in
iron oxides.

Buffering under conditions other than constant oxygen fugacity.—
One might contend that the above discussion of crystallization paths at
constant oxygen fugacity cannot apply to basaltic magma since the
oxygen fugacity in equilibrium with a cooling magma would rarely remain
approximately constant even il buffering occurred. For example, suppose
a fluid in the rock adjacent to a magma buffers the oxygen fugacity of
the magma and is present in sufficient excess that any buffering action
would produce a negligible change in the composition of the fluid. For
simplicity, let this buffering fluid consist of an equilibrium gas mixture
of H,0, H,, and O,. In order for the gas to impose a constant oxygen
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Fig. 8. The join CaSiO,-MgO-iron oxide-$iO, at the oxygen fugacity produced by
a gas of constant ratio COy/H, of 132. All symbols have the same mecanings as those in
figure 6. The base of the tetrahedron is after Muan and Osborn (1956, fig. 7), and the
left face is after Kushiro (1964, fig. 28), Kushiro and Schairer (1963, fig. 25), and
Osborn and Muan (1960).

fugacity on the magma, the ratio H,O/H, in the gas would have to in-
crease continuously as the magma cooled (see Muan and Osborn, 1965,
fig. 15). It would be very fortuitous if the ratio H,O/H, were to change
by just the right amount required to maintain the oxygen fugacity
approximately constant at all temperatures. A more realistic assumption
might be to let the bulk composition of the buffering gas remain con-
stant. In this case the oxygen fugacity would continuously decrease on
cooling, and one might suppose that the fractionation trends discussed
above at constant oxygen fugacity would then be greatly altered. As
will now be shown, some changes occur, but the changes are not large
enough to alter any of the conclusions.

Trends of fractional crystallization to be expected when the system
is buffered by a gas of constant bulk composition can be deduced from
figures 6B and 8. In figure 6B the buffering gas is pure CO, plus
equilibrium amounts of CO and O, formed by decomposition of the
CO,. This buffer yields an equilibrium diagram nearly identical to one
that would result from a buffer of pure water plus its decomposition
products H, and O,, for the variation of oxygen fugacity with; temperature
for pure CO, is very close to that for pure H,O (see fig. 9) . The similarity
of the equilibrium relations to those at 10-%® atm oxygen fugacity (fig.
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6A) shows that fractional crystallization with pure CO, or pure H,O as
a buffer yields enrichment trends very similar to those that occur during
crystallization at constant oxygen fugacity. This occurs despite the fact
that the oxygen fugacity decreases with falling temperature (see fig. 9).

Inferred equilibrium relationships at a constant ratio CO,/H, of
132 are illustrated in figure 8. In this case the oxygen fugacity is buffered
by a gas of constant bulk composition that consists of CO, and H, in the
ratio of 132 at room temperature. At high temperature these two gases
react to form an equilibrium assemblage of H,O, H,, CO,, CO, and
O,. The equilibrium oxygen fugacity of the gas buffer CO,/H, = 132 de-
creases much more rapidly with falling temperature than that of pure
CO, (see fig. 9), but despite this more rapid decrease, the equilibrium
relationships are still very similar to those at constant oxygen fugacity
shown in figures 6A and 6C.
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Fig. 9. Equilibrium oxygen fugacities produced by gases of various compositions
at a total pressure of 1 atmm. Gas mixtures are expressed in mole ratios. Open circles
are points calculated from the tabulations given by Coughlin (1954, tables 27, 28,
and 56). The horizontal line at 1200°C shows the range of oxygen fugacities in
equilibrium with various basalts and andesitcs determined by Fudali (1965, table 3).
The heavy solid lines show the variation of oxygen fugacity with temperature along
three liquidus univariant lines in the system MgO-FeO-Fe,0,-8i0. (see fig. 7, data
from Muan and Osborn, 1956). A fourth univariant line extending from point g is
omitted. PX — pyroxene, OL — olivine, LIQ — liquid.
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If a gas buffer of a constant H,O/H, or CO,/CO ratio had been
chosen, then ratios of 408 and 132 respectively would yield equilibrium
diagrams almost identical to figure 8. This is because the variation of
oxygen fugacity with temperature for these buffers is only slightly
different than for a buffer of constant CO,/H, ratio of 132 (see fig. 9).

For all these buffers of constant gas composition, the oxygen fugacity
decreases with cooling but not sufficiently to allow residual liquids to
become enriched in iron oxides. Such buffers thus produce an effect
similar to a gas buffer of constant high oxygen fugacity. If a less oxidiz-
ing buffer had been chosen, such as a gas with a CO,/H, ratio of
19, then the olivine, protoenstatite, and diopside volumes in figure 8
would be extended to the right at the expense of the spinel volume (see
also Muan and Osborn, 1956, fig. 10). Liquids moving to the right during
fractional crystallization would not turn toward the silica apex but
would continue to become enriched in iron oxides. The effect would
be similar to that produced by a gas buffer of constant low oxygen
fugacity. In both cases, the continued trend toward enrichment in
iron oxides is caused by a small spinel volume, and spinel would pre-
cipitate only during the final stages of crystallization if at all.

It is interesting to compare the variation of oxygen fugacity with
temperature that occurs during buflering with some variations that
occur when the total composition remains constant. For crystallization
at constant composition in the system MgO-FeO-Fe,0,-Si0, (fig. 7),
fractional crystallization paths of most haplobasaltic compositions even-
tually intersect one of the univariant lines f-g or e-g. After intersecting
one of these lines, crystallization paths continue to the right toward
point g either along one of the two univariant lines or on the divariant
surface e-f-g. The oxygen fugacity along these lines (fig. 9) decreases more
rapidly with temperature than the oxygen fugacity in equilibrium with
any of the gas buffers. Thus, for crystallization paths that have reached
one of the two univariant lines f-g or e-g, further cooling under condi-
tions of buffered oxygen fugacity results in oxidation of the melt even
though the oxygen fugacity imposed by the buffer decreases with
temperature.

Magmas that contain water.—All of the discussion so far has con-
cerned the crystallization of anhydrous melts. In order for buffering
to occur, such melts must behave as systems open to oxygen. However,
for a crystallizing magma containing water in a separate vapor phase
(saturated with water), the oxygen fugacity might be buffered by a
fluid in the surrounding rock solely by diffusion of hydrogen across
the boundaries of the magma, a process analogous to the technique
for buffering the oxygen fugacity of hydrothermal equilibrium experi-
ments in the laboratory (Eugster, 1957; see also discussions by Eugster,
1959, p. 424; Chinner, 1960, p. 212; and Osborn, 1959, p. 643-644). In
the case of oxidation of the magma by this mechanism, the source of
oxygen would be the contained water, and the hydrogen produced by
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decomposition of the water would diffuse out of the magma into the
adjacent rock. Water in the amount of only 1.25 weight percent in a
basaltic magma containing 10 weight percent FeO could provide suf-
ficient oxygen for complete oxidation of this FeO to Fe,O,. In nature
there could be all gradations between crystallization at constant total
composition and crystallization with buffered oxygen fugacity. Diffusion
of hydrogen might occur but not with sufficient speed to establish a state
of buffering at equilibrium with a fluid in the surrounding rock. In
this case, the oxidation state of the magma would be altered but not as
strongly as if bulfering at equilibrium had occurred.

Now consider a hydrous magma that again contains water in a
separate vapor phase but crystallizes as a closed system. During cooling
and crystallization, the oxygen fugacity would again fall at a rate
intermediate between that for crystallization of an anhydrous melt at
constant total composition and that of an anhydrous melt buffered
by a gas of constant composition. Similarly, the trend of enrichment
would be of an intermediate type. This is because the water would
provide a limited reservoir for exchange of oxygen with the melt. The
trend of enrichment would depend on the amount of water in the
magma and the H,O/H, ratio in the vapor at the start of crystallization.
A magma containing only trace amounts of water would differentiate in
nearly the same way as an anhydrous magma crystallizing at constant
total composition, but for a magma saturated with water, the relative
proportions of H.O and H, in the vapor at the start of crystallization
would be important. If the ratio H,O/H, were low, say less than 20,
then iron-enrichment would occur. If this ratio were high, say about
400, iron-enrichment would be suppressed but not as strongly as if the
magma were buffered by a large external reservoir containing H,O and
H., in the ratio of 400:1. During cooling, the ratio H,O/H, in the vapor
would decrease, and the oxygen content of the remainder of the magma
would increase.

Thus, a complete range of enrichment trends could occur due
either to imperfect establishment of equilibrium between an external
buffer and the magma or to crystallization of a waterrich and hydrogen-
poor magma as a closed system.

In view of the fact that a hydrous magma crystallizing as a closed
system could be oxidized by the contained water, the total composition
of a hydrous melt will refer only to the anhydrous portion. Thus,
crystallization of a hydrous magma as a closed system will not be taken
to mean crystallization at constant total composition.

Iron-enrichment and the precipitation of spinel.—It has long been
recognized that precipitation of magnetite from a fractionally crystalliz-
ing basaltic magma is entirely compatible with simultaeous iron-enrich-
ment of the residual liquid (Wager and Deer, 1939, p. 220). On the
other hand, some sequences of volcanic rocks whose chemical variations
have been attributed to fractional crystallization show precipitation of
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magnetite accompanied by a decrease in the amount of total iron oxides
in the liquid (for example, sce Carmichael, 1964).

In view of these contrasting relationships, it is interesting to note
that for haplobasaltic compositions in the system MgO-FeO-Fe.,0;-Si0,,
if crystallization occurs at constant total composition, the precipitation
of spmel is accompanied by enrichment of the liquid fraction in iron.
On the other hand, if the oxygen fugacity is buffered during crystalliza-
tion, precipitation of spinel is not accompanied by enrichment of the
liquid fraction in iron.

A brief look at some of the equilibrium diagrams will verily the
above generalizations regarding the precipitation of spinel. In figure
7, the precipitation of spinel occurs when a liquid lying on the surface
e-g-h-j-k-f is cooled. 1f crystallization takes place at constant total com-
position, the liquid composition will move along this surface toward
compositions richer in iron. On the other hand, when the oxygen
fugacity is buffered at 10-°%% atm (fig. 2A). the precipitation of spinel
along the boundary curve n-c-d is accompanied not by iron-enrich-
ment but by silica-enrichment. Finally, in figure 2D, extensive iron-en-
richment can occur since the oxygen fugacity is buffered at a low value.
However, spinel precipitates only as the last residual liquid crystallizes,
not during the time when haplobasaltic liquids are becoming enriched
in iron. Similarly, if the buffering agent is a gas of constant composi-
tion with a low ratio CO,/H, of 24, iron-enrichment occurs, but spinel
precipitates only as the last residual liquid crystallizes (see Muan and
Osborn, 1956, fig. 9) . Thus, when iron-enrichment occurs and the oxygen
fugacity is buffered either at constant oxygen [ugacity or by a gas of
constant composition, the precipitation ol spinel is not accompanied
by enrichment of the liquid fraction in iron.

When the total composition of haplobasaltic compositions in the
system MgO-FeO-Fe,0,-Si0, remains constant, a higher proportion of
Fe,O, causes earlier precipitation of spinel, but the trend toward iron-
enrichment always remains after the appearance of spinel as a crystal-
lizing phase This fact is illustrated by the crystallization paths of points
a and a’ in figure 7. Point a, lying on the divariant surface between the
olivine and pyroxene volumes, is very low in Fe,O,. On fractional
crystallization, the liquid composition travels along the line a-b in the
divariant surface as olivine and pyroxene precipitate.® Spinel starts
to precipitate at & only after extensive iron-enrichment has occurred.
Further cooling causes continued iron-enrichment as the liquid com-
position moves from & through the invariant point g to h. On the
other hand, point a’, which also lies on the divariant surface between
olivine and pyroxene, is relatively richer in Fe,O,. Fractional crystalliza-
tion of this composition causes the composition of the liquid fraction to
3 Yor simplicity of discussion, the divariant surfacc between the olivine and pyroxene

volumes and the univariant line f-g are assumed not to show a reaction relation in the
region discussed. Removal of this assumption would not affect the conclusions.
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move along the path a’-b’. At b’ spinel starts to precipitate before ex-
tensive iron-enrichment has occurred; it continues to do so as the
composition of the liquid moves to the invariant point g and then to h.

Insofar as the data extend, the addition of CaO to the system
MgO-FeO-Fe,0,-Si0, does not change the relationships just discussed.
Thus, when the oxygen fugacity is buffered at any value between 10-0-68
and 10-¢atm (figs. 6A-C), the precipitation of spinel is never accompanied
by enrichment of the liquid fraction in iron. Buffering the oxygen
fugacity at values less than 10® atm would produce iron-enrichment,
but the spinel volume would be small, and spinel would precipitate
only during the final stages of {ractional crystallization, if at all.

In studying rock sequences, it would be useful to be able to note
the precipitation of spinel and the trend of enrichment and thereby
infer whether or not the oxygen fugacity was buffered during crystalliza-
tion. This would require that the italicized statements in the second
paragraph of this section remain valid after transposition of the condi-
tions and conclusions. Unfortunately, the statements are then no longer
rigorously true due to the possibility of transitional conditions between
constant total composition and buffered oxygen fugacity. Nevertheless,
it is still possible to use the precipitation of spinel and iron-enrichment
as a rough indicator of crystallization at constant or nearly constant
total composition. Similarly, the precipitation of spinel without iron-
enrichment may be used as a rough indicator that the oxygen fugacity
was buftered.

It is possible that the addition of other components to the systems
considered here would invalidate the above discussion regarding the
precipitation of spinel and the trend of enrichment. This can be
settled finally only by the study of systems containing all the com-
ponents of basaltic magma, but the equilibrium diagrams of Roeder
and Osborn (1966), which indicate the effects of the addition of AlLO,,
only further confirm the generalizations stated here.

The above discussion of buffering is pertinent to the crystallization
of magmas only if buffering of oxygen fugacity occurs in nature.
In this regard, it is significant that Buddington and Lindsley (1964)
found evidence that iron-titanium spinels initially crystallized at high
temperatures frequently have been oxidized upon subsequent cooling.
They showed that in many cases, buffering of the oxygen fugacity of
the rock by a gas of constant composition is sufficient to produce the
observed oxidation. If buffering of rocks occurs during cooling subsequent
to crystallization, then buffering of a magma during crystallization must
be considered a likely process.

The main conclusions of this section are that buffering of oxygen
fugacity is capable of significantly altering the liquid crystallization
paths of compositions similar to basalts, that basalts crystallize in a
range of oxygen fugacity where buffering is important, and that buffering
of the oxygen fugacity of a magma is a reasonable geologic process.
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Even though the types of buffering conditions discussed above are
idealized and simplified, the results produced point toward the effects
to be expected from buffering of the oxygen fugacity of basaltic magma.

Trends of Chemical Variation of the Skaergaard Magma
and of Volcanic Rocks

The Skaergaard intrusion is one of the most extensively documented
examples of a series of rocks whose chemical variations are known to
be the result of extreme fractional crystallization of basaltic magma
(Wager and Deer, 1939; Taylor and Epstein, 1963) . The exposed rocks
are those formed during the middle and late stages of fractional crys-
stallization. As explained earlier, it is the late stages of crystallization that
are closely related to the way in which oxygen [ugacity is controlled.
This intrusion therefore offers a good opportunity for a comparison
between a known example of fractional crystallization of basaltic
magma and fractionation trends deduced from the equilibrium diagrams
under varying conditions of oxygen [ugacity. The discussion here will
focus on two features of the Skaerganrd intrusion. One is the unusually
high enrichment in FeO + Fe,O, achieved by the late liquid {fraction. As
shown in figure 10, the Skaergaard magma achieved a maximum
concentration of FeO + Fe,O, of about 22 percent; a concentration
of even 16 percent FeO -+ Fe,O; is unusual in igenous rocks. The
other feature is the time of appearance of magnetite as a precipitating
phase (see fig. 10).

Osborn (1959, p. 634) attributed the extreme iron-enrichment of
the Skaergaard magma to crystallization at constant total composition.
When this condition is imposed in the equilibrium diagrams, spinel
must always precipitate at somc point in the history of {ractional
crystallization. Later, Osborn (1962a, p. 225) suggested that the Skaer-
gaard trend was due to crystallization at low oxygen fugacity without the
precipitation of spinel, a situation in which the oxygen fugacity must
be buffered at a low value. According to Wager (1960), magnetite first
precipitated from the Skaergaard magma long before iron-enrichment
ceased (see fig. 10), and it continued to precipitate throughout the for-
mation of the remaining layered series. This indicates that the Skaergaard
magma crystallized at constant total composition in accordance with
the first suggestion of Osborn, for in the equilibrium diagrams dis-
cussed above, the precipitation of spinel with simultaneous iron-enrich-
ment indicates crystallization at constant total composition. This con-
clusion fits well with the fact that the Skaergaard magma apparently
contained very little water (Kennedy, 1955, p. 496; Taylor and Epstein,
1963, p. 55, 65-68). In a dry magma there would be no adequate source
of oxygen for oxidation of the magma.

Tt is not intended that these conclusions regarding the Skaergaard
intrusion necessarily should be applied to every layered intrusion or
differentiated sill that shows iron-enrichment. As shown earlier, initial
iron-enrichment may be expected for certain compositions regardless of
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Fig. 10. Chemical variation of the Skaergaard magma and selected volcanic rocks.
Filled circles show calculated compositions of the Skaergaard magma at successive
stages of differentiation, as given by Wager (1960, table 4). The open square labeled
Mt shows the point at which magnetite first started to precipitate from the Skaergaard
magma (after Wager, 1960). Crosses show compositions of lavas given in table 5.
Open circles show compositions of lavas from six areas of volcanic activity. The
analyses are distributed as follows: 185 from the Fuji-Hakone-Izu area, Japan;
26 from the Medicine Lake Highland, California; 6 from the Galapagos Islands;
6 from Rishiri volcano, Japan; 5 from Funagata volcano, Japan; and 3 from the
Iki Islands, Japan. Analyses from the Fuji-Hakone-Izu area are from Asayama
(1953), Hirokawa and Suyama (1955), Katsura (1956), Kawano (1950), Kuno (1933,
1985, 1936a, 1936, 1950a, 1954, 1960, 1962), Nagashima (1953), and Tsuya (1929, 1935,
1937, 1942, 1955); those from the Medicine Lake Highland are taken from Andersen
(1983, 1941), Powers (1932), and Yoder and Tilley (1962, p. 362); those from the
Galapagos Islands are due to Lacroix (1927), Richardson (1933), and Washington and
Keves (1927); those from Funagata volcano are taken from Kawano, Yagi, and Aoki
(1961); those from the Iki Islands are due to Aoki (1959); and those from Rishiri
volcano are from Katsui (1953) . From the Iki Islands, only analyses of the Miocene
(?) flows were used because analysis 7 in table 8 is of a flow extruded during this
period of volcanism. According to the usage of Chayes (1964, p. 1581), all the rocks
whose analyses are identified by crosses are subalkaline. Their associated lavas are
also subalkaline except for one analysis of an alkaline lava from the Medicine Iake
Highland, two such analyses from the Galapagos Islands, and three from Rishiro
volcano. Point K is a segregation vein in a lava from @-sima Island, Japan (Kuno,
1963, p. 304), point L is a lava from Madagascar (Lacroix, 1923, p. 57), and point S
is a lava from Southern Rhodesia (Swift and others, 1953, p. 40).

the control ol oxygen fugacity, and this iron-enrichment could continue
if the oxygen lugacity were buffered at a low value. Each example of iron-
enrichment must be considered separately.

Apparently, lavas similar in composition to the late, extremely
iron-enriched Skaergaard liquids are nonexistent or nearly so; an exami-
nation of over 8000 analyses of lavas failed to uncover such compositions.
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As stated earlier, the maximum iron-enrichment reached by the Skaer-
gaard magma is about 22 percent FeO + Fe,O,, but only two complete
analyses of fresh lavas were found that contain more than 18 percent
FeO + Fe,O, (see fig. 10). Neither contains more than 41 percent
Si0,, and they are therelore of doubtlul similarity to the later Skaer-
gaard liquids which contain more than 46.8 percent SiO,. In any case,
lavas as enriched in FeO + Fe,O; as the Skaergaard magma are extremely
rare. Kuno (1965, p. 304) gave an analysis of a segregation vein (see
fig. 10) that has many compositional similarities to the iron-enriched
Skaergaard liquids, but the analysis was not representative of a large
volume of lava of this composition. If the previous conclusion is accepted
that the Skaergaard magma crystallized at constant total composition and
if magmas similar in composition to the initial Skaergaard magma have
commonly moved into the Farth’s crust to regions of moderate or low
pressure,® then it must be that only rarely, if ever, have these magmas
produced lavas whose compositions are controlled by extreme fractional
crystallization at constant total composition. If lavas of varying com-
positions were produced [rom these magmas primarily by strong frac-
tional crystallization, the oxygen fugacities of these magmas must have
been controlled by oxidizing buffers.

It might be supposed that the differentiation trend of the Skaer-
gaard magma is due to an unusual starting composition and that the
extreme rarity of a similar degree of iron-enrichment in volcanic rocks
is due to the rarity of this starting composition. Quite the contrary,
recent data (Engel and Engel, 1964; Engel, Engel, and Havens, 1965;
Nicholls, Nalwalk, and Hays, 1964) indicate that lavas close to the
composition of the initial Skaergaard magma very commonly if not
characteristically occur in the deeper parts of the oceans. An average of
ten analyses of lavas from the ocean Hoors is shown in table 3 for
comparison with the composition of the initial Skaergaard magma. If
these abundant lavas represent magma compositions that have fraction-
ally crystallized at constant total composition, lavas similar in com-
position to the later Skaergaard liquids should exist. No such lavas
have been reported in the literature.

Additional evidence comes from an examination of lavas close in
composition to the initial Skaergaard magma that are associated in time
and place with other lavas of different compositions. Table 8 shows
nine analyses of lavas similar to the Skaergaard initial magma taken
from six areas of volcanic activity., All available analyses of their
associated lavas (fig. 10) show no compositions close to the amount
of FeO + Fe,O, that existed in the later Skaergaard liquids. Therefore,
the nine lavas similar in composition to the Skaergaard magma cannot
be related to their associated lavas solely through fractional crystal-
4 As mentioned earlier, the discussion here is not concerned with fractional crystal-

lization in the upper mantle where high pressure phases appearing at the liquidus
surface would alter the fractionation trends.
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Analyses of lavas close in composition to the Skaergaard initial magma

1 2 3 4 5 6 7 8 9 10 11
SiO, 48.08 49.34 48.27 47.77 48.98 48.65 48.96 4926 49.56 48.57 49.51
ALO, 17.22 17.04 18.28 1852 1892 17.50 1747 17.71 17.88 19.25 18.19
Fe, O, 132 199 1.04 149 222 025 227 267 282 256 289
FeO 844 6.82 831 731 712 975 854 712 754 770 766
MnO 016 0.17 017 014 009 025 017 005 016 015 028
MgO 862 7.19 896 98 742 661 672 791 7.083 638 7.07
CaO 11.38 11.72 11.82 11.32 10.04 11.85 11.03 10.01 10.92 1121 9.83
Na,O 287 273 280 255 304 215 212 308 150 173 249
K.0 025 0.6 014 012 044 038 032 056 022 016 048
TiO, 1.17 149 089 071 Ll 210 072 125 072 075 064
P,O; 010 016 007 007 014 021 014 019 006 010 017
H,0+ 1.01* 069 015 031 034 . 090 036 116 074 045
H.O- 005 058 007 011 005 010 066 017 08 085 027
Total 100.17 100.08 99.81 100.30 99.96 99.80 100.02 100.34 100.43 100.15 99.93
1. Skaergaard initial magma (Wager, 1960, p. 375).
2. Average of 10 analyses of Javas from the Atlantic and Pacific Ocean floors (Engel,
Engel, and Havens, 1965, p. 721).
3. and 4. Basalts from Warner Flow, Medicine Lake Highland, California (Yoder and
Tilley, 1962, p. 362).
5. Modoc basalt, Medicine Lake Highland, California (Anderson, 1941, p. 387).
6. Basalt from Narborough Island, Galapagos Islands (Richardson, 1933, p. 52).
7. Basalt from Iki Island, Japan (Aocki, 1959, table 15).
8. Basalt from Rishiri Island, Hokkaido, Japan (Katsui, 1953, p. 249).
9. Basalt from Funagata volcano, near Sendai, Japan (Kawano, Yagi, and Aoki, 1961,

p- 25).

10. Basalt from northeastern Izu, Japan (Tsuya, 1937, p. 239).

I1. Basalt from Maruno-yama volcano on the northern flank of Amagi volcano, eastern
central Izu, Japan (Tsuya, 1937, p. 257).

* Considered by Wager (1960, table 2) to be high due to alteration of olivine.

lization at constant total composition. The extent to which other
processes such as contamination may have participated in the production
of the chemical variations in these volcanic rocks must remain un-
determined for the present, but if fractional crystallization at moderate
or low pressure was the controlling factor, the oxygen fugacity in each
case must have been controlled by an oxidizing buffer.

THE REACTION OF OLIVINE AND LIQUID TO FORM PYROXENE AND SPINEL

Several examples of reaction rims on olivine consisting of both
magnetite and hypersthene have been reported (Kuno, 1950b, p. 970;
Muir, Tilley, and Scoon, 19537, fig. 4; Snyder, 1959, p. 192; Yoder and
Tilley, 1962, p. 425). Kuno (1950b) suggested that these compound
reaction rims were due to a frozen, partially completed reaction of
olivine with the enclosing liquid to form hypersthene and magnetite,
but Yoder and Tilley (1962, p. 425) attributed such rims to oxidation
of olivine without reaction with liquid.

Figures 2A to C show that in the system MgO-FeO-Fe,0,-5i0,
olivine can react with liquid to form pyroxene and spinel when the
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oxygen fugacity is buffered. In each of these diagrams is a peritectic point
at which olivine dissolves while pyroxene and spinel crystallize during
removal of heat. This means that with fractional crystallization on any
of these diagrams, a haplobasaltic starting composition that initially
precipitates olivine and does not lose it as a precipitating phase along the
olivine-pyroxene boundary curve will lose it at the peritectic point
by reaction with liquid to form pyroxene and spinel (see also Osborn,
1959, p. 626).

In figures 6A to C this peritectic point on the base of each tetrahedron
is the starting point for a univariant line extending into each tetrahedron
and ending at invariant points d. d’, and d”, respectively in each diagram.
On cooling, liquids along this univariant line in each of the tetra-
hedra react with olivine to produce protoenstatite and spinel. Thus,
when the oxygen fugacity is buffered, haplobasaltic compositions con-
taining CaO also show the reaction relation proposed by Kuno.

Spinel can also participate in the olivine-pyroxene reaction during
crystallization at constant total composition. In the system MgO-FeO-
Fe,0,-Si0, (fig. 7y, the invariant point f, as drawn by Muan and Osborn

TaBlLE 4

Ultramafic compositions

1 2 3 4
SiO, 43.97 44.6 44.8 46.2
ALO, 2.89 5.5 5.5
Fe, Oy 1.04 4.3
FeO 6.89 7.9
total Fe as FeO 11.8 13.0
MnQO 0.13 0.1 0.1
MgO 41.11 20.2 20.3 224
CaO 2.35 15.8 15.9 18.4
Na,O 0.07 0.5 0.5
K,O nil 0.4 0.4
TiO, 0.17 0.7 0.6
1.0, n.d.
H,O 0.35
H.O- 0.20
Cr,0, 0.50
NiO 0.21
CoO tr.
CuO nil
NaCl 0.08
Total 99.97 100.0 100.0 100.0

1. Saxonitic dunite from St. Paul’s Rocks (Tilley, 1947, p. 490).

2. Average composition of ultramafic rocks exposed at Duke Island (Irvine, 1963, p. 45).
These values are the average of the two sets of values given by Irvine for the Hall
Cove and Judd Harbor outcrop areas, weighted according to the arca represented
by each set. ¥;O not included by Irvine.

%. Same as column 2 with all iron calculated as ¥FeO and the oxide proportions re-
calculated to 100 percent.

1. Composition of point m in figure 6B (71 percent CaMgSi,Oy 16 percent Mg,SiO,,
13 percent total Fe as FeO).
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(1956, fig. 12), is a peritectic point at which olivine dissolves on cooling
while pyroxene and spinel crystallize. The univariant line f-g extending
from this point must therefore also show the same reaction relation
at least for some distance into the tetrahedron.

In view of the prevalence in the equilibrium diagrams of the
reaction relation of olivine and liquid to form spinel and pyroxene, it is
probable that at least some of the mantles of magnetite and hypersthene
on olivine phenocrysts in lavas are formed by this reaction.

ULTRAMAFIC ROCKS

Compositions of two types of ultramafic rocks are given in table 4.
The analysis in column 1 is representative of the compositions of
peridotite nodules in basalts and of peridotites in the central portions
of many mountain chains. Column 2 is Irvine’s estimated average com-
position of the exposed rocks of the Duke Island ultramafic complex in
Alaska. This complex is similar in overall composition to several other
ultramafic bodies in Alaska and British Columbia (Taylor and Noble,
1960; Findlay, ms). As shown in the table, the average exposed rock at
Duke Island is richer in CaO and total iron oxide but poorer in MgO
than the saxonitic dunite. These differences between the two composi-
tions are reflected in the mineralogy. Ultramafic bodies similar in
composition to the Duke Island complex contain the primary minerals
olivine, diopside, magnetite, and hornblende, with minor hercynite and
anorthite. Rocks similar to the saxonitic dunite characteristically con-
tain the primary minerals olivine, enstatite, diopside, and chrome spinel
(Ross, Foster, and Myers, 1954).

Estimated Liquidus and Solidus Temperatures of Peridotites

It may be of interest to comment on the probable liquidus and
solidus temperatures of peridotites similar in composition to the
saxonitic dunite, particularly in view of recent evidence that some of
these peridotites are intruded at high temperatures (MacKenzie, 1960;
Smith and MacGregor, 1960; Green, 1964; Challis, 1965). From data on
the system forsterite-fayalite, Bowen and Schairer (1936, p. 393) esti-
mated that the liquidus temperature of pure olivine containing 10 to
15 weight percent fayalite is about 1850°C. From their diagrams, the
solidus temperature of such an olivine is approximately 1750°C. The
purpose here is to indicate the effect of the additional components CaO
and Fe,O, on these values.

In the system CaO-MgO-FeO-Fe,O,-Si0, the assemblage olivine,
protoenstatite, diopside, and spinel is a close approximation to the
natural assemblage olivine, enstatite, diopside, and chrome spinel. The
proportions 65 percent olivine, 25 percent protoenstatite, 8 percent
diopside, and 2 percent spinel will be taken as representative of many
peridotites, and each of the threc silicate phases will be assumed to con-
tain roughly 15 weight percent fayalite, ferrosilite, and hedenbergite,
respectively. To a close approximation, this would place the total com-
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position in figure 6C, but the total composition does not lie in a region
of the diagram where experimental data are available. However, an
approximate liquidus temperature obtained by interpolation between
the diagrams of Muan and Osborn (1956), Bowen (1914), and this study
is about 1700°C. From the known temperature of point x” in figure 6C
and from known solidus temperatures on the base and left side of this
tetrahedron, it is estimated that the solidus temperature is in the
vicinity of 1250°C. This temperature is the estimated temperature of
the liquidus invariant point d”, and the composition of the first liquid
formed on melting would be at d”. Regardless of the proportions of
phases present, the solidus temperature will not change as long as the
compositions of the phases remain constant. These considerations suggest
that at low pressures, a temperature of approximately 1250°C would be
necessary for the existence of peridotite in a partly liquid state. It
must be remembered, however, that this conclusion neglects the effect
of pressure and the presence of small amounts of other components,
particularly AlLO,.

Ultramafic Bodies in Southeastern Alaska and British Columbia

It is possible to discuss in somewhat greater detail ultramafic rocks
of the type found in the Duke Island complex, for most of these rocks
have compositions that can be closely approximated by mixtures on
the join forsterite-diopside-iron oxide. Those who have investigated
these bodies in the field are agreed that they formed by crystallization
from melts of ultramafic composition. Irvine (1963) suggested that the
various ultramafic rocks in the Duke Island complex were produced,
except for some of the hornblende pyroxenite forming the marginal
zone of the complex, by fractional crystallization of a single ultramafic
magma-type. Ruckmick and Noble (1959) proposed that for each major
rock type in the Union Bay complex there was a separate magma of
like composition. Taylor and Noble (1960) developed this latter theory
further and applied it to all of the chemically similar ultramafic bodies
in southeastern Alaska. They suggested that fractional melting at depth
produced successively more mafic magmas corresponding in composition
to hornblende pyroxenite, olivine pyroxenite, peridotite, and dunite.
According to this theory, each successive magma was intruded into the
center of the previous intrusion to produce a zonal arrangement of
rock types that become more mafic toward the center of the complex.

Fractional crystallization.—Point m (fig. 6B) will be taken as a close
approximation to the composition of the postulated ultramafic magma
from which the ultramafic rocks at Duke Island crystallized. The com-
position of this point, which lies on the join forsterite-diopside-iron
oxide, is shown in column 4 of table 4 and is to be compared with the
average ultramafic rock exposed at Duke Island, shown recalculated in
column 3. In both cases, the iron is calculated as FeO so as to emphasize
the similarity in the total amount of iron present rather than the ratio
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of Fe,O, to FeO. The average exposed rock at Duke Island may not
be a precise estimate of the original postulated magma. However, this is
not of crucial importance in the present context, for the general features
of the crystallization path about to be described are not dependent
on the exact location of point m.

The liquidus temperature of point m is about 1450°C, an intrusion
temperature more palatable to most geologists than the temperature of
1700°C that was earlier found to be necessary for the existence of an
anhydrous peridotite liquid at 1 atm pressure. Since the postulated
ultramafic magma at Duke Island would have contained AL O, TiO,,
Na,O, K,O, MnO, and H,O, it is reasonable that it could have been in-
truded in a completely liquid state at a temperature even lower than
1450°C, possibly 1200 to 1300°C. The intrusion temperature would be
further reduced if the ultramafic magma were intruded slightly below
its liquidus temperature such that it carried a small amount of olivine
crystals suspended in the liquid. It can be deduced from figure 4B
that if composition m were to consist of about 10 percent olivine crystals
and 90 percent liquid, the temperature would be approximately 100°C
below the liquidus temperature. Thus, it is reasonable that the postulated
ultramafic magma could have been intruded with only a small amount
of equilibrium crystals at a temperature as low as 1100 to 1200°C. Such
a temperature is compatible with the metamorphic effects believed
to have been produced by the ultramafic intrusives in Alaska (Irvine,
1963, p. 43; Taylor and Noble, 1960, p. 180) .

The cooling history of composition m (fig. 6B) cannot be described
in a precise way because of a lack of complete information on the
compositions of crystalline phases in equilibrium with all of the liquids.
Nevertheless, the data are sufficient for a general discussion of the
sequence of events. Upon cooling, olivine rich in magnesium starts to
precipitate at the liquidus temperature, about 1450°C. Olivine con-
tinues to precipitate as the composition of the liquid travels along the
slightlv curved path m-n through the olivine primary phase volume. At
point . (about 1330°C) diopside starts to crystallize along with olivine.
With continued cooling and continuous removal of the crystalline phases,
the composition of the liquid moves on the olivine-diopside boundary
surface along the slightly curved path n-0 toward the univariant line
b’-d’. At the same time, the compositions of the precipitating olivine and
diopside become slightly richer in iron. Just as the liquid reaches point
o at about 1300°C, the composition of the precipitating olivine is close
to point y’. The exact composition of the diopside is unknown, but it
contains a small amount of iron and must lie near the join CaMgSi,Og—
CaFeSi,Oq. In the vicinity of point x’, the line b’-d’ is a reaction line
along which olivine dissolves during equilibrium cooling, so with per-

5 As emphasized earlier, the data are not sufficient for a discussion of equilibrium
processes occurring at high pressures. The intrusion temperature just discussed and the
crystallization path to be described below are for low pressures existing in the
Earth’s crust.
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fect fractional crystallization the liquid will not travel along this line but
instead will move out along the path o-p in the surface b’-d’-¢’ as
diopside and spinel precipitate together. No significance should be
attached to the direction of the line o-p. After the liquid leaves point
o its exact direction of travel is unknown; it is possible to say only
that it moves out onto the divariant surface between diopside and
spinel.8 On continued cooling, the composition of the liquid moves to
parts of the diagran: in which no data have been collected.

If the precipitating crystals are assumed to accumulate layer on
layer at the bottom of a chamber without retaining any of the liquid
phase in the pore spaces, three mineral assemblages would be observed.
Going from the bottom to the top of the sequence, these three assemblages
and the approximate proportions of phases would be: olivine; 10 per-
cent olivine, 90 percent diopside; and 20 percent spinel, 80 percent
diopside. If 20 or 30 percent of interprecipitate liquid is trapped and
crystallized with the settled minerals, some transitional assemblages
would be found. Up to about 20 percent diopside would occur in the
olivine layer and small amounts of spinel would occur in the upper part
of the olivine plus diopside layer. No olivine would occur in the diopside
plus spinel Jayer. Despite the presence of these transitional assemblages,
discontinuities in proportions of phases would remain between the
three major assemblages.

The rocks found in the ficld display several striking similarities
to the assemblages discussed above. Most important is the fact that the
three most abundant rock-types in several of the intrusive bodies in
southeastern Alaska are dunite, olivine pyroxenite, and olivine-free
pyroxenite (Irvine, 1963, p. 39). These three rock-types correspond
closely to the assemblages discussed above, not only in mineralogy but
also in the proportions of minerals. In the Duke Island complex, a large
amount of the olivine-free pyroxenite contains 13 to 17 percent (20-24
wt percent) magnetite (Irvine, 1963, p. 39). In the Union Bay complex,
a large amount of the pyroxenite also contains a similar, fairly con-
stant percentage of magnetite and is free of olivine except for a few
localized areas (Ruckmick and Noble, 1959, p. 992). In the Duke
Island complex, olivine pyroxenite typically contains 15 to 30 percent
olivine (Irvine, 1963, p. 39), and in the Union Bay complex, the
approximate proportions 80 percent diopside, 20 percent olivine prevail
throughout the olivine pyroxenite (Ruckmick and Noble, 1959, p. 999).
Magnetite occurs only in accessory amounts in the olivine pyroxenite
at Duke Island (Irvine, 1965, oral communication) and typically in the
amount of 4 to 7 weight percent in the olivine pyroxenite at Union
Bay (Ruckmick and Noble, 1959, table 2). As mentioned above, small

6 The maximum on the boundary curve between olivine and diopside in the left face
suggest that there may be a similar maximum on the univariant line &'-d’. If this is
the case, some paths of fractional crystallization would move downward and others
upward after passing across line 4'-d'.
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amounts of magnetite would be expected in this unit if some inter-
precipitate liquid were trapped with the settled minerals.

It is to be noted that the crystallization path deduced above occurs
when the oxygen fugacity is buffered. Insufficient data are available for
a useful discussion of the crystallization history when the total composi-
tion remains constant, but it may be stated in general that the sequence
of events would be different. These differences may not be sufficient
to rule out crystallization at constant total composition as a possible
mode of origin. However, one feature of crystallization behavior in the
system MgO-FeO-Fe,0,-Si0, when the total composition remains con-
stant is that the iron contents of olivine and pyroxene increase greatly
as cooling proceeds (Muan and Osborn, 1956, p. 136-187) . This increase
is inhibited when the oxygen fugacity is buffered. It is to be expected that
this difference would also occur in the system CaO-MgO-FeO—Fe, Oy
$i0,. In this connection, it is significant that in the rocks at Duke Island,
the Fe/Mg ratio in diopside and olivine increases only slightly in going
from dunite to olivine pyroxenite to olivine-free pyroxenite. A slight
increase would be expected if the oxygen fugacity of the magma were
buffered during crystallization. The abundance of hornblende and mafic
pegmatite associated with the ultramafic rocks suggests that the magma
contained significant amounts of water, thereby allowing the possibility
of buffering of the oxygen fugacity through diffusion of hydrogen.

It is now evident why the Fe,O,/FeO ratio was ignored when com-
paring the composition of point m (table 4) with the average ultramafic
rock at Duke Island. If crystallization took place under conditions of
buffered oxygen fugacity, as argued above, then the final state of oxida-
tion of the magma, as represented by the average composition of the
rocks crystallized from it, would be different from the initial oxidation
state of the magma.

In using figure 6B for deducing the crystallization path of composi-
tion m, it was not intended to imply that the oxygen fugacity at which
the ultramafic rocks crystallized corresponds to that produced by the
equilibrium decomposition of pure CO,. It was intended only to illus-
trate the sequence of events that would occur if the oxygen fugacity were
buffered. The approximate oxygen fugacity at which the ultramafic rocks
arystallized is suggested by a comparison of the composition of the
olivine found in the rocks with olivine compositions determined in this
study. In the Union Bay complex, the average composition of the olivine
from olivine pyroxenite, expressed in weight percent, is Fo.,Fa,, (Ruck-
mick and Noble, 1959, fig. 2). This composition is to be compared with
an olivine composition of FogFa,, (neglecting the small amount of
calcium) in equilibrium with liquid x” in figure 6C. This suggests that
the oxygen fugacity at which the olivine pyroxenite crystallized was
slightly less than 10-¢ atm. Unfortunately, the data are not sufficient to
determine the complete range of oxygen fugacities over which crystalliza-
tion paths like m-n-0-p in figure 6B would occur, but the available data
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give no reason to expect that the ultramafic rocks crystallized at oxygen
fugacities outside this range.

The experimental data do not refute the possibility that the ultra-
mafic rocks could be part of a larger differentiated gabbroic intrusion.
Addition of small amounts of other components to a starting mixture
in a simple system can result in the preservation of most of the general
features of the early stages of fractional crystallization.” That is, the
crystallization path of an appropriate basaltic mixture in a nine or ten
component system could be very similar, in its early stages, to the crys-
tallization path described above for an ultramafic mixture in the system
CaO-MgO-FeO-Fe,0,-Si0,. However, there appears to be no reason
for believing that the ultramafic rocks formed by precipitation from a
gabbroic magma; the field evidence weighs against such an origin (Irvine,
1963, p. 44; Taylor and Noble, 1960, p. 182), and the experimental data
provide no reasons for preferring a gabbroic magma.

Fractional melting—Structural relationships in the Union Bay com-
plex, at least as reported by Ruckmick and Noble (1959, p. 1006-1007),
are apparently at variance with a fractional crystallization model (see
also Taylor and Noble, 1960, p. 186). With the experimental data pre-
sented here, it is not possible to test the alternative hypothesis of frac-
tional melting in the upper mantle presented by Taylor and Noble
(1960) . Nevertheless, some general considerations on fractional melting
are pertinent, and it is believed that these considerations render the frac-
tional melting hypothesis unlikely.

As shown above, the major rock types can be produced by fractional
crystallization at low pressures. Thus, in order for fractional melting
at high pressures in the upper mantle to be considered a possible
mechanism, the compositions of the liquids so produced must essentially
duplicate the compositions of settled assemblages produced by frac-
tional crystallization at low pressures. This is considered unlikely for
two reasons. First, it is generally true that for any system displaying
solid solutions or reaction relationships involving the liquid phase, suc-
cessive liquids derived by extreme fractional melting cannot duplicate
the sequence of crystalline compositions formed by crystal settling during
extreme fractional crystallization. Crystallized liquids derived by frac-
tional melting would contain the same crystalline phases precipitated by
fractional crystallization, but the assemblages produced and the propor-
tions of phases would be different. Second, even if these differences were
small at low pressures, it may be expected that the appearance of new,
high-pressure phases in the upper mantle would alter the equilibrium
relationships so that a sequence of liquids would be produced whose
compositions would be entirely different from settled assemblages pro-
duced by fractional crystallization at low pressure.

7 See Bowen (1928, p. 299-302) for a discussion on the effect of the addition of 1 percent
water to an anhydrous mixture.
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In conclusion, the experimental data indicate that fractional crys-
tallization of ultramafic magma under conditions of buffered oxygen
fugacity is a chemically suitable mechanism for producing the major
rock types observed in the ultramafic bodies in Alaska and British
Columbia. Indeed, the degree of correspondence between the rocks ex-
pected by fractional crystallization and those found would appear to be
more than coincidence. The corroborating field evidence for fractional
crystallization at Duke Island (Irvine, 1963) is powerful additional
evidence for such a mode of origin, at least for this one ultramafic com-
plex.

APPENDIX A
Experimental Method

Method of thermal study.—The starting materials, “Baker Analyzed” CaCO,,
MgO, Fe.O,, and silicic acid, were heated as follows: CaCO,, 20 hours at 380°C; MgO,
24 hours at 1350°C; Fe,O, 18 hours at 900°C; and silicic acid, 6 hours at 1350°C.
Each composition was made by weighing into an agate mortar the amounts of these
compounds necessary to make 10 grams of starting material. This mixture was then
ground under acetone for 30 minutes, placed in a platinum crucible, fired in a gas
furnace (Denver Fireclay Co., model no. 393) at 1600 to 1650°C for one hour,
quenched in water, and ground again in an agate mortar to pass an 80 mesh screen.
Mixtures prepared in this way were then used as starting materials for experiments
in the quench-furnace. In order to avoid laige losses of iron from the mixtures to the
platinum crucibles during firing in the gas furnace, crucibles were used that previously
had been used repeatedly for melting iron silicate mixtures under these same furnace
conditions.

The experiments at high temperatures were carried out in a vertical quench-
furnace wound with Pt-20 percent Rh wire, insulated with MgO, and fitted with
a three-quarter inch diameter, gas-tight, mullite tube that extended 6 inches below
the bottom of the insulating cylinder. For experiments using pure CO, and for experi-
ments at 10 atm oxygen fugacity, the furnace was controlled by a Tagliaubue
Celectray controller, whereas for experiments at 10°% and 10-® atm oxygen fugacity,
the furnace was regulated by a Brown Pyr-O-Vane controller. The former controller
held the temperature to = 2°C whereas the latter maintained a control of approxi-
mately = 5°C. The temperature was measured before and after each experiment with
a Pt-10 percent Rh thermocouple. This thermocouple was frequently calibrated by
placing it at the hot zone of the furnace simultaneously with a second Tt-10 percent
Rh thermocouple which was in turn calibrated periodically to + 1°C at the melting
points of gold (1062.6°C), diopside (13891.5°C), and pseudowollastonite (1544°C).
These calibration points are on the temperature scale of the Geophysical Laboratory
(Sosman, 1952, p. 522); the melting point of pscudowollastonite is from Osborn and
Schairer (1941, p. 719).

For experiments at 10-°*® atm oxygen fugacity, the furnace tube was partly open
at the bottom to allow circulation of air over the sample. During experiments at
other oxygen fugacities, the gas, either “bone dry” CO, or a mixture of “bone dry”
CO, and electrolytic grade H. (supplied by the Matheson Co.), entered the hottom
of the furnace tube through the side-arm of a glass quench-cup, which was attached
to the mullite tube with a tight-fitting rubber sleeve. A gas mixer identical in principle
to that described by Darken and Gurry (1945, p. 1899) was used to supply mixtures
of CO. and H, to the furnace. Dibutyl phthalate was used in the manometers of the
gas mixer. The gas flow meters were glass capillary tubes calibrated individually with
a wet test meter made by the Precision Scientific Company. The linear flow rate of gas
through the furnace was kept near 0.9 centimeters per second in accordance with the
recommendations of Darken and Gurry (1945, p. 1400).

When determining the liquidus surfaces at 10-° and 10-® atm oxygen fugacity, it
was necessary to adjust the mixing ratio CO./H, each time an experiment was made
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at a different temperature, The proper ratio was determined from a graph of mixing
ratio versus temperature at constant oxygen fugacity. This graph was drawn from
the equation,

KK VD | 4 Kip
KK VP | + (Ko

where r = mixing ratio CO,/H. of the gas started into the furnace, p = desired
equilibrium oxygen fugacity at the hot zone of the furnace,
0) (Pe Pen vV Po.
k. — \pmo)(beo) o K, — (Peo)| V bo:|

T (Peos) (br) (Poon)®
The equilibrium constants K, and K, were calculated from the data of Coughlin
(1954, tables 27, 28, and 56).

As an indirect check on the entire controlled-atmosphere apparatus, the mixing
ratio CO./H, at which metallic iron and wiistite are in equilibrium at 1303°C was
determined and compared with the value obtained by Darken and Gurry (1945,
table II) . The determination was carried out by suspending a pressed pellet of electro-
Iytic iron from a platinum wire at the hot zone of the furnace at successively higher
mixing ratios until wiistite coated the surface of the pellet. The mixing ratio so
determined was 0.604 =+ 0.007 which corresponds to an oxygen fugacity of 107°% atm.
Darken and Gurry (1945, table II) determined the ratio CO,/CO in equilibrium with
iron and wiistite at this temperature to be 0.297 which, when converted to the mixing
ratio CO./H, using the data of Goughlin (1954, tables 27, 28, and 56), is 0.610. This
corresponds to an oxygen fugacity of 107%™ atm.

Since the gas mixture entering the side-arm of the quench-cup came in contact
with the quenching liquid before passing through the furnace tube, there was the
possibility that vaporization from the quenching liquid might alter the oxygen
fugacity of the gas mixture. For this reason dibutyl phthalate, which has a low
vapor pressure, was used as the quenching liquid. In order to insure that the dibutyl
phthalate did not affect the oxygen fugacity in the furnace, the oxygen fugacity at
which iron and wiistite are in equilibrium at 1308°C was determined first with a dry
quench-cup and then with dibutyl phthalate in the quench-cup. The results were
identical within experimental error at 10" atm oxygen fugacity. The method used
was the same as that described in the preceding paragraph.

Equilibrium among the crystalline and liquid phases was accomplished very
rapidly. For the composition of pure diopside, both glassy and crystalline starting
materials yielded the same melting temperature when held at temperature for only
10 minutes. The tendency to form quench crystals increases with iron content, so,
other factors being equal, equilibrium between crystals and liquid should occur in
less than 10 minutes for all of the compositions studied. Chemical analyses on samples
held at temperature for varying lengths of time established that about 3 hours were
necessary for a close approach to equilibrium of the ratio Fe;Op/(FeO - Fe,Os).
Thus, the reaction between the sample and the gas in the furnace controlled the rate
of approach to ecquilibrium. As an added precaution, both glassy and crystalline
starting materials were used for certain of the compositions with liquidus temperatures
lower than the melting point of pure diopside. Experiments lasting 3 hours or more
always yielded the same phase assemblages with both starting materials. Most of
the samples were held at temperature for more than 3 hours as indicated in
appendices B, C, D, and E.

In the initial stages of the work, phase identification was performed micro-
scopically in both transmitted and reflected light, with occasional verification by
powder X-ray diffraction. Later, almost all phase identification was carried out
microscopically with reflected light. This was necessary for distinguishing spinel from
magnesiowistite, but it was found also to be the best technique for distinguishing
olivine from diopside when one or both were present in trace amounts. When the
surface to be observed was polished on a soft wheel, olivine displayed more relief
than diopside. Also, equilibrium crystals of diopside were usually encased in a thin
rim of quench crystals whereas equilibrium crystals of olivine were not. These rims
displayved a reflectivity different from the surrounding glass or the equilibrium
diopside crystals which they encased.

Chemical analyses—During the firing of the starting mixtures and during the
experiments in the quench-furnace there was the possibility of losing iron from the
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mixtures to the platinum containers. It was therefore necessary to analyze for FeO
and total iron after the experiments in the quench-furnace. Ferrous iron was deter-
mined with potassium permanganate and total iron with stannous chloride and
potassium dichromate, but the standard procedures were slightly modified due to an
inability to separate completely the platinum envelope from the sample prior to
analysis.

The exact procedure was as follows: The entire sample including the platinum
envelope was crushed in an agate mortar to pass a 100 mesh screen. This removed
most of the fragments of the platinum envelope. The resulting sample, weighing 0.1
to 0.2 grams, was weighed into a 50 cubic centimeter platinum crucible. A few drops of
freshly boiled, distilled water were then added to disperse the sample. In an auxiliary
platinum crucible, 5 milliliters freshly boiled, distilled watexr, 5 miliiliters concentrated
H,$O,, and 5 milliliters 48 percent HF were mixed together and brought to boiling
temperature. This hot acid mixture was then poured into the crucible containing
the sample, covered with a carefully flattened lid, and immediately (about 15 seconds)
brought to a full boil as evidenced by the continuous evolution of steam. The sample
was boiled in this way for 10 to 12 minutes and then plunged, while still boiling,
into a solution containing 5 milliliters concentrated H,SO, and 200 milliliters of 5
percent boric acid freshly made with boiled distilled water. This solution was then
immediately titrated with approximately 0.03 N KMnO,. Platinum fragments that
passed through the 100 mesh screen were removed by filtering; the filter paper was
then washed with 1:10 H,SO, and ignited in a platinum crucible. A few drops of HF
were added to dissolve any remaining silica gel, and the weight of the remaining
platinum fragments was subtracted from the weight of the sample. After evaporating
the filtered solution to about 200 milliliters and adding about 100 milliliters concen-
trated HCI, the solution was heated to just below boiling temperature, reduced with
excess stannous chloride solution, oxidized by adding a few grains of solid K,Cr,0;,
reduced again with excess stannous chloride solution, and finally titrated potentiometri-
cally with approximately 0.05 N K.Cr,O;. As soon as the excess stannous chloride is
titrated there is the possibility of oxidizing the ferrous iron if the solution is allowed
to stand. In order to avoid low total iron results due to this effect, the ferrous iron
was titrated as rapidly as possible by turning the stopcock wide open immediately
after reaching the stannous chloride end point. Only the last milliliter of K,Cr,O; was
added slowly so as to obtain a sharp end point.

Table 5 presents a comparison of the iron determinations in this work with those
by other analysts and methods. Mixture 28 is one of the starting compositions prepared
for this study as described previously. The 13 FeO determinations on this mixture
were performed periodically throughout this work as a continuous check on the
activity of the KMnO, The method used for mixture 28 and for W-1 basalt was
identical to that described above except that it was not necessary to filter off any
platinum fragments. Ingamells also used cssentially the same method on mixture 28
except that he took precautions to remove any platinum that might be in the sample
by precipitation with H,S prior to the determination of total iron. The pyrophosphate
method he used on mixture 28 is described by Ingamells (1960).

There were several sources of uncertainty in the analyses of the products of
equilibrium experiments that did not occur in the determinations shown in table 5.
One of these was the transfer of iron from the charges to the envelopes during
experiments in the quench-furnace. This would have presented no problem if every
sample were analyzed, but it was impossible simultaneously to retain all of each
sample for analysis and also make a polished section for determination of the phases.
This difficulty was minimized by making the samples for analysis approximately the
same weight relative to their platinum cnvelopes as the samples for phase identi-
fication (0.1-0.2 grams of sample in a platinum envelope weighing about 0.03 grams).

Another possible source of crror was the change in oxidation state of part of the
iron during quenching. It was not possible to be certain that the oxidation state did
not change during quenching. Nevertheless, an indication of the errors to be expected
was obtained by quenching identical samples in media with different oxygen fugacities.
The results are shown in table 6. Samples held at 10~ and 108 atm oxygen fugacity
and quenched in water were not exposed to air but were dropped through the gas
supplied to the furnace. For comparison, duplicate samples were quenched only in
the gas supplied to the furnace by dropping the sample into a dry copper saucer.



796 D. C. Presnall

TABLE 5
Iron determinations by different analysts and methods

Total Fe as
FeO (wt Fe,0p (wt
Sample percent) percent)* Method Analyst

Mixture 28**  26.03+0.11%+ 62.24=+0.05%f KMnO, + K,Cr,O; D. C. Presnall

“ 25.84 62.59 “ C. O. Ingamells
* 26.10 — Pyrophosphate C. O. Ingamells
Ww-1
basalt 8.71 11.03 KMnO, 4+ K,Cr;0; D. C. Presnall
“ 871 11.06 “ Ingamells and Suhr
(1963, table 3)
“ 8.71 11.09 “ Goldich and Oslund
(1956, table 2)
“ 8.75 — Pyrophosphate Ingamells (1960, table I)

* Total Fe as Fe,O, =— (wt percent FeO)(1.1114) 4 wt percent Fe,O,.

** Exclusive of iron oxides, this mixture consists of CaMgS8i,O, and MgSiO, in the
ratio by weight of 37:3.

1 Mean deviation based on 13 determinations (sample size approximately 0.13 g).

I Mean deviation based on 5 determinations (sample size approximately 0.13 g).

Column 3 of table 6 shows that for experiments at 10-° and 10-® atm oxygen fugacity,
the oxidation state of the sample was not measurably affected by the different
quenching methods. For experiments at 10-°'% atm oxygen fugacity, the two quenching
techniques gave reproducible but different results. It was impossible to tell which, if
either, of the quenching techniques yielded the correct analysis. However, as shown
in table 6, the difference in the quantity (Fe,O;) (100)/ (FeO 4 Fe,0;) is only about
2 percent. For the analyses reported in appendices B, C, D, and E, the samples were
quenched dry in the gas supplied to the furnace.

For samples containing less than about 15 percent total iron oxide, the quantity
(Fe,Os) (100)/ (FeO + Fe;,Oq) was more uncertain due to a small KMnO, titer for FeO.
For experiments at 107 atm oxygen fugacity an additional difficulty was found in
determining FeO in samples low in total iron oxide. For these samples, the scatter on
duplicate experiments exceeded that to be expected from a small titer, and no trust-
worthy values could be obtained. No explanation for this abnormal scatter was
discovered. However, total iron determinations on these samples were reproducible and
arc therefore reported. Since the total iron percentages are small they would be in
error by only a slight amount due to an erroneous FeO determination.

It was thought that small fragments of the platinum envelope left in the sample
after screening might introduce an error due to acid attack on the iron alloyed with
the platinum. To check this, a starting mixturc of high iron oxide content was held
at 10-% atm oxygen fugacity so as to produce an envelope heavily alloyed with iron.
This sample was crushed and dissolved in the normal way except it was not screened
to remove platinum fragments. After the sample was dissolved, the platinum frag-
ments were filtered off, examined under a binocular microscope to be sure they were
free of attached iron oxide, and added to a weighed sample of mixture 28. This
sample was then dissolved and analyzed for FeO in the normal way. The result, 26.13
percent FeOQ, is identical within experimental crror to the other analyses of mixture
28 (see table 5). Therefore, no mecasurable amount of iron was dissolved from the
added fragments of platinum-iron alloy. The platinum fragments were subsequently
analyzed by E. W. White on an eclectron probe and found to contain 22 =+ 2 percent
iron by weight. Further, he found that the iron concentration was uniform through-
out the thickness of the foil. If the iron had been partially leached out by the acids,
its concentration would be expected to decrease near the surface.

Method of determination of olivine compositions—Compositions of olivines were
determined by mecasuring their 8 indices of refraction and dy,, values. A Zeiss Abbé
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refractometer thermostated with water kept within a temperature variation of
=+ 0.83°C was used to calibrate the indices of refraction of the immersion liquids to
five significant figures. These liquids were then used to determine the g index of
refraction of each olivine to four significant figures. In each case, the temperature of
the oil on the microscope stage was measured, and an appropriate correction applied
to the index of refraction determined with the refractometer. As an indirect check on
the procedure, the g index of refraction of synthetically made forsterite was found by
this method to be 1.651. Bowen and Schairer (1935, table V) obtained the value 1.6507,
also on synthetic material. The forsterite was made by firing the required amounts of
“Baker Analyzed” MgO and dehydrated silicic acid together at 1400°C for two weeks
with several intermediate grindings. This procedure yielded a product that contained
a trace of enstatite as determined by powder X-ray diffraction and a trace of at least
two other phases besides forsterite as determined microscopically. However, since the
phase diagram for MgO-8iO, (Bowen and Andersen, 1914) shows no solid solution in
forsterite, the B index of refraction should he correct even though reaction was not
complete.

The d,3, values of the olivines were mcasured with CuKgq radiation using the (111}
peak of silicon as an internal standard. The unit cell dimension of silicon was taken
at 5.43062 A (Parrish, 1953). Each recorded dyy, is the average of two forward and
two reverse tracings made at 14° per minulc on a Norelco X-ray diffractometer. This
procedure was indirectly checked by determining in the same way the dy, of the
synthetic forsteritc described in the previous paragraph. The result, 2766, is in
agreement with the value 2.7661 obtained by Yoder and Sahama (1957, p. 486) on
synthetic material.

APPENDIX B
Experiments at 10°%% atm oxygen fugacity

Composition of mixture (wt percent,
iron oxides by analysis)

(Tes0y) (100)

FeO 1+ Fe,0,
Total Fe  at liquidus Temp Time
Mg,SiO, CaMgS8i,O; as FeO*  temp** (° Q) (hrs) Phases presentf
0 90.7 9.5 f 1354 9 +
1361 10 I
1352 3 diop + 1
1300 10 diop + 1
1292 23 diop 4 sp 4 1
0 81.2 18.8 87.1 1311 34
1314 10 1
1306 24 diop + 1
1292 23 diop + sp + 1
0 71.6 284 85.2 1882 27
1376 6 1
1368 8 sp + 1
1300 10 sp 4 1
1293 21 diop 4 sp + 1
0 61.8 38.2 82.2 1452 9
1456 3 1
1446 3 sp + 1
1289 6 sp 4 1
1282 24 diop + sp 4 1
0 51.8 48.2 79.9 1490 7
1494 3 1
1482 3 sp -+ 1
1271 47 sp 41
1263 60 diop 4- sp + 1
1254 64 diop 4 sp 4

hem + 1
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Composition of mixture (wt percent,
iron oxides by analysis)

(Fe.0,) (100)
FeO 4. Fe,O,
Total Fe at liquidus Temp Time
Mg.SiO, CaMgSi:Oy as FeO*  temp** (°C) (hrs) Phases presenti
0 41.7 58.3 78.7 1523 10
1527 3 1
1519 3 sp 4 1
1278 21 sp + 1
1266 3 sp 4+ hem 4 I
0 31.7 68.3 71.8 1545 6
1545 3 1
1535 3 sp -+ 1
0 21.3 78.9 76.8 1552 il
1560 3 1
1547 3 sp 4+ 1
1333 3 sp 4 1
1320 5 sp + hem |
0 10.0 90.0 75.9 1566 8
1579 3 1
1566 9 sp + 1
1350 23 sp + hem -+ 1
1266 3 sp 4+ hem 41
0 5.8 94.2 74.9 1575 4
1586 3 1
1572 3 sp + 1
4.0 83.1 7.9 1 1354 24
1362 24 1
1347 23 diop + 1
4.0 83.6 12.4 1 1841 12
1346 3 1
1335 3 ol 4+ 1
20.5 66.4 13.1 bt 1494 13
1499 3 1
1486 3 ol + 1
10.3 77.1 12.6 f 1406 11
1411 3 1
1399 3 ol + 1
5.0 80.8 14.2 f 1348 21
1851 3 1
1346 3 ol + 1
2.0 77.1 20.9 87.0 1319 19
1327 3 1
1316 3 ol 4 1
0.5 78.1 21.4 87.2 1319 10
1320 4 1
1315 4 sp 4+ 1
10.3 67.0 22.7 84.7 1404 11
1411 3 1
1399 3 ol +1
17.4 55.4 27.2 84.3 1446 7
1457 10 1
1445 7 ol 41
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Composition of mixture (wt percent,
iron oxides by analysis)

: (Fe,0,) (100)
FeO - Fe,0,
Total Fe at liquidus Temp Time
Mg,$i0, CaMgSi,O; as FeO*  temp** °C) (hrs) Phases presentf
14.4 56.7 28.9 84.7 1442 9
1449 4 1
1442 4 sp + 1
30.1 38.1 31.8 82.0 1534 12
1542 3 1
1528 3 ol 4+ 1
1518 3 ol +sp 41
9.2 57.4 33.4 83.3 1450 11
1455 10 1
1442 8 sp + 1
154 46.4 38.2 81.9 1505 9
1512 3 1
1495 3 sp 4 1
10.7 322 57.1 79.2 1538 8
1544 5 1
1531 3 sp 41

g FeO 4 (g Fe,0,) (0.8998)
* Total Fe as FcO — ( = — ) (100).
g FeO 4 (g Fe.04) (0.8998) 4 wt of all other oxides

Samples for analysis of FeO and total iron were made at the estimated liquidus
temperature for each composition as determined by the phases found in previous un-
analyzed samples. Since the platinum envelope removes different amounts of iron from
the charge at different temperatures, the value for total Fe as FeO is precisely correct
only at the temperature of the sample analyzed. Mean deviation of replicate deter-
minations is 0.1 wt percent based on 10 different samples analyzed two to six times.
** This quantity is strongly dependent on temperature and is correct for a given
mixture only at the temperature of the analyzed sample.

+ All samples for analysis were entirely consumed, and it was not possible to determine
the phases present.

I diop = diopside, sp — spinel, mw — magnesiowlistite, hem — hematite, ol = olivine,
I = liquid.

 No value reported due to poor reproducibility. See appendix A.

APPENDIX C§
Experiments using pure CO,

Composition of mixture (wt percent,
iron oxides by analysis)

(Fe,0p) (100)

FeO - Fe,0,
Total Fe at liquidus Temp Time
Mg.Si0;, CaMgSi,O, as FeO§§ temp °C) (hrs) Phases present
0 90.9 9.1 75.3 1352 10
1364 10 1
1350 12 diop 4 1
0 81.2 18.8 71.5 1311 9
1817 12 1

1302 14 diop 4 1
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Composition of mixture (wt percent,
iron oxides by analysis)

(Fe.Oy) (100) A
FeO 4 Fe,O4

Total Fe at liquidus Temp Time
Mg,SiO, CaMgSi,O as FeO§§ temp (°C) (hrs) Phases present
0 71.8 28.2 71.3 1388 9
1402 10 1
1379 11 sp + 1
0 61.9 38.1 69.0 1450 12
1459 11 1
1437 10 sp + 1
0 52.2 47.8 66.6 1491 10
1505 8 1
1484 11 sp 4 1
0 41.8 58.2 64.9 1516 11
1532 10 1
1505 8 sp 4 1
0 21.2 78.8 60.3 1548 10
1564 16 1
1541 10 sp 4 1
0 10.6 89.4 60.0 1566 8
1564 10 1
1541 10 sp 4 1
4.0 88.3 7.7 74.3 1354 13
1857 11 1
1345 9 diop 4 1
4.0 83.7 12.3 76.3 1339 10
1350 7 1
1341 7 ol 4+ 1
1328 12 ol 4 diop 4 1
10.3 772 12.5 72.3 1410 12
1422 8 1
1398 8 ol 41
20.5 66.7 12.8 66.1 1493 9
1502 10 1
1484 8 ol +1
2.0 77.1 20.9 76.5 1319 10
1328 12 1
1312 13 ol 41
1305 22 ol 1
1301 20 ol 4. diop +
sp 4 1
1297 25 diop 4 sp 41
145 56.8 287 69.7 1441 10
1449 15 1
1430 8 ol 4 sp 41
30.2 38.2 31.6 65.6 1549 7
1560 9 1
1540 13 ol + 1
9.2 57.5 33.3 69.8 1447 12
1449 15 1
1430 8 sp 41
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Composition of mixture (wt percent,
iron oxides by analysis)

(Fe:0g) (100)
FeO 4- Fe.O,
Total Fe at liquidus Temp Time
Mg,Si0, CaMgSi,O; as FeO§§ temp °C) (hrs)
155 46.7 37.8 68.0 1494 12
1502 10
1484 8
15.8 24.3 59.9 63.6 1543 9
1560 9
1540 13

Phases present

1
sp + 1

1
sp + 1

§ In appendix B, footnotes **, 4, i, and all but the last sentence of footnote * apply

to this appendix also.

§§ Mean deviation of replicate determinations is 0.2 wt percent based on five different

samples analyzed twice.

APPENDIX DS§
Experimenis at 107 alm oxygen fugacily

Composition of mixture (wt percent,
iron oxides by analysis)
— A

(Fe,0g) (100)
FeO - Fe,0,
Total Fe atliquidus Temp  Time

Mg.SiO; CaMgSi,O; as FeO§$§ temp °C) (hrs)
0 92.2 7.8 28.8 1350 18
1858 9
1846 8
0 81.7 18.3 42.3888 1816 10
1324 10
1508 i1
0 77.2 22.8 36.0 1815 10
1520 8
1308 11
0 72.5 27.5 34.8 1334 10
1339 9
1824 10
0 53.2 46.8 33.4 1888 9
1395 7
1383 12
0 42.9 57.1 347 1403 10
1408 14
1399 8
4] 32.6 67.4 36.0 1409 10
1416 6
1399 8
0 22.0 78.0 36.2 1416 11
1422 13
1408 14
0 11.0 89.0 37.5 1425 10
1429 10
1422 138

Mixing

ratio

s Phases

CO,/H, present

35.8
32.5
37.2
55.3
49.9
58.5

Ct Gt Ot
L —
(13 R L)

M
Lo
oV

22.5
21.0
24.2

19.1
17.8
20.0

174
15.9
20.0

16.3
14.9
17.8

14.7
18.9
14.9

1
diop + 1

1
diop 4 1

1
sp + 1

1
sp 4 1

1
sp 41

1
sp 4+ 1
I
sp + 1

1
sp 4+ 1

1
sp 4 1




Composition of mixture (wt percent,

The join forsterite-diopside-iron oxide

iron oxides by analysis)

Mg.SiO,
4.0

4.1

10.4

9.4

4.2

6.4

3.2

6.4

89.2

84.6

48.1

40.7

39.8

32.9

24.9

6.8

11.3

11.6

18.7

48.3

52.9

(13
~F
e

56.1

59.0

61.4

(Fe,Oy) (100)
FeO L Fe,0y4
Total Fe at liquidus
CaMgSi,O, as FeO§§

temp
24.7

30.5

24.3

34.2

33.5

31.9

35.5

36.0

Temp
0
1361
1367
1357

1347
1354
1356

1419
1424
1410

1516
1524
1509

1354
1354
1336

1433
1440
1424

1484
1490
1476

1394
1401
1393

1396
1406
1365
1389

1398
1406
1395

1440
1446
1434

1483
1490
1476
1461
1440

1400
1415
1400

1410
1425
1409

Time
(hrs)

22

10

—
— ]

—
SO~

Mixing

ratio,

CO,/H,

30.8
28.6
32.4
37.7
34.0
41.8

16.1
14.9
17.4

5.85
543
6.28

34.0
34.0
41.8

13.6
12.5
14.9

ot oo
ISR

7
7
8.
1
9
1

N o~ 10
N =)

20.5
20.0
22.4
24.2

20.0
20.0
22.4

12.5
11.7
13.3

7.98

7.62

8.57
10.1
12.5

19.5
18.2
21.0

17.4
15.9
19.1

803

Phases
present

1

diop + 1

1

ol - diop
4 1

1
ol 41

1
ol 41
ol 4 1

ol + 1

ol 4 1
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Composition of mixture (wt percent,
iron oxides by analysis)

(Fe,Og) (100)
FeO +} FeO, Mixing
Total Fe atliquidus Temp  Time ratio, Phases
Mg,Si0, CaMgSi,0p as FeO§§ temp °C) (hrs) CO,/H, present
22.1 16.6 61.3 28.1 1559 7 4.06
1567 5 3.80 1
1548 5 4.42 mw 4 1
10.9 27.1 62.0 34.3 1444 11 11.9
1456 7 10.5 1
1443 11 12.2 mw 4 1
1.3 23.9 71.8 36.0 1423 8 149
1434 9 14.9 1
1422 14 15.2 mw 4 1
8.8 18.7 72.4 34.6 1458 9 10.3
1459 10 10.1 1
1443 11 12.2 mw 4 |
3.2 10.6 86.3 35.6 1452 10 11.0
1459 10 10.1 1
1446 9 11.7 mw 4 1
11.2 0 88.8 29.1 1550 6 4.35
1560 5 4.00 1
1542 8 4.58 mw 4 1

§ In appendix B, footnotes **, §, 1, and all but the last sentence of footnote * apply
to this appendix also.

§§ Mean deviation of replicate determinations is 0.2 wt percent based on 14 different
samples analyzed from two to three times.

§88§ This value appears too high, and the sample may have been oxidized during quench-
ing or analysis.

APPENDIX E$
Experiments at 10 atm oxygen fugacity

Composition of mixture (wt percent,
iron oxides by analysis)

(Fe,04) (100)

FeO L Fe,O, Mixing
Total Fe atliquidus Temp  Time ratio, Phases
MgSiO;, CaMgSi,0; as FeO§§ temp ) (hrs) CO,/H, present
0 94.0 6.0 9.8 1350 10 4.15
1357 10 3.85 1
1345 9 4.35 diop 4+ 1
0 84.3 15.7 13.6 1855 10 3.98
1361 9 3.62 1
1351 9 4.15 ol 4+ 1
0 74.3 25.7 14.2 1368 11 3.44
1377 22 3.12 i
1861 9 3.62 ol 41
0 64.2 35.8 15.0 1368 10 8.44
1876 17 3.11 1
1362 22 3.62 ol 4+ 1
0 55.9 44.1 17.9 1353 11 3.90

1362 22 3.62 1



Composition of mixture (wt percent,

The join forsterite-diopside-ivon oxide

iron oxides by analysis)

Mg.SiO,
0

4.0

4.1

21.7

4.4

10.4

11.9

18.9

10.1

13.0

44.2

334

55.8

66.6

~1
~1
[~

88.7

6.0

10.3

9.1

~
o

18.3

68.4

87.0

(Fe,0,) (100)
FeO L Fe,0,
Total Fe atliquidus
CaMg8i,0, as FeO§§

temp
21.7

Temp
°C
1854
1857
1345
1391
1400
1387

1401
1416
1400

1403
1404

1362
1367
1358

1371
1377
1366
1437
1446
1431

1522
1526
1513
1402
1412
1399
1464
1472
1461
1507
1514
1497
1453
1461
1446
1505
1514
1497

1497
1501
1489
1518
1526
1513

Time
(hrs)

11
10
9

10
10
9

11
10
10

9
10

9
11
9

8
22
9

14
10
9

9
10
10

10
10
10

11
12
10
11
10
11

10
10
10

9
10
11

13
12
10

10
10
10

Mixing
ratio,
CO./H,
4.07
3.85
4.39
2.76
2.51
2.81
251
2.12
2.51

2.44
2.37
3.66
3.44
3.82

3.30
3.12
3.44

1.80
1.68
1.88

0.984
0.927
1.02

o
[
<o

e e e o FO PO
—oo Sttt OO Lt v
RN o=@ ROV —O vk SUID

1.16
1.09
1.23
0.984
0.927
1.02

805
Phases
present

1

mw 4 ]

1

mw 4 1

1

mw 4 1

1

1

diop + ol
+ 1

1

ol 4+ 1

1

ol 4+ 1

1

ol + 1

1

ol 41

1

ol 41

1

ol + 1

1

ol 4+ 1

1

ol 4+ mw
+ 1

1

mw L ]

1

mw 4 1

§ In appendix B, footnotes **, ¥, }, and all but the last sentence of footnote * apply
to this appendix also.
§§ Mean deviation of replicate determinations is 0.6 wt percent based on 10 different

samples analyzed from two to five times.
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