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Effect of pressure on the fractional crystallization of basaltic magma
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Abstract-In the CaO-MgO-AI20rSi02 system, algebraic calculations based on liquidus phase relations
in the tetrahedron forsterite-diopside-anorthite-silica at I atm, 2 GPa, and 3 GPa are used to develop
simplified quantitative models for fractional crystallization of basaltic magma as a function of pressure.
At 1 atm, an initial olivine-controlled trend is followed successively by crystallization of forsterite +
anorthite, forsterite + anorthite + diopside, enstatite + diopside + anorthite, and enstatite + diopside +
anorthite + quartz. At 2 GPa, the initial olivine-controlled trend is abbreviated, and spinel, sapphirine,
and garnet appear in the middle stages of fractionation. At 3 GPa, diopside and garnet are the main
crystallizing minerals along with minor spinel, sapphirine, corundum and kyanite. At all pressures,
residual liquids are strongly enriched in Si02 and the maximum Si02 enrichment decreases with pressure.
Also, MgO is strongly depleted at all pressures and the amount of depletion increases with pressure. At
I atm, CaO initially increases but then decreases when diopside begins to crystallize. At higher pressures,
diopside appears early, which suppresses early CaO enrichment. Early anorthite crystallization at I atm
causes AI203 to decrease, but at 2 GPa, the late appearance of anorthite slightly suppresses AI
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after strong early enrichment. At 3 GPa, AI203 enrichment is even stronger. At least for the middle and
late portions of the fractionation trends at spreading ridges and at Hawaii, the data strongly support
conventional models involving extensive fractional crystallization at very low pressures. The early
olivine-controlled portion of the Hawaii trend could be produced either by low pressure crystallization
or polybaric crystallization from picritic parental magmas. Also, the early part of the trend at spreading
ridges appears to be affected by fractional crystallization at elevated pressures. Although water is
abundant and amphibole is widespread as a crystallization product from arc magmas, the high Al203 and
low MgO signatures of these magmas appear to be most strongly controlled by the existence of high
pressures during fractional crystallization.

INTRODUCTION

THEBASALTtetrahedron, olivine-clinopyroxene-neph-
eline-quartz, of YODERand TILLEY(1962) has been
used extensively for representation of basalt compo-
sitions and discussions of the chemical evolution of
basalts. The tetrahedron, forsterite (Mg2Si04) - an-
orthite (CaAI2Si20s) - diopside (CaMgSi206) - silica
(Si02) (FADS) in the four-component system CaO-
MgO-AI203-Si02 (CMAS) (Fig. 1), has been used as
a simplified version of the tholeiitic portion of the
basalt tetrahedron. It is particularly attractive for
modeling the generation of basalts from a lherzolitic
mantle because it shows primary phase volumes rep-
resentative of all the major lherzolite minerals (for-
sterite, enstatite, diopside, anorthite, spinel, garnet),
as well as the progressive change in mineralogy of
the mantle from plagioclase lherzolite through spinel
lherzolite to garnet lherzolite as pressure increases
(Fig. 2). Additionally, about 85% of the composition
of basalts and about 90% of the composition of the
mantle source can be represented. The tetrahedron
has been used extensively to model the generation of
basaltic liquids (O'HARA, 1965, 1968; O'HARA and
YODER, 1967; KUSHIRO,1968, 1969, 1975; YODER,
1976; PRESNALLet al., 1978; 1979; HERZBERG,1992;
WALTER and PRESNALL, 1994; GUDFINNSSONand
PRESNALL,1996; HERZBERGand ZHANG,1997; HERZ-

BERGand O'HARA, 1998); and the close correspon-
dence of lherzolite melting reactions in the CMAS
system to those for more complex model systems and
for natural compositions (MILHOLLANDand PRESNALL,
1998) emphasizes the usefulness of this simple sys-
tem as a model for understanding and predicting
the melting behavior of natural lherzolite at various
pressures.

The FADS tetrahedron has also been used for
modeling trends of fractional crystallization of tho-
leiitic basalts (e.g., O'HARA, 1965, 1968; O'HARA
and YODER,1967; O'DONNELLand PRESNALL,1980;
PRESNALLand HOOVER,1987), including picrites and
komatiites (MILHOLLANDand PRESNALL,1998); but
due to the absence of several components such as
iron oxides and alkalies, some aspects of the frac-
tionation of natural basaltic magmas cannot be ad-
dressed. Nevertheless, the phase relations provide an
important guide to the effect of pressure on the trends
for CaO, MgO, A1203, and Si02. The purpose of this
paper is to show the effect of pressure on fractional
crystallization paths of model basaltic liquids in this
system and to briefly examine the implications of
these paths for fractional crystallization processes at
oceanic spreading centers, at Hawaii, and at subduc-
tion zones. The discussion will consider fractional
crystallization at pressures only up to 3 GPa. At
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FIG. 1. The tetrahedron CaO-MgO-Alz03-Si02 showing
the model tholeiitic basalt tetrahedron Po-Di-An-SrOj.
Dashed lines lie in the aluminous pyroxene thermal divide,
Wo-En-Alz03. Abbreviations are as follows: Sp, spinel
(MgAI204); Sa, sapphirine (Mg2AI4SiOlO); Ky, kyanite
(AlzSiOs); CaTs, Ca Tschermak's molecule (CaAlzSi06);
An, anorthite (CaAlzSi208); Gt, garnet (CaMg2AI2Si30,2);
Gr, grossular (Ca3AlzSi30,z); Py, pyrope (Mg3AI2Si30,2);
Wo, wollastonite (CaSi03); Di, diopside (CaMgSi206); En,
enstatite (MgSi03); Fo, forsterite (Mg2Si04)·

greater pressures, the aluminous pyroxene thermal
divide, first proposed by YODERand TILLEY(1962)
and O'HARA and YODER(1963), causes the produc-
tion of silica undersaturated residual liquids distinct
from those produced at pressures less than 3 GPa and
discussed here. Fractional crystallization at pressures
greater than this thermal divide was discussed ex-
tensively by O'HARA and YODER(1967), and new
data clarifying some of the relevant phase relations
have recently been presented by MILHOLLANDand
PRESNALL(1998).

The most serious problem in the application of
phase relations in the FADS tetrahedron to the frac-
tional crystallization of basaltic magmas at various
pressures is the absence of iron oxides and the alka-
lies, especially Na20. The effects of iron oxides at 1
atm have been extensively studied in the systems
MgO-FeO-Fe203-Si02 (MUAN and OSBORN, 1956;
OSBORN,1959), MgO-FeO-Fe203-Si02-CaO (PRES-
NALL,1966), and MgO-FeO-Fe203-Si02-CaO-AI203
(ROEDER and OSBORN, 1966; SHI and LIBOUREL,
1991), but none of these systems have been studied at
high pressures. The discussion presented here, al-
though limited to four components, provides a start
toward a more quantitative understanding of the
effects of pressure on fractional crystallization.

KUSHIRO(1976) has given an excellent review of the
older literature, which will not be repeated here.

PHASE RELATIONS

Figures 3, 4, 5, 6, and 7 show primary phase
volumes in the FADS tetrahedron at 1 atm, 2 GPa,
and 3 GPa. One of the most important changes is the
decreasing size of the forsterite primaryphase vol-
ume as pressure increases. Except for the anorthite
volume, this decrease occurs relative to all the pri-
mary phase volumes, enstatite, diopside, and spinel,
that come in contact with the forsterite volume at
pressures less than 3 GPa. At pressures above 3 GPa,
the garnet volume also expands with pressure at the
expense of the forsterite volume. Therefore, primary
magmas, which are always generated in equilibrium
with olivine in the upper mantle, become increasingly
enriched in MgO as the pressure of generation in-
creases. Other changes in liquidus primary phase
volumes with increasing pressure include shrinkage
of the anorthite volume, appearance and then shrink-
age at higher pressures of the sapphirine volume, and
appearance and continued expansion of the corun-
dum and kyanite volumes (Lru and PRESNALL,1990,
in press; MILHOLLANDand PRESNALL,1998).

At 2 and 3 GPa, liquidus phase relations in the
FADS tetrahedron (Figs. 4 and 6) are much more
complex than those at I atm. Because of this in-
creased complexity, Figs. 5 and 7 are included as aids
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FIG. 2. Stability fields for plagioclase lherzolite (fo +
en + di + an), spinel lherzolite (fo + en + di + sp), and
garnet lherzolite (fo + en + di + gt) in the CaO-MgO-
Al20rSiOz system. Compiled from DAVIS and SCHAIRER
(1965), O'HARA et al. (1971), KUSHIRO(1972), HERZBERG
(1972), PRESNALL(1976), PRESNALLet al. (1979), GASPARlK
(1984), GUDFINNSSONand PRESNALL(1996), and MILHOL-
LANDand PRESNALL(1998).
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FIG. 3. Liquidus phase relations in the system forsterite-anorthite-diopside-silica at 1 atm. Compiled
from BOWEN (1914), ANDERSEN(1915), OSBORNand TAIT (1952), HYTONENand SCHAIRER(1961),
KUSHIROand SCHAIRER(1963), SCHAIRERand KUSHIRO(1964), KUSHIRO(1969), PRESNALLet al. (1979),
LONGHIand HAYS (1979), LONGHI(1987), LIBOURELet al. (1989), LIU and PRESNALL(1989) and WALTER
and PRESNALL(1994). Light boundary lines are on the faces of the tetrahedron; heavy boundary lines are
in the interior. Arrows indicate directions of decreasing temperature. The dashed line, V-g-h, is part of
a liquid crystallization path (see text). Primary phase volumes for pigeonite, orthoenstatite, orthopyrox-
ene (not the same phase as orthoenstatite), and protoenstatite do not affect the discussion of fractional
crystallization and are omitted for clarity. The temperature maximum on line a-p is displaced slightly
toward p from its true position due to space needed to show the arrows. The position of the temperature
maximum on line b-c is based on a determinant solution involving the compositions an, fo, di, b,
and c.

in visualizing the phase relations. These diagrams
show the diopside-saturated liquidus surface as it
would appear to a viewer looking down from the
CaMgSi206 apex in Figs. 4 and 6.
In Fig. 4, new primary phase volumes not present at

I atm are sapphirine, corundum, and garnet. Also, the
size of the anorthite volume is significantly reduced.
The very small size of the garnet volume and its greatly

enlarged size at 3 GPa (Fig. 6) indicates that it first
appears at a pressure only slightly below 2 GPa. At 3
GPa (Figs. 6 and 7), the sapphirine volume is smaller
than at 2 GPa (Figs. 4 and 5). This suggests the exis-
tence of an upper pressure stability limit greater than 3
GPa for sapphirine at the liquidus. Existing data provide
only a very crude lower pressure liquidus stability limit
between 1 and 2 GPa (LID and PREsNALL, in press).
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FIG. 4. Liquidus phase relations in the system forsterite-anorthite-diopside-silica at 2.0 GPa (CLARKet
al., 1962; KUSHIRO,1969; PRESNALLet al., 1978, 1979; LIU and PRESNALL,1990, in press; WALTERand
PRESNALL,1994). The anorthite apex is hidden in the rear behind the faceted opaque boundary surface
defined by the corundum, anorthite, garnet, sapphirine, and spinel primary phase volumes. Phase
boundaries occur behind the opaque surface that are not visible in this representation. Boundary surfaces
between the pyroxene and forsterite primary phase volumes and between the pyroxene and high quartz
volumes are transparent in order to reveal phase relations in the rear of the tetrahedron. Heavy boundary
lines are in the faces of the tetrahedron; light boundary lines are in the interior. Arrows indicate directions
of decreasing temperature. Bold italic labels indicate the primary phase volume behind the surface
containing the label. Ordinary labels are within primary phase volumes toward the front of the
tetrahedron. Line A-Yin the inset is part of a crystallization path (see text). Cor, corundum; Hi Qz, high
quartz. Other abbreviations as in Fig. 1.

At pressures above 3 GPa, the aluminous pyroxene
thermal divide (AI203-CaSi03-MgSi03, Fig. 1)
causes crystallization paths profoundly different from
those followed at pressures below 3 GPa. Below this
pressure, the thermal divide has no effect. As pres-
sure increases from 3 GPa, the thermal divide be-
comes increasingly effective, as discussed by MIL-
HOLLANDand PRESNALL(1998).

used, but they are typically cumbersome because a
three-dimensional model is frequently needed. Al-
though a perspective view of quaternary phase rela-
tions (Figs. 3, 4, 6) is visually very useful, many
quantitative details of critical importance cannot be
recovered. However, when a perspective view is
combined with algebraic calculations, the result can
be both visually and quantitatively satisfying. Of
course, when systems of more than four components
are considered, a generalized phase diagram can no
longer be used; algebraic calculations are the only
recourse.

In principle, a fractional crystallization path in a
multi component system can be calculated in as much

FRACTIONAL CRYSTALLIZATION PATHS

For binary and ternary systems, classical geomet-
rical procedures are well suited for rapid and quan-
titative determination of crystallization paths. In a
four-component system, such procedures can still be
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FIG. 5. Diopside saturation surface of the system forsterite-aporthite-diopside-silica at 2.0 GPa, as
viewed from the CaMgSiz06 apex of Fig. 4 (Lru and PRESNALL, in press). All liquidus phase fields have
diopside in addition to the phase indicated. Arrows indicate directions of decreasing temperature.
Temperatures are in DC.

detail as desired by solving a series of balanced
chemical equations, each of which describes a very
small segment of the path (PRESNALL,1986, 1991).
Although high accuracy in these calculations requires
dense data coverage and parameterization of all
phase compositions that vary, a good understanding
of the general features of fractional crystallization
can frequently be obtained by using a simplified
version of this procedure that involves solution of
only a few determinants for the entire crystallization
path. The simplified procedure is adopted here.

In order to illustrate the effects of pressure on
fractional crystallization paths in the FADS tetrahe-
dron, point V (Figs. 3, 6) is chosen as the starting
composition because it is the initial liquid generated
from a model garnet/spinel lherzolite at 3 GPa (MIL-
HOLLANDand PRESNALL,1998). At the high pressure
extreme, the discussion will model the situation in
which a melt is generated at 3 GPa and then fraction-
ally crystallizes in place without rising to the earth's

surface. At the other extreme, the melt is generated at
3 GPa, rises to a location very near the earth's sur-
face, and then fractionally crystallizes at approxi-
mately 1 atm. A third case will also be discussed in
which ascent of the melt generated at 3 GPa is
arrested at an intermediate depth and fractional crys-
tallization occurs at 2 GPa.

At 1 atm and 2 GPa, the phase relations are suffi-
ciently simple that the general features of fractional
crystallization paths can be quantified fairly accu-
rately by using large algebraic steps along the paths.
Representative errors associated with the use of large
steps are evaluated in the discussion at 2 GPa, and it
is shown that the results are relatively insensitive to
this approximation. At 3 GPa, complications in the
phase relations overwhelm even the large amount of
data available at this pressure (MILHOLLANDand
PRESNALL,1998), such that a number of details of the
crystallization path cannot be unambiguously deter-
mined. Therefore, algebraic calculations are not done
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FIG. 6. Liquidus phase relations in the system forsterite-anorthite-diopside-silica at 3.0 GPa (MILHOL-
LANDand PRESNALL,1998). Heavy boundary lines are on the faces of the tetrahedron; light lines are in
the interior. Arrows indicate directions of decreasing temperature. Abbreviations are as in Fig. 1. Bold
italic and ordinary labels have the same meaning as in Fig. 4.

at 3 GPa. Only general features of the 3 GPa crys-
tallization path will be presented.

8. Although liquid V is in equilibrium with forsterite,
diopside, enstatite, garnet, and spinel at 3 GPa (Figs.
6, 7), rapid ascent of this model primary magma to
the earth's surface would place it deep inside the
expanded forsterite primary phase volume at 1 atm
(Fig. 3). Thus, fractional crystallization at 1 atm
begins with the precipitation of forsterite.

It is desired to determine the composition, g, where

Fractional Crystallization at 1Atm

Geometrical relationships involving fractional
crystallization of liquid V at 1 atm are shown in Fig.
3 and the results of the calculations are shown in Fig.
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FIG. 7. Diopside saturation surface of the system forsterite-anorthite-diopside-silica at 3.0 GPa, as
viewed from the CaMgSiz06 apex of Fig. 6 (MILHOLLAND and PRESNALL, 1998). Lines and symbols as
in Fig. 6.

the liquid path intersects the anorthite-forsterite sur-
face, a-b-c-d-p (Fig. 3). This can be determined
algebraically by trial and error balancing of equations
using the method of KORZHINSKII (1959, p. 103-107)
as applied by Presnall (1986, 1991). For a four-
component system, five compositions are needed. A
determinant is set up involving forsterite, liquid V,
and three points on the anorthite-forsterite surface,
a-b-c-d-p. Points b, c, and p on this surface are
chosen as a trial, and it is assumed that the surface in
the vicinity of its intersection with the liquid path can
be approximated by a plane passing through these
three points. For this choice, a solution is obtained in
which V is alone on one side of the equation and b,
c, p, and forsterite are on the other (all coefficients
positive), Therefore, point g lies within the b-c-p
triangle on the anorthite-forsterite surface, composi-
tion g is given by the relative proportions of b, c, and
p, as defined by their coefficients, and the proportion

of forsterite crystallized is given by the forsterite
coefficient. However, if a poor guess had been made
about the general location of g on the a-b-c-d-p
surface, point V would not be alone on one side of the
equation and a different set of three points on the
surface would need to be tried.

The geometry of Fig. 3 indicates that liquid g
moves along the a-b-c-d-p surface toward a-p as
anorthite and forsterite crystallize. To quantify this,
an equation is solved involving anorthite, forsterite,
g, p, and a point on the a-p line. Because line a-p is
slightly curved (LIBOUREL, et al., 1989), an interme-
diate point, a' (not shown), taken from LIBOUREL et
al. (1989) on the a-p line slightly to the left of point
h is chosen. This provides a straight-line approxima-
tion of a-p that closely matches the position of the
curved line near h. Coefficients in the solution of this
equation yield the composition of h as a proportion of
the known compositions, p and a', the relative pro-
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FIG. 8. Liquid compositions for fractional crystallization paths at I atm, 2 GPa, and 3 GPa. Labels of
the points are the same as in the other figures. Crystallizing phase proportions (wt. %) are indicated for
each segment of the 1 atm. and 2 GPa path.

portions of anorthite and forsterite that crystallize,
and the proportion of liquid g that crystallizes just as
the liquid path arrives at h (Figs. 3 and 8).

Figure 3 appears to indicate that a liquid at h
moves to p by crystallization of diopside, anorthite
and forsterite. However, because of solid solution in
diopside, it is not evident from Fig. 7 whether for-
sterite crystallizes or dissolves on cooling. To deter-
mine this, the composition of diopside is taken, as an
approximation, to be constant along the h-p liquid
path and the same as that in equilibrium with liquid p,
as determined by WALTER and PRESNALL(1994).
Then, an equation is solved involving forsterite, an-
orthite, diopside, h, and p. The result indicates that
forsterite does crystallize and makes up 2% of the
crystallizing assemblage (Fig. 8). This calculation is
consistent with the conclusion of LIBOURELet al.
(1989).

As invariant point p is a peritectic, Fig. 3 indicates
that the liquid does not stop at p but moves immedi-
ately away from p, probably along p-e as enstatite,
diopside, and anorthite crystallize. To test this por-
tion of the liquid path, an equation is solved involv-
ing p (WALTERand PRESNALL,.1994), the composi-
tions of enstatite, diopside, and liquid e determined

by LONGHI(1987, Table 2), and anorthite. Solution of
the equation gives the crystallizing phase proportions
and amount of crystallization indicated in Fig. 8. At
eutectic e, the crystallizing phase proportions of en-
statite, diopside, anorthite, and quartz (Fig. 8) are
determined by balancing an equation involving these
five compositions and using the phase composition
data given by LONGHI(1987, Table 2).

Fractional Crystallization at 2 GPa

Because of expansion of the forsterite primary
phase volume as pressure decreases, liquid V lies
within the forsterite volume at 2 GPa. However, this
expansion is modest compared to that at 1 atm, so the
amount of olivine control in the initial stage of frac-
tional crystallization is less pronounced. Also, V is
located such that crystallization of forsterite drives
the residual liquid almost directly into point F (Figs.
4, 5). In order to simplify the discussion, the starting
liquid V has been adjusted slightly so that crystalli-
zation of forsterite does, in fact, drive the liquid
directly into F. This new starting composition is
labeled V'.

Before proceeding with the algebraic discussion, it



Fractional crystallization of basaltic magma

is useful to notice that invariant point F and all other
invariant points down-temperature from F are peri-
tectics except for T, which is a eutectic. Therefore, an
extensive fractional crystallization path can be antic-
ipated, and it is expected that the final residual liquid
will lie at T (Fig. 4). As simple inspection of the
directions of decreasing temperature along the uni-
variant lines suggests more than one possible route
for the liquid path, and as the path may move not just
along univariant lines but also across one or more
divariant surfaces or even through volumes, an alge-
braic approach is necessary.

The initial segment of the liquid path, as explained
above, involves crystallization of forsterite from V',
which drives the liquid path directly into F (Figs. 4,
8). The next segment is determined by balancing
liquid F against liquid R, using the compositions of
crystalline phases in equilibrium with R. As noted
earlier, this yields only an approximate result because
the compositions of all phases except spinel will vary
slightly depending on the location of the liquid along
the F-R line. In contrast to the situation at 1 atm, data
are adequate at 2 GPa to examine the magnitude of
the error caused by approximations of this type, as
will be explained in the course of the discussion.

The initial test of F against R yields two "success-
ful solutions" (PRESNALL,1986), equation IF (Table
1) and F = di + en + sa + R. Coefficients are
deleted in the second equation because they are not
needed in the present discussion. These two solutions
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are algebraic expressions of the mass-balance re-
quirement that for any point on the liquid path fol-
lowed during equilibrium crystallization, the bulk
composition must be contained within the volume
defined by the coexisting liquid and crystalline
phases. Note also that the second successful solution
includes sapphirine as a crystallizing phase yet this
phase does not crystallize along the line F-R. This
second equation indicates that the liquid path travels
along line R-A as it exits point R during equilibrium
crystallization of liquid F. However, the present dis-
cussion does not concern equilibrium crystallization,
so the second successful solution will be ignored here
as well as in subsequent situations of this type.

The first successful solution indicates that diop-
side, enstatite, and spinel crystallize in the propor-
tions given by the coefficients and that no reaction
relation occurs as the liquid path traverses the line
F-R. Therefore, this initial part of the liquid path is
the same for both equilibrium and fractional crystal-
lization. If, instead of using phase compositions in
equilibrium with R, phase compositions in equilib-
rium with F were used, the coefficients for the first
successful solution would be slightly different, but
the form of the equation would not change (equations
IR and. IF in Table 1). This gives a rough indication
of the uncertainty produced by using large steps in
the calculations. In this case, the conclusion that the
liquid arrives at R after roughly 60% crystallization is
not sensitive to the variations of crystalline phase

Table 1. Equations for determining fractional crystallization path at 2.0 GPa

Equation Path Crystalline phase
number segment compositions Equation (wt. %)

lR F-R At R (375-1)' 100F = 4sp + 7en + 5Idi + 38R
IF F-R AtF2 IOOF= 5sp + 2en + 47di + 46R

2A R-A At A (374-7) lOOR = I6di + 3en + 3sa + 78A
2R R-A At R (375-1) lOOR = I6di + 2en + 3sa + 79A

3A A-Y At A (374-7) IOOA= 9di + 8gt + 3IB + 52C

4Y Y-C Near Y (383-16) lOOY = l gt + 5di + 5an + 89C

5C C-T Near C (383-17) lOOC = gen + 17di + 18an + 56T
5T C-T At T (379-16) lOOC = 12en + 14di + 22im + 52T

6T T At T (379-16) lOOT = 15en + 18di + 47an + 21qz3

'Run numbers refer to experiments reported in Liu and Presnall (in press).
2From Walter and Presnall (1994).
3From Liu and Presnall (in press).
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compositions in equilibrium with liquids along F-R.
For this first segment of the crystallization path
shown in Fig. 8, equation lR (Table 1) has been
arbitrarily chosen. In a more accurate calculation,
equations of this type would be solved for many
small segments along F-R taking into account
the gradual change in phase compositions with
temperature.

To determine the next segment of the liquid path
followed during fractional crystallization, the starting
liquid composition used in the calculation is moved
to R. The univariant lines R-N and R-A both de-
crease in temperature away from R, but a test of R
against liquid A yields the only successful solution
(equations 2A and 2R in Table 1). In this case, use of
crystalline phase compositions in equilibrium with
either liquid R or liquid A produces nearly identical
coefficients. Therefore, the liquid path moves from R
to A as diopside, enstatite, and sapphirine crystallize.
In Fig. 8, equation 2A is arbitrarily chosen.

When the starting composition is moved again,
this time to A, three univariant lines, A-B, A-C, and
A-S, decrease in temperature away from A. Because
none of these yields a successful solution, it is nec-
essary to test divariant surfaces as possibilities. One
such surface is A-B-C, along which diopside and
garnet crystallize. To test this surface, it is assumed,
as an approximation, to be planar. As only two crys-
talline phases are present, liquid A is tested against
two other points, Band C, on the surface plus the
compositions of garnet and diopside in equilibrium
with liquid A. The solution, equation 3A (Table 1), is
successful. It shows that A can be expressed by
positive proportions of diopside, garnet, and a liquid,
Y, on the B-C boundary that lies at 37% B, 63% C.
The proportions of diopside and garnet that crystal-
lize are given by their coefficients in the equation.

The next step is to determine if the liquid path
moves from Y along B-C toward C, and for this test,
compositions of phases close to C are used. The
equation, 4Y (Table 1) is successful and there is no
reaction relationship. For the final segment from C to
T, equations 5C and 5T show that enstatite, diopside
and anorthite crystallize with no reaction relationship
as the liquid moves along the C- T line. Again, the
two equations indicate the uncertainty in the coeffi-
cients caused by using phase compositions near
C versus those at T. At the quaternary eutectic,
T, crystallization occurs according to reaction 6T
(Table 1).

Fractional Crystallization at 3 GPa

At 3 GPa, the diopside, garnet, and corundum
volumes are larger, the forsterite and sapphirine vol-

urnes are smaller, and new phases that appear during
fractional crystallization are corundum and kyanite
(Figs. 6 and 7). Even though the phase relations in
Fig. 6 are constrained by a large amount of data
(MILHOLLANDand PRESNALL,1998), the complexities
are great enough to cause a number of uncertainties
in the details of crystallization paths. Therefore, the
kind of quantitative calculations done above at 1 atm.
and 2 GPa will not be attempted at 3 GPa. Instead,
only the general trend of the liquid path will be given.
Despite these uncertainties, it is expected that only
the details of the fractional crystallization path would
be changed by additional data, not the general trend.

Liquid V, in equilibrium with forsterite, diopside,
enstatite, spinel, and garnet, is the liquid on the
solidus of model lherzolite at the transition between
spinel lherzolite and garnet lherzolite (Fig. 2). It is an
invariant point in pressure-temperature space and lies
very close to and probably slightly to the silica-poor
side of the aluminous pyroxene thermal divide, Mg-
Si03-CaSi03-AI202 (MILHOLLANDand PRESNALL,
1998). This explains why six univariant lines meet at
V rather than four (Fig. 6), as is the case for the other
points that are isobarically invariant.

As discussed by MILHOLLANDand PRESNALL
(1998), the liquid path from V initially extends along
the spinel-diopside surface toward the vicinity of W
(Figs. 6, 7), but existing data are inadequate to de-
termine whether the path curves back into the V- W
univariant line or intersects W-O. In the latter case,
the path could miss W entirely and move toward X
along some path other than W-X. In general, how-
ever, the liquid path must extend along or near the
left and top sides of the garnet-diopside surface de-
fined by V-W-X-L-M. Garnet and clinopyroxene
are major phases crystallizing along at least part of
this path in addition to spinel, sapphirine, corundum,
kyanite, and quartz. After arriving at M, the liquid
path moves toward N and out of the tetrahedron.
However, the position of N is poorly known and it
may lie outside the FADS. tetrahedron. Therefore, the
liquid path beyond M is uncertain and M is the most
fractionated liquid that can be deduced from this
phase diagram.

Effect of Pressure on Cumulate Assemblages and
Residual Liquid Compositions

At I atm, familiar mineral assemblages are crys-
tallized. Initial forsterite crystallization is followed
successively by forsterite + anorthite, forsterite +
anorthite + diopside, diopside + enstatite + anor-
thite, and finally diopside + enstatite + anorthite +
quartz (Fig. 8). At 2 GPa, three new phases, spinel,
sapphirine, and garnet appear in the middle stages of
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crystallization. Note in particular the segment from A
to Y (Figs. 4, 8) along which garnet and diopside
crystallize in approximately equal proportions. This
shows that eclogites can form as cumulate assem-
blages at pressures as low as 2 GPa from moderately
evolved magmas of intermediate Si02 content. Also
note that sapphirine crystallizes along the R-A seg-
ment at 2 GPa. This indicates that sapphirine plays a
role in the fractional crystallization of basaltic mag-
mas at intermediate pressures, an issue that has been
extensively discussed elsewhere (LIU and PRESNALL,
1990, in press). At 3 GPa, garnet and diopside are
dominant minerals that crystallize throughout most or
all of the fractionation path. Minor minerals that also
crystallize are spinel, sapphirine, corundum, and kya-
nite. Broadly, the crystallizing assemblages are
eclogitic, but a thorough understanding of the phase
relations at this pressure requires more detailed data.

Despite strong differences in the phase relations at
different pressures, it can be seen (Fig. 8) that the
fractionation trends at all pressures show enrichment
in Si02, depletion in MgO, and relatively little
change in CaO. However, several notable differences
occur. The maximum amount of Si02 enrichment
decreases sharply from 1 atm to 2 GPa. The seem-
ingly small change in maximum Si02 enrichment at
higher pressures from 2 to 3 GPa may not be real
because point M (Figs. 6, 7, 8) appears not to be the
final residual liquid at 3 GPa. Although strong deple-
tion of residual liquids in MgO occurs at all pres-
sures, increasing pressure accentuates this decrease.
At I atm, CaO is initially enriched because diopside
does not crystallize. Then when diopside appears at h
(Fig, 8), CaO decreases during the last half of the
crystallization path. At 2 GPa, diopside begins to
crystallize early, which prevents early enrichment of
CaO. Alumina, which is strongly controlled by anor-
thite, shows a slight decrease in residual liquids at 1
atm but high pressures cause this trend to be reversed
and the amount of Al203 increase is greatest at the
highest pressure. At 1 atm, Al203 is initially enriched
while forsterite is the only crystallizing phase from V
to g (Fig. 8). Then crystallization of anorthite for the
remainder of the liquid path causes a continuous
decrease in A1203. At 2 GPa, anorthite appears late
at point Y, which allows Al203 to increase during
the early and middle stages of crystallization. After
the appearance of anorthite, Al203 and CaO both
decrease.

As discussed by Lru and PRESNALL(in press), the
trend of Si02 enrichment at 2 GPa (Fig. 8) is at odds
with the arguments of O'HARA and MERCY(1963),
GREEN and RINGWOOD(1964, 1967), and O'HARA
(1965) that increased crystallization of enstatite with
increasing pressure results in the production of alka-
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lie magmas by fractional crystallization of tholeiitic
magmas. This difference occurs because crystalliza-
tion of spinel (Fig. 8), which is important in produc-
ing the Si02 enrichment trend in the FADS tetrahe-
dron at 2 GPa, was not considered in the earlier
discussions. As liquid paths in the CMAS system
cannot be considered completely definitive for com-
plex natural magma compositions, resolution of this
issue must await further data.

MID-OCEAN RIDGE BASALTS

Figure 9 shows a very dense and elongated array of
mid-ocean ridge basalt glass (MORB) compositions
(MELSON,1992). A variety of chemical, mineralogi-
cal, and experimental evidence indicates that the pro-
nounced trend toward the quartz apex is due to frac-
tional crystallization of olivine, clinopyroxene, and
plagioclase to produce residual liquids enriched in
normative quartz (CLAGUEand BUNCH,1976; BRYAN
and MOORE, 1977, WALKERet al., 1979; PRESNALL
and HOOVER,1987; O'DONNELLand PRESNALL,1980,
ELTHONand SCARFE,1984; PRESNALLand HOOVER,
1984, 1987; TORMEYet al., 1987). Using an older
compilation by MELSON (1977), MCKENZIE and
O'NIONS (1998, p. 147) asserted that the elongation is
due entirely to small differences in Na20 and is
unrel~ted to fractional crystallization, but this con-

Plagioclase

•

Olivine QuartzMole percent

FIG. 9. Molecular CIPW normative plot of MORB
glasses. Data are 1233 microprobe analyses of submarine
samples with ages less than 1 my (MELSON, 1992), and
include samples from the Pacific, Atlantic, and Indian
Oceans. Ten omitted analyses from MELSON (1992) are
nepheline normative. For all analyses, Fe2+/(Fez+ + Fe3+)
is normalized to 0.9. Olivine, MgzSi04 + FezSi04; plagio-
clase, CaAlzSi208 + Na2AlzSi60'6; quartz, Si02. Norma-
tive hypersthene in the CIPW norm is distributed between
olivine and quartz.
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FIG. 10. Mg number, Mg/(Mg + Fe2+), versus percent
quartz, normalized to 100% olivine + plagioclase + quartz,
in MORB glasses (MELSON, 1992). In calculating percent
quartz, hypersthene is divided between olivine and quartz in
the CIPW norm.

elusion was significantly preordained by their
elimination of the most fractionated samples
with MgO<4%. They used the normative tri-
angle, olivine-diopside-quartz rather than olivine-
plagioclase-quartz, but the disagreement applies
equally to both diagrams.

PRESNALLand HOOVER(1984, 1987) showed, for a
limited number of Atlantic MORBs, that the Mg
number generally decreases as normative quartz, as
represented in Fig. 9, increases. Figure 10 demon-
strates that this correlation holds even more strongly
for the much larger worldwide database of MORB
analyses assembled by MELSON(1992). Thus, there
can be no question that compositions along the trend
change in a way that is consistent with fractional
crystallization. Even if the more fractionated samples
with MgO<4% were eliminated, as done by Me-
KENZIEand O'NIONS (1998), the left-hand portion of
the trend in Fig. 10 at <50% normative quartz would
remain.

During fractional crystallization, Na20 increases
in the residual liquid, but PRESNALLet al. (1979, p.
21) emphasized that addition of Na20 to a composi-
tion plotted in Fig. 9 moves it away from the Si02
apex, opposite to the trend of fractional crystalliza-
tion indicated by the decreasing Mg number and
increasing Si02 content. Thus, the Na20 problem of
MCKENZIEand O'NIONS (1998) causes blurring of the
fractionation trend in Figs. 9 and 10 but does not
negate it.

In an experimental study of North Atlantic
MORBs at 1 atrn, GROVEand BRYAN(1983) found a
crystallization sequence of olivine, then olivine +
plagioclase, and finally olivine + plagioclase + au-

gite. With the exception of spinel, which they found
in some of their experiments, this is exactly the
sequence of phases that crystallizes along the V-g-
h-p path at 1 atrn (Figs. 3, 8, 11). Furthermore, the 1
atm CMAS fractionation trend that includes points
g-h-p-e (Fig. 11) lies precisely along the MORB
trend. The close agreement of the experimental study
of natural compositions by GROVEand BRYAN(1983)
and the model system calculations shown here clearly
establishes that the MORB array shown in Fig. 9 is
dominantly caused by fractional crystallization at
very low pressures.

As shown in Figs 12 and 13, liquid paths at higher
pressures cut across the MORB array, which argues
against a dominant role for fractional crystallization
at higher pressures. However, note that the middle
part of the liquid path at 2 GPa from R to Y (Fig. 12)
cuts across the MORB array at a small angle. Thus,
crystallization at higher pressures cannot be com-
pletely ignored. With this in mind, it is interesting

Plagioclase

1 atm

Kilauea and
Mauna Loa

Olivine Quartz
Mole percent

FIG. 11. Molecular CIPW normative plot projected from
diopside, CaMgSi206. Labeled points on the liquid paths for
fractional crystallization at 1 atm. are the same as in Figs. 3
and 8. The Kilauea and Mauna Loa, Hawaii, field shows the
approximate boundary for high quality wet chemical anal-
yses of 282 whole rock and 7 glass samples performed at the
U. S. Geological Survey rock analysis laboratory in Denver
(MACDONALD, 1955a, 1955b; MACDONALD and EATON,
1955; MUIR and TILLEY,1957; MURATAand RICHTER,1961,
1966; RICHTER et al., 1964; MOORE and AULT, 1965;
MOORE, 1965, 1966; PECKet al., 1966; MOOREand EVANS,
1967; FISKE and KOYANAGI,1968; WRIGHT et al., 1968;
KINOSHITA et al., 1969; MOORE and KOYANAGI, 1969;
WRIGHT, 1971; WRIGHT and FISKE, 1971) plus 60 micro-
probe analyses of Kilauea glasses from CLAGUE et al.
(1995). Six of the most magnesian glass compositions from
CLAGUE et al. (1995) are shown as open circles. Heavy
arrows in the Hawaii field indicate directions of fractional
crystallization. The MORB glass field is from Fig. 9 and
omits 5 outliers.
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FIG. 12. Same as Fig. 11 but showing the liquid path for
fractional crystallization at 2 GPa. Labeled points are the
same as in Figs. 4, 5, and 8.

that the width of the MORB array increases with
decreasing normative quartz. This increase may be
caused by crystallization of less fractionated magmas
at an angle to the main array at greater than oceanic
crustal pressures. This possibility was also suggested
on the basis of least squares mixing calculations
involving high-pressure crystallization of clinopyrox-
ene (O'DONNELLand PRESNALL,1980).

HAWAIIAN THOLEIITES

In contrast to MORBs, tholeiitic basalts from
Kilauea and Mauna Loa volcanoes in Hawaii show a
strong initial fractionation trend controlled by crys-
tallization only of olivine followed by late crystalli-
zation of olivine, clinopyroxene, plagioclase, or-
thopyroxene, and pigeonite (Fig. 11). The broad band
of olivine-controlled compositions for Mauna Loa
and Kilauea is actually composed of two overlapping
trends, with the Mauna Loa trend being slightly
richer in normative quartz than that for Kilauea. Also,
for Kilauea, the overall trend, when broken into time
segments, is itself composed of three trends that
radiate out from the olivine apex along tightly con-
trolled olivine control lines (WRIGHT, 1971). Glass
analyses from Mauna Loa and Kilauea duplicate the
Hawaiian array in Fig. 11 except for the most mag-
nesian portion of the olivine-controlled trend. The
open circles are the most magnesian glasses that have
been reported in Hawaii (CLAGUEet al., 1995), and
they lie well outside the field of MORB glasses.
Thus, the difference between the MORB and Hawai-
ian trends is not caused by the dominance of whole
rock compositions in the latter.
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Quartz

Whole rock compositions in the olivine-controlled
portion of the Hawaiian trend are influenced strongly
by abundant olivine phenocrysts, and there has been
much debate about the amount of olivine that may
have once been part of the parental melt (e.g.,
WILKINSONand HENSEL,1988; GARCIAet al., 1995).
Estimates for the amount of MgO in parental magmas
have ranged widely from 25% (WRIGHT,1984) to 8%
(MAAL0E, 1979); but glass analyses from Kilauea
with 15% MgO (CLAGUEet al., 1991, 1995) demon-
strate that parental picritic magmas at least this mag-
nesian must exist. The fact that the olivine controlled
portion of the Hawaiian trend (Fig. 11) is displaced
from the olivine-controlled portion (V-g) of the
CMAS trend is of no significance except to indicate
that the CMAS trend assumes a starting composition
displaced slightly from the parental magmas that
produced the Hawaiian trend. A starting composition
could have been chosen that would follow precisely
along the Hawaiian trend.

The olivine-controlled portion of the Hawaiian
trend could form in two ways. On the assumption that
the parental magmas are picritic, olivine control
could be maintained by polybaric crystallization of
olivine during ascent from the source region. It would
be necessary only that the rate of ascent be suffi-
ciently rapid to keep the crystallizing magma com-
position within the expanding olivine primary phase
volume. Alternatively, the magma could rise rapidly
with little or no crystallization during ascent and the
bulk of the olivine controlled trend would be pro-
duced by olivine crystallization at very low pressures.

The more fractionated portion of the Hawaiian
trend is essentially identical to the more fractionated
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FIG. 13. Same as Fig. 11 but showing the liquid path for
fractional crystallization at 3 GPa. Labeled points are the
same as in Figs. 6, 7, and 8.
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part of the MORB trend and to the 1 atrn CMAS
trend from h to e (Fig. 11). This strongly supports the
conventional view that basalts in Hawaii as well as at
spreading ridges are extensively fractionated at shal-
low depths. The strong difference between MORBs
and Hawaiian tholeiites in the early stages of frac-
tionation indicates a significant difference between
tile two starting compositions. If it is assumed that
both parental magma types are generated from a
lherzolitic mantle source, the simplest way to pro-
duce different parental compositions is to generate
them from strongly different pressure regimes in
which the phase relations differ. However, this very
interesting subject is beyond the scope of the present
discussion of fractional crystallization processes.

HIGH A1203 BASALTS AND ANDESITES

As described above for Hawaii and mid-ocean
ridges, lavas of different compositions erupted at the
Earth's surface can frequently be related by low-
pressure fractionation processes. However, if high
pressure fractionation gives liquid paths that have
broad similarities to low pressure liquid paths, as Fig.
8 shows to be the case, then these high pressure
processes may be masked, particularly if the crystals
formed at high pressures subsequently dissolve or are
separated from the residual liquids as they rise to the
Earth's surface. In many cases, the only remaining
evidence would be minor differences in lava compo-
sitions. It is just this kind of subtle evidence that has
driven much of the discussion about island arc lavas.
High alumina basalts and andesites from island arcs
are generally higher in Al203 and lower in MgO than
fractionated Hawaiian basalts that have reached sat-
uration with olivine, clinopyroxene, and plagioclase;
and SISSONand GROVE(1993a, 1993b) have shown
experimentally that the compositions of these island
arc lavas are consistent with fractionation under hy-
drous conditions that include crystallization of am-
phibole at pressures of roughly 0.2 GPa (see also an
earlier review by CAWTHORNand O'HARA, 1976).
However, DRAPERand JOHNSON(1992) have argued
that high-alumina basalts can also be produced by
high pressure « 1.5 GPa) fractional crystallization
under anhydrous conditions. The data given here
show that residual liquids high in Al203 and low in
MgO can be produced over a wide pressure range
under anhydrous conditions. Thus, although subduc-
tion zone magmas are commonly or universally hy-
drous and amphibole is a frequent crystallization
product, high pressure appears to be a more important
factor in producing the observed high Al203 and low
MgO characteristics of these magmas by fractional
crystallization.
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