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ABSTRACT

Phase equilibrium data have been collected for isobarically univariant melting of simplified lherzolite
compositions in the system CaO-MgO-Al2O3-SiO2-Na2O over a pressure range of 7-35 kbar. These
data permit the melting behavior of a wide variety of model lherzolite compositions to be determined
quantitatively by algebraic methods. Two P-T univariant melting reactions, corresponding to
plagioclase to spinel lherzolite and spinel to garnet lherzolite, are identified as peritectic-type
transitions and have positive Clapeyron slopes. The univariant curves move to higher pressures and
temperatures with increasing Na2O in the liquid. The effect of the univariant curves on melting is to
produce low-temperature regions and isobarically invariant melting intervals along lherzolite solidi. In
the plagioclase lherzolite stability field, melting of four-phase model lherzolite is pseudo-invariant,
occurring over small temperature intervals (~ 5 °C) and producing liquids that are quartz tholeiites at
<8 kbar and olivine tholeiites at >8 kbar. Calculated equilibrium constants for plagioclase-liquid
equilibria show both temperature and pressure dependence. Plagioclase with anorthite content (AN)
>90 mol%, as observed in some oceanic basalts, can crystallize from liquids with < 1 % Na2O.
Melting of spinel lherzolite is not pseudo-invariant but occurs over large temperature intervals
(15-60 °C), producing a wide range in liquid compositions, from alkali basalts and alkali picrites at low
to moderate degrees of melting (< 1-10%) to olivine tholeiites and picrites at higher degrees of melting
(> 10%). On the basis of limited data in the garnet lherzolite field, melts from garnet lherzolite are more
silica rich for a given degree of melting than melts from spinel lherzolite, and liquid compositions trend
toward enstatite with increase in pressure. Source fertility (especially Na2O content) has a strong
control on the temperature of melting and liquid composition. Less fertile sources produce smaller
amounts of liquids richer in normative silica. For certain bulk compositions (high SiO2 and low
A12O3), spinel is not a stable phase along the lherzolite solidus.

I N T R O D U C T I O N

Two approaches have been used to study the generation of basaltic magmas from a
peridotite upper mantle. In one, experiments have been performed on a variety of natural
lherzolite compositions (e.g., Mysen & Kushiro, 1977; Jaques & Green, 1980), on lherzolite
plus basalt mixtures (Takahashi & Kushiro, 1983; Fujii & Scarfe, 1985; Falloon & Green,
1987), and on basaltic liquids saturated with a lherzolite assemblage (e.g., Stolper, 1980;
Elthon & Scarfe, 1984; Kinzler & Grove, 1992a). Recent parameterizations of what is now a
large body of experimental data have brought us closer than ever to a rigorous quantitative
description of melting (Klein & Langmuir, 1987; McKenzie & Bickle, 1988; Niu & Batiza,
1991; Kinzler & Grove, 1992a, 1992b). An alternative approach has been to determine phase

•Present address: Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road
N.W., Washington, DC 20015, USA.

[Journal of Pnrotow, Vol. 35. Put 2, pp. 329-359, 1994] © Oxford Unrrercily Prcu 1994



330 M. J. WALTER AND D. C. PRESNALL

equilibrium relationships in simple analog systems of low variance (e.g., Kushiro, 1969;
Presnall et al., 1979). In this paper we extend this second approach and present phase
equilibrium data for melting of simplified lherzolite in the five-component system
CaO-MgO-Al2O3-SiO2-Na2O (CMASN) from 7 to 35 kbar. Isobarically univariant and
invariant melting of lherzolite in this system offers a close approximation to the natural
system, as CMASN makes up ~ 9 3 % of proposed upper-mantle compositions. This system
was chosen for study because the addition of Na2O to the existing data in the CM AS system
is critical to an understanding of the compositional variations of basaltic magmas.

Here, we present the experimental data set, together with an examination of the methods of
data acquisition and processing. These data are a redetermination and refinement of the data
on which the diagrams of Presnall & Hoover (1987) are based and an extension of these data
to 35 kbar. We show how the data for isobarically univariant and invariant melting can be
used to determine the melting behavior of a wide variety of bulk compositions, allowing any
number of melting scenarios for basalt generation to be developed. Finally, data are used for
a discussion of the melting behavior of a number of simplified lherzolite compositions, and
the results are compared and contrasted with the melting behavior of model natural
lherzolite as presented by Kinzler & Grove (1992a, 1992/?). In a forthcoming paper, the data
set will be used to construct polybaric melting models for the generation of mid-ocean ridge
basalt (MORB).

EXPERIMENTAL DESIGN AND PROCEDURES

We have collected phase equilibrium data along isobarically univariant melting curves
involving forsterite, orthopyroxene, clinopyroxene, an alumina-rich phase (plagioclase,
spinel, or garnet), and liquid over a pressure range of 7-35 kbar in the CMASN system. All
coexisting phase compositions were analyzed, and these data have been interpolated and
extrapolated over a pressure range of 5-35 kbar and from 0 (CM AS solidus) to 6 wt.% Na2O
in the liquid phase. We have used these data to investigate the melting behavior of simplified
lherzolite over much of the plagioclase lherzolite stability field, the entire spinel lherzolite
stability field, and a small portion of the garnet lherzolite stability field.

An advantage of investigating isobarically univariant melting of lherzolite is that once the
compositions of all coexisting phases along a melting curve are known, it is possible, using
the algebraic techniques described by Presnall (1986), to determine the melting behavior of a
wide variety of model lherzolite bulk compositions. Also, liquid compositions for arbitrarily
small amounts of melting of a model lherzolite can be known rigorously because the liquid
compositions are determined in experiments that have large amounts of easily analyzed
glass. This can be illustrated by considering the system diopside-albite-anorthite at 1 atm
(Fig. 1), which, for purposes of illustration, will be treated as a strictly ternary system. Shown
in this diagram is a liquidus univariant boundary line along which liquid (1), diopside (Di),
and plagioclase solid solution (pi) are in equilibrium. For an experiment using bulk
composition x, liquid of composition 1 would be in equilibrium with Di and plagioclase of
composition pi. The proportions of the phases in the experiment are 50% 1+40% pl+ 10%
Di. The compositions of the coexisting phases could then be used to determine the phase
proportions during melting of any bulk composition lying within the three-phase triangle
1—Di—pi. For example, if bulk composition y were a model mantle composition, 2% of liquid 1
would coexist with 28% pi and 70% Di. By making experiments that define a range of three-
phase triangles along the univariant boundary line, the melting behavior of a wide range of
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FIG. 1. The system diopside-albite-anorthite at 1 atm (after Bowen, 1915; Kushiro, 1973). The three-phase triangle
shows the compositions of coexisting liquid (I), plagioclase solid solution (pi), and diopside, at 1225 °C. The point

labeled x is a hypothetical starting mixture, and y is a simplified mantle composition.

compositions can be determined as long as plagioclase and diopside are both present. Thus,
the composition of a very small amount of liquid for the model mantle can be defined from an
experiment at the same pressure and temperature on an entirely different bulk composition
chosen for its large proportion of liquid. This treatment is exactly analogous to our approach
to studying the melting of model lherzolite compositions in the CMASN system, except that
algebraic analysis is necessary.

Experiments were made in solid-media, piston-cylinder presses (Boyd & England, 1960).
The 'hot' piston-out technique was used in all runs with no pressure correction (Presnall et
al., 1978). The furnace cell assembly is the same as that described by Presnall et al. (1973),
except that Pyrex glass sleeves were used instead of boron nitride. All assembly parts, except
talc and glass sleeves, were dried under nitrogen flow at 1050 °C for 1 h just before
experiments to ensure that the assembly parts were free of water. The samples were contained
in platinum capsules of 2-5-mm diameter and either 2-5 or 4 mm in length. On the basis of a
calibration of the temperature profile surrounding the furnace hot-spot, the thermal gradient
across the diameter of a capsule is estimated to be 5 °C, and across the length is estimated to
be 10°C for 2-5-mm capsules and 15°C for 4-mm capsules. Run temperatures were
monitored by either W3Re/W25Re or W5Re/W26Re thermocouples with no pressure
correction applied to e.m.f. values. Nominal temperatures were measured to a precision of
± 1°C, and were held by automated temperature controllers to within ±3°C of the nominal
temperature. All temperatures were calibrated according to the International Practical
Temperature Scale of 1968 (Anonymous, 1969). Pressure is estimated to be accurate to
within ±0-5 kbar on the basis of the reproducibility of reactions used in calibration.

Thermocouple oxidation was a problem in runs made at lower pressures (< 11 kbar). The
oxidation resulted in a high thermocouple failure rate and/or anomalous e.m.f. values,
resulting in power drift. It was determined that the reason for thermocouple oxidation was
that the ceramic insulator was strong enough at lower pressures and temperatures to
maintain a conduit for air down a significant portion of its length. The problem was
overcome by maintaining a nitrogen flow down the thermocouple insulator throughout the
run.
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Starting materials

A disadvantage of working in systems with more than four components is the inability to
represent compositions graphically. This made the initial task of determining suitable bulk
compositions difficult because the compositions had to yield a four-phase lherzolite + liquid
assemblage at the pressure of interest, and also had to yield enough glass (generally > 30%)
and pyroxenes to facilitate microprobe analysis. A method that worked well was to estimate
the compositions of phases expected at a given pressure from data in the CMAS system
(Presnall el al., 1979; Gasparik, 1984), and from data in the CMASN system as they became
available. These estimated phase compositions were then added in desired proportions (e.g.,
40% liquid+ 20% Cpx + 20% OpxH—) to calculate a bulk composition. A given bulk
composition was generally useful over a range of 5-10 kbar. The compositions of the eight
starting mixtures used in this study are listed in Table 1. A mixture of 10 g of each bulk

T A B L E 1

Starting compositions used in this study (in wt. %)*

CMASN.03
CMASN.04
CMASN.06
CMASN.07
CMASN.10
CMASN.11
CMASN.12

CaO

6-53
716
8-90
8-30

11-40
804
9-26

MgO

30-29
29-93
2614
27-94
20-41
30-14
21-21

A12O3

16-68
16-34
18-94
20-29
1517
12-56
12-82

SiO2

45-30
45-75
45-57
4311
51-52
48-91
54-35

Na2O

1 20
0-82
0-45
0-36
150
0-35
2-26

'Based on the measured weights of oxides and carbonate used in mixtures, corrected for
CO2 and Na loss during firing.

composition was prepared from desired amounts of high-purity powdered oxides and
carbonate (CaCO3), with sodium added as Na2O-2SiO2 to reduce Na volatilization during
firing. Each mixture was ground in alcohol to a fine powder, fired for 2 h at 1600°C, and
quenched to a glass. Na2O volatilization during firing (0001 g/h at 1600 °C, on average) was
monitored and the bulk composition was recalculated accordingly. Each mixture was fired
twice and ground three times. Glass powders were used as starting materials in all
experiments.

Attainment of equilibrium

Equilibrium cannot be proved in the experiments in this study because the experiments
were not reversed. However, it has been shown, on the basis of reversal data from
experiments in the CMAS system (Presnall et al., 1978; Sen & Presnall, 1984; Liu & Presnall,
1990), that for the phases observed in the experiments reported here, a period of several hours
is adequate to establish reversals of phase boundaries at liquidus temperatures. All
experiments in this study were of a minimum duration of 48 h.

A more rigorous assessment of equilibrium in an experiment is a measure of the
compositional homogeneity of phases that exhibit variable composition. In the experiments
reported here, glass and garnet compositions are homogeneous, whereas pyroxenes and
feldspar exhibit variable degrees of heterogeneity. At the outset of this study, experiments
were made for 24 h. Pyroxenes in runs of this duration exhibited severe heterogeneity, with
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standard deviations (2<x) for A12O3, the most heterogeneous component, often > 2 wt.%.
Run times of 48, 72, and 120 h were tried, with a marked improvement in pyroxene
homogeneity between 24 and 48 h (e.g., standard deviations for A l 2 O 3 <05 wt.%).
However, no improvement was noticed for run times longer than 48 h. Temperature is also
an important factor in attaining homogeneous phases. Pyroxenes in experiments at less than
~1400°C were consistently more heterogeneous in all components than those at higher
temperatures.

ANALYTICAL TECHNIQUES

Coexisting phases in all run products were identified by back-scattered electron imaging
(BEI) and energy-dispersive spectrometry (EDS) with a JEOL model 8600 Superprobe.
Wavelength-dispersive spectrometry (WDS) was used for quantitative analysis of phase
compositions. On the basis of replicate analyses of standards as unknowns before each
analytical session, all elements are reproduced to within a minimum precision of 1 % relative
deviation. Analytical working conditions for WDS analyses and special problems associated
with the analyses are discussed below for all phases.

Glass

Glass analyses were made only if glass was present in an area > 10 pm in diameter, and at
least 10-15 /im from quench crystals. These criteria were set to minimize the chances of
interference with crystals beneath the sample surface and to minimize the effects of quench
crystallization. A quench form of a high-calcium pyroxene was present in nearly all
experiments as overgrowths on other phases, as feathery crystallites, or as discrete grains.
These were readily identifiable by BEI and/or analysis because their compositions are
significantly different from equilibrium clinopyroxene (A12O3>14 wt.%). The effect of
quench crystallization on glass composition was determined empirically in an experiment
that displayed large quench-free regions at one end of the charge and regions of abundant
quench crystallization at the other. The composition of glass > 10-15 /im from the quench
crystals was unaffected by quench crystallization. Most analyses were made in glass areas
well in excess of this minimum standard.

A 10-nA beam current with a 15-kV accelerating voltage was used in all glass analyses. A
broad beam spot of 10-30 [im was used wherever possible to minimize sodium migration
during analysis, although it was often necessary to use a 1-5 ym spot size. Data were acquired
for 30-40 s for all elements, with Na analyzed first. The theoretical quantification procedure,
Phi-Rho-Z (Heinrich, 1986), was found to reproduce a set of synthetic glass standards used
as unknowns better than other quantification procedures. Generally, 8-10 spots from
different parts of a run could be analyzed to determine the average glass composition. Glass
compositions were found to be homogeneous in all runs, with typical standard deviations
(la) on the order of 005 wt.% for Na2O to 0-50 wt.% for SiO2, with all other oxides falling
within this range.

Plagioclase

Because plagioclase in this study contains up to 5 wt.% Na2O, steps were taken to
minimize sodium migration. A 10-nA beam current with a 15-kV accelerating potential was
used in all plagioclase analyses. A spot size of 5-10 /an was used wherever possible, although
a 1-̂ m spot was often necessary. Data were acquired for 30-40 s for all elements, with Na
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analyzed first. An analysis was accepted if the total was between 99 and 101%. Generally,
8-10 analyses of different crystals were used to determine the average plagioclase
composition in a run. Data were corrected with the Bence-Albee correction procedure, using
the alpha coefficients of Albee & Ray (1970).

Pyroxenes

All pyroxenes were analyzed with a l-/im spot size, 20-nA beam current, and 15-kV
accelerating potential. Data for all elements were acquired for 40 s and were corrected using
the Bence-Albee correction procedure. An analysis was accepted if the total was between 99
and 101 % and if the structural formula was within 3-96-404 cations per six oxygen atoms.

Pyroxenes presented a special analytical problem because they were observed to be the
most heterogeneous phase. The heterogeneity was not systematic. Although some sector
zoning was observed, zoning tended to be patchy and irregular. Furthermore, within a given
run, crystal cores were not consistently of similar composition relative to crystal rims, except
at the lower run temperaures in the plagioclase stability field where the cores were often
highly aluminous. Because of this variation, 10-30 spots, each from a separate crystal, were
analyzed in a given run. Crystals in the 10-20 /im range were preferred for analysis because
they generally displayed less heterogeneity than larger crystals. In large crystals (>30 /mi),
margins were analyzed rather than cores, as the margins should have had the best chance of
achieving compositional equilibrium with the liquid. Highly aluminous cores in pyroxenes
from the plagioclase field were avoided and not included in averages. Pyroxenes in runs made
at < 1400°C displayed the highest degree of heterogeneity, with standard deviations (2a)
generally between 0-3 and 10 wt.% for all elements except Na. At higher temperatures
standard deviations for these elements were generally on the order of 0-1-0-5 wt.%.

Other phases

Forsterite, garnet, and spinel were homogeneous and presented no special analytical
problems. A \-nm beam size and a 20-nA beam current with a 15-kV accelerating potential
were used in all analyses. Data were acquired for 40 s for all elements and were corrected with
the Bence-Albee correction procedure.

DATA

Run conditions and phase compositions for all experiments used in this study are presented
in Table 2. Analytical uncertainty, reported as two standard deviations, is also listed for each
oxide in each phase. Experiments for melting along the lherzolite solidus in the CMAS system
from 1 atm to 14 kbar are from Presnall et al. (1979), and at 20 kbar are from J. D. Hoover
(unpublished experiment). Phase compositions were reanalyzed for this study, and are
included in Table 2. Milholland & Presnall (1989), also working in the CMAS system, located
a six-phase (fo + opx + cpx + sp + gt + liq) P-Tinvariant point at 30 kbar and 1575 °C, and the
observed phase compositions are also included in Table 2. We have used the data from the
CMAS system in conjunction with our new data in the CMASN system to regress smoothed
P-T-X surfaces to each oxide in each phase to determine the compositions of all coexisting
phases at a chosen pressure and temperature within the range (interpolation), and to some
degree outside the range (extrapolation), of the experimental data.

Figure 2 shows interpolated and extrapolated molecular normative liquid compositions
projected from diopside onto the complementary ternaries FO-SD-PL and FO-PL-SX
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[where FO is forsterite, SD is silica deficiency (2Ne), PL is plagioclase, and SX is silica
excess]. This plotting method, developed by Chayes (1985), has the advantage that the SD
and SX apices are antithetic so that variations in Na2O and SiO2 contents of liquids in either
ternary produce essentially proportional shifts on the diagram. There is some deflection of
projected traces of liquid composition across the plane of critical silica undersaturation, but
they are minor for compositions near the central portion of the diagram. This plotting
method is utilized throughout the remainder of this study. The solid circles in Fig. 2 are
experimentally determined liquid compositions. Shown as narrow lines are the traces of
selected isobarically univariant melting curves, and contours for percent Na2O in the liquid,
as determined in the regression procedure. The thick lines represent the traces of liquid
compositions along the plagioclase to spinel and spinel to garnet lherzolite P-T univariant
curves. For any liquid composition within the domain of the model data set, the
compositions of the four coexisting phases are known. Therefore, the model data set
encompasses melting in a large portion of the plagioclase lherzolite field, and the entire
pressure range of the spinel lherzolite field applicable to model upper-mantle lherzolite. With
the resultant model data set we quantitatively determine the melting behavior of simplified
lherzolite.

Data interpolation and extrapolation

A second-degree polynomial of the form

(1)

TABLE 2

Experimental conditions, run products, and phase compositions*

1-9+
1242°C, 48 h
fo + en + di + pi + hq

70112
1225 °C, 50 h
fo + en + di + pi + Ik)

70210
1245°C, 48 h
fo + en + di + pl + liq

122-9+
1285°C, 48 h
fo + en + di + pl + liq

90112
1240 °C, 50 h
fo + en + di + pl + liq

91110
1265 °C, 50 h
fo + en + di + pl + liq

122-1, 9-3 kbar
13O2°C, 48 h
fo + en + di + pl+sp+liq

Glass (8)
Cpx (20)
Pig (15)

Glass (10)
Cpx (20)
Opx(l5)
Plag (8)

Glass (8)
Cpx (20)
Opx(16)
Plag (8)

Glass (8)
Cpx (16)
Opx (16)

Glass (8)
Cpx (16)
Opx (16)
Plag (8)

Glass (8)
Cpx (20)
Opx (16)
Plag (8)

Glass (6)
Cpx (16)
Opx (16)

CaO

15-6 (O3){
19-7 (2-2)
4-27 (07)

111 (02)
192 (1-2)
2-61 (06)

114 (06)

12-2 (03)
19-0 (09)
2-57 (04)

14-0 (05)

151 (01)
18 8 (1-0)
2-49 (03)

107 (02)
191 (08)
2 66(03)

11-3 (04)

12 7 (01)
19-1 (1-4)
2-64 (04)

14-6 (05)

15-0 (04)
19 7 (05)
2-03 (02)

MgO

1 Atmosphere
12-4 (03)
22-5 (2-0)
35-9 (1-0)

7 kbar
9 8 (03)

220 (18)
36-8 (05)
044 (02)

107 (03)
21 8 (07)
36-1 (06)
043 (01)

14 5 (02)
22-4 (09)
36O (07)

9 kbar
101 (03)
216 (08)
36-5 (1-3)
045 (02)

1 IS (05)
217 (11)
358 (07)
041 (02)

14-6 (01)
2O2 (08)
35-0 (04)

A12O3

15 8 (04)
2-53 (04)
1-08 (04)

17-3 (03)
3-56 (07)
216 (03)

28-6 (04)

180 (01)
3-57 (07)
2-60 (06)

3O5 (04)

19-1 (03)
4-88 (08)
4-68 (1-0)

18-9 (05)
3-82 (06)
3O7 (06)

28-7 (05)

18-9 (O5)
3-96 (07)
3-26 (O6)

3O7 (06)

2O2 (04)
8-52 (09)
8-57 (09)

S,02

55-5 (07)
54-9 (06)
58 3 (03)

56-5 (06)
54-9 (09)
58-2 (05)
550 (O5)

54-8 (O4)
54 8 (08)
58-1 (04)
52-2 (07)

5O5 (03)
53-5 (09)
56-4 (1-4)

538 (03)
54-6 (05)
57-4 (O8)
551 (06)

52-9 (O5)
54-7 (08)
58-0 (06)
51-3(07)

49-4 (O3)
51-4 (08)
54-3 (07)

Na20

—

4-27 (Ol)
028 (0-04)
005(001)
4-80 (03)

308 (02)
023 (005)
003(001)
3-54 (O3)

—

5-15(02)
045(01)
010(002)
4-98 (O3)

2-63(01)
027 (005)
005(001)
3-49 (O4)

—

Total

99-3(06)
99-6 (05)
99-6(05)

990 (04)
1000(06)
99-8 (08)

10O2 (05)

98-8 (03)
99-4 (05)
99-4 (06)

10O6 (05)

99 2(03)
99-6 (06)
99-6(06)

98-7 (03)
99-6(06)
99-8(09)

I0O5 (08)

98-9 (04)
99-8 (05)
99-7 (06)

1004(1-2)

99-2 (03)
99-8 (06)
99-9(06)
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100210
128O°C,60h
fo + en + di + pi + liq

110112
1255°C,50h
fo + en + di + pi + liq

116-3f
135O°C, 48 h
fo + en + di + sp+liq

120310
1295 °C, 60 h
fo + en + di + pi + liq

1201-06
1345°C, 60 h
fo + en + di + sp + liq

130210
1310°C, 60 h
fo + en + di + pl + hq

1406-04
1355X, 72 h
fo + en + di + sp + liq

1402-06
1365 °C, 90 h
fo + en + di + sp+liq

1401-06
1370*C, 54 h
fo + en + di + sp + liq

66-17-5§
1380°C, 45 h
fo + en + di + tp + liq

1701-06
1420 °C, 50 h
fo + en + di + sp + liq

200803
1424 °C, 120 h
fo+en + di + sp+liq

2002-04
1440 °C, 48 h
fo + en + di + sp + liq

200106
1455°C, 72 h
fo + en + di + sp + liq

66-2O-3§
1470°C, 48 h
fo + en + di + sp + liq

2303-04
1480 'C, 74 h
fo + en + di + sp + liq

2311O7
1490°C,70h
fo + en + di + sp+liq

Glass (10)
Cpx (12)
Opx (12)
Plag (8)

Glass (8)
Cpx (20)
Opx (16)
Plag (8)

Glass (8)
Cpx (20)
Opx (20)

Glass (12)
Cpx (20)
Opx (20)
Plag (10)

Glass (12)
Cpx (30)
Opx (30)

Glass (10)
Cpx (16)
Opx (16)
Plag (16)

Glass (8)
Cpx (14)
Opx (14)

Glass (8)
Cpx (16)
Opx (14)

Glass (6)
Cpx (14)
Opx (14)

Glass (8)
Cpx (16)
Opx (16)

Glass (6)
Cpx (20)
Opx (16)

Glass (8)
Cpx (15)
Opx (15)

Glass (7)
Cpx (12)
Opx (12)

Glass (8)
Cpx (14)
Opx (12)

Glass (6)
Cpx (15)
Opx (16)

Glasj(8)
Cpx (15)
Opx (15)

Glass (8)
Cpx (15)
Opx (15)

TABLE 2

CaO

121
17-9
2-48

13-2

10-3
16-8
2-83

111

14-9
19-3
217

12 2
17-5
2-41

13-4

(03)
(O9)
(02)
(07)

(0-2)
(1-9)
(04)
(05)

(02)
(05)
(02)

(0-1)
(1-8)
(05)
(07)

13 9 (0-2)
17-3 (1-7)
217 (0-5)

11-4
16-9
2-68

131

110
16-8
2-36

12-9
17O
2-37

136
17 1
2-32

9-9
15-0
2-49

(03)
(1-7)
(O4)
(O8)

(02)
(1-2)
(06)

(02)
(1-8)
(O4)

(O2)
(M)
(03)

(03)
(1-6)
(O6)

130 (01)
16-3 (1O)
2-39 (0-3)

10-2
14 9
2-29

11-9
147
2 27

13-2
15-8
2-38

14-2
16-4
2-58

118
14-2
2-26

13O
14-9
2-36

(01)
(09)
(O4)

(03)
(1-2)
(03)

(02)
(07)
(01)

(02)
(O6)
(O2)

(03)
(08)
(01)

(02)
(05)
(01)

—continued

MgO

lOkbar
11-6 (02)
21-3 (O6)
34 8 (03)
019(01)

/ /
102
22-9
35-8
O31

16-8
2O2
34-6

kbar
(O4)
(1-9)
(06)
(02)

(02)
(1O)
(05)

12 kbar
12-2 (05)
2O9 (1-6)
341 (05)
018 (01)

13-9
20-7
33-3

(04)
d-8)
(08)

13 KDar
11-6 (06)
214 (1-4)
33 9 (05)
013(01)

14
11 8
2O7
33-6

13-9
210
33-7

152
211
33-7

kbar
(03)
(1-4)
(10)

(03)
(1-6)
(06)

(02)
(1-1)
(05)

17 kbar
120 (O5)
211 (1-4)
331 (06)

16-7
21 6
33-6

(02)
(O9)
(05)

20kbar
14-4 (02)
21-5 (08)
33-6 (06)

16-3
22-3
33-5

17-7
22-0
33-6

19-4
22-4
34-1

(06)
(11)
(03)

(05)
(O6)
(06)

(04)
(07)
(05)

23 kbar
181 (06)
22-4 (O6)
33-6 (O3)

18 4
22-4
33-5

(02)
(O5)
(03)

19-5 (03)
5-77 (05)
5 20 (07)

306 (06)

19-7 (O4)
4-94(09)
3-81 (04)

28-7 (05)

19-2 (02)
9-5 (1-3)
9-49 (1-3)

215 (03)
7-73(11)
711 (06)

311 (09)

2O9 (03)
9-33 (1-5)
9-36(1-2)

21-9 (05)
7-86 (O9)
7-47 (O6)

305 (O6)

21-5 (02)
9-62 (08)
9-66 (07)

208 (05)
9-52 (08)
9-59 (O6)

2O7 (04)
9-58 (07)
9-55 (07)

21-5 (05)
9-81 (06)
971 (06)

19-9 (02)
9-71 (08)
9-71 (05)

2O6 (01)
1O0 (09)
100 (10)

200 (03)
10O (04)
9-83 (06)

19-5 (03)
100 (O4)
9-72(1-2)

18-4 (03)
100 (09)
9-87 (07)

19-5 (04)
101 (05)
100 (06)

19-2 (02)
102 (05)
9-94 (05)

SiO2

53-4 (05)
54-3 (05)
57-2 (07)
520 (08)

540 (06)
54 5 (08)
57-4 (03)
55 1 (O4)

49-3 (02)
51-4 (08)
53-9 (1-3)

5O3 (04)
53-4 (11)
56-1 (05)
517(11)

49-7 (02)
521 (11)
54-6 (08)

511 (07)
53-6 (08)
56-1 (04)
52-4 (I 2)

51-5 (O6)
52 4(02)
54-3 (08)

5O2 (05)
51-9 (06)
54-2 (10)

49-4 (06)
520 (07)
54-4 (07)

51-9(06)
52-7 (06)
54-2 (03)

49-6 (03)
51-8 (06)
540 (05)

5O1 (O6)
52-1 (05)
537 (09)

49-2 (06)
52-7 (06)
54-6 (04)

48-4 (06)
52-4 (05)
54-5 (08)

48-3 (03)
51-3 (O5)
53-6 (O5)

48 5 (06)
52-2 (05)
53-8 (05)

48-4 (03)
521 (08)
53-7 (O4)

3-47 (Ol)
037 (Ol)
006(001)
3-74 (O3)

5-54 (02)
O55(O1)
010(001)
5 26 (O3)

—

3-59 (Ol)
049(01)
008(002)
3-98 (04)

1-69(01)
026 (004)
004(001)

4-23(01)
049 (Ol)
009(001)
4O8 (O5)

4-39 (Ol)
O63(O1)
009 (001)

2-56(01)
040 (005)
007(001)

145(01)
027 (005)
005(001)

5-32 (02)
O97(O1)
019(001)

1-36(01)
028 (003)
005 (O01)

4-96(01)
O92(O1)
O17 (002)

2-70(01)
063 (002)
013 (001)

115 (01)
031 (005)
005(001)

E
2-56 (Ol)
071 (01)
015(001)
1-37(01)
O36 (005)
007(001)

Total

100-1 (07)
99-7 (O6)
99-8 (05)
99-7 (O6)

99 8(07)
99-7 (O7)
99-9(06)

1005 (06)

1002 (03)
10O4 (04)
1002(1-3)

99-8 (O6)
1000 (08)
99-8 (06)

10O4 (O8)

1001 (O5)
99-7 (08)
99-5 (07)

10O2 (08)
1003 (09)
1003 (05)
10O3 (1O)

10O2 (07)
10O1 (05)
1001 (08)

1004 (11)
99-8 (09)

1000 (07)

1004(1 1)
10O1 (07)
100-1 (07)

10O2 (O8)
99-6 (05)
99-7 (05)

10O6 (04)
99-7 (05)
99 8 (07)

I0O2 (05)
99-4 (04)
99-8 (08)

100-1 (04)
10O3 (O6)
I0O3 (O5)

I00O (06)
1005 (05)
10O3 (08)

I0O3 (04)
10O1 (05)
10O2 (06)

10O5 (07)
99-6 (O4)
99-9 (04)

10O4 (O6)
99-9(06)
9*6(05)
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T A B L E 2—continued

2702-03
1507'0,7211
fo + en + di + sp+liq

2701-04
1518°C, 72 h
fo + en + di + sp + hq

2701-07
1535°C,72h
fo + en + di + sp + liq

3002-03
1531°C, 72 h
fo + en + di + sp + liq

562-1g
1575°C,72h
fo + en + di + sp + gt + liq

320211
1580°C, 50 h
fo + en + di + sp + liq

340311
158O°C, 50 h
fo + en + di + gt + sp + liq

340211
I585°C, 52 h
fo + en + di + gt + qu

350311
1594 °C, 50 h
fo + en + di + gt + sp + liq

Glass (6)
Cpx (11)
Opx (10)

Glass (8)
Cpx (12)
Opx (16)

Glass (8)
Cpx (10)
Opx (10)

Glass (6)
Cpx (20)
Opx (20)

Glas(ll)
Cpx (15)
Opx (10)
Garnet (14)

Glass (8)
Cpx (16)
Opx (16)

Glass (8)
Cpx (12)
Opx (12)
Garnet (8)

Quench (20)
Cpx (16)
Opx (16)
Garnet (10)

Glass (8)
Cpx (14)
Opx (14)
Garnet (8)

CaO

9-80 (02)
11 1 (05)
215(01)

11-0 (02)
12-2 (09)
2-33 (01)

12-5 (01)
131 (07)
245(01)

9-81 (01)
1O1 (09)
214 (04)

13-5 (02)
13-8 (O6)
2-83(01)
5 43(01)

11-4 (01)
111 (06)
2 37 (02)

11-4 (01)
1O9 (07)
2-29(01)
5-08 (03)

11-6 (11)
105 (09)
2 42 (02)
4 59 (05)

109 (02)
107 (08)
2-37(01)
4-90(01)

MgO

27 kbar
17-6
22 8
331

18-7
23-7
33-0

208
23-7
331

(03)
(O5)
(0-3)

(0-1)
(1-0)
(04)

(02)
(07)
(O4)

30 kbar
18-7
24-6
32-9

22 1
23-7
32-9
25-2

(02)
(1-0)
(07)

(02)
(06)
(03)
«M)

32 kbar
22-0
24-3
33-0

(03)
(06)
(04)

34 kbar
22-0
24-7
33-4
25-5

231
26-2
34-7
25-8

(03)
(05)
(05)
(03)

(13)
(11)
(07)
(06)

35 kbar
22-2
25-0
33 1
25-8

(03)
(06)
(06)
(03)

19-1
105
103

18 8
105
103

18-3
105
104

18 5
107
106

17-0
109
106
25 2

174
108
106

16-5
107
9 76

24-9

151
8-42
7-20

25-2

16-2
103
100
24-9

(02)
(O2)
(03)

(02)
(07)
(O6)

(02)
(04)
(05)

(03)
(05)
(1-0)

(02)
(09)
(03)
(02)

(03)
(04)
(04)

(02)
(02)
(05)
(03)

(05)
(06)
(09)
(03)

(03)
(08)
(05)
(01)

SiO2

48 9(02)
53-7 (O3)
54-3 (03)

48-5 (03)
53-2 (06)
54-3 (06)

47 6 (05)
52-4 (06)
540 (05)

49-1 (O7)
53-3 (O5)
53-8 (1-0)

47-3 (05)
51-4(08)
53-6 (03)
44 2 (03)

47-5 (05)
52-7 (O4)
53-7 (06)

480 (04)
52-6 (04)
53-9 (05)
44-1 (02)

48 4 (07)
54-2 (05)
55 8 (09)
44-6 (O3)

48-4 (05)
530 (05)
53-9 (06)
44-4 (03)

/VfljO

4-63 (02)
1-21 (01)
O31 (002)
3-30 (02)
086 (Ol)
019(002)
1-24(01)
039 (005)
009(001)

4-25 (02)
1-20 (02)
027 (005)

—
—
—
—

200(01)
081 (Ol)
023 (O03)

218 (01)
084(01)
020 (003)

—

1 18 (05)
085(01)
023 (003)

—

2 70(01)
086(01)
024 (003)

—

Total

1000(05)
1003 (04)
10O2 (04)

10O3 (06)
10O5 (05)
10O1 (05)

10O4 (07)
1001 (04)
10O1 (07)

10O4 (1-3)
99-9 (05)
99-7 (06)

99-9 (03)
99-8 (03)
99-9(03)

I00O (04)

10O3 (09)
99 7 (08)
99-9(06)

10O1 (06)
99-7 (05)
99-6 (06)
99-6 (05)

99-4 (11)
10O2 (06)
10O3 (O9)
10O2 (06)

100-4 (05)
99-9 (07)
99-6 (09)

lOOO (05)

•Information listed for each pressure U run number, temperature, duration, and assemblage where fo is forstcrite, opx is
orthopyroxene, cpx is clinopyroxene, pig is pigeomte, plag is plagioclasc, sp is spinel, gt is garnet, liq is liquid, and qu is quench.

t Reanalyzed experiments from Presnall el al (1979).
+ Numbers in parentheses are analytical uncertainties reported as two standard deviations.
{Reanalyzed expenments from J.D. Hoover (unpublished expenments, 1982).
| Data from Milholland & Presnall (1989).

with pressure (P) in kbar and temperature (T) as 7/10 000 in °C, was fitted empirically to
each dependent oxide variable (/) in each phase (/) as a function of the independent variables
of/3 and T. Regression coefficients (a, /?, etc.) were calculated using least-squares multiple
linear regression. Data from each stability field were treated independently with the
exception that phase compositions along the plagioclase-spinel and spinel-garnet
univariant curves were used as fixed boundaries for adjacent stability fields (i.e., phase
compositions from adjacent stability fields must change continuously toward, and meet at,
the transition curves). These curves emanate from P—T invariant points in CM AS at 9-3 kbar
[plagioclase-spinel transition; Presnall et al. (1979)] and 30 kbar [spinel-garnet transition;
Milholland & Presnall (1989)].

The P-Ts\ope of the spinel-garnet univariant curve was determined by a linear regression
of experiments along the boundary at 30,34, and 35 kbar. No experiments lay directly on the
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PL

fo+opx+cpx+ip+pl+liq
6% / fo+opx+cpx+pl+liq

9.3 f
0% (

fo+opx+cpx+sp+gl+liq

FIG 2. Molecular normative diagram showing the field of interpolated and extrapolated liquid compositions from 5
to 35 kbar, as projected from DI onto the complementary ternaries FO-SD-PL and FO-PL-SX [see text and
Chayes (1985) for explanation of this type of diagram]. Solid circles show the compositions of experimentally
produced glasses. Also shown are the traces of liquid compositions along selected isobars and traces of the
plagioclase-spinel lherzolite and spinel-garnet Iherzolite univariant curves (thick lines). At any point within the

range of the data shown, the compositions of phases coexisting with the liquid are also known.

plagioclase-spinel univariant curve, so the slope was estimated from the 9-3-kbar invariant
point in CMAS, together with experiments that bracket the boundary at 10, 11, 12, and 13
kbar in CMASN. Both the plagioclase-spinel and spinel-garnet univariant curves extend to
higher pressures and temperatures with increasing Na2O in the liquid phase (i.e., have
positive Clapeyron slopes). Next, the compositions of phases from the plagioclase field were
regressed, and were extrapolated to the plagioclase-spinel univariant curve. Phase
compositions along the spinel-garnet univariant curve were determined by regression of
phase compositions in experiments on the phase boundary at 30, 34, and 35 kbar. These
calculated phase compositions along the plagioclase-spinel and spinel-garnet univariant
curves were then used as fixed boundary compositions for adjacent stability fields. Phase
compositions from the spinel field, together with the calculated phase compositions along the
univariant curves, were then regressed.

After the first iteration using this approach, it became apparent that phase compositions
can change greatly near the univariant curves, and that in most cases, the equation used in
the regressions could not reproduce known phase compositions accurately. We therefore
divided the spinel stability field into regions. Figure 3 is a P-T plot that shows our chosen
divisions and also the positions of the plagioclase-spinel and spinel-garnet univariant
curves. Phase compositions from each region were treated separately, with the exception that
in the transitional regions (B and D) some of the results from regions A and C were included.
For example, solutions were first determined for all of the phase compositions from 17 to 30
kbar. Next, calculated phase compositions at 15 and 30 kbar from region C were used as
upper and lower fixed boundary compositions for regions B and D, respectively. This
approach resulted in regressions that reproduced all the data more accurately, although
there are some minor compositional discontinuities between each region. Because of
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1700

Q 1600
Regression Regions |

Plagioclase-Spinel
Univariant Curve

Pressure (kbar)
FIG. 3. Pressure-temperature plot showing the regions used in the regression procedure. Also shown are the
positions of the plagioclase-spinel and spinel-garnet lherzolite univariant curves. Regression coefficients for each

oxide in each phase are listed on a region-to-region basis in Table 3.

insufficient data, phase compositions from experiments in the garnet lherzolite stability field
were not regressed.

In Table 3 regression.coefficients are presented for each oxide in each phase for all regions,
together with the average differences (in wt.%) between calculated and measured
concentrations for each solution. Also listed are the P-T equations for the two univariant
curves. Figure 4 is a- projection from Na2O in the liquid onto the P-T plane, illustrating
the results of the regression procedure. Contours of 0, 3, and 6 wt.% Na2O lie on a
surface in P-T-X space that has been regressed to the experimental data (solid diamonds).
The data points are shown with error bars representing approximate experimental
uncertainties in pressure and temperature. Because no attempt at including the effects of
uncertainties in pressure, temperature, or phase compositions was made in the regression
procedure, the average differences listed in Table 3 reflect the sum of all analytical
uncertainties.

A noteworthy feature in Fig. 4 is that the regression of the data results in concave-up
contours of constant Na2O and of the CMAS solidus in the plagioclase lherzolite stability
field. Presnall et al. (1979) drew the plagioclase lherzolite solidus in CMAS as a concave-
down curve, consistent with the shape of the spinel lherzolite solidus, and with other silicate
melting curves. Because errors in pressure and temperature are not considered in the
regression, the fit is non-unique and the shapes of the contours may be an artifact of the
procedure. Rather than forcing the regression to produce contours with a preconceived
shape, we have chosen to acknowledge that the fit results in unlikely contour shapes.
Although this does result in a slightly concave-up shape to the solidus of model lherzolite in
the CMAS and CMASN systems (see the section 'Melting behavior of simplified lherzolite'
and Fig. 7), it affects none of the conclusions on the melting behavior of model lherzolite in
subsequent sections.

The regression procedure described above was used to interpolate and extrapolate data for
phases of variable composition (opx, cpx, plag, and liquid). On the basis of selected
microprobe analyses from several experiments over a range of pressures (not included in
Table 2), it was determined that spinel and forsterite have near-endmember compositions



340 M. J. WALTER AND D. C. PRESNALL

over a range of experimental conditions, with the exception of 005% CaO and 0-20% SiO2 in
spinel, and 0-35% CaO in forsterite.

VARIATIONS IN PHASE COMPOSITIONS DURING LHERZOLITE MELTING

Compositional variation in phases is independent of the bulk composition being melted as
long as all the crystalline phases of lherzolite are present (forsterite, orthopyroxene,
clinopyroxene, and one of plagioclase, spinel or garnet).

TABLE 3

Regression coefficients for phases of variable composition*

Melt
CaO
MgO
A12O3

SiO2

Na2O

Plagioclase§
CaO
A12O3

SiO2

Na2O

Clinopyroxene
CaO
MgO
AI2O3

SiO2

Na2O

Orthopyroxene
CaO
MgO
A12O3

SiO2

Na2O

Melt
CaO
MgO
AI2O3

SiO2

Na2O

Clinopyroxene
CaO
MgO
A12O3

SiO2

Na2O

Orthopyroxene
CaO
MgO
A12O3

SiO2

Na2O

a

-46-0886
713166
199-041

-73-9413
-97-7664

1467-33
1850-6

-2161-3
-1030-26

69-698
383-727

1089-47
-1124-4

-100-387

59-0844
507-729

1188-56
-1185-21

-10-5632

896-56
935-502

-137-438
-475-774
-962143

688-507
-48-4993

62-8159
-383-358
-265-99

234-837
5-04062

-304-405
633-537

-34-423

P

3-61665
19-8105
5-6314

-17-7391
-3-57945

34-8
40-301

-52-2601
-20-5347

-4-94824
11-6337
1-45313

-9-40092
-0-602857

1-51915
9-51127
3-80524

-16-2099
-0012221

5-82936
5-4572
3-74379

-7-30911
-12-9863

5-761
-305931

4-21473
-11-7661

-3-98828

3-77766
-5-60036
-3-60359
12-1803

-O135448

X

Region A

-0-015
0027434
0011539

-0037893
0028673

0-11052
0-18305

-0-20253
-0065356

-0O47
0047225

-0062884
-0010447

0O05

0017588
0048549

-0077703
-0013482

0O0I1

Region B

-0009579
0029026
0021385

-0032525
0017239

-0013363
0019039
0003163

-0061357
-000405

0007051
-0014524
-0026185

0031023
0004146

5

(l-\5kbar)X

-32-2104
-163-543
-43-4408
144-8
310356

-300-316
-352132

453-85
176-788

42-2652
-97-7516

-0-292283
76-269
4-84105

-14-2045
-83-5267
-17-2244
130-656

0097067

(10-15 kbar)

-49-1172
-53-7498
-29-9198

63-6429
103-771

-44-6774
18-7653

-30-4672
101-553
320073

-29-5781
42-2254
330024

-94-8425
0-48358

E

831121
-13091-7
-3505-29

399418
2543-55

-26565-6
-32617-5

40186-7
18354-2

-458056
-6442-51

-17722-4
19602-8

1682-76

-955O64
-7886-32

-19586-8
21165-2

180-207

-14026
-14881-2

2192O9
8830-37

16113-9

-10620-9
1295-37

-124819
7819-91
4410-4

-3807-89
922163

4918-86
-9595-69

536-384

3336.47
60000-7
16343 7

-237461
-14141

120398
145558

-181245
-81187

440-344
284691
71836

-813681
-7039-91

4083-59
33186-3
80306-5

-89790
-766-225

560771
60675

-7533-7
-37158-4
-67365-8

42158-6
-5580-11

620408
-34852-2
-18259-3

15539-7
-5181-96

-19590-9
39455-5

-207O5

0-17
0-25
0-27
0-40
0-21

0-38
0-68
0-86
018

031
030
O40
O30
002

O10
012
O30
O30
001

040
058
036
042
075

032
038
018
036
009

OI5
022
021
026
001
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T A B L E 3—continued

Melt
CaO
MgO
AI2O3

SiO2

Na2O

Clinopyroxene
CaO
MgO
AI2O3

SiO2

Na2O

Orthopyroxene
CaO
MgO
A12O3

SiO2

Na2O

Melt
CaO
MgO
A12O3

SiO2

Na2O

Clinopyroxene
CaO
MgO
A12O3

SiO2

Na2O

Orthopyroxene
CaO
MgO
A12O3

SiO2

Na2O

575-294
1028-51

_ 405-444
-470-533
-606-387

779-931
108198

15-0359
-4481735
-243-389

48-9859
199-647
78-376

-85-2681
— 47-2815

437-739
1006-65

-352-377
-449-548
-854-605

681-214
-28-033

13-5439
-421-023
-156-351

64-003
198-632

-27-7026
-103-012
-171686

8-34909
23-8731

-9-93017
-12-3489

-9-32633

11-4164
2-40638
0037045

-9-32378
-3-07466

0761731
3-85785
1-40387

-3-28624
-0-524386

9-56613
25-0415

-10-7254
-14-0344

- 1 2 1 5

11-2628
1-74307

-0-204202
-9-61248
-3-68031

0-838088
31615
1-60454

-3-8213
-0-988154

Region C

0050795
0153631

-0067131
-0076294
-0056696

0053741
0015271

-0001931
-0051652
-0013131

0003916
0022382
0006981

-0021918
-0002127

Region D

0086819
0124438

-0084191
-0020584
-001344

0113516
-O001711
-0021252
-0060438
-0027029

0007195
0035018

-0007637

(15-30 kbar)

-79-9923
-214-545

89-8585
109 643
89-546

-10O76
-19-8811

0732718
82-064
26-9841

-6-75031
-34-3408
-11.3816

29-8983
4-66156

(30-35 kbar)

-101-954
-211156

101-666
99-5084
19-41

-122-734
-104699

9-68177
87-3473
36-3549

-8-48998
-34-5781
-7-29796

-00138149 3O3172
-0-00542 8-97503

-9679-3
-18295-7

7643-16
9321-03

10626-2

-12582-9
-1578-74

-89-5347
8482-71
3994-25

-789-336
-2942-05
-1162-52

2506-29
768-505

-8144-48
-18237

7112-88
9364 22

12301-6

-11291-4
314-519

-21-7329
819O41
2983

-999-646
-2799-5

175-334
2837-67
467-437

42106-75
82026

-34165
-415002
-46746-8

52421-6
6956-31

277-798
— 36171-6
-16495-3

335816
13032-7
4861-64

-11236-71
-315028

39313-8
81537-2

-33606-6
-40673-8
-45399-7

50405-7
-71-2612

-804-348
-35749-4
-14137-8

4208-41
12597-77

153-503
-12352-6
-2593-91

023
032
Oi l
034
O20

028
022
006
018
O05

008
014
007
017
O01

O30
027
008
036
057

010
023
O06
003
004

O10
008
006
005
O01

Plagioclase-spinel lherzolite univariant curve: T= 1366-44— 12-78/> + O69P2.
Spinel-garnet lherzolite univariant curve: 7"= 1494 + 2-67P.
* Regression coefficients for second-order polynomial equation of the form:

X'j = a + PP + xP 2 + 5PT+ET+ <pT2

where X] is concentration in weight percent of oxide i in phase./, P is pressure (in kbar), and 7"is temperature/10 000
(in °C).

f Average difference between regressed and observed values.
J See Fig. 2 for pressure-temperature regions.
§ Average MgO content of plagioclase is 03 wt.%.

Liquid

Figure 5 shows how each oxide varies as a function of Na2O content in the liquid at
representative pressures in the plagioclase (7 kbar) and spinel (20 kbar) fields, and over a
small portion of the melting curve in the garnet field at 40 kbar (estimated from experiments
at 40 kbar not included in this study). (For brevity, the terms plagioclase field, spinel field,
and garnet field will be used to indicate lherzolite assemblages containing olivine,
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1200
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Pressure (kbar)
FIG. 4. Pressure-temperature plot showing contours of weight percent Na2O in the liquid as determined in the
regression procedure. Diamonds represent experimental data points with representative error bars for pressure and

temperature. Thick lines are the plagioclase-spinel and spinel-garnet lherzolite univariant curves.

orthopyroxene, clinopyroxene, and one of the aluminous phases.) Na2O was chosen as the
independent variable in these diagrams rather than temperature, to facilitate comparison
between fields. In all cases, decreasing Na2O reflects increasing temperature and degree of
melting along lherzolite melting curves. With increasing temperature at constant pressure,
CaO increases in the plagioclase and spinel fields, and decreases in the garnet field. MgO
increases in all fields, whereas A12O3 decreases in the spinel and garnet fields, but increases in
the plagioclase field. In the plagioclase and spinel fields, SiO2 decreases with temperature,
whereas in the garnet field it increases. At constant Na2O in the liquid, an increase in pressure
results in a decrease in CaO and an increase in MgO across all fields. SiO2 decreases with
pressure throughout the plagioclase and spinel stability fields, but increases in the garnet
field. A12O3 increases moderately from the plagioclase to spinel fields (except in liquids with
low Na2O), but decreases from the spinel to garnet fields.

Decreasing SiO2 with increasing temperature is counter-intuitive on normative projec-
tions such as Fig. 2, because increasing temperature produces a shift toward the silica apex
along all melting curves. In the CMAS system, movement of a point toward the silica apex in
the normative tholeiitic basalt tetrahedron (forsterite-diopside-anorthite-silica) obviously
corresponds to increasing SiO2. However, if Na2O is added to the system, movement of a
point toward the silica apex can result in a decrease in SiO2 if Na2O simultaneously decreases
sufficiently. This occurs because the anorthite apex is now replaced by plagioclase (albite and
anorthite added together) in CM ASN. Anorthite has a much lower SiO2 content than albite.
Let us consider the case of a point in the fo-di-pl-qz tetrahedron in which the plagioclase is
pure albite. A second composition at the same location in which the plagioclase component is
pure anorthite would have a lower SiO2 content. The example can be extended to show that a
certain amount of movement of a point toward the silica apex can occur even though the
SiO2 content decreases.

Plagioclase

We have used the expressions listed in Table 3 to calculate an equilibrium expression for
plagioclase coexisting with liquid between 7 and 13 kbar. Liquid compositions have been
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FIG. 5. Variation diagram showing oxide trends (in wt.%) for liquids along Iherzolite melting curves in CMASN at
selected pressures in the plagioclase field (7 kbar), spinel field (20 kbar), and garnet field (40 kbar—estimated from
experiments not included in Table 2). Decreasing Na2O corresponds to increasing temperature along all melting

speciated into the molecular components CaO, CaAl2O4, MgO, SiO2, and NaAlO2, based
on the procedure of Bottinga & Weill (1972). Sisson & Grove (1993) have shown that these
components work well for describing olivine-liquid equilibrium in natural basaltic liquids.
With these components, the plagioclase-liquid equilibrium reaction is written as

Abpl., + CaAl2O4 ,„ = Anpla, + SiO2 IIq + NaAlO2 liq. (2)

For an ideal solution model, this reaction has an equilibrium constant given by
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Ab"•eq — (-*An X ^SiO2
 X •*NiAlOj)

For a thermodynamically based expression relating Kcq, P, and T, multiple regression of
calculated equilibrium constants between 7 and 13 kbar gives

= - 6605 + (9629-57/r) + [O-O58(P- 1 )/T] (4)

where 7* is in degrees Kelvin and P is in bars. The weighted sum of the deviations squared for
the regression was 0003. The good fit of equation (4) to the calculated equilibrium constants
suggests that an ideal solution model gives a good approximation for plagioclase-liquid
equilibria, at least for the chosen components.

Figure 6 is a temperature-pressure plot that shows contours of Kcq calculated from
equation (4), at pressures between 7 and 13 kbar. Also shown are two contours of CaO/Na2O
in the liquid that correspond to a range that encompasses liquids generated along the
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FIG. 6. Pressure-temperature plot showing contours of plagioclase-liquid equilibrium constants as determined from
the equation log10A:^= -6-605 + (9629-57/r) + [O058(/>- 1 )/T] where P is in bars and r i s in K. Contours of

constant CaO/Na2O in the liquid are shown as dashed lines.

lherzolite solidus in CMASN at these pressures, and, in general, most natural basaltic
compositions. This diagram illustrates that plagioclase-liquid equilibrium is sensitive to
both temperature and pressure. At constant pressure, an increase in temperature leads to an
increase in the CaO/Na2O in the liquid and a more anorthite-rich plagioclase. However, an
increase in pressure at constant temperature leads to lower CaO/Na2O in the liquid and to a
more albite-rich plagioclase. An additional relationship not evident from Fig. 6 is the
correspondence, for a given CaO/Na2O in the liquid, of a higher value of Kcq to a more
anorthite-rich coexisting plagioclase. Thus, for a given liquid CaO/Na2O, coexisting
plagioclase compositions become more albite rich with increasing pressure and temperature.

These data are consistent with phase relationships in the albite-anorthite system at
pressures up to 20 kbar (Lindsley, 1968) and with the results of melting studies of basalt at
high pressure. For example, Bender et al. (1978) found that the composition of the first
plagioclase on the liquidus of FAMOUS basalt 527-1-1 was more albite rich at 8 kbar (An73,
1250°C) than at 6 kbar (An78, 1240°C). In CMASN, plagioclase coexisting with
liquid + lherzolite at 9 kbar and 1270°C has a composition of An75, whereas at 7 kbar and
1260°C plagioclase has a composition of An80.
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Anorthite-rich plagioclase (>An90) has been observed as megacrysts in oceanic basalts
(e.g., Donaldson & Brown, 1977). Our data at 7 and 9 kbar suggest that liquids with Na2O
contents of less than ~ 1 % , and SiO2 content >52%, would coexist with anorthite-rich
plagioclase (> An90). Such 'depleted' liquids could occur at shallow levels (< 30 km) beneath
mid-ocean ridges or ocean islands, and if isolated from other liquids would fractionate very
An-rich plagioclase (Duncan & Green, 1980a, 1980b). The existence of liquids of such a
depleted nature has been postulated by several workers (Duncan & Green, 1980b; Sen, 1982;
Elthon & Casey, 1985; Johnson et al., 1990).

Pyroxene

Silica-undersaturated pyroxenes in the CMASN system are quaternary solid solutions
involving the diopside component (Di—CaMgSi2O6), the enstatite component
(En—Mg2Si2O6), the jadeite component (Jd—NaAlSi2O6), and the Ca-Tschermak
component (CaTs—CaAl2SiO6) in clinopyroxene or the Mg-Tschermak component
(MgTs—MgAl2SiO6) in orthopyroxene. Mole fraction end-member components are
calculated from structural formulae on the basis of cations per 6 oxygens using the following
expressions:

CPX: ; r E n = l - C a - N a
I,H = Na

OPX: A'Di = Ca
A\, = Na

The variations in these components in both clinopyroxene and orthopyroxene as a function
of temperature and pressure during melting of lherzolite are described briefly below.

Clinopyroxene

In both the plagioclase and spinel fields an increase in temperature (degree of melting) at
constant pressure produces a decrease in the Jd component, and an increase in the CaTs
component. In the spinel field, within the uncertainty of our data, the A12O3 content remains
essentially constant as temperature increases. However, in the plagioclase field, the CaTs
component increases rapidly relative to the decrease in the Jd component, so that the net
effect is an increase in A12O3 as temperature increases. For example, at 9 kbar the A12O3

content increases from 4-3 to 8-2 wt.% with an increase in temperature from 1252 °C to
1302 °C. In both fields, at constant temperature, the Jd component increases in
clinopyroxene with an increase in pressure, whereas the CaTs component decreases.

In the plagioclase field, an increase in temperature at constant pressure results in a
decrease in the Di component and an increase in the En component. Conversely, in the spinel
field, Di increases and En decreases with an increase in temperature at constant pressure. An
increase in pressure at constant temperature results in an increase in the Di component and a
decrease in the En component in the plagioclase field, and again, the opposite is the case in
the spinel field.
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Orthopyroxene

The Jd component is much less soluble in orthopyroxene than in clinopyroxene but
behaves similarly with respect to pressure and temperature. An increase in temperature at
constant pressure results in a decrease in the Jd component, and an increase in the MgTs
component in both the plagioclase and spinel fields. The A12O3 content of orthopyroxene in
the spinel field is constant with increase in temperature and has nearly the same
concentration as in clinopyroxene. In the plagioclase field, the MgTs component shows a
rapid increase with temperature, comparable with that of CaTs in clinopyroxene. With
increase in pressure at constant temperature the Jd component increases in orthopyroxene in
both fields. The MgTs component increases in the plagioclase field, and decreases in the
spinel field, with an increase in pressure at constant temperature.

In the plagioclase field, both the Di and En components decrease with increasing
temperature at constant pressure, whereas in the spinel field Di increases and En decreases.
An increase in pressure at constant temperature results in an increase in the Di component
and a decrease in the En component in the plagioclase field, and a decrease in both
components in the spinel field.

Our results for both clinopyroxene and orthopyroxene compositions along the lherzolite
solidus in CMAS (0% Na2O) are within experimental uncertainty of the values predicted
from the calculated CaTs, MgTs, and En isopleths of Gasparik (1984) from 1 atm to 20 kbar.

MELTING BEHAVIOR OF SIMPLIFIED LHERZOLITE

Simplified model lherzolite

To discuss the melting behavior of mantle peridotite, a model mantle composition in the
CMASN system must be chosen; however, no unique method exists for transforming a
natural composition into CMASN components. We have constructed model lherzolite
compositions that we feel are suitable CMASN analogs for 'depleted' to 'fertile' sub-oceanic
mantle. First, the average mode of 128 abyssal peridotites was determined (the residues of
melting to produce MORB) based on data presented by Dick et al. (1984), Dick (1989), and
Johnson et al. (1990). This yielded a mode of 73-4% ol, 20-6% opx, 5-2% cpx, 0-75% sp, and
0-05% pi. We selected a liquid at 11 kbar on the plagioclase-spinel univariant curve as a
reasonable CMASN equivalent of a liquid parental to average primitive MORB. Mineral
compositions in equilibrium with this liquid and the mode listed above were then used to
calculate a CMASN depleted mantle composition. Next, this depleted mantle composition
was mixed with the 11-kbar liquid composition in the proportions 80:20, 90:10, and 95:5 to
produce a set of model lherzolite compositions ranging from fertile to relatively depleted.
This method is nearly the same as that used by Presnall & Hoover (1987), and our model
lherzolite A is similar to their model lherzolite B. These compositions are listed in Table 4,
and are compared with the CMASN equivalent of the estimates of upper-mantle peridotite
compositions of Ringwood (pyrolite 3, 1975) and Hart & Zindler (hereafter H&Z) (1986).

Algebraic methods

Melting involving five phases in a five-component system is isobarically univariant. At a
given pressure, the coefficients of a chemical equation involving all phases (four
solids + liquid) and a suitable lherzolite bulk composition can be determined at any
temperature along the portion of the univariant curve constrained by the data set (e.g., 0-6
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T A B L E 4

Simplified model Iherzolite compositions

CaO
MgO
A12O3

SiO2

Na2O
DP:PBJ

PB*

13-6
13 3
209
5O6

1-6
—

DP*

1-8
5O4
2-8

45-0
O02
—

A

4-2
43-0

6-4
46-1

03
80:20

B

3-0
46-7
4-6

45-5
02

90:10

C

2-4
48-5

3-7
45-3

01
95:05

Pyrolite 3f

315
44-30

4-30
47-85

O40
—

H&Z\

3-25
44-40

410
47-90

O35
—

* PB—Model primary basalt; DP—model depleted peridotite.
t CMASN equivalent to pyrolite 3 (Ringwood, 1975) and estimated primitive mantle of Hart & Zindler (1986).

Natural compositions are recast into CMASN components by transforming into normative components and
multiplying normative phase proportions by end-member CMASN compositions.

JThe ratio of model depleted peridotite (DP) to model primary basalt (PB) used to calculate model Iherzolite
compositions.

wt.% Na2O in the liquid). We use the determinant method of Korzhinskii (1959) for
balancing chemical equations.

As discussed by Presnall (1986), the coefficients of a balanced equation involving all phases
and a lherzolite bulk composition are physically meaningful only if the bulk composition can
be described as a linear, positive combination of the five equilibrium phases (i.e., the bulk
composition can be described as liquid + lherzolite). If the liquid has a negative coefficient in
the determinant, then the selected temperature lies below the solidus for the chosen bulk
composition, but the reaction coefficients do not represent sub-solidus phase proportions. If
one or more solid phases have negative coefficients in the determinant, then at that
temperature a solid phase(s) has been lost to melting, and the reaction coefficients, again, do
not represent phase proportions. Thus, by observing the temperature at which the coefficient
for the liquid becomes negative, or at which that for a solid phase becomes negative, the
solidus and phase-out temperatures and phase proportions can be uniquely determined for
that bulk composition. In the temperature interval between these two extremes, where the
bulk composition can be described as liquid + four-phase lherzolite, the determinant gives
the phase proportions during lherzolite melting. We use this quantitative method to assess
the melting behavior of simplified lherzolite in CMASN. In a forthcoming paper, we present
a method for accurately identifying the nature of the lherzolite melting reaction in multi-
component systems involving several solid solutions.

Equilibrium melting of model Iherzolite

Figure 7 shows equilibrium phase fields in a pressure-temperature isopleth for model
lherzolite A. Solid lines on the diagram are determined and dashed lines are schematic. In the
CMAS system, the sub-solidus transitions between plagioclase and spinel lherzolite and
between spinel and garnet lherzolite are each defined by a univariant curve in P-T space
(Presnall et al., 1979; Gasparik, 1984). When Na2O is added, these curves are broadened to
divariant regions (Fig. 7), and the cusps on the CMAS lherzolite solidus at 9-3 kbar (Presnall
et al., 1979) and 30 kbar (Milholland & Presnall, 1989) are broadened to univariant curves.
The sub-solidus transition regions are drawn in accordance with available experimental data
on the transitions from both the CMAS system and natural compositions (Kushiro & Yoder,
1966; Green & Ringwood, 1967; O'Hara et al., 1971; Jenkins & Newton, 1979; O'Neill, 1981;



348 M. J. WALTER AND D. C. PRESNALL

1700

1300

1200

Isopleth for
Model Lherzolite A

ft+opi-fpl-fllq

ro-ftpi+cpi-fpl

fo+opitcpi-fllq

Fo+opi +
/ epi+«p / /

* fo+opx+cpx J /

i / . . . /i*.*prp. / • . .

rs+opx^cpi+|t

10 15 20 25 30 35

Pressure (kbar)
FIG. 7. Pressure-temperature isopleth for equilibrium melting of model lherzolite A. Solid lines are determined from
data in CMASN and dashed lines are inferred. Sub-solidus transition boundaries are estimated on the basis of
experimental data in the CMAS system and on natural compositions (Kushiro & Yoder, 1966; Green & Ringwood,
1967; O'Hara et al., 1971; Jenkins & Newton, 1979; O'Neill, 1981; Gasparilc, 1984). Labels give the stable phase

assemblages within each region.

Gasparik, 1984). The position of the spinel to garnet lherzolite transition along the solidus at
33—33-5 kbar in the CMASN system, and at 30 kbar in the CMAS system, is higher in
pressure than estimated by Gasparik (1984) in the CMAS system (22 kbar). Our data, and
those of Milholland & Presnall, are the first experimental determinations of this transition
along the solidus in these systems, and are consistent with an extension of the data from the
sub-solidus in the CMAS system if the P-T slope of the transition becomes shallower as it
approaches the solidus. Such a change in slope has been noted experimentally by O'Hara
et al. (1971) and Green & Ringwood (1967) for natural compositions. The location of the
spinel to garnet lherzolite transition along the solidus of pyrolite has been located by Green
& Ringwood at 30 kbar. Further, the data of Takahashi (1986) along the solidus of natural
spinel lherzolite KLB-1 constrains the transition to be above 25 kbar. Our data show that the
addition of Na2O to the CMAS system moves the transition to higher pressures. O'Neill
(1981) and Nickel (1986) showed experimentally that the addition of Cr2O3 to the CMAS
system also moves the transition to higher pressures, even beyond 35 kbar for moderately
depleted and depleted mantle bulk compositions. O'Neill also calculated the effect of FeO on
the transition, and found that for every 10 mol % Fe in olivine, the transition is shifted to
lower pressure by ~2-3 kbar. When the offsetting effects of Na, Cr, and Fe are considered,
our data in the CMASN system compare favorably with data from natural compositions.

The shapes of the cusps along the lherzolite solidus in CMASN are changed and
accentuated relative to the CMAS system because the solidus follows along the
plagioclase-spinel and spinel-garnet univariant lines, fo + opx + cpx + pi + sp + liq and
fo + opx + cpx+sp + gt + liq, for short pressure intervals. Phase compositions along the
univariant lines change with pressure, and the equations in Table 3, together with the
methods described by Presnall (1986), have been used to determine the denning equations at
several points along the lines (Table 5). For the plagioclase-spinel univariant line, Table 5
shows that the reaction is fo + opx + pi = cpx + sp + liq at pressures < 109 kbar and
fo + pi = opx + cpx + sp + liq above this pressure. A singular point occurs at 10-9 kbar,
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TABLE 5

Reaction coefficients along the plagioclase-spinel Iherzolite and spinel-garnet lherzolite P-T
univariant transitions

P (kbar) T(°C) Reaction

Plag/spinel
10
12
14

Spinel/garnet
32
34

1308
1313
1323

1580
1585

009 opx + 0-69 pl + 0-22 fo = 0-86 liq+0O5 cpx + 0-09 sp
0-72 pl + O-28 fo = 0-78 liq + 0-10 opx+0O4 cpx + 0-08 sp
0-69 pl + 0-31 fo = 0-66 liq + 0-23 opx + 0K)4 cpx + 0-07 sp

0-58 opx+0-26cpx+0-16sp = 0-14 liq+ 0-16 fo +0-70 gt
0-53 opx+0-31 cpx+0-16sp = 0-161iq + 0-14fo + 0-70gt

1309 °C, which defines the starting point for the univariant curve fo + pi = cpx + sp + liq. The
position of this curve has not been located and is not shown in Fig. 4. The defining equation
for the spinel-garnet univariant line is opx + cpx + sp = fo + gt + liq.

Figure 8 shows the compositions of liquids along the solidus and for varying melt
percentages as projected from DI onto FO-SD-PL-SX. At <1O5 kbar, melting of
plagioclase lherzolite proceeds to the point of exhaustion of either clinopyroxene (12% at 5
kbar to 18% at 9 kbar) or plagioclase (22% at 10 kbar to 27% at 10-5 kbar) over a small
temperature interval of, on average, ~5 °C. As shown in Fig. 8, this produces only a small
range of liquid compositions; therefore, as pointed out by Presnall & Hoover (1987), melting
of plagioclase lherzolite in CMASN is isobarically pseudo-invariant. Liquid composition is
most sensitive to changes in pressure, with liquids moving toward the SX apex with decrease
in pressure. At pressures less than ~8 kbar, liquids are quartz tholeiites, and above this they

SD PL

Plagioclase-Spinel
Univariant Curve
(15)

Solidus

Spinel-Garnet
Univariant Curve

CPX Out
(28%)

CPX Out - <10 (12-22%)
Plag Out • 210 (22-27%)

\

EN SX
FIG. 8. Molecular normative diagram showing the composition of liquids along the solidus, percent melting
contours, and phase-out contours during equilibrium melting of model lherzolite A, as projected from DI onto
FO-SD-PL-SX. Thick lines show the traces of the plagioclase-spinel and spinel-garnet Iherzolite univariant
curves. Thin lines show the traces of melting curves at selected pressures. Dashed lines are best estimates for melting

of garnet Iherzolite.



350 M. J. WALTER AND D. C. PRESNALL

are olivine tholeiites, a result similar to that found by Jaques & Green (1980) for melting of a
pyrolite composition.

Figure 9 shows an enlargement of the low-temperature region along the solidus that results
from the plagioclase to spinel Iherzolite transition. At pressures from 11-6 to 15 kbar, the

Sp Liu

11

Pressure (kbar)

15

FIG. 9. Pressure-temperature plot showing the solidus and percent melting contours for equilibrium melting of
model Iherzolite A at pressures around the plagioclase-spinel lherzolite univariant curve. The sub-solidus region is
divided according to the stable lherzolite assemblage. Dashed lines separating sub-solidus regions estimated as in
Fig. 7. Thick solid lines represent the solidus. Thin solid lines show percent melting contours and first phase-out

contours. Dash-dot lines show the estimated positions of second phase-out contours.

plagioclase-spinel univariant line is the solidus and forms an upper temperature limit for a
sub-solidus region in which both plagioclase and spinel coexist. First, let us consider melting
at 15 kbar. The sub-solidus assemblage is fo + opx + cpx + sp (spinel lherzolite), and this is
the lowest pressure at which melting occurs entirely within the spinel lherzolite stability field.
Melting proceeds until the exhaustion of spinel at ~ 2 3 % . At 13 kbar the sub-solidus
assemblage is plagioclase + spinel lherzolite and the solidus is the plagioclase-spinel
univariant curve. Isobaric melting takes place according to the univariant melting reaction at
constant temperature, and proceeds until plagioclase is exhausted. The degree of melting at
which this occurs is given by the intersection of the spinel field melt percent contour with the
univariant curve, which in this case is ~ 5 % . Further increase in temperature results in
melting of spinel lherzolite until spinel is exhausted at ~24% melting; 11-6 kbar is the lowest
pressure at which the univariant curve is the solidus. At this pressure, invariant melting
proceeds until plagioclase is exhausted at 10% melting, after which melting of spinel
lherzolite proceeds until spinel is exhausted. Between 10-5 and 11-6 kbar the sub-solidus
assemblage is plagioclase lherzolite. Melting proceeds with increasing temperature until the
univariant curve is reached. For example, at 11 kbar this occurs at 10% melting. Invariant
melting then occurs because an additional phase, spinel, crystallizes while plagioclase
continues to dissolve. Plagioclase is completely eliminated at ~ 15% melting, and melting of
spinel lherzolite continues with increasing temperature until ~ 2 5 % melting. At 10-5 kbar,
melting of lherzolite proceeds until the nearly simultaneous exhaustion of plagioclase and
spinel at 25% melting. By comparison, Presnall & Hoover (1987), starting from their more
fertile model lherzolite A, found nearly simultaneous elimination of cpx and spinel at 96 kbar
over an entirely invariant melting interval.
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Figure 8 shows with increasing pressure, the compositions of liquids along the solidus of
model lherzolite A between 11-6 and 15 kbar become increasingly deficient in normative
silica. The Na2O content of these liquids varies from 2-2% at 116 kbar to just over 6% at 15
kbar, and this reflects the transition from melting in the plagioclase lherzolite field, where
Na2O is relatively compatible (Z>Nl~O30), to melting in the spinel lherzolite field, where
Na2O is relatively incompatible (DN a~005). Between 15 and 31-5 kbar, melting of spinel
lherzolite proceeds until spinel is exhausted at between 22 and 25% melting. Extrapolation of
our data suggests that clinopyroxene is exhausted shortly thereafter, at ~26-28% melting.
Figure 10, a plot of melt percent vs. temperature at 9, 20, and 30 kbar, further illustrates
differences in melting behavior between the plagioclase and spinel lherzolite fields. At 9 kbar

Equilibrium Melting - Model Lherzolite A

1570

1420

10 15

Melt Percent

20 23

FIG. 10. Temperature vs. melt percent diagrams for equilibrium melting of model lherzolite A at 9 kbar in the
plagioclase lherzolite stability field, and at 20 and 30 kbar in the spinel lherzolite stability field.

(plagioclase lherzolite field) the amount of liquid produced with increase in temperature is
nearly constant at ~4%/°C. In the spinel lherzolite field, melting occurs over larger
temperature intervals compared with plagioclase lherzolite melting (60° at 15 kbar to 16° at
30 kbar; see Fig. 7), with the first several percent of melting making up about half the
temperature interval. This type of melting behavior near the solidus is consistent with that
observed by Mysen & Kushiro (1977) for melting of natural lherzolite compositions. They
attributed this behavior to the depolymerization effects of alkalis. Because sodium is
relatively more compatible in the residue than in liquids in equilibrium with plagioclase
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Iherzolite, this effect should not be as substantial as it is for liquids in equilibrium with spinel
Iherzolite, and this is consistent with the melting behavior in CMASN.

In the spinel Iherzolite field, a wide range of liquid compositions is produced over a large
temperature interval (Fig. 8), with much of the temperature variation occurring over the first
few percent of melting. Therefore, melting of spinel Iherzolite is not pseudo-invariant (Jaques
& Green, 1980; Stolper, 1980; Fujii & Scarfe, 1983; Presnall & Hoover, 1987; Kinzler &
Grove, 19926). With increasing pressure, the range of liquid compositions produced between
the solidus and the phase-out contour narrows (as does the temperature interval) and liquids
along the solidus become less silica depleted. This is a result of an increase in £>No from ~005
at 15 kbar to ~0-10 at 30 kbar as pyroxenes become richer in the Jd component. Thus,
although initial spinel Iherzolite melts are silica undersaturated throughout the spinel field,
in agreement with the results of Takahashi & Kushiro (1983), they become increasingly less
silica undersaturated with increase in pressure up to the spinel-garnet univanant curve. For
model Iherzolite A in the spinel field, liquids produced by less than ~ 10% melting are silica-
undersaturated alkali basalts and alkali picrites. Liquids produced by greater than ~ 10%
melting are olivine tholeiites and picrites. This result is consistent with many previous
melting studies on both natural and synthetic systems (see Basaltic Volcanism Study Project,
1981, pp. 549-553).

Silica-undersaturated liquids are produced by low to moderate degrees of melting
throughout the spinel field, and for model Iherzolite A can be produced along the
plagioclase-spinel univariant curve at pressures as low as 12 kbar and ~ 7 % melting. A
pressure of 12 kbar for the minimum pressure of alkali-basalt generation is the same as that
predicted by Presnall et al. (1978) based on data from the diopside-forsterite-anorthite
system. For bulk compositions much richer in Na2O than model Iherzolite A, alkali basalts
can be generated at pressures within the plagioclase field as low as ~9 kbar.

A second low-temperature region along the solidus occurs as a result of the spinel to garnet
Iherzolite transition. The topology of phase relationships at pressures around this transition
is similar to that described for the plagioclase to spinel Iherzolite transition, and Fig. 11
shows an enlargement of this region. At 31-2 kbar the phase-out contours from both stability
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fields converge and melting proceeds to 23%, where spinel, clinopyroxene, and garnet are
exhausted. Between 33 and 33-5 kbar the univariant curve is the solidus and the sub-solidus
assemblage is fo + opx + cpx + sp + gt. Above 33-5 kbar, garnet lherzolite is the sub-solidus
assemblage. On the basis of our limited data in the garnet lherzolite field, melting proceeds to
~ 2 8 % before clinopyroxene is exhausted at 34 kbar, and this melt is mildly silica
undersaturated. In Fig. 8 we show liquids coexisting with garnet lherzolite as trending
toward EN with increasing pressure. This is consistent with the limited data in CMASN
(including two experiments at 40 kbar not included in Table 2), and with data in the CMAS
system for melting in the diopside-forsterite-pyrope join (Davis & Schairer, 1965) and along
the garnet lherzolite solidus (Fujii et al., 1989; Herzberg, 1992). Based on these limited data,
we concur that as pressure increases in the garnet field, liquids produced by a constant degree
of melting become increasingly rich in normative silica and eventually initial liquids become
silica saturated, probably at a pressure of > 40 kbar (O'Hara, 1965,1968; Mysen & Kushiro,
1977).

Under the right conditions, silica-undersaturated basalts can be produced from spinel
lherzolite at moderate degrees of melting whereas silica-saturated basalts may be produced
by low to moderate degrees of melting of garnet lherzolite at higher pressures. On the basis of
the phase relationships in several simplified systems, Kushiro (1968) predicted that silica-
undersaturated basalts are produced by small degrees of melting at high pressures (e.g., > 30
kbar) and that silica-saturated basalts are generated by larger degrees of melting at lower
pressures. The data in CMASN are consistent with this possibility, but also provide an
alternative to this scenario. Indeed, it is interesting to note that the most silica-
undersaturated liquid composition along the solidus of model lherzolite A occurs at 15 kbar.

Fractional melting of model lherzolite

Between the solidus and the temperature of disappearance of the first phase, isobaric
fractional melting produces liquid compositions very similar to those produced by
equilibrium melting. The total amount of melting before a phase is exhausted increases
slightly for fractional melting (e.g., from 22 to 24% at 20 kbar), and the temperature interval
between the solidus and elimination of the first phase is expanded as a result of the
continuous depletion of the bulk composition. Although a wider range of liquid
compositions is produced, the average composition of all liquids produced up to any
particular melt percent contour is more silica deficient. For example, in Fig. 8, the 10%
melting contour in the spinel lherzolite field at 20 kbar moves to the position of an 8%
contour, whereas there is essentially no difference in the composition of liquids in the
plagioclase lherzolite field. The characteristics of polybaric fractional melting vs. equilibrium
melting will be dealt with in a subsequent paper on magma generation at mid-ocean ridges.

The effects of source composition

The composition of liquids produced in the spinel lherzolite field is most sensitive to the
Na2O content of the source (see also Kinzler & Grove, 1992b). Because the Na2O content of
the source is a good first-order indicator of the degree of depletion, it is appropriate to discuss
the melting behavior of bulk compositions related by various degrees of melt extraction, such
as model lherzolites A, B, and C (Table 4). With progressive source depletion, the solidus
temperature increases and the amount of melt that can be produced before the elimination of
a phase decreases. For example, relative to the solidus temperature of model lherzolite A, the
solidus temperature of model lherzolite C is higher by ~40°C at 15 kbar and ~ 10 °C at 30
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kbar, and only 8% melt is produced before spinel is eliminated. Figure 12 shows the
compositions of liquids along 5% melting contours for melting of model lherzolites A, B, and
C as projected from DI onto FO-SD-PL-SX. The effect of an increase in the temperature of
melting is to produce more silica-rich liquids at a given degree of melting. Figure 12 shows
that source fertility has a significant effect on liquid composition in the spinel lherzolite field
and a lesser effect in the plagioclase lherzolite field. Also, depleted lherzolite compositions
produce primarily silica-saturated basalts, owing to their depleted alkali contents.

5% melting contours

FIG. 12. Molecular normative diagram showing the compositions of liquids along 5% melting contours for
equilibrium melting of model lherzolites A, B, and C. The projection is from DI onto FO-SD-PL-SX.

We compared the melting behavior of model lherzolite A with that of the H&Z
composition in CMASN at 9 and 20 kbar. At 9 kbar, model lherzolite A and H&Z show
similar melting behaviors. However, at 20 kbar, spinel is not a stable phase during melting of
the H&Z composition but is stable in model lherzolite A. Aluminous spinel may not be a
stable phase along the solidus of certain lherzolite compositions, as all the spinel may become
dissolved into aluminous pyroxenes in the sub-solidus. This is consistent with phase
relationships observed by Green & Ringwood (1967, 1970) for sub-solidus equilibration of
pyrolite III composition (similar to the H&Z composition). At constant pressure in the sub-
solidus portion of the spinel lherzolite field, increase in temperature produces an increase in
the alumina content of pyroxenes according to the reaction

pyroxene + spinel^±aluminous pyroxene + olivine

[see equations (2a) and (2b) of Green & Ringwood, (1970)]. On the basis of their experiments
on pyrolite III composition, aluminous spinel is not predicted to be stable along the solidus.

This result, however, is inconsistent with that of Kinzler & Grove (1992a). Based on their
parameterization of lherzolite melting, spinel is stable up to >30% melting for a
composition nearly identical to H&Z. Further, Takahashi (1986) found spinel at the solidus
of lherzolite KLB-1 up to pressures of 30 kbar. In nature, spinel is a complex solid solution
between aluminous spinel, hercynitic spinel, and chromite. The ubiquitous occurrence of
spinel in abyssal peridotites, and its co-variation with chemical parameters indicative of
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degree of melting (e.g., mg-number of olivine; Dick & Bullen, 1984), suggests that some form
of spinel is stable during lherzolite melting. Furthermore, the occurrence of spinel in
plagioclase- and garnet-bearing peridotites from both sub-oceanic and sub-continental
environments attests to the stability of spinel over a wide range of pressures. Our data in the
CMASN system cannot adequately address the complicated stability behavior of spinel
because of the absence of iron and chromium in our experiments.

Some general conclusions follow from the differences in the melting behavior between the
two fertile compositions (A and H&Z). Bulk compositions with higher CaO/Al2O3 and SiO2

than model lherzolite A produce less melt in the spinel field, and in some bulk compositions
spinel will not be stable along the lherzolite solidus. Such compositions will still produce a
significant amount of melting in the plagioclase field, and plagioclase is the first phase
eliminated at all pressures within the field. Conversely, bulk compositions with higher A12O3

and lower SiO2 are more fertile in the spinel lherzolite field, and less fertile in the plagioclase
lherzolite field. That is, a larger amount of melt is generated before the elimination of the first
crystalline phase.

Comparison with the melting behavior of natural lherzolite compositions

Experiments reported for melting of natural lherzolite compositions have been performed
using a variety of bulk compositions and techniques, are generally restricted to high degrees
of melting, and are of varying quality. Rather than drawing general comparisons with a
number of individual studies, we have made a more comprehensive comparison with the
results of Kinzler & Grove (19926), who presented equations that describe the compositions
of liquids saturated with a four-phase lherzolite assemblage in the plagioclase and spinel
lherzolite stability fields. We chose to compare our data with this study because the
parameterizations of Kinzler & Grove are based on a set of critically evaluated experimental
data for melting of natural and simplified lherzolite from the literature, and from their new
experiments on basalt compositions saturated with lherzolite minerals. This study also
provided a comprehensive treatment of the melting behavior of a model lherzolite
composition (H&Z dep 1).

Figure 13 compares the trends of CMASN oxides as a function of melt percent for isobaric
equilibrium melting of model lherzolite A and H&Z dep 1 at 8 kbar (plagioclase lherzolite
field) and 20 kbar (spinel lherzolite field). Although these two model compositions may not
be strictly analogous to each other (see above), they do have very similar Na2O contents. As
reported above, and by Kinzler & Grove, the Na2O content of the source has a large effect on
the composition of liquids. Because isobaric equilibrium and near-fractional melting
produce a similar melting behavior, our discussion will focus only on equilibrium melting. In
terms of the direction of change of oxides during melting (i.e., increasing or decreasing) there
is complete agreement between the two data sets. For melting at 20 kbar (Fig. 13b) the trends
are remarkably similar, and differences in actual abundances can be attributed primarily to
dilution of components in the CMASN system. These data sets confirm that SiO2 decreases
with increase in melting, a result different from previous parameterizations of lherzolite
melting experiments (Klein & Langmuir, 1987; McKenzie & Bickle, 1988). Whereas the
direction of change for all oxides is the same at 8 kbar (plagioclase field, Fig. 13a), the
differences in abundances cannot be attributed totally to dilution, although they may result
largely from differences in bulk composition. For example, at a given degree of melting,
CMASN liquids appear more CaO and A12O3 rich, and most evidently, are more Na2O and
SiO2 poor (when the effects of dilution are considered). Another possibility is that these
differences may result from the use by Kinzler & Grove of a constant value of 1 -32 for a
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FIG. 13. CMASN oxides (wt.%) vs. melt percent for equilibrium melting of model lherzolite A (solid lines; this study)
compared with equilibrium melting of H&Zdepl (dashed lines) as presented by Kinzler & Grove (19926). Diagram

(a) is for melting of plagioclase lherzolite at 8 kbar, and (b) is for melting of spinel lherzolite at 20 kbar.



M E L T I N G BEHAVIOR O F S I M P L I F I E D L H E R Z O L I T E 357

plagioclase/liquid K g - * [where ^ - N ° = (CaOplag/Na2Opl.g/(CaO l iq/Na2O l iq)]. In
CMASN, the KD for plagioclase-liquid equilibria calculated in this way is close to 10 along
the solidus of model lherzolite A. This explains the higher CaO and lower Na2O in CMASN
liquids. The expressions used to describe plagioclase-liquid equilibria used by Kinzler &
Grove (1992a) may be too simplified to predict the effect of plagioclase-liquid equilibria on
the A12O3 and SiO2 contents of liquids, and this could explain the differences in liquid
composition between the two data sets for these components.

CONCLUDING STATEMENT

In this paper we have presented a data set for melting of simplified lherzolite in the
CMASN system, and have shown how it can be used to determine quantitatively the phase
equilibrium of melting for a wide variety of model lherzolite compositions. The conclusions
we have reached apply only to melting of specific bulk compositions under specified
conditions. However, the utility of this data set is that one can apply it to basalt generation in
particular geologic environments (e.g., mid-ocean ridges, ocean islands, or continental rift
zones) by constructing melting models (e.g., equilibrium or fractional melting under isobaric
or polybaric conditions), and testing them to see if they are viable in light of independent
data. In a forthcoming paper, we will apply this data set to basalt generation at mid-ocean
ridges.
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