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Thermodynamic calculation of partial melting of peridotite using of the results of calculations of peridotite melting using MELTS,

there are a number of shortcomings to application of this thermo-the MELTS algorithm has the potential to aid understanding of a

wide range of problems related to mantle melting. We review the dynamic model to calculations of mantle melting. In particular,

calculated compositions of liquids produced by partial melting ofmethodology of MELTS calculations with special emphasis on the

features that are relevant for evaluating the suitability of this peridotite have more MgO and less SiO2 than equivalent ex-

perimentally derived liquids. This mismatch, which is caused bythermodynamic model for simulations of mantle melting. Comparison

of MELTS calculations with well-characterized peridotite partial overprediction of the stability of orthopyroxene relative to olivine,

causes a number of other problems, including calculated temperaturesmelting experiments allows detailed evaluation of the strengths and

weaknesses of the algorithm for application to peridotite melting of melting that are too high. Secondarily, the calculated distribution

of Na between pyroxenes and liquid does not match experimentallyproblems. Calculated liquid compositions for partial melting of

fertile and depleted peridotite show good agreement with experimental observed values, which leads to exaggerated calculated Na con-

centrations for near-solidus partial melts of peridotite. Calculationstrends for all oxides; for some oxides the agreement between the

calculated and experimental concentrations is almost perfect, whereas of small increments of batch melting followed by melt removal

predict that fractional melting is less productive than batch meltingfor others, the trends with melt fraction are comparable, but there

is a systematic offset in absolute concentration. Of particular interest near the solidus, where the composition of the liquid is changing

rapidly, but that once the composition of the liquid ceases to changeis the prediction by MELTS that at 1 GPa, near-solidus partial

melts of fertile peridotite have markedly higher SiO2 than higher rapidly, fractional and batch melting produce liquid at similar

rates per increment of temperature increase until the exhaustion ofmelt fraction liquids, but that at similar melt fractions, calculated

partial melts of depleted peridotites are not SiO2 enriched. Similarly, clinopyroxene. This predicted effect is corroborated by sequential

incremental batch melting experiments (Hirose & Kawamura,MELTS calculations suggest that near-solidus partial melts of

fertile peridotite, but not those of depleted peridotite, have less TiO2 1994, Geophysical Research Letters, 21, 2139–2142). For

melting of peridotite in response to fluxing with water, the calculatedthan would be anticipated from higher temperature experiments.

Because both experiments and calculations suggest that these unusual effect is that melt fraction increases linearly with the amount of

water added until exhaustion of clinopyroxene (cpx), at which pointnear-solidus melt compositions occur for fertile peridotite but not for

depleted peridotite, it is highly unlikely that these effects are the the proportion of melt created per increment of water added decreases.

Between the solidus and exhaustion of cpx, the amount of meltconsequence of experimental or model artifacts. Despite these successes

∗Corresponding author. Telephone: 612-625-6698. Fax: 612-625-3819.
e-mail: marc.m.hirschmann-1@umn.edu
†Present address: Lamont–Doherty Earth Observatory, Palisades,
NY 10964, USA.  Oxford University Press 1998



JOURNAL OF PETROLOGY VOLUME 39 NUMBER 6 JUNE 1998

generated per increment of water added increases with temperature. many empirical parameterizations of peridotite melting
have been devised (e.g. Klein & Langmuir, 1987;These trends are similar to those documented experimentally by

Hirose & Kawamoto (1995, Earth and Planetary Science McKenzie & Bickle, 1988; Niu & Batiza, 1991; Kinzler
& Grove, 1992b; Langmuir et al., 1992). Although theseLetters, 133, 463–473).

models differ in many ways, they are similar in that they
all use results from experimental studies on peridotite
melting to parameterize the extent of melting and the
composition of partial melts as functions of temperature

KEY WORDS: experimental petrology; mantle melting; peridotite; thermo- and pressure and then make independent assumptions
dynamic calculations to estimate the amount of melt produced during adiabatic

upwelling of the mantle. Collectively, these para-
meterizations have been hugely successful in furthering
our understanding of mantle melting processes. To take
just one example, it is through application of such modelsINTRODUCTION
that relationships between mantle temperature, crustalPartial melting of peridotite in response to mantle upwell-
thickness, and average basalt composition have beening is an important mechanism in the transfer of energy
predicted and then used to interpret the covariations ofand mass between the mantle and the crust. This process
these parameters in the global mid-ocean ridge systemoccurs beneath mid-ocean ridges, oceanic islands, con-
(Klein & Langmuir, 1987; McKenzie & Bickle, 1988).tinental rifts and possibly above subduction zones, and

The successes of these various parameterizations not-is thus responsible for the formation of the most abundant
withstanding, such models have a number of short-igneous rocks on Earth and for much of the planet’s
comings. All of them use convenient but not necessarilycontinuing differentiation. Although forward modeling
thermodynamically valid functional forms to fit the com-of partial melting during upwelling is in principle a
positions of melts produced in experiments, and none ofrelatively simple problem in classical chemical thermo-
them explicitly relate chemical reactions to energeticdynamics, it is in practice a challenging one because this
balances. In these senses, these models are empiricalprocess takes place over a range of pressures and acts
rather than thermodynamic. As a result, these para-on multicomponent, multiphase systems that evolve in
meterizations are poorly suited to extrapolating outsidecomposition as melts segregate from their sources. Be-
the range of compositions, temperatures, and pressures ofcause of the complexity of the thermodynamics of the
available experiments and therefore they cannot reliablyphases involved, the limited available phase equilibrium
predict aspects of peridotite melting behavior that havedata on peridotite melting, the continuous change in the
not already been elucidated experimentally. Also, becausecomposition of the system during ascent, and the complex
these models all assume simple relationships betweenrelative motions of liquid and residual solid, considerable
energy balance and the extent of melting, little can beuncertainty remains about how peridotites melt when
learned from them about the effects of bulk composition,they ascend and melt.
melt extraction processes, extent of melting, etc. on meltExperimental studies relevant to melting of mantle
production during upwelling.peridotite (e.g. Mysen & Kushiro, 1977; Stolper, 1980;

An alternative approach to modeling mantle meltingTakahashi & Kushiro, 1983; Fujii & Scarfe, 1985; Falloon
is to employ thermodynamic models of minerals and& Green, 1987, 1988; Kinzler & Grove, 1992a; Takahashi
melts and to calculate the phase equilibria of partiallyet al., 1993; Baker & Stolper, 1994; Walter & Presnall,
molten peridotite using the principles of energy potential1994; Baker et al., 1995; Kushiro, 1996; Kinzler, 1997)
optimization. This approach results in an internally con-are essential to understanding basalt petrogenesis. How-
sistent modeling of mantle melting that relates phaseever, the results of such experiments, in which a peridotite
compositions to energetic inventories, that in all casesof fixed composition is subjected to a specific temperature
obeys mass balance constraints, and that behaves pre-and pressure, cannot be related directly to a process
dictably in extrapolation. Thus, such calculations canoccurring over a range of temperatures and pressures (and
potentially predict aspects of the phase equilibria offor which temperature is not an independent variable) and
partially molten peridotites not already established fromin which the bulk composition of the source peridotite
experiment. Furthermore, such models allow rigorouschanges continuously. A particular difficulty is that melt-
calculation of adiabatic and other conservative processesing during upwelling probably approximates an adiabatic
(e.g. isenthalpic), and therefore they can be used to aiddecompression (Verhoogen, 1965; McKenzie, 1984; As-
understanding of the interplay between the chemicalimow et al., 1997), but partial melting experiments cannot
evolution of partially melting peridotite and melt pro-be conducted under such conditions.
duction during mantle upwelling (Asimow et al., 1995,To bridge the gap between experimental results and

the processes that occur when mantle upwells and melts, 1997).
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We note that what we call here the thermodynamic companion papers (Hirschmann et al., 1998b, 1998c), we
approach is also essentially empirical in that the thermo- apply our model to evaluate several issues related to
dynamic properties of the phases involved are calibrated mantle melting processes including melt compositions
from experimental data. All thermodynamic models of near the dry peridotite solidus, variations in the amount
real materials are, of course, empirical in this sense. of melt produced per increment of isobaric temperature
However, not all empirical models are thermodynamic. increase (the isobaric productivity), and the effects of
Although many of the above-mentioned empirical models variability in peridotite composition on the composition
of mantle melting have aspects that are inspired by of partial melts.
thermodynamic theory, none of them predict a specific
relationship between the state of the system and the
thermodynamic quantities (G, H, S, V, etc.) of its phases.
Also, most of the models lack a complete mass-balance
inventory of phases and components and therefore do

DESCRIPTION OF THEnot allow rigorous energy conservation. This means that
such models cannot give information about energetic CALCULATION TECHNIQUE
relationships between melt composition, residue mode,

The approach we take is to adopt thermochemical modelsand melt–solid reaction.
for the solid and liquid phases relevant to mantle melting.Direct thermodynamic calculation of peridotite melting
For each phase, these models specify the relationshipdoes, however, have several disadvantages relative to the
between the composition of the phase and the variousmore empirical approaches. Because the phases of interest
thermodynamic potentials (e.g. G, H, S, V, etc.) as func-are compositionally and structurally complex, a great deal
tions of pressure and temperature. Energy optimizationof information is required to construct thermodynamic
techniques can then be combined with these models tomodels of these solid and liquid solutions, and some of
calculate phase equilibria for any bulk rock compositionthe required information, such as the entropy of mixing
that can be described as a mass balanced sum of the phasesof silicate liquids, is poorly known. In addition, the
considered. Depending on the process being modeled, acomplexity of the phases and the complexity of energy
different energy potential must be optimized to find theminimization algorithms means that the thermodynamic
equilibrium assemblage. For example, the Gibbs freecalculation is computationally intensive, which makes it

difficult to couple this approach with physical modeling. energy, G, is the thermodynamic potential that is min-
Additionally, the accuracy of this approach is not guar- imized if temperature, pressure, and chemical com-
anteed, as the calibration is not constructed primarily position are held fixed and is the most familiar energy
from peridotite melting experiments. Finally, im- potential used during optimization calculations (e.g. Van
provements in these models can be difficult to achieve Zeggeren & Storey, 1970; Smith & Missen, 1982). As
because the source of errors or inaccuracies may be detailed below, some calculations in our work are per-
embedded in assumptions about any number of phases formed by optimization of less familiar thermodynamic
and therefore can be difficult to identify. potentials. In all cases, however, the techniques used to

The goals of this paper are to present the first thorough calculate phase equilibria are implementations of energy
discussion of the application of a thermodynamic model optimization strategies that use iterative application of
to mantle melting. Calculations in this paper are confined three separate algorithms. First, an estimate of the identity
to isobaric simulations, as an understanding of isobaric and composition of stable phases is made; second, the
processes is a prerequisite to understanding polybaric thermodynamic potential of interest is minimized subject
processes. However, initial results of polybaric cal-

to appropriate constraints on composition and otherculations have been presented by Hirschmann et al.
variables held constant (e.g. T and P in the case of G );(1994) and Asimow et al. (1995, 1997), and a more
and third, the resultant computed phases are checkedcomprehensive treatment of polybaric mantle melting
for metastability relative to possible miscibility gaps orusing this approach is in preparation. After brief in-
phases not included in the initial phase assemblage. Totroductions to the thermochemical models we use to
execute these steps, we use algorithms developed bydescribe mantle minerals and silicate liquid and to our
Ghiorso (1985, 1994). These algorithms, as well as theenergy optimization techniques, we illustrate the strengths
thermochemical models of minerals and melts detailedand weaknesses of this approach by comparing predicted
below, are encompassed in a single thermodynamic pack-isobaric peridotite melting behavior with existing ex-
age known as MELTS (Ghiorso et al., 1994; Ghiorso &periments. These comparisons are also evaluated for what
Sack, 1995). In this work, we use MELTS as well asthey reveal about the shortcomings of our thermodynamic
some more specialized algorithms derived from themodel and the improvements that will be required in

future versions of this or other such models. In two MELTS code.
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Table 1: Compositional range and sources of solid solution models

Solid solution Formula Reference

Olivine (Ca,Mg,Fe)2SiO4 Sack & Ghiorso (1989), Hirschmann (1991)

Pyroxene (Na,Ca,Mg,Fe2+,Al,Fe3+,Ti)2(Fe3+,Al,Si)2O6 Sack & Ghiorso (1994a, 1994b, 1994c)

Spinel (Mg,Fe2+,Fe3+,Al,Ti,Cr)3O4 Sack & Ghiorso (1991a, 1991b)

Feldspar (K,Na,Ca)(Al,Si)2–3O8 Elkins & Grove (1990)

Garnet (Ca,Mg,Fe)3Al2Si3O12 Berman & Koziol (1991)

minerals goes into spinel. This probably results in slightReview of thermodynamic models for
underpredictions of cpx stability, but more importantly,minerals and melts
it causes substantial overpredictions of the stability ofThe solid phases of primary interest in the upper mantle
spinel relative to plagioclase and garnet. For example,are olivine, orthopyroxene (opx), cpx, plagioclase, spinel,
experiments on natural Cr-bearing lherzolitic mineralsand garnet. Because these are all complex solid solutions,
indicate that spinel disappears at pressures just slightlythey require estimation of both the standard-state prop-
higher (O’Hara et al., 1971) than the initial appearanceerties of end-member mineral components (e.g. forsterite,
of garnet, but MELTS calculations predict that spinelfayalite, enstatite, etc.) and the mixing properties of the
persists at the peridotite solidus at all pressures.solid solutions. The properties of the end members of

Silicate melts in the system SiO2–TiO2–Al2O3–these minerals have been taken from the internally con-
Cr2O3–Fe2O3–FeO–MgO–CaO–Na2O–K2O–H2O aresistent database of Berman (1988), except for those com-
modeled using the solution model of Ghiorso & Sackponents that are not included in that database as detailed
(1995). This model is a recalibration of the silicate liquidby Sack & Ghiorso (1991a, 1991b, 1994a, 1994b, 1994c).
model first presented by Ghiorso & Carmichael (1980)The mixing models used for mineral solid solutions are
and Ghiorso et al. (1983) in which the liquid mixingsummarized in Table 1.
behavior is approximated as a symmetric regular solutionAn important factor in the ability of thermodynamic
of mineral-like components (e.g. Mg2SiO4, CaSiO3, etc.).models to replicate the phase equilibria of compositionally
For a liquid of n components, the Gibbs free energy ofcomplex natural peridotites is the way in which minor
the liquid, G, is described bycomponents are handled. For example, oxides such as

Na2O, Al2O3, TiO2, and Cr2O3 play key roles in the
phase equilibria of natural peridotites both below and G=;

n

i=1
l0

i ni+G ideal+G excess (1)
above the solidus. In partially molten peridotite, these
oxides reside primarily in silicate liquid, in pyroxenes as
typically minor non-quadrilateral components, and/or

where l0
i and ni are the chemical potentials and numberin spinel as major or minor components. Quantitative

of moles of liquid component i, G ideal issimulation of many important effects of mantle melting
by the thermodynamic approach is particularly sensitive
to the extent to which non-quadrilateral components are G ideal=−TS mixing=NRT ;

n

i=1
XilnXi (2)

properly incorporated into the pyroxene solution model.
Fortunately, Sack & Ghiorso (1994a, 1994c) developed a
model for pyroxenes that incorporates Na, Fe3+, Al, and

and, for a symmetric regular solution,Ti as well as the quadrilateral components.
The most important component that is absent from

the thermochemical models we have used is Cr2O3 in G excess=
N

2
;
n

i=1
;
n

j=1
WijXiXj. (3)

pyroxene. Cpx and opx from abyssal peridotites and
spinel peridotite xenoliths typically contain 0·8–1·2 and
0·6–0·8% Cr2O3, respectively, which amounts to 30–70%
of the Cr2O3 in these rocks (Nixon, 1987; Johnson et al., Here S mixing is the ideal entropy of mixing, N is the sum

of ni, Xi are the mole fractions of the liquid components,1990; Johnson & Dick, 1992). The pyroxene models of
Sack & Ghiorso (1994a, 1994c) neglect Cr, but the spinel R is the gas constant, and Wij are the symmetric liquid

interaction parameters (Wij = Wji), which are constantsmodel (Sack & Ghiorso, 1991a, 1991b) includes it, so
that in MELTS simulations all the Cr in the residual independent of composition, temperature, and pressure.
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The standard-state chemical potentials of the liquid reported in many peridotite partial melting studies and
the challenging experimental problems associated withcomponents are estimated from experimentally de-

termined enthalpies of fusion of stoichiometric minerals these experiments. Many older studies were hampered
by quench crystallization, non-ideal experimental geo-or estimates of these quantities made by corresponding

states approximations [references in Ghiorso & Sack metries or containers, and/or run times inadequate to
approach equilibrium. More recent studies related to(1995)] and from experimentally calibrated para-

meterizations of the heat capacity, volume, thermal ex- peridotite partial melting (Hirose & Kushiro, 1993; Baker
& Stolper, 1994; Bertka & Holloway, 1994; Baker et al.,pansion, and compressibility of natural silicate liquids,

which are generally known to better than 2% (Lange & 1995; Longhi, 1995; Kushiro, 1996; Kinzler, 1997) have
not been included in the current calibration. FutureCarmichael, 1987; Kress & Carmichael, 1991; Lange &

Navrotsky, 1991). Because compressibilities are based on calibrations of the mineral and melt thermodynamic
models (see below) will undoubtedly be improved by theultrasonic measurements at 1 bar and volume is fitted to

a simple second-order expansion in terms of temperature availability of these studies.
In principle, direct calibration from high-pressureand pressure, we believe that the liquid silicate properties

are reliable only up to ~3 GPa. phase equilibrium experiments is not needed for an
accurate high-pressure liquid thermochemical model; i.e.Although the enthalpies of fusion, DHfus, of most im-

portant magmatic components are well known (Lange & knowledge of the 1 bar thermodynamic properties of the
liquid phase and of the partial molar volumes of the liquidCarmichael, 1990), DHfus of forsterite, a key component

relevant to partial melts of the mantle, has not been components and their pressure, temperature derivatives is
sufficient to describe the liquid properties at high pressure.measured precisely. Ghiorso & Carmichael (1980) derived

an estimate of 170·1 kJ/mol for DHfus of forsterite from Likewise, if the adopted model is a valid description of
the liquid mixing properties, it is not essential to haveanalysis of the slope of the fusion curve, a value 50%

higher than that estimated from extrapolation of ca- experiments on peridotite melting in the calibration data-
base, as the interaction parameters describing the liquidlorimetrically determined enthalpies of fusion from inter-

mediate compositions in the anorthite–forsterite binary properties can be determined from liquids significantly
different in composition from those of interest to mantle(Navrotsky et al., 1989). More recent estimated values for

DHfus of forsterite at its melting temperature and 1 bar melting. Thus, this approach has the potential to model
accurately phase equilibria for liquid compositions andhave converged, as a direct calorimetric determination

of DHfus yielded 142 ± 14 kJ (Richet et al., 1993), and conditions of pressure and temperature outside the range
previously subject to experiment. In fact, one of ourGhiorso & Sack (1995) recalculated the Navrotsky et

al. determination using solid and liquid forsterite heat motivations in not including the most recent high-pressure
experiments in the calibration database was to explorecapacity functions from Berman (1988) and Lange &

Navrotsky (1991) to yield the value of 124 ± 20 kJ the validity of some of the more surprising results of
some of these experiments (Baker et al., 1995). If theseapplied in the present model.

The liquid interaction parameters, Wij, are calibrated experiments were included in the calibration database, it
would not be particularly significant if the thermodynamicfrom experimentally determined mineral–melt phase

equilibria by methods described by Ghiorso et al. (1983). calculations reproduced their results. In practice, how-
ever, optimization of the calibration based on liquids closeThe calibration database used for the present calculations,

summarized by Ghiorso & Sack (1995), contains 4666 to the compositions of interest and at mantle pressures
and temperatures would lead to improved accuracy.statements of mineral–melt equilibria from 1593 ex-

periments on natural compositions including liquids ran- Consequently, as most of the constraints on the silicate
liquid properties derive from 1 bar liquidus surfacesging in composition from komatiitic to rhyolitic to

nephelinitic [see fig. 2 of Ghiorso & Sack (1995)]. Most and prediction of phase equilibria at higher pressures
represents an extrapolation in pressure and in com-(~80%) of these experiments were performed at 1 bar;

the calibration is therefore heavily weighted to match position (as cotectics are systematically displaced in com-
position with increasing pressure; e.g. Takahashi &low-pressure phase equilibria. Of those experiments per-

formed at higher pressure, many are from hydrous or Kushiro, 1983), there are inaccuracies in the high-pres-
sure phase equilibria predicted by MELTS. Also, duringsilica-rich systems, and therefore are not necessarily dir-

ectly applicable to peridotite phase relations. Studies calibration of pyroxene mixing properties, Sack &
Ghiorso (1994c) noted systematic discrepancies betweenrelated to peridotite melting that are included in the

calibration database include those by Stolper (1980), fits to pyroxene–liquid equilibria from experiments at 1
bar and from those at higher pressure. Because theTakahashi & Kushiro (1983), Takahashi (1986) and Kin-

zler & Grove (1992a). The paucity of direct constraints experimental database considered by Sack & Ghiorso
(1994c) and Ghiorso & Sack (1995) was dominated by 1from peridotite partial melting studies reflects both the

relatively small number of equilibrium mineral–melt pairs bar constraints, Sack & Ghiorso (1994c) and Ghiorso &
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Sack (1995) chose values for their pyroxene and liquid actual magmatic liquids are not likely to be significantly
calibrations that gave better fits to the 1 bar data at the different from those calculated by MELTS.
expense of higher-pressure predictions. Thus, the current It is difficult to evaluate the applicability of the MELTS
calibration is non-optimal for calculations at mantle entropy of mixing model, as little is known about the
pressures. Although there is clearly room for im- entropy of mixing of natural or simple silicate liquids.
provement of the chosen thermodynamic models for Typical entropies of mixing for partial melts of peridotite
application to mantle melting at pressures up to a few calculated with MELTS are 0·12–0·14 J/K per g, about
GPa, we show below that this model does an excellent 30% of the entropy of fusion of important mantle minerals
job of capturing most of the critical aspects of peridotite (e.g. diopside, 0·4–0·45 J/K per g; Lange et al., 1991;
melting, and even some of its subtleties. Ghiorso & Sack, 1995). The assumption embodied in

It is important to note that the mineral–liquid ex- MELTS that silicate liquids mix as molecules of mineral-
periments used in the calibration place constraints on like stoichiometry seems appropriate because: (1) the
the chemical potentials of the silicate liquid, but that the goodness of fit to crystal–liquid phase equilibria has
liquid interaction terms adjusted during the calibration, no temperature dependence (Ghiorso & Sack, 1995),
the W values, describe only deviations from non-ideal implying that the model used for the entropy of mixing
enthalpies of mixing. Other contributions to the liquid is adequate; (2) the liquid chemical potentials are forced
chemical potentials—the standard state properties and to agree with mineral–liquid equilibria and enthalpies of
the entropy of mixing—are assumed before calibration. mixing are reasonable, so the entropy of mixing must
This approach, which is dictated in large part by the not be grossly in error; (3) the magnitude of the derived
paucity of direct constraints on the entropies or enthalpies entropies of mixing are comparable with other melt
of mixing of natural silicate liquids and by the relative mixing models such as the two-lattice model for anor-
success in calibrating the chemical potentials using only thite–albite–diopside liquids of Weill et al. (1980) or the
temperature-independent liquid interaction terms speciation model for binary oxide–silicate liquids of Hess
(Ghiorso & Sack, 1995), has a number of consequences. (1995) (although such comparisons are not without prob-
First, it means that the silicate mixing model may con- lems, as apportionment of entropy between mixing and
strain component chemical potentials better than it does standard state terms depends on the complexity of com-
the entropies or enthalpies of mixing; this is a common pounds employed in the model). Even if the assumed
characteristic of thermodynamic models of liquids (Hil- entropy of mixing model is flawed, entropies of silicate
debrand & Scott, 1950). Second, it means that the liquids modeled with MELTS are likely to be more
liquid interaction parameters must compensate for any accurate than those modeled with previous treatments
imperfections in the thermochemical models of the solid of melting energetics (Hess, 1992; Iwamori et al., 1995)
solutions and pure liquid components. They must also given that earlier models have not accounted for the
compensate for possible inadequacies of the liquid model, entropy of mixing of silicate liquids at all. We also note
such as the assumption that liquid silicates mix as a regular that, unlike previous treatments, MELTS accounts for
solution or the approximation that the configurational the entropy of mixing of solid solutions.
entropy of liquid silicates is described by mixing of
mineral-like components. These consequences not-
withstanding, it appears, as described in the next two

Redox evolution during partial meltingparagraphs, that the silicate liquid model in MELTS
The fO2 evolution of natural magmas and of partiallyyields reasonable approximations to the entropies and
melting peridotite is controlled primarily by the interplayenthalpies of magmatic liquids and does not introduce
between the Fe2+/Fe3+ redox couple and the oxidizedlarge errors to isenthalpic or isentropic calculations that
and reduced species in the system C–H–O–S (Carmichaeldepend on these mixing properties.
& Ghiorso, 1986). Because the thermodynamic modelsThe enthalpies of both modeled and real silicate liquids
applied do not incorporate C- and S-bearing species,are dominated by contributions from standard state prop-
calculated closed system paths may not accuratelyerties, not from mixing. For example, calculated en-
simulate realistic fO2 paths. For calculations in this study,thalpies of mixing for basaltic liquids using MELTS are
fO2 is constrained to remain fixed relative to a referencegenerally are typically near 60–90 J/g. These are similar
solid buffer assemblage such as quartz–fayalite–magnetitein magnitude to those measured in simple systems (Na-
(QFM) by minimization of the Korzhinskii potential,vrotsky, 1987, 1995), and therefore probably reasonable
which is minimal at fixed T, P, and lO2 (Ghiorso &for natural silicate liquids, though there are no direct
Kelemen, 1987), instead of the more familiar Gibbsmeasurements for the latter. Such values are ~10% of
free energy potential. Minimization of the Korzhinskiithe measured enthalpies of fusion of key mantle minerals
potential requires adding or removing small amounts of(e.g. diopside, 650 J/g; Lange et al., 1991; forsterite

900 J/g; Ghiorso & Sack, 1995). Thus, the enthalpies of oxygen to the system to match the liquid Fe3+/Fe2+ ratio
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appropriate for the buffer, guided by the calibration of Table 2: Peridotite compositions used
Kress & Carmichael (1991). Calculations in which the

for calculationstotal oxygen content of the system is held constant and
the oxygen fugacity of the system is allowed to evolve in

Fertile peridotite Depleted peridotiteresponse to redistribution of Fe3+ and Fe2+ during melting
MM3∗ DMM1†and/or melt removal have also been done, but are not

reported here.
SiO2 45·47 44·65

TiO2 0·11 0·04

Al2O3 4·00 2·37

Cr2O3 0·68 0·40
Calculations involving hydrous silicate

FeO 7·22 8·15
liquid

MgO 38·53 42·14
MELTS incorporates a simple parameterization of the CaO 3·59 2·14
effect of water on magmatic phase equilibria (Ghiorso & Na2O 0·31 0·06
Sack, 1995) based on the assumption that the activity of Sum 99·91 99·95
water is proportional to the square of its concentration.

mg-no. 90·48 90·20
This parameterization is developed primarily from meas-
ured solubilities of water in silicate melts, rather than

∗Baker & Stolper (1994). †Wasylenki et al. (1996).
from experimental constraints on the effect of water on
liquid–mineral phase equilibria. Thus, it is unlikely to
capture the detailed effects of water on melting relations.

COMPARISON OF MELTSAlso, the parameterization does not account for speciation
of water between hydroxyl ions and water molecules CALCULATIONS AND PERIDOTITE
(Silver & Stolper, 1985), and the functional form of the PARTIAL MELTING EXPERIMENTS
water equation of state adopted in the present version of

To explore the strengths and weaknesses of the thermo-MELTS fails above 1 GPa. However crude, the MELTS
dynamic calculations, we compared the predicted andformulation, unlike other parameterizations of peridotite
the experimentally measured proportions and com-partial melting, incorporates the energetic effects of water
positions of melts produced at 1 GPa for a fertile (MM3)such that melt production of slightly hydrous peridotite
and a depleted (DMM1) peridotite composition (Table 2)can be treated in a quantitative, internally consistent
for which there are detailed experimental results (Bakerfashion.
& Stolper, 1994; Baker et al., 1995; Wasylenki et al.,
1996). Calculated melt and mineral compositions and
proportions are given in the Appendix. We also compare
the calculated effect of removal of liquid during melting

Incremental batch melting calculations with the incremental batch fusion experiments of Hirose
It is generally accepted that basaltic melts form in- & Kawamura (1994) and the calculated effect of addition
terconnected networks in peridotite even at small melt of water on the proportion of melt generated with the
fractions (Waff & Bulau, 1979; Cooper & Kohlstedt, experiments of Hirose & Kawamoto (1995). We em-
1982; Von Bargen & Waff, 1986; Daines & Richter, phasize that none of the experiments used for these
1988) and that rapid separation of melt from the source comparisons were used to calibrate MELTS, so the
results in a melting process that more nearly approximates calculations are independent predictions of peridotite
fractional fusion than it does batch melting (McKenzie, melting trends.
1984, 1985; Richter & McKenzie, 1984; Salters & Hart,
1989; Johnson et al., 1990; Riley & Kohlstedt, 1991).
Thermodynamic calculations can simulate isobaric frac-

Predicted residual phases and mineraltional fusion by incremental isobaric batch fusion; i.e. by
modesthe repeated increase in temperature sufficient to generate

small fixed increments of melt by batch fusion, followed For the fertile peridotite (composition MM3, Table 2),
energy potential minimization correctly predicts that theby removal of the melt generated. For the fractional

melting calculations presented below, increments of 1% stable minerals in equilibrium with silicate liquid near
the solidus are olivine, aluminous opx, aluminous cpx,melting were used. Calculations have been done using

smaller melting increments (0·5%, 0·1%), but the results and at least one additional aluminous phase. Plagioclase
(An48) is predicted below 0·6 GPa and garnet above 3·05do not differ significantly from those based on the 1%

melting increments. GPa. Spinel is predicted to be stable at all pressures
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(owing to the absence of Cr in other mineral models). the experiments. Above ~15% melting, calculated pro-
Between 0·6 and 3·05 GPa, it is predicted to be a portion of olivine decreases slightly whereas that ex-
Cr–Al-rich spinel; above and below these pressures, the perimentally determined olivine mass is nearly constant.
calculated spinel is nearly pure chromite that is vo- Calculated and experimentally determined masses of opx
lumetrically subordinate to plagioclase or garnet. Other are similar at low melt fraction, and both show significant
minerals considered during the calculation but not pre- decreases following the exhaustion of cpx. However,
dicted to be stable are quartz, cristobalite, tridymite, above ~15% melting, the calculated mass of opx is
ilmenite, rutile, orthorhombic Fe–Ti oxides, nepheline, systematically higher than that indicated by the ex-
melilite, titanite, perovskite, aenigmatite, and corundum. periments. The calculations predict that opx is in reaction
The low pressure at which plagioclase lherzolite appears relation between ~8% melting and cpx exhaustion, a
in these calculations reflects the high Cr2O3 content of feature not seen in the experiments. The calculated spinel
MM3 (0·68%; Table 2). For peridotite compositions with mass is higher than that derived from the experiments
more typical Cr2O3 contents, such as the LOSIMAG throughout the melting interval; this reflects the exclusion
model mantle composition (0·47% Cr2O3; Hart & Zin- of Cr2O3 from the pyroxene thermochemical models.
dler, 1986), initial stability of plagioclase on the solidus Overall, this comparison indicates a good correspondence
is predicted to be near 0·9 GPa. between calculations and experiments, except that in the

The calculated sequence of phase disappearance during calculations, opx is too stable and olivine is not stable
progressive partial melting of the MM3 fertile peridotite enough.
composition at 1 GPa spinel peridotite is cpx (at 18%
melting), opx (at 65% melting), spinel (at 93% melting),
and then finally olivine. This sequence agrees with ex-

Isobaric melt productionperimentally well-established phase relations in the melt-
For the MM3 and DMM1 compositions, the model melting interval of spinel peridotite (e.g. Takahashi & Kushiro,
mass fraction (F ) as a function of temperature is displayed1983), although the extent of melting required to elim-
in Fig. 2. In the calculations, the temperature requiredinate spinel from the solid residue varies depending on
to generate a given fraction of liquid is systematicallythe Cr2O3 content of the peridotite. This agreement
~100°C higher than it is in the MM3 experiments anddemonstrates that the predicted ‘phase diagram’ of spinel
~120°C higher than it is in the DMM1 experiments.peridotite is semi-quantitatively correct, which is a pre-
These differences are related to the differences betweenrequisite for applying this technique to understanding of
melt compositions calculated by MELTS and those de-mantle melting.
termined experimentally (see below). Although this tem-Calculated proportions of residual minerals coexisting
perature offset prevents application of MELTS in itswith partial melts of MM3 peridotite at 1 GPa are
present form to such problems as the potential tem-compared with those determined from experiments by
perature of the mantle, the shapes of the calculated andBaker & Stolper (1994) in Fig. 1. The phase proportions
measured melt fraction vs temperature functions for thesein the experiments are estimated from a least-squares fit
two compositions are in good agreement. This suggestsof the proportions of the analyzed phases in the ex-
that MELTS may provide valuable insights into theperiment to the bulk composition. Residual mineral pro-
isobaric melt productivity [i.e. (∂F/∂T )P], which althoughportions are shown as a percent of total (solid+ liquid)
generally poorly known is of great importance in modelingmass. Both calculations and experiments show that cpx
mantle melting (Asimow et al., 1995, 1997).is the chief phase entering the melt during the early

For calculations on the fertile MM3 composition, ex-stages of melting. In the calculations, cpx is exhausted
haustion of cpx is accompanied in the calculations by afrom the residual assemblage at a slightly lower extent
decrease in (∂F/∂T )P from 0·45%/°C before cpx-out toof melting (18%) than indicated by the experiments (22%).
(∂F/∂T )P = 0·1%/°C afterwards (Fig. 2). For the de-For a more depleted composition, DMM1 (Table 2), the
pleted DMM1 composition, the calculated change inpredicted exhaustion of cpx at 1 GPa occurs after ~7%
slope is similar. Such a dramatic calculated change inmelting, slightly lower than the ~8–10% indicated by
productivity is not clear in the experiments on the MM3experiments on this composition (Wasylenki et al., 1996).
composition by Baker & Stolper (1994). On the otherFor MM3, both the calculated and experimentally de-
hand, experimental results on DMM1 do suggest a droptermined proportions of olivine change little during the
in productivity at this point, although the scatter inearly stages of melting, but calculated olivine mass fraction
the experimental T–F determinations is considerable. Ais systematically lower than that inferred from ex-
decrease in (∂F/∂T )P on exhaustion of cpx has also beenperiments. The slight increase in calculated and ex-
documented in diamond aggregate experiments on aperimentally determined olivine mass fraction during the
fertile peridotite of different composition from MM3first ~15% melting is indicative of olivine being in reaction

relationship, although the effect is better developed in (PHN-1611; Kushiro, 1996). It is not clear whether
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Fig. 1. Mass proportions of minerals in residue of MM3 peridotite (Table 2) vs percent of melting (by mass) (F ) at 1 GPa for calculated partial
melting (curves), compared with those determined by Baker & Stolper (1994) from least-squares mass balance of their experimental charges.
Proportions of individual minerals are in percent of total mass of minerals and melt. Experimental mode at 0% melting is estimated from the
composition of the starting material, not from experiment. Error bars on experimental data are 1r. Calculations performed with MELTS at
QFM – 1.

experimentally determined differences in T vs F behavior in systems with solid solutions (Asimow et al., 1997) and
at cpx exhaustion between MM3 and PHN-1611 reflect is discussed in greater detail in the companion paper
experimental artifacts or bulk composition effects, but (Hirschmann et al., 1998c). However, as detailed in that
MELTS calculations and a more general treatment of paper, there is reason to believe that the MELTS-cal-
the effects of phase exhaustion on melt productivity in culated near-solidus downturn in productivity is ex-
simple and complex systems (Asimow et al., 1997) suggest aggerated relative to actual peridotite melting behavior.
that sharp decreases in productivity are the expected
behavior following phase exhaustion.

Thermodynamic calculations of melt fraction vs tem-
Calculated melt compositionsperature for the MM3 composition suggest that (∂F/
Calculated liquid compositions at 1 GPa for partial∂T )P is very small at the solidus, but increases dramatically
melting of the fertile peridotite MM3 are shown inbetween 0 and ~4% melting (Fig. 2). For example,
Figs 3 and 4 and define the following overall trends.calculated (∂F/∂T )P increases from ~0·025%/°C at 2%
Concentrations of MgO, FeO∗ and Cr2O3 (not shownmelting to 0·09%/°C at 4% melting, and then increases
in Fig. 3) increase with increasing melt fraction. That ofmore slowly but steadily to values of >0·4%/°C just
CaO increases until cpx is exhausted from the residue,before cpx-out at 18% melting. In contrast, the calculated
but then decreases with further melting. The Al2O3increase in productivity for DMM1 is of smaller mag-
content decreases with increasing melt fraction, as donitude and is pronounced only below 1% melting. Al-
the Na2O and TiO2 contents, except between the solidusthough the marked increase in productivity at low melt
and ~5% melting, where the TiO2 content increases withfractions has not been observed experimentally for MM3
increasing melt fraction. The decrease in the con-(Baker & Stolper, 1994; Baker et al., 1995), it has been
centration of Na2O is particularly sharp during this firstdetected in other experiments on natural peridotite
5% of melting. SiO2 concentration varies little as a(Mysen & Kushiro, 1977) and for analogues of peridotite
function of melt fraction, except between the solidus andcompositions in the system NCMAS (Walter & Presnall,
5% melting where the SiO2 content decreases sharply1994). The region of low calculated productivity near
with increasing temperature (Fig. 4). As shown in Figs 3the solidus of MM3 (Fig. 2) corresponds to the region
and 4, all of these trends agree remarkably well with thewhere the composition of the calculated liquid is changing
1 GPa piston cylinder experiments of Baker & Stolperrapidly (Fig. 3). The link between these two phenomena

is predicted from a general analysis of melt productivity (1994) and Baker et al. (1995) on this composition. Most
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Fig. 2. Calculated (curves) and experimentally determined (Χ, lherzolite residues; Β, harzburgite residues) percent of melting (by mass) vs
temperature at 1 GPa for (a) the MM3 fertile peridotite and (b) the DMM1 depleted peridotite. It should be noted that temperature scales for
the experiments (marked on the left side of the figure) are displaced relative to those for the calculations (marked on the right side). MELTS
calculations performed at QFM – 1.

notably and as emphasized by Baker et al. (1995), as Quantitatively, calculated and experimentally de-
temperature is initially increased from the solidus to a termined concentrations are in excellent agreement for
few percent melting, both calculations and experiments some oxides, less so for others (Figs 3 and 4). Calculated
show the same sharp decrease in silica content and the and experimental trends for FeO∗, Cr2O3, and TiO2

moderate increase in TiO2 content, features that are contents are nearly identical. Trends in the concentration
contrary to expectations based on previous experimental of Al2O3 are essentially parallel, with calculated abund-
studies (e.g. Mysen & Kushiro, 1977; Stolper, 1980; ances 1–2 wt % lower than experimental values. Cal-
Takahashi & Kushiro, 1983; Fujii & Scarfe, 1985; Falloon culated trends for CaO and MgO are systematically
& Green, 1987, 1988; Kinzler & Grove, 1992a; Hirose higher than experimental values; between 2 and 3 wt %
& Kushiro, 1993) or based on previous empirical para- in the case of CaO and between 2 and 4 wt % in the
meterizations of mantle melting (McKenzie & Bickle, case of MgO, although the disagreement narrows at low
1988; Niu & Batiza, 1991; Kinzler & Grove, 1992b; melt fraction. Na2O contents agree well at high melt
Langmuir et al., 1992; Walter & Presnall, 1994). Also, fraction, but near the solidus the calculated values climb
both calculations and experiments suggest that relative to values significantly higher than in the experiments.
to higher-degree melts, near-solidus melts have CaO, Calculated concentrations of SiO2 are systematically
MgO, and FeO∗ contents that are significantly reduced lower than experimental values by 3–4% (Fig. 4). It should
relative to expectations based on earlier experiments or be noted that the respective high and low calculated values

of MgO and SiO2 reflect the calculated understability ofmodels.
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Fig. 3. Calculated (a) vs experimentally determined (b) compositions of wt % oxides in partial melts of fertile peridotite MM3 vs F, percent
melting (by mass), at 1 GPa. Experiments from Baker & Stolper (1994) and Baker et al. (1995) with revised analyses from Hirschmann et al.
(1998a). MELTS calculations performed at QFM – 1. Curves in (b) are polynomial fit to experimental data.

olivine and overstability of opx noted above (see Fig. 1). from the measured values (and again in essentially the
same way as in the MM3 composition). In particular,Melting relations for the depleted peridotite com-

position DMM1 have recently been determined ex- calculated SiO2 and Al2O3 contents are several percent
lower than the experimental determinations, whereas theperimentally (Wasylenki et al., 1996); experimental and

calculated 1 GPa trends in liquid composition are com- calculated MgO and CaO contents are systematically
higher than the experimental determinations (Figs 4 andpared in Fig. 5. Experimentally determined trends (Wa-

sylenki et al., 1996) in oxide concentration are qualitatively 5).
A key feature of the comparison between the calculatedsimilar to those for fertile peridotite, except that the CaO

content peaks at a lower melt fraction (~10%), reflecting and experimentally determined melt compositions for
the depleted DMM1 composition is the behavior at lowthe lower modal abundance of cpx in this composition,

and the trend in TiO2 concentration does not reverse melt fraction. For the fertile MM3 composition, both
theoretical and experimental results suggest large in-slope at low melt fractions (Fig. 5). Another difference in

the experimentally determined trends is that changes in creases in SiO2 with decreasing melt fraction in the region
below 5% melting. In contrast, for the depleted DMM1SiO2 content near the solidus of the depleted composition

are much less pronounced than those observed for the composition, the calculations suggest that SiO2 content
remains constant except at very low melt fraction (<2%fertile MM3 composition. As with the fertile peridotite

composition, the calculated and experimentally de- melting), where there is a modest increase. Experiments
on DMM1 do not document melt fractions below 3%termined trends in melt compositions for the depleted

DMM1 composition are qualitatively similar, but in detail melting, but also suggest that changes in SiO2 in the low
melt fraction region (<5%) are small (Fig. 4). In addition,calculated concentrations of some oxides are displaced
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Fig. 4. Calculated (curves) vs experimentally determined (symbols) SiO2 vs F, % melt present, in mass, at 1 GPa for fertile MM3 (Χ) and
depleted DMM1 (Β) peridotites. Experimental data for MM3 are from Baker & Stolper (1994) and Baker et al. (1995), with revised analyses
from Hirschmann et al. (1998a). Experimental liquids with harzburgite residues (i.e. the three highest melt fraction liquids) have not been
reanalyzed by Hirschmann et al., and therefore the SiO2 content depicted here is probably ~1 wt % high. Data for DMM1 are from Wasylenki
et al. (1996, in preparation).

the turnover in the trend in TiO2 content observed in the batch fusion; i.e. achieving 3% melting by incremental
experimental and calculated results for fertile peridotite is batch fusion requires a temperature increase 20°C greater
not observed in the experiments on the depleted peridotite than achieving the same extent of melting by batch fusion.
composition and is predicted to occur only at very low However, a key prediction of the MELTS calculation, and
melt fractions (<1%). In our view, these agreements one that to our knowledge has not been anticipated in
between experiments and calculations provide strong previous calculations, is that following the first several
support for the view that the unexpected behavior re- percent of melting, the isobaric melt productivities for
ported by Baker et al. (1995) at low melt fraction for fractional and batch fusion become similar (~0·45%/
MM3 is not an experimental or computational artifact; °C) and remain so from ~3% melting up until the
i.e. this behavior is only observed experimentally for the disappearance of cpx. Figure 6 shows that the calculated
composition for which it is predicted by the thermo- T vs F paths are roughly parallel for fractional and batch
dynamic calculations, and it is not observed ex- melting, with the fractional melting trend displaced to
perimentally in the depleted composition for which it is about ~20°C higher temperature. Following exhaustion
not predicted by the calculations. We think it would be of cpx, the predicted productivity of near-fractional melt-
remarkable for an experimental artifact to so faithfully ing is markedly smaller (0·05%/°C) than that of batch
reproduce the trends independently calculated based on melting (0·1%/°C).
MELTS. As discussed further by Hirschmann et al. The calculated isobaric productivity during fractional
(1998c), we infer that the differences between the trends melting can be compared with the sequential batch partial
at low degrees of melting of the MM3 composition and melting experiments of Hirose & Kawamura (1994),
the DMM1 composition largely reflect the differences in which were designed to simulate the effects of melt
alkali contents of their near-solidus melts. production in a fractionally melting mantle. A series of

batch melting experiments were conducted where the
bulk composition approximated the solid residue of the

Incremental batch melting preceding experiment. The initial experiment was per-
formed with peridotite composition PHN-1611 and sub-Figure 6 shows the calculated melt fraction vs temperature
sequent experiments were done with synthetic gels. Thetrends for batch and fractional fusion of the MM3 com-
experiments differ from actual fractional processes andposition at 1 GPa. As shown by Asimow et al. (1997), the
from our simulations in two significant ways. First, theisobaric productivity, (∂F/∂T )P, for fractional fusion and
increments of melting between each experiment rangedbatch fusion must be identical right at the solidus. How-
from 3 to 10%, with the first increment being 10%.ever, after the first increment of melting and then up to
Second, the compositions synthesized were not identicalseveral percent melting, the isobaric productivity for

fractional fusion is significantly smaller than that for to actual residues of previous melting steps, as they were

1102



HIRSCHMANN et al. MANTLE MELTING I

Fig. 5. Calculated (a) vs experimentally determined (b) compositions of wt % oxides in partial melts of fertile peridotite DMM1 vs F, % melt
present, in mass, at 1 GPa. Experiments from Wasylenki et al. (1996). MELTS calculations performed at QFM – 1. Curves in (b) are polynomial
fit to experimental data.

spiked with K2O, such that melts formed always had during later increments. Although not generally re-
cognized, the increase in productivity with increased1–3% K2O.
melting inferred by Hirose & Kawamura (for incrementalDespite these differences, the study of Hirose & Kawa-
batch fusion) and predicted by MELTS (for incrementalmura (1994) provides the only available experimental
batch and for batch fusion see Figs 2 and 6) is likely toguide for the behavior of isobaric fractional melting of
be an important general feature of magma generation.peridotite and thus is an independent test of the results
This feature can be readily understood from considerationof the MELTS calculation. We regard it as a success of
of the general expression for isobaric productivity (As-the MELTS model that, just as for our calculations, their
imow et al., 1997). A more detailed discussion of theresults suggest that melt production is inhibited during
reasons for productivity variations in batch and fractionalthe early stages of fractional melting, but that following
melting is given by Hirschmann et al. (1998c).the early stages of melt extraction (>10% melting), pro-

ductivity for fractional melting is similar to experimentally
determined batch productivity for the same bulk com-

Melting of peridotite in the presence ofposition (Fig. 6 inset). The absolute temperature offsets
waterbetween incremental batch and batch melting are greater

for the experiments than for the calculations, but the The effect of H2O on peridotite partial melting has been
qualitative results compare favorably in that rates of predicted with MELTS by calculating phase equilibria
isobaric fractional and batch melting are most different at fixed temperature and pressure as a function of total

water content. As in the previous sections, the results ofduring the first increments of melting and become similar
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Fig. 6. Calculated (using MELTS at QFM – 1) temperature vs % melting (by mass) for the MM3 fertile peridotite for batch melting and
incremental batch melting (with increments of 1%). Inset is experimentally determined T vs F for PHN-1611 determined at 1 GPa for incremental
batch melting (Hirose & Kawamura, 1994) and batch melting (Kushiro, 1996). Closed symbols, experiments with lherzolite residue; open
symbols, harzburgite residue. The kink in productivity near 20% melting for the batch experiments is caused by exhaustion of clinopyroxene.
Because clinopyroxene is not exhausted in the incremental batch melting experiments, the kink is absent.

such calculations can be compared with peridotite partial from the anhydrous part of the calculation, as the same
effect was noted in comparing the dry calculations withmelting experiments performed with variable total water
experiments (see Fig. 2). As in the comparison of thecontents (e.g. Hirose & Kawamoto, 1995). Again, as the
anhydrous experiments and calculations, the key to eval-results of such experiments are not part of the calibration
uating the MELTS calculations is a comparison of thedatabase of MELTS, such a comparison serves as an
trends with increasing temperature and water content,additional independent test of the degree to which the
and from this perspective, the experiments and cal-MELTS calculations capture the actual nature of peri-
culations have similar features (Fig. 7). Both show thatdotite melting. The experiments of Hirose & Kawamoto
at a given temperature, the total water vs melt fraction(1995) are the only published partial melting experiments
curves are concave up (i.e. the increase in melt fractionof peridotite containing small amounts of water, but
with addition of water to the system is larger at lowercaution is necessary in interpreting these data. This is
total water contents), but the MELTS calculations showbecause: (1) the amounts of water in these experiments
that the apparent curvature is primarily a result of awere estimated only from the amount of water loaded
break in slope upon the exhaustion of cpx. For extentsinto each experiment, but direct analysis of selected
of melting less than those needed to exhaust cpx fromglasses showed that there was considerable water loss
the residue, the calculations and experiments also bothover the course of at least some of the experiments; (2)
show significant increases with increasing temperature inthe melt fraction in these experiments was estimated
the amount of melt generated per increment of waterfrom microprobe analyses of glasses based on the as-
added. Under these conditions, the slopes of the cal-sumption that Na behaved as a perfectly incompatible
culated and measured melt fraction vs water contentelement, rather than from mass balance calculations.
curves are similar, but the calculations suggest a greaterStarting with the dry, fertile peridotite MM3 at 1 GPa
change inand at QFM, the effect of addition of H2O on melt

fraction was calculated for the case of batch melting by

A ∂F∂Xw
H2OB

TP

adding small increments of water to the bulk composition
and determining the stable assemblage (Fig. 7). Cal-
culations at QFM+ 2 yield similar results. For a given
temperature and water content, MELTS calculations (where Xw

H2O is wt % H2O) with increasing temperature
predict considerably less melting than the experiments than indicated by the experiments (Fig. 7). For harz-
of Hirose & Kawamoto (1995). This difference is inherited burgitic (cpx-free) residues, the calculations suggest that
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Fig. 7. Degree of melting vs total water content of peridotite. Bold curves calculated using MELTS at QFM by isothermal addition of water
to MM3 peridotite at 1 GPa. Where lines are solid, melt coexists with a lherzolitic residual assemblage; where they are gray, melt coexists with
a harzburgitic residual assemblage. Fine lines with triangular symbols are experimental data from Hirose & Kawamoto (1995): Μ, lherzolitic
residual assemblages; Α, harzburgitic residual assemblages.

the effect of water on melt production is reduced dra- limitations to current thermodynamic models and to their
utility for accurate modeling of peridotite melting.matically. There is a suggestion of similar behavior in

the experiments at 1200 and 1300°C, but not in the The most prominent shortcomings of the current cal-
ibration of MELTS with respect to mantle melting areexperiments conducted at 1350°C.

An important prediction of the calculations is that the systematic offsets of the calculated SiO2–F, MgO–F,
and T–F relations relative to the results of peridotitebefore cpx exhaustion, melt fraction is roughly linear

with the amount of water added. The experimental data melting experiments. These inaccuracies, as well as the
low calculated modal olivine/orthopyroxene ratios in-are not sufficient at this point to test the prediction of a

roughly linear relationship in the lherzolite field, as there dicated by Fig. 1, are all symptoms of the same problem,
are no more than two experiments with that assemblage namely that for the coexistence of magnesian opx, olivine,
at any temperature. Although Hirose & Kawamoto (1995) and liquid in the pressure and temperature range of
emphasized the non-linearity of the trend in added H2O interest, MELTS fixes the chemical potential of SiO2 at
and melt fraction our calculations suggest that this non- too low a value. This results in calculated intersection of
linearity is probably largely a consequence of a change olivine and opx liquidus surfaces at too high a normative
in slope at cpx exhaustion. Further work will be needed olivine content, too high a temperature, and therefore
to clarify the relationship between melt fraction and at liquid compositions that are too high in MgO and
water content beyond cpx exhaustion. poor in SiO2. This inaccuracy also affects other aspects

of the calculations. For example, because calculated
melting temperatures are too high, coexisting pyroxenes
are fixed at a more narrow part of the pyroxene solvus,
causing cpx compositions to contain too little CaO.PROBLEMS WITH APPLYING THE
This affects the stoichiometry of the melting reaction,

PRESENT MELTS CALIBRATION TO increasing the proportion of cpx entering the melt, and
MANTLE MELTING possibly influencing the extent of melting required to

exhaust cpx (Fig. 1) and the CaO contents of calculatedThe preceding discussion demonstrates that there is a
melts (Figs 3 and 5).significant correspondence between the results of thermo-

It is possible that these problems originate primarilydynamic calculations using MELTS and experimental
from errors or uncertainties in the calculated relativestudies of the partial melting of peridotite (e.g. Figs 1–7).
stabilities of olivine and opx (i.e. that relative to opx, theHowever, there are systematic differences between the

calculations and experiments that highlight some of the Gibbs free energy surface of the olivine solid solution in
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MELTS is slightly higher than it should be), rather than trends of MM3 peridotite. The results of such calculations
are shown in Fig. 8 and suggest that a 2–3 kJ/molfrom uncertainties in the liquid properties. For example,

the Sack & Ghiorso olivine model, which includes rel- increase in the free energy of opx (achieved by arbitrarily
increasing the enthalpy of formation of enstatite andatively large positive deviations from ideality, may not

sufficiently stabilize olivine at the temperatures most ferrosilite) is sufficient to account for the difference be-
tween observed and calculated SiO2 contents of partialrelevant to mantle melting processes (>1250°C). The

substantial non-ideality in this olivine model was inferred melts of peridotite. It should be noted that this simple
adjustment would not be an appropriate ‘fix’ to theprimarily from analyses of olivine–opx equilibria at

<750°C (Sack & Ghiorso, 1989). Subsequent analysis of MELTS model, because adjusting the stability of opx
without recalibration of other properties would causeequilibria involving olivine, opx, cummingtonite, mag-

netite, and quartz has confirmed the validity of the model many other aspects of the calculation (such as Fe–Mg
exchange equilibria, relative stability of opx vs cpx, etc.)between 500 and 750°C (Ghiorso et al., 1995) and reports

of spinodal decomposition in meteoritic olivine (Petaev to shift. Incorporation of changes of opx stability into a
revised more accurate MELTS model would require& Brearley, 1994; Petaev, 1996) are consistent with

marked non-ideality at low and intermediate tem- recalibration of both mineral and melt models. Never-
theless, Fig. 8 does give a feeling for the relationshipperatures. On the other hand, experiments at higher

temperatures (800–1150°C) imply smaller deviations between energetic parameters in MELTS and com-
position of predicted phases, and points the way towardsfrom ideality than the Sack & Ghiorso model (Wiser &

Wood, 1991; Koch-Muller et al., 1992; Von Seckendorff one potential strategy for improving MELTS. It should
also be noted that adjustments to the stability of other& O’Neill, 1993). The apparent incompatibility of the

olivine and opx models at high temperature and the phases (e.g. olivine or liquid) required to resolve the
compositional discrepancies would not necessarily be ofproblems with the MELTS calculations on peridotite at

high temperature might all be resolved if the free energy the same magnitude (though they may be similar), as the
stable liquid composition depends on the locus of pointsof mixing of olivine were taken to be temperature de-

pendent, leading to more ideal behavior of olivine at of common tangency to the G–X surfaces of each phase.
Changes in the G surface of a particular phase shift thehigh temperatures.

Rather than reflecting a problem with the ther- common tangents to different extents, depending on the
composition and the G–X relationship for that phase.mochemical model for olivine (resulting in it being a little

less stable relative to opx than it should be at high An alternative to laying the blame for these inaccuracies
in the MgO and SiO2 contents of olivine+ opx-saturatedtemperature, as explained in the previous paragraph), it

is also possible that these discrepancies in MELTS might liquids at high pressure on the thermochemical models
of olivine and/or opx is that the problem is with thebe resolved by adjustments to the free energy surface of

enstatite-rich pyroxenes that would decrease the stability liquid model; i.e. MELTS could fix the Gibbs free energy
of silicate liquid at too low a value, relative to ol andof orthopyroxene relative to olivine. In particular, the

observed discrepancy would be the result if the Berman opx. This would result in the liquid coming into tangency
with ol and opx at a composition too poor in SiO2 and(1988) standard state for end-member enstatite that was

adopted by Sack & Ghiorso (1989) is more stable at high at too high a temperature, as is observed. If the error
does lie with the liquid, we think it is unlikely that thetemperature than is warranted. This is plausible given

that measurements of the properties of MgSiO3-rich cause is a problem with the liquid mixing model, because
there is a consistent offset between predicted and ex-pyroxenes are complicated by the existence of several

high-temperature polymorphs. The crystal chemistry of perimentally determined silica and magnesia contents
over a substantial range of liquid compositions (Figs 3Mg-rich (Mg,Fe)SiO3 pyroxene above 1000°C is further

complicated both by anomalous ordering behavior and and 4) (although, as pointed out above, the liquid mixing
model absorbs errors from other parts of the model, andby unusual structural rearrangements associated with the

continuous transition from the opx to the proto-pyroxene therefore errors originating in mineral models or liquid
standard state properties could manifest themselves asstructure (Yang & Ghose, 1994, 1995). As pointed out

by Berman & Aranovich (1996), these crystal-chemical errors in the liquid mixing properties). However, it is
possible that predicted high-pressure phase equilibria arecomplications may explain why existing thermodynamic

models for opx have difficulty reconciling phase equi- affected by inaccuracies in the adopted equation of state
(EOS) for silicate liquid. For example, either the totallibrium constraints with observations of cation ordering.

As a demonstration of how inaccuracies in thermo- calculated volume of high-pressure liquids could be too
small (resulting in a calculated liquid G that is too low)dynamic variables may affect the calculated silica contents

of partial melts of peridotite, we have arbitrarily varied or the high-pressure partial molar volume of SiO2 could
be too large relative to that of MgO (resulting in athe stability of opx while holding all other parameters in

MELTS constant and then recalculated partial melting G surface that comes into tangency with ol+ opx at
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Fig. 8. Calculation of partial melting of MM3 peridotite at 1 GPa using MELTS with the stability of opx arbitrarily increased by 0, 1, 2, and
3 kJ, compared with the partial melting experiments of MM3 peridotite (Baker & Stolper, 1994; Baker et al., 1995; Hirschmann et al., 1998a).
Arbitrarily increasing the enthalpy of enstatite and orthoferrosilite (i.e. destabilizing opx) by 2–3 kJ can account for the differences in SiO2

between MELTS calculations and the experiments. It should be noted, however, that such an arbitrary change in the stability of the component
would require recalibration of other aspects of MELTS thermodynamic parameters, otherwise the adjustment would have a deleterious effect
on other aspects of MELTS predictions.

compositions that are too SiO2 poor.) Recently, Gaetani contents of liquids near the solidus and these in turn cause
exaggerations in near-solidus variations in calculatedet al. (1998) have presented experiments that suggest

pressure variations in the partial molar volume of SiO2 isobaric productivities (Fig. 2), and probably in the pre-
dicted enhancement in SiO2 in low-degree melts. Also,in rhyolitic liquids that differ from those calculated with

the EOS used by MELTS. However, the EOS employed too-low solubility of Na in cpx probably leads to a
calculated stability of plagioclase that is greater (and aby MELTS and suggested by Gaetani et al. yields values

for the integral plagioclase that is more sodic) than observed in nature
or experiments. It is important to emphasize that although
this discrepancy can be described in terms of a simpleP

1 GPa

0·1 MPa

V̄ liq
SiO2

dP
pyroxene–liquid partition coefficient, this partition co-
efficient is a derived parameter in the MELTS models,
reflecting the solution models adopted for the Na-bearing

that differ by only 70 J/mol. As this integral reflects the phases, and is therefore not as easy to adjust as in non-
contribution of the EOS to the chemical potential of thermodynamic models that simply specify such par-
SiO2 at 1 GPa, it is unlikely that inaccuracies in the titioning behavior (McKenzie & Bickle, 1988; Niu &
MELTS EOS can account wholly for the observed Batiza, 1991; Kinzler & Grove, 1992b; Langmuir et al.,
differences in calculated and experimentally measured 1992). In this context, the agreement between experiment
liquid compositions at 1 GPa unless larger inaccuracies and prediction is actually fairly good. The discrepancy
are present in the MELTS-calculated partial molar vol- can be traced to the calibration of the cpx solution model
umes for other melt components (e.g. MgO). of Sack & Ghiorso (1994c), which for experiments with

A second inaccuracy of the MELTS calculations is coexisting cpx and liquid systematically underpredicts
that the calculated Na2O contents of liquids near the the Na contents of the cpx. For example, for a suite of
solidus are consistently too high (Fig. 3). According to representative 1 bar experimental augite–liquid pairs
the MELTS calculations, the partition coefficient for Na (Sack & Ghiorso, 1994c), MELTS predictions of the Na
between cpx and liquid at 1 GPa increases from 0·05 at contents of cpx are typically 70% of the experimentally
the solidus to 0·10 at the exhaustion of cpx. These values measured concentrations (Fig. 9). This underprediction
are lower than those typically measured for coexisting originates from a compromise made by Sack & Ghiorso
phases in experiments relevant to peridotite partial melt- (1994c), who were attempting to fit simultaneously the
ing near 1 GPa (0·10–0·20; Kinzler & Grove, 1992a; properties of a large number of cpx substituents (Na+,
Baker & Stolper, 1994; Blundy et al., 1995). The low Ti4+, Al3+, Fe3+) using a database dominated by 1 bar

cpx–liquid pairs in which Na-rich pyroxenes primarilycalculated values of Dcpx/liq
Na lead to anomalously high Na2O
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Fig. 9. Distribution of calculated/measured Na2O in clinopyroxene for a series of clinopyroxene–liquid pairs listed in table 11 of Sack &
Ghiorso (1994c), where calculations and experiments were performed with the same liquid composition and temperature (all pressures 1 bar).
Experimental references listed are given by Sack & Ghiorso (1994c). The calculated/measured ratio is generally less than unity, illustrating that
the current combined liquid and clinopyroxene thermochemical models systematically underpredict Na2O in clinopyroxene.

coexisted with highly alkalic liquids. To prevent pre- in turn emphasizes two of our previous points: (1) Even
though seemingly simple adjustments to the thermo-diction of a stable Na-rich, Ti-rich cpx coexisting with

augite in these liquids, Sack & Ghiorso chose to under- dynamic models might at first appear to be the proper
approach to correcting some of the inaccuracies in thepredict the stability of sodic substitutions in cpx.

As noted above, an additional cause of disagreement results of MELTS calculations, global approaches are
required because of the complex interdependence ofbetween calculated and experimentally determined com-

positions of partial melts of peridotite is the absence of many effects; (2) although the output of the MELTS
calculations are imperfect, it is remarkable that, withoutCr2O3 in the pyroxene mixing model. This increases

the mode of calculated spinel relative to that seen in having been directly constrained to match peridotite
phase equilibria, they are so successful.experiments. In addition, although too much Cr is cal-

culated to be present in spinel because none of it is taken We must emphasize that some of these inaccuracies
and problems with reproducing important features ofup by pyroxene, the Cr/Al ratio of the spinel cannot be

larger then that fixed by CrAl–1 exchange equilibrium peridotite partial melting experiments with MELTS cal-
culations limit the applicability of MELTS for under-with the silicate liquid. Thus, extra Al must substitute

into the spinel, thereby increasing the spinel mode and standing some issues in mantle melting. In particular,
MELTS calculations cannot be used at this time toreducing the total amount of Al available for substitution

in other phases, including the liquid. We think that this explore quantitatively the absolute relationships between
temperature, the composition of partial melts, and extentis largely responsible for the low Al2O3 in calculated

liquids relative to those documented in experiments. of melting. However, there are in many respects good
qualitative or semi-quantitative correspondences betweenThe extra MgO also taken up by spinel may likewise

contribute to the low predicted ol/opx ratio (Fig. 1). This experiment and the MELTS calculations, and because
the MELTS calculations are based on an internallydiscussion illustrates the complex interdependence of

compositional variables in phase equilibrium problems consistent thermodynamic formulation of mineral and
melt energetics, the trends predicted by these calculationswhen approached from a thermodynamic perspective;

i.e. it is remarkable and could not have been fully can be used to gain insights into mantle melting processes
that are otherwise very difficult to obtain. Such topicsanticipated that the failure to take proper account of

~1% of Cr2O3 in pyroxenes can introduce significant include the stoichiometry and energetics of mantle melt-
ing, the compositional trends of near-solidus mantleerrors into the concentrations of major components such

as alumina and magnesia in the equilibrium liquids. This melts, the results of coupled melt flow and reaction in
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adiabatically upwelling mantle sources, and the effects melting. However, MELTS also predicts that after larger
amounts of melting (but before the exhaustion of clino-of variable source composition on the compositions of

partial melts (Asimow et al., 1995, 1997; Baker et al., pyroxene), the increase in melt fraction per increment of
temperature increase becomes similar for fractional and1995; Hirschmann et al., 1998b).
for batch melting. Limited experiments on incremental
batch melting of peridotite support these predictions.

(5) For melting in response to addition of water to
CONCLUSIONS peridotite, MELTS calculations show trends similar to

those determined experimentally by Hirose & Kawamoto(1) Thermodynamic calculations of mantle melting using
(1995). For degrees of melting less than that required tothe MELTS algorithm are in good agreement with 1
exhaust clinopyroxene, MELTS calculations suggest thatGPa experiments of partial melting of fertile and depleted
the extent of melting is an approximately linear functionperidotite. Experimentally determined trends of melt
of the amount of water added and that the amount ofcompositions as a function of melt fraction are at least
melt generated per increment of water added is greatersemi-quantitatively reproduced for all oxides, and for
at higher temperature. A break in slope is predicted atsome oxides there is excellent quantitative agreement
the point that clinopyroxene is exhausted from the res-between experimental and calculated trends. We consider
idue, and the calculated enhancement in the extent ofthis to be a stringent test of this thermodynamic model,
melting per increment of water added drops. This breakas these experimental data were not used in calibration
in slope could explain the non-linear relation betweenof the model.
amount of water added and extent of melting inferred(2) MELTS predicts that at 1 GPa, small degree melts
by Hirose & Kawamoto (1995).of fertile peridotite melt are strongly enriched in SiO2

(6) The thermodynamic calculations of peridotite par-relative to higher degree partial melts. Such melts also
tial melting using the MELTS algorithm, although im-have smaller concentrations of TiO2 than expected based
perfect, are in remarkable qualitative to quantitativeon higher melt fraction experiments or previous models.
agreement with a wide range of experimental data per-Calculated and experimentally determined compositions
taining to the melting behavior of peridotite. We concludeof near-solidus melts of depleted peridotite do not show
that MELTS is a potentially powerful tool for under-elevated SiO2 or decreased TiO2. The corresponding
standing aspects of mantle melting that are not easilyoccurrence or absence of these unusual features in both
explored directly by experimental techniques.calculations and experiments strongly suggests that they

are not experimental or model artifacts. In addition,
the fact that these features had never previously been
observed yet were successfully predicted by MELTS
represents another stringent test of this thermodynamic ACKNOWLEDGEMENTS
model.
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APPENDIX
The MELTS algorithm is available free of charge. To download a copy of MELTS, see the MELTS homepage at
http://www.geology.washington.edu/˜ghiorso/MeltsWWW/Melts.html

Table A1: Calculated compositions of phases in wt % for partial melting of MM3 peridotite at 1 GPa and

QFM – 1

T (°C) log fO2
Mass (g) SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 FeO MgO CaO Na2O

1500 −6·49 liquid 27·54 47·27 0·38 11·54 0·62 0·15 7·70 19·65 11·60 1·11

ol 50·8 41·24 7·63 50·81 0·32

sp 1·43 0·17 26·03 2·86 44·73 7·23 18·99

opx 20·21 57·02 0·02 2·24 0·22 4·43 34·90 1·15 0·02

1490 −6·57 liquid 26·47 47·24 0·39 11·80 0·61 0·14 7·56 19·18 11·94 1·16

ol 51·1 41·22 7·73 50·71 0·34

sp 1·48 0·18 26·97 2·86 43·67 7·25 19·07

opx 20·94 56·95 0·02 2·30 0·22 4·50 34·75 1·24 0·02

1480 −6·65 liquid 25·43 47·22 0·40 12·06 0·61 0·13 7·40 18·72 12·27 1·20

ol 51·37 41·20 7·83 50·62 0·35

sp 1·52 0·18 27·95 2·87 42·58 7·26 19·17

opx 21·66 56·88 0·02 2·36 0·22 4·57 34·59 1·34 0·02

1470 −6·73 liquid 24·43 47·20 0·42 12·31 0·60 0·12 7·24 18·26 12·60 1·25

ol 51·61 41·18 7·92 50·54 0·37

sp 1·57 0·18 28·96 2·86 41·46 7·26 19·27

opx 22·37 56·81 0·03 2·41 0·22 4·64 34·42 1·45 0·02

1460 −6·81 liquid 23·46 47·19 0·43 12·56 0·59 0·11 7·08 17·82 12·92 1·30

ol 51·83 41·16 8·00 50·45 0·38

sp 1·62 0·18 30·00 2·86 40·32 7·26 19·39

opx 23·06 56·74 0·03 2·47 0·22 4·71 34·25 1·57 0·02

1450 −6·89 liquid 22·5 47·17 0·45 12·81 0·59 0·10 6·91 17·39 13·24 1·35

ol 52·03 41·14 8·08 50·38 0·40

sp 1·68 0·19 31·08 2·85 39·14 7·24 19·51

opx 23·76 56·67 0·03 2·52 0·22 4·77 34·07 1·70 0·02

1440 −6·98 liquid 21·57 47·16 0·46 13·05 0·58 0·09 6·73 16·96 13·56 1·41

ol 52·2 41·13 8·16 50·30 0·42

sp 1·74 0·19 32·20 2·84 37·92 7·22 19·64

opx 24·47 56·60 0·03 2·56 0·23 4·83 33·88 1·84 0·03

1430 −7·06 liquid 20·64 47·15 0·48 13·30 0·57 0·09 6·55 16·54 13·86 1·47

ol 52·35 41·11 8·23 50·23 0·43

sp 1·81 0·19 33·37 2·82 36·65 7·20 19·78

opx 25·19 56·54 0·03 2·60 0·23 4·90 33·68 2·01 0·03

1420 −7·15 liquid 19·7 47·14 0·50 13·54 0·56 0·08 6·37 16·12 14·16 1·53

ol 52·47 41·10 8·29 50·16 0·45

sp 1·88 0·19 34·58 2·80 35·34 7·16 19·93

opx 25·93 56·47 0·03 2·64 0·22 4·96 33·46 2·19 0·03

1410 −7·23 liquid 18·75 47·12 0·52 13·79 0·56 0·07 6·18 15·71 14·44 1·61

ol 52·57 41·08 8·35 50·10 0·46

sp 1·96 0·19 35·86 2·78 33·96 7·12 20·09

opx 26·7 56·40 0·03 2·67 0·22 5·02 33·23 2·40 0·03
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Table A1—continued

T (°C) log fO2
Mass (g) SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 FeO MgO CaO Na2O

1400 −7·32 liquid 17·77 47·11 0·54 14·04 0·55 0·06 5·99 15·30 14·71 1·69

ol 52·64 41·07 8·41 50·04 0·48

sp 2·06 0·20 37·22 2·75 32·51 7·06 20·26

opx 27·52 56·33 0·03 2·70 0·22 5·08 32·97 2·64 0·04

1390 −7·41 liquid 12·97 47·06 0·66 15·11 0·54 0·05 5·88 14·45 14·05 2·22

ol 52·64 41·05 8·56 49·93 0·46

sp 2·42 0·24 41·54 2·63 27·85 6·90 20·84

opx 25·77 56·12 0·05 3·02 0·24 5·16 32·88 2·50 0·04

cpx 6·17 53·71 0·09 4·22 0·34 4·28 22·89 14·29 0·20

1380 −7·5 liquid 9·1 47·29 0·78 16·03 0·52 0·04 5·71 13·47 13·17 2·99

ol 52·52 41·02 8·70 49·84 0·45

sp 2·77 0·29 44·68 2·55 24·42 6·81 21·25

opx 25·02 55·95 0·07 3·27 0·25 5·23 32·81 2·38 0·05

cpx 10·57 53·40 0·12 4·61 0·37 4·21 22·25 14·81 0·24

1370 −7·59 liquid 6·42 47·84 0·84 16·82 0·51 0·03 5·46 12·38 12·13 4·01

ol 52·38 41·01 8·80 49·77 0·43

sp 3·04 0·35 46·59 2·50 22·28 6·78 21·51

opx 24·9 55·84 0·10 3·44 0·26 5·28 32·76 2·28 0·05

cpx 13·23 53·17 0·17 4·90 0·38 4·12 21·69 15·28 0·30

1360 −7·68 liquid 4·7 48·62 0·83 17·48 0·49 0·02 5·14 11·24 10·99 5·18

ol 52·26 40·99 8·87 49·73 0·41

sp 3·23 0·39 47·70 2·47 21·02 6·77 21·65

opx 25·06 55·77 0·11 3·54 0·26 5·32 32·74 2·20 0·06

cpx 14·73 53·00 0·20 5·12 0·40 4·03 21·22 15·68 0·35

1350 −7·77 liquid 3·61 49·52 0·77 18·01 0·48 0·02 4·80 10·15 9·86 6·40

ol 52·18 40·99 8·92 49·70 0·40

sp 3·35 0·41 48·37 2·45 20·27 6·76 21·74

opx 25·3 55·72 0·13 3·60 0·27 5·35 32·73 2·13 0·07

cpx 15·54 52·89 0·23 5·28 0·41 3·95 20·83 16·02 0·40

1340 −7·86 liquid 2·91 50·40 0·70 18·40 0·46 0·01 4·47 9·18 8·84 7·55

ol 52·12 40·98 8·95 49·69 0·38

sp 3·43 0·42 48·81 2·43 19·79 6·76 21·79

opx 25·54 55·71 0·14 3·63 0·27 5·37 32·74 2·08 0·07

cpx 15·97 52·81 0·25 5·40 0·41 3·87 20·49 16·32 0·45

1330 −7·96 liquid 2·43 51·22 0·62 18·67 0·44 0·01 4·16 8·33 7·94 8·59

ol 52·08 40·98 8·97 49·68 0·37

sp 3·49 0·42 49·11 2·42 19·48 6·75 21·82

opx 25·76 55·70 0·14 3·65 0·26 5·40 32·74 2·03 0·08

cpx 16·21 52·75 0·27 5·51 0·42 3·80 20·19 16·57 0·49
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T (°C) log fO2
Mass (g) SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 FeO MgO CaO Na2O

1320 −8·05 liquid 2·09 51·96 0·56 18·85 0·43 0·01 3·89 7·60 7·17 9·53

ol 52·05 40·98 8·99 49·68 0·35

sp 3·53 0·42 49·34 2·40 19·25 6·75 21·85

opx 25·96 55·70 0·15 3·66 0·26 5·42 32·75 1·98 0·09

cpx 16·35 52·71 0·28 5·60 0·42 3·73 19·92 16·80 0·54

1310 −8·15 liquid 1·83 52·63 0·50 18·96 0·41 0·01 3·64 6·97 6·51 10·36

ol 52·03 40·98 9·01 49·68 0·34

sp 3·56 0·41 49·52 2·39 19·08 6·74 21·87

opx 26·12 55·70 0·15 3·66 0·26 5·43 32·77 1·93 0·09

cpx 16·44 52·68 0·29 5·68 0·43 3·67 19·67 17·00 0·59

1300 −8·25 liquid 1·62 53·23 0·45 19·02 0·40 0·01 3·42 6·43 5·93 11·11

ol 52·02 40·98 9·02 49·68 0·32

sp 3·59 0·40 49·67 2·37 18·94 6·74 21·88

opx 26·26 55·71 0·15 3·66 0·26 5·45 32·78 1·89 0·10

cpx 16·5 52·65 0·29 5·76 0·43 3·61 19·44 17·17 0·64

1290 −8·35 liquid 1·44 53·78 0·41 19·04 0·39 0·01 3·22 5·94 5·43 11·79

ol 52·01 40·98 9·03 49·68 0·31

sp 3·61 0·39 49·79 2·36 18·83 6·73 21·89

opx 26·37 55·72 0·15 3·66 0·25 5·47 32·80 1·84 0·10

cpx 16·55 52·64 0·30 5·84 0·43 3·56 19·23 17·33 0·69

1280 −8·45 liquid 1·29 54·29 0·38 19·03 0·38 0·01 3·03 5·52 4·98 12·40

ol 52·01 40·98 9·04 49·68 0·30

sp 3·63 0·38 49·90 2·35 18·75 6·72 21·90

opx 26·47 55·74 0·16 3·65 0·25 5·49 32·82 1·80 0·11

cpx 16·59 52·62 0·30 5·91 0·44 3·51 19·02 17·47 0·74

1270 −8·55 liquid 1·15 54·75 0·34 19·00 0·36 0·00 2·86 5·14 4·58 12·96

ol 52·01 40·98 9·05 49·69 0·29

sp 3·64 0·37 50·00 2·33 18·67 6·71 21·91

opx 26·54 55·75 0·16 3·65 0·25 5·50 32·84 1·75 0·11

cpx 16·63 52·62 0·31 5·98 0·44 3·46 18·82 17·59 0·79

1260 −8·65 liquid 1·03 55·19 0·32 18·94 0·35 0·00 2·71 4·79 4·22 13·48

ol 52·02 40·98 9·06 49·69 0·27

sp 3·65 0·36 50·09 2·32 18·61 6·71 21·92

opx 26·6 55·76 0·16 3·64 0·25 5·52 32·85 1·71 0·12

cpx 16·67 52·61 0·31 6·05 0·44 3·41 18·64 17·70 0·84
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