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We examine several issues related to perdotite partial melting by
performing thermodynamic calculations using the MELTS algorithm.
MELTS calculations suggest that the high alkali content of near-
solidus melts leads to their having high SiO, contents at 1 GPa, but
that near-solidus envichments in SiO, become less pronounced with
increasing pressure, such that 2% partial melts at 3 GPa have only
~1 wt % more Si0, than hugher melt fractions (5-15%) at that
pressure. Calculated near-solidus solid—liquid partitioning of ‘110,
differs from that calculated and observed at high melt fraction, both
at low and hagh pressure, reflecting variations i mell and mineral
compositions as melting proceeds. Specifically, near the soldus, high
liquid Si0, and an abundant supply of charge coupling wons (Na*,
AP ) in clinopyroxene (cpx) makes Ti more compatible in the solid.
We infer that simular effects are likely for other hughly charged cations
such as the high field strength elements (HFSE), U, and Th. To
wmvestigate the effects of heterogeneous source regions on major element
chemistry of basaltic partial melts, we perform melting calculations
JJor a range of peridotite compositions. For partial melts in equilibrium
with spinel therzolite residues, CaO/ Al Oy and CaO content increase
with increasing temperature and decrease with increasing Na,O i the
melt and Al/(Cr 4+ Al) i coexisting spinel. Thus, at any given
melt _fraction, the CaO/ALO; ratios and CaO conlents of partial
melts are mversely correlated with the fertility or enrichment of the
source and only weakly dependent on the source CaO/Al,O; or CaO
content. At fixed melt_fraction, these effects of source depletion on melt
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composition (Na,O decreases, CaO/Al,O; increases) are similar to
the effects of ncreasing tolal extent of melting of a fixed source
composition, and the two phenomena may therefore be difficull to
discriminate on the basts of these melt variables alone. The effects of
source vartability on partial melting depend on whether compositionally
distinct domains experience the same or different temperature—pressure
paths. If they experience the same paths, as might be expected for
small-scale heterogeneities, then enhanced melting of the enriched sources
can yield partial melts with depleted characteristics such as low Na,O
and lugh CaO/AL,O; relative to partial melts of depleted sources at
the same pressure and temperature. The differing compatbility of K
and Tv i spinel peridotite munerals causes the K,0/TiO, ratio of
partial melts to vary nversely with the total extent of melting (and
with FeO*), so K;0/Ti0, may not be a reliable indicator of source
heterogeneity. Moreover, enriched high K,0/TiO, sources probably
produce melts richer in FeO than depleted low K,0/TiO, sources at
the same conditions. Consequently, the inverse correlation betwween
regionally averaged K,0/Ti0, and melt FeO* observed by Shen
& Forsyth (1995, Journal of Geophysical Research 100,
2211-2237) 1s probably more strongly influenced by variations i
extent of melting than by source helerogeneity.
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INTRODUCTION

Variations in the major element composition of basaltic
rocks are widely used as probes of partial melting pro-
cesses in the mantle (e.g. Dick et al, 1984; Klein &
Langmuir, 1987; Niu & Batiza, 1991; Kinzler & Grove,
1992b; Langmuir et al., 1992). Accurate interpretation
of mantle processes from basalt composition requires
detailed understanding of the effects on melt composition
of temperature, pressure, extent and style of melting, and
source composition. In recent years, experimental studies
have provided a wealth of constraints on the compositions
of partial melts of peridotite (Kinzler & Grove, 1992¢;
Hirose & Kushiro, 1993; Baker & Stolper, 1994; Walter
& Presnall, 1994; Baker et al., 1995; Longhi, 1995;
Kushiro, 1996; Kinzler, 1997; Robinson et al., 1998).
However, there remain a number of outstanding ques-
tions regarding the compositions of partial melts of the
mantle. For example, despite years of experimental study,
we have only recently obtained direct evidence for the
compositions of near-solidus partial melts of fertile peri-
dotite (Baker et al., 1995), and even now the character
of such melts remains controversial (Walter et al., 1995;
Baker et al., 1996; Falloon et al., 1996, 1997; Hirschmann
etal., 1998a; Robinson ¢t al., 1998). Additionally, available
experimental data do not strongly constrain the quan-
titative effects of variations in source heterogeneity on
the compositions of partial melts.

These problems can be partly addressed with in-
creasingly accurate experiments, but we believe that
experiments alone are not sufficient to resolve many
important questions: forward models of mineral-melt
equilibria are also required if we are to understand
mantle melting more fully. Such models allow numerical
experiments that, though not supplanting physical ex-
periments, have the advantage of examining idealized
melting phenomena in greater detail and with greater
control over key variables (e.g. composition, pressure,
temperature, melting process) than is generally possible
in the laboratory. Such numerical simulations may be
particularly useful under conditions that are intrinsically
difficult in actual phase equilibrium experiments (such
as very near the solidus or under adiabatic conditions)
and can guide our intuition about complex phenomena.
The MELTS algorithm (Ghiorso & Sack, 1993) offers
an internally consistent vehicle for understanding how
source compositions (e.g. ‘enrichment’ or ‘depletion’ of
source rocks) influence phase equilibria. Such an under-
standing could be arrived at by direct experiment only
after comprehensive study examining the phase equilibria
of a range of peridotitic compositions and, without the
benefit of a thermodynamic treatment of the systematics,
even such a study would be limited in quantifying or
separating the complex interactions that collectively in-
fluence melting phenomena and how they might be
manifested in the compositions of erupted basalts.

VOLUME 40

NUMBER 2 FEBRUARY 1999

Hirschmann et al. (19986) have shown that MELTS
calculations capture the essential features of the phase
equilibria of partially molten peridotite up to the lowest
pressures of the garnet stability field. Although the cal-
culations have inaccuracies, the extent of agreement is
sufficient to allow numerical simulations of mantle melt-
ing processes that lead to useful insights that are not
otherwise available. Methods for applying MELTS to
peridotite partial melting problems and comparisons be-
tween MELTS calculations and peridotite partial melting
experiments (especially at pressures near 1 GPa) have
been given by Hirschmann e al. (19986). In this paper,
we use MELTS to address two key topics related to
peridotite melting and their connection to basalt petro-
genesis: (1) the geochemical character of near-solidus
partial melts of peridotite; (2) the effect of peridotite
heterogeneity on partial melt compositions. A companion
paper in this series (Hirschmann et al, 1999) addresses
variations and controls on two other variables affecting
melt production in basalt source regions (the distribution
of entropy among liquid and solid phases during melting
and the amount of melt produced as a function of
changing temperature at constant pressure; 1.c. the ‘iso-
baric productivity’) and also discusses the effects of water
on melt production. Also, a subsequent paper (Asimow
et al., 1999) will address the effects of polybaric melting
on aggregated melt compositions. Because of im-
perfections in MELTS, the treatments are not in all cases
definitive, but the exercises illustrate the potential of this
approach to improve our understanding of important
issues and processes in mantle petrology.

The first 1ssue dealt with in this paper is the nature of
very low degree partial melts of peridotite. The character
of such near-solidus partial melts is thought to be of
great importance in determining the geochemical and
geodynamical behavior of partially melting mantle
(McKenzie, 19854, 19855). In particular, if the melting
process approaches fractional fusion in all or part of
pressure-release melting beneath ridges (Salters & Hart,
1989; Johnson et al., 1990; Kinzler & Grove, 1992,
Langmuir et al., 1992; Iwamori et al., 1995; Spiegelman,
1996; Kelemen et al., 1997), all or most liquids produced
during mantle melting correspond to low degree or near-
solidus melts of continuously changing peridotite bulk
compositions. Despite the importance of liquids produced
by low degrees of melting of peridotite, there are few
experiments that directly constrain melting under these
conditions. One such study, by Baker et al. (1995), pre-
sented data on the compositions of partial melts of a
fertile peridotite at 1 GPa at melt fractions down to 2%;
the results were unexpected and have as a consequence
engendered considerable debate (Walter et al., 1995;
Baker et al., 1996; Falloon et al, 1996). MELTS cal-
culations provide a powerful way to evaluate the con-
troversial results of Baker et al. (1995) and to explore the

298



HIRSCHMANN et al.

likely properties of near-solidus melts for a wide range
of conditions and peridotite bulk compositions.

The second set of issues addressed in this paper relates
to the influence of source heterogeneity on the chemical
compositions of partial melts of the mantle. There is
substantial evidence from isotopes and trace elements
that the source regions of major basalt types (e.g. oceanic
1island basalt, OIB; mid-ocean ridge basalt, MORB; con-
tinental basalt) are heterogeneous on both regional and
local scales (Dupré & Allegre, 1983; Stille et al., 1986;
Zindler & Hart, 1986; Prinzhofer et al., 1989; Langmuir
et al., 1992), but the extent of major element variation
in these sources is less well established. For example, it has
been suggested that major element source heterogeneity
plays a primary role in the observed compositional vari-
ability of MORB (Natland, 1989; Shen & Forsyth, 1995),
but others have argued that mantle heterogeneity is
only of secondary importance in MORB petrogenesis
(Langmuir et al., 1992). Also, arguments about melting
processes have been constructed based on the assumption
that source heterogeneity affects some major element
characteristics more than others (Niu & Hékinian, 1997).
In fact, relatively little is known about the effect of the
peridotite bulk composition on extent of melting or melt
composition, as experimental data on the effects of source
depletion and enrichment on peridotite phase equilibria
remain sparse. Some empirical parameterizations can be
used to predict the effects of variable source composition
(Kinzler & Grove, 19926; Langmuir et al., 1992), but
even these models have limited capacity to account for
compositionally variable partition coefficients or modal
variations in residual mineralogy, and they contain little
or no information on variations in melt productivity with
source composition or degree of melting. In contrast,
thermodynamic calculations are well suited to exploring
the effects of variable source composition on peridotite
melting behavior.

NEAR-SOLIDUS MELTING OF

PERIDOTITE

The experiments of Baker et al. (1995) suggested that
near-solidus partial melts of fertile peridotite at 1 GPa
differ from melts formed at higher melt fraction in a
number of important ways. For example, the near-solidus
melts had higher SiO, than melts produced at higher
degrees of melting, and the partitioning of T1 (and by
inference other highly charged cations) depended strongly
on the extent of melting. Also, the normative diopside
[12%; see corrected analyses by Hirschmann et al
(1998b)—note that this is more normative diopside than
that suggested by the original Baker ez al. (1995) analyses]
was lower than previously reported for nominally an-
hydrous partial melts of peridotite (Stolper, 1980; Falloon

MANTLE MELTING II

Table 1: Peridotite compositions used for

calculations

DMM1' MM3? LOSIMG®  R123*
Sio, 44.65 45.47 45.96 45.23
Tio, 0-04 0-11 0-18 0-27
AlLO, 2.37 4.00 4.06 480
Cr,0; 0-40 0-68 0-47 0-31
FeO* 8.15 7.22 7.54 8.73
MgO 4214 38.53 37.78 35.51
Ca0 2.14 3.59 3.21 4.04
Na,O 0-06 0-31 0-33 0-45
Sum 99.95 99.91 99.53 99.36
mg-no. 90-20 90-48 89-92 87-87

"Wasylenki et al. (1996). *Baker & Stolper (1994). *Hart &
Zindler (1986). *Frey et al. (1985).

& Green, 1987; Hirose & Kushiro, 1993), and the olivine—
liquid Fe-Mg distribution coeflicient was lower than the
usually expected value of 0-30 + 0-03 (Baker et al., 1996;
Falloon et al., 1996). These observations were unexpected
based on results of earlier, higher-melt-fraction ex-
periments and were not predicted by previous para-
meterizations of mantle melting. Here we use MELTS
to explore the underlying thermodynamic basis for the
near-solidus behavior reported by Baker et al. and to
predict how these effects may change with varying bulk
composition and pressure.

Si0, concentrations of near-solidus liquids

As shown by Baker e al. (1995) and Hirschmann et al.
(19980), MELTS calculations suggest that near-solidus
(<5% melting) partial melts of a fertile spinel peridotite
(MM3; composition given in Table 1) at 1 GPa are silica
rich relative to higher-degree partial melts of the same
bulk composition (Fig. 1). Although as described by
Hirschmann et al. (19985) the magnitude of the calculated
effect 1s probably exaggerated because the MELTS-
calculated alkali contents of partial melts of peridotite
are systematically high, the fact that the experiments
and the completely independent MELTS calculations
produce similar trends in silica content with degree of
melting is a strong indication that this newly discovered
phenomenon is not an experimental artifact. In contrast,
MELTS calculations for a depleted peridotite that lacks
appreciable alkalis (DMM1, Table 1) do not predict a
pronounced increase in silica unless melt fraction is less
than ~1% (Hirschmann et al., 1998b), and this is sup-
ported by experimental results at 1-1:5 GPa on depleted
peridotite compositions (Wasylenki ez al., 1996; Robinson
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Fig. 1. Calculated wt % SiO, of partial melts of MM3 peridotite
(Baker & Stolper, 1994) vs melt fraction (£, in wt %) at 1 and 3 GPa.
It should be noted that at low melt fraction SiO, increases sharply at
1 GPa but not at 3 GPa. Inset shows Na,O in calculated partial melts
of MM3 at 1 and 3 GPa.

et al., 1998). We note in passing that Robinson et al.
(1998) compared the results of their experiments with
MELTS calculations. Because the comparison was made
as a function of temperature, there appear to be rather
strong disagreements, but these are caused by well-
documented systematic discrepancies between tem-
perature and melt fraction (Hirschmann et al., 1998b).
When the experiments of Robinson et al. (1998) are
compared with MELTS calculations as a function of
melt fraction, calculations and experiment are in much
closer agreement. MELTS calculations and experiments
thus suggest that, at least near 1 GPa, strong enrichments
in alkalis cause liquids in equilibrium with lherzolitic
assemblages to be silica rich. Indeed, as shown by
Hirschmann et al. (1998a), a large body of experimental
data supports this hypothesis.

The effect of alkalis on the silica content of liquids in
equilibrium with a lherzolitic mineral assemblage can be
understood in terms of the activity of silica, ag%f_f‘, which
is buffered by equilibrium between liquid, olivine (ol),
and orthopyroxene (opx) through the reaction

Mg,SiO, + SiO, =
liquid

Mg,SiOq
orthopyroxene

(1)

olivine

During small and moderate degrees of mantle melting,
variations in ol and opx compositions are small, as are
the effects of temperature on this equilibrium. Therefore,
as partial melting of Therzolite progresses at fixed pressure,
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Fig. 2. Calculated activity (asi0,), activity coefficient (ys0,) and mole
fraction (Xg,) of silica in partial melt of MMS3 fertile peridotite at 1
GPa vs melt fraction. The activity is buffered by coexistence of olivine
and opx, but the activity coeflicient changes significantly as the solidus
is approached, owing primarily to increasing Na in the liquid. Hence,
the mole fraction of silica in the melt increases near the solidus.

the activity of silica is nearly constant, even though liquid
composition varies considerably. This is well illustrated
by MELTS calculations of melting of MM3 peridotite
at 1 GPa (Figs 1 and 2). However, because aﬁﬁ}‘;if is
buffered during lherzolite partial melting, any changes
in melt composition must follow a path such that changes
in liquid silica mole fraction X lg?(“)‘f are accompanied by
compensating changes in the activity coefficient of silica
7é89. Conversely, changes in liquid composition that
affect Y¢85 must be accompanied by compensating
changes in liquid silica mole fraction. Thus, as shown in
Fig. 2, MELTS calculations indicate that at 1 GPa,
e5is significantly lower in alkali-rich near-solidus partial
melts than it is at higher melt fractions, but because
754 is nearly constant, low Y& at the low melt fractions
is accompanied by higher X &5

The low values of ylsi?(“,izd predicted by MELT'S for near-
solidus melts reflect the high alkali concentrations of
these liquids (a consequence of the incompatibility of Na
under these conditions) and the large negative enthalpy
of mixing between Na,SiO; and SiO, in the silicate
liquid model of Ghiorso & Sack (1995). As reviewed
by Hirschmann et al. (1998a), this is consistent with
calorimetric and phase equilibria data in simple synthetic
silicate melts at low pressure (Kushiro, 1975; Ryerson,
1985; Hess, 1995; Navrotsky, 1995).

In most basalt source regions, initial melting of fertile
peridotite is thought to occur at pressures much greater
than 1 GPa (Salters & Hart, 1989; Langmuir et al., 1992;
Hirschmann & Stolper, 1996). Thus, it is important to
establish whether the unusual silica contents documented
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by experiments and predicted by MELTS at 1 GPa persist
near the fertile peridotite solidus at higher pressures. At
3 GPa, calculated partial melts of MM3 peridotite also
show increased Si10, near the solidus (Fig. 1), but the
magnitude of the effect is greatly reduced from that
calculated at 1 GPa; e.g. whereas at 1 GPa, a 2% partial
melt is predicted to have 5 wt % more S10, than a 10%
partial melt, at 3 GPa the predicted enrichment is only
0-7 wt %.

As pressure increases, the jadeite component of cpx is
stabilized, leading to larger values of DL (Blundy et
al., 1995). As a consequence, Na is less enriched in low-
degree melts at 3 GPa than at 1 GPa, so at high pressure
its effect on P& is less pronounced at a given melt
fraction than at low pressure. However, despite the
increasing compatibility of Na at higher pressure (un-
derestimated by MELT'S, which predicts an increase in
DL of 50% from 1 GPa to 3 GPa, approximately half
the increase implied by most experimental de-
terminations; Blundy ez al., 1995), calculated Na,O 1s still
highly enriched in near-solidus liquids at both 1 GPa
and 3 GPa (Inset to Fig. 1); consequently, we conclude
that the change in Na partitioning is insufficient to explain
the predicted pressure-dependent behavior of Si0, near
the solidus. An additional factor in the significantly dimin-
ished near-solidus SiO, enrichment at 3 GPa is that the
intrinsic effect of alkalis on the SiO, contents of
(ol + opx)-saturated melts decreases with increasing pres-
sure (Hirschmann et al., 19984). In other words, with
increasing pressure, alkalis have a diminished effect on
the piB of (ol + opx)-saturated liquids. As depicted in
Fig. 3, available data on melting of natural peridotites
and related compositions show that

aXSiOZ cotectic
aXMk P ’

the change in mole fraction of SiO, in liquids saturated
in ol + opx £ cpx =+ spinel + garnet + plagioclase
per increment of alkalis added at fixed pressure, is strongly
positive at low and moderate pressures, but decreases as
pressure increases. MELTS calculations on the MM3
composition also show a significant decrease in

aXSi02 cotectic
aXMk P ’

with increasing pressure (continuous curve in Fig. 3),
although the magnitude of the effect predicted by MELTS
is lower than that observed by experiment, particularly
at lower pressures.

MANTLE MELTING II
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Fig. 3. The effect of alkalis on the mole fraction of SiO, in liquids
saturated with ol + opx + cpx + sp + plag + gt at constant pressure,

expressed as
A cotectic
(/Xiiog
X Jo

The continuous curve is from MELTS calculations on fertile MM3
peridotite at pressures between 0-25 and 3 GPa. Experimental data
include: partial melting experiments on peridotite compositions MM3
(H; Baker & Stolper, 1994; Baker et al., 1995) and PHN-1611 (O;
Kushiro, 1996); experiments on NCMAS [ @; Walter & Presnall, 1994;
with Na-free data at 2:3, 3-:2 and 3-4 GPa from Gudfinnsson & Presnall
(1996)] and NCMFAS model peridotites (inverted triangle; Soulard &
Wood, 1994); the 1-2 GPa P,Os-free experiments of Kinzler & Grove
(1992¢; [J); the 1-5 GPa fertile peridotite near-solidus determinations
(x) of Robinson et al. (1998); and data from the systems Na,O-
MgO-SiO, (diamond; NMS) and K,O0-MgO-Si0O, (A; KMS) (Roed-
der, 1951; Schairer et al., 1954). Also plotted are slopes extracted from
liquids saturated in ol + opx + cpx + sp at 1-5, 1-7, and 1-9 GPa
from Kinzler (1997; A). Error bars are 1G errors from linear regression
of SiO, vs alkali trends. [See Hirschmann et al. (1998q) for details of
sources and interpretation of experimental data.]

TiO, and trace element partitioning near
the peridotite solidus

One of the most interesting aspects of the low-degree
melts documented by Baker et al. (1995) 1s the observed
behavior of TiO, near the solidus. TiO, behaves in-
compatibly in the residual mantle assemblage, so it had
been expected that liquids formed at low melt fraction
would have the highest TiO, content (e.g. Kinzler &
Grove, 1992¢; Langmuir ¢t al., 1992). Instead, the ex-
periments show that TiO, goes through a maximum at
~10% melting. MELTS predicts similar results both at
1 GPa and 3 GPa (Fig. 4a), though the predicted near-
solidus decrease is less pronounced at higher pressure.
The smaller concentrations of TiO, in melts near the
solidus (relative to higher melt fraction) in both ex-
periments and calculations can be traced in part to the
increased modal abundance of cpx near the solidus. As
cpx is the chief solid host of TiO, in the peridotite mineral
assemblage, all other things being equal, increased modal
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Fig. 4. (a) TiO, in silicate liquids for the MM3 partial melting
experiments of Baker & Stolper (1994) and Baker ¢t al. (1995) compared
with MELTS calculations for MM3 peridotite. The increase in
D" and in modal cpx in the residue near the solidus actually causes
TiO, to decrease as the solidus is approached, despite the overall
incompatible behavior of Ti in spinel peridotite residual minerals. (b)
Partition coefficient for Ti between cpx and silicate liquid (DE") at
1 GPa for MM3 experiments (Baker & Stolper, 1994; Baker e al.,
1995) compared with MELTS calculations at 1 GPa and 3 GPa.

cpx causes increases in the bulk partition coefficient
(Klein & Langmuir, 1987; Niu & Batiza, 1994). However,
an additional influence on T1 in the liquid is the marked
increase in DE'™" as the solidus is approached, as
indicated both by calculations and experiments (Iig. 4b).
As detailed in the following paragraphs, the increase in
DE™" near the peridotite solidus is traceable to com-
positionally dependent activity coeflicients for Ti-bearing
components in both silicate liquid and cpx.

Part of the variation in DEY™" is related to changes
in the composition of the liquid. In the MELTS cal-
culation at 1 GPa, D™ increases from 0-114 at F =
18% to 0-489 at F' = 2% (Fig. 4b), where Fis the mass
fraction of melt present. Over this same interval, changes
in liquid composition cause the MELTS-calculated ac-
tivity coeflicient of TiO,, Y%, to increase from 1:06 to
3-12. Because D™ varies linearly with V%‘(“,if [see
equation (13) of Hirschmann & Ghiorso (1994], it follows
that about 3/4 of the calculated change in D™ at 1
GPa reflects changes in liquid composition as the solidus
is approached. However, this cannot be the only cause

of predicted increases in DE™" near the solidus because
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at 3 GPa the MELTS-calculated D™ is about a factor
of two greater at 2% melting than at cpx exhaustion
(~18% melting; Fig. 4b), even though there is little change
in calculated yvl}?}{‘)igl as a function of melt fraction (e.g. at
2% melting, W/Tf(l)‘z is calculated to be 1:54; near cpx
exhaustion, it is 1-55).

What is responsible for the dramatic increase in cal-
culated %3¢ in near-solidus melts at low pressure, and
why is a similar increase not evident in the calculations
at higher pressure? An mmportant factor i1s the well-
established positive correlation between a liquid’s silica
content and its P (Kushiro, 1975; Watson, 1976;
Ryerson, 1978, 1985; Ryerson & Watson, 1987; Hess,
1995). On the other hand, this effect is offset to some
extent by the increase in alkali contents of near-solidus
liquids; 1.e. alkalis reduce y%‘}(“{f in silicate liquids by
forming complexes with TiO,in which the Ti'" ions take
on a variety of coordination states (Dickinson & Hess,
1985; Lange & Carmichael, 1987; Lange & Navrotsky,
1993; Mysen & Neuville, 1995). Assuming that the silica
and alkali content are the most significant factors in
variations in y%?g;‘, we suggest that at 1 GPa, where the
increase in silica as the solidus is approached is large,
the net effect is an increase in y%?}‘)if, whereas at 3 GPa,
where the change in silica near the solidus is small, the
competing effects of increased SiO, and Na,O nearly
cancel.

Although as explained in the previous paragraphs,
changes in liquid composition (and therefore in Y$5) can
account for most of the observed (and MELTS-calculated)
near-solidus change in DEY™" at 1 GPa, the MELTS
calculations indicate that such changes do not account
for all of it and that they cannot account for any of the
predicted change in DEY™" at 3 GPa. An additional
important factor is the change in cpx composition near the
solidus: Ti'" enters cpx via charge coupled substitutions
involving AI’*, Fe’*, and Na™ (Sack et al., 1987; Gallahan
& Nielsen, 1992). As the degree of melting increases,
the concentrations of these elements in cpx decrease
significantly because they are incompatible. The net result
1s that TiO, is more compatible near the solidus, where
there are abundant charge-coupling components avail-
able in the cpx, and less compatible after significant
extents of melting have taken place. The effect of chang-
ing cpx compositions (and changing cpx mode) is more
important at 3 GPa, where near-solidus cpx contains
more A" and Na* (Blundy et al., 1995; Putirka el al.,
1996) than at 1 GPa. This change in cpx composition
with increased melting explains why there is stll a sig-
nificant shift in DF™" predicted by MELTS near the
solidus at 3 GPa even though '} is essentially un-
changed. It should be noted that the effects of changing
cpx composition will be enhanced during fractional melt-
ing, as the composition of residual cpx changes more per
increment of melting in this case.
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Variability of Ti partitioning near the solidus has, by
analogy, implications for the behavior of other geochemically
important, highly charged cations such as U**, Th** Pa°*,
Nb’*, Ta’*, Zr**, Hf'", and rare earth elements (REE).
As for Ti'*, the primary host for these elements in the
shallow mantle is cpx (at higher pressure, garnet may
also be significant) and the substitution of these elements
mnto cpx is also controlled by coupled substitutions with
monovalent and trivalent cations. Therefore, the com-
patibility of these elements in peridotitic residues will
also be controlled in part by the availability of charge-
balancing Na™, Fe’" and AI’*, and if the behavior of Ti
is representative, the resultant variations in partitioning
behavior can be substantial. Also, the behavior of these
elements in silicate liquids may be affected in ways similar
to that of TiO,; i.e. their activity coefficients in the liquid
also vary with such factors as liquid silica and alkali
content, as suggested by two-liquid partitioning ex-
periments (Watson, 1976; Ryerson, 1978). Recent ex-
periments confirm that the partitioning of these elements
with respect to cpx does vary significantly with the Na
and AI’* concentrations of pyroxene and therefore with
pressure (Forsythe et al., 1994; Lundstrom et al., 1994;
Salters & Longhi, 1996).

In summary, nearer the solidus and at higher pressure,
where pyroxenes are richer in Na™ and AI’*, highly charged
cations (e.g. U'*, Th**, Pa’*, Nb’*, Ta’", Zr**, Hf'*,
REE) will generally be more compatible, as we have observed
and calculated for Ti**. Given the considerable importance
of the behavior of these incompatible elements in under-
standing petrogenesis and the limitation of significant frac-
tionations between them to processes occurring at low
melt fraction, the anticipated variations in their near-solidus
partitioning behavior could have significant impact on pe-
trogenetic modeling; one example of this (interpretation of
variations in K/T1 in basalts) is examined in more detail
below. As for Ti, however, changes in liquid composition
near the solidus can also have complex (and competing)
effects on trace element partitioning, and these are likely
to be difficult to anticipate quantitatively without more
mformation or more sophisticated thermodynamic models
of liquid and pyroxene. It should be noted, finally, that
more fertile source compositions are richer in Na, Fe’*, and
Al so T1 and other highly charged elements are predicted
to be more compatible near the solidus for such compositions,
adding yet another possible dimension to the variability of
trace element partitioning during mantle melting.

EFFECTS OF SOURCE REGION
HETEROGENEITY

To explore some of the effects of variable peridotite
composition on the compositions of partial melts, we
have calculated the isobaric melting behavior of four
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peridotite compositions. These include the MM3 and
DMMI1 compositions discussed by Hirschmann et al.
(19986) and two additional compositions, LOSIMG and
R123 (Table 1). LOSIMG is a model peridotite that is
a plausible approximation of the bulk composition of the
upper mantle (Hart & Zindler, 1986), and R123 is a
peridotite from the Ronda Massif (Frey et al, 1985).
LOSIMG is close in composition to MM3, but differs in
that its mg-number, CaO/Al,O;, and Cr,O; are slightly
lower. R123 is rich in Na,O (0-45%) and has a low mg-
number (87-9) and high modal cpx. These peridotite
compositions are compared in Fig. 5 with the compilation
of peridotite compositions of Herzberg et al. (1988).
Although Fig. 5 shows that the range of natural peridotite
compositions is very large, in general we can distinguish
peridotites that are more ‘enriched’ from those that are
more ‘depleted’, with the former being richer in Na,O,
lower in mg-number, and poorer in AlL,O; and CaO
(and therefore having less modal cpx). Thus, R123 is
‘enriched’, DMM!1 is ‘depleted’, and MM3 and LOSIMG
are intermediate, or fertile’, peridotites. Variations in mg-
number between these four compositions are somewhat
atypical (.e. the depleted peridotite composition has an
mg-number comparable with the fertile compositions),
and this must be kept in mind as we try to interpret
certain differences in their melting behavior.

Na,O contents of partial melts vs melt
fraction

One of the difficulties in determining whether hetero-
geneous source compositions play a role in producing
observed variations in the major element compositions
of basalts 1s that there are few criteria that can in practice
differentiate the effects of variable source composition
from those of variations in extent of melting. Development
of such criteria is partially impeded by the fact that
source composition feeds back into the extent of melting
(at a particular pressure and temperature), making it
hard to separate the effects of these variables. These
difficulties are well illustrated by Na,O, which is com-
monly used as an indicator of the degree of melting by
which a basalt was generated (e.g. Dick et al., 1984; Klein
& Langmuir, 1987). At any fixed melt fraction, peridotite
sources with higher Na,O concentrations will produce
partial melts richer in Na,O. However, at any given
temperature and pressure, an Na,O-rich peridotite will
generally melt to a greater extent than an Na,O-poor
one, thereby diluting the Na,O of resulting melt. If] as
is generally the case, increased Na in the source is
accompanied by other compositional variations that also
tend to increase melt fraction (e.g. decreased mg-number,
increased K,O, H,O, CO,, etc.), the dilution of Na owing
to increased melt fraction will be even greater. Thus,
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Fig. 5. Labeled, filled circles show the compositions of the four
peridotitic compositions used in calculations and discussed in the text
(see Table 1 for full compositions). (a) mg-number [= molar MgO/
(MgO + FeO*)] vs Na,O and (b) Al,O;vs CaO. Small open circles
are peridotite compositions from the compilation of Herzberg et al.
(1988).

depending on the extent of this increase in melt fraction
related to source composition, the Na contents of partial
melts of Na-rich peridotites may actually be lower than
those of Na-poor peridotites at the same pressure and
temperature, and it can be a difficult task to determine
to what extent variations in Na in basalts reflect variable
source composition as opposed to variations in the degree
of melting (or in melting processes) of a single source.
The extents of melting achieved by peridotites differing
in composition will also depend on the distribution of
compositionally distinct sources in the mantle. For ex-
ample, if two isolated regions of solid mantle with different
compositions (but both initially at the same temperature
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and pressure) were to melt partially in response to re-
versible adiabatic (i.e. isentropic) upwelling, each would
have approximately the same entropy, but at any depth
the region with the more fertile composition would be
melted to a greater extent and hence be at a lower
temperature than the region with the less fertile com-
position. On the other hand, if the same two upwelling
solid sources (initially at the same temperature and pres-
sure) were in contact and sufficiently small in dimension
(<5 km, Sleep, 1984), they would approach thermal
equilibrium with each other as upwelling and melting
proceed. It should be noted that this process would not
be isentropic, as the thermal equilibration step is not
Under such circumstances, the com-
positionally distinct regions would have nearly the same
temperature at each pressure, leading to greater contrasts
between the degrees of melting of the two sources, as
the less fertile, hotter peridotite would heat the more
fertile, colder peridotite, further inhibiting melting in the
former and enhancing melting in the latter (Hirschmann
& Stolper, 1996). Thus, the relationship between source
composition and the degree of melting (and composition
of partial melt) depends on the length scale of mantle
heterogeneity.

Characterization of the effects of regional variations
in source composition on the average composition of
partial melts formed by upwelling is best left to a full
treatment of adiabatic melting (Asimow el al., 1999).
However, for small-scale heterogeneity, it is useful to
compare the compositions of melts formed from disparate
peridotite compositions at the same temperature and
pressure. MELTS calculations of partial melt com-
positions for the four peridotite compositions we have
considered show that constant temperature trends on a
plot of Na,O vs F' can have either positive or negative
slopes, depending on the actual compositions being com-
pared and on the temperature (Fig. 6a). A negative Na,O
vs F slope signifies that the Na-enriched sources are
predicted to melt to a sufficiently greater extent that they
actually produce liquids with lower Na,O contents. For
example, the slope in Fig. 6a is negative at 1370°C for
the MM 3, LOSIMG, and R123 compositions. However,
this effect is not universal: at all temperatures, Na,O and
I' are both calculated to increase from the depleted
DMMI1 composition to the fertile MM3 composition,
and at 1400 and 1430°C the calculated trends with
increasing F from fertile to enriched peridotites are of
roughly constant Na,O. Nevertheless, it is clear that
interpretation of Na contents of basalts is not likely to
be straightforward if source heterogeneity is significant.
The difference between DMM1 and those compositions
that display a negative slope at low temperature in Fig. 6a
may be related in part to the compositional variations
that accompany the variations in source Na,O con-
centration. For example, MM3 and LOSIMG have five

reversible.
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times more Na,O than DMMI and 2/3 the Na,O of
R123 (Table 1). But Na,O is not the only compositional
factor affecting productivity. Relative differences in other
such compositional factors (e.g. mg-number, modal cpx
contents) between these compositions are not as extreme
as for Na,O, so at any temperature, the difference in
extent of melting is not sufficient to compensate for
the difference in source Na,O for DMMI1 vs MMS3 or
LOSIMG, but is for MM3 or LOSIMG vs R123.

Experimental studies of peridotite melting at 1 GPa
support the inferences from calculated Na,O vs F trends
(Fig. 6b). At 1250°C, the compiled results show that there
is a strong negative correlation between melt fraction and
Na,O in the liquid. At 1300 and 1350°C, the trends
are less clear, perhaps because of large uncertainties
associated with estimates of melt fractions at high melt
fractions from analysis of incompatible elements, but at
both temperatures there is little or no consistent variation
in Na,O content as a function of F for the melts of these
peridotite compositions. These trends are similar to those
calculated by MELTS for low vs high temperature and
shown in Fig. 6a (although the temperature—F relations
of MELTS calculations are systematically offset; see
Hirschmann et al., 1998b). The reason for the strong
negative correlation between Na,O contents of liquids
and the extent of melting at low temperature is that at
low melt fraction, melt Na,O is affected more by the
extent of melting than by the Na,O content of the source
(i.e. Na contents of partial melts increase to very high
values at low F regardless of the Na content of the
source). The key point is the somewhat surprising result
that for regions of the mantle that are at constant
temperature but compositionally heterogeneous on a
small scale, basalts more enriched in alkalis (and other
incompatible elements) can be derived from less alkali-
rich sources provided the overall extent of melting in the
most depleted regions is small.

Trends in CaO, Al,O;, and CaO/Al,O; of
partial melts of peridotite

Variations in source composition can affect compositions
of partial melts in unexpected ways. This is best illustrated
by CaO, the concentration of which in a partial melt is
not a simple function of the CaO content of the source.
Understanding the factors that influence the CaO con-
tents of partial melts is necessary for quantitative in-
terpretation of the CaO/Al,O; ratios of basalts, which
are commonly taken as a robust indicator of the extent
of partial melting in the source (Niu & Batiza, 1991; Niu
& Hékinian, 1997). We shall see that although this ratio
is indeed a monotonic function of the degree of melting
of any given lherzolitic [i.e. (ol + opx + cpx)-bearing]
source so long as cpx remains in the residue, it is strongly
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Fig. 6. (a) Calculated Na,O vs melt fraction in partial melts at 1 GPa
for the peridotite compositions illustrated in Fig. 5 and given in Table 1.
Calculations are shown at 1370°C (filled symbols), 1400°C (shaded
symbols) and 1430°C (open symbols); approximate isotherms connecting
the four compositions are also shown (bold lines) at each temperature.
The isothermal trends for these compositions have both positive and
negative slopes, suggesting that peridotites that are more fertile (in the
sense that they melt more for a given 7 and P) can, depending on
temperature and the details of the compositional variations in the
sources, produce melts with greater or lesser amounts of Na,O than
melts of more depleted sources at the same conditions. (b) Experimental
data at 1 GPa for several peridotite compositions: MM3 (Baker &
Stolper, 1994; Baker et al., 1995; Hirschmann et al., 19984), HK66 and
KLB-1 (Hirose & Kushiro, 1993), PHN1611 (Kushiro, 1996), and
DMMI1 (Wasylenki et al., 1996) at 1250°C (filled symbols), 1300°C.
(shaded symbols) and 1350°C (open symbols). Datum for DMMI at
1300°C is interpolated between experiments at 1290°C and 1310°C.
Light gray lines connect experiments from common bulk compositions.
As in (a), the negative slope at 1250°C, contrasting with those at higher
temperatures, indicates that at lower temperatures, more fertile (i.e.
Na-rich) peridotites such as HK-66 (0-:66 wt % Na,O) can produce
partial melts with distinctly lower Na,O contents that those of more
depleted peridotites, owing to the dilution of Na,O that occurs at the
higher extent of melting; at higher temperatures, the effect of bulk
composition is more important than the effect of extent of melting,
and the relative Na,O contents of the partial melts track those of their
sources.
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affected by variations in source composition and thus
could be less useful as a monitor of degree of melting
than has been thought previously.

MELTS calculations of the CaO and AlL,O; contents
of partial melts of a range of peridotite source com-
positions as a function of melt fraction at 1 GPa are
shown in Fig. 7a. For any given peridotite composition,
the CaO content of the partial melt is predicted to reach
a maximum at the point of cpx exhaustion (as also shown
by partial melting experiments; Baker & Stolper, 1994;
Kushiro, 1996). For the bulk compositions examined
(Table 1 and Fig. 5), the predicted maximum con-
centration of CaO varies little between different bulk
compositions but occurs at markedly different extents of
melting, owing to variations in initial cpx abundances
calculated for peridotites with these compositions. This
leads to the somewhat paradoxical (and to our knowledge,
previously unknown) prediction that at any given small
degree of melting, the CaO concentrations of partial
melts of bulk compositions with lower CaO contents (and
hence lower modal cpx) tend to be higher than those of
bulk compositions having higher concentrations of CaO
(e.g. compare the predicted CaO contents of partial melts
of DMMI1, MM3 and LOSIMG, and R123 at 5%
melting in Fig. 7a). This prediction from MELTS is
borne out by the differences in experimentally determined
liquid compositions from experiments on the fertile MM 3
and depleted DMM!1 peridotite compositions (Wasylenki
et al., 1996).

The surprising behavior of CaO occurs because tem-
perature and other aspects of melt composition, not bulk
peridotite CaO or melt fraction, are the most important
variables affecting the CaO concentrations of
(ol + opx + cpx)-saturated liquids. This can be seen by
examination of the reaction

CaMgSi,0; = CaSiO, + Mg:5h0s @)

cpx liquid opx

such that the activity and mole fraction of the CaSiO;
component in the liquid [which are in turn simply
and directly related to those of CaO for an (ol + opx)-
saturated melt] are given by

CpX _ 0
dliquid _ ddiop CXp AGreach (3)
CaSiO; — onx03
ax RT
aliqui(l
liquid ~ __ CaSiOg
X CaSiOs ™ _liquid (4’>
YCasio,

where AGY,.., is the free energy of reaction (2), R is the
gas constant, and 7 is in kelvins. CaSiO; is used as the
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Fig. 7. Calculated (a) CaO and Al,O;, and (b) CaO/Al,O, for partial
melts of the four peridotite compositions displayed in Fig. 5. Symbols
for bulk compositions are the same as in Fig. 6. Approximate constant
temperature trends (‘isotherms’) connecting the four compositions are
also shown (bold lines) at 1370°C (filled symbols), 1400°C (shaded
symbols) and 1430°C (open symbols). At any given melt fraction,
relatively enriched bulk compositions (richer in Al,O;, CaO and Na,O,
and with lower solidus temperatures) yield partial melts that are richer
in ALO; but poorer in CaO. As a result, the CaO/AlLQO; ratios of
partial melts of depleted peridotites are much greater than those of
melts of enriched peridotites at the same melt fraction. It should be
noted that the low-temperature trend in (b) has a positive slope and
the high-temperature trends have negative slopes.

liquid component in reaction (2) because it is the calcic
liquid component in the MELTS liquid model (Ghiorso
& Sack, 1995).

For partial melts of the MM3 peridotite composition
at 1 GPa (Hirschmann et al., 19985), MELTS-calculated

values of X8, ailes,, and yilis, are shown in Fig. 8.
Comparison of Fig. 8a, 8b and 8¢ shows that the sig-

nificant decreases in X¢14t, as the solidus is approached

reflect both decreasing a@ilih,, and increasing petss,.. In-

spection of equation (3) shows that variations in atldo,
are caused mainly by temperature, as changes in a}*
and af;, over this interval are small and in any case
would tend (all other things being equal) to produce
changes in the activity of CaSiO; opposite to what is

shown in Fig. 8b (i.e. ady, is higher and ac}* is lower near

Opx
en
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X ](if},‘gj{}h increases steadily and significantly from the solidus up to
exhaustion of cpx, whereas X, decreases steadily. It should be noted

iq

that y}\lloi in (c) is multiplied by a factor of five.

the solidus because cpx is more Ca rich and opx is
less enstatite rich). This temperature effect for CaO is
analogous to the behavior of other oxide components for
which concentrations are controlled by temperature-
dependent positions of mineral cotectics. Thus the tem-
perature dependence of the CaO contents of liquids in
equilibrium with lherzolite residua is conceptually similar
to those observed for FeO and MgO in liquids, both of
which also decrease as melt fraction decreases for partial
melting of peridotite (e.g. Langmuir et al., 1992).
Although temperature plays a significant role, the
significant calculated decreases in CaO with decreasing
F(i.e. F < 5-8%) largely reflect the influence of the even
larger variations in ity as shown in Fig. 8c. The
correspondingly large near-solidus changes in FeO and
MgO found experimentally (Baker et al., 1995) and cal-
culated with MELTS (Hirschmann ez al., 19985) are also
likely to be the result primarily of variations in liquid
activity coeflicients (though detailed discussion of FeO
and MgO variations in this context is beyond the scope
of this paper). It is likely that the most important factor
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in the substantial near-solidus variation in y'(‘f}fgi%z is (as

with the activity of silica discussed above) the large near-
solidus increase in the Na,O contents of the partial melts
of fertile peridotite (especially relative to AL,Os; e.g. Baker
et al., 1995; Hirschmann et al., 19980). Specifically, we
think it likely that increases in Na/Al of the liquid as the
solidus is approached lead to decreases in the proportion
of Ca 1ons associated with aluminate species because Al
associates more strongly with Na (George & Stebbins,
1996), resulting in an increase in the fraction of Ca ions
associated with silica. This in turn causes an increase
in the activity coefficients of Ca-silicate species. This
explanation may, however, be oversimplified, as there
are likely to be other contributing factors because melt
composition is changing rapidly and in many ways as
the solidus 1s approached.

The behavior of Al,O; in calculated peridotite-sat-
urated liquids differs from that of CaO. Al,O; con-
centration in the melt decreases continuously with
increasing I'for a given bulk composition. When different
peridotite compositions are compared at a given F, the
Al O; content of the melt varies monotonically with
source Al,O; (Fig. 7a) and appears not to be strongly
affected by the ALO; concentration of the peridotite
source (Fig. 5b); i.e. R123 has two times more AlO;
than DMMI1 (Table 1), but at any given melt fraction,
the predicted Al,O; contents of partial melts of these
sources differ only by a factor of about 1-3. This behavior
can be understood by examination of the following
reaction, analogous to that examined above for CaO,
which effectively buffers the alumina activity of the melt:

MgALO, +:Mg:81:05=A1,0, + Mg,SiO,  (5)

spinel opx liq ol
such that
sp opx-? 0
aliq _ igALbo,den exp * AGrcactj (6)
ALO; =
o a RT
liq
g _ QAloy )
AO3 ™ ig
ALO;

As illustrated by Fig. 8, X\l increases as the solidus is
approached because, although dilo, is nearly constant,
P\lo, decreases steadily. The nearly constant activity
comes from the approximately cancelling effects of tem-
perature (which tend to lead to a decrease in @i, with
decreasing temperature, just as for a‘g‘;‘:;i)) and an increase
in @0, [Which varies owing to large changes in Al/
(Al + Cr) in the spinel coexisting with these liquids; for

example, Al/(Al + Cr) in the calculated spinel at 18%
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melting is 0-438, but this value increases to 0-591 at 2%
melting; see the Appendix of Hirschmann et al. (19985)].

It should be noted that the steady decrease in i,
with decreasing melt fraction contrasts with the increase
calculated for y'&ﬁsz (Fig 8c). Though we have not ana-
lyzed the cause of this trend in detail, some of it again
probably reflects increases in the Na,O concentration
of the liquid. For example, Hirschmann et al. (19984q)
suggested that increasing Na relative to divalent cations
(Ca, Mg, Fe), as occurs as the solidus is approached,
leads to greater Al avoidance in partial melts of peridotite.
This hypothesis 1s consistent with spectroscopic ob-
servations of simple glasses (Oestrike et al., 1987; Merz-
bacher & White, 1991). Al avoidance would in turn
decrease i, because clustering of Al creates chemical
environments for Al ions that are more like that in the
standard state (i.e. pure Al,O; liquid).

The preceding analysis shows that cpx saturation in
lherzolite-saturated liquids requires less CaO when the
temperature is low and when liquids are rich in Na,O.
Although not our main point here, this provides an
explanation for what Falloon et al. (1996, 1997) have
suggested are anomalously low normative diopside con-
tents of near-solidus partial melts of fertile MM3 peri-
dotite determined by experiments (Baker et al., 1995;
Hirschmann e/ al., 19984). Moreover, Al,O; contents of
lherzolite-saturated liquids are greatest when spinels are
aluminous and liquids are enriched in Na,O. Because
depleted lherzolites achieve any given extent of melting
at higher temperature and with lower Na,O contents in
the liquids than more fertile peridotites (Hirschmann et
al., 1998b) and because the spinels in depleted peridotites
have lower Al/(Cr + Al) (Dick et al., 1984), their partial
melts are richer in CGaO and poorer in Al,Os, leading to
higher CaO/Al,O; at the same melt fraction. These are
precisely the relations illustrated in Fig. 7: the calculated
CaO/ALO; ratio at any fixed melt fraction is highest
for depleted (i.e. CaO-poor) compositions and least for
enriched (CaO-rich) compositions (as long as cpx is not
exhausted from the residue) (Fig. 7).

It should be noted that CaO/Al,O; of the peridotite
source also affects melt CaO/Al,Os, but unless source
CaO/AlLO; variations are very large, the relative en-
richment or depletion (and therefore the CaO content)
of the source appears to be a better predictor of the
Ca0O/AlLO; of the partial melts at any given melt fraction.
For example, MM3 and DMM!I have nearly identical
CaO/AlLO; ratios but very different CaO (and more
importantly, Na,O), and CaO/ALO; of their partial
melts are dramatically different. A critical conclusion
from this analysis is that the extent of melting of a
peridotite source inferred from CaO/AlL,O; is highly
dependent on the source composition. For example, for
10% melting of the peridotite compositions shown in
Fig. 7b (CaO/AlLO; ranges from 0-79 to 0-90 in these
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source compositions), the liquid CaO/Al,O;ratio ranges
from 0-65 to 1-08 and is not simply correlated with the
ratio in the source. Similarly, a CaO/Al,O; ratio of 0-8,
which is typical of many MORB (Niu & Batiza, 1991),
could correspond to extents of melting ranging from
<1% to ~17%, depending on the source composition.

Niu & Hékinian (1997) argued that because Na,O is
highly dependent on source composition, CaO/AlLOy is
a superior indicator of extent of melting. However, as is
clear from Fig. 7b, CaO/Al,O;1s also highly dependent
on source composition (and especially on Na,O content).
Interestingly, Niu & Hékinian (1997) noted a positive
regional correlation between average fractionation-cor-
rected CaO/AlL,O; and extent of depletion in abyssal
peridotites for the East Pacific Rise (EPR). Although they
concluded that the average extent of melting is greater
beneath those regions of the EPR with high CaO/Al,O,
in basalt and more depleted peridotites, an alternative
interpretation is that the observed correlation is simply
the expected result of variations in source peridotite
composition where regions in which peridotites are on
average more depleted yield liquids with higher average
CaO/AlLO;.

As for Na,O, more detailed exploration of the effect
of regional heterogeneity on CaO/Al,O; of average basalt
is best left for a full treatment of adiabatic melting, but
for small-scale heterogeneity there are strong parallels
between their effects on Na,O (see Fig. 6a) and on
CaO/ALO; (Fig. 7b). For example, for variable source
compositions held at a constant, low temperature,
MELTS predicts that variations in the extent of melting
can have a greater influence on CaO/Al,Os in the melts
than variations related to the initial degree of depletion
of the source. Thus, the calculated melts produced from
the four source compositions at 1370°C have a positive
slope in Fig. 7b, suggesting that higher CaO/AlLO;
liquids can come from more enriched sources (even
though at a given F, enriched sources will produce melts
with lower CaO/Al,O;). However, at higher temperature,
the composition of the source has a greater direct in-
fluence on partial melt compositions, and liquids pro-
duced from various sources at the same temperature
have negative slopes, mimicking the behavior at constant
F, where higher CaO/ALQO; liquids come from more
depleted sources.

Basalts from a region in which the source peridotites
are enriched will be richer in Na,O and have lower
Ca0O/AlLO; than basalts produced by the same extent
of melting from a ‘normal’, fertile peridotite source. In
other words, they will mimic the characteristics of melts
produced from a normal mantle region in which the
average extent of melting is smaller. Because of this, it
will be difficult to use covariations in Na,O and CaO/
AlLO; to deconvolve the effects of extent of melting from
those of major element variations in the source, though
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correlations between average basalt compositions and
crustal thickness provide additional constraints (Klein &
Langmuir, 1987; Langmuir e al., 1992). More accurate
models of the range of melt compositions formed from
polybaric melting are needed to provide a baseline for
understanding what can be produced from homogeneous
mantle of different potential temperatures. Also, more
modeling of the effects of source heterogeneity on com-
positional variables is clearly needed. Ultimately, how-
ever, as is the case for incompatible trace elements, the
best indicator of major element source heterogeneity may
be a dissonance between the extent of melting as indicated
by different measures (e.g. Na, Ca/Al, etc.) assuming a
homogeneous source. Returning to the example of the
EPR, fractionation-corrected values of Na,O and CaO/
Al,O3; do not correlate (Niu & Hékinian, 1997). As
this is not readily understandable in the context of a
homogeneous source, it may be an indication of large-
scale major element heterogeneity for this province.
Local-scale mantle heterogeneity beneath the EPR has
previously been inferred from other major and trace
element variations (Langmuir e al., 1992).

Trends in K,0/Ti0O, of partial melts of
peridotite

The ratio K,O/TiO, in MORB is often treated as an
indicator of source region heterogeneity. Variations in
K,0/Ti10, among individual MORB samples have been
mterpreted as signifying local heterogeneity in MORB
sources (Schilling ez al., 1983; Hékinian e/ al., 1989; Sinton
et al., 1991; Langmuir et al, 1992), and variations in
KyO/TiO, of regionally averaged MORB compositions
have been interpreted as signifying heterogeneity on a
larger scale (Shen & Forsyth, 1995). Although isotopic
evidence confirms that K,O/TiO, of basalts varies with
source composition at least in some cases (Schilling ez al.,
1983; Shen & Forsyth, 1995), this does not exclude the
possibility that variations in melting processes acting on
a homogeneous source might also affect K,O/TiO,. If
K,;O/Ti0O, can be affected by melting processes, then
K,O/TiO, variations in individual MORBs or in
regionally averaged MORB could in some cases reflect
different melting or extraction histories, rather than or
in addition to differences in the sources from which they
were extracted.

Although K and Ti both behave incompatibly during
peridotite partial melting, K,O/TiO, can vary in liquids
produced by small degrees of melting because T1 is mildly
incompatible in peridotite residua, with behavior similar
to a heavy or middle REE, whereas K is strongly in-
compatible, similar to Nb or La (Sun & McDonough,
1989). For example, if bulk Dy = 0-:06 and Dy is
effectively zero, as may be reasonably inferred from spinel
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peridotite partial melting experiments at moderate extents
(8-20%) of melting (Baker & Stolper, 1994), then K,O/
TiO, in a batch melt formed from 5% melting will be
2-1 times that of the source, whereas a batch melt formed
from 15% melting will have K,O/TiO, only 1-3 times
that of the source (Fig. 9). This difference of a factor of
1-6 is potentially significant given that distinct source
regions are commonly distinguished based on differences
in KyO/Ti0O, ratios of about a factor of two (e.g. K,O/
TiO, in NMORB is typically ~0-04-0-05, and TMORB
is defined as MORB with K,O/TiO, >0-09-0-14; Hék-
inian etal., 1989; Reynolds ez al., 1992). However, MELTS
calculations and experiments show that variable Dy,
particularly at low melt fraction, could be responsible for
even greater variations in K,O/TiO, in melts produced
by partial melting of a homogeneous source. As illustrated
in Fig. 9, both MELTS calculations and experiments
suggest that at low melt fraction (F <~0-05), K,O/TiO,
1s significantly greater than that expected if partition
coeflicients were constant. As explained above, this is
partly because the modal abundance of cpx, the mineral
with the highest Dy, increases as the solidus is approached
(Niu & Batiza, 1994). It also partly reflects the increase
in DEY™" near the solidus (Fig. 4b). Thus, experiments
and calculations suggest that near-solidus (2—10%) batch
melts will have K,O/TiO, between 1-5 and 10 times
their source values.

The trend shown in Fig. 9 suggests that variations in
K,O/Ti0, in individual MORB, commonly interpreted
as indicative of distinct mantle sources, could instead
reflect different degrees of melting of a homogeneous
source [as has also been suggested by Kinzler (1997)].
Even at relatively high extents of melting (8-15%), K,O/
TiO, will show a gentle inverse correlation with extent
of melting. Thus the trend of varying K,O/TiO, in
regionally averaged basalts, interpreted as signifying
source heterogeneity by Shen & Forsyth (1995), could
also partly reflect variations in the average extent of
melting [as discussed in greater detail by Asimow et al.
(1999)]. Also, because the K,O/TiO, expected for near-
solidus melts are extreme, K,O/TiO, can be affected by
the efficiency of melt extraction and by the extraction
process. For example, if small degree melts are pref-
erentially extracted to specific parts of the mid-ocean
ridge system, such as off-axis areas (Spiegelman, 1996),
significant local variations in KyO/TiO, could result,
with the on-axis lavas having low K,0/TiO, values and
the off-axis regions having high values. In summary,
K,O/TiO, (and by extension, other ratios of K to more
compatible trace elements with high charges) in individual
and regionally averaged basalt compositions may not
always be robust indicators of source heterogeneity even

when the total or average extent of melting is relatively
high.
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Fig.9. Calculated and experimentally determined K,O/TiO, of partial
melts of peridotite at 1 GPa (normalized to the K,O/TiO, of the source
composition) vs melt fraction. Partial melting experiments are for KLB-
1 and HK-66 (Hirose & Kushiro, 1993); PHN1611 (Kushiro, 1996);
and MM3 (Baker & Stolper, 1994; Baker et al., 1995). The KLB-1
experimental data that plot significantly off the trend probably reflect
inaccurate estimation of melt fraction, which was determined by
assuming that Na,O is perfectly incompatible (Hirose & Kushiro, 1993).
The black curve is a MELTS calculation for MM3 peridotite; the gray
curve is calculated with constant bulk distribution coefficients (D =
0 and Dy = 0:06). It should be noted that the constant partition
coeflicient calculation systematically underpredicts K,O/TiO, at low
melt fraction.

Effects of source heterogeneity on melt

FeO*

One possible consequence of heterogeneity in MORB
source regions is that it could affect the FeO* content
of partial melts, but the effect of source composition on
melt FeO* is contentious. Langmuir ef al. (1992) inferred
that the greater depth of initial melting and the higher
FeO* in an enriched source should in combination lead
to higher FeO* in melts from enriched peridotite. In
contrast, Shen & Forsyth (1995) observed an inverse
correlation (in fractionation-corrected MORB com-
positions) between FeO* and K,O/TiO,, and inferred
from this that more enriched sources produce melts with
lower FeO*. Given that K,O concentrations in MORB
are small, it is unlikely that the effect observed by Shen
& Forsyth is the direct result on phase equilibria of K,O
enrichment in the source, but other changes in source
composition that tend to accompany K,O enrichment,
such as enrichment in Na,O, can clearly influence the
compositions of low degree melts of peridotite (Baker e
al., 1995; Hirschmann et al., 1998a, 19985). However,
examination of Iig. 10 shows that at 1 GPa partial melts
of peridotites with lower mg-numbers (R123 « LOSIMG
< DMM1 < MM3; see Fig. 5) have higher calculated
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Fig. 10. Calculated FeO* vs MgO at 1 GPa for partial melts of the
four peridotite compositions displayed in Fig. 5. Each curve is labeled
with the name of the peridotite composition, followed by its mg-number
and its bulk Na,O content. Bulk compositions with lower mg-numbers
generally yield partial melts richer in FeO* at any given MgO, but
bulk Na,O has little effect. An exception is that, at the highest MgO
concentrations shown, calculated FeO* of partial melts of DMMI1 are
slightly greater than those of LOSIMG, even though the bulk mg-
number of LOSIMG is slightly less than that of DMMI1. This occurs
only at melt fractions higher than those needed to exhaust cpx (indicated
by the kinks in the curves) and probably reflects the extreme alkali
depletion in DMM1; it is not likely to be of general importance for
typical melting regimes involving peridotites of moderately variable
alkali content.

FeO* contents at any given MgO content and that the
Na,O concentration in the source has little effect.

If anything, we might actually expect peridotites with
comparable mg-numbers but higher alkali contents to
form partial melts with higher FeO* at any given MgO,
the opposite of the trend suggested by Shen & Forsyth
(1995). This is because enrichment in alkalis causes
partitioning of Fe and Mg between olivine and silicate
liquid to become more extreme, as shown both by
experiments and by MELTS calculations (Baker et al.,
1995, 1996; Falloon et al., 1996; Draper & Green, 1997;
Robinson et al., 1998). Coupled with the overall trend of
peridotite compositions to have lower mg-numbers (i.e.
higher FeO*) when they are richer in alkalis (Fig. 5), we
conclude that the empirical trend of averaged melts with
higher K,0O/TiO, having lower MgO-normalized FeO*
noted by Shen & Forsyth (1995) is not likely to be due
to mantle heterogeneity unless increases in source K,O/
TiO, in mantle sources are coupled to increased mg-
number in MORB sources. Although mantle hetero-
geneities originating as metasomatized lithosphere (e.g.
McKenzie & O’Nions, 1983) might have this character,
the results presented above suggest that a more likely
explanation of the trend shown by Shen & Forsyth (1995)

310



HIRSCHMANN et al.

1s that K,O/TiO, is a poor indicator of mantle source
composition, as it can depend strongly on the extent of
melting in near-solidus melts (Fig. 9).

CONCLUSIONS

(1) For partial melting of fertile peridotite, MELTS
predicts that near-solidus silica enrichment is pressure
dependent. At 1 GPa, predicted near-solidus liquids have
~5 wt % more SiO, than higher melt fractions, but at
3 GPa, the calculated magnitude of silica enrichment at
2% melting is <1 wt %.

(2) For partial fusion of fertile peridotite, Ti (and, by
analogy, other highly charged trace elements) is more
compatible in cpx relative to silicate liquid near the
solidus than at higher melt fractions. This behavior is
partially caused by the increased SiO, in near-solidus
liquids, most notably at low and moderate pressures, and
partially caused by changes in composition of cpx, as
near-solidus cpx contains more Na* and Al’*, which
stabilize highly charged cations that substitute into cpx
by charge-coupled substitution. As a consequence of
these changes in the cpx partition coeflicient and the
progressively higher abundance of residual cpx near the
solidus of peridotite, predicted enrichments in TiO, in
low degree partial melts of fertile peridotite relative to
their sources are less than those expected based on
partition coeflicients measured at high melt fractions,
both at 1 GPa and at higher pressures. Understanding
the behavior of highly charged cations in near-solidus
melts requires detailed characterization of their thermo-
chemistry in near-solidus melts and their stability in near-
solidus crystalline phases.

(3) The effect of major element source heterogeneity
on peridotite partial melts depends in part on the length
scale of the heterogenecous domains. When the length
scale 1s small, regions of different composition thermally
equilibrate with each other and therefore are subjected
to the same pressure-temperature trajectory during
upwelling and melting. Under these circumstances, en-
riched regions of heterogeneous sources will melt to
greater extents than they would if they melted is-
entropically (and depleted regions will melt to lesser
extents). When melt fractions are small (e.g. < ~10%) in
the depleted regions of such heterogeneous, thermally
equilibrated sources, this can lead to the unintuitive result
that partial melts from the enriched regions produce
melts with more ‘depleted’ major element characteristics
(such as lower Na,O and higher CaO/Al,O;) than partial
melts from the depleted regions.

(4) CGaO/AlLO; of partial melts of peridotite are sens-
itive to source composition. Depleted peridotites, al-
though poorer in CaO than fertile or enriched peridotites,
yield partial melts that at any fixed melt fraction are
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richer in CaO and higher in CaO/AlL,O; than partial
melts of fertile and enriched peridotites at the same melt
fraction (for cpx-saturated melts). This reflects primarily
the effects of alkalis and temperature on the activity
coefficient of CaO in basic melts; for this reason, the
Ca0O/AlLO; of the source (and the absolute concentration
of CaO, provided it is sufficient to stabilize cpx) is of
secondary importance compared with source enrichment
or depletion in controlling the CGaO/Al,Oy (and absolute
CaO content) of the partial melts. For both Na,O and
Ca0O/AlLQO;, the effects of source heterogeneity can lead
to variations in the compositions of partial melts that
mimic those of variations in extent of melting from a
homogeneous source; as a consequence, distinguishing
liquids produced by melting of a group of heterogeneous
sources from those produced by variable degrees of
melting of a homogeneous source using a limited number
of chemical indicators can be problematic.

(5) K,O/Ti0, 1s affected by the extent of melting even
at melt fractions as high as 15%, and therefore will in
general be a poor indicator of source heterogeneity.
Regional variations in K,O/TiO, ascribed to variations
in source composition (Shen & Forsyth, 1995) may also
have been influenced by differences in extent of melting.
Contrary to the inference by Shen & Forsyth (1995),
enriched peridotite sources are expected to yield partial
melts with more FeO* at any given MgO content than
less enriched peridotite sources.
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