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Possible implications of modal mineralogy for melting in mantle lherzolites

ROBERT W. LUTH*
Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, Alberta T6G 2E3, Canada

(Received June 1, 2001;accepted in revised form March 5, 2002)

Abstract—The melting reaction at the solidus of mantle peridotite is commonly peritectic in nature, with
liquid and one or more solid phases produced upon melting. In some situations, one of the phases participating
on the reactant side of the reaction is present in low abundance. This article explores the possible effects of
the low abundance of a reactant phase on the melting behavior of mantle peridotite.

For example, spinel lherzolite begins to melt via the peritectic reaction, clinopyroxene� orthopyroxene�
spinel� olivine � liquid in the�1- to 2-GPa pressure range. In natural spinel lherzolites, spinel is a modally
minor mineral and may be infrequently in contact with both clinopyroxene and orthopyroxene. If these mutual
contacts are insufficient to generate an interconnected melt, then significant melting may not occur until a
combination of minerals that are modally abundant and in contact begin to melt. This scenario could have
implications for the physical process of melting and for the timing of formation of an interconnected melt
network and separation of the melt from the residue.

To begin to investigate this possibility, the spatial relationships between the constituent minerals in two
fertile spinel lherzolites were determined by elemental mapping with the electron microprobe. Olivine,
orthopyroxene, and clinopyroxene are of similar size, whereas the spinel was smaller and interstitial. Spinel
and clinopyroxene are frequently in contact, but mutual contacts of spinel, clinopyroxene, and orthopyroxene
are rare. Because of the changes in modal mineralogy anticipated for these lherzolites with increasing
temperature, these mutual contacts will be even less common at the solidus. Therefore, an interconnected,
potentially extractable, melt may not occur by the solidus spinel� orthopyroxene� clinopyroxene melting
reaction. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION

There is general consensus that basaltic magmas are pro-
duced by volatile-poor partial melting of lherzolite in the
Earth’s mantle. Melting of lherzolite containing carbonate or
hydrous phases produces at least part of the compositional
spectrum of volatile-bearing, mantle-derived magmas, such as
carbonatites, kimberlites, and lamprophyres. Decades of exper-
imental phase equilibrium studies on both basalts and perido-
tites, under a variety of P, T, Xvolatile conditions, have provided
fundamental constraints on these magmatic processes, as have
trace element and isotopic studies of mantle-derived magmas.
Most of what we know about the thermodynamics and chem-
istry of melting in the mantle is from experiments on finely
powdered natural and synthetic samples. The fine grain size of
the powders ensures a high probability of intergrain contact
between reactant minerals and improves the potential for
achieving equilibrium.

One aspect of the melting process that has been relatively
unexplored is the effect of modal mineralogy on the initiation
of melting. In particular, solidus melting reactions for lherzolite
in a variety of systems, both volatile absent and volatile
present, have as a reactant phase a mineral that may be present
in the rock in low abundance (Table 1). For lherzolite contain-
ing either carbonate or mica, the volatile-bearing phase is a
reactant, but the abundance of such a phase is poorly con-
strained, depending on the process or processes that enriched
the lherzolite in volatiles. For both garnet and spinel lherzolite,

the aluminous phase is present in low (�5%) abundance
(Maaløe and Aoki, 1977). Indeed, garnet lherzolites commonly
have less clinopyroxene than garnet (Maaløe and Aoki, 1977).
Clustering of these minerals (Cox et al., 1987), however, may
aid in overcoming the problem of their low modal abundance
and allow melting by reactions involving clinopyroxene and
garnet (Table 1). In addition, the high solidus temperatures of
garnet lherzolite (Walter, 1998, and references therein) would
normally require the presence of volatiles for melting to occur,
with the attendant uncertainties on the modal abundance of a
volatile-bearing phase (see above). The volatile-absent melting
of spinel lherzolites is better constrained, is relevant to basalt
petrogenesis at divergent plate boundaries, and provides an
illustrative example of the possible consequences of this com-
plication on melting behavior.

For spinel lherzolites, a melting reaction of the form cpx�
opx� sp� ol � liq has been proposed from studies on natural
lherzolites at 1.0 to 1.5 GPa, and from studies on model
systems at similar pressures (Table 1). Melt would form by this
reaction where orthopyroxene, clinopyroxene, and spinel meet.
This requirement becomes problematic if one of the minerals is
modally scarce. Natural spinel lherzolites, even fertile ones,
contain �15% clinopyroxene and�3% spinel (Table 2;
Maaløe and Aoki, 1977). Maaløe (1981, 1982) recognized that
the requirement for the reactant minerals to be in physical
contact, coupled with the modal abundance of the minerals,
limits the initial amount of melt that would be produced, and he
proposed that there would be a threshold melt fraction, below
which melt exists in isolation and above which the melt forms
an interconnected melt network. He calculated this threshold
melt fraction to be on the order of 10 to 20%. His analysis,
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although taking into account the low modal abundance of
spinel and clinopyroxene, assumed that melting was eutectoid
and required mutual contact of olivine, orthopyroxene, clinopy-
roxene, and spinel.

The purposes of this contribution are to document the spatial
relationship of spinel, clinopyroxene, and orthopyroxene in two
selected spinel lherzolites, to explore how the modal abundance
of these minerals would change as temperature increases to the
solidus, and finally to outline the possible implications on
melting processes. I suggest that the low incidence of spinel in
contact with both clinopyroxene and orthopyroxene prohibits
formation of an interconnected melt network at the solidus, and
melting sufficient to form this network occurs only at higher
temperatures, where melting at clinopyroxene � spinel con-
tacts produces melt. At this stage, once an interconnected melt

network forms, there may be a cascade effect, with a dramatic
increase in melt proportion because of chemical communica-
tion through the melt network, that allows belated achievement
of the true solidus melting reaction. This type of overstepping
of the melting reaction was suggested previously to be of
potential importance in peridotite melting (Rubie and Brearley,
1990).

2. MODAL MINERALOGY OF SPINEL LHERZOLITES

For this study, samples from the West Kettle River, British
Columbia, Canada locality (Fujii and Scarfe, 1982), were se-
lected. The whole-rock major, trace, and Sr, Nd isotopic geo-
chemistry of these samples were reported by Xue et al. (1990).
Walter (1998) determined the phase equilibria of one of these
samples, KR-4003, at 3 to 7 GPa because it is a reasonable
approximation of primitive, undepleted mantle. Table 3 com-
pares the compositions of these two spinel lherzolites with
various estimates for primitive undepleted mantle. Of the two,
KR-4003 is the best proxy for primitive mantle and is very
similar to KLB-1 (Takahashi, 1986). KR-4005 is somewhat
depleted, based on its higher Mg# (molar Mg/(Mg � Fe)) and
lower CaO and Al2O3 compared with KR-4003.

Combining the whole-rock major-element composition of
these samples (Table 3) and the composition of the constituent

Table 1. Near-solidus melting reactions for lherzolite.a

P (GPa) Reaction Referenceb

Natural systems (volatile free)
1.0 0.78 cpx � 0.27 opx � 0.05 sp � 1 liq � 0.10 ol PWJ00
1.0–1.2 0.82 cpx � 0.40 opx � 0.08 sp � 1 liq � 0.30 ol KG92
1.5 0.83 cpx � 0.33 opx � 0.08 sp � 1 liq � 0.24 ol R98
1.5 0.58 cpx � 0.61 opx � 0.001 sp � 1 liq � 0.19 ol R98
�2 x cpx � y ol � z gar � liq � w opx K97
3 0.08 ol � 0.81 cpx � 0.30 gar � 1 liq � 0.19 opx W98

Model systems (volatile free)
CaO-MgO-Al2O3-SiO2-Na2O
0.7 0.25 opx � 0.27 cpx � 0.53 pl � 1 liq � 0.05 ol W95
1.3 0.42 ol � 0.97 pl � 1 liq � 0.22 opx � 0.06 cpx � 0.11 sp W95
1.7 0.09 opx � 0.99 cpx � 0.14 sp � 1.0 liq � 0.22 ol W95
2.0 1.27 cpx � 0.13 sp � 1.0 liq � 0.27 opx � 0.13 ol W95
CaO-MgO-Al2O3-SiO2-FeO
1.0 0.20 opx � 0.40 cpx � 0.40 pl � 1 liq � 0.01 ol GP00
1.2 24 ol � 27 pl � 1 liq � 4 opx � 36 cpx � 10 sp GP00
1.7 0.10 opx � 0.99 cpx � 0.12 sp � 1 liq � 0.20 ol GP00
2.0 1.08 cpx � 0.11 sp � 1 liq � 0.15 ol � 0.04 opx GP00
2.7 1.33 cpx � 0.12 sp � 1 liq � 0.07 ol � 0.38 opx GP00
1.3 0.26 opx � 0.90 cpx � 0.14 sp � 1 liq � 0.29 ol —c

1.9 0.01 opx � 1.04 cpx � 0.11 sp � 1 liq � 17 ol —c

Model systems (volatile-bearing)
K2O-CaO-MgO-Al2O3-SiO2-H2O
�2.7 phlog � opx � cpx � ol � sp � liq MB73
�2.7 phlog � opx � cpx � ol � gar � liq MB73
CaO-MgO-Al2O3-SiO2-CO2

3–4 x dmt � y opx � z gt � liq � a ol � b cpx DP98
5–6 x mst � y cpx � liq � a ol � b gar � c opx DP98
7 x mst � y cpx � z gt � liq � a ol � b opx DP98

a cpx � clinopyroxene; opx � orthopyroxene; sp � spinel; liq � liquid; ol � olivine; gar � garnet; pl � plagioclase; phlog � phlogopite; dmt
� dolomitic carbonate; mst � magnesite-rich carbonate.

b PWJ00 � Pickering-Witter and Johnston (2000); KG92 � Kinzler and Grove (1992); R98 � Robinson et al. (1998) first reaction for Tinaquillo
lherzolite, second for “ fertile” MPY lherzolite; K97 � Kinzler (1997); W98 � Walter (1998); W95 � Walter et al. (1995); GP00 � Gudfinnsson
and Presnall (2000); MB73 � Modreski and Boettcher (1973); DP98 � Dalton and Presnall (1998) (see their table 4 for stoichiometric coefficients).

c Calculated by the author with the data of GP00 via the technique outlined in W95.

Table 2. Modal mineralogy of spinel lherzolites from Maaløe and
Aoki (1977).

Mineral vol%
wt%

(average)

Olivine 65–90 66.7
Orthopyroxene 5–20 23.7
Clinopyroxene 3–14 7.8
Spinel 0.2–3 1.73
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minerals (Table 4) allows calculation of the modal mineralogy
(Table 5). Comparing the calculated modal mineralogy with the
ranges of Maaløe and Aoki (1977) (Table 2) demonstrates that
these samples are not anomalous in their abundance of either
spinel or clinopyroxene.

3. SPATIAL RELATIONSHIP OF CONSTITUENT
MINERALS

To determine the spatial arrangement of minerals in these
samples, polished thin sections were mapped with the JEOL
8900R electron microprobe in the Department of Earth and
Atmospheric Sciences, University of Alberta. WDS maps of
Mg, Ca, and Fe, and an EDS map of Si abundances were
obtained simultaneously on each thin section (Fig. 1). These
maps were combined in Adobe Photoshop software to show
clinopyroxene, spinel, and orthopyroxene as different shades of
gray (Fig. 2). The white “background” represents the dominant
mineral, olivine. One aspect that is lost during the image
processing is an accurate depiction of grain boundaries in the
monomineralic areas.

In both samples, spinel grains in contact with both orthopy-
roxene and clinopyroxene are in the minority (2 of 14 in

KR-4003; 5 of 21 in KR-4005b). If direct contact of spinel,
orthopyroxene, and clinopyroxene is required for melting to
occur at the solidus, not all of these spinels could participate.
This conclusion must be taken with the caveat that these
sections are representative and the third phase does not contact
the other two either above or below the plane of the section. If
these sections are not representative, it is surprising that they
both fail in the same sense, with fewer sp � opx � cpx
contacts.

More common are instances where spinel contacts olivine
and another mineral, not surprising given the modal abundance
of olivine. For example, sp � cpx (�ol) contacts are consid-
erably more common (9 of 14 in KR-4003; 7 of 21 in KR-4005)
than are the sp � cpx � opx contacts.

4. DISCUSSION

Any discussion of these results must be done with the ex-
plicit recognition that these results are preliminary; a statisti-
cally valid sampling would require many more samples and
serial sectioning of each sample to obtain a better representa-
tion of the three-dimensional texture of each sample. Such an

Table 3. Composition of Kettle River samples and estimates of primitive upper mantle.a

wt% 1 2 3 KLB-1 KR-4003 KR-4005

SiO2 45.10 45.96 45.13 44.48 44.92 45.13
TiO2 0.00 0.18 0.22 0.16 0.12 0.09
Al2O3 3.30 4.06 3.96 3.59 4.26 4.03
Cr2O3 0.00 0.00 0.00 0.00 0.41 0.4
FeO 8.00 7.54 7.82 8.10 8.02 8.13
MnO 0.00 0.13 0.13 0.12 0.13 0.14
MgO 38.10 37.78 38.30 39.22 37.34 38.21
CaO 3.10 3.21 3.50 3.44 3.45 3.36
Na2O 0.00 0.33 0.33 0.30 0.22 0.19
K2O 0.00 0.03 0.00 0.02 0.09 0.08
Total 97.6 99.23 99.39 99.43 98.96 99.76
CaO/Al2O3 0.94 0.79 0.88 0.97 0.81 0.83
Mg# 0.895 0.899 0.897 0.896 0.893 0.893

a 1 � pyrolite (Ringwood, 1979); 2 � LoSiMag mantle (Hart and Zindler, 1986); 3 � Least-depleted xenolith model (Jagoutz et al., 1979). KLB-1
composition is from Takahashi (1986), and KR-4003 and KR-4005 compositions are from Xue et al. (1990).

Table 4. Major-element compositions of minerals from Kettle River spinel lherzolites and of minerals from solidus experiment 43 of Robinson et
al. (1998).

Element

Olivine Orthopyroxene Clinopyroxene Spinel

KR-4003 KR-4005 Robinson KR-4003 KR-4005 Robinson KR-4003 KR-4005 Robinson KR-4003 KR-4005 Robinson

SiO2 39.804 40.14 41.50 54.62 54.44 53.70 50.64 50.74 49.40 0.07 0.05 1.32
TiO2 0.017 0.00 0.01 0.12 0.22 0.27 0.97 1.05 1.02 0.36 0.32 0.32
Al2O3 0.016 0.03 0.16 4.82 5.22 7.60 7.76 8.07 12.50 57.69 58.24 59.2
Cr2O3 0.28 0.28 0.44 0.66 0.65 0.20 8.47 7.84 7.5
FeO 9.849 10.10 0.05 6.61 6.59 5.25 3.55 3.46 3.89 11.46 11.43 8.75
MnO 0.124 0.14 10.40 0.13 0.13 NDa 0.09 0.09 ND 0.11 0.10 ND
MgO 49.606 49.49 47.70 32.81 32.39 30.50 16.22 15.64 16.20 21.16 21.11 22.7
CaO 0.108 0.11 0.25 0.72 0.84 2.17 18.69 18.97 15.40 0.01 0.01 0.07
Na2O 0.10 0.11 0.18 1.21 1.30 1.42 0.01 0.00 0.11
ZnO 0.08 0.04 ND
NiO 0.348 0.37 0.03 0.11 0.10 ND 0.05 0.05 ND 0.38 0.40 ND
Total 99.872 100.38 100.1 100.31 100.32 100.11 99.84 100.02 100.03 99.78 99.54 99.97

a ND � not determined.
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extensive study is unlikely to provide additional insight into
this problem because there is a fundamental limitation in ap-
plying these results directly to mantle melting. This limitation
is that all such xenolith samples last equilibrated at tempera-
tures well below their solidus temperature. Two-pyroxene ther-

mometry (Wells, 1977) gives equilibration temperatures of
1079°C and 1057°C for KR-4003 and KR-4005, respectively.
Solidus temperatures for mantle lherzolite are �1250°C at 1
GPa and �1370°C at 2 GPa (cf. review by Hirschmann, 2000).
The modal mineralogy of these samples will change with
increasing temperature. A rigorous evaluation of this change
would require a thermodynamically based model of the subso-
lidus phase equilibria of peridotite that considers explicitly the
effects of important minor elements such as Cr and Ti as well
as major elements. In the absence of such a model, some insight
may be gained by comparing the compositions of the minerals
in the xenoliths with those from solidus experiments at 1.5 GPa
(Robinson et al., 1998) (Table 4). The major compositional
effects of increasing temperature are to increase the alumina

Table 5. Calculated modal mineralogy for Kettle River spinel lher-
zolites.

Mineral KR-4003 KR-4005

ol 48.1 52.2
opx 32.1 29.7
cpx 17.1 16.0
sp 2.7 2.1

Fig. 1. Element maps of a thin section of KR-4003.
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Fig. 2. Processed maps of KR-4003 (a) and KR-4005 (b) showing spatial relationships of cpx, sp, and opx. White is
olivine.
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content of both pyroxenes, and to decrease the calcium content
of the clinopyroxene (cf. Walter, 1999). As a first approxima-
tion, the mineral compositions of Robinson et al. (1998) are
combined with the bulk composition of the Kettle River lher-
zolites to calculate hypothetical modal mineralogies at the
solidus (Table 6). Comparing Tables 5 and 6, the proportions of
clinopyroxene and olivine increase with increasing temperature
at the expense of orthopyroxene and spinel. The marked de-
crease in the amount of spinel could aggravate the problem of
few sp � opx � cpx contacts. Therefore, the mutual contact
results from the natural samples should be considered a “best-
case” scenario for lherzolite at its solidus.

For the melting reaction cpx � sp � opx � ol � liq, the
limited number of cpx � sp � opx contacts observed in the
natural spinel lherzolites poses the question of whether suffi-
cient melt could be produced by this reaction to form an
interconnected network. The answer to this question depends
on (1) the validity of this solidus melting reaction, (2) the
amount of melt produced by this reaction, and (3) the melt
fraction required to form an interconnected network. Let us
consider each of these in turn.

4.1. Nature of the Melting Reaction

Table 1 summarizes solidus melting reactions inferred for
spinel lherzolites. There is a 0.5-GPa pressure range over which
the cpx � opx � sp � ol � liq reaction appears to describe
melting at the solidus in natural spinel lherzolites. Walter et al.
(1995) argue that the determination of melting reactions in
these studies may accurately describe the melting reaction over
the first several percent melt generated, but do not describe
melting reaction at the solidus accurately. They argue that the
melting reaction at the solidus is better inferred from calculated
reactions that are based on model system experiments, where
the variance is lower and the melt compositions are better
constrained. On the bases of data from the CaO-MgO-Al2O3-
SiO2-Na2O system (Walter and Presnall, 1994), they determine
a melting reaction of the form cpx � sp � liq � ol � opx at
� 1.7 GPa in the spinel lherzolite stability field. They found the
cpx � sp � opx � ol � liq reaction at 1.7 GPa, but did not
present results for lower pressures within the spinel lherzolite
field. In contrast, the study of Gudfinnsson and Presnall (2000)
of the CaO-MgO-Al2O3-SiO2-FeO system supports a broader
pressure range for the cpx � sp � opx solidus melting reaction
(Table 1), with the cpx � sp reaction again occurring at higher
pressure. Changes in the solidus melting reaction with depth
implies the significance of the constraint imposed by the low
abundance of spinel will depend on the depth at which the
solidus temperature is crossed by upwelling mantle, which in
turn depends on the mantle potential temperature. Given the

data in hand, however, the cpx � sp � opx � ol � liq reaction
appears to describe the solidus melting reaction over a signif-
icant pressure interval in the spinel lherzolite stability field.

4.2. Amount of Melt Produced

The amount of melt produced by the solidus melting reaction
will depend on the stoichiometry of the reaction, as well as on
the modal abundance and composition of the reactant minerals.
To illustrate the combined effect of the low modal abundance
of spinel and the dominant contribution of clinopyroxene to the
solidus melting reaction, consider that the area covered by
clinopyroxene in contact with both orthopyroxene and spinel in
the section of KR-4003 is 0.275%. This amount of clinopyrox-
ene would produce �0.28 to 0.47% melt, depending on the
exact stoichiometry assumed for the reaction. This estimate is
probably high because of the bias induced by the low-temper-
ature modal mineralogy of the sample. Equally significant, as
pointed out by Walter et al. (1995), the minerals will not melt
isochemically. Instead, there is a pronounced difference be-
tween the bulk chemistry of each phase and the composition it
contributes to the melt. This implies that the compositions of
the residual minerals will change rapidly once melting starts,
which would tend to limit the amount of melt produced at the
solidus. This simple calculation of the amount of melt produced
at the solidus until clinopyroxene is exhausted likely overesti-
mates the amount of melt produced. Could a melt fraction of
�0.3% be interconnected?

4.3. Melt Fraction Required for Interconnected Melt
Network

A low-abundance phase will constrain melting only if there
is a critical melt fraction required to form an interconnected
melt network. This idea is contrary to the assertion that a melt
network forms at melt fractions much less than 1% if the
solid–solid–liquid dihedral angle is �60°, assessed on the basis
of models of texturally equilibrated, equisize grains, with iso-
tropic surface free energies (Waff and Bulau, 1979; von Bargen
and Waff, 1986; Kohlstedt, 1992; Waff and Faul, 1992). The
concept of a critical fluid or melt fraction, below which pores
are isolated and an interconnected fluid or melt network does
not exist, has been discussed by a number of authors (e.g.,
Toramaru and Fujii, 1986; Laporte and Watson, 1995; Faul,
1997, 2001; Wark and Watson, 1998), on the bases of both
experimental and theoretical studies, and cannot be dismissed
out of hand.

The uncertainty surrounding the magnitude and even the
existence of a critical melt fraction revolves around questions
of the following:

(1) the proportion of melt present in intergranular tubules
(available to form the network) vs. other locations (Faul, 1997,
2001; Cmiral et al., 1998).

(2) the anisotropy of surface free energies, which might
produce isolated melt pockets even for dihedral angles �60°,
and a threshold of melt (e.g., 3 to 4 vol% in amphibolite) is
required before the melt is interconnected (Laporte and
Watson, 1995).

(3) the effects of other minerals. In particular, the effect of
pyroxene on dihedral angle and melt connectivity in melt-

Table 6. Hypothetical solidus modal mineralogy for Kettle River
spinel lherzolites.

Mineral KR-4003 KR-4005

ol 54.9 57.3
opx 22.7 21.3
cpx 22.2 21.4
sp 0.1 �0.1
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peridotite systems is unclear (Fujii et al., 1986; Toramaru and
Fujii, 1986; von Bargen and Waff, 1988). Toramaru and Fujii’ s
results imply interconnected melt at low melt fraction only for
lherzolites with �75% olivine, although this estimate was
decreased to �63% olivine by Nakano and Fujii (1989).

Faul (2001) proposed that basaltic melt beneath divergent
plate boundaries becomes sufficiently interconnected to be-
come mobile at melt fractions above �1%, although more
volatile-rich and low-viscosity melts could segregate at 0.1%
melt fraction. Fig. 1a of Faul (2001) illustrates the dramatic
increase in permeability at �1 to 2% melt fraction. This dis-
continuous increase in permeability distinguishes his model
from previous models that assume the behavior at very low
melt fractions is similar to that observed in experiments at
higher melt fractions.

At present, it seems plausible that basaltic melts produced by
the cpx � sp � opx melting reaction will remain isolated if
present at �1%, and the limitation imposed by the low modal
abundance of spinel is real.

4.4. Other Factors

The constraint on melt generation at the solidus imposed by
low modal abundance of spinel might be eliminated either by
deformation caused by mantle flow, if deformation encourages
the formation of an interconnected melt network at lower melt
fractions (Daines and Kohlstedt, 1997; Zimmerman et al.,
1999), or by the presence of a preexisting melt (or fluid). A
volatile-rich melt present at temperatures below the anhydrous
solidus is certainly plausible in some circumstances. A number
of authors, including Hirth and Kohlstedt (1996), Braun et al.
(2000), and Faul (2001), argue that there is a small amount of
hydrous melt present at greater depths below a shallower region
of more extensive basaltic melt under divergent plate bound-
aries. Such a volatile-rich, low viscosity melt should achieve an
interconnected network at low melt fraction more readily (Faul,
2001). Such melts may be either H2O- or CO2-rich, although
CO2-rich melts would freeze out upon ascent because of the
“ ledge” on the lherzolite � CO2 solidus produced by the
intersection of subsolidus carbonation reactions with the soli-
dus and the attendant increase in CO2 solubility with increasing
pressure. This “ ledge” occurs at �1.8 GPa (Falloon and Green,
1989) and at �2.7 GPa in the CaO-MgO-Al2O3-SiO2-CO2

system (Dalton and Presnall, 1998, and references therein).
Such melts could exist within the spinel lherzolite stability field
at temperatures below those of the anhydrous solidus. Diffusion
through, or advection of, such a melt would allow reactant
minerals not in physical contact to equilibrate, and would
remove the constraint imposed by the low abundance of spinel
in contact with both clinopyroxene and orthopyroxene. Con-
sideration of the presence of these melts is complicated by
uncertainties concerning their composition, pervasiveness, and
by the dissolution of water into nominally anhydrous minerals.
This later model is that favored by Hirth and Kohlstedt (1996)
and Braun et al. (2000). Although the melting of hydrogen-
bearing, nominally anhydrous minerals at lower temperatures
than their hydrogen-free analogues is key to this model, the
magnitude of this effect has not been calibrated experimentally.
At present, it is unclear if this melt would be present throughout

the upper mantle or whether it would affect melting in all
tectonic environments.

4.5. Consequences for Melting in the Mantle

How large might this effect of modal mineralogy on mantle
melting be? If the temperature of the true solidus, defined by
cpx � opx � sp � liq � ol, is only a few degrees below
melting reactions such as cpx � sp � ? � liq, then the
overstepping of the solidus because of the modal mineralogy
effect would be trivial. In the absence of pertinent data for the
natural system, consider the available data from the system
CaO-MgO-Al2O3-SiO2. At 2 GPa, the reaction en � di � sp �
liq � fo occurs at 1470°C, and the en-absent reaction di � sp
� liq � fo occurs at 1485°C (Liu and Presnall, 2000). If this
15°C difference in the two melting reactions were to apply to
nature, it would translate to a 25-km depth difference along a
0.6°C/km adiabat (McKenzie and Bickle, 1988). If the up-
welling mantle intersects the solidus at a 50- to 70-km depth,
this 25-km interval over which the mantle is above its solidus
without the formation of an interconnected melt is a significant
fraction of its ascent. Calculations of aggregate melts produced
by polybaric melting (e.g., Walter, 1999) need to consider the
effect that this delay on formation of melt would have on the
depth of initiation of melting, on melt productivity during
ascent (typically scaled as percent melt generated per kilometer
ascent), and on the compositions of the melts produced.

Critical tests of this hypothesis will include, first, experimen-
tal verification of an interconnectivity threshold in lherzolites,
and second, experimental studies designed to determine pre-
cisely the melting temperatures of opx � cpx � sp, cpx � sp,
opx � cpx, etc., for mineral compositions appropriate for
solidus temperatures.
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