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ABSTRACT

Detailed examination of liquidus phase relationships in binary and ternary joins of the CFMAS
+ Cr system has permitted a rigorous determination of the dry melting path of an initially fertile spinel
peridotite composition resembling Bulk Silicate Earth or MORB-pyrolite. It is demonstrated that it is
impossible to model mantle melting accurately using only one set of ratios of phases entering the
melt; this implies that the melting process is primarily controlled by solid solution rather than
eutectic behaviour. The proportions of phases entering a melt depend on whether a phase reacts
and/or disappears from a system, and on the choice of the initial and final peridotite compositions.
Four discrete domains in the melting regime of upper-mantle peridotites are distinguished, each
characterized by different phase melting coefficients, relating to the melting of: (1) lherzolites, (2)
clinopyroxene-bearing harzburgites (i.e., free-clinopyroxene), (3) clinopyroxene-saturated harzburgites
(i.e., clinopyroxene in solid solution in orthopyroxene), and (4) clinopyroxene-free harzburgites (i.e., no
clinopyroxene). The proposed non-linear fashion in which mantle lithologies melt explains the
inadequacy of all previous models to reproduce the observed compositions of upper-mantle peridotite
melting residues. It is suggested that: (1) olivine and orthopyroxene will melt cotectically; (2)
clinopyroxene and spinel will lose most of their aluminous component after ~ 8 % melting within the
first 4 kb (~ 12 km) of ascent from the dry solidus; and that (3) clinopyroxene will disappear completely
from a MORB-pyrolite mantle after ~42% melting. Although such a number is significantly higher
than that dictated by the position of the clinopyroxene-out curves from peridotite isobaric equilibrium
melting experiments (~22%), it is emphasized that the latter are a gross oversimplification of the
natural melting process and are not equivalent to melting during adiabatic upwelling. It is concluded
that the commonly postulated disappearance of clinopyroxene from fertile peridotite compositions' at
~22% melting is greatly in error if melting in an adiabatically rising mantle is considered, thus
providing an explanation for many unsuccessful attempts by various authors to model the behaviour
of transition elements in sub-oceanic and supra-subduction-zone mantle and derivative magmas.

INTRODUCTION
Uncertainties in the mantle composition and melting regime

Mantle composition and melting form the cornerstone of magma genesis. Mantle
composition refers to the mode and bulk-rock chemistry, whereas mantle melting refers to
the proportions in which various phases enter the melt (hereafter melting or melt
contribution coefficients). Table 1 is a compilation from the literature of modes and melting
models previously proposed for fertile spinel lherzolites. It is apparent that, for any single
phase, a very wide range of modal abundances and melt contribution coefficients has been
suggested by various workers. In brief, modal abundances and melt contribution coefficients
summarized from the data tabulated in Table 1 span the ranges Ol42_70Opx18_32-
Cpx8_26Spo-5 and OL42_35Opx8_60Cpx40_73Sp5_30 respectively. [Abbreviations:
Ol = olivine; Opx = orthopyroxene; Cpx = clinopyroxene; Sp = spinel; Fo = forsterite;
Fa = fayalite; Di = diopside; En = Enstatite; Pig = Pigeonite; Liq = liquid.] Such spectra of
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TABLE 1

Compositions and melting proportions (wt.%) of fertile spinel Iherzolites
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variations, with values for individual phases differing by well over 100%, illustrate very
clearly the uncertainties involved when estimating mantle modal mineralogies and melting
coefficients, and must be resolved.

A detailed evaluation of the modal and chemical composition of undepleted spinel
lherzolites has been presented by Kostopoulos & James (submitted). These authors, who
discussed at length the mineralogical, geochemical, and cosmochemical criteria for mantle
fertility, concluded that the Primitive Upper Mantle (PUM) or Bulk Silicate Earth (BSE)
would have been relatively homogeneous and would have had an average modal composi-
tion Ol57Opx25.5Cpx15Sp2.5, hereafter fertile spinel lherzolite or FSL (maximum errors on
modal abundances of individual phases are: Ol: 1-75%; Opx: 3-92%; Cpx: 6-67%; Sp: 20%).
As far as the proportions of minerals and the concentrations of compatible elements in the
mantle source are concerned, MORB-pyrolite or Depleted MORB Mantle (DMM) would
also be represented by FSL (Kostopoulos & James, submitted).

With regard to the melting scheme of the mantle source, Table 1 shows that, in spite of the
existing variability, there is a general agreement that Cpx is the major contributor to the
melt (~ 60-70 wt.%); Opx comes second in importance, whereas Ol and Sp play only a
minor role. The negative contribution of Ol to the melt implies construction of this phase
upon fusion (i.e., an incongruent melting relationship with Opx), and is discussed in more
detail below. It will be noted, however, that in most petrogenetic models there is no
justification for the values of the melting coefficients employed, whereas in others melting
coefficients have been established by trace-element inversion (see Table 1 for references). In
this respect it is necessary to emphasize that melting coefficients should not only be capable
of reproducing the observed melt compositions (i.e., trace element patterns) but also
reproduce the observed residual compositions and be based on experimental phase
relations. Inasmuch as most lavas represent pooled melts, that is, compositions integrated
over a specific, non-linear, melting interval during isentropic upwelling of asthenosphere
[see Klein & Langmuir (1987), McKenzie & Bickle (1988), and Kostopoulos & James
(submitted) for details and mathematical formulation], inversion techniques cannot be used
to infer melting coefficients. Another ad hoc assumption, made in almost all petrogenetic
models, in trying to establish melting coefficients, is that mantle melting is governed by a
uniform regime; that is, it can be described by a single set of ratios of phases entering the
melt. This method certainly simplifies calculations but has the disadvantage of not
considering phase disappearance, phase reaction, and/or solid-solution phenomena that
occur during melting.

Although our understanding of mantle melting is still imperfect, it is possible to constrain
the compositional paths of melts and residues using published analyses of basalts and
peridotites from individual sites, simple mass-balance equations and phase-equilibria
arguments. Melting of spinel peridotites can be rigorously examined in the CMAS system
with the aid of the Fo-SiO2, Di-En, and Di-Fo binary joins, the Di-Fo-SiO2 ternary
projection, and additional sections involving Fe, Cr, and H2O. Perhaps an appropriate
starting point would be to evaluate the negative contribution of olivine to the melt; this
approach is employed by many workers in their calculations.

MANTLE MELTING IN PERIDOTITE-BOUNDING BINARY JOINS

Melting of enstatite

The basis for using a negative contribution of olivine to the melt in petrogenetic modelling
(Table 1) is the peritectic reaction relation of En to Fo + Liq, discovered by Bowen &
Andersen (1914) (Fig. la). With respect to the incongruent dissolution of En, however,
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attention is drawn to the fact that, in the absence of H2O, it is restricted to pressures lower
than ~2-3kb (Boyd et al., 1964), and most probably it occurs at P< 1-4 kb (Morse, 1980)
(Fig. lb). Such low pressures will apply only to the top parts of melting diapirs which, having
lost most of their basaltic component during ascent, are not likely to contribute > 1% to the
total (i.e., pooled) melt produced (Kostopoulos & James, submitted). Excess H2O will
greatly enhance the incongruent melting behaviour of En even at high pressures (Kushiro
et al, 1968) (Fig. lc) and in the presence of other CMS components (Kushiro, 1969) (see
Fig. 6 below), but conditions of H2O-saturation (i.e., PH2o

 = îoad) a t t n e source regions of
basic magmas are the exception rather than the rule in nature.

Michael & Chase (1987) and Michael (1988) have calculated that peridotites parental to
MORB lavas contain ~ 0-01-0-045 wt.% H2O. This suggests that melting beneath spread-
ing ridges takes place under essentially anhydrous conditions. Further, H2O behaves in an
incompatible manner similar to that of Nd (Michael, 1988) and hence will be efficiently
extracted from the mantle with the first melt fraction. H2O is a more significant ingredient in
the mantle in supra-subduction zone (SSZ) environments. However, primitive SSZ lavas, for
which experimental evidence is clearly in favour of a 'peritectic' origin (e.g., Cape Vogel type
boninites; Van der Laan et al., 1989), have H2O contents of only ~ 2 wt.% (Kyser etal., 1986;
Dobson & O'Neil, 1987) and are H2O-undersaturated at pressures > 2 kb (e.g., aHlO ~ 0-4 at
10 kb; Walker & Cameron, 1983). Thus, with the exception of low-Ca boninites and certain
deep-seated, Si-undersaturated alkali-mafic rocks, the shape of the liquidus phase surfaces of
which is largely regulated by volatiles [see recent reviews by Eggler (1987) and Wyllie (1987,
1988) and references therein], magma genesis in the shallow upper mantle (i.e., Sp lherzolite
facies) will be dominated by congruent melting of En. Moreover, the presence of Fe in solid
solution in natural Ol and Opx argues strongly against the incongruent melting behaviour
of En even at low pressures in dry systems. Figure 2a shows the atmospheric phase relations
in the system Fo-An-SiO2, whereas Fig. 2b shows the atmospheric phase relations in the
same system with the important difference that Fo has been replaced by Ol of composition
Fo51Fa49 . Clearly, Fe addition to the pure CM AS system (e.g., ~ 12 wt.% FeO at R; Fig. 2b)
has the very significant effect of converting the melting path of mantle peridotites from
peritectic into eutectic (at least, at low pressures).

Melting offorsterite

The congruent melting of En in the mantle discussed above requires that the melting
coefficient of Ol should be at least nought (or greater). Mantle olivines show a limited, yet
perceptible variation in Fo (e.g., Fo89_92) that correlates positively and smoothly with
melting indices (Carter, 1970; Jaques & Green, 1980; Michael & Bonatti, 1985; Arai, 1987),
which is too great a magnitude to have been acquired solely via subsolidus exchange (as is
clearly evident from experimentally calibrated thermobarometers involving Ol and any of
the phases Opx, Cpx, and Sp). Olivine therefore has to melt, and will melt in a cotectic (with
En) fashion for most of its life in the mantle. Reference to Fig. 6 (below) shows that under
anhydrous conditions at 20 kb, melts in equilibrium with Fo and mutually saturated Di and
Pig (point V) are composed of Di6 1En2 8Fo1 2 (5-1:2-3:1), whereas liquids in equilibrium with
Fo and mutually saturated Pig and En (point U) are composed of Di58En33Fo9 (6-4:3-7:1).
As pressure drops, these ternary eutectic points will move away from Fo, implying that,
during isentropic ascent of asthenospheric material that intersected its dry solidus at 20 kb
(maximum solidus intersection pressure for most MORB and arc magmas; Nicholls &
Ringwood, 1972, 1973; Nicholls, 1974; Green, 1976; Duncan & Green, 1987; Falloon &
Green, 1988; Falloon et al., 1988), Ol will contribute < 10% to the melt.
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Additional support for this comes from the Fo-Fa loop (Fig. 3). MORB-pyrolite olivine is
tightly constrained near Fo89; lherzolite/harzburgite transitional lithologies (i.e., modal
Cpx~5 wt.%) contain ~ F o 9 0 whereas harzburgites with traces of Cpx (i.e., ~0-5 wt.%)
contain ~ F o 9 2 [see references cited earlier and Green et a\. (1979), Brown (1982), Auge
(1983), Roberts (1986), Takahashi (1986), and Elthon (1989)]. Figure 3a dictates that during
initial melting of a MORB-source peridotite in the lherzolite facies (Fo89-»Fo90) olivine will
contribute ~ 3 % to the melt whereupon, in the harzburgite facies (Fo90->Fo92), it will
contribute ~ 9 % (additional) melt until fusion stops. According to this figure, the mg-
numbers (i.e., 100 x Mg/[Mg + Fe2 +]) of the liquids in equilibrium with Fo90 , Fo9 1 , and
Fo9 2 are ~64-6,66-7, and 69-5 respectively, which lie well within the range of (near-)primary
magmas, allowing perhaps for minor (~5 wt.%) olivine fractionation. Green et al. (1979)
reasoned that 24% equilibrium melting of MORB-pyrolite (mgf-number = 901) at 20 kb
yields primary MORB (m#-number = 69-5) in equilibrium with Cpx-free harzburgite
(mg-number = 91-6), in excellent agreement with the Fo and mg-number values obtained
from the Fo-Fa system. The advantage of the latter is that it supplies information about the
amount of olivine that will actually melt. The shape of the olivine loop remains unchanged at
high pressures (Fig. 3b), which suggests that the mineral will always be contributing small
amounts to the melt.

Phase relations in the Mg2SiO4-SiO2 system (Chen & Presnall, 1975; fig. 1) show that at
12 kb, Fo-En mixtures (i.e., cpx-free harzburgites) will melt at a eutectic: Fo13En87 [the
mirror image of that used by Brophy & Marsh (1986)]. The effect of pressure on this eutectic
is negligible: Fo2 1En7 9 at 25 kb (Chen & Presnall, 1975), Fo1 6En8 4 at 30 kb, and Fo2 7En7 3

at 70 kb (Kato & Kumazawa, 1985). Careful inspection of Fig. 6 also reveals that the
additional presence of Cpx in the mantle will barely affect the position of the Fo-En eutectic.
It appears therefore that an 'internal melting ratio': Opx:Ol = 6-7:1 (hereafter Cpx-free
harzburgite eutectic), can safely be used throughout the pressure melting range of spinel (and
garnet) peridotite lithologies.

Melting ofdiopside

Phase relations along the Di-En join (Fig. 4a) are somewhat complicated because of the
presence of Pig and miscibility gaps between En and Di, for a wide temperature interval on
both sides of the Di solidus at pressures up to 15 kb (Huebner, 1980; Carlson, 1988; Carlson
& Lindsley, 1988). Mantle peridotites do not contain Pig; instead, they have En-rich Opx
and Di-rich Cpx in equilibrium. This discrepancy is due to the additional presence of Fe, Ti,
Na, Al, and Cr in the natural system, as compared with pure CMS compositions, which act
to suppress the Di-En liquidus relations below the Pig stability field (Lindsley & Andersen,
1983; Davidson & Lindsley, 1985). However, the CMS system can still be used with
confidence, provided that Pig is carefully dealt with. In Fig. 4a, point P represents an En-Di
mixture in MORB-pyrolite proportions (~ 2:1). Upon heating at 1 atm, this assemblage will
convert into a Pig-Di mixture (~ 3:1) which, eventually, will melt to Fo + Liq. The pseudo-
eutectic liquid is located at R and will not leave this point until all Di is consumed. Liquid R
is composed of ~Di6 9En3 9 .

In the dry Di-Fo system at 1 atm and 20 kb, pseudo-eutectic liquid compositions are
located at about Di8 8Fo1 2 and Di7 6Fo2 4 respectively (Figs. 4b and 6). In the presence of
silica (i.e., system Di-Fo-SiO2) under identical conditions, liquids in equilibrium with Fo
and mutually saturated Di and Pig have compositions near Di69Fo19SiO2 l2 and
Di6 1Fo3 1Si02 s respectively (points R and V; Fig. 6), whereas liquids in equilibrium with Fo
and mutually saturated Pig and En lie at approximately Di57Fo27SiO2 l6 and
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FIG. 3. Melting of Ol (a) at 1 atm and (b) at higher pressures (from Morse, 1980). The compositions of mantle Ol
(expressed as %Fo) and their equilibrium liquids (expressed as mg-number) are shown for the 1-atm diagram.

D '58Fo32Si02,0 respectively (points Q and U; Fig. 6). Addition of excess H2O at 20 kb shifts
point V towards SiO2, but still Di contributes some 50% to the ternary melt
(Di50Fo31Si02l9, point W; Fig. 6). Therefore, melts in equilibrium with dry spinel lherzolite
at pressures <20kb would contain a minimum of 50%, and more likely ~65% Di
component.

Another method of calculating the amount of Cpx entering the liquid during melting of
spinel lherzolites involves the solution of mass-balance equations for Sm, Yb, or Sc
concentrations in MORB lavas, for which the degree of melting has been determined
independently [e.g., experimentally, or from major elements; see Klein & Langmuir (1987)].
Sm, Yb, and Sc are preferred principally for three reasons. First, they are moderately
incompatible during melting of spinel lherzolite assemblages, hence their abundances in a
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M O R B source should approximate those in the primitive upper mantle. Second, they are
unlikely to be substantially modified by processes such as mantle metasomatism or removal
of small melt fractions. Third, in spinel lherzolites, they are hosted almost exclusively in Cpx.
The equation for non-modal equilibrium partial melting of mantle peridotite (Shaw, 1970) is

where Co is the abundance of any element in the source, CL is its concentration in the magma,
Do is the bulk distribution coefficient at the onset of melting, F is the degree of melting, and P
is the distribution coefficient for the actual portion of the solid that is being converted into
liquid. Rearranging (1) gives

r)- (2)
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Assuming that P is constant, then for any two extents of melting, Ft and F2, (2) gives

P = [CL1D0 + CL1F1-C0)/(CL1F I) (3)

and

P = LCL2DO+CL2F2-CO)/(CL2F2). (4)

Eliminating P from (3) and (4) leads to

Do=\_C0(CL2F2 - CL1F,)]/[CL1CL2(F2 - F , ) ] . (5)
Viereck et al. (1989) have shown by means of least-squares mass balances that low-Ti (Nl)
and high-Ti (N2) MORB can be derived by ~ 14-16 and 8-10% melting respectively of
fertile spinel lherzolite [see also Klein & Langmuir (1987) and Kostopoulos & James
(submitted)]. According to these authors, average Nl-MORB contains 2-22 ppm Sm
whereas average N2-MORB contains 317 ppm Sm. The concentration of Sm in
MORB-pyrolite is 0-358 ppm (Kostopoulos & James, submitted). Substitution of the above
variables in (5) yields Do = 00404 ± 00080. When the appropriate Do and F t or F2 values are
substituted in either (3) or (4), they yield P = 01945. The distribution coefficient of Sm
between Cpx and liquid under mantle melting conditions is very well constrained experi-
mentally to lie between 0-24 and 0-28 (Grutzeck et al, 1974; Nakamura et al, 1982; Green &
Pearson, 1985; McKay et al, 1986), suggesting that ~75 + 7% Cpx is required to enter the
liquid to satisfy the derived P value.

Melting of spinel

Melting of spinel is somewhat more difficult to treat as this phase does not appear on any
of the joins discussed so far. In the CM AS tetrahedron, stoichiometric spinel occurs on the
MgO-Al2O3 edge (Fig. 5a), remote from the sub-tetrahedron of interest, Fo-Di-An-SiO2

(Fig. 5b). This awkward positioning of spinel does not allow application of the lever rule to
estimate the proportion of the mineral in the melt, despite the presence of its liquidus surface
across the Fo-An join. Melting of pure Mg-Al spinel is none the less of little importance as it
applies only to the initial stages of melting of MORB-pyrolite. Jaques & Green (1980) have
explicitly documented that during melting of undepleted spinel lherzolite, the initial Mg-Al
spinel melts within 25-30 °C of the dry solidus by solid solution change to refractory Cr
spinel which persists to pressures as low as 1 atm. Spinel cr-number (i.e., 100 x Cr/[Cr + Al])
ranges from ~ 8 in primitive spinel lherzolite to ~ 80 in extremely residual harzburgite and
correlates positively with olivine mg-number (Arai, 1987), testifying to a continuous melting
regime in the upper mantle (Dick & Bullen, 1984). Phase relations in the Di-rich part of the
CaMgSi2O6-MgCr2O4 (Di-picrochromite) join at 1 atm (Fig. 5c; Onuma & Tohara, 1983),
suggest the existence of a binary pseudo-eutectic at ~ 1-3 wt.% chromite, implying that the
refractory Cr-spinel in the mantle will contribute only minimal amounts to the melt. The
latter observation is generally attested to by the large liquidus volume of MgCr2O4 in
systems containing this mineral in equilibrium with other mantle silicates (Arculus et al,
1974; Arculus & Osborn, 1975; Muan, 1975; Irvine, 1977; Onuma & Tohara, 1983; Irvine &
Sharpe, 1986).

Dickey et al (1971) and Onuma & Tohara (1983) have shown that Di containing
>0-9-l wt.% Cr2O3 will melt incongruently to Cr-Sp + Liq (see Fig. 5c). Clinopyroxenes
from FSL lithologies contain a maximum 07 wt.% Cr2O3 (see references cited earlier in the
Fo section); therefore, no incongruent melting of Cpx will occur during the early stages of
melting. Clinopyroxenes from Sp harzburgite lithologies contain a maximum 1-2 wt.%
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FIG. 5. Position of the sub-tetrahedron Di-Fo-An-SiO2 (a) in the CMAS tetrahedron and (b) its relation to the
liquidus volume of Sp (from Morse, 1980); (c) liquidus relations in the system Di-Pc (from Onuma & Tohara, 1983);
liquidus phase relations in the system Di-Fo-An-Pc with (d) 0-16 wt.% Cr2O3, (e) 0-24 wt.% Cr2O3, (f) 04 wt.%
Cr2O3 (from Onuma & Tohara, 1983); first- and second-stage eutectics refer to melting of MORB-pyrolite and
more depleted lherzolite/harzburgite in equilibrium with Al-rich (i.e., cr-number <40) and Cr-rich (i.e., cr-number

> 40) Sp respectively.
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FIG. 6. Phase equilibrium diagram for the system Fo-Di-SiO2 (a) at I atm dry (from Morse, 1980) and (b) at 20 kb,
both dry and wet (from Kushiro, 1969). Equilibrium melting of a model MORB-pyrolite composition (Point P:
Fo59En27Diu) is discussed in the text. Points A, B, C, D, and Fo (large capital letters) represent successive residues
of melting, and subscripts indicate the degree of total melting (measuring from P). Small filled arrowheads mark the
compositional path of the solid, and the small capital letters next to them denote the corresponding path of the
liquid (for each segment of the melting path). Thick dots represent the Iherzolite/harzburgite boundary (at 5 wt.%
modal Cpx). (Note that the liquid path RQR' is peritectic at 1 atm but not at pressures > 5 kb dry.) Abbreviations:

ss: solid solution; Di: diopside; En: enstatite; Fo: forsterite; Pr: protoenstatite; Cr: cristobalite; Tr: tridymite.

Cr2O3 (references as above) and may melt incongruently, but the small amount of Cpx in
harzburgites, coupled with the position of the Di-Pc pseudo-eutectic (Fig. 5c), suggests that
the effect of incongruent melting of Cpx on the composition of the liquid will be
unnoticeable.

Onuma (1983) and Onuma & Tohara (1983) have shown that addition of Cr to the
Di-Fo-An plane suppresses the liquidus volume of anorthite below this plane. Their
experimental results for variable addition of Cr are summarized as Figs. 5d-f. Of interest
here is the section containing 0-4 wt.% Cr2O3 (Fig. 5f) as it closely resembles the Earth's
upper mantle [see Kostopoulos & James (submitted) and references therein]. Nevertheless,
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Figs. 5d and e serve to illustrate the rapid decline in the proportion of spinel entering the
melt as it becomes increasingly Cr-rich with advanced melting, thus further corroborating
the arguments given above [see also Sinigoi et al. (1980)]. In Fig. 5f, the ternary 'pseudo-
eutectic' lies at about Di61Fo12Sp27, in good agreement with the previous estimates of the
proportions of Di and Fo in the liquid.

It should be clarified that this 'pseudo-eutectic' liquid composition relates only to the
initial stages of melting of MORB-pyrolite, and for this reason it is labelled 'first stage'. In
reality, mantle melting is thought to involve buoyancy-driven segregation of melts from a
deformable matrix, with the melt separating rapidly in upwelling regions, being < 3 %
anywhere at a particular time within the mantle (McKenzie, 1984, 1985; Ribe, 1985, 1988).
This means that progressive melt extraction in ascending diapirs will also be accompanied
by melting of progressively Cr-richer sources, making the eutectic point of Fig. 5f move away
from the spinel corner. The exact path to be followed is not known, but an approximate
position, where the transformation of spinel from predominantly Al-rich to predominantly
Cr-rich will be accomplished, can be drawn with relatively small error, based on phase
diagrams involving pure picrochromite (see references cited earlier). This is shown
schematically in Fig. 5f (dashed line) and is labelled 'second stage'. Once spinel becomes
sufficiently Cr-rich (e.g., Cr-number~40) no other significant shift of the ternary eutectic is
expected to occur.

In view of the preceding discussion, a simplified two-stage melting of spinel can be
envisaged. During first-stage melting of fertile MORB-source peridotite, spinel will be
predominantly (Mg-Al)-bearing, entering the melt in a ratio to Cpx of ~ 1:4. During second-
stage melting, spinel will be predominantly Cr-bearing, entering the melt in a ratio to Cpx of
~1:12 (Fig. 5f). No higher resolution than this is possible at present with the available
amount of data. Synoptically, the weight contribution of various phases to the melt during
melting of fertile spinel lherzolite, as constrained by experimental petrology, will approxim-
ately be 010_5Opx5_15Cpx6o-8oSp10-2o-

Preliminary inferences on the melting regime of spinel Iherzolites

Supra-solidus isentropic rise of asthenosphere is a polybaric, polythermal path with a
negative slope of ~7°C/kb (see McKenzie, 1984). Along this path, the melting regime of
spinel peridotites will be largely controlled by the decreasing solubility of Cpx in Opx and
the progressively more refractory nature of spinel. With respect to the former, unmixing of
aluminous Opx with falling pressure (see Duncan & Green, 1987) will tend to prevent the
residual mantle mineralogy from escaping from the four-phase field Ol + Opx + Cpx + Sp.
The net result of this would be the persistence of Cpx in the mantle at extents of melting
larger than those suggested by the Cpx-out curve for any given pressure. During the initial
stages of melting of MORB-pyrolite when the melt fraction is small and the source is Cpx-
rich, exsolution of Cpx will not appreciably affect the ratio of the various minerals entering
the liquid as predicted by phase equilibria. With advanced melting at lower pressures,
however, the phase diagrams, being isobaric equilibrium sections, will miss the shift of the
two-pyroxene solvus and, consequently, will induce an error in the calculated degree of
melting and phase melting proportions. Because of the high Ol/Cpx and Opx/Cpx ratios in
refractory peridotites, the error will be correspondingly small for Ol and Opx but critical
for Cpx.

The situation can be conceived as one of melting bouncing to and fro between Ol + Opx
+ Cpx and Ol + Opx eutectics, depending on the initial temperature on the solidus and the
ascent rate of the mantle diapir, as well as the initial abundance and composition of Opx and
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its rate of unmixing. To these complexities should be added the progressively smaller
proportion of spinel entering the melt with increasing degree of melting (as outlined above).
Careful treatment of pyroxene and spinel is crucial if rigorous petrogenetic modelling
involving the transition elements is to be made, and is examined in the ensuing paragraphs.

It was remarked in the Di melting section that pyroxene phase relations in the CMS
system predict existence of a Pig component between Di and En (Fig. 4a). However, this is in
profound contrast to the naturally coexisting En-rich Opx and Di-rich Cpx observed in
peridotites. This intermediate Pig component reflects the limits of mutual solubility of the
two pyroxenes mentioned earlier, i.e., it may be viewed as a fictive solvus, with the En + Pig
field belonging to En at high pressures and passing to Di at lower pressures. Such being the
case, compositions of four-phase peridotites (i.e., Ol + Opx + Cpx + Sp) will project, at higher
pressures, into the Fo-saturated part of the Fo + Di + Pig and Fo + Pig areas of Fig. 6
(triangle FFoH); by contrast, compositions of three-phase peridotites containing Cpx-
saturated Opx will project into the Fo-saturated part of the Fo + Pig + En and Fo + En areas
(triangle HFoEn), whereas pure three-phase peridotites (i.e., Ol + Opx + Sp) will project onto
the Fo-En join [at low pressures, the Fo-saturated part of the Fo-Pig-En area (triangle
HFoJ) is removed from the Cpx-saturated three-phase field and attached to the four-phase
field]. On this basis, harzburgites (i.e., mantle rocks with <5 wt.% modal Cpx) can be
classified as Cpx-bearing (LFoH), Cpx-saturated (HFoEn), and Cpx-free (Fo-En). This
terminology will be employed henceforth.

Dick & Fisher (1984) and Dick et al. (1984) presented a simplified sketch of the Di-Fo-En
system at P> 10 kb, which is portrayed in Fig. 7. It is very clear that their Ol + Opx + Cpx
+ Sp and 01 + Opx + Sp fields (Fig. 7b) correspond to the (higher-pressure) FFoH and
HFoEn areas of Fig. 6 explained above. Also shown in Fig. 7a is the Ol-Opx-Cpx modal
ternary diagram with the compositions of abyssal peridotites from various localities. Strictly
speaking, the modal diagram corresponds to the four-phase field in the sketch but, because
most Cpx-bearing harzburgites with low absolute Cpx content represent re-equilibrated
Cpx-saturated rocks, it may include the (lower three-phase) Ol-Opx-Sp field as well.

Another important point to make here is that the transition from lherzolite to harzburgite
lithologies will occur somewhere along the Pig solidus (curve AB, Fig. 4a). The approximate
position of this boundary is shown in Fig. 6 as line FoL (thickly dotted). Inspection of Fig. 4a
also reveals that the En solidus and the En-(En + Pig) solvus have very steep slopes. This
suggests that for melting in the four-phase field, the amount of Di dissolved in En will be
nearly constant until all free Di melts out, and that the Di-out point will act as a thermal
barrier to melting, with extra heat requirements needed for fusion to proceed beyond this
point. Once this divide is breached, the Di content of En is no longer constrained by the
solvus and decreases steadily with further melting. Diapiric ascent would none the less
ensure that the Di content of En would be solvus-constrained for most of the length of the
adiabatic path, progressively diminishing as shallower depths are approached.

MANTLE MELTING IN PERIDOTITE-BOUNDING TERNARY JOINS

Having discussed phase relations in peridotite-bounding binary joins, melting in the
Di-Fo-SiO2 ternary system can now be examined. For the sake of simplicity, only the
equilibrium case will be considered which, for Fo-rich compositions, approximates that for
fractional melting (Morse, 1980). According to Fig. 6, in the pressure range 20kb-l atm
under anhydrous conditions, partial melting of MORB-pyrolite (point P: Fo59En27Di14)
will release a series of initial liquids lying along VR (thick solid line). As explained earlier,
point V is eutectic (Fo + Di + Pig = Liq), whereas R is peritectic (Di + Pig = Fo + Liq).
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FIG. 7. (a) Modal ternary diagram Ol-Opx-Cpx with the compositions of abyssal peridotites from selected sites in
the Atlantic, Pacific and Indian oceans (from Dick et al., 1984). (b) Sketch of the synthetic system Di-Fo-En under
anhydrous conditions at high pressures. Points P, B, and V correspond to those of Fig. 6. Melting relations in the
three- and four-phase fields are discussed in the text (from Dick el al., 1984, modified), (c) Expanded view of the base

of (a), showing the compositional field for abyssal peridotites (from Dick et al, 1984).

Whatever the pressure and type of melting, these initial liquids will not depart from either V
or R until all Di is consumed. In the mean time, the solid will follow a path heading directly
away from P, lying along lines passing either through V (finely dotted line VP) or R (thin
solid line RP), here drawn as passing through R (path PA). Point A lies at the intersection
of lines RP and FoG, where G represents that Pig composition saturated with Di and
coexisting with liquid R, Di, and Fo. Application of the lever rule shows that Di melts out at
~ 7 % melting and the residual peridotite A becomes ~Fo63Pig37, or, in terms of starting
components, Fo63En28Di9- The disappearance of Di does not equate to the disappearance
of Cpx from the source (as Pig is still present), but merely shows that the more fusible Cpx
component will rapidly enter the melt and dominate its composition in the early melt
fractions (see below). As soon as this component is released, Cpx will not be liable to melt so
easily, as the steep slope of the Pig solidus indicates (Fig. 4a).

Further melting of peridotite A will yield liquids along RQ (Pig = Fo + Liq or Pig + Fo
= Liq at higher pressures) and residues along AB. Path AB is slightly curved because of the
continuously changing Pig composition, from Di-saturated at A to En-saturated at B. Point
B lies at the intersection of lines QP and FoH, where H represents that Pig composition
saturated with En and coexisting with liquid Q, En, and Fo. On its way to B, the solid path
crosses the lherzolite/harzburgite boundary at ~ 16% melting. Application of the lever rule
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shows that when the liquid arrives at Q, an additional 13% melt has been produced (i.e.,
20% total melting) and the residue B has become ~Fo75En23Di2.

Point Q is peritectic where the remaining Pig will be consumed (Pig = Fo + En + Liq; but
not at higher pressures) after ~ 2 % melting (i.e., 22% total melting) leaving a residue C
~Fo77En22Dii- Peridotite C requires some 16% additional melting (i.e., 38% total melting)
to exhaust its En content, in very good agreement with the experimentally derived Opx-out
curve of Jaques & Green (1980). During this melting interval, the liquid composition moves
along QK and the solid composition along the curved path CFo. The latter is curved to
account for the continuously changing En composition, from Pig-saturated at J to Pig-free
at En.

The point where the Di content of En disappears can be found by extrapolating line
QPBC to its intersection with the Fo-En join at D (dot-dashed line CD). Application of the
lever rule shows that an additional 4% melting is required until composition C loses all its
Di, after which the residue D becomes Fo82En18 (cf. Fig. 7c, where the residual peridotite
trend approaches asymptotically the olivine corner).

NON-LINEAR MELTING IN THE MANTLE: A NEW INTERPRETATION

The effects of solid solution

The mantle melting scenario developed above can be evaluated by means of equation (3),
as the composition of successive residues and associated degrees of melting are all known
from the phase diagram. The results of the present analysis are summarized in Table 2.
Notwithstanding the negative olivine contribution to the melt, brought about by consider-
ing phase relations in the simplified CMS system at 1 atm which involve the peritectic
dissolution of En, several important points are worth singling out. First of all, it seems
impossible to model mantle melting accurately using only one set of ratios of phases entering
the liquid; this corroborates the conclusions of Jaques & Green (1980) and Johan & Auge
(1986) that mantle melting is primarily controlled by solid solution rather than eutectic
behaviour. Melting proportions change whenever a phase reacts and/or disappears from a
system, and depend heavily on the choice of the initial and final peridotite compositions. For

TABLE 2

Summary of spinel peridotite equilibrium melting in the Fo-En-Di system

Source

P
A
C
D
A
P
P
C
P
DSL
P

Residue

A
C
D
Fo
D
C
D
Fo

DSL
DSH
DSH

F(%)

7
15
4

12
19
22
26
16
11
13
24

Fo

2
- 1 7
- 3 4
- 5 0
- 1 6

- 6
- 7

- 4 1
2

- 4 3
- 1 5

En

13
63

116
150
71
45
53

137
20
97
57

Di

85
54
18
—
45
61
54
4

78
46
58

Melting peridotite at low P

FSL
DSL + Cpx-bearing Hz*
Cpx-saturated Hz
Cpx-free Hz
DSL + Cpx-bearing Hz* + Cpx-saturated Hz
FSL + DSL + Cpx-bearing Hz*
FSL + DSL + Cpx-bearing* + Cpx-saturated Hz
Cpx-saturated Hz + Cpx-free Hz
FSL
DSL + FSH
FSL + DSL + FSH

* At high P, Cpx-saturated Hz will melt in addition to Cpx-bearing Hz.
Degrees of melting for the P-DSL and DSL-DSH intervals are from Michael & Bonatti (1985); that for the

P-DSH interval is from Green et al. (1979).
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example, for melting of fertile spinel lherzolites (path PA), the proportion of En in the melt
would be significantly smaller than for melting of depleted spinel lherzolites and Cpx-
bearing harzburgites (path AC). This is because the former melting episode takes place
exclusively in the presence of free Di (Fig. 6), whereas the latter takes place exclusively in its
absence, yet still in the presence of Cpx now in the form of Pig.

Mantle melting domains

In general, the proportion of Di in the melt decreases as the amount of Di in the system
decreases, and the reverse is true for En. Careful examination of Table 2 reveals four distinct
domains in the melting regime of upper-mantle peridotites. The first domain (PA) relates to
melting of fertile spinel lherzolites where Di dominates the melt fraction. The second domain
(AC) relates to the melting of depleted spinel lherzolites and Cpx-bearing harzburgites, in
which En takes over while Di is still contributing a fair amount to the melt. The third domain
(CD) relates to the melting of Cpx-saturated harzburgites where Di plays only a very
subordinate role, and the fourth domain (DFo) relates to the melting of Cpx-free
harzburgites where En reigns. However, the very good match between paths AC and AD
suggests that the four domains above can be condensed to three, viz., PA, AD, and DFo,
characterized by free Di, Di-saturated En, and Di-free En respectively. Inasmuch as path
DFo is adequately accounted for by Fo-En equilibria, the problem reduces to establishing
the phase melting proportions for paths PA and AD.

The paradoxical persistence of Cpx in melting residues

The suggested non-linearity in the mantle melting regime, which occurs at moderate Cpx
levels (separating domains PA and AD above), is evident in a plot of modal wt.% Cpx vs.
modal wt.% Ol abundances in abyssal and fertile peridotites (Fig. 8). {The six fertile spinel
lherzolite compositions shown were chosen following the cosmochemical criteria for
undepleted and slightly depleted upper-mantle peridotite described by Jagoutz et al. (1979)
and Hart & Zindler (1986), and discussed by Kostopoulos & James (submitted). Particular
attention was paid to exclude samples suspected of containing excess modal Cpx [see Stosch
(1981), PreB et al. (1986), Song & Frey (1989), and Dick (1989), and additional references
listed in Table 1]. Inclusion of such samples results in a compositional field for the fertile
rocks that extends towards unrealistically high Cpx contents (i.e., 9-12 wt.%) at Ol levels
clearly indicative of residual nature (i.e., 65-70 wt.%).} Although data for olivine contents
between 60 and 65 wt.% are particularly scanty, perhaps because such relatively fertile
peridotites would have always melted in oceanic environments, or remained deep enough
during mantle flow not to be exposed by faulting, it is not possible that a linear extrapolation
of the abyssal Ol-Cpx field will intersect the undepleted spinel lherzolite array. The two
peridotite groups follow individual trends that meet at a point ~Ol 6 4 _ 6 5 Cpx 7 _ 6 . This
value is in excellent agreement with the calculated less refractory oceanic peridotite
composition Ol65Opx28Cpx62Sp0 .8 (Michael & Bonatti, 1985), and because it lies near the
lherzolite/ harzburgite boundary (defined by 5 wt.% modal cpx) it is termed here depleted
spinel lherzolite or DSL. This rock will be used as an endmember in both limbs of the dual
melting regime (i.e., as endmember A in paths PA and AD).

The exact reason for the 'kink' in the melting proportions of Cpx within the lherzolite field
is not known, but a possible explanation is offered below. It will be recalled that the
disappearance of free Di from the Di-Fo-SiO2 ternary (Fig. 6) was interpreted as the
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FIG. 8. Diagram of modal wt.% Cpx vs. modal wt.% Ol from abyssal Sp peridotites (data from Dick et a/., 1984;
Michael & Bonatti, 1985; Dick, 1989) and fertile Sp lherzolite xenoliths of (near-)primitive upper-mantle
composition (KLB-1: Takahashi, 1986; R717: Frey et al., 1985; KH77-12: Roden et al., 1988; RSI: Feigenson, 1986;
Z-37: Bonatti et al., 1986; GJ62.14: Furnes et al., 19866). Melting in the lherzolite facies is characterized by a much
steeper slope compared with that in the harzburgite facies; this suggests an appreciably faster rate of Cpx
consumption during the former melting episode. Calculated regression lines are: for the undepleted array: Cpx
(wt.%) = 93-79-1-36x01 (wt.%); for the abyssal array: Cpx (wt.%) = 27;29-0-32 x Ol (wt.%). FSL, DSL, and

DSH are discussed in the text.

disappearance of the most fusible Cpx component from the mantle. Cpx-Sp equilibria
during mantle melting may be expressed as

MgAl2O4 + 2 CaCrAlSiO6 = MgCr2O4 + 2 CaAlAlSiO6.
Spinel Cr-CaTs Picrochromite CaTs

Thus, the afore-mentioned early-stage melting of Mg-Al-spinel by solid solution change to
Cr-rich spinel will concomitantly 'accelerate' melting of Cpx by 'liberating' the fusible CaTs
(Ca-Tschermak's) component. However, the solid solution transformation of spinel is
accomplished rather rapidly, probably within 30 °C of the dry solidus (Jaques & Green,
1980). This is equivalent to ~4 kb of supra-solidus isentropic ascent, or, for a diapir with
solidus-intersection conditions 135O°C/18-5 kb, to ~8-5% melting (Kostopoulos & James,
submitted). This inferred degree of melting agrees very well with the 7% estimate from the
phase diagram and is consistent with the proposed mechanism.

Another interesting observation pertinent to the rate of consumption of Cpx in the upper
mantle discussed herein comes from the modelling of the isotopic and rare-earth composi-
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tion of MORB by Holness & Richter (1989). These workers concluded that the MORB
source contains an enriched endmember that is uniformly dispersed in it and represents the
first material to melt on decompression. The height above the solidus at which all the
enriched endmember melts completely is ~ 12-5 km (Holness & Richter, 1989; fig. 8) by
which point 7% melt has been released. These numbers compare directly with the depth and
degree of melting respectively at which Di disappears from the model MORB mantle
composition of Fig. 6 (point P) during melting.

With regard to the low-Cpx endmember of melting residues, the author employed a
composition Ol82Opx! 7Cpx06Sp04, hereafter depleted spinel harzburgite or DSH, which is
satisfactorily situated among the most depleted lithologies at the high-Ol end of the abyssal
peridotite array (Fig. 8) and also, is in accord with the calculated average more refractory
peridotite composition Ol81Opx19Cpx04Sp06 (Michael & Bonatti, 1985).

Melting coefficients for spinel Iherzolites

Once the melting regime and endmember compositions of spinel peridotites have been
established, the procedure of determining melt contribution coefficients can be outlined. The
basic mass-balance equation that describes melting of a phase has the form (Shaw, 1970)

Po = FP, + ( l - F ) P r (6)

where Po is the mass proportion of any phase in source, P, is the mass proportion of the
phase entering the melt, Pr is the mass proportion of the phase in the residue, and F is the
degree of melting (mass proportion of liquid produced). Manipulation of (6) leads to

P,) (7)

P, = [ P 0 - ( l - F ) P r ] / F (8)

Pr = (Po-FP,)/( l-F). (9)

Equation (7) for olivine becomes

F=(Ol0-Olr)/(Ol,-Olr) (10)

and for Opx

F = (Opxo-Opxr)/(Opx1-Opxr). (11)

By eliminating F[i.e., by equating (10) and (11)], and assuming that

Opx,/Ol, = 6-7 (12)

(Cpx-free harzburgite eutectic; see discussion in the section on 'Melting of forsterite') the
following equation is finally derived:

Ol, = [Opxr(Ol0 - Olr) - Olr(Opxo - Opxr)]/[6-7(Ol0 - Olr) - (Opxo - Opx,)]. (13)

Ol, may be solved for using any two endmember peridotite compositions; it is then replaced
in (10) to determine the degree of melting. Equation (8) is used next to derive the proportions
of the other phases entering the melt. The technique was applied twice to evaluate melting
coefficients in the lherzolite (FSL-»DSL) and harzburgite (DSL-^DSH) intervals separately.
The resulting complete melting scheme is

FSL—12-5% (F)-»DSL—23-5% (F)->DSH
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Melting proportions are:

for the FSL-DSL interval: Ol0 0 1 2 1Opx0 .0 8 0 6Cpx0 .7 637Sp0 .1 4 3 6 ;
for the DSL-DSH interval: 01009550pxo 6388Cpx0 2 4 4 7Sp0 0 2 1 0;
Cpx-free Sp harzburgite is melted in proportions 010.12730px0.8517Sp0.021o;
(Cpx + Sp)-free harzburgite is melted in proportions Ol0 .1 3Opx0 8 7 .

The method presented here is arranged in such a way that the melting proportions of Ol
+ Opx and Cpx + Sp are treated by pairs. The rationale behind this is that the Ol + Opx pair
controls the Si, Mg, Fe, and Ni content of the liquid, whereas the Cpx + Sp pair controls its
Ca, Na, Cr, Ti, and Al content, thus providing internal consistency for the abundances of
these elements. If, for example, the proportions of Ol and Cpx are changed in any
endmember, the resulting change in the contribution of Ol to the liquid will induce a change
in that of Opx, whereas the new Cpx melting coefficient will affect that of Sp.

Evaluation of Sp lherzolite melting models

The results of the present modelling are summarized in Table 3 and are plotted as Fig. 9.
The results of the melting models of other workers (Table 1) are also plotted as Fig. 10. A
comparison of Figs. 9 and 10 with Fig. 8 reveals the improved mantle melting scheme
proposed in this manuscript in relation to earlier models. Variations in Ol and Cpx modal
abundances have been successfully duplicated, and this holds true for Opx and Sp. Although
(Cpx + Sp)-free residues of peridotite melting are very scarce, the present model simulates the
modal mineralogies of recently reported, severely depleted harzburgites collected from the
landward slopes of the Tonga Trench (Bloomer & Fisher, 1987) with surprising accuracy at
all olivine levels. Using the calculated residual mantle compositions of Table 3 it is also
possible to estimate the amount of excess modal clinopyroxene present in many peridotites
[see Hart & Zindler (1986) and Kostopoulos & James (submitted) for details]. For example,
addition of 4 wt.% Cpx (absolute amount) to the residue derived by 38% melting of a
BSE Sp lherzolite source (Table 3) yields a composition Ol77.4Opxi7.3Cpx4.9Sp0.4, that
compares directly with sample DM 1-7 of Song & Frey (1989) from Eastern China
(Ol77.4Opx17.1Cpx4.8Sp0.7), for which macroscopic and chemical evidence is greatly in
favour of excess modal Cpx.

Inspection of Tables 2 and 3 shows very good agreement in the melting coefficients of Ol,
Opx, and Cpx for the FSL-DSL interval, as derived by the model developed here and the
Di-Fo-SiO2 system. Regarding the DSL-DSH interval, it can be seen that the negative
contribution of Ol to the melt has been corrected but the melting coefficient of Cpx
has become noticeably smaller. This is because no excess Cpx is now required to
counterbalance the peritectically produced olivine in the ternary (i.e., Pig = Fo + Liq along
RQ; Fig. 6). The low Cpx value reflects complex melting of CaTs-depleted Cr endiopside,
partly in solid solution in Opx.

With respect to the melting models of other workers (Table 1) it can be seen from Fig. 10
that the Ottonello et al. (1984) and Dupuy et al. (1987) trends miss completely and widely
both the undepleted lherzolite and abyssal peridotite arrays. All the other trends intersect
the abyssal array at a specific point only and cannot satisfy the entire array. Moreover, most
of them pass well outside the undepleted lherzolite array. Degrees of melting at which the
various melting trends intersect the abyssal array also vary widely. Examples include: 10%
(Roden et al., 1988); 15% (Ewart & Hawkesworth, 1987); 20%(Beccaluva et al., 1984); 25%
(Pearce & Norry, 1979; Lippard et al., 1986); 35% (Viereck et al., 1989). Finally, many of the
above trends fail to reproduce observed Opx contents (data from Dick et al., 1984), yielding
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TABLE 3

Modelling of melting residues

Calculated modal abundances (wl.%)
F(%) 01 Opx Cpx Sp Reference compositions

0
1
2
3
4
5
6
7
8
9
10
11
12
13
13-4
14
15
16
17
18
19

5700
57-56
5813
58-70
59-28
59-86
60-45
6105
61-65
62-26
62-87
63-49
6412
64-75
6500
65-34
6590
66-47
6704
67-62
68-20

25-50
25-68
25-85
2603
26-21
26-40
26-58
26-77
26-95
2714
27-34
27-53
27-73
27-92
2800
27-79
27-42
2706
26-69
26-31
25-94

1500
14-38
13-76
1313
12-49
11-85
11-20
10-55
9-89
9-22
8-54
7-86
717
6-48
6-20
609
5-90
5-71
5-53
5-34
514

2-50
2-38
2-26
214
202
1-89
1-77
1-64
1-51
1 38
1 25
112
0-99
0-85
0-80
0-79
0-78
0-76
0-75
0-74
0-72

Fertile spinel Iherzolite {FSL) or Bulk Silicate Earth {BSE)
MORB-pyrolite (DMM)

Mt. Leura SL7 (Chen el al., 1989)

Hannuoba DM1-3 (Song & Frey, 1989)

Depleted spinel Iherzolite {DSL)

Lherzolite

20
21
22
23
24
25
26
27
28
29
30

31
32
33
34
35
36
37
38
39
40
401
41
42

43
44
45
46
47
48
49
50
51
52
53

68-79
69-39
69-99
70-60
71-21
71-83
72-46
7309
73-73
74-37
7502

75-68
76-35
77-02
77-70
78-38
7907
79-77
80-48
8119
81-91
81-99
82-64
83-38

84-10
84-82
85-54
86-28
8701
87-76
88-52
89-28
9005
90-83
91-61

25-55
25-17
24-78
24-39
23-99
23-59
23-18
22-77
22-36
21-94
21-52

2109
20-66
20-23
19-79
19-35
18-90
18-45
17-99
17-53
1706
1702
16-59
1612

15-55
14-85
1414

13-43
12-71
11-98
11-24
10-50
9-75
8-99
8-22

4-95
4-75
4-55
4-35
415
3-95
3-74
3-53
3-32
311
2-89

2-68
2-46
2-24
201
1 79
1 56
1 33
110
0-86
0-62
0-60
0-38
014

0-71
0-70
0-68
0-67
0-65
0-64
0-62
0-61
0-59
0-58
0-56

0-55
0-53
0-52
0-50
0-48
0-47
0-45
0-44
0-42
0-40
0-40
0-39
0-37

0-35
0-33
0 31
0-30
0-28
0-26
0-24
0-22
0-20
0-19
0-17

Harzburgite
Fertile spinel harzburgite {FSH)

Cpx-bearing

Average abyssal (Shibata & Thompson, 1986; Dick, 1989)

Vanuatu 31564B (Barsdell & Smith, 1989)

MAR 23°38'N, A1I96-10 (Dick et al., 1984)

MAR 23°38'N, A1196-12 (Dick et al., 1984)

Av. Josephine (Dick, 1977)

Cpx-saturaled

Depleted spinel harzburgite {DSH)

Cpx-out

Oman 4091A (Brown, 1982)

Cpx-free
Oman 4080A (Brown, 1982)

Tonga D88-AA-1 (Bloomer & Fisher, 1987)

Oman 4167 (Brown, 1982)
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TABLE 3 (Continued)

Modelling of melting residues

Calculated modal abundances (wt.%)
F(%) 01 Opx Cpx Sp Reference compositions

54
55
56
57
58
59
60
61
62
63
63-2

92-40
93-21
9401
94-83
95-66
96-49
97-33
98-18
9904
99-90

100-00

7-45
6-67
5-88
508
4-28
3-46
2-64
181
0-96
010

015
013
Oil
009
007
005
003

SWIR 54°43'S, AU-107-35 (Dick et al., 1984)
Oman 2342 (Brown, 1982)

Tonga D57-6A (Bloomer & Fisher, 1987)
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Opx-out
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FIG. 9. Calculated modal wt.% mineralogies of melting peridotites as a function of the amount (wt.%) of residual
Ol and the degree of partial melting. (See text and Table 3 for further details on the modelling.)

either exceptionally high values at moderate (i.e., 60-65%) Ol levels (e.g., Dupuy et al, 1987;
Viereck et al, 1989), or yielding constant values throughout their melting histories (e.g.,
Lippard et al., 1986).

Melting in an adiabatically rising mantle

According to the present model, some 42% melting is required before Cpx disappears
completely from a MORB-pyrolite mantle. Although this value is significantly higher than
that suggested by the position of the Cpx-out curves determined by peridotite melting
experiments (~ 22%; see Jaques& Green, 1980; Takahashi, 1986;McKenzie&Bickle, 1988),
it must be emphasized that isobaric equilibrium melting is a gross oversimplification of the
natural melting process and is not equivalent to melting during adiabatic upwelling.
Thompson (1987) has also remarked that the concept of the depth of origin of magma in an
adiabatically rising mantle casts doubt on the results of virtually all equilibrium melting
experiments conducted so far, which have been used to identify the P-T conditions of basic
magma genesis.
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FIG. 10. Modal wt.% Cpx vs. modal wt.% Ol in residues of melting calculated using selected models from Table 1.
Numbers next to symbols are wt.% melt. The undepleted lherzolite and abyssal peridotite arrays (follow arrows) are
from Fig. 8. [Note the large uncertainty in positioning the starting fertile mantle composition and the inadequacy of
the models to reproduce the abyssal array, as a result of maintaining phase melting proportions appropriate for

lherzolite (i.e., Cpx-rich sources) only.]

Duncan & Green (1987) presented a refined three-stage melting history of upper-mantle
spinel peridotite (see also Green et al, 1979; Duncan & Green, 1980). First-stage melting
(~24%) of adiabatically rising MORB-pyrolite produces picritic MORB which segregates
between 80- and 50-km depth (24-15 kb). The residue from this melting episode is
harzburgite, which re-equilibrates to spinel lherzolite at lower pressures and temperatures as
a result of unmixing of aluminous orthopyroxene (2-5 wt.% CaO). Second-stage melting
(~10%) of the residual diapir at some shallower depth (10-12 kb; 33-40 km) produces
magnesian olivine tholeiites and a more depleted harzburgite or lherzolite residue (carrying
moderately aluminous pyroxenes; 2-4 wt.% A12O3), which may continue its upwelling until
emplaced at the base of oceanic crust. If second-stage melting occurs at even shallower
depths (~ 25 km; 7-5 kb) the lavas produced are magnesian quartz tholeiites and the residues
are extremely depleted harzburgites (carrying low-Al pyroxenes; ~ 1 wt.% A12O3), similar to
the harzburgite tectonites seen at the base of some ophiolites. Third-stage melting (< 10% ?)
of the above residues in the presence of H2O-rich fluids in a tensional environment under a
strongly adiabatic thermal gradient may lead to formation of boninites (Cape Vogel type).
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Although stemming from isobaric equilibrium melting experiments, the message from
Duncan & Green's (1987) work is clear: harzburgites belonging to supra-subduction-zone
ophiolites have experienced some 35% melting, yet they contain traces of low-Al Cpx. The
truth of this conclusion has been reiterated by Falloon et al. (1988), who recognized that
incremental melting of upwelling MORB-pyrolite with continuous removal of melt requires
an appreciable shift of the Cpx-out curve in residual compositions to significantly higher
degrees of melting than are possible under equilibrium conditions. Bonatti & Michael (1989)
have also estimated degrees of depletion in the sub-oceanic mantle relative to pyrolite,
ranging from ~10 to ~25% in abyssal peridotites to >30% in subduction-related
peridotites.

It is clear then that the commonly postulated disappearance of Cpx from BSE and DMM
compositions at ~22% melting is greatly in error if melting in a rising mantle diapir is
considered. Inaccurate modelling of Cpx is potentially significant for elements such as Si,
Mg, Fe, Al, Cr, Ni, and Co, and can be of major significance for Na, Ca, Sc, V, Ti, and the
REE as this mineral typically carries > 75% of a Sp lherzolite's (and more than 95% of a Sp
harzburgite's) budget of these elements. The early disappearance of Cpx from melting
residues, invoked by various workers (Table 1), exhausts the concentrations of the elements
hosted in this phase at lower melt fractions. This explains the use of higher than BSE wt.%
modal Cpx or transition- and rare-earth-element concentrations in the starting source
composition in their models, as well as many unsuccessful attempts to simulate the
abundances of transition elements (especially Ti, V, and Sc) in MORB and arc magmas.

It should be emphasized here that the proposed melting scheme applies only to residual
upper-mantle peridotite compositions. Most magmas represent accumulations (i.e., pooled
melts) of individual melt fractions (i.e., instantaneous melts), each fraction having been in
equilibrium with a unique mantle composition in the melting column during adiabatic rise.
Therefore, degrees of melting inferred from trace-element abundances in magmas cannot be
equated to the degree of melting undergone by their parental material. Kostopoulos &
James (submitted) have, for example, calculated that the total melt extraction beneath mid-
ocean ridges underlain by mantle with normal potential temperature (i.e., Tm= 1280°C)
reaches 22%, whereas the pooled melts (i.e., N-MORB) represent integrated melt removal of
the order of 12%. Dredged abyssal peridotites contain ~4 wt.% Cpx on average (Dick et al.,
1984; Dick, 1989), implying maximum degrees of melting underneath spreading centres near
24%, in excellent agreement with the results of the present modelling. Further details on the
vertical compositional stratification of the oceanic lithosphere (i.e., harzburgite top->lher-
zolite bottom) and solidus equations for selected depleted upper-mantle compositions are
presented elsewhere (Kostopoulos & James, submitted).

CONCLUSIONS
Detailed examination of liquidus phase relationships in binary and ternary joins of

the CFM AS + Cr system has allowed a rigorous determination of the dry melting path of
an initially fertile spinel peridotite composition resembling Bulk Silicate Earth
or MORB-pyrolite. It is demonstrated that it is impossible to model mantle melting
accurately using only one set of ratios of phases entering the melt; this implies that the
melting process is primarily controlled by solid solution rather than eutectic behaviour. The
proportions of phases entering a melt depend on whether a phase reacts and/or disappears
from a system, and on the choice of the initial and final peridotite compositions. Four
discrete domains in the melting regime of upper-mantle peridotites are distinguished, each
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characterized by different phase melting coefficients, relating to the melting of: (1) lherzoli-
tes, (2) clinopyroxene-bearing harzburgites (i.e., free-clinopyroxene), (3) clinopyroxene-
saturated harzburgites (i.e., clinopyroxene in solid solution in orthopyroxene), and (4) clino-
pyroxene-free harzburgites (i.e., no clinopyroxene). The proposed non-linear fashion in
which mantle lithologies melt explains the inadequacy of all previous models to reproduce
the observed compositions of upper-mantle peridotite melting residues. It is suggested that:
(1) olivine and orthopyroxene will melt cotectically; (2) clinopyroxene and spinel will lose
most of their aluminous component after ~ 8 % melting within the first 4 kb (~ 12 km) of
ascent from the dry solidus; and (3) clinopyroxene will disappear completely from a
MORB-pyrolite mantle after ~42% melting. Although such a number is significantly
higher than that dictated by the position of the clinopyroxene-out curves from peridotite
isobaric equilibrium melting experiments (~ 22%), it is emphasized that the latter are a gross
oversimplification of the natural melting process and are not equivalent to melting during
adiabatic upwelling. It is concluded that the commonly postulated disappearance of
clinopyroxene from fertile peridotite compositions at ~22% melting is greatly in error if
melting in an adiabatically rising mantle is considered, thus providing an explanation for
many unsuccessful attempts by various authors to model the behaviour of transition
elements in sub-oceanic and supra-subduction-zone mantle and derivative magmas.
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