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Models of formation of basaltic crust at mid-ocean ridges by adia-
batic upwelling of fertile mantle lherzolite require knowledge of
phase relations and phase compositions during melting at appropri-
ate pressures. Spinel + plagioclase lherzolites are found among peri-
dotite samples _from the ocean floor and ophiolitic exposures. At low
pressure (<12 GPa) the five-phase assemblage (olivine + orthopyr-
oxene + clinopyroxene + plagioclase + spinel) is present at the
anhydrous lherzolite solidus. New experimental data on mineral
and melt compositions, at 0-75GPa and 1140-1260°C' wn the
(Cr+Na+Fe+Ca+ Mg+ Al+St)  system,  demonstrate
smooth covariant relationships between oxides for melt compositions
and in partition relationships both between mineral pairs and be-
tween minerals and melts. Molecular normative projections demon-
strate that liquids on the five-phase 4 liquid cotectic occupy a
narrow compositional range. Of the mineral solid solutions that con-
trol the liquid composition, the [Ca/(Ca+ Na) ] or anorthite/
albite content of the plagioclase s dominant and liquids vary from
stlica undersaturated and nepheline-normative at the sodic (oligo-
clase) end to orthopyroxene and quartz-normatiwe at the calcie
(anorthite) end of the cotectic. Spinel (Cr—Al) solid solution has
limited variation on the five-phase + liquid cotectic. It is very
Cr-rich at the sodic end and has limited compositional variation
Srom~50 to 20 in Cr/(Cr+Al) at the anorthitic end. With fixed
plagioclase composition on the cotectic, melt compositions show

small compositional shifts with Fe—Mg (at Mg#f between
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85 and 95) and with Cr/(Cr+Al). The compositional vectors are
consistent with effects observed in the end-member simple systems
(FCMAS) and (CrCMAS ). In comparing liquids at the anorthite
end of the five-phase + liquid cotectic with those on the Cr-free
CMAS four-phase + liquid cotectic at 0-75 GPa, it is evident that
the presence of Al-rich Cr—Al spinel shifts liquid compositions to
more silica-rich and silica-oversaturated composition. These experi-
mentally defined melt compositions in equilibrium with plagio-
clase + spinel lherzolite are unlike quenched glasses from mid-ocean
ridge settings. The data do not support models of mantle upwelling
at low potential temperature (1280°C) that produces low mell frac-
tions at low pressures, leaving residual plagioclase + spinel lherzo-
lite. The detailed mineral compositional data at the solidus provide
a template for comparison with natural plagioclase + spinel
Lherzolites refertilized by porous reactive flow.

KEY WORDS: experiments; lherzolite; low  pressure;  MORB;
plagioclase; spinel

INTRODUCTION

This study is a contribution towards understanding the
melting behaviour of the Earth’s upper mantle, focused on
liquid compositions formed at low pressure (0-75 GPa), at
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near-solidus  temperatures, from plagioclase + spinel
lherzolites. In widely used models of melt extraction and
lithosphere formation at mid-ocean ridges (MORs), as-
thenospheric mantle of lherzolite composition [Primitive
Modern Mantle (PMM) or MOR Pyrolite] is conceived
as passively upwelling in response to lithospheric plate
stretching and rupture (McKenzie & Bickle, 1988). If the
broad-scale upwelling approaches adiabatic conditions,
then the upwelling lherzolite will cross the anhydrous sol-
idus of (C+ H)-free lherzolite or pass from the incipient
melting regime [small liquid fraction controlled by
(C4H) concentration, i.e. CO3®> and OH  solubility]
into the major melting regime of lherzolite + (C, H, O)
(Green & Falloon, 1998). The experimentally determined
solidi of volatile-free lherzolite compositions exhibit a
change in slope (increase of d7/dP) at pressures from
0-7 to 13 GPa where plagioclase disappears from the sol-
idus mineral assemblage (Green & Falloon, 1998). The role
of this ‘cusp’ on the solidus as a controlling feature in loca-
lizing mantle melting has been debated (Presnall &
Hoover, 1987; Asimow et al., 2001; Presnall et al., 2002) and
used in modelling of upwelling to argue for relatively low
mantle potential temperatures beneath mid-ocean ridges
(McKenzie & Bickle, 1988; Presnall et al., 2002).

Estimates of upper mantle composition concur at lher-
zolite with 3-4% CaO and 3-4% Al,O; (Hart &
Zindler, 1986; Green & Falloon, 1998). Using natural or
normative mineral compositions and mixing calculations,
it can be shown that such compositions have ~10% modal
plagioclase at low-pressure and high-temperature condi-
tions. Extraction of <10-12% melt fractions, whether by
batch or fractional melting processes, will leave depleted
lherzolite compositions including residual plagioclase at
low pressure. Some geophysical models of mid-ocean
ridge upwelling relate ocean crust thickness to mantle po-
tential temperature and suggest average melt depletion by
5-7% melting in the mantle column beneath normal
oceanic crust of <l0km thickness (McKenzie & Bickle,
1988). If fertile lherzolite compositions are preserved to
shallow depths in upwelling mantle, particularly at
mantle potential temperatures of <1300°C, then the re-
sidual lherzolite mineralogy from single-stage melting at
depths <30 km will include plagioclase.

Detailed studies of recent and fossil spreading ridge set-
tings, including field, petrographical and geochemical ob-
servations, have led some workers (Stakes et al., 1984;
Chalot-Prat, 2005) to infer a shallow depth of melt segrega-
tion from upwelling residual mantle. Sets of small volca-
noes formed at the ridge axis show eruption of both
parental magmas, interpreted as partial melts of a
depleted asthenospheric mantle, and differentiates of
such magmas. Rapid alternation between the two magma
types suggests that each volcanic centre is related to
a frequently fed small reservoir close to a rather

shallow mantle source. In addition, the inference of close
coupling between mechanical extension characteristics
(spreading rates, lithospheric mantle exhumation and
related distribution of magma conduits at the axial zone)
and eruptive process (magma emplacement and volcano
formation at the axial zone) also suggests shallow rather
than deep levels of mantle upwelling and magma
separation.

Natural occurrences of plagioclase lherzolite have been
reviewed by Piccardo et al. (2007, and references therein),
Mintener et al. (2010) and Borghini e al. (2010). These stu-
dies have advocated the production of plagioclase lherzo-
lite in the uppermost lithosphere by invasive percolation
of basaltic melt into pre-existing high-temperature residual
peridotite. Piccardo et al. (2007) and Miintener et al.
(2010) described examples of melt-rock reaction or ‘referti-
lization” and considered that magma storage in the
uppermost mantle in this way is a major process at
magma-poor rifted margins and at magma-starved
mid-ocean ridge segments. Borghini et al. (2010) empha-
sized two origins for natural plagioclase lherzolites; that
is, either by metamorphic recrystallization during decom-
pression of spinel lherzolite at low pressure and high tem-
perature, or by basaltic melt impregnation into high-
temperature residual peridotite at low pressure and conse-
quent reaction and crystallization. In these interpret-
ations, the role of melting of plagioclase lherzolite has
relevance to understanding the chemical evolution of
a basaltic melt permeating and reacting with lherzolite
that includes the five-phase mineralogy [olivine
(Ol) 4+ enstatite  (Opx) +diopside  (Cpx) + plagioclase
(Plag) + spinel (Sp)]. Van Den Bleeken et al. (2010) have re-
cently investigated the reactive porous flow concept by ex-
perimentally passing basaltic melts through residual
spinel lherzolite layers at 0-8 GPa. In choosing a pressure
of 0-8 GPa for their study, those researchers aimed to simu-
late conditions within the transition zone or thermal
boundary layer between near-adiabatic upwelling mantle
during lithospheric thinning and the thermal conductive
regime of the thinned lithosphere. The experiments
demonstrated melt—residue interaction and chemical evo-
lution of both lherzolite and melt compositions, com-
monly with mineral zoning, except at the highest
temperatures and melt fractions. A few of their runs con-
tained the five-phase plagioclase 4 spinel lherzolite assem-
blage and demonstrated a role for this mineral assemblage
in controlling the composition of melts at near-solidus
conditions. The present investigation complements the
work of Van Den Bleeken et al. (2010) by determining the
compositions of equilibrium liquids at the A7 conditions
of interest.

A further motivation for this study is a contribution
towards the growing experimental database on coexist-
ing melt and mineral compositions at high pressures.
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These data are the necessary inputs and/or tests for
the calculation of numerical or thermodynamic models
of melting at various pressures (Asimow et al., 200
Ghiorso et al., 2002). By designing an experimental study
that at a fixed pressure provides the compositions of the
melt and all coexisting phases (all of which are solid solu-
tions) in equilibrium at appropriate temperatures, it is pos-
sible to evaluate and if necessary modify such melting
models.

With these diverse objectives in mind, we have chosen
to determine liquid (Liq) compositions in equilibrium,
at a pressure of 0-75GPa, with five residual phases
(Ol + Opx + Cpx + Plag + Sp). Of equal importance to
the liquid composition are the compositions of the solid
phases, all of them solid solutions of varying complexity.
A relatively constant Mg## [100Mg/(Mg + Fe)] in pyrox-
enes and olivine has been maintained, with olivine be-
tween Mggg and Mggs. Plagioclase composition was
varied from Anj to Anjyy [An=Ca/(Ca+Na) (mol) of
plagioclase]. Sufficient CroO5 was added to compositions
to maintain the presence of a Cr—Al spinel. Spinel and
pyroxene vary in composition in response to solid solu-
tion of components such as: NaCrSi,Op CaCrAlSiOg
and CaAl,SiOg in  diopside; MgCrAlSiOg  and
MgAl,SiOg  in  enstatite; FesO,4, (Mgle)CroO, and
(MgFe)Al,O, in spinel. These solid solution components
are also participants in P7-dependent reactions involving
plagioclase and olivine, so that chemical equilibria may
be devised to relate mineral compositions and P7T
conditions:

Ol + Plag (An) = Sp + Opx + Cpx (P increasing)
Ol + Plag (Ab) = Cpx (Jd) 4+ Opx (En) (P increasing)
Ol 4 Plag (An) = Cpx (CaTs) + Opx (En) (P, T increasing)
Ol+ Cpx (Di) =0l (CaMgSiO,)+Opx (En) (T increasing)

Opx + Cpx solid solution
(i.e. the pyroxene miscibility gap).

By the experimental determination of mineral and
liquid compositions on the six-phase saturation surface, as
functions of pressure and temperature, a dataset is
obtained from which numerical melting models in the
plagioclase 4 spinel lherzolite field can be constructed. In
addition, the melt and mineral composition data at
known pressure and temperature provide a basis for inter-
pretation of natural plagioclase + spinel lherzolites and
mantle-derived basaltic liquids. These comparisons and in-
terpretations apply to the Ca-rich part of the experimental
series. The extension beyond the range of natural lherzolite
compositions into Na-rich compositions aids the extraction
of data for different solid solutions.

LHERZOLITE MELT COMPOSITIONS

EXPERIMENTAL METHODS
Experimental assemblies

All experiments used either 127 cm or 16 cm diameter,
end-loaded piston-cylinder apparatus at the Research
School of Earth Sciences (The Australian National
University). Standard NaCl-Pyrex assemblies had graph-
ite heaters and type B Pt—Rh thermocouples. Because of
the NaCl-Pyrex assemblies and long run times, no pres-
sure corrections were applied and sample pressure was
equated with measured load pressure. Two types of capsule
were used successfully (Fig. la and b). Initially we used
olivine capsules sealed within platinum to avoid iron loss
and maintain olivine saturation (Fig. la). However, some
anomalous results and observation of large cavities within
the olivine capsule suggested that the olivine container
was sufficiently strong to maintain a low internal pressure
in some experiments. Data from three experiments in oliv-
ine capsules are included in our final selection. In these ex-
periments, no temperature correction is applied as both
thermocouple and the small sample capsule are within
the ‘hotspot’ of the sample assembly.

To avoid Fe-loss problems we used large AugsPdss
containers containing three small-diameter AugsPdss
capsules, each with a different mix (Fig. 1b). The inner cap-
sules were surrounded by an Fe-enriched hydrous basanite
melt that was close to or above its liquidus and in which
the liquidus phases were olivine and/or magnetite. The
iron-rich external melt effectively ‘saturated’ the Fe content
of the inner capsule walls and ensured that little or no Fe
loss or gain was experienced by the charge within the
inner capsules, maintaining the Mg# of olivine in the
inner capsules very close to the desired value.
Temperatures were controlled to £1°C of the set point.
Prior calibration of the sample assembly using multiple
thermocouples gave a temperature correction of +20°C
between thermocouple and sample.

An advantage of the three-capsule method is that we
have three different bulk compositions at exactly the same
PT. Differences in phase assemblages and glass or mineral
compositions between the three bulk compositions must re-
flect compositional control on phase assemblages and not
differences in P7. The use of a thick-walled AuPd outer
capsule and the volume (~50 mg) of basanite melt around
the three capsules acts to homogenize temperature
throughout the 1-15mm length of the charge. The ab-
sence of a significant thermocouple gradient in the sample
is also supported by the homogeneity of the liquid and
phase compositions over the length of the charge. A disad-
vantage of the three-capsule method is that the thermo-
couple is at greater separation from the sample than in
normal single-capsule set-ups. Although calibration runs
on thermal gradients within the pressure cell allow us to
make a correction of +20°C, we do not consider run tem-
perature measurement to be better than £ 20°C.
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(a)

(b)

mm

Fig. 1. High-pressure cell assemblies used in experiments at 0-75 GPa. (a) Single-capsule assembly using olivine container sealed in platinum
tube; 1, 12:7mm NaCl sleeve; 2, Pyrex; 3, graphite heater; 4, MgO; 5, type ‘B’ thermocouple in two-bore mullite tube; 6, olivine powder; 7,
2:3mm Pt capsule; 8,18 mm olivine capsule; 9, sample. (b) Three AuPd capsules within 5 mm diameter AuPd tube containing olivine basan-
ite 4 fayalite mixture; 1, 15-875 mm NaCl sleeve; 2-6 and 9, same as in (a); 7, AuPd 5 mm capsule; 8, two of three AuPd 16 mm capsules.

Experimental charges were mounted within their olivine
or AuPd capsules, sectioned longitudinally and polished
for examination by reflected light and scanning electron
microscopy (JEOL 6400 SEM). Typical run products are
illustrated in Fig. 2.

Analytical methods

Phase compositions were determined by energy dispersive
X-ray analysis (EDS) using a JEOL 6400 SEM, accelerat-
ing voltage of 15 kV, specimen current of 1 nA, and analysis
time of 100s. A recent comparison of data obtained on the

same instrument and with the same analytical conditions
and calibrations with data obtained by wavelength-
dispersive spectrometry using an electron microprobe
(Spandler et al., 2010) demonstrated the satisfactory quality
of the methods. Selection of acceptable analyses was based
on totals from 975 to 102% and, more importantly, on sat-
isfactory stoichiometry of olivine, plagioclase, pyroxenes
or spinel.

The very small size of spinel in some experiments
yielded analyses with >1% SiO, and corresponding anom-
alous concentrations of CaO and NayO. Such spinels were
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(b)

Fig. 2. Scanning electron microscope images of experimental charges illustrating the ‘sandwich’ of sample between olivine layers and glass-rich
character of sample to avoid quench modification of glass composition (melt) by quench outgrowths on pyroxenes particularly. Phases labeled:
ol, olivine; op, orthopyroxene; cp, clinopyroxene; pl, plagioclase; s, spinel; gl, glass. Sample numbers: (a) M87; (b) N56; (c¢) N74.
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Fig. 3. Single analyses (dots) and calculated average composition (squares) of glasses from the experiments illustrated in Fig. 2 projected into a
part of the normative tetrahedron (see insets). (a) is projected from Olivine to the face Diopside, Jadeite 4+ Ca Tschermak’s silicate + Leucite
(JCL), Quartz. (b) is projected from Diopside to the face Olivine, Jadeite + Ca Tschermak’s silicate + Leucite, Quartz.

included in glass or more rarely in plagioclase or orthopyr-
oxene. The analysis was then corrected by subtraction of
the appropriate phase composition to reduce SiO, and
CaO to zero. These corrected analyses were judged as ac-
ceptable or otherwise on the basis of spinel stoichiometry.

In some cases, plagioclase laths were small or thin plates
with analysed MgO and FeO contents greater than 0-35
and 0:4% respectively. In these cases the ‘best’” analysis
was selected on the basis of stoichiometry and low MgO
and FeO.

Although olivine, orthopyroxene and plagioclase were
generally large enough for consistent analyses (we aimed
for five independent grain analyses), clinopyroxene charac-
teristically formed abundant small euhedra. Where ana-
lyses of clinopyroxene showed a range of CaO contents we
selected those with the highest CaO, recognizing the ten-
dency in both experiments and natural rocks for subcalcic
clinopyroxenes to appear with rapid growth or cooling. At
0-75 GPa in L21 and K89 we observed low-Ca clinopyrox-
ene, which may be pigeonite, in addition to orthopyroxene
and calcic clinopyroxene. The possible role of pigeonite
was not explored further.

Glass compositions were analysed using 15 kV accelerat-
ing voltage and 1 nA beam current. There was no observ-
able loss of Na between ‘spot” and ‘area scan’ analyses of

glass in the most calcic glasses (>Ang plagioclase). In the
Na-rich glasses, countrates for Na radiation clearly
decreased with time using spot mode of analysis. For inter-
mediate and sodic glasses, ‘area scan’ analyses, usually of
>10 pm x 12 pm areas, were obtained and spot analyses
were not incorporated in the database. In Fig. 2 we illus-
trate (SEM images) typical experiments, and in Fig. 3 we
plot single glass analyses. The homogeneity of glass com-
position in all oxides is summarized and most effectively
illustrated in molecular normative projections (the basalt
tetrahedron; Falloon et al., 1988) where the small scatter of
glass data (Fig. 3) provides the basis for confidence in both
the experimental and analytical methods.

Selection of experimental compositions

Previous experimental studies of melting of peridotite
demonstrated modification of liquid compositions during
quenching to glass by in-growth of thin quench rims on
residual pyroxenes and olivine (Jaques & Green, 1980;
Van Den Bleeken et al., 2010). This problem is avoided in
our experiments by obtaining experimental products with
a high proportion, or large pools, of glass (>50 pm). In
addition, during electron beam micro-analysis of charges,
it is necessary to confirm contact and continuity between
liquid and all five phases. In seeking melt compositions on
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Table I: Starting compositions used in this study

SiO, TiO, Al,O3 Cr,03 NiO FeO MgO Ca0 Na,0 Mg#
Residues series
Residue | (Angg) 490 056 17 29 0-2 44 183 12:3 0-8 881
Residue 1B (Angg) 493 056 133 06 0-2 44 185 12:4 0-8 882
Residue Il (Angg) 52-4 05 93 30 0-2 4-4 18-4 9-6 2:3 882
Residue 11l (Ang) 55-7 0-0 69 0-1 0-0 50 284 0-2 38 911
Enstatite (E4/BLT.1) 576 0-0 11 0-2 0-0 4-4 361 05 0-1 935
Olivine 89 (05/2751) 40-6 0-0 0-1 0-0 0-0 10-4 489 01 00 894
Liquid series
Liquid 1 486 10 185 0-4 0-2 63 106 14-6 748
Liquid 2 55-0 10 16-9 0-4 0-2 43 72 10-8 42 749
Liquid 3 594 10 18-6 04 02 23 43 36 10-2 769
Liquid 4 627 10 19-8 0-4 0-2 16 2:4 12:0 72-8
Liquid 5 59-4 13 176 056 056 34 41 39 94 682
Liquid 6 55-0 12 17-2 056 056 35 7-4 90 57 789
Liquid 7 52:0 12 16-9 05 05 52 97 135 05 769

Residues | or Il are a mix of refractory mineral phases OIl(Mg#90)+ Opx(Mg#90) + Cpx(Mg#90) + Plag(Angy or
Angg) + Spinel(Mg#50 or Cr#80). The refractory mineral phases were combined in molecular proportions 5 Ol+ 10
Opx+10 Cpx+10 Plag+2 Sp, and 05wt % TiO, was added to the mix. Residue IB is an Al-rich and Cr-poor
Residue |. For Residue Il the molecular proportions of refractory mineral phases consisted of 1/30l (Mg#89)+ 1/
3En+ 1/3Ab. Liquid series: compositions of liquids from literature (L1 to L4) in equilibrium with four or five phases at
0-7 or 1 GPa, with addition of 1wt % TiO, and 0-4% wt % Cr,03, and of liquids from our early successful experiments (L5
to L7) in equilibrium with five phases at 0-75 GPa. Liquid 1 from Walter & Presnall (1994), 0-7 GPa, 1285°C, CMAS. Liquid
2 from Walter & Presnall (1994), 0-7 GPa, 1225°C, in equilibrium with Ol+ Opx + Cpx + Plag(Ansg). Liquid 3 from T. J.
Falloon et al. (unpublished data), 1 GPa, 1220°C, in equilibrium with Ol4 Opx + Cpx + Plag(An,,). Liquid 4 from Falloon
et al. (1997), 1GPa, 1220°C, in equilibrium with OI+ Opx+ Albite. Liquid 5 from run K89 (1/3Residue Il+2/3L4 at
0-75GPa, 1180°C). Liquid 6 from run K98 (1/3Residue |+2/3L2 at 0-75GPa, 1220°C). Liquid 7 from run L21 (2/
3[(80% Residue | 4+20%0I89) + (80%L1+20%0I89)] + 1/3L1, at 0-75 GPa, 1230°C).

a multiphase melt saturation surface, minerals may be in
reaction with melt over short temperature intervals. It is
thus possible to obtain charges in which melt compositions
in some areas of a layered charge lie on the
Opx + Cpx + Plag +Sp saturation surface (i.e. olivine
absent) whereas olivine is present at the ends of the capsule
and is armoured and separated from glass by Opx or
Opx + Cpx. The compositions of such liquids are anomal-
ous with respect to the five-phase + Liq dataset and are
not included in our target compositions. However, the
loss of one phase provides information on the trends of
liquid composition diverging from particular compositions
on the five-phase 4+ Liq cotectic onto a related four-
phase 4 Liq cotectic. Recognizing these complexities in
the experiments, our selection of compositions and loading
of capsules evolved to meet the objectives of ensuring
large melt fractions and contact of melt with all five crys-
talline phases.

All experimental compositions were prepared as sin-
tered oxide mixes rather than from crushed mineral mixes
to avoid problems of mineral zoning or metastable persist-
ence. Two sets of compositions, the L-series and R-series,

were prepared from high-purity oxides or carbonates (Na,
Ca) thoroughly mixed and sintered at 1050°C (Table 1).
The R-series compositions were calculated as a mix of rela-
tively refractory minerals: Ol Mggy; Opx Mggg; Cpx
Mgqo; Plag Angg or Angg; Sp Mgs0Crsg expressed in mo-
lecular proportions: [50L10 Opx:10Cpx:10Plag:2Sp]. To
maintain similarity to natural basalt and peridotite com-
positions by including a Ti-solid solution component, but
to avoid saturating melts with a titanium-rich phase such
as ilmenite or titanomagnetite, 0-5wt % TiOy was also
added to the mix. The L-series were compositions of
liquids previously inferred to be saturated with four or
five phases, including plagioclase, at 0-7 or 1 GPa; that is,

Ll—liquid from Walter & Presnall (1994) at 0-7 GPa,
1285°C (Anygo), CMAS;

L2—liquid from Walter & Presnall (1994) at 0-7 GPa,
1225°C (Ansg), NCMAS;

L3—Iliquid fromT. J. Falloon et al. (unpublished data) at
1 GPa, 1220°C (Anyy);

L4—liquid from Falloon et al. (1997) at 1GPa, 1220°C
[Ang (NMAS)
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Table 2: Experimental run data at 0-75 GPa

Sample Capsule Run no. 7 (°C) Run |Initial sample composition (mixed or layered) 3-,4- or 5-phase assemblage AnPlag
mount no. type for Au/Pd-3 time with glass

(h)
M96 Au/Pd-3 D742 1240 24  mixed [1/2L7 + 1/2RIB] 4 Fogg at each end Plag+ Ol 4+ Opx+Cpx+Sp 86:0
M97 Au/Pd-3 D742 1240 24  mixed [3/4L1+ 1/4RIB] + Fogg at each end Plag 4 Ol +Opx+Cpx+Sp 940
M98 Au/Pd-3 D742 1240 24  mixed [1/4L1+ 3/4RIB] + Fogy at each end Plag 4+ Ol +Opx+Cpx+Sp 832
L21 Au/Pd-1 1230 72 layered 1/3L1+2/3[mixed (4/5RI+ 1/5Fogg) + (4/5L1+ 1/5Fo0gg)] Plag+ Opx + Cpx + Sp 93-0
M85 Au/Pd-3 D741 1230 24  mixed [1/4L1+ 3/4RIB] + Fogg at each end Plag+ Ol+Opx+Cpx+Sp 837
M86 Au/Pd-3 D741 1230 24  mixed [1/2L7 4+ 1/2RIB] + Fogy at each end Plag+ Ol +Opx+Cpx+Sp 842
Mm87 Au/Pd-3 D741 1230 24  mixed [3/4L1+ 1/4RIB] 4 Fogg at each end Plag+ Ol 4+ Opx+Cpx+Sp 93:0
K98 Ol/Pt 1220 72 layered 2/3L2+ 1/3Rl Plag + Ol + Opx +Cpx+Sp 527
N55 Au/Pd-3 D796 1210 72 mixed [1/2L7 + 1/2RIl] + Fog, at each end Plag + Ol + Opx+Cpx+Sp  66:0
N56 Au/Pd-3 D796 1210 72 mixed [1/2L6 + 1/2RI] + Fogg at each end Plag 4+ Ol +Opx+Cpx+Sp 510
M13 Au/Pd-3 D684 1200 72 mixed [1/2L6 + 1/2Rl] Plag + Opx + Cpx + Sp 54-4
M14 Au/Pd-3 D684 1200 72 mixed [1/2L7 + 1/2Rll] Plag 4 Opx + Cpx + Sp 66-0
N62 Au/Pd-3 D798 1190 72 mixed [1/2L2+ 1/2RIl] 4 Fogy at each end Plag 4- Ol +Opx+Cpx+Sp  30-3
N63 Au/Pd-3 D798 1190 72 mixed [1/2L4+ 1/2RIl] + Fogg at each end Plag 4+ Ol +Opx+Cpx+Sp 284
K89 Ol/Pt 1180 72 layered 2/3L4+1/3Rll Plag + Ol + Opx+Cpx+Sp 199
N74 Au/Pd-3 D802 1180 72 mixed [1/2L3 + 1/2RIl] 4+ Fogg at each end Plag+ Ol+Opx+Cpx+Sp 184
N75 Au/Pd-3 D802 1180 72 mixed [1/2L5+ 1/2RIl] + Fogg at each end Plag 4- Ol +Opx+Cpx+Sp 19:8
N76 Au/Pd-3 D802 1180 72 mixed [1/2L4 + 1/2RIl] + Fogy at each end Plag 4- Ol +Opx+Cpx+Sp 215
K99 Au/Pd-1 1160 24  layered L4+ 10%Enstatite Plag + Ol 4 Opx + Sp 04
L43 Ol/Pt 1160 72  layered L4+ 10%Enstatite Plag + Ol + Opx + Sp 10
L59 Au/Pd-3 D-598 1160 24  layered 1/2L4+1/2R 1l Ol + Opx+ Sp
L60 Au/Pd-3 D-598 1160 24  layered 1/2L6+1/2R IlI Ol + Opx+ Sp
N64 Au/Pd-3 D798 1190 72 mixed [1/2L54 1/2RIIl] 4+ Fogy at each end Ol + Opx+ Sp

Capsule type: Au/Pd-1, single capsule in one experiment; Au/Pd-3, three capsules in one experiment; Ol/Pt, one olivine
capsule in one platinum capsule in one experiment. Initial sample composition: mixed indicates that liquid and residue
starting mixes are thoroughly mixed before introduction into the capsule; layered indicates that liquid and residue starting
mixes are added sequentially into the capsule. Abbreviations: Plag, plagioclase; Ol, olivine; Opx, orthopyroxene;
Cpx, clinopyroxene; Sp, spinel. AnPlag, anorthite content of the analysed plagioclase after the experiment. 7 (°C), in
the case of Au/Pd-3 capsule experiments, 20°C has been added to the nominal temperature.

L5—Iliquid from experiment K89 (this study), 0-75 GPa,
1180°C;

L6—liquid from experiment K98 (this study), 0-75 GPa,
1220°C;

L7—Iliquid from experiment L21 (this study), 0-75 GPa,
1230°C;

L7a—Iliquid L7 4-20% olivine Fogy.

In addition, all L-series compositions contained 10%
TiOy and 0:4% CryO3 to maintain compositions resem-
bling natural phase assemblages.

Initially, layered experiments using selected R and L
compositions were run in single-capsule runs with the ex-
pectation that the selected 7T would yield charges with a
glass-rich end and a crystal-rich (five-phases 4 Liq) assem-
blage at the R-series end of the capsule. Very few

experiments (K89, K98; Table 2) were successful in yield-
ing charges with all five residual phases+ Liq with the
latter penetrating among all residual phases. Most samples
were glass-rich with spinel and one or more other phases
at one end and crystal-rich at the opposite end with gradi-
ents in mineral assemblage; for example, lacking olivine
close to the glass layer and lacking plagioclase and/or
clinopyroxene where olivine occurred.

Some success was achieved by layered experiments with
an L-series composition and a mixed (L +R) composition
as the two layers (L21; Table 2), always in single-capsule
runs (olivine or AuPd capsules; see Fig. 1. However,
frequent absence of one or more phases (commonly
plagioclase or olivine) from the glass-rich part of the
charge (i.e. that part where liquid could be analysed with-
out concern about quench growth of crystals or electron
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beam overlap) meant uncertainty in demonstrating satur-
ation by all phases. For the most sodic compositions (1.43,
K99; Table 2), enstatite only (in addition to L.4) replaced
R compositions in layered experiments

Finally, most success was achieved by a ‘three-capsules in
one large capsule’ method (3—1 cps; Fig. 1) in which San
Carlos olivine (Fogg g9) was added at both ends of each
inner capsule and the reactant mixture of mixed L+ R
compositions located as the central layer of the charge
(Table 2). By varying both proportions and compositions
of L and R, small differences on bulk composition were
achieved such that at a given P7, we might expect to strad-
dle the four-phase 4 Liq to five-phase + Liq transition.

Because of the method of varying bulk composition by
mixing different proportions of the L- and R-series com-
position and by variable amounts of olivine, there is no at-
tempt to use mass balance (six phases) to estimate phase
proportions. Bulk compositions of each experimental run
can be estimated from the weighing in of the mixed and
olivine layers but weighing errors become significant. The
variation of bulk compositions was an empirical means to
obtain charges with small differences in bulk composition
and with two or three of the 3-in-1 capsules containing
the desired phase assemblage at the same P and 7. The
method differs from the common practice in peridotite
melting studies in which the phase relations and melt com-
positions are explored for one or more selected lherzolite
compositions.

The objective was to find glass-rich, well-crystallized
five-phase + Liq assemblages in which all phases can be
analysed, and continuity and constancy of liquid (glass)
composition demonstrated, in contact with all phases. The
method actually follows that of classical experimental pet-
rology by varying compositions to map liquidus phase
fields and cotectic relationships, seeking to define a
six-phase field in ‘natural’ magma composition space.

LINKS TO PREVIOUS STUDIES

In previous studies of lherzolite melting at mantle pres-
sures there are few determinations of liquid compositions
in equilibrium with five crystalline phases. Also, plagio-
clase is typically present only at or below the estimated sol-
idus temperature. These studies provide a helpful starting
point for estimating the liquid compositions of interest.

An alternative and complementary route to understand-
ing peridotite melting behaviour is the investigation of
chemical subsystems of increasing complexity. The present
study builds on the work of Presnall et al. (1979) on the
system CaO-MgO-Al,O3-510, (CMAS) defining the
composition of liquid in the five-phase univariant assem-
blage Fo 4 En+ Di+ An+ Liq at pressures where spinel
1s absent.

The additional components Nao,O (NCMAS) and FeO
(FCMAS) have been studied by Walter & Presnall (1994)

LHERZOLITE MELT COMPOSITIONS

and Gudfinnsson & Presnall (2000). These components
do not introduce an additional phase. They define vec-
tors in compositional plots and projections illustrating
the movement of a phase boundary attributable to the
particular substitutions (Na—Ca, Fe-Mg). Therefore
they add a further degree of variance; that is, the
Fo+En+ Di+ An+ Liq assemblage becomes divariant
in PT space, and univariant at a fixed pressure in each of
these systems.

The addition of CroO3 to CMAS adds an additional
phase (Cr—Al Sp) provided that the amount of CryOs
added is greater than can be accommodated in pyroxene
solid solutions. The Fo+ En+ Di+ An+ Cr—AlSp + Liq
assemblage is univariant in CMASCr. Liu & O’Neill
(2004) investigated the assemblage Fo+ En+ Di+
Sp + Liq in this system at a fixed pressure (1:1GPa) over a
range of CroyOj5 contents (i.e. spinel compositions).

Because Fo+ En+Di+ An+Sp+ Liq is invariant in
the CMAS system, any bulk composition close to the in-
variant point will pass from above liquidus to sub-solidus
over a very small temperature interval. By adding compo-
nents that enter the mineral solid solutions, the five-
phase + Liq assemblage is no longer invariant and the
melting interval is extended. Nevertheless, the choice of
bulk compositions close to the five-phase+ Liq field
means that large increases in degree of crystallization
may be expected over small temperature intervals. Thus
the use of three compositions differing principally in their
Na/Ca ratio, at a particular P and 7, is an attempt to im-
prove the probability of having five phases + Liq present
in at least one charge.

We present data from experiments where the proportion
of glass to crystals is high and in the case of layered
experiments, glass is well connected from glass-rich to
crystal-rich ends.

EXPERIMENTAL RESULTS

The experimental data on melt and coexisting minerals at
0-75 GPa are presented in Table 3 and plotted in Figs 4-16.
In these figures, data points are identified as ‘five
phases 4+ Liq  (filled symbols), ‘Ol-absent’ (open symbols),
Cpx-absent (asterisk) and by symbol type indicating the
experimental temperature. This presentation illustrates
the compositional variance of melts and minerals, all of
which have the ‘five phases 4+ Liq” assemblage at the same
temperature.

Conceptually, the data illustrate how liquids may vary
in composition along an isotherm in chemically heteroge-
neous lherzolite in which the same mineral phases are pre-
sent but local bulk compositions differ. Melt and mineral
compositions are constrained by complex continuous reac-
tions among the coexisting phases.
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Table 3:  Experimental phase compositions at 0-75 GPa

T (°C) Sample Phase  Analysis  SiO, TiO, Al,03 Cr,03 FeO NiO MgO Ca0 Na,O Mg# Ca# Cr#
mount no. type
1240 M96 Ol A(5) 41-8(2)  0-03(5) 0-1(1) 7:9(2) 049(7) 49-4(1) 0-23(6) 91-8
Opx A(9) 55-1(4)  0-21(8) 4-4(7) 1-3(3) 4-4(2) 03(2) 31-4(7) 27(3) 0-13(3) 927 167
Cpx A(6) 52-4(3)  0-4(1) 5-6(4) 17(2) 3-1(3) 0088 19290 17:3(9) 029(6) 917 970 171
Plag A(2) 48-3(4)  0-2(1) 30(2) 0-5(6) 0-8(2) 2(1) 16(1) 2(2) 86:0
Sp C(6) 0-2(1) 35(2) 36(2) 8-4(3) 19-9(4) 809 40-9
Gl A(13) 53-3(3)  1-0(7) 17-0(2) 0-18(6)  4-2(1) 10:03)  13-0(2) 1-10(5)  80-8
1240 Mma7 ol A(3) 41-5(3)  0-04(5) 0-28(6) 0-09(6) 7:7(6) 0-4(1) 49:7(3) 0-25(1) 92:0
Opx A(5) 53:6(6) 0-26(4) 6-6(7) 1-2(2) 5-1(6)  0-2(1) 30-6(5) 2:5(1) 0-02(3) 915 10-6
Cpx A(3) 52(1) 0-5(3) 6-4(7) 1-2(2) 3-2(3)  002(2) 20(1) 17(1) 0-03(3) 917 996 111
Plag A(6) 45-9(8) 0-03(6) 336(7) 0-05(8) 0-4(1)  0-08(8) 0-7(1)  185(2) 0-7(1) 938
Sp C(3) 0-4(2) 49(1) 20-2(7) 75(5) 02(4) 22:9(6) 845 217
Gl A(5) 52:5(3)  1-4(1) 17-1(3) 0-2(1) 4-3(1) 10-3(4)  13-9(1) 0-38(2) 812
1240 M98 ol A(4) 41-7(2)  0-1(1) 0-18(7) 0-09(7) 7:6(4) 040(4) 49-7(3) 0-3(3) 921
Opx A(11) 54-8(9) 0-18(6) 6(1) 0-7(2) 4-8(3) 02(2) 31-2(7) 2:6(3) 920 78
Cpx A(9) 52-9(5)  0-36(8) 5-6(7) 0-9(1) 3-:0(4) 0088 202(9) 16:8(9) 0-17(3) 924 982 95
Plag A(10) 48-8(4) 0:07(6) 32:4(3) 0-09(5)  0-3(1) 0-1(1) 1(2) 16-3(2) 2(2) 832
Sp C(4) 0-2(2) 52(5) 20(2) 7(1) 0-06(8) 21(2) 84-9 20-2
Gl A(10) 52:6(7) 1(1) 17-6(4) 0-1(1) 4-1(2) 10-0(5)  13-2(4) 12 814 927
T (°C) Sample Phase Analysis SiO, TiO, Al,O3 Cr,03 FeO NiO MgO CaO Na,O Mg# Ca# Cr#
mount no. type
1230 L21 Opx A(4) 53-5(4) 0-31(8)  6:0(4) 1-2(2) 6-6(3) 0-09(7) 297(3) 2:6(3) 0-02(2) 889 121
Cpx A(4) 51-1(4)  0-7(1) 6-4(4) 1-2(2) 37(5) 0-16(7) 18-7(6) 18(1) 0-03(3) 897 992 80
Plag A(5) 45:5(6) 0-04(7) 34-2(4) 0-09(8)  0-4(1) 0-44(4)  185(3) 0-8(1) 93:0
Sp S(1) 33 0-34 4262 23-65 86 0-47 19-4 1-64 80-1 271
Gl A(6) 52:0(2) 2(1) 16-9(4) 0-17(7) 52-2(2) 9-7(6) 13-5(3) 0-47(5) 769 96-9
1230 M85 ol A(6) 41-7(3) 0-03(3) 018(9) 007(2)  7(1) 0-3(1)  50-9(6) 0-25(7) 932
Opx A(6) 55-4(7) 0-21(8)  4(1) 0-8(2) 4-0(4) 02(1)  325(4) 2:5(2) 0-02(4) 936 112
Cpx A(6) 53:1(4) 0:25(4)  4-8(5) 1-0(2) 2:6(4) 002(4) 19-9(4) 18-1(5) 0-20(4) 933 980 117
Plag A(6) 48-1(4) 0-09(6) 32:2(4) 0-06(7)  03(2) 002(3) 08(2) 16-6(3) 2:0(2) 837
Sp C(3) 0-3(3)  50(4) 19(3) 6-:0(3) 0-2(4)  24-1(6) 878 20-4
Gl A(9) 52-8(5) 1-2(1) 17-7(4) 0-10(7)  3:8(2) 9-6(3) 13:5(2) 13(1) 817 920
1230 M86 ol A(5) 41-6(3) 0-01(2) 025(2) 002(3) 86(4) 0-38(4) 49(2) 0-31(3) 910
Opx A(10) 55:4(4) 0:22(8)  4-4(5) 1-0(1) 4-4(3) 0-3(1)  315(4) 2:7(2) 0-03(4) 927 135
Cpx A(12) 52:6(5) 0-4(1) 5-5(5) 15(2) 33(2) 02(1) 19-9(8) 16-6(9) 0-15(6) 916 984 153
Plag A12) 48-7(5) 0-05(7) 31-6(5) 0-06(5)  05(1) 0:03(5) 1-0(4) 16-5(3) 2:0(2) 84-2
Sp C(5) 0-2(1)  35(2) 37(3) 9-3(6) 0-09(0) 18(2) 77-8 41-2
Gl A(12) 53:1(2)  1-05(9) 16:9(2) 0-16(7)  4-9(1) 9-8(3) 13-0(2) 1-1(8) 781 932
7 (°C) Sample Phase Analysis  SiO, TiO, Al,03 Cr,03 FeO NiO MgO Ca0 Na,O Mg# Ca# Cr#
mount no. type
1230 m87 ol A(3) 42-0(3) 0-02(2)  0-5(3) 0-1(1) 86(3) 03(2) 482(6) 0-3(2) 90-9
Opx A(5) 54-9(9) 0-2(1) 4(1) 1-0(3) 57(1)  012(9) 31-2(6) 2:5(1)  0:01(3) 907 13-4
Cpx A(6) 51-4(3) 0-4(1) 6-5(9) 1-6(3) 39(3)  0:05(5) 19:0(6) 17(1) 0-05(5) 896 995 140
Plag A(4) 45-9(5) 33-8(3) 0-1(1) 0-4(6)  001(1) 1(2) 18:3(3)  0-71(5) 934
Sp Cs(1) 075 29-84 36-60 13-4 19-4 72-2 45-1
Gl A11) 51-7(4) 1-3(7) 16-8(1) 0-19(8)  6:0(2) 9-9(2) 137(2)  037(5) 749 976
1220 K98 ol A(3) 41-1(3) 0-03(0)  0-07(10)  0-19(2)  7-2(5)  0-17(4) 51-0(8) 0-28(4) 92-7
Opx A(3) 55-2(5)  0-3(1) 3(1) 1-0(3) 55(2)  007(5) 32:3(8) 2:4(3) 016(2) 92:3 192
Cpx A(6) 52-8(5) 0-52(4)  4-3(4) 17(1) 3-4(3)  0:06(6) 205(8) 16-1(6)  0-7(1) 916 927 210
Plag A(4) 54-9(6) 0-05(3) 27-8(2) 0-09(6)  0-17(6) 0-2(1) 11-3(6) 5-6(2) 52:7
Sp A(3) 3-:0(2) 0-8(1)  31-0(5) 36-9(3) 85(1)  0-01(0) 18-8(1) 0-93(5) 0-14(6) 797 44-4
Gl A(2) 55-5(1) 1-5(2) 17-2(1) 0-13(2)  35(1) 7-4(0) 9-:0(1) 571(8) 789 952
1210 N55 ol A(4) 41:5(2) 004(3)  0:01(3) 0-07(8)  89(2) 0-44(5) 4838(3) 0-23(2) 90-7
Opx A(9) 54-8(2) 0-2(1) 4:3(3) 17(2) 55(3)  03(2)  30-4(5) 2:6(3) 0:03(7) 907 20-6
Cpx A(9) 52-4(44) 0-5(1) 5-3(5) 2:2(1) 35(2) 0-07(8) 187(9) 16-8(6)  0-6(1) 906 944 218
Plag A(3) 52-4(4) 0-04(4) 29-7(2) 0-14(6)  0-4(1)  008(7)  027(3) 132(2) 3-74(1) 66:0
Sp C(9) 0-43(6) 27(1) 44(1) 115(3)  0-0112) 17-2(3) 727 52-0
Gl A(5) 55-0(3) 1(1) 16-6(1) 0-21(9)  49(3) 81(1) 11-4(2) 25(5) 746 833
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LHERZOLITE MELT COMPOSITIONS

7 (°C) Sample Phase Analysis SiO, TiO, Al,03 Cr,03 FeO NiO MgO CaO Nay,O Mg# Ca# Cr#
mount no. type
1210 N56 ol A(2) 42-4(3) 0-02(2) 0-08(1) 5-1(2) 0-2(2) 52-0(3) 0-26(3) 94-8
Opx A(9) 55(1) 0-3(1) 5(1) 1-3(3) 4-0(5) 0-3(2) 32-1(9) 2:2(1) 0-18(7) 935 16-2
Cpx A(8) 52-9(3) 0-63(6) 5-4(7) 2:1(3) 2:2(3) 0-04(7) 19-2(6) 16-7(9) 0-8(2) 940 917 203
Plag A(7) 55-4(5) 0-12(7) 28:1(4) 0-09(5) 0-2(5) 0-02(2) 0-2(6) 10-3(3) 5-5(1) 51-0
Sp A(6) 0-4(3) 064(9) 37(3) 35(4) 5-2(3) 0-1(2) 21-6(4) 0-2(1) 0-10(8) 881 392
Gl A(13) 56-2(3) 2(2) 17-8(2) 0-2(2) 2:0(2) 7-6(3) 86(1) 5-6(1) 87-1 883
1200 M13 Opx A(6) 54-7(5)  0-3(1) 4-5(6) 1-2(1) 5-2(4) n.d. 31-6(4) 2:41(3) 014(7) 915 15-6
Cpx A(6) 52-1(7)  0-47(9) 5-1(8) 17(2) 39(2) n.d. 19-2(6) 16-8(6) 0-7(1) 902 931 184
Plag A(6) 55(1) 0-1(1) 28-0(7) 0-17(5) 0-38(7)  0-4(1) 11-1(8) 5-1(5) 54-4
Sp C(2) 0-6(1) 38(3) 29(2) 13(1) n.d. 19-0(2) 72:0 343
¢]] A(4) 55-2(2)  1-4(8) 16-8(2) 0-11(3) 5-3(2) 7-2(2) 9-0(1) 5-0(1) 707 967
1200 M14 Opx A7) 54-7(8) 0:17(9) 4-1(6) 1-4(3) 6(1) n.d. 31(1) 2:5(3) 0-03(4) 897 189
Cpx A(6) 51-7(6) 0-4(2) 4-9(8) 2:0(1) 4-8(4) n.d. 18-0(4) 17-8(5) 0-44(5) 870 957 212
Plag A(5) 52-2(1) 0-06(4) 29-6(1) 0-03(2) 0-5(1) 0-34(4) 13:5(1)  37(1) 665
Sp A(3) 06(2) 054(5) 26-1(7)  40-3(9) 17-0(5) n.d. 15-0(2) 0-38(5) 0-14(4) 611 50-9
Gl A(6) 53-9(2) 1-4(8) 16-0(2) 0-17(6)  7-4(2) 7-6(2) 11-02)  2:6(1) 64-8 826
T (°C) Sample Phase Analysis SiO, TiO, Al,O3 Cry,03 FeO NiO MgO Ca0O Na,O Mg# Ca# Cr#
mount no. type
1190 N62 ol A(7) 42-1(3)  0-05(4) 0-09(8) 7-2(4) 0-4(2) 49-9(3) 0-22(3) 92:5
Opx A(4) 57-1(5)  0-3(2) 1-6(3) 0-52(8) 6-3(4) 0-4(2) 31-4(6) 2:3(2) 0-21(6) 899 17-9
Cpx A(4) 55-1(4) 0-4(2) 2:8(2) 0-9(1) 3-8(3) 0-1(2)  20-1(6) 15-7(3) 1-04(1) 904 893 175
Plag A(7) 60-7(9)  0-1(1) 24-5(6) 0-07(7) 0-29(6) 0-07(7) 0-3(2) 6-1(4) 7-8(1) 30-3
Sp n.d.
Gl A(4) 59-0(2) 1-47(3) 18:0(3) 0-01(1) 2:8(2) 5-0(1) 4-9(1) 89(2) 762 380
1190 N63 ol A(4) 41-9(1)  0-04(7) 0-21(8) 4-9(5) 0-22(8) 52:6(5) 0-19(4) 95-0
Opx A(8) 56-3(3) 0-23(7) 2:2(3) 1-4(2) 5-0(2) 0-4(20  31-8(4) 2:3(2) 0-5(1) 92:0 29-4
Cpx A(10) 54-3(5)  0-45(8) 2:8(5) 2:42(4) 2:1(4) 0-1(1)  20-0(6) 16-5(9) 1-4(2) 946 868 367
Plag A(8) 62(1) 0-08(6) 237(7) 0-08(4) 0-1(1) 0-3(1) 5-9(8) 8-2(5) 284
Sp C(8) 0-75(9) 18(2) 55(3) 7(1) n.d. 19-1(3) 831 667
Gl A7) 60-8(2) 1-1(2) 18-1(3) 0-16(4) 1-40(2) 4-7(4) 3-8(2) 9-9(1) 8556 300
1180 K89 Ol A(3) 40-5(7)  0-01(2) 0-1(2) 0-2(2) 10-0(1) 48-8(8) 0-4(4) 897
Opx A(6) 55-8(7) 0-31(4) 2:3(3) 1-2(1) 57(4) 0-21(4) 32:3(9) 1-9(7) 0-29(9) 914 26-8
Cpx A(3) 53-8(1)  0-5(1) 3-4(3) 2:05(2) 39(3) 0-11(2)  19(1) 15-9(2) 1-2(2) 897 884 287
Plag A(4) 64(2) 0-17(5)  22-1(5) 0-04(6) 0-17(9) 0-2(2) 4(1) 9-3(4) 19-9
Sp C(4) 1:3(1) 17-4(9) 51(2) 14-8(3) n.d. 15-3(9) 64-9 66-3
Gl A(4) 59:7(1)  1-4(1) 17-7(1) 0-14(9) 3-4(0) 4-2(1) 39(1) 9-5(2) 689 314
T (°C) Sample Phase Analysis SiO, TiO, AlL,O3 Cry03 FeO NiO MgO Ca0 Na,O Mg# Ca# Cr#
mount no. type
1180 N74 ol A(5) 42-0(6) 0:06(4) 0-1(2) 0-2(1) 7(1) 0-4(2) 50-2(4) 0-19(8) 92-8
Opx A(5) 56-7(3) 0-36(9) 1-8(3) 1-3(1) 5-0(2) 0-2(2)  32:0(4) 2:2(4) 0-42(4) 919 32:8
Cpx A3) 54-4(3) 0-7(2) 3:0(4) 2:66(1) 2:8(2) 0-2(1) 18-9(6) 15-7(0) 1-64(1) 924 841 375
Plag A(5) 63-5(9) 0:2(1)  22-4(5) 0-2(2) 0-3(1) 0-11(7)  0-4(4) 3-8(6) 9-2(6) 184
Sp C(4) 1:31(1) 15-8(6)  55-0(6) 11-5(8) n.d. 16-4(5) 717 701
¢]] A(7) 60-9(3) 1-41(2) 18-2(2) 0-1(1) 213(2)  39(1) 3-0(1) 10-2(1) 766 24-8
1180 N75 ol A(5) 42-0(4) 0-04(4) 0-03(5) 0-20(8)  6:9(6) 0-46(9)  50-0(5) 0-3(2) 92-8
Opx A(5) 56-3(4) 0-37(6)  2:0(2) 1-3(1) 5-9(2) 0-4(2)  31-3(3) 2-:0(1) 0-46(8) 904 30-0
Cpx A(5) 54-7(7) 1-3(1) 2-9(3) 1-93(6)  2:7(6) 0-3(2) 18(1) 16-2(9) 1.78(4) 924 834 307
Plag A(2) 63-1(6) 0-18(5) 22-9(2) 0-11(6)  0-19(6) 0-03(4) 0-17(9)  4-1(2) 9-2(2) 19-8
Sp C(4) 169(2) 16:2(5)  54(1) 11-8(5) n.d. 16-6(2) 7156 69:0
Gl A(5) 60-6(3) 1-49(2) 18-3(4) 0-2(2) 2:0(1) 4-1(3) 3-4(1) 10-0(2) 783 271
1180 N76 Ol A(5) 42-0(8) 0-03(3) 0-01(3) 0-1(1) 89(2) 0-80(8)  48(1) 0-2(1) 90-6
Opx A(8) 56-2(3) 0-6(2) 2:13(4) 1-33(1)  55(5) 0-3(1)  31-4(4) 2:1(3) 0-41(6) 910 29-5
Cpx A(3) 55(1) 0-9(6) 2-8(9) 2:25(5)  31(7) 0-2(1) 18-3(6) 16(1) 153(2) 913 856 352
Plag A(7) 62-8(5) 0-23(9) 23-0(3) 0-1(1) 0-3(2) 0-04(6)  0-2(1) 4-4(4) 89(3) 216
Sp C(7) 2:05(3) 16(2) 51(2) 15(1) n.d. 16(1) 65-3 676
Gl A(4) 58-8(3) 2:15(2) 18-0(5) 0-11(8)  3213) 4-4(4) 41(1) 9:3(1) 710 326
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Table 3: Continued

T (°C) Sample Phase Analysis SiO, TiO, Al,03 Cr,03 FeO NiO MgO Ca0 Nay,O Mg# Ca# Cr#
mount no. type
1160 K99 ol A(4) 41-4(5) 0-07(6) 0-3(2) 0-05(5)  9(1) 1-3(4)  48(1) 0-04(5) 90-1
Opx A(4) 58-2(2) 0-02(3) 0-77(1) 0-38(7)  4-3(1) 0-2(1)  354(1) 053(2) 018(5) 937 251
Plag A(3) 67(2) 06(2)  20-4(3) 0-2(2) 0-4(2) 0-3(2) 007(7) 11(1) 0-4
Sp C(2) 1-2(4) 6-3(3) 63(3) 17-9(0) n.d. 12(1) 54-1 87-0
Gl A(3) 63-7(1) 1:3(1)  20-2(1) 0-1(1) 1-1(2) 2:1(1)  006(3) 11-4(1) 773 05
1160 L43 Ol A(4) 41-4(2) 0-21(8) 0-06(6)  8(1) 0-3(3) 50(1) 0-07(4) 917
Opx A(7) 57-7(9) 0-2(2) 2(1) 0-5(2) 4-5(6) 0-1(1)  35(1) 0-3(2) 0-3(3) 932 169
Plag A(5) 67-7(4) 0-3(1) 19-6(1) 0-03(6)  0-17(6)  0-02(4) 0-2(1)  0-2(1) 11-7(1) 10
Sp n.d.
¢]] A(5) 63-2(1) 12(1)  20-3(1) 0-1(1) 1-3(2) 2:3(1)  003(3) 11-4(1) 761 03
1160 L59 ol A(2) 41-2(1) 0-14(9)  81(2) 0-4(1) 50-0(2)  0-03(4) 917
Opx S 581 0-05 0-53 0-26 4-6 0-22 359 0-19 0-1 933
Sp n.d.
Gl A(4) 64-2(5) 0-8(3) 18-5(5) 0-01(2)  2:4(2) 3-2(3) 0-14(3) 10-8(4) 703
1160 L60 ol A(2) 40-59(2) 0-04(6) 10-04(9) 0-49(2) 486(3) 0-11(1) 89-6
Opx A(2) 57-9(1) 0-01(1) 0-88(1) 0-28(2)  45(2) 35:7(3) 0-50(1)  0-20(1) 93-4
Sp n.d.
Gl A(4) 60-4(4) 0-8(5) 17-9(6) 0-10(7)  39(2) 473 312) 90(3) 681
T (°C)  Sample Phase  Analysis  SiO, TiO, Al,03 Cr,03 FeO NiO MgO CaO Nay,O Mg# Ca# Cr#
mount no. type
1190 N64 ol A(5) 42-1(3) 0-17(8) 52(8) 0-2(1) 52-2(6) 0-15(2) 947
Opx A(6) 58-4(2)  0-06(4) 0-68(7) 0-37(7) 45(2) 35:3(2) 0-53(5) 0-10(6) 933
Sp n.d.
Gl A(8) 61-3(1)  1-11(8)  19:0(1) 0-03(4) 1-7(3)  0-05(5) 4-0(2) 2:82(8) 100(2) 813

T (°C), experimental temperature with a correction of +20°C for the ‘three capsules in one large capsule’ experiments.

Analysis

type: A(b), average of five; C(2), average of two corrected analyses; S(1), selected single analysis; CS(1), selected
corrected analysis selected because the spinel analysis required least removal of overlap of surrounding phase; n.d.,
not determined, because of small size of phase. Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Plag, plagioclase;

Sp, spinel; Gl, glass (liquid).

Glass compositions

Glass compositions correlate with temperature (Fig. 4) and
show very good correlations among particular oxide pairs
and ratios (Fig. 5). Oxide vs MgO correlations are strong
for SiOy, CaO and Nay,O but poor for FeO and Al,Os.
The small apparent variation in TiOy (1-15%) within
each group does not correlate with MgO variations.
CryO3 contents are at the limit of detection for our analyt-
ical conditions and apparently do not correlate with MgO.

Olivine

Olivine compositions vary from Mg#fq, to Mg#fgs, with
the compositions determined by the bulk composition and
extent of melting within the charge. Within the Ca-rich
melts, the olivines consistently have ~0-3% CaO, match-
ing the values of olivine phenocrysts in basaltic magmas

of tholeiitic and alkali olivine basalt character. As we have
not used optimal electron beam and analytical parameters
to analyse for nickel, we have not attached any significance
to the variability of NiO contents reported inTable 3.

Orthopyroxene

In addition to Mg# variability, which parallels that in
coexisting olivine, orthopyroxenes show variation in the
Tschermak’s silicate component [i.e. (2-Si or "VAl) in struc-
tural formulae] and in Cr content, assumed to enter ortho-
pyroxene as GaCrAlSiOg or (Mglke)CrAlSiOg. Excellent
positive correlations exist between the Cr#f of orthopyrox-
ene, coexisting clinopyroxene and spinel (Fig. 6a).
Correlations between CroOg and Na,O contents of both
orthopyroxene and clinopyroxene are also observed
(Fig. 6¢ and f). In the CaO-absent compositions, our data
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Fig. 4. Glass compositions (Table 3): correlations between nominal
experimental run temperature and two significant chemical variables
(a) MgO, (b) Ca#ft [CaO/(CaO +NayO] (mol). Symbols denote
nominal run temperatures (see key) and are used in all subsequent fig-
ures. Filled symbols have five-phase + liq assemblages; open symbols
lack olivine (opx +cpx + plag+sp +1iq); asterisk (1160°C) denotes
absence of clinopyroxene (ol 4 opx+ plag+sp+1liq). It should be
noted that the strong correlation of MgO with temperature implies
similar correlations between temperature and other oxides as dis-
played against MgO in Fig. 5.

show a small NaCrSisOg solid solution component in
orthopyroxene in the absence of Cr-Tschermak’s silicate
solid solution. This component decreases with increasing
Ca#f in coexisting plagioclase. Some of these minor solid
solution correlations are at or below accepted limits of de-
tection by energy dispersive X-ray microanalysis (e.g.
Na,O < 015wt % in orthopyroxene). Nevertheless, the
low concentration data are consistent with trends defined
by higher concentrations in relevant phases.

Clinopyroxene

Clinopyroxene demonstrates similar trends in Mg#f,
Tschermak’s silicate and Cr#f to orthopyroxene and
spinel. The Ca## of clinopyroxene and the CaO content
o orthopyroxene correlate with plagioclase An content
and decrease from the calcic to sodic end of the
five-phase + Liq cotectic (Fig. 6¢). Marked positive correl-
ations exist between the Cr## and Na contents of pyrox-
enes (Fig. 6e and f) and both are negatively correlated
with Ca#f of coexisting plagioclase (Fig. 6d). Also, IVAICPX
is positively correlated with the CaZf of plagioclase.

Plagioclase

Plagioclase analyses in general demonstrate excellent stoi-
chiometry provided that analysed MgO and FeO contents
average <0-5 and <04 wt % respectively. A few examples
departing from ideal stoichiometry are attributed to inter-
ference from enclosing glass. Ca and Na are used to calcu-
late the An content, rather than using Si or Al values in
the structural formulae.

Spinel

Spinel proved to be the most difficult mineral to analyse,
mainly because of its small grain size. Also, in some experi-
ments, early crystallization of MgAlyOy-rich spinel and
consequential reaction towards Cr-rich spinel led to man-
tling of MgAlyOy-rich spinel by plagioclase. In such cases
preferred spinel compositions were those in glass or those
with maximum (FeMg)Cr,O,4 content among the inclu-
sions in plagioclase. For those spinels with initial analysed
Si0y contents <15%, the calculation of spinel stoichiom-
etry indicated low magnetite solid solution, consistent
with low fO, conditions of ~FMQ to FMQ — 1 (where
FMQ is the fayalite-magnetite—quartz buffer) for our ex-
periments. Cr#‘sp and Ang,, correlate negatively
(Fig. 6b). In detail the Cr#,, compositional ficld in the
six-phase assemblage widens as An,, increases. Our data
partially define the Cr#f,, compositional variations be-
tween plagioclase-absent lherzolite and spinel-absent lher-
zolite fields on the Cr-rich and Na-rich sides respectively.
Additional experiments that failed to crystallize plagio-
clase or spinel, and are thus ‘“failed’ experiments for the
purposes of this study, also help to limit the six-phase
field. Clinopyroxene is absent in the most sodic compos-
itions. The spinel coexisting with albite in the
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Fig. 5. Glass compositions (Table 3): correlations between oxides and MgO demonstrating the coherence of the dataset. It should be noted that
the ‘olivine-absent’ experiments depart from the main trends in MgO vs SiOg, AlyOs3, FeO, CaO and NayO. Symbols as in Fig. 4.
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Ol 4+ Opx + Plag + Sp + Liq assemblage is the most
Cr-rich observed, at Crgz This composition, together with
the correlation between NayO and CryOj5 in orthopyrox-
ene and clinopyroxene noted previously, illustrates reac-
tions such as

albite + forsterite+picrochromite =
2NaCrSipyOg+-enstatite + spinel

anorthite + forsterite 4+ picrochromite =
CaCrAlSipOg+-enstatite + MgCrAlO,.

Such reactions among solid phases and within the liquid
phase emphasize the variance within the natural system.

Links between mineral solid solutions and
glass compositions

Within the dataset for the composition of glasses
that are multiply saturated (five phases) at 0-75 GPa

(Tables 2 and 3), the dominant correlation is between Ca/
(Ca+Na) (Ca#f) of glass and plagioclase. Temperature
varies along the five-phase + Liq cotectic from 1240°C at
the calcic end to 1160°C at the sodic end. Mineral compos-
itions vary systematically along the trend with correlations
between solid solutions in coexisting phases. At the sodic
end of the five-phase + Liq compositional spectrum, the
limiting composition of plagioclase is AnjgAbgy. For the
most sodic compositions (Abgg100) diopside is absent, and
as the plagioclase changes from Anjg Abgy to Any Abjgg
the CaO content of orthopyroxene composition changes
from ~2-2% at clinopyroxene saturation to 0% in the
Ca-free system.

Ca vs Na partitioning between glass and minerals

The positive correlation between Anyj,e, Ca#fyiq, and Ty
illustrates the dominant role of the plagioclase solid solu-
tion in determining the solidus temperature of the
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Fig. 8. Diagrams illustrating the Fe—Mg partitioning between liquid
and olivine, and spinel (a), and between liquid and both orthopyrox-
ene and clinopyroxene (b). Symbols as in Fig. 4.

spinel + plagioclase lherzolite assemblage (Figs 4b and 7a).
Excellent positive correlations appear between the Ca#f
of glass and coexisting Ca- and Na-bearing phases includ-
ing plag, cpx and opx (Figs 6 and 7).

Mg—TFe partitioming between glass and minerals
Good positive correlations appear between the Mg#f of
glass (liquid) and all coexisting ferromagnesian minerals
(Fig. 8). Although for a single composition we expect the
Mg## of glass and coexisting minerals to increase with
increasing temperature, our approach of changing bulk
compositions to locate the six-phase field means that at a
given temperature we may have a range of Mg## in both
glass and minerals, reflecting the extent of partial melting
in different bulk compositions.

Thus our experimental strategy of maximizing the vari-
ation in Na/Ca of bulk compositions and maintaining
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Fig. 9. Relationships between experimental temperatures and calcu-

lated temperatures using the olivine-liquid Fe—Mg relationship of

Herzberg & O’Hara (2002), showing that only the calcic liquids
agree in temperature values (a) whereas there is fairly good agree-
ment between observed and predicted composition for all except the
Ca-free compositions (b). Symbols as in Fig. 4.

Mg#f near 90 means that we do not observe a good correl-
ation between 7 and Mg#£ of glass or minerals. For the
same reason, and also because of the marked difference in
molecular weight between MgO and FeO, we observe
only a poor correlation between MgO and FeO in oxide
(wt %) plots of the glass compositions (Iig. 5d).

COMPARISONS BETWEEN

THE EXPERIMENTAL MINERAL-
GLASS CORRELATIONS AND
PREDICTIVE MODELS
Crystallization T and Mg7f of olivine

Our data for the highest temperature (>1225°C) and most

calcic compositions  (Anp, >80; CaOpe=8-14%;
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Fig. 10. Relationships between (a) experimental temperatures
and calculated temperatures, and (b) experimental and calculated
plagioclase compositions for plagioclase—glass pairs, using the model
of Ariskin & Barmina (1990) (see text). Symbols as in Fig. 4.

MgO, e, =7-11%) are a good fit to the empirical models
relating crystallization 7 and Mg#£ of olivine (Ford et al.
1983; Herzberg & O’Hara, 2002) (Fig. 9). The
model-predicted 7 is similar to or, at most, 10°C higher
than the experimental 7. However, the predicted 7 does
not fit the experimental crystallization 7 of olivine in inter-
mediate and sodic melts (Any,e <53 CaOyee <5%:;
MgO,e <5%). Indeed, these last data fall outside the
range of the database used for calibration by Herzberg &
O’Hara (2002). Also, the predicted olivine Mg## is similar
to or higher by 1-2 units than the experimental olivine
Mg# in both the calcic and sodic groups. Similar conclu-
sions apply if the models of Ford et al. (1983) or others are
used, suggesting that current models of olivine-liquid equi-
librium do not adequately address intermediate to sodic
liquids.

Crystallization 7T and An,,,
We have compared our experimental data for composition
and temperature for plagioclase—glass pairs with the em-
pirically derived model of Ariskin & Barmina (1990)
(Fig. 10). Observed and predicted temperatures are in
fairly good agreement for sodic glasses and plagioclase but
not for calcic compositions. Conversely, predicted plagio-
clase compositions are in good agreement with experi-
plag =90) but not for
sodic compositions. These comparisons suggest that our

ments for calcic compositions (An

new experimental data may be useful in modifying exist-
ing models of melt—plagioclase equilibrium.

MELT COMPOSITIONS IN THE
CRNFCMAS SYSTEM AND
COMPARISONS WITH SIMPLER
CMAS, NCMAS AND FCMAS
SYSTEMS

Melt compositions from this study in the
CrNFCMAS system

We have demonstrated above the correlations between
oxide concentrations and ratios in melts and mineral solid
solutions showing that in the ‘natural’ chemically complex
system, the compositions of the multiply saturated melts
in plagioclase + spinel lherzolites have restricted compos-
itions, varying continuously, and are particularly sensitive
to the composition of plagioclase. This suggests that the
most informative presentation of our data is based on nor-
mative mineralogy using the normative components oliv-
ine, diopside—hedenbergite, plagioclase and quartz (the
CIPW norm).

As normative mineral solid solutions have defined stoi-
chiometry and to avoid the distracting effects of different
molecular weights for magnesium and iron end-members,
or sodium and calcium end-members of solid solutions, we
use a molecular rather than weight per cent expression of
the CIPW norm. Our liquid compositions are expressed
in  molecular proportions of standard mineral
end-members rather than as oxide percentages.

Finally, because our liquid compositions vary con-
tinuously from silica oversaturated and quartz-normative
to silica undersaturated and nepheline-normative, we
plot the data within the tetrahedron Olivine (Ol)—
Diopside-Hedenbergite  (Di) —Quartz  (Qz) — (Jadeite
(Jd) + Galcium Ischermak’s silicate (Cals) 4 Leucite)
(JCL), projecting from either the Di or Ol apex onto the
opposite face.

The use of the normative projection also facilitates com-
parison between the cotectic in the CrNFCMAS system
and cotectics and phase boundaries in the simpler systems
such as CMAS, NCMAS and FCMAS.
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Fig. 11. Glass compositions from Table 3 and Figs 310, projected into the normative basalt tetrahedron, illustrating the relatively narrow com-
positional variation of the liquids on the plagioclase lherzolite five-phase +liq cotectic and their transition from quartz-normative to
nepheline-normative compositions (i.e. crossing the Di, Ol, Plag plane). It should be noted that the five-phase +1liq field terminates at the
most silica-undersaturated glasses and the bold dashed line links to the Ca-free data points (*) along an Ol 4+ Opx + Plag 4 Sp + Liq cotectic
with decreasing CaO in orthopyroxene and glass. The light dashed lines are drawn to limit the five-phase + liq field indicating positions with
different Mg# [contour separation (i.c. from olivine of Mg to Mggg) is in the same direction but appears greater than the FCMAS regression

of Gudfinnsson & Presnall (2000)]. Symbols as in Fig. 4.

When projected into the basalt tetrahedron (Figs 3 and
11-15), the data illustrate liquid compositions on the
‘five-phase + Liq’ cotectic between 1240°C and 1180°C
from Ang, to Anjg. At 1160°C and An;, Di did not crystal-
lize and the liquid composition is on the four-phase + Liq’
cotectic. The liquid compositions define a compositional
band (see Fig. 11) rather than a line. This is due to the re-
spective effects of Ca—Na, Mg—Fe and Cr—Al exchanges at
T decreasing from 1240° to 1180°C.

Comparisons with CMAS, NCMAS,

FCMAS experiments at 0-75 GPa

The trend in the complex system (our results) is in agree-
ment with that in the NCMAS system (Walter &
Presnall, 1994) and our new data extend to more sodic
liquids than previously explored. Also, in the complex
system, liquids on the five-phase 4 Liq cotectic are dis-
placed towards the Qz apex in the projection from Di rela-
tive to the four-phase+ Liq cotectic (spinel absent)

defined by the CMAS and NCMAS data. With the add-
ition of CryOj3 in excess of that which can be accommo-
dated in pyroxene solid solution, we introduce an
additional phase, Cr—Al spinel. This additional phase
causes a significant shift from the “four-phase 4 Liq’ cotec-
tic (spinel absent) in NCMAS to the five-phase + Liq
cotectic in the complex system. The latter cotectic is ex-
pected to be applicable to natural rocks in which spinel
with a variable Cr#f is a characteristic accessory or minor
phase.

The experimental data on mineral compositions demon-
strate that the major solid solutions are: Na vs Ca in plagio-
clase, but also observable in pyroxenes; Fe vs Mg in
olivine, pyroxenes and spinel, but deliberately restricted
by our choice of compositions; and Al vs Cr in pyroxenes
and spinel. In attempting to understand relationships be-
tween melt compositions and mineral compositions, the
effects of these solid solutions are interactive and
cumulative.
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Fig. 12. As for Fig. 11 with the addition of the CMAS four-phase +liq invariant points at 0-75 GPa from the regressions of Gudfinnsson &
Presnall (2000) in FCMAS (CMAS-Ie) and Walter & Presnall (1994) in NCMAS (CMAS-Na), and the CMAS four-phase + liq invariant
point at 1'1GPa (CMAS-Cr) from Liu & O’Neill (2004). In each case a vector is drawn from the CMAS invariant point along the
four-phase + liq cotectic with increasing Fe, Na or Cr in olivine, plagioclase or spinel respectively. The vectors show the movement from Fo,g
to Fogp in the FCMAS system, Anjgg to Anss in the NCMAS system and Cry to Crsg in the CrCMAS system. Comparing the simple systems
with the complex system, which must integrate the complementary effects of each of the additional components, it is evident that the dominant
effects on melt compositions relative to the CMAS system are the addition of another phase (aluminous and chromian spinel), resulting in sig-
nificant shift of the four-phase 4-liq invariant point in CMAS to the five-phase +liq cotectic in the complex system, and the dominant role of
the plagioclase solid solution in determining the normative compositions and degree of silica undersaturation of liquids in equilibrium with

spinel-bearing plagioclase lherzolite. Symbols as in Fig. 4.

In this section we refer to experimental studies that have
demonstrated the effects of each substitution on the
CMAS six-phase invariant point and use this information
to qualitatively interpret the observed shifts in melt com-
position in the complex composition.

Figure 12 illustrates the composition of liquid in equilib-
rium with forsterite, enstatite, diopside and anorthite
(CMAS system) at 0-7-0-75 GPa from three related stu-
dies: CMAS (Presnall et al., 1979, NCMAS (Walter &
Presnall, 1994) and FCMAS (Gudfinnsson & Presnall,
2000). The small differences in the position of the invariant
point for CMAS at 0-75 GPa reflect the different regres-
sions derived for the univariant curve in the NCMAS and
FCMAS systems. These curves are plotted for Anjy to
Anss in the NCMAS system and for Foyy to Fogy in the
FCMAS system. There is a significantly higher normative

diopside content in the position of the invariant point cal-
culated for Anygy, Foigg derived from the FCMAS data
than that derived from the NCMAS study (illustrated in
the projection from olivine, Fig. 12a). However, the data
overlap in the projection from diopside (Fig. 12b). Each of
the projections illustrates the ‘vector’ of compositional
change of liquid from the CMAS point with increasingly
sodic plagioclase and increasingly iron-rich olivine. The
movement of the Ol + Opx + Cpx 4 Sp + Liq univariant
boundary at 11 GPa in the CrCMAS system from Liu &
ONeill (2004) is also plotted, beginning at the CMAS
point calculated for this pressure, and moving with
increasing Crr##. The new experimental data are examined
using the approximation that the compositional ‘vector’
derived in this study at 11GPa is also applicable as a
Cr#f vector at 0-75 GPa.
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Fig. 13. As for Fig 12, illustrating the text discussion of the causes for the compositional differences between liquids saturated with anorthite-rich
plagioclase from two sets of 3-in-1 capsules; that is, three experiments at 1240°C (M96-98) and three experiments at 1230°C (M85-87) in
which the compositions of plagioclase, spinel, pyroxenes and olivine also vary within small ranges. As the temperature difference is within ex-
perimental uncertainty, the different liquid compositions should be consistent with the compositional shifts in the coexisting minerals (see

text). Symbols as in Fig. 4.

In summary, in comparing the new data with FCMAS,
NCMAS and CrCMAS data, the dominant effect of the
plagioclase solid solution is confirmed. An additional very
significant shift of liquids to more siliceous compositions
(higher normative quartz) is attributed to the appearance
of an additional phase (chrome—-alumina spinel). Indeed,
when comparing six-phase assemblages at 0-75 GPa with li-
quids on the Ol4 Opx+ Cpx+ Plag+Liq cotectic
(spinel-absent in Cr-absent compositions), the latter are
less siliceous and plot closer to olivine or hypersthene in
the normative tetrahedral plots. We expect that as CryOs5
concentration increases and enters pyroxene solid solu-
tions, liquids move with the four-phase 4+ Liq surface to-
wards the spinel-bearing five-phase + Liq surface in
compositional space.

Importance of Na/Ca, Fe/[Mg and Cr/Al
exchanges between liquid (glass) and
coexisting minerals in a complex system
In the following discussion, the new data are examined for
evidence of shifts in liquid composition attributable to the

Na/Ca, Fe/Mg and Cr/Al ‘vectors’ defined in the simple
system studies.

Six experiments constrain the six-phase cotectic (sol-
idus) at 0-75 GPa for lherzolite with Ang, to Ang; plagio-
clase, magnesian olivine and chrome-alumina spinel
(Fig. 13). The six experiments (M85, M86, M87 and M96,
M97, M98) are from two of the 3-in-1 capsules nominally
run at 10°C difference in temperature. The relative plotting
positions of these liquid compositions should be interpret-
able in terms of Na vs Ca, Mg vs Fe, and Al vs Cr ex-
changes between the liquid (glass) and coexisting
minerals.

M98 and M85 have plagioclase of Angs.o and Angs; re-
spectively, olivine and pyroxenes with Mg#£ of ~92 and
~93-5 respectively, and Cr#f of spinel of 202 and 204 re-
spectively. The plotting positions of their glass compos-
itions in the tetrahedral projections are overlapping. M96
and M86 glass compositions also overlap with each other
in the tetrahedral plot. They have plagioclase of Angg and
Anggy.o respectively, olivine and pyroxenes of Mgg g9, but
a different spinel (Cr#f =41) from the previous pair. The
shift from the M98-M85 pair position to the M9I6-M86
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Fig. 14. As for Figs 12 and 13, illustrating the text discussion of the causes for the compositional differences between liquids saturated with inter-
mediate plagioclase. The anomalous position of the liquids from N55 (Angg) and M4 (Ang;) is apparent and these liquids are not in equilib-
rium with olivine but lie on Opx + Cpx + Plag + Sp + Liq cotectics (see text). Symbols as in Fig. 4.

pair position is attributable to the slightly more calcic
plagioclase, more iron-rich olivine and pyroxenes, and
more chrome-rich spinel in the M96-M86 pair; that is, a
compositional shift resulting from three small composition
vectors materializing the exchanges Na vs Ca, Mg vs Fe,
Al vs Cr.

Also, M97 has olivine, pyroxenes and spinel with Mg##
and Cr#f matching M98. Thus the shift from M97 to
M98 glass compositions must be attributed to their mark-
edly different plagioclases (respectively Angs.g and Angs.o).
This means that the data ‘calibrate’ a shift of the
pseudo-invariant point owing to 10 mol % An. M87 has
Cr#t in spinel and Cr#f in pyroxenes that are similar to
those in M96 and M86. However, M87 is more iron rich
and has more calcic plagioclase (Angs., compared with
Angg and Angy.o). The shift of M87 glass relative to the
M96-M86 pair is thus consistent with a resultant from
the plagioclase Ca#£ vector and the olivine and pyroxenes
Mg# vector.

Turning to compositions with intermediate plagioclase
composition (Fig. 14), N56 and K98 have plagioclase of

Anj and Anss respectively. They have very similar Cr#f
in spinel and both pyroxenes. Olivine, pyroxenes and glass
have lower Mg# in K98 than in N56. Three other experi-
ments have intermediate plagioclase compositions. N55
and MI4 have Angg plagioclase, very similar spinel
(Cr#ts9 and Cr#fs) and pyroxenes with similar Cr#f.
They differ from each other only in Mg# in pyroxenes
and glass. However, the glass compositions are very differ-
ent from those in K98 and N56, with much lower Na,O
contents. M14 does not contain olivine. Although N55 has
olivine, it is only at the capsule ends and is separated
from the glass-rich area by orthopyroxene. We suggest that
despite the glass-rich character of part of the charge, the
glass is in equilibrium with a ‘gabbroic’ (olivine-absent)
residue. Therefore both N55 and M14 glasses are inferred
to be on the Opx+ Cpx+ Plag+4Sp+ Liq cotectic.
Plagioclase is more calcic and spinel more Cr-rich than
phases on the five-phase 4+ Liq cotectic at ~1210°C. Also,
pyroxenes and liquids are more Fe-rich than liquids at the
same temperature but on the five-phase +liquid cotectic.
Olivine is absent from MI3 glass. Relative to N55 and
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Fig. 15. As for Figs 12-14, illustrating the text discussion of the causes for the compositional differences between liquids saturated with sodic
plagioclase, including liquids in the Ca-free system in which clinopyroxene is absent. The small open circles are liquids (see text) that are not
saturated in plagioclase or clinopyroxene (i.e. spinel harzburgite residues) but in which different CaO contents and temperatures demonstrate
movement of liquids off the five- or four-phase +liq cotectic towards refractory harzburgite residues. Symbols as in Fig. 4.

M14, MI13 contains a more sodic plagioclase (Ansy), glass
and pyroxenes with a higher Mg#£, and spinel and pyrox-
enes with a lower Cr#f. MI3 glass and plagioclase are
very similar to those of N56 and K98. The M13 glass plot-
ting position is consistent with the differences in Mg#f
and Ca# from these experiments. It appears that
although olivine is not present, the liquid in MI3 has
moved very little from the olivine-saturation surface.

At the sodic end, N74, N75 and N76 (3-in-1 capsule ex-
periment) include very similar mineral assemblages with
small shifts of glass compositions attributable to Mg#f
and Ca#f vectors as defined in the more calcic compos-
itions (Fig. 15). K89 and N75 have very similar plagioclase
and spinel. The small K89 shift is attributed to the Fe
vector. At a slightly higher temperature, N63 has more
calcic plagioclase and more magnesian olivine and pyrox-
enes but the same spinel Cr# as N76. The shift in glass
compositions is consistent with Mg## and particularly
Ca#t vectors. In N62, glass analyses are abnormally
spread. Selection of the group with lowest normative

jadeite gives a glass composition consistent with the other
compositions. Spinel was not analyzable. On the basis of
the lower Cr#f in both pyroxenes of N62 relative to N63,
we infer that spinel in N62 has lower Cr#£ than N63

K99 and L43 experiments were single-capsule experi-
ments in AuPd capsules (24 h) and ‘olivine in AuPd’ cap-
sules (3 days) respectively. As these experiments had only
a minor CaO content (from the natural orthopyroxene
used in the starting mix) diopside is absent. The liquid no
longer lies on the diopside-saturation surface (Fig. 15).
Glass and mineral compositions in the two runs are very
similar. In the projection from olivine, they lie on the
corundum-normative side of the join Qz(Hy) to
(Jd + Cdly). Spinel in K99 is very Cr-rich. Spinel in L43
was not analyzable. It is inferred that with decreasing
CaO contents in orthopyroxene and the absence of clino-
pyroxene, liquids saturated with Ol 4 Opx + Plag 4+ Sp
would vary with plagioclase from ~Anjg to Any as CaO
content in orthopyroxene decreased from ~2:1% (N74—
N76) to 0% (Fig. 15).
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Fig. 16. Comparison of selected MORB glasses with liquid compositions in equilibrium with plagioclase lherzolite at 0-75 GPa. Based on the ex-
perimental liquid compositions, glasses were initially selected on the basis of MgO >7 wt %, FeO <8 wt %. Glasses from the PETDB database
(www.petdb.org) are plotted as small open circles. These glasses have 61 <Mg# <69. Glasses from Danushevsky (2001), selected on the same
criteria, are plotted as small filled circles and have 62 < Mg## < 69. These relatively primitive or parental glasses do not resemble melt compos-
itions in equilibrium with plagioclase lherzolite at 0-75 GPa. The small arrow and open triangle in (b) shows the calculated low-pressure frac-
tionation trend modeled by PETROLOG (Danyushevsky, 2001) for olivine and plagioclase separation (see text).

Harzburgite residues with sodic melts

In Fig. 15, there are three data points (small open circles)
for melt compositions in equilibrium with spinel harzburg-
ite residues; that is, plagioclase and clinopyroxene are
absent. One of these (N64; Tables 2 and 3) is at the same
temperature (1190°C) as the five-phase saturated melts of
N62 and N63. The absence of both plagioclase and clino-
pyroxene is due to the much more sodic bulk composition.
Similarly, at lower temperature (1160°C), layered experi-
ments (159, L.60) have the assemblage of spinel harzburg-
ite residues at a temperature within error of the
Ol 4 Opx + Plag + Sp + Liq minimum melt of K99 and
L43. The analyzed liquid of L.59 lies on a trend from the
minimum melt in the sodic system controlled by spinel
harzburgite residue. Similarly, L60 and N64 experiments
have the same bulk composition but are at temperatures
~30°C apart. Both lie on the spinel harzburgite cotectic,
along a vector towards orthopyroxene from a point on the
Ol + Opx + Plag 4 Sp + Liq cotectic. As the bulk compos-
itions are not calcium free, the orthopyroxenes have Ca

contents below that required for clinopyroxene saturation
but reflecting the Ca contents of the coexisting melts.

Plagioclase + spinel lherzolite residues and
basaltic to ‘trachytic’ melts

The experimental data in complex ‘natural’ compositions
demonstrate the compositional variance possible in basalt-
ic compositions at 0-75 GPa. Liquids remain saturated
by a five-phase (Ol 4+ Opx + Cpx + Plag 4+ Sp) lherzolite
mineralogy in which the mineral compositions are a close
match with those of natural lherzolites.

The study brings together two approaches to the deter-
mination of lherzolite near-solidus melt compositions. The
compositional shifts of melt compositions attributable to
addition of components one by one to the CMAS system
(the approach to complexity from a well-characterized
simple system) can be discerned and at least partially
resolved in the new data.

A consequence of this should be an improvement in
empirical and thermodynamic modelling, as the data
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characterize both melt compositions and mineral solid so-
lutions. It demonstrates empirically the limitations that
apply to mineral compositions because of coupled reac-
tions among the coexisting phases. Thus referring to the
data discussed and to Fig. 6 plotting An(Plag) vs
Cr#£ (spinel), we infer that at 0-75 GPa, if the plagioclase
is Angy to Ang;, the limiting Cr## of spinel on the plagio-
clase lherzolite solidus is approximately 20<Cr#<50. A
more aluminous spinel (Cr#<20) will react with pyrox-
enes to increase the anorthite content of plagioclase. A
more Cr-rich spinel (Cr#£50) will react with plagioclase,
reducing its An content, to form aluminous spinel and pyr-
oxenes. Considering natural lherzolites at 075 GPa, a
spinel with Cr##>50 will occur in the melting interval in
two conditions: either the An content of plagioclase pre-
sent i3 below Ang, or the plagioclase is eliminated and
then melt is in equilibrium with Ol + Opx 4 Cpx + Sp. In
that case, the alumina contents (and Cr##) of the pyrox-
enes track the spinel composition through coupled reac-
tions involving NaCrSisOg, Tschermak’s silicate and
Cr-Tschermak’s silicate solid solutions in pyroxenes. At
Any, spinel does not become Cryg because of coupled reac-
tions with chromite and pyroxenes, as noted above.

If pressure is decreased, then we expect the limiting
spinel compositions that can coexist with Ang, plagioclase
at the plagioclase lherzolite solidus to become more
Cr-rich. If pressure is increased then the limiting spinel
compositions on the plagioclase (Angg) lherzolite solidus
will become less Cr-rich.

It should be emphasized that cooling of a plagioclase
lherzolite below the solidus at 0-75 GPa will also change
the spinel, plagioclase and pyroxene solid solutions
(Borghini et al., 2010). The relations illustrated by our ex-
periments are explicitly along the compositionally depend-
ent solidus at 0-75 GPa.

APPLICATION OF
EXPERIMENTAL DATA TO THE
PETROGENESIS OF MID-OCEAN
RIDGE BASALTS

The rationale for our experimental study was summarized
in the ‘Introduction) including reference to models of
mantle upwelling at low potential temperature and melt
production near the ‘cusp’ on the fertile lherzolite solidus.
In this section the compositions of liquids in equilibrium
with a plagioclase + spinel lherzolite residue at 0-75 GPa
are compared with compositions of analyzed glasses from
mid-ocean ridge basalts (MORBs).

The experimental liquids are characteristically rich
in silica and alumina with respect to the broad spectrum
of natural basalts, and also are low in MgO and
iron. These characteristics result in relatively high nor-
mative plagioclase and variations from quartz- and

LHERZOLITE MELT COMPOSITIONS

hypersthene-normative to olivine- and hypersthene-
normative as Ca/Na decreases in the five-phase-saturated
liquids. The plagioclase phenocrysts of natural MORB
are anorthite or bytownite and rarely labradorite (i.e.
Angs to Ang). Plagioclase in natural plagioclase lherzolites
from ocean floor or ophiolite localities is also calcium-rich
(Piccardo et al., 2007, and references therein). Thus the ex-
perimental liquids in equilibrium with plagioclase > Angg
and with Mg# >65 (i.e. in equilibrium with olivine
Mg#>85) are the most relevant to compare with the nat-
ural basaltic glasses.

Noting the very large number of MORB glass analyses
available in the PETDB database (www.¥petdb.¥org), the
first step in seeking for matches with the experimental
liquids was to select glasses with MgO>7wt %,
FeO <8wt %; that is, approaching the Mg# and low
MgO contents of the experimental glasses. Only 118 ana-
lyses met these criteria from the ~16 500 analyses selected
as All spreading centres), ‘Glass’, ‘Electron Microprobe
Analysis’ These natural glasses have 61 <Mg#£ <69; that
is, they are slightly fractionated with respect to mantle re-
sidual olivine. Danushevsky (2001) has created a database
of MORB glasses, including many selected as ‘primitive’
on the basis of the presence of magnesian olivine pheno-
crysts. He has obtained major element, trace element and
water contents for the same glass sample. Although this
database encompasses a much smaller sample set than
PETDB, the selection is biased towards higher Mg#f
glasses, and 38 of the 682 glasses have 62 <Mg# <69
(Danushevsky, 2001) and meet our preliminary screening
criteria for ‘matching’ the experimental liquids. In both
datasets (PETDB; Danushevsky, 2001), there is an inverse
correlation between Nay,O and CaO, with Nay,O varying
from 18 to 42wt % and from 21 to 3-9 wt % in the two
datasets respectively. At first inspection, there are similari-
ties to the experimental liquids on the plagioclase + spinel
lherzolite solidus at 0-75 GPa, where a similar range of
Nay,O contents is characteristic for residual plagioclase
from Ang, to Angs from interpolation between our data
points.

Plotting these 156 glass compositions in the normative
tetrahedron (Fig. 16) shows a significant scatter. Most of
the natural glasses do not overlie the five-phase-saturated
liquids in either the projection from olivine or the projec-
tion from diopside. The more sodic compositions plot in
the nepheline-normative field or close to the plane Ol-
Cpx—Plag. This group of compositions has higher norma-
tive diopside [higher (Ca + Na)/Al] and higher normative
olivine than the liquids, which are in equilibrium with
plagioclase +spinel lherzolite. In addition, the liquidus
plagioclase of these liquids is more anorthitic than
the plagioclase (~Ans;) of the experimental five-
phase-saturated liquids near the plane Ol-Cpx—Plag. The
more calcic of the 156 glass compositions also have higher
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normative diopside contents than the experimental liquids
and most have higher normative olivine contents. We have
not identified any MORB glasses that have compositions
complementary to a plagioclase lherzolite residue at
0-75 GPa, and in particular we have not identified liquids
of magnesian quartz tholeiite character that match our ex-
perimental melts in equilibrium with plagioclase + spinel
lherzolite with plagioclase of Angg_gs.

In seeking evidence supporting the derivation of primi-
tive MORB at low pressures, it is possible that lower
pressure (magma chamber) separation of olivine 4
plagioclase, with plagioclase dominant in the accumulates,
drives derivative liquids away from the plagioclase 4 spinel
lherzolite (residue) position in the projection from olivine,
and away from the plagioclase—olivine join in the projec-
tion from diopside. To test this hypothesis, we used the
PETROLOG program (Danushevsky, 2001) applied to the
N56 liquid composition. Olivine is the predicted liquidus
phase at latm pressure, joined by plagioclase after ~1%
olivine crystallization and by clinopyroxene after ~5%
olivine and ~15% plagioclase crystallization. The deriva-
tive liquids along this low-pressure fractionation trend di-
verge from the field of natural glasses towards lower
normative olivine compositions (Fig. 16). This simple crys-
tal fractionation hypothesis does not reconcile the compos-
itions of the selected MOR glasses with the experimental
0-75 GPa liquids. A further argument against significant
plagioclase fractionation in the most primitive MORB is
the absence of any negative Eu anomaly (Chalot-Prat,
2005, and references therein). With respect to the objectives
of this study, the experimentally determined liquid com-
positions that coexist with residual plagioclase + spinel
lherzolites at 0-75 GPa are unlike any liquids yet identified
among sampled glass compositions from mid-ocean ridge
settings.

As the MORB glass compositions selected have
61 <Mg#t <69 and thus are evolved with respect to equi-
librium with mantle lherzolite, their relation to more
primitive melts would need to be explored using evidence
of phenocryst and melt inclusion compositions. This rela-
tionship could range from simple olivine precipitation
from a more olivine-rich parent magma extracted from
a plagioclase-free lherzolite residue at >1GPa to models
of crustal magma chamber processes with multiphase
crystallization and successive magma chamber replen-
ishment. The two hypotheses could be also combined.
In any case, evidence in the mid-oceanic ridge environ-
ment for coupling between the eruptive process and mech-
anical extension parameters (Stakes et al, 1984;
Chalot-Prat, 2005) is indicative of the existence of shal-
low magma chambers and related structural and
petrological interactions, and not of a shallow depth for
the mid-ocean ridge mantle upwelling and magma segre-
gation process.

In addition, referring to interpretations of mantle refer-
tilization processes that produce natural plagioclase 4
spinel lherzolites by reactive porous flow into residual
high-temperature lherzolite or harzburgite, the experi-
mental data define the compositional path along which
the hypothetical invasive basaltic or picritic liquid will
evolve as an impregnated residue reacts, cools and progres-
sively crystallizes in the uppermost mantle. End-products
(plagioclase 4 spinel lherzolites) with plagioclase varying
from anorthite to bytownite or labradorite may be investi-
gated as possible magma-residue pairs using the experi-
mental data in this study.

CONCLUSIONS

An understanding of mantle melting and MORB petro-
genesis builds upon detailed knowledge of not only liquid
compositions but also liquidus phase compositions. Given
sufficient experimental data encompassing the chemical
complexity (six major and four minor oxide components)
of mnatural rocks, experimental and thermodynamic
approaches may be integrated to construct predictive
models for the covariance of mineral and liquid phase
compositions in P7 space. Our study is a contribution to
this objective; that is, a detailed examination of the com-
positions of liquids at the solidus of plagioclase lherzolite
at a pressure of 0-75 GPa (~27 km depth equivalent).

Liquids at the plagioclase + spinel lherzolite solidus are
saturated in five phases (olivine, orthopyroxene, clinopyr-
oxene, plagioclase and spinel), all of which are solid solu-
tions in which major and minor components are
determined by continuous reactions, including reactions
with fictive components in the liquid. The data of Table 3
and binary plots of Figs 4-8 provide information that can
be integrated with end-member, simple system data to
yield general models of crystal-liquid equilibria.

The major solid solutions that control the liquid compos-
ition at the plagioclase + spinel lherzolite solidus are Na—
Ca, Cr—Al and Fe-Mg. The Fe-Mg exchange is of limited
petrogenetic significance as the mantle composition is
inferred to be relatively constant at ~Mgqo. The experi-
mental data show small effects of Fe-Mg variation, which
are consistent with the direction and magnitude defined
in the FCMAS system (Gudfinnsson & Presnall, 2000).
The Cr—Al substitution in spinel and pyroxenes has an
effect on liquid compositions, also consistent with the com-
position vector defined in the CrCMAS study (Liu &
O’Neill, 2004). A larger effect is evident in the appearance
of spinel as a solidus phase, owing to the addition of Cr to
the CMAS, FCMAS or NCMAS systems at 075 GPa.
Spinel is absent in these simple systems. Its appearance at
the solidus produces a new cotectic (five-phase 4 Liq) at
which the liquid composition for An-rich plagioclase is dis-
tinctly more siliceous and lower in normative olivine than
the four-phase 4 Liq cotectic in CMAS (Fig. 12). This is a
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significant modification to prediction of melt compositions
from the end-member systems CMAS, FCMAS, or
NCMAS. Indeed, the change in liquid composition is a
‘discontinuous’ one, not predictable from the spinel-absent
systems. A similar conclusion applies to the sodic end of
the five-phase +Liq field, where the liquid at the
four-phase + Liq (clinopyroxene-absent) cotectic is well
removed from the limit (at Anyg) of the five-phase + Liq
cotectic (Figs 11, 12 and 15). Within the compositional field
of the five-phase + Liq cotectic, the Cr—Al range expressed
in the spinel and coexisting pyroxenes compositions is lim-
ited by coupled reactions. The Cr—Al range becomes smal-
ler and more Cr-rich as plagioclase becomes more sodic
(Fig. 6b).

It is expected that in detailed comparisons of coexisting
minerals in the experiments and in natural plagioclase
lherzolite, the partitioning of Cr/Al and Na/Ca between
spinel, plagioclase and pyroxene, and of Na/Ca between
plagioclase and liquid will allow P7 determinations, in
addition to existing Fe/Mg and pyroxene ‘solvus’ geotherm-
ometers. The integration of the data obtained in this study
at the solidus with subsolidus mineral assemblages (e.g.
Borghini et al., 2010) should allow improved under-
standing of the conditions of crystallization of natural
plagioclase lherzolites. The detailed mineral compositional
data at the plagioclase lherzolite solidus will provide a
useful template for comparison with natural plagioclase
lherzolite, with a cursory examination showing that nat-
ural assemblages (if assumed to have crystallized at
0-75 GPa) must have crystallized at temperatures well
below the solidus. Where this is the case, the use of minor
or trace element abundances in pyroxenes to constrain
hypothetical coexisting liquids is inappropriate without
first restoring the subsolidus mineral assemblages to solidus
conditions.

The experimental data demonstrate a major role for
plagioclase composition in determining the composition
of liquids in equilibrium with plagioclase lherzolite.
Although there are small compositional shifts of
five-phase-saturated  liquids with Mg#f variation
and with Cr#f of spinel, these are subordinate to the ef-
fects of plagioclase composition. At 0-75 GPa, as plagio-
clase varies from Angs to Anyg, liquids vary from
quartz-normative basalts, through olivine 4+ hypersthene-
normative basalts (basaltic andesites) to nepheline-
normative ‘trachytes’ with 10 wt % NayO, 60 wt % SiO,
and 4wt % MgO. Although examination of particular
oxide concentrations, ratios or binary plots may be used
for favourable comparison with natural MORB (e.g. high
AlyOj5 and high CaO/Al,Os), the use of normative projec-
tions capturing the whole major element composition, and
of key mineral and melt partitioning such as Mg#‘ in oliv-
ine and pyroxenes and An (Ca#£) content of plagioclase,
demonstrates the differences between experimental liquids

LHERZOLITE MELT COMPOSITIONS

equilibrated with plagioclase +spinel lherzolite and
MORRB glasses.

Particular attention is directed to liquid compositions
equilibrated with plagioclase lherzolite at 0-75 GPa,
~1230°C, with plagioclase of Angy to Angs (i.e. similar to
natural plagioclase lherzolites). These liquids do not
match the compositions of natural MORB glasses and pro-
vide no support for hypotheses of separation of MORB
from residual plagioclase lherzolite (i.e. with <l10% melt-
ing of fertile lherzolite) at low pressure. We infer that any
correlations between parental magma compositions and
geodynamic parameters within the plate-tectonics para-
digm are created at deeper levels and not at depths
around 30 km.
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