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Plagioclase peridotites are important markers of processes that char-
acterize the petrological and tectonic evolution of the lithospheric
mantle in extensional tectonic settings. Studies on equilibrated plagi-
oclase peridotites have documented continuous chemical changes in
mantle minerals in response to plagioclase crystallization, potentially
tracing the re-equilibration of mantle peridotites up to very low pres-
sure. This experimental study provides new constraints on the stabil-
iy of plagioclase in mantle peridotites as a function of bulk
composition, and the compositional and modal changes in minerals
occurring within the plagioclase stability field as a function of
P=T~bulk composition. Subsolidus experiments have been per-
Jormed at pressures ranging from 0-25 to 1-0 GPa, and temperatures
ranging from 900 to 1200°C on fertile and depleted anhydrous lher-
zolites modelled in the system Ti05—Cro0 5-NayO—CaO—FeO—
MgO-Al,05-810, (Ti,Cr-NCFMAS). In the fertile lherzolite
(Nay,0/Ca0 = 0-08; X¢, = 0-07) a plagioclase-bearing assem-
blage is stable up to 0-7 GPa, 1000°C and 0-8 GPa, 1100°C, whereas
wn the depleted lherzolite (NayO/CaO = 0-09; X¢, = 0-10) the
upper limit of plagioclase stability is shifted to lower pressure. The
boundary between plagioclase lherzolite and spinel lherzolite has a
positive slope in P—T space. In a complex chemical system, the
Pplagioclase-out boundary s multivariant and sensitive to the X,
value [ X, = Cr/(Cr + Al) | of spinel. Ths latter is controlled by
the reaction MgCri,0y + CadloS1,05 = MgCrAlSiOs +
CaCrAlSiOg which is a_function of the Cr—Al partitioning between
spinel and pyroxenes, and varies with the X¢, value and chromite/
anorthite normative ratio of the bulk composition. Within the
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plagioclase stability field, the Al content of pyroxenes decreases,
coupled with an increase in the anorthite content in plagioclase, and
Ti and X¢, in spinel with decreasing pressure; these chemical varia-
tions are combined with systematic changes in modal mineralogy gov-
erned by a continuous reaction involving both plagioclase and spinel.
As a consequence, the composition of plagioclase varies significantly
over a rather narrow pressure range and is similar at the same P—T
conditions in the investigated bulk-rocks. This suggests the potential
application of plagioclase composition as a geobarometer for plagio-
clase peridotites.

KEY WORDS: plagioclase peridotites; lherzolite; plagioclase—
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INTRODUCTION

Plagioclase-bearing peridotites occur sporadically in pas-
sive continental margin and mid-ocean ridge tectonic set-
tings and represent important geodynamic markers. Their
origin can be related either to metamorphic recrystalliza-
tion at plagioclase-facies conditions or to melt impregna-
tion, and the two processes may imply different thermal
histories (i.e. cold vs hot exhumation) of the lithospheric
mantle in extensional settings (Miintener & Piccardo,
2003; Miintener et al., 2004; Kazmarek & Miintener,
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2008). Metamorphic plagioclase-facies recrystallization
has been documented in a few plagioclase peridotites
from both continental and present-day oceanic settings
(Green, 1964; Hamlyn & Bonatti, 1980; Obata, 1980,
Kornprobst &  Tabit, 1988; Piccardo et al., 1988;
Hoogerduijn Strating et al., 1993; Rampone et al., 1993,
2005; Cannat & Seyler, 1995; Ozawa & Takahashi, 1995;
Takazawa et al., 1996; Fabries et al., 1998; Furusho &
Kanagawa, 1999; Newman et al., 1999; Canil et al., 2003;
Chazot et al., 2005; Montanini e/ al., 2006). In most occur-
rences, these have been inferred to indicate cold tectonic
exhumation of the lithospheric mantle, related to passive
extension and thinning of the lithosphere in the early
stages of development of an oceanic basin. On the other
hand, plagioclase peridotites that originate by melt
impregnation have been largely documented in abyssal
and ophiolitic peridotites (Menzies, 1973; Dick, 1989;
Rampone et al., 1997, 2008; Dikstra et al., 2001, 2003;
Tartarotti et al., 2002; Miintener et al., 2004; Piccardo
et al., 2004a, 20045, 2005, 2007; Cannat et al., 2006;
Borghini et al., 2007; Rampone & Borghini, 2008), and
have been related to the diffuse migration, entrapment
and crystallization of melts within shallow lithospheric
mantle. In many impregnated peridotites, plagioclase is
associated with orthopyroxene and/or olivine as a result of
melt-rock interaction and, therefore, does not imply the
formation of a plagioclase-bearing five-phase mantle
assemblage (i.e. plagioclase, olivine, spinel and pyroxenes).
Nevertheless, recrystallization concomitant and/or subse-
quent to melt entrapment may lead to the development of
plagioclase-bearing equilibrium textures, thus resulting in
equilibration at plagioclase-facies mantle conditions even
in impregnated plagioclase peridotites (Takazawa et al.,
1996; Rampone et al., 2005; Kazmareck & Miintener,
2008).

A few of the available studies on equilibrated plagioclase
peridotites have documented that the spinel-plagioclase
lherzolite transition is indeed a continuous reaction
marked by systematic and progressive chemical changes in
pyroxenes and spinel, in response to the crystallization of
a new Al-bearing phase (Rampone et al,, 1993, 2005;
Ozawa & Takahashi, 1995; Takazawa et al., 1996; Newman
et al., 1999). However, this is poorly supported by parallel
experimental investigations, because few studies have so
far been performed at subsolidus conditions and in com-
plex chemical compositions approaching those of natural
peridotites.

In experimental studies, the stability of plagioclase at
upper mantle conditions has been primarily investigated
in the simplified chemical system CaO-MgO-Al,Os5—
Si0y, CMAS (Kushiro & Yoder, 1966; MacGregor, 1967;
O’Hara, 1967; Obata, 1976; Herzberg, 1978; Gasparik,
1984), where the plagioclase to spinel lherzolite univariant
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boundary is the intersection of the strongly P-dependent
reaction

anorthite + forsterite = enstatite + diopside + spinel (1)
and the P- and 7-dependent reaction

anorthite 4 forterite = enstatite + Ca-Tschermak. 2)

These studies have shown that the compositions of pyr-
oxenes vary along the univariant plagioclase to spinel
boundary, thus defining pyroxene Al-isopleths in both the
plagioclase and spinel fields (e.g. Kushiro & Yoder, 1966;
Obata, 1976; Herzberg, 1978; Gasparik, 1984).

A series of experimental studies have focused on more
complex chemical systems (e.g. CMAS + Na, CMAS +
Fe, pyrolite). Most of them have been performed at
near-solidus or solidus conditions (7 >1200°C), because
they addressed mantle partial melting and low-P
mid-ocean ridge basalt (MORB) generation (e.g. Jaques
& Green, 1980; Takahashi, 1986; Falloon & Green, 1987,
1988; Baker & Stolper, 1994; Walter & Presnall, 1994;
Baker et al., 1995; Falloon et al., 1997, 1999; Gudfinnsson
& Presnall, 2000). These studies indicate that the
plagioclase-out boundary occurs at pressures between 10
and 15 GPa in variably depleted peridotites, suggesting a
bulk composition dependence (Green & Falloon, 1998;
Falloon et al., 2008). It has also been shown that the addi-
tion of Fe, Na and Cr to the CMAS system makes reaction
(1) divariant or multivariant if more than one component
is added (Green & Hibberson; 1970; Walter & Presnall,
1994; Green & Falloon, 1998; Gudfinnsson & Presnall,
2000; Presnall et al., 2002). In a pioneering paper, Green
& Hibberson (1970) explored the subsolidus reactions in
the systems forsterite + anorthite, fayalite 4+ anorthite, oli-
vine + labradorite and in a complex pyrolite system, docu-
menting the effect of the addition of pyroxenes on the
upper pressure stability of plagioclase. They also demon-
strated that the persistence of a five-phase assemblage (pla-
gioclase, spinel, orthopyroxene, clinopyroxene and
olivine) in the NCMAS system is bounded at low pressure
by reaction (1) and at high pressure by the reaction

forsterite 4 albite =jadeite 4 enstatite. (3)

Similarly, the addition of Cr to the CMAS system is
expected to make reaction (1) divariant, and modify
spinel, enstatite and diopside solid solutions, introducing
MgCry0y4 (Mg-chromite), CaCrAlSiOg (Ca,Cr-
Tschermak) and MgCrAlSiOg (Mg, Cr-Tschermak) end-
members. Also, the addition of Cr is thought to expand
the stability field of spinel lherzolite (Klemme, 2004),
although the transition from plagioclase- to spinel-facies
lherzolite in Cr-bearing systems has not yet been investi-
gated by subsolidus experiments.

Experimental studies in complex systems in the subsoli-
dus P-T space, aimed to define the plagioclase lherzolite
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stability field as a function of varying bulk composition,
and the chemical changes in mantle minerals as the meta-
morphic reaction progresses, are still lacking. In this con-
tribution we present the results of subsolidus experiments,
performed at pressures ranging from 0-25 to 10 GPa and
temperatures from 900 to 1200°C, on two different perido-
tite compositions modeled in the complex system
TiOy—CryO3-NayO—-CaO-TFeO-MgO-Al,O4—SiOy (T1,Cr-
NCFMAS). The principal goals of this study are (1) to deli-
mit the subsolidus upper pressure stability of plagioclase
under anhydrous conditions in fertile and depleted lherzo-
lite compositions and (2) to define the compositional and
modal mineralogical variations as a function of P-T
bulk-compositions within the plagioclase stability field,
with particular emphasis on the combined effect of Cr
and alkalis. Equilibrium element partitioning between
coexisting minerals (pyroxenes, plagioclase and Cr-rich
spinel) in plagioclase lherzolite assemblages is crucial in
assessing the P—7 conditions of crystallization of equili-
brated plagioclase peridotites, regardless of their subsoli-
dus vs melt-related origin.

EXPERIMENTAL PROCEDURES
Starting materials

Sampling of modern ocean floors and studies on ophiolitic
massifs have demonstrated that mantle peridotites with
compositions more depleted than typical fertile lherzolites
(pyrolite-type composition; Ringwood, 1962) are abundant
at extensional settings, as a result of partial melting and/
or melt-—rock interaction processes (Bodinier & Godard,
2003; Niu, 2004, and references therein). Given this compo-
sitional variability, and considering previously investigated
model compositions (Green et al., 1979; Jaques & Green,
1980; Falloon & Green, 1987, 1988; Baker & Stolper, 1994;
Baker et al., 1995; Falloon et al., 1997, 1999), we focused this
study on two peridotite compositions, modelled in the
anhydrous complex system TiOy—CroO3—Na,O—-CaO—
FeO-MgO—-Al,O5-Si0y (Ti,Cr-NCFMAS): (1) a fertile
lherzolite (FLZ), and (2) a depleted lherzolite (DLZ). The
FLZ composition is an analogue of lherzolite sample
ERS2/2 from the Suvero ophiolitic massif (External
Liguride Units, Northern Apennine; Rampone et al., 1995),
where plagioclase-facies recrystallization has been well
documented (Rampone e al., 1993, 1995). It has Xy, =
0-89 [Xm,=Mg/(Mg + Fe'")], X¢, = 0:07 [Xg, = Cr
(Cr 4+ Al)] and an Na,O/CaO ratio of 0-08 (Table 1). In
terms of Al,O3 and CaO contents, FLLZ is close to previous
modelled compositions representative of the MORB
source (Fig. 1). This allows direct comparison with previous
high-temperature experimental studies (Jaques & Green,
1980; Fallon & Green, 1987, 1988; Baker & Stolper, 1994;
Baker et al., 1995; Falloon et al., 1997, 1999). The depleted
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lherzolite (DLZ) is similar to the DMMI composition
defined by Wasylenki et al. (2003), representing a moder-
ately depleted mantle peridotite after low-degree partial
melting. It has slightly higher Xygy (X = 0-90) and X¢,
(Xcr=010) and a similar Na,O/CaO ratio (NayO/
CaO =0-09), with respect to FLZ (Table 1). To promote
the crystallization of Na-bearing phases, the original
DMMI Na,O content (0-05wt %) was increased to
0-20 wt %. Such a value is consistent with the bulk Na,O
contents commonly documented in depleted abyssal peri-
dotites (mostly higher than 0-1wt %), ascribed to incom-
plete melt extraction or refertilization by percolating
melts and fluids (Elthon, 1992; Niu, 2004). In Table 1 we
also report CIPW norms of the investigated bulk-
compositions and starting materials from previous experi-
mental studies; this allows us to compare the different
bulk compositions in terms of the major end-member min-
eral components involved in the plagioclase—spinel reac-
tions [e.g. diopside (Di), albite (Ab), anorthite (An), and
chromite (Cm)].

To facilitate the identification of minor aluminous phases
(plagioclase and spinel), and to increase their modal abun-
dance in the experimental charges, 40% of fosteritic oli-
vine (Fogp) was subtracted from the selected compositions
(Table 1). The validity of this approach, widely followed in
previous experimental studies (e.g. Green & Ringwood,
1970; Jaques & Green, 1980; Niida & Green, 1999), stems
from the fact that the expected phase assemblages are over-
saturated in olivine.

To promote reaction at the subsolidus temperatures
investigated, gels were used as starting materials. They
were prepared following the method of Hamilton &
Henderson (1968) using tetracthylorthosilicate (TEOS) as
the silica source, tetracthylorthotitanate (TEOT) as the
titanium source, pure Na-, Ca-, Mg- and Al-nitric solu-
tions, ferric benzoate and ammonium dichromate. Gels
were fired in a gas mixing furnace at 7=2850°C and fO,
conditions approaching the FMQ (fayalite-magnetite—
quartz) buffer at l atm, to ensure that the iron was present
in the starting composition dominantly as FeO. Gels were
seeded with 1% of a mixture of synthetic pure anorthite
(70%) and spinel (30%) to promote the nucleation of the
minor phases. Seed compositions largely differ from the
expected compositions of corresponding minerals (spinel
and plagioclase) stable at the investigated P—7 conditions,
to allow easy identification of seed relicts. The addition of
a seed mixture does not significantly affect the final bulk
compositions (Table 1).

Experimental conditions and apparatus
Subsolidus experiments were performed at pressures rang-

ing from 0-25 to 10 GPa, and temperatures from 900 to
1200°C (Table 2). To account for the sluggish kinetics in
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Table I: Compositions of starting materials

1 2 3 4 5 6 7 8 9 10 1" 12

FLZ FLZ FLZ” DLZ DLZ DLZ" oL B. seeds HPY MPY TQ MM3
SiO, 44-90 47-52 47-35 44-90 47-52 47-35 40-96 30-13 45-20 4474 45-40 45-50
TiO, 0-12 0-20 0-20 0-07 014 0-14 0-00 0-00 0-71 017 0-10 0-11
Cry,05 0-41 0-69 0-68 0-39 0-65 0-64 0-00 0-00 0-43 0-45 0-26 0-68
Al,O3 379 6:31 673 2:38 3:97 4-40 0-00 47-67 354 4-37 323 398
FeO* 7-99 6:96 6-89 834 7-54 7-47 963 0-00 847 7-55 7-61 718
MgO 3912 3219 3195 4158 36-27 3599 4951 850 37-48 3857 40-21 38:30
Ca0 341 5-68 577 214 3-56 3-67 0-00 1370 3:08 3-38 3:00 357
Na,O 0-26 0-44 0-44 0-20 0-34 0-34 0-00 0-00 057 0-40 018 0-31
K20 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-13 0-00 0-00 0-00
Total 100-00 100-00 100-00 100-00 100-00 100-00 100-00 100-00 99-61 99-63 99-99 99-63
Xwmg 0-89 0-89 0-89 0-90 0-90 0-90 0-90 - 0-89 0-90 0-90 0-91
Xer 0-07 0-07 0-06 0-10 0-10 0-10 - - 0-08 0-07 0-09 0-10
Na,0/Ca0 0-08 0-08 0-08 0-09 0-09 0-09 - - 0-19 0-12 0-06 0-09
Mol %
Ab 0-62 1-07 1-07 0-46 077 078 - — 1-39 0-97 0-42 073
An 4-94 829 8:98 289 475 5-38 - - 370 555 417 505
Di 414 7-03 669 2:59 423 394 — — 470 362 358 4-39
Hy 2261 3777 36-84 25-45 41-61 40-74 — — 23-39 21-00 26-99 27-48
Ol 67-07 4479 45-37 68-12 47-79 48-31 - — 65-03 68-09 64-42 61-49
1] 0-22 0-38 0-38 0-13 025 0-25 - - 1-36 0-32 0-18 0-20
Cm 0-40 0-68 0-68 0-37 0-60 0-60 - - 0-43 0-45 0-25 0-66
Or 0-00 0-00 0-00 0-00 0-00 0-00 - - 021 0-00 0-00 0-00
Ab/Di 015 0-15 0-16 018 018 0-20 - - 0-30 0-27 012 017
Cm/An 0-08 0-08 0-08 013 0-13 011 - - 012 0-08 0-06 0-13

1FLZ, fertile Iherzolite reproducing the composition of peridotites from the External Liguride Units, Northern Apennines
(Rampone et al., 1995); 2 FLZ/, fertile Iherzolite FLZ minus 40 wt % olivine (Fogg, 7); 3 FLZ”, fertile Iherzolite FLZ minus
40wt % olivine with 1% seed mixture added; 4 DLZ, depleted Iherzolite similar to DMM1 (Wasylenki et al., 2003) with
Na,O increased to 0-20wt %; 5 DLZ’, depleted Iherzolite DLZ minus 40 wt % olivine (Fogy, 7); 6 DLZ”, depleted Iherzolite
DLZ minus 40wt % olivine with 1% seed mixture added; 7 OL, composition of olivine subtracted from selected bulk
compositions; 8 B. seeds, composition of seed mixture composed of 70wt % pure anorthite and 30wt % spinel
(MgAl,O4); 9 HPY, ‘Hawaiian pyrolite” from Green et al. (1979); 10 MPY, ‘MORB pyrolite’ from Green et al. (1979);
11 TQ, ‘Tinaquillo peridotite’ from Green (1963); 12 MM3, model peridotite from Baker & Stolper (1994). CIPW norms
(% mol proportions) are also reported. Ab, albite; An, anorthite; Di, diopside; Hy, hypersthene; Ol, olivine; Il, iimenite;

Cm, chromite; Or, orthoclase.

anhydrous subsolidus systems runs lasted up to 522h.
Experiments at pressures between 0-5 and 10 GPa were
carried out in a single-stage piston cylinder apparatus at
the Dipartimento di Scienze dellalerra in Milano (Italy),
using a salt—Pyrex—MgO assembly and tapered graphite
heater. lemperature was measured by K-type and S-type
thermocouples and is considered to be accurate to £5°C.
An initial pressure of 0-25 GPa was applied, then the
sample was heated to 400°C to soften the Pyrex and com-
pressed to the final run pressure. A pressure of 0-5 GPa is
generally considered as the lower limit of P conditions for
piston cylinders; therefore, experiments at 0-25-0-31 GPa
were conducted in a vertically mounted internally heated

pressure vessel at the Bayerisches Geoinstitut (Bayreuth,
Germany).

To verify the piston cylinder calibration at 0-5 GPa, the
albite + HoO method (Baker, 2004) was followed. Powder
of pure albite plus 15-20 wt % distilled HyO was loaded
into a Pt capsule and run together with the experimental
charge at 0-5GPa and 1100°C (run FLZ-DLZI0). The
resulting albite glass was analyzed by wavelength-
dispersive electron microprobe (WDS) analysis (beam
spot of 20 um, 15 kV accelerating voltage, 5 nA sample cur-
rent). Following Baker (2004), the water solubility in the
albite glass was determined by difference from the WDS
analysis. The result (H,O =~ 1176 wt %) was compared
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with the calibration curve suggested by Baker (2004), indi-
cating a pressure of 0-51 GPa, in agreement with the nomi-
nal pressure (0-5 GPa).

Approximately 20 mg of starting material was loaded
into a graphite inner capsule (outer diameter 2-:8 mm),
and then welded into an outer Pt capsule (outer diameter
3-0mm, length about 7-8 mm). Graphite was used to
isolate the sample from the Pt capsule and to avoid Fe loss
(Kinzler, 1997; Walter, 1998). The graphite-Pt assembly
(combined with preconditioning of the starting material
at FMQ) maintained the oxygen fugacity below the graph-
ite—C—O vapor buffer (Ulmer & Luth, 1991).

To maintain anhydrous conditions, the capsule plus the
starting material and the assembly were dried in an oven
at 250°C for at least 12 h just before welding and running

5 -
P
M{ <>MPY
e
E>
= 3 _HPY Abyssal peridotites
S
< 2|
1F g,
1 ] ] I : [':
5 niu poly 25-8
= = = = Nju poly 15-8
4 = niu batch 20

Ca0 (wt%)

2

1

0 L I I i “|
37 39 41 43 45 47
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Fig. 1. MgO vs Al,O3 and CaO (wt %) variation diagrams indicat-
ing the bulk compositions used in this study and peridotite starting
materials investigated in previous experimental studies (see Table 1):
FLZ, fertile lherzolite (this study); DLZ, depleted lherzolite (this
study); MM3, peridotite from Baker & Stolper (1994); HPY,
Hawaiian pyrolite, and MPY, MORB pyrolite from Green et al.
(1979); TQ, Tinaquillo peridotite from Green (1963). Also reported are
the composition of Primordial Mantle (PM) as given by
McDonough & Sun (1995) and the compositional field defined by
abyssal peridotites from Niu et al. (1997). Black lines correspond to
polybaric fractional and batch melting trends at various pressures
(kbar) (Niu et al., 1997).
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the experiments. Run products were initially characterized
by X-ray powder diffraction and inspected using back-
scattered electron (BSE) and secondary electron images
(using a Philips SEM 515 electron microscope at the
Dipartimento per lo Studio del Territorio e delle sue
Risorse, University of Genova). Microprobe analyses were
performed using a JEOL JXA 8200 Superprobe equipped
with five WDS spectrometers and one energy-dispersive
spectrometer (EDS) (I pm beam size; beam conditions
15kV and 15 nA) at the Dipartimento di Scienze della
Terra, University of Milano. Both images and X-ray ele-
ment maps were extremely useful in textural examination
of the experimental charges.

Approach to equilibrium

Demonstration of equilibrium through a reversal experi-
ment is difficult in the case of complex chemical systems
and for continuous reactions. Thus, no reversals were per-
formed. However, the approach to equilibrium was

Table 2:  Experimental run conditions

Run no. P (GPa) T (°C) ¢t (h) Apparatus Run products

FLZ9 0-25 1150 168 IHPV ol, opx, cpx, glass, sp
FLZ13 0-31 1100 168 IHPV ol, opx, cpx, pl, sp
FLZ10 06 1100 520 SS-PC ol, opx, cpx, pl, sp
FLZ14 0-6 1000 534 SS-PC ol, opx, cpx, pl, sp
FLZ3 06 1100 308 SS-PC ol, opx, cpx, pl, sp
FLZ5 07 1000 336 SS-PC ol, opx, cpx, pl, sp
FLZ7 07 1150 408 SS-PC ol, opx, cpx, pl, sp
FLZ0 0-8 900 480 SS-PC ol*, opx*, cpx*, sp*, amph*
FLZ12 0-8 1000 518 SS-PC ol, opx, cpx, sp

FLZ2 08 1100 377 SS-PC ol, opx, cpx, pl, sp
FLZ6 09 1100 522 SS-PC ol, opx, cpx, sp
FLZ11 09 1200 120 SS-PC ol, opx, cpx, glass, sp
FLZ4 1-0 1000 288 SS-PC ol, opx, cpx, sp

FLZ1 10 1100 523 SS-PC ol, opx, cpx, sp, amph
DLZ9 0:25 1150 168 IHPV ol, opx, cpx, glass, sp
DLZ8 0-27 1100 168 IHPV ol, opx, cpx, pl, sp
DLZ10 05 1100 520 SS-PC ol, opx, cpx, pl, sp
DLZ14 06 1000 534 SS-PC ol, opx, cpx, pl, sp
DLZ5 07 1000 336 SS-PC ol, opx, cpx, sp

DLZ7 07 1150 408 SS-PC ol, opx, cpx, pl, sp
DLZ12 08 1000 518 SS-PC ol, opx, cpx, sp

DLZ6 09 1100 522 SS-PC ol, opx, cpx, sp

FLZ, fertile Iherzolite (= 3 in Table 1); DLZ depleted lher-
zolite (= 6 in Table 1); ol, olivine; opx, orthopyroxene; cpx,
clinopyroxene; sp, spinel; pl, plagioclase, amph, amphi-
bole; IHPV, internally heated pressure vessel; SS-PC
single-stage piston cylinder.

*Phases detected only by X-ray powder diffraction
technique.
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carefully assessed through the following observations:
() the growth of compositionally homogeneous, chemi-
cally unzoned minerals, probably enhanced by the long
duration of the experimental runs (Table 2); (2) systematic
and consistent variations in mineral chemistry at different
P-T conditions, as well as coherent element partitioning;
(3) maintenance of constant bulk composition (checked by
mass-balance calculations). The use of highly reactive
starting materials (gels), combined with the long duration
of the experiments, led to the development of coherent
textures with mineral phases homogeneously distributed
in the charges. Furthermore, the behaviour of seeds can
be taken into account to demonstrate a close approach to
equilibrium; when not completely absorbed, seeds pro-
moted growth rather than nucleation. As described below,
the growth of compositionally homogeneous rims and the
occurrence of rather sharp boundaries between
non-reacted seeds and newly crystallized phases suggests

that the latter approached equilibrium.

RESULTS

Plagioclase-bearing assemblages

Phase assemblages for the two investigated compositions
are summarized in Fig. 2. In FLZ, a plagioclase-
bearing assemblage composed of olivine, orthopyroxene,

clinopyroxene, plagioclase and Cr-spinel is stable up to
0-8GPa (1100°C) and 0-7GPa (1000°C). In DLZ, the

12 HPY solidus™*
1.0 Spinel = =
E 0o .
O 0.8 ] OQ.--m""" T
~ FLZ """ . i
0 S
2 DLZ ----""" Si
o 0.6 ue u o
(O] 2
fut SH
o Plagioclase + Cr-sp ue §
JoH
0.4l FLZ-40%ol: Si
: O o, opx, cpx, sp Sg
W o, opx, cpx, pl, sp ™ g
DLZ -40%ol: [
0.2|-| O ol, opx, cpx, sp M 3
® ol, opx, cpx, pl, sp
Il Il Il Il
900 1000 1100 1200 1300

Temperature (°C)

Fig. 2. Phase assemblages in fertile lherzolite FLZ-40% ol (squares)
and depleted lherzolite DLZ~40% ol (circles) as a function of pres-
sure and temperature. Also reported are plagioclase-out boundary
curves for FLZ and DLZ compositions. ‘M’ denotes experimental
charges containing some glass. The lherzolite solidus in the CMAS
system (*) is taken from Presnall ¢/ al. (1979) and the solidus curve of
Hawaiian pyrolite HPY (**) is taken from Jaques & Green (1980).
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plagioclase-bearing assemblage was found in experiments
up to 0-7GPa (1150°C}) and 0-6 GPa (1000°C). In general,
the textural characteristics in experiments on FLZ and
DLZ are very similar. Olivine usually occurs as 5—10 pm
sized crystals with a rounded habit. Pyroxenes form larger
grains (10-30 pm), with euhedral to subhedral habit.
Plagioclase is homogeneously distributed in the run
charges and is recognizable in BSE images by its dark
grey contrast (Fig. 3a and b). It commonly occurs as
small, anhedral crystals, ranging from 2 to 15 pm, asso-
ciated with olivine and interstitial with respect to pyrox-
enes (Fig. 3a and b). Where anorthite and spinel seeds are
not completely reabsorbed, a Na-rich plagioclase rim is
observed on the seeds, as confirmed by Na—Ka X-ray map-
ping. Newly crystallized Cr-bearing spinel grains, not
apparently associated with spinel seeds, occur in the
plagioclase-bearing assemblage as indicated by Cr-Ka
X-ray maps. These newly formed spinels can reach
5—6 pm in size, in high-Texperiments (7 > 1100°C), allow-
ing reliable compositional analyses.

Plagioclase-free assemblages
In FLZ, a plagioclase-free, spinel-bearing assemblage com-
posed of olivine, orthopyroxene, clinopyroxene and spinel
is stable at 0-9 GPa at 1100°C, and 0-8 GPa at 1000°C. In
DLZ, the spinel-bearing assemblage appears at lower pres-
sure than FLZ, at 0-7 GPa and 1000°C (Fig. 2). Again, tex-
tures in experiments on both FLZ and DLZ are similar.
They are characterized by polygonal mineral aggregates
and a relatively large grain size (Iig. 3¢ and d). Olivine
forms euhedral to subhedral crystals up to 10 um in size,
often with a rounded habit. Pyroxenes are diffuse and gen-
erally occur as elongate prismatic crystals with a regular
habit up to 100 pm in length, in higher temperature exper-
iments (7 =1100°C). The occurrence of numerous triple
points involving both olivine and pyroxenes suggests a
well-equilibrated texture (Fig. 3¢ and d). Spinel is present
as small rounded bright crystals up to 5-6 pm in diameter
at 1100°C, whereas it forms
(~—2pm) in experiments at 1000°C. In run FLZI
(10 GPa; 1100°C; see Table 2),
(<lwt % as indicated by mass-balance calculations) were
observed as blebs, generally associated with clinopyroxene,
indicating slight HyO contamination in this charge.
Evidence of a quenched melt was recognized based on
BSE images at 1150°C, 0-25 GPa and 1200°C, 0-9 GPa in
FLZ, and at 1150°C, 0-25 GPa in DLZ. This is suggested
by the presence of distinctive textures, in which the min-
erals form an open, diktytaxitic, network filled with melt
blebs up to 7-8 um in diameter (Fig. 3e and f). Although
it is beyond the goal of this study, the P—7 conditions of
melt occurrence in our experiments have been compared
with the solidus reported by Jaques & Green (1980) for
Hawaiian pyrolite (HPY), resulting in excellent agreement
(see Fig. 2).

extremely tiny grains

traces of amphibole
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DLZ-40%o0l: 0.27 GPa-1100°C
- .

e

Fig. 3. Representative textures of plagioclase-bearing and plagioclase-free experiments. (a) Back-scattered electron (BSE) image of subsolidus
experiment FLZI0 (0-5 GPa; 1100°C): a plagioclase-bearing assemblage is formed of larger grains of orthopyroxene and clinopyroxene and smal-
ler crystals of olivine and plagioclase, the latter occurring as small (up to 5 pum) interstitial grains. (b) BSE image of run DLZ8 (0-27 GPa;
1100°C), exhibiting small Cr-rich spinel grains associated with the plagioclase-bearing assemblage in a depleted lherzolite. (¢) BSE image of
run FLZ1 (10 GPa; 1100°C): spinel-bearing texture with prevailing regular habit of minerals, and spinel occurring in small idiomorphic grains
randomly distributed in the mineral matrix. (d) BSE image of run DLZ2 (0-9 GPa; 1100°C), in which the spinel-bearing assemblage is character-
ized by a coarse polygonal texture. (¢) BSE image of run FLZI1 (0-9 GPa; 1200°C): evidence of quenched melt is provided by the presence of dif-
fuse interstitial glass. (f) BSE image of run DLZ9 (0-25 GPa; 1150°C) showing a glass-bearing diktytaxitic texture in depleted lherzolite.
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Mineral chemistry

Olivine

The Xyg values [Xy=Mg/(Mg + Fe'')] range from
0-89 to 0-90 in the fertile lherzolite FL.Z, and from 0-89 to
0-91 in the depleted lherzolite DLZ, reflecting the bulk
composition (Table 3). Olivine composition displays no
significant correlation with pressure and temperature.
In both FLZ and DLZ, very low TiO, contents
(TiO9 <004 wt %) were detected in olivine, in agreement
with experimental results and thermodynamic calculations
proposed by Hermann et al. (2005). No Cr was detected in
olivine, indicating that chromium in the experimental
charges was present predominantly in the trivalent state
(Schreiber & Haskin, 1976; Libourel, 1999; Klemme &
O’Neill, 2000; Klemme, 2004).

Clinopyroxene

Despite rather uniform Xy, values (0-89-0-91 in FLZ;
0-90-0-91 in DLZ), clinopyroxene displays significant
pressure-dependent chemical changes in both bulk compo-
sitions ('Table 4). In clinopyroxenes from FLZ, the Al con-
tent progressively increases with increasing pressure
within the plagioclase stability field from 0149 atoms
per formula unit (a.p.fu) at 0-31 GPa, 1100°C (FLZI3), to
0265 a.p.fu. at 0:8GPa, 1100°C (FLZ2), up to
0-296 a.p.f.u. at 0-9 GPa, 1100°C (FLZ6) in the spinel lher-
zolite field (Fig. 4a). Clinopyroxene in DLZ shows a simi-
lar progressive Al increase with increasing pressure,
although at lower absolute Al concentrations, in agreement
with the more depleted bulk composition. In the spinel sta-
bility field, Al dependence on pressure is much less pro-
nounced in both compositions because of the different
buffering assemblage. A positive correlation with pressure
is also shown by the Na content in both FLZ and DLZ.
As expected, the jadeite component in clinopyroxene sig-
nificantly increases across the plagioclase-out boundary as
a result of plagioclase breakdown, but also increases with
pressure within the plagioclase-facies field. This is well
documented by clinopyroxenes in FLLZ which are charac-
terized by Na contents varying from 0-02la.p.fiu.
at 0-31GPa, 1100°C, to 0-08la.p.fu. at 10GPa, 1100°C.
Cr abundance is rather constant, in the range of
0-017-0-033 a.p.fu. in FLZ and 0-015-0-033 a.p.f.u. in
DLZ. This results in a slight decrease of the X¢, value
[Xcr=Cr/(Cr + AIYY)] with increasing pressure. TiO,
contents are in the range of 0:10-0-85wt % in FLZ and
0-06-0-35 wt % in DLZ, with the lowest concentrations
in experiments at 1000°C.

Orthopyroxene

Orthopyroxene Xy, values range between 0-89 and 0-90
in both FLZ and DLZ, according to the bulk Xy
values (Tables 1 and 5). The most significant variation is
revealed by the Al content, as observed for clinopyroxene.

NUMBERS 1 & 2 JANUARY & FEBRUARY 2010

Al shows a positive correlation with pressure, increasing
from 0-117 to 0-229 a.p.fu. in plagioclase-bearing experi-
ments (from 0-31 to 0-8 GPa), up to 0-237 a.p.fu. in the
plagioclase-free experiments, for the FLZ composition
(Fig. 4b). A similar trend at lower Al concentrations is rec-
orded in DLZ orthopyroxenes. Cr contents vary in the
range 0:014-0-02l a.p.fu. in FLZ and 0-015-0-023 a.p.f.u.
in DLZ, and are not correlated with pressure or tempera-
ture. As described for clinopyroxene, X, values
[ X, = Cr/(Cr + AIY")] decrease with increasing pressure.
Ca contents are low (0-044-0-063 a.p.f.u. in FLZ; 0-038—
0:065 a.p.fu. in DLZ), in agreement with clinopyroxene—
orthopyroxene solvus relations at the investigated low 7,
with some exceptions in run FL.Z12 and DLZ14 where the
orthopyroxene has relatively high Ca contents, presumably
related to intergrowths of clinopyroxene. TiOy contents
are in the range of 0-05-0-:38wt % in FLZ and
0-03-0-18 wt % in DLZ; as for clinopyroxene, the lowest
TiO, abundances were found in experiments at 1000°C.

Plagioclase

Despite the small grain size (usually <10 pm) in all of the
experiments, reliable plagioclase compositions have been
obtained by combining WDS analyses with X-ray element
mapping. Plagioclase is characterized by variable
anorthite contents [An = Ca/(Ca 4 Na)], which are strik-
ingly correlated with pressure (Table 6). As shown in
Fig. 5, An contents in plagioclase progressively decrease
with increasing pressure in both bulk compositions. In
FLZ at 1100°C, An contents in plagioclase range from
0-82 at 0-31 GPa to 0-59 at 0-8 GPa. Similarly in DLZ, pla-
gioclase An contents range from 0-83 to 0-68 at
P =0-27-0-7 GPa. At the same P—Texperimental conditions
plagioclase displays rather similar An values in the two
investigated bulk compositions. This is well documented in
experiments at 0-7 GPa and 1150°C, 0-6 GPa and 1000°C,
and 05 GPa and 1100°C (Fig. 5. Moreover, in the fertile
lherzolite FLZ, the slightly lower An contents in plagio-
clase at 1000°C with respect to plagioclase at 1100-1150°C
(as evidenced by runs at 0-6 and 0:7 GPa), could suggest a
weak positive correlation with temperature.

Spinel

As described above for plagioclase, combined X-ray map-
ping and WDS analyses were required for spinels because
of their very small grain size (<7 pm) and low modal
abundance. Moreover, in cases of very small grain-size tex-
tures, spinel compositions had to be derived by removing
the effect of the contaminating host minerals (mostly pyr-
oxenes). Unfortunately, in low-7 experiments (7 <1100°C)
extremely fine-grain textures prevented satisfactory chemi-
cal analyses. Because oxygen fugacity was not strictly buf-
fered, all iron was considered as Fe*™ and Fe®™ was not
calculated.
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Table 3: Representative compositions of olivines

PLAGIOCLASE IN UPPER MANTLE

Run: FLZ1 FLZ6 FLZ2 FLZ12 FLZ7 FLZ5

P (GPa): 1 09 08 0-8 07 07

T (°C): 1100 1100 1100 1000 1150 1000

No. An.: 10 10 7 5 8 5

SiO, 40-90 (0-22) 40-70 (0-43) 40-50 (0-21) 40-70 (0-07) 41-00 (0-90) 40-60 (0-15)
TiO, 0-02 (0-04) 0-02 (0-02) 0-06 (0-11) 0-02 (0-01) 0-02 (0-02) 0-04 (0:02)
FeO 10-50 (0-23) 9-69 (0-65) 10-50 (0-32) 10-80 (0-18) 10-60 (0-19) 10-80 (0-24)
MgO 48-60 (0-17) 48-40 (0-90) 48-10 (0-75) 47-50 (0-24) 47-70 (0-76) 47-80 (0-23)
CaO 0-17 (0-08) 0-27 (0-18) 0-23 (0-16) 0-09 (0-03) 0-25 (0-15) 0-11 (0-09)
Total 100-19 (0-25) 99-08 (0-66) 99-39 (0-45) 99-11 (0-14) 99-57 (1-46) 99-35 (0-40)
Si 1-000 (0-006) 1-011 (0-011) 1-000 (0-011) 1-010 (0-002) 1-010 (0-013) 1-010 (0-004)
Ti 0-000 (0-001) 0-000 (0-000) 0-001 (0-002) 0-000 (0-000) 0-000 (0-000) 0-001 (0-000)
Fe 0-215 (0-004) 0-200 (0-013) 0-217 (0-008) 0-223 (0-004) 0-219 (0-004) 0-217 (0-004)
Mg 1-780 (0-004) 1-780 (0-020) 1:770 (0-017) 1761 (0-008) 1-750 (0-020) 1-750 (0-003)
Ca 0-005 (0-002) 0-007 (0-005) 0-006 (0-004) 0-002 (0-001) 0-007 (0-004) 0-003 (0-002)
Cat- sum 3-000 (0-002) 2-998 (0-003) 2:994 (0-004) 2-996 (0-002) 2-986 (0-004) 2:981 (0-001)
Xmg 0-890 (0-003) 0-896 (0-006) 0-888 (0-003) 0-886 (0-002) 0-886 (0-003) 0-887 (0-001)
Run: FLZ3 FLZ14 FLZ10 FLZ13 DLZ6 DLZ12

P (GPa): 06 06 0-5 0-31 09 0-8

T (°C): 1100 1000 1100 1100 1100 1000

No. An.: 7 4 11 5 13 4

Si0, 40-40 (0-15) 40-60 (0-07) 40-80 (0-36) 41-30 (0-08) 41-20 (0-29) 40-70 (0-08)
TiO, 0-02 (0-02) 0-01 (0-01) 0-02 (0-02) 0-02 (0-02) 0-01 (0-02) 0-03 (0-01)
FeO 10-80 (0-18) 10-50 (0-09) 10-70 (0-28) 10-60 (0-18) 7-98 (0-45) 8:34 (0-03)
MgO 48-00 (1-01) 49-00 (0-18) 47-90 (0-65) 47-30 (0-43) 49-70 (0-80) 49-40 (0-13)
CaO 0-22 (0-03) 0-10 (0-09) 0-30 (0-21) 0-61 (0-39) 0-22 (0-13) 0-16 (0-04)
Total 99-45 (0-74) 100-21 (0-13) 99-72 (0-60) 99-90 (0-36) 99-12 (0-50) 9862 (0-08)
Si 0-997 (0-011) 0-993 (0-003) 1-000 (0-011) 1-020 (0-002) 1-010 (0-005) 1-000 (0-004)
Ti 0-000 (0-000) 0-000 (0-000) 0-000 (0-000) 0-000 (0-000) 0-000 (0-000) 0-001 (0-000)
Fe 0-222 (0-006) 0-215 (0-002) 0-220 (0-006) 0-219 (0-003) 0-162 (0-010) 0-172 (0-001)
Mg 1:760 (0-019) 1-790 (0-005) 1:760 (0-014) 1:740 (0-008) 1-820 (0-018) 1-820 (0-002)
Ca 0-006 (0-001) 0-003 (0-002) 0-008 (0-005) 0-016 (0-010) 0-006 (0-004) 0-004 (0-001)
Cat- sum 2-985 (0-002) 3-:001 (0-002) 2-988 (0-003) 2-995 (0-004) 2-998 (0-003) 2:997 (0-001)
Xwmg 0-885 (0-003) 0-891 (0-002) 0-885 (0-004) 0-881 (0-004) 0-914 (0-006) 0-912 (0-001)
Run: DLZ7 DLZ5 DLZ14 DLZ10 DLZ8

P (GPa): 07 07 06 05 0-27

T (°C): 1150 1000 1000 1100 1100

No. An.: 7 6 5 8 6

SiO, 4110 (0-19) 41-20 (0-17) 40-80 (0-11) 40-70 (0-33) 41-20 (0-84)
TiO, 0-02 (0-02) 0-01 (0-02) 0-00 (0-01) 0-02 (0-02) 0-02 (0-02)
FeO 10-60 (0-20) 10-50 (0-18) 10-10 (0-06) 10-70 (0-32) 9-40 (0-17)
MgO 4750 (0-24) 47-50 (0-26) 49-00 (0-14) 48-10 (0-64) 49-50 (0-24)
CaO 0-22 (0-15) 0-22 (0-16) 0-15 (0-05) 0-28 (0-08) 0-16 (0-07)
Total 99-44 (0-30) 99-44 (0-32) 100-05 (0-07) 99-80 (0-45) 100-28 (0-52)
Si 1-020 (0-005) 1-020 (0-005) 0-998 (0-002) 0-999 (0-013) 1-000 (0-017)
Ti 0-000 (0-000) 0-000 (0-000) 0-000 (0-000) 0-000 (0-000) 0-000 (0-000)
Fe 0-219 (0-004) 0-218 (0-004) 0-206 (0-001) 0-220 (0-005) 0-191 (0-004)
Mg 1-750 (0-009) 1-750 (0-009) 1-790 (0-004) 1-760 (0-015) 1-800 (0-014)
Ca 0-006 (0-004) 0-006 (0-004) 0-004 (0-001) 0-007 (0-002) 0-004 (0-002)
Cat'sum 2995 (0-002) 2:994 (0-004) 2-998 (0-001) 2:987 (0-004) 2-996 (0-005)
Xwmg 0-886 (0-004) 0-887 (0-004) 0-895 (0-001) 0-886 (0-002) 0-902 (0-001)

XMg:Mg/(Mg—f—Fe“’t). Numbers in parentheses correspond to 16 standard deviations. Cations are calculated on the
basis of 4 oxygens and all Fe =Fe’".
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Table 4:  Representative compositions of clinopyroxenes

Run: FLZ1 FLZ6 FLZ2 FLZ12 FLZ7 FLZ5 FLZ3

P (GPa): 1 09 08 08 07 07 0-6

T (°C): 1100 1100 1100 1000 1150 1000 1100

No. An.: 21 13 1" 8 13 6 8

SiO, 52:50 (0-562) 51-10 (0-33) 51-80 (0-48) 52:60 (0-44) 51-80 (0-71) 51-60 (0-43) 52:10 (0-71)
TiO, 0-32 (0-06) 0-85 (0-22) 0-39 (0-15) 0-10 (0-04) 0-39 (0-20) 0-10 (0-04) 0-41 (0-20)
Al,O3 6-85 (0-27) 6-92 (0-34) 6-24 (0-57) 571 (0-16) 5-48 (0-62) 5-47 (0-19) 4-87 (0-17)
Cr03 0-77 (0-13) 0-86 (0-10) 0-78 (0-18) 0-58 (0-07) 0-83 (0-09) 0-59 (0-19) 0-83 (0-14)
FeO 3-45 (0-15) 3:21 (0-14) 3-47 (0-22) 3-29 (0-17) 3-45 (0-22) 3-:08 (0-31) 3-50 (0-17)
MgO 16-60 (0-46) 16-60 (0-55) 17-20 (0-39) 16-80 (0-28) 17-20 (0-87) 17-60 (0-64) 17-60 (0-61)
Ca0 18-90 (0-42) 19-00 (0-27) 19-30 (0-81) 20-20 (0-44) 19-90 (0-77) 20-30 (0-94) 19-80 (0-47)
Na,O 116 (0-17) 0-92 (0-06) 0-75 (0-09) 0-91 (0-08) 0-47 (0-06) 0-42 (0-10) 0-47 (0-10)
Total 100-54 (0-69) 99-45 (0-50) 99-94 (0-98) 100-19 (0-35) 99:62 (0-82) 99-16 (0-50) 99-58 (0-35)
Si 1-881 (0-013) 1-8563 (0-008) 1-872 (0-011) 1-896 (0-009) 1-882 (0-013) 1-879 (0-009) 1-891 (0-022)
Ti 0-009 (0-002) 0-023 (0-006) 0-011 (0-004) 0-003 (0-001) 0-011 (0-005) 0-003 (0-001) 0-011 (0-005)
Al(IV) 0-119 (0-013) 0-147 (0-008) 0-128 (0-011) 0-104 (0-010) 0-118 (0-013) 0-121 (0-009) 0-109 (0-022)
Al(VI) 0-170 (0-007) 0-149 (0-012) 0-137 (0-022) 0-138 (0-005) 0-116 (0-016) 0-114 (0-016) 0-100 (0-015)
Cr 0-022 (0-004) 0-025 (0-003) 0-022 (0-005) 0-017 (0-002) 0-024 (0-002) 0-017 (0-005) 0-024 (0-004)
Fe 0-104 (0-004) 0-098 (0-004) 0-105 (0-006) 0-099 (0-005) 0-105 (0-006) 0-094 (0-009) 0-106 (0-005)
Mg 0-886 (0-025) 0-897 (0-026) 0-925 (0-024) 0-903 (0-011) 0-933 (0-045) 0-957 (0-032) 0-955 (0-034)
Ca 0-725 (0-016) 0-739 (0-011) 0-747 (0-030) 0-781 (0-020) 0-774 (0-033) 0-792 (0-040) 0-770 (0-017)
Na 0-081 (0-012) 0-064 (0-004) 0-053 (0-006) 0-064 (0-005) 0-033 (0-004) 0-030 (0-007) 0-033 (0-007)
Cat. sum 3-996 (0-008) 3-995 (0-009) 4-000 (0-008) 4-004 (0-005) 3-995 (0-010) 4-006 (0-010) 3-999 (0-015)
Xwg 0-895 (0-004) 0-902 (0-005) 0-898 (0-005) 0-901 (0-006) 0-899 (0-004) 0-911 (0-007) 0-900 (0-005)
Run: FLZ14 FLZ10 FLZ13 DLZ6 DLZ12 DLZ7 DLZ5

P (GPa): 06 06 0-31 09 0-8 07 07

T (°C): 1000 1100 1100 1100 1000 1150 1000

No. An.: 9 1" 9 8 5 10 6

SiO, 52-50 (0-38) 51-90 (0-39) 53-10 (0-88) 51-60 (0-30) 52:80 (0-20) 51-60 (0:78) 50-40 (0-74)
TiO, 0-15 (0-05) 0-65 (0-22) 0-24 (0-03) 0-35 (0-02) 0-12 (0-04) 0-25 (0-11) 0-06 (0-00)
Al,O3 5-16 (0-35) 4-68 (0-27) 3-49 (0-30) 5-60 (0-566) 5-11 (0-11) 5-36 (0-91) 5-57 (0-81)
Cry03 0-63 (0-10) 1-15 (0-10) 0-89 (0-41) 102 (0-12) 0-61 (0-05) 0-82 (0-16) 0-69 (0-03)
FeO 3:30 (0-18) 3:567 (0-27) 3:70 (0-22) 3-13 (0-16) 2-80 (0-10) 3-24 (0-29) 2:26 (0-27)
MgO 17-30 (0-90) 17-80 (0-71) 18:60 (0-56) 17-50 (0-22) 17-30 (0-05) 17-20 (0-87) 15-50 (0-29)
Ca0 21-30 (1-24) 19-60 (0-61) 19-60 (0-43) 19-70 (0-27) 21-50 (0-19) 19-90 (1-05) 23-70 (0-33)
Na,O 0-43 (0-05) 0-42 (0-03) 0-29 (0-07) 0-81 (0-04) 0-79 (0-07) 0-57 (0-12) 0-15 (0-05)
Total 10078 (0-28) 99-57 (0-40) 99-92 (0-85) 9971 (0-31) 101-02 (0-08) 98-95 (0-72) 98:33 (0-26)
Si 1-888 (0-013) 1-888 (0-010) 1920 (0-011) 1-875 (0-015) 1-895 (0-006) 1-884 (0-020) 1-866 (0-021)
Ti 0-004 (0-001) 0-015 (0-006) 0-007 (0-001) 0-010 (0-000) 0-003 (0-001) 0-007 (0-003) 0-002 (0-000)
Al(IV) 0-112 (0-013) 0-112 (0-009) 0-080 (0-011) 0-125 (0-015) 0-105 (0-006) 0-116 (0-019) 0-134 (0-021)
Al(VI) 0-107 (0-018) 0-085 (0-008) 0-069 (0-005) 0-114 (0-012) 0-111 (0-002) 0-115 (0-024) 0-110 (0-016)
Cr 0-018 (0-003) 0-033 (0-003) 0-025 (0-011) 0-029 (0-003) 0-017 (0-001) 0-024 (0-005) 0-020 (0-001)
Fe 0-099 (0-006) 0-108 (0-008) 0-112 (0-008) 0-095 (0-005) 0-084 (0-003) 0-099 (0-009) 0-070 (0-009)
Mg 0-926 (0-048) 0-963 (0-035) 1-000 (0-019) 0-949 (0-011) 0-927 (0-002) 0-938 (0-047) 0-854 (0-013)
Ca 0-821 (0-048) 0-763 (0-026) 0-759 (0-025) 0-765 (0-012) 0-825 (0-008) 0-778 (0-039) 0-939 (0-009)
Na 0-030 (0-003) 0-030 (0-002) 0-021 (0-005) 0-058 (0-003) 0-057 (0-005) 0-041 (0-009) 0-011 (0-004)
Cat. sum 4-005 (0-012) 3-996 (0-008) 3-993 (0-013) 4-020 (0-008) 4-024 (0-006) 4-001 (0-008) 4-006 (0-005)
Xwg 0-903 (0-006) 0-899 (0-005) 0-900 (0-008) 0-909 (0-004) 0-917 (0-003) 0-905 (0-004) 0-924 (0-010)
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BORGHINTI et al.

Table 4: Continued

PLAGIOCLASE IN UPPER MANTLE

Run: DLZ14 DLZ10 DLZ8

P (GPa): 06 05 0-27

T (°C): 1000 1100 1100

No. An.: 7 9 14

SiO, 52-20 (0-28) 52-10 (0-31) 53-60 (0-76)
TiO, 0-14 (0-03) 0-22 (0-07) 0-26 (0-06)
AlL,O3 412 (0-11) 4-30 (0-10) 3-04 (0-45)
Cr,03 0-63 (0-06) 0-96 (0-04) 1-14 (0-16)
FeO 316 (0-09) 3:37 (0-21) 3:02 (0-28)
MgO 17-70 (0-42) 18-00 (0-36) 19-20 (0-59)
Ca0 21-90 (0-14) 20-20 (0-36) 19-60 (0-79)
Na,O 0-28 (0-04) 0-41 (0-05) 0-24 (0-10)
Total 100-03 (0-23) 99-56 (0-31) 100-10 (0-82)
Si 1-895 (0-009) 1-895 (0-010) 1-929 (0-016)
Ti 0-004 (0-001) 0-006 (0-002) 0-007 (0-002)
Al(IV) 0-105 (0-009) 0-105 (0-010) 0-071 (0-016)
Al(VI) 0-072 (0-007) 0-079 (0-009) 0-058 (0-012)
Cr 0-015 (0-002) 0-028 (0-001) 0-033 (0-005)
Fe 0-096 (0-003) 0-103 (0-007) 0-091 (0-009)
Mg 0-957 (0-022) 0-978 (0-020) 1-030 (0-037)
Ca 0-852 (0-006) 0-786 (0-013) 0-758 (0-027)
Na 0-020 (0-003) 0-029 (0-003) 0-017 (0-007)
Cat. sum 4-015 (0-007) 4-009 (0-009) 3993 (0-013)
Xmg 0-909 (0-004) 0-905 (0-004) 0-919 (0-007)

Xwg=Mg/(Mg+Fe™). Numbers in parentheses corre-
spond to 1o standard deviations. Cations are calculated

on the basis of 6 oxygens and all Fe =Fe”*.

P(GPa)

0.6

0.4

Spinel exhibits marked compositional variations as a
function of pressure (Table 7). Xy, increases with pressure
(Xng=072-0-82 in FLZ; Xy,=076-0-82 in DLZ),
whereas X¢, [X¢r = Cr/(Cr + Al)] is inversely correlated
with P in both bulk compositions (Fig. 6a). In FLZ, X,
values progressively decrease from 0-29 at 0-31GPa to
0-08 at 10 GPa in the spinel-facies field (Fig. 6a and b).
Relatively higher X¢, values were observed in spinels
from DLZ, in agreement with the higher bulk Cm/An
ratio (see Fig. 6 and Table 1). An analogous behaviour is
shown by the TiOy content, resulting in a positive TiOg—
Xc, correlation (Fig. 6b). The highest TiOy contents were
found in spinels at low pressure, in the fertile lherzolite at
0-5 GPa (TiO9 =0-76 wt %) and in the depleted lherzolite
at 0-27 GPa (TiOy =0-40 wt %).

DISCUSSION

Element partitioning

Xmg values for olivine, orthopyroxene and clinopyroxene
are not sensitive to temperature and pressure. Previous
experimental studies have indicated that near 1000°C the
Fe/Mg ratio does not affect sensitively the high-pressure
stability limit of the plagioclase-facies assemblage, but
rather it influences the nature of the reaction products; at
intermediate values, this involves the appearance of
Fe-rich garnet together with spinel (e.g. Kushiro & Yoder,
1966; Green & Hibberson, 1970). However, at bulk-rock
Xnpg values comparable with ultramafic compositions the
effect of Fe on the pressure stability of plagioclase is

FLZ

/\1.0 GPa, 1100°C

0.9 GPa, 1100°C
| @ 0.8 GPa, 1100°C
O 0.8 GPa, 1000°C
A 0.7 GPa, 1150°C
% 0.7 GPa, 1000°C
Il 0.6 GPa, 1100°C
== 0.6 GPa, 1000°C
¢ 0.5GPa, 1100°C

@ 0.31 GPa, 1100°C

Thermodynamic .0.

CPX

OPX

Thermodynamic ‘e
modelling (FLZ)

EETY

[ ]
— . DLZ
o [ Jo.9 GPa, 1100°C
o4 O 0.8 GPa, 1000°C

° /\ 0.7 GPa, 1150°C

L modelling (FLZ)® - s §%0.7 GPa, 1000°C
o o 0.6 GPa, 1000°C
s O“.“ 8 & 05 GPa. 1100°C
(a) :T | | (b) T. | O 0.27 IGPa, 1100°C
0.1 0.2 0.3 04 0.1 0.2 0.3 0.4
Al (a.p.fu.) Al (a.p.fu.)

Fig. 4. Al content (AI"Y + AV a.p.fu. in Tables 4 and 5) variations in clinopyroxene (a) and orthopyroxene (b) from experiments on FLZ
(black symbols) and DLZ (grey symbols) as a function of pressure. Filled symbols correspond to plagioclase-bearing experiments; open symbols
indicate plagioclase-free experiments. The grey dotted curve corresponds to the Al variation trend in pyroxenes, calculated at 7 = 1100°C for
the FLZ composition using Perple X software (Connolly, 1990; Connolly & Petrini, 2002).

239

220z 1snbny Lz uo isenb Aq 61291 L/622/2- L/ L.G/e01e/ABojolied/woo dno-owepeoe/:sdly woly pepeojumod



JOURNAL OF PETROLOGY ‘ VOLUME 51 NUMBERS 1 & 2 | JANUARY & FEBRUARY 2010

Table 5:  Representative compositions of orthopyroxenes

Run: FLZ1 FLZ6 FLZ2 FLZ12 FLZ7 FLZ5 FLZ3

P (GPa): 1 0-9 0-8 0-8 07 07 0-6

T (°C): 1100 1100 1100 1000 1150 1000 1100

No. An.: 16 20 13 8 12 7 1"

SiO, 54-40 (0-61) 53-70 (0-56) 53-90 (0-62) 54-20 (0-28) 54-60 (0-40) 54-10 (0-21) 55-20 (0-56)
TiO, 0-11 (0-07) 0-32 (0-11) 0-23 (0-13) 0-11 (0-10) 0-29 (0-07) 0-05 (0-02) 0-13 (0-04)
Al,03 5-84 (0-53) 5-81 (0-69) 5-54 (0-68) 5-39 (0-36) 5-10 (0-57) 5-29 (0-11) 4-33 (0-63)
Cr,03 0-57 (0-06) 0-60 (0-07) 0-69 (0-06) 0-54 (0-13) 0-68 (0-09) 0-60 (0-03) 0-71 (0-06)
FeO 6-69 (0-14) 6:23 (0-26) 6-50 (0-21) 6-59 (0-27) 6-58 (0-12) 6-50 (0-25) 6-50 (0-36)
MgO 31:50 (0-57) 31-40 (0-59) 31-30 (0-51) 32:20 (0-16) 31-20 (0-34) 32:00 (0-29) 31-70 (0-14)
Ca0 1-39 (0-16) 1-57 (0-15) 1-64 (0-15) 1-45 (0-28) 1-61 (0-16) 117 (0-16) 1-50 (0-18)
Na,O 0-09 (0-06) 0-06 (0-05) 0-05 (0-05) 0-12 (0-03) 0-06 (0-01) 0-09 (0-04) 0-06 (0-02)
Total 100-58 (0-35) 99:69 (0-37) 99-85 (0-45) 100-60 (0-33) 100:12 (0-79) 99-80 (0-32) 100-13 (0-47)
Si 1-875 (0-020) 1-867 (0-021) 1-873 (0-020) 1-869 (0-007) 1-890 (0-012) 1-878 (0-006) 1-910 (0-014)
Ti 0-003 (0-002) 0-008 (0-003) 0-006 (0-003) 0-003 (0-003) 0-007 (0-002) 0-001 (0-000) 0-003 (0-001)
Al(IV) 0-125 (0-020) 0-133 (0-021) 0-127 (0-020) 0-131 (0-007) 0-110 (0-012) 0-122 (0-006) 0-090 (0-014)
Al(VI) 0-112 (0-017) 0-105 (0-015) 0-100 (0-018) 0-088 (0-008) 0-098 (0-011) 0-095 (0-008) 0-087 (0-015)
Cr 0-015 (0-002) 0-017 (0-002) 0-019 (0-002) 0-015 (0-003) 0-019 (0-003) 0-016 (0-001) 0-019 (0-002)
Fe 0-193 (0-004) 0-181 (0-008) 0-189 (0-006) 0-190 (0-008) 0-191 (0-005) 0-189 (0-007) 0-188 (0-011)
Mg 1-620 (0-031) 1-630 (0-026) 1-620 (0-022) 1-660 (0-005) 1-610 (0-011) 1-660 (0-013) 1-630 (0-011)
Ca 0-051 (0-006) 0-058 (0-006) 0-061 (0-006) 0-054 (0-010) 0-060 (0-006) 0-044 (0-006) 0-056 (0-007)
Na 0-006 (0-004) 0-004 (0-003) 0-004 (0-003) 0-008 (0-002) 0-004 (0-001) 0-006 (0-003) 0-004 (0-001)
Cat. sum 4-000 (0-013) 4-003 (0-010) 3-999 (0-008) 4-017 (0-002) 3-989 (0-003) 4-011 (0-007) 3-987 (0-006)
Xmg 0-894 (0-004) 0-900 (0-005) 0-896 (0-004) 0-897 (0-004) 0-894 (0-003) 0-898 (0-003) 0-897 (0-005)
Run: FLZ14 FLZ10 FLZ13 DLZ6 DLZ12 DLZ7 DLZ5

P (GPa): 0-6 05 0-31 0-9 08 07 07

T (°C): 1000 1100 1100 1100 1000 1150 1000

No. An.: 8 8 9 12 6 14 7

SiO, 54-10 (0-24) 55-00 (0-43) 55-50 (0-09) 54-90 (0-49) 55-20 (0-31) 54-90 (0-53) 54-60 (0-31)
TiO, 0-11 (0-08) 0-38 (0-05) 0-28 (0-07) 0-13 (0-01) 0-03 (0-01) 0-12 (0-07) 0-11 (0-01)
Al,O3 5-18 (0-30) 3-67 (0-39) 2-84 (0-13) 4-06 (0-50) 3-66 (0-15) 3:72 (0-24) 3:91 (0-15)
Cr,03 0-66 (0-07) 075 (0-07) 0-52 (0-06) 0-72 (0-10) 0-56 (0-03) 0-62 (0-05) 0-70 (0-03)
FeO 6-42 (0-28) 6:61 (0-22) 6-50 (0-06) 6-35 (0-26) 6-62 (0-11) 6-58 (0-19) 6-83 (0-11)
MgO 32-10 (0-61) 31:70 (0-29) 31-90 (0:-18) 31-70 (0-66) 32:60 (0-10) 31-60 (0-39) 32-14 (0-10)
Ca0 1-30 (0-36) 1-64 (0-09) 1-69 (0-06) 167 (0-20) 1-14 (0-05) 1-562 (0-20) 1-01 (0-05)
Na,O 0-05 (0-03) 0-05 (0-02) 0-07 (0-02) 0-06 (0-02) 0-04 (0-01) 0-05 (0-01) 0-00 (0-01)
Total 99-92 (0-13) 99-80 (0-32) 99-30 (0-22) 9959 (0-37) 99-85 (0-05) 99-12 (0-62) 99-30 (0-05)
Si 1-878 (0-007) 1-913 (0-016) 1-937 (0-001) 1-:910 (0-015) 1-914 (0-009) 1920 (0-011) 1-900 (0-009)
Ti 0-003 (0-002) 0-010 (0-002) 0-007 (0-002) 0-003 (0-000) 0-001 (0-000) 0-003 (0-002) 0-003 (0-000)
Al(IV) 0-122 (0-007) 0-087 (0-016) 0-063 (0-001) 0-090 (0-015) 0-086 (0-009) 0-080 (0-011) 0-100 (0-014)
Al(VI) 0-090 (0-017) 0-064 (0-008) 0-054 (0-004) 0-077 (0-011) 0-064 (0-003) 0-074 (0-008) 0-061 (0-015)
Cr 0-018 (0-002) 0-021 (0-002) 0-014 (0-002) 0-020 (0-003) 0-015 (0-001) 0-017 (0-001) 0-019 (0-001)
Fe 0-186 (0-008) 0-192 (0-006) 0-190 (0-001) 0-185 (0-007) 0-192 (0-003) 0-193 (0-005) 0-199 (0-003)
Mg 1660 (0-032) 1-640 (0-013) 1-660 (0-012) 1-640 (0-032) 1-690 (0-006) 1-650 (0-017) 1-690 (0-006)
Ca 0-048 (0-013) 0-061 (0-003) 0-063 (0-002) 0-062 (0-007) 0-043 (0-002) 0-057 (0-007) 0-038 (0-002)
Na 0-004 (0-002) 0-004 (0-001) 0-005 (0-001) 0-004 (0-001) 0-003 (0-001) 0-004 (0-001) 0-000 (0-001)
Cat. sum 4-008 (0-011) 3-991 (0-008) 3-993 (0-004) 3-991 (0-008) 4-007 (0-006) 3-998 (0-008) 4-010 (0-006)
Xmg 0-899 (0-003) 0-895 (0-003) 0-897 (0-001) 0-899 (0-005) 0-898 (0-001) 0-895 (0-003) 0-895 (0-001)
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BORGHINTI et al.

Table 5: Continued

Run: DLZ14 DLZ10 DLZ8

P (GPa): 06 05 0-27

T (°C): 1000 1100 1100

No. An.: 5 13 "

Si0, 54-70 (0-09) 55-20 (0-25) 55-90 (0-57)
TiO, 0-05 (0-02) 0-13 (0-05) 0-18 (0-03)
Al,O3 3-69 (0-07) 3-31 (0-22) 2-81 (0-36)
Cry03 0-58 (0-03) 0-66 (0-03) 0-85 (0-12)
FeO 6-40 (0-09) 6-66 (0-15) 6-23 (0-20)
MgO 32-60 (0-28) 32:00 (0-28) 33-10 (0-60)
Ca0 1-48 (0-16) 164 (0-15) 177 (0-08)
Na,O 0-02 (0-01) 0-06 (0-02) 0-04 (0-02)
Total 99-63 (0-44) 99-66 (0-48) 100-88 (0-22)
Si 1-906 (0-006) 1-923 (0-011) 1:921 (0-013)
Ti 0-001 (0-001) 0-004 (0-001) 0-005 (0-001)
Al(IV) 0-094 (0-006) 0-077 (0-011) 0-079 (0-013)
Al(VI) 0-058 (0-005) 0-059 (0-007) 0-035 (0-021)
Cr 0-016 (0-001) 0-018 (0-001) 0-023 (0-003)
Fe 0-186 (0-002) 0-194 (0-004) 0-179 (0-007)
Mg 1-690 (0-009) 1-660 (0-011) 1-700 (0-035)
Ca 0-055 (0-006) 0-061 (0-005) 0-065 (0-003)
Na 0-002 (0-001) 0-004 (0-002) 0-003 (0-001)
Cat. sum 4-007 (0-006) 3-999 (0-009) 4-010 (0-017)
Xng 0-901 (0-001) 0-895 (0-002) 0-904 (0-002)

Xwg = Mg/(Mg + Fe'”). Numbers in parentheses corre-
spond to 1o standard deviations. Cations are calculated on
the basis of 6 oxygens and all Fe = Fe*",

expected to be small (Green & Hibberson, 1970; Green &
Falloon, 1998).

Within the limited range of P—7 conditions investigated
in this study, olivine, orthopyroxene and clinopyroxene
preferentially partition Mg relative to spinel, in agreement
with previous experimental studies on comparable ultra-
mafic compositions at different P—7 conditions (Falloon
et al., 1997, 1999; Niida & Green, 1999; Fumagalli & Poli,
2005). The Fe-Mg partitioning thus allows assessment of
the achievement of equilibrium in experimental charges.

Alkalis and Cr—Al partitioning instead show significant
variations as a function of pressure, and are useful for the
quantification of the continuous reaction controlling the
transition between plagioclase lherzolite and spinel
lherzolite.

Ca—Na partitioning

In mantle peridotites at plagioclase-stability conditions,
Ca and Na are mostly partitioned between plagioclase
and clinopyroxene. In terms of solid solutions, the Ca—Na

PLAGIOCLASE IN UPPER MANTLE

partitioning between plagioclase and clinopyroxene is con-
trolled by the exchange reaction

NaAlSiyOs  + CaAlySipyOg = CaAlySiOg 4+ NaAlSizOg.

clinopyroxene plagioclase clinopyroxene plagioclase

)

Ca/(Ca + Na) ratios in plagioclase and clinopyroxene are
positively correlated and decrease with increasing pressure
(Fig. 7). This implies that near the plagioclase-out bound-
ary an albite-rich plagioclase is associated with a relatively
Na-rich clinopyroxene. A minor influence of temperature
on Ca—Na partitioning is suggested by the slight shift
towards lower An contents in plagioclase from experiments
performed at 1000°C, relative to experiments at 1100°C
(see Fig. 3).

The results for FLZ and DLZ are consistent with the
experimental data of (1) Falloon et al. (1997), for a single
subsolidus experiment at 10 GPa and 1250°C on MM3
lherzolite in a complex system, and (2) Niida & Green
(1999) on ‘MORB’ pyrolite in an hydrous complex system
(at 0-5GPa and 925°C). In Niida & Green’s experiments
the occurrence of high modal amounts of pargasitic
amphibole (26:5wt %) coexisting with plagioclase shifts
the An content of the plagioclase and the Ca/(Ca + Na)
of clinopyroxene toward higher values (Fig. 7).

Cr—Al partitioning

Cr and Al are hosted in spinel, orthopyroxene
and clinopyroxene through the end-members Mg-
chromite (MgCryO,4), Mg,Cr-Tschermak (2MgCrAlSiOg
=MgAlSiOg + MgCrySiOg) and  Ca,Cr-Tschermak
(2CaCrAlISiOg = CaAl,SiOg + CaCrySiOg). The Cr—Al
partitioning between spinel and pyroxenes is governed by
the exchange reactions

MgCryO4 +2CaAlySiOg = MgAl, Oy +2CaCrAlSiOg

. . . . 5
spinel  clinopyroxene  spinel clinopyroxene ©)
and
MgCr,O4 +2MgAl,SiO = MgAl, Oy +2MgCrAlSiOy 6)
spinel  orthopyroxene  spinel orthopyroxene (

and the Cr—Al partitioning between clino- and orthopyr-
oxene is controlled by the reaction

CaAlySiOg+MgCrAlSiO;=CaCrAlSiOs+MgAlL,SiOg

Cpx opx Cpx opx

™)

In both FLLZ and DLZ compositions the X¢, of spinel is
positively correlated with X, of both clinopyroxene and
orthopyroxene; the marked Xg, decrease in spinel is
coupled with a slight and systematic X, decrease in pyrox-
enes with increasing pressure (Fig. 8). This indicates, as
expected, that spinel changes from a chrome-rich to an alu-
minous spinel through the transition and that, within the
multivariant plagioclase-bearing field, although spinel
preferentially incorporates Cr, pyroxenes are also impor-
tant hosts of Cr in peridotitic systems (Webb & Wood,
1986; Klemme & O’Neill, 2000). It is noteworthy that
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Table 6:  Representative compositions of plagioclases

Sample: FLZ2 FLZ7 FLZ5 FLZ3 FLZ14 FLZ10

P (GPa): 0-8 07 07 06 06 06

T (°C): 1100 1150 1000 1100 1000 1100

No. An.: 1 1 6 12 6 15

SiO, 53-80 (0-96) 51-40 (0-59) 53-60 (0-36) 52:60 (0-72) 51-60 (0-50) 50-00 (1-26)
TiO, 0-03 (0-03) 0-02 (0-02) 0-07 (0-04) 0-07 (0-05) 0-05 (0-04) 0-06 (0-04)
Al,O3 29:00 (1-14) 29-50 (0-84) 29-30 (0-42) 29-80 (0-71) 29:90 (0-14) 31-70 (1-00)
Cr03 0-11 (0-05) 0-04 (0-06) 0-10 (0-05) 0-07 (0-05) 0-07 (0-04) 0-10 (0-11)
FeO 0-05 (0-15) 0-23 (0-19) 0-03 (0-04) 0-09 (0-13) 0-09 (0-05) 0-16 (0-27)
MgO 0-02 (0-04) 0-38 (0-31) 0-02 (0-02) 0-09 (0-19) 0-10 (0-07) 0-39 (0-61)
Ca0 12:20 (0-71) 13-60 (0-92) 13-00 (0-04) 13-90 (0-78) 14-20 (0-49) 15-10 (0-48)
Na,O 4-68 (0-31) 3-63 (0-30) 4-34 (0-07) 350 (0-27) 3-94 (0-16) 2:71 (0-27)
Total 99-88 (0-96) 98-80 (0-75) 100-46 (0-04) 100-11 (0-91) 99:95 (0-16) 100-23 (0-54)
Si 2-440 (0-046) 2-370 (0-036) 2-420 (0-018) 2-400 (0-033) 2-350 (0-025) 2:280 (0-061)
Ti 0-001 (0-001) 0-001 (0-001) 0-002 (0-001) 0-002 (0-002) 0-002 (0-001) 0-002 (0-001)
Al 15650 (0-055) 1-600 (0-038) 1-560 (0-021) 1-600 (0-033) 1-600 (0-008) 1-700 (0-050)
Cr 0-004 (0-002) 0-001 (0-002) 0-004 (0-002) 0-002 (0-002) 0-002 (0-001) 0-004 (0-004)
Fe 0-002 (0-006) 0-009 (0-007) 0-001 (0-001) 0-003 (0-005) 0-003 (0-002) 0-006 (0-009)
Mg 0-002 (0-003) 0-026 (0-021) 0-001 (0-001) 0-006 (0-013) 0-007 (0-005) 0-027 (0-041)
Ca 0-594 (0-034) 0-671 (0-042) 0-627 (0-002) 0-680 (0-035) 0-690 (0-023) 0-739 (0-023)
Na 0-411 (0-024) 0-324 (0-027) 0-380 (0-006) 0-309 (0-025) 0-347 (0-014) 0-239 (0-024)
Cat'sum 5-003 (0-016) 5-002 (0-013) 4-995 (0-006) 5-003 (0-016) 5-001 (0-012) 4-996 (0-028)
(Na+Ca) 1-005 (0-029) 0-995 (0-028) 1-007 (0-005) 0-989 (0-021) 1-037 (0-018) 0-978 (0-029)
An 0-591 (0-025) 0-674 (0-030) 0-623 (0-004) 0-687 (0-027) 0-665 (0-015) 0-756 (0-021)
Sample: FLZ13 DLZ7 DLZ14 DLZ10 DLZ8

P (GPa): 0-31 07 0-6 05 0-27

T (°C): 1100 1150 1000 1100 1100

No. An.: 9 1" 5 16 9

SiO, 50-40 (0-38) 53-10 (1-18) 51-20 (0-09) 48-80 (1-38) 47-90 (1-11)
TiO, 0-06 (0-02) 0-10 (0-05) 0-04 (0-04) 0-03 (0-03) 0-05 (0-06)
Al,O3 31-90 (0-44) 29-10 (1-63) 30-10 (0-09) 32:70 (1-02) 30-90 (2:25)
Cr,03 0-18 (0-03) 0-10 (0-07) 0-04 (0-07) 0-04 (0-04) 0-10 (0-09)
FeO 0-08 (0-04) 0-13 (0-12) 0-03 (0-06) 0-05 (0-17) 0-34 (0-48)
MgO 0-10 (0-12) 0-03 (0-04) 0-07 (0-09) 0-09 (0-25) 177 (2:27)
Ca0 16-60 (0-23) 13-90 (0-76) 14-50 (0-10) 15-70 (0-56) 16-10 (1-82)
Na,O 2:01 (0-12) 3-62 (0-46) 3:66 (0-07) 2:58 (0-40) 177 (0-35)
Total 101-33 (0-46) 100-00 (0-80) 99-64 (0-28) 99-98 (0-62) 9893 (1-65)
Si 2:290 (0-023) 2-420 (0-055) 2:340 (0-005) 2-230 (0-062) 2:210 (0-040)
Ti 0-002 (0-001) 0-004 (0-002) 0-001 (0-001) 0-001 (0-001) 0-002 (0-002)
Al 1-710 (0-018) 1-560 (0-083) 1-620 (0-009) 1-760 (0-053) 1-680 (0-125)
Cr 0-007 (0-001) 0-004 (0-003) 0-001 (0-003) 0-001 (0-001) 0-004 (0-003)
Fe 0-003 (0-002) 0-005 (0-004) 0-001 (0-002) 0-000 (0-001) 0-012 (0-016)
Mg 0-007 (0-008) 0-002 (0-003) 0-005 (0-006) 0-006 (0-017) 0-121 (0-153)
Ca 0-806 (0-008) 0-681 (0-033) 0-711 (0-005) 0-770 (0-029) 0-799 (0-097)
Na 0-177 (0-011) 0-321 (0-041) 0-324 (0-006) 0-229 (0-035) 0-158 (0-030)
Cat-sum 5-001 (0-006) 4-996 (0-013) 5-004 (0-005) 4-998 (0-028) 4-985 (0-028)
(Na+Ca) 0-983 (0-004) 1-002 (0-044) 1-035 (0-002) 0-999 (0-025) 0-957 (0-069)
An 0-819 (0-011) 0-679 (0-032) 0-687 (0-006) 0-771 (0-033) 0-833 (0-043)

An=Ca/(Ca + Na). Numbers in parentheses correspond to 1c standard deviations. Cations are calculated on the basis of
8 oxygens and all Fe =Fe”".
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Fig. 5. Variation of Ca/(Ca + Na) content in plagioclase vs pressure
(GPa) in experiments on FLZ and DLZ compositions. Symbols as in
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in plagioclase (grey dotted curve), calculated at 7=1100°C for the
FLZ composition using Perple X software (Connolly, 1990; Connolly
& Petrini, 2002).
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Cr—Al partitioning data resulting from this study are in
excellent agreement with the available experimental data
from similar peridotite compositions in complex chemical
systems (Falloon et al., 1997; Niidda & Green, 1999;
Wasylenki et al., 2003; see Fig. 8).

Xor values of spinel and pyroxenes for FLZ at
P=0-5-10GPa, T=1100°C were also calculated using
the PerpleX package (Connolly, 1990; Connolly &
Petrini, 2002), including the updated version of the
Holland & Powell (1998) database and solid solution
models for Cr-bearing pyroxenes, spinel and garnet
(http://www.perplex.ethz.ch). When compared with the
experimental data, thermodynamic modelling tends to
severely underestimate the solubility of MgCrls
(Mg,Cr-Tschermak) and CaCrls (Ca,Cr-Ischermak) in
orthopyroxene and clinopyroxene, respectively, and
consequently concentrates most Cr in spinel, as the
Mg-chromite component. Consequently, calculated X¢,
values of pyroxenes are one order of magnitude lower
than the X, values of pyroxenes determined in the
experiments, and the calculated X¢, of spinel can be up
to 0-3 higher than that derived experimentally (Fig. 8).

Phase abundances and quantification

of the reaction

Phase abundances have been estimated by mass-balance
calculations. As the ferric/ferrous ratio of each phase is
unknown, all iron was treated as Fe?™, although moderate
amounts of Fe’" are expected to be present in spinels.

PLAGIOCLASE IN UPPER MANTLE

Weighted least-squares minimization procedures were
applied to balance the starting bulk composition with the
average composition of each phase in the experiments. To
take into account the fact that the system contains compo-
nents with different variance, such as Na and Mg, different
weights were assigned. The quality of the fit was evaluated
on the basis of the sum of the squares of the residuals,
where the residuals were calculated as the difference
between the model starting composition and the
bulk-composition calculated by considering the resulting
phase proportions (3R Table 8). In the fertile composi-
tion the sum of the squares of the residuals ranges between
0-10 and 0-21; in the depleted lherzolite higher values are
found, especially for the spinel-facies assemblages. This is
probably due to the uncertainty in the spinel compositions.
Standard errors on the chemical analyses have been propa-
gated to the phase abundances by the Monte Carlo
method. Up to 10000 simulations normally distributed
around the average value of each component of each
phase have been evaluated and then statistically treated.
Modal proportions (wt %) and propagated errors for
FLZ—-40% ol and DLZ-40% ol are reported in Table 8.
In experiments conducted at 1000°C, where the fine-
grained textures did not allow accurate analysis of spinel,
mass-balance calculations were performed using the com-
position obtained in experiments at similar P—7 conditions
(e.g. for run FLZ14 at 06 GPa and 1000°C, the average
spinel composition from run FLZ3 at 0-6 GPa and 1100°C
was adopted).

Modal abundances, restored for the 40 wt % of olivine
(Fogq) subtracted, are shown as a function of pressure at
1100°C in the FLZ experiments in Fig. 9a and at
1000-1100°C' in the DLZ experiments in Fig. 9b. The
depleted lherzolite has a higher olivine abundance (>63-6
+ 13wt %) relative to the fertile lherzolite, as expected
from the different Ca and Al contents in the two starting
materials. In the fertile lherzolite, the higher Ca and Al
contents maximize the clinopyroxene and plagioclase
abundances with respect to orthopyroxene and olivine.
Mass-balance calculations for both the FLZ and DLZ
experiments indicate that the modal amount of plagioclase
progressively decreases with increasing pressure up to the
plagioclase-out boundary. This is coupled with a decrease
in modal olivine and an increase in pyroxenes and spinel
abundances, according to the continuous reaction

plag + olivine + Al-poor pxg + Cr-rich spy

. . (8)
= Al-rich sp; + Al-rich px;

where spy and px( refer to spinel and pyroxenes stable in
the plagioclase stability field, characterized by Al-poor
compositions, and sp; and px; are phases stable at
spinel-facies conditions, which exhibit higher Al contents.
Reaction (8) is mainly governed by the partitioning of Na—
Ca and Cr—Al among the participating mineral phases.
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Table 7: Representative compositions of spinels

Sample: FLZ1 FLZ6 FLZ2 FLZ7 FLZ3

P (GPa): 1 0-9 0-8 07 0-6

T (°C): 1100 1100 1100 1150 1100

No. An.: 8 9 8 5 9

SiO, 0-21 (0-34) 0-56 (0-39) 0-07 (0-09) 0-07 (0-06) 0-14 (0-11)
TiO, 0-15 (0-04) 0-22 (0-03) 0-61 (0-11) 0-56 (0-03) 0-61 (0-02)
Al,O03 60-90 (0-90) 5650 (1-72) 51-00 (1-57) 44-20 (0-59) 46:40 (2-37)
Cr,03 7-65 (1-43) 10-80 (1-85) 18-00 (1-08) 23-60 (1-38) 20-80 (3-22)
FeO 9-68 (0-29) 8-:05 (0-31) 10-60 (0-562) 11-40 (0-26) 11-40 (0-33)
MgO 20-80 (0-67) 21-30 (0-36) 19-40 (0-32) 19-50 (0-86) 20-30 (2-02)
Total 99-39 (0-55) 97-43 (0-61) 99-58 (0-60) 99-33 (0-31) 99-65 (0-39)
Si 0-005 (0-009) 0-015 (0-010) 0-002 (0-002) 0-002 (0-002) 0-004 (0-003)
Ti 0-003 (0-001) 0-004 (0-001) 0-010 (0-002) 0-012 (0-001) 0-012 (0-000)
Al 1-835 (0-024) 1-745 (0-037) 1-601 (0-039) 1-430 (0-016) 1-481 (0-055)
Cr 0-155 (0-029) 0-224 (0-040) 0-379 (0-025) 0-512 (0-031) 0-445 (0-075)
Fe 0-207 (0-007) 0-176 (0-006) 0-236 (0-012) 0-262 (0-007) 0-258 (0-013)
Mg 0-793 (0-024) 0-832 (0-010) 0-770 (0-015) 0-798 (0-029) 0-820 (0-064)
Cat'sum 2-997 (0-008) 2-996 (0-004) 2-998 (0-006) 3-:015 (0-010) 3-020 (0-025)
Xer 0-078 (0-014) 0-114 (0-020) 0-191 (0-014) 0-264 (0-017) 0-231 (0-039)
Xug 0-793 (0-018) 0-825 (0-009) 0-765 (0-012) 0-753 (0-031) 0-760 (0-068)
Sample: FLZ10 DLZ6 DLZ7 DLZ10 DLZ8

P (GPa): 06 0-9 07 05 0-27

T (°C): 1100 1100 1150 1100 1100

No. An.: 14 6 5 5 7

SiO, 0-09 (0-12) 0-43 (0-21) 0-00 (0-00) 0-14 (0-11) 0-00 (0-00)
TiO, 0-76 (0-05) 0-20 (0-05) 0-30 (0-02) 0-39 (0-02) 0-40 (0-05)
AlL,O3 43-:00 (1-69) 5120 (0-42) 35-60 (0-41) 46-90 (1-67) 32:50 (0-61)
Cr,03 2650 (1-45) 16-50 (0-70) 34-50 (0-96) 20-90 (1-68) 39:40 (1-24)
FeO 12-:30 (0-35) 861 (0-39) 9-92 (0-41) 11-80 (0-28) 9-15 (0-77)
MgO 17-40 (0-65) 21-90 (0-28) 20-89 (0-68) 20-70 (0-09) 18-50 (0-63)
Total 100-05 (1-02) 98-84 (0-40) 101-21 (0-57) 100-82 (0-19) 99-95 (0-54)
Si 0-003 (0-003) 0-011 (0-005) 0-000 (0-000) 0-004 (0-003) 0-000 (0-000)
Ti 0-016 (0-001) 0-004 (0-001) 0-006 (0-000) 0-008 (0-000) 0-009 (0-001)
Al 1-398 (0-041) 1-598 (0-009) 1-196 (0-012) 1-481 (0-046) 1-094 (0-018)
Cr 0-578 (0-033) 0-345 (0-016) 0-777 (0-024) 0-443 (0-038) 0-890 (0-032)
Fe 0-284 (0-011) 0-191 (0-006) 0-272 (0-013) 0-264 (0-007) 0-219 (0-016)
Mg 0-715 (0-016) 0-864 (0-008) 0-756 (0-023) 0-827 (0-008) 0-788 (0-023)
Cat'sum 2-994 (0-006) 3-:013 (0-004) 3-007 (0-007) 3-:027 (0-001) 2:999 (0-013)
Xer 0-292 (0-018) 0-178 (0-009) 0-394 (0-012) 0-230 (0-019) 0-449 (0-014)
Xwug 0-716 (0-012) 0-819 (0-012) 0-790 (0-022) 0-758 (0-011) 0-783 (0-017)

Xcr=Cr/(Cr+ Al); Xug=Mg/(Mg +Fe™"). Numbers in parentheses correspond to 1c standard deviations. Cations are
calculated on the basis of 4 oxygens and all Fe =Fe®".
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Fig. 6. (a) Xc, value [X¢, = Cr/(Cr + Al)] vs Xy value [Xy, =
Mg/(Mg + Fe'°)] of spinels from the experiments on FLZ and DLZ.
Run symbols are as in Fig. 4: open and filled symbols refer to
plagioclase-free and plagioclase-bearing experiments, respectively.
Also reported are the compositional fields of spinels from spinel-facies
(dashed field) and plagioclase-facies (dotted field) assemblages in the
External Liguride peridotites (ELP; Northern Apennines, Italy;
Borghini, 2008). (b) X¢, value vs TiOy (wt %) content of spinels in
the FLZ and DLZ experiments. Compositional fields as in (a). Also
reported are the compositions of spinels in spinel peridotites and equi-
librated plagioclase peridotites from the Ronda (Betic Cordillera,
southern Spain, sp-RP and pl-RP; Obata, 1980) and Erro—Tobbio mas-
sifs (Ligurian Alps, Italy, sp-ET and pl-ET; Rampone et al., 2005;
Piccardo & Vissers, 2007), together with spinels in impregnated plagi-
oclase peridotites from Lanzo Nord (Western Alps, pl-LP;
Kaczmarek & Miintener, 2008) and Erro—Tobbio (pl-ETIP, Piccardo
& Vissers, 2007; Borghini et al., 2007). (See text for further details.)

In the simple system NCMAS the upper pressure stabil-
ity of plagioclase is constrained by reactions (1) and (3),
delimiting the five-phase mineral assemblage. This implies
that the persistence of plagioclase is not only a function of
its composition (i.e. that albite-rich plagioclase will be
favoured at higher pressure) but also that its upper pres-
sure stability is moderated by the presence and modal
abundance of clinopyroxene, as a relevant host for the
jadeite molecule (Green & Hibberson, 1970). A powerful

PLAGIOCLASE IN UPPER MANTLE
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Fig. 7. Ca/(Ca + Na) partitioning between clinopyroxene (cpx) and
plagioclase (pl) Symbols as in Fig. 5. For comparison, we have
reported experimental data from (1) Niida & Green (1999) on
MORB pyrolite in a hydrous complex system (at 0-5GPa and
925°C), and (2) Falloon et al. (1997) on MM3 lherzolite in a complex
system (at 10 GPa and 1250°C).

way to explore this effect is through the bulk-rock Ab/Di
normative ratio, expecting that the higher the ratio, the
higher the upper pressure stability of plagioclase.
Reaction (8) is also controlled by Cr—Al partitioning
between spinel and pyroxenes, according to the following
reactions, modelled in the simple CrCMAS system:
MgCr, Oy + 2CadlyS$i2045 +2Mg, SiO;
Mg-chromite anorthite forsterite
= MgAl,0, +2MgCrAlSiO, +2CaMgSi,Og

9
spinel MgCrTs diopside ©)
MgCr,Oy4 4 2CaAl,ySipOg +2Mg, SiO,
Mg-chromite anorthite  forsterite
= MgAl, O, +2CaCrAlSiOg +2Mg,Sis Og (10)
spinel CaCrTs enstatite

This implies that the Cr—Al partitioning between spinel
and pyroxenes is complicated by the contribution of plagi-
oclase as follows:

MgCr, 04+ CaAlySipOg
Mg-chromite anorthite
= MgCrAlSiOg+ CaCrAlSiOg

11
MgCrTs CaCr-Ts (1

As a result, at fixed P—7 conditions, the X, of spinel is not
only dependent on the X, of the bulk composition but is
also correlated with the presence and abundance of plagio-
clase. The normative Cm/An ratio of the bulk composition
therefore represents a valid parameter to predict the effect

245

220z 1snbny Lz uo isenb Aq 61291 L/622/2- L/ L.G/e01e/ABojolied/woo dno-owepeoe/:sdly woly pepeojumod



JOURNAL OF PETROLOGY ‘ VOLUME 5l

NUMBERS 1 & 2 JANUARY & FEBRUARY 2010

FLZ(X_=0.07) XCr in Cpx DLZ(X_=0.1) )(cr in opx
1.0 GPa, 1100°C 0.9 GPa, 1100°C
05 _|:|0.9 GPa, 1100°C | A 0.7 GPa, 1150°C
0 0.8 GPa, 1100°C ¢ 0.5 GPa, 1100°C
A 0.7 GPa, 1150°C @ 0.27 GPa, 1100°C _
0.41|Mosacpa, 1100°C _ I ®
' 4 05 GPa, 1100°C -

0.3

Q MM3-Falloon97
sylenkio3 |

 Niida&Green9a_] e
ol A

0.2

Thermodynamic modelling |

MM3-Falloon97

u \Wasylenki03
*

AD @MPY-Niida&Green99

Thermodynamic modelling

0.5 0.5
(a) ! ‘{'oé?"ﬁ'%s‘""To"?'-- --1?‘?‘"--. (b) 1 %9 0_?_“_0!.‘8 """ ?.7'"" 7%'"’.
01 02 03 04 05 01 02 03 04 05
X, in spinel X, in spinel

Fig. 8. Cr—Al partitioning between spinel [ X, = Cr/(Cr + Al)] and clinopyroxene (a) and orthopyroxene (b) [X¢, = Cr/(Cr 4+ AIV")] from
experiments on FLZ and DLZ (the bulk X, value is reported in parentheses) and previous experimental studies performed in complex chem-
ical systems on MORB pyrolite (at 10 GPa and 925°C; Niida & Green, 1999), MM3 lherzolite (at 10 GPa and 1250°C; Falloon et al. 1997), and
DMMI depleted lherzolite (at 10 GPa and 1250°C; Wasylenki et al., 2003). Filled black circles connected by dashed lines represent the spinel-pyr-
oxene X, variation trends calculated at P from 0-5 to 100 GPa and 7 = 1100°C for the FLZ composition, using Perple X software (Connolly,
1990; Coonnolly & Petrini, 2002) in the Cr-NCFMAS system (see text for further details).

of Cr—Al partitioning on the upper pressure stability of
plagioclase (see the discussion below).

Mass-balance calculations using the average mineral
compositions in experiments at P—7 conditions across the
transition between plagioclase and spinel lherzolite (runs
FLZ6 and FLZ2 respectively; see Tables 3-7) allowed us
to quantify the stoichiometric coefficients of the reaction
for the FLZ bulk. The results yielded the following
balanced reaction:

0-05spy+0-37cpx,+0-580px,
=0-12pl,40-130l+0-02sp,4+0-3cpx, +0-430px,.  (12)

Rampone e al. (1993) quantified the plagioclase—spinel
lherzolite reaction by mass balance using the mineral
chemistry variations observed in the External Liguride
peridotites. Although they did not consider Cr-spinel as a
product phase, their results are in agreement with the
experimentally based results represented by reaction (12).

In summary, the results of experiments within the plagi-
oclase stability field indicate that the plagioclase—spinel
lherzolite transition is a continuous reaction marked by
systematic modal and chemical changes in the constituent
minerals. At increasing P, modal plagioclase decrease is
coupled with an increase in modal pyroxenes and spinel;
these variations are correlated with a progressive decrease

of the anorthite content in plagioclase and Cr, Ti in
spinel, in turn coupled with an Al content increase in

both spinel and pyroxenes (Figs 4, 5 and 6a,b).

The plagioclase-out boundary in
lherzolite compositions
The experimental results of this study indicate that the
plagioclase-out boundary in the fertile lherzolite FLZ
occurs between 0-8 and 0-9 GPa at 1100°C, and between
0-7 and 0-8 GPa at 1000°C. The complexity of the chemical
system and the bulk composition adopted in the experi-
ments strongly affect the position of the plagioclase-out
reaction, as suggested by the Na—Ca and Cr—Al partition-
ing among phases. When compared with available experi-
mental results for fertile lherzolites, modelled in different
complex chemical systems (Fig. 10a), the bulk composition
dependence finds further confirmation. Despite good
agreement regarding the positive dP/d7 slope of the transi-
tion, the pressure at which plagioclase disappears varies
from 0-8 to 15 GPa (Kushiro & Yoder, 1966; Green &
Hibberson, 1970; Green & Ringwood, 1970; Green &
Falloon, 1998; Niida & Green, 1999; Presnall et al., 2002).
In CMAS, the univariant plagioclase—spinel transition
occurs at 7=1100°C and a pressure of about 0-7 GPa for
the 2Fo 4+ 1An composition (Fig. 10a, curve 3; Kushiro &
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Table 8: Phase proportions (in wt % ) in experiments calculated by weighted mass balance

Run P T Data relative to FLZ and DLZ -40% olivine S R**  Data with 40% olivine restored

(GPa) (°C) ol opx cpx plag sp ol opx cpx plag sp
FLZ1 10 1100 308 (20) 385 (27) 271(09) — 3:6 (0-4) 0-02 585 (1-2) 231 (16) 163 (05) — 2:2 (0:2)
FLZ6 09 1100 295 (2:3) 407 (28) 26:1(08) — 36 (06) 021 577 (1-4) 244 (17) 160 (06) — 22 (0-3)
FLZ2 08 1100 367 (26) 32:1(33) 212(13) 80(09 20 (04) 003 62:0 (16) 193 (20) 127 (0-8) 48 (06) 12 (0-2)
FLZ12 08 1000 289 (2:0) 407 (300 262(12) — 41 (04) 007 574 (12) 244 (18 157 (08 — 25 (0:2)

FLZ7 07 1150 419 (299) 278 (37) 183 (1:3) 100 (1-1) 2:0(0-2) 0-02 652 (1-8) 167 (22) 11-0 (0-8) 6-0 (0-6) 12 (0-1)
FLZ5 07 1000 403 (244) 293 (29) 191 (0-7) 97 (0-6) 16 (0:2) 0-04 64-2 (1-6) 176 (1-8) 11-4 (0-4) 5-8 (0-4) 1-0 (0-1)
FLZ3 0-6 1100 421 (3-2) 276 (35) 169 (1-1) 121 (1:3) 12(0-4) 003 65-2 (1-9) 166 (2:1) 10-2 (0-7) 7-3 (0-8) 07 (0-3)
FLZ14 06 1000 397 (26) 293 (34) 178 (14 117 (09 15(03) 004 63-8 (1-6) 176 (2:1)  10-7 (0-9) 70 (06) 09 (02
FLZ10 05 1100 429 (26) 263 (3-1) 163 (1-1) 135 (09 1-0(0-3) 0-01 65-8 (1:6) 158 (1-9) 9-8 (0-6) 81 (0-6) 06 (0-2)
FLZ13 031 1100 434 (2:3) 258 (27) 149 (1-1) 147 (06) 1-1(04) 003 66:1 (1-4) 155 (1-6) 9:0 (07) 88 (0:3) 07 (0-2)

DLz6 09 1100 393 (21) 450 (25) 138 (0-4) — 19 (0-3) 083 636 (1:3) 27-0 (1'5) 83 (03 — 12 (0:2)
DLZ12 08 1000 411 (1-8) 438 (22) 13:0(03) ~— 2:1(0-2) 069 647 (1-1)  26:3 (1-3) 78 (020 — 12 (0-1)
DLZ7 07 1150 464 (26) 373 (3-1) 102 (1-0) 54 (0-8) 07 (01 015 67-8 (1-6) 224 (1:9) 6-1 (0-6) 32 (05) 04 (01)
DLZ5 07 1000 433 (190 41-1(23) 135(0b6) — 21(02) 017 66:0 (1:2) 246 (1-4) 81 (03 — 13 (0-1)

DLZ14 06 1000 443 (1-9) 391 (2:2) 9:9 (0:5) 59 (04) 08 (0:3) 019 666 (1-1) 235 (1-3) 59 (0-3) 36 (0:3) 05 (0-2)
DLZ10 05 1100 463 (24) 367 (2:6) 9:8 (0-7) 67 (04) 05 (0:2) 022 678 (1-4)  22:0 (1-6) 5-9 (0-4) 40 (0-3) 03 (0-1)
DLz8  0-27 1100 471 (28) 351 (35) 9:0 (1:3) 83 (09 05 (02 049 683 (1:7) 211 (2:1) 5-4 (0-8) 5-0 (0-6) 03 (0-1)

*Sum of the squares of the residuals for all elements calculated as the sum of the squares of the difference between
model and calculated composition.

ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; pl, plagioclase; sp, spinel. Numbers in parentheses are propagated
errors from Monte Carlo simulations. Phase proportions for fertile and depleted Iherzolites have been recalculated by
restoring the 40% of olivine, to refer to the original composition of FLZ and DLZ. Modal amounts resulting from mass
balance have been normalized to 60%, and then 40% of olivine has been added. This introduces a negligible error, as
olivine does not show large compositional variations in experiments with respect to the model olivine subtracted a priori
(see Table 1).

Yoder, 1966), and is extrapolated from near-solidus experi-
ments at about 0-9GPa for LherzA bulk (curve 4
Presnall e al., 1979). Presnall and co-workers documented
that the addition of Na and Fe has the same effect,
moving the plagioclase-out reaction toward higher pres-
sure (e.g. curve 5, NCMAS, Walter & Presnall, 1994;
FCMAS, Gudfinnsson & Presnall, 2000; Fig. 10a). Our
experiments on FLLZ and DLZ in Ti,Cr-NCFMAS locate
the plagioclase breakdown boundary at lower pressure
than in NCMAS and FCMAS (respectively curves 1 and
2 in Fig. 10a). This discrepancy is presumably due to the
presence of Cr in our bulk system, as Cr is expected to con-
trol plagioclase + forsterite reactions by lowering the pres-
sure of plagioclase stability [reactions (8) and (9)].
A similar result has been recently documented by Keshav
et al. (2008) based on near-solidus or solidus experiments
in the CrCMAS system.

Interesting indications of the effect of bulk composition
on subsolidus plagioclase lherzolite stability can be
deduced from comparison of our results with experimen-
tal results on pyrolite-type compositions (see Table 1).

Green & Ringwood (1970) located the plagioclase-out
boundary in Hawaiian pyrolite (HPY) at 0-9-10 GPa
and 1000-1100°C (curve 6, Fig. 10a); that is, at a pressure
0-2 GPa higher than in FLZ. Similar results were obtained
by Niida & Green (1999) for MORB pyrolite (MPY) in a
hydrous complex system (curve 7, Fig. 10a). This pressure
discrepancy is probably due to the higher Na content in
‘Hawaiian’ and ‘MORDB’ pyrolites relative to FLZ, reflect-
ing significantly higher Ab/Di normative ratios (see
Table 1). This supports the already known striking depen-
dence of the plagioclase upper pressure stability on bulk
composition, specifically the Nay,O/CaO ratio and norma-
tive plagioclase content (Gasparik, 1987, Walter &
Presnall, 1994; Falloon et al., 2008). Moreover, experiments
on pyrolite compositions (Green & Falloon, 1998, and ref-
erences therein) indicate that more depleted compositions
(i.e. with lower bulk NayO/CaO and Ab/Di normative
ratios) are expected to encounter the appearance of plagi-
oclase at lower pressure.

Our experiments indicate that in the depleted lherzolite
DLZ the plagioclase-out boundary occurs between 0-7
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Fig. 9. Modal abundances restored with addition of 40% olivine in
FLZ at 1100°C (a), and in DLZ at 1000-1100°C: (b), calculated by
mass balance as a function of pressure. The grey bands represent the
pressure range in which the plagioclase-bearing assemblage
disappears.

and 0-8 GPa at 1100°C, and it is shifted towards lower
P (by about 0-1 GPa) relative to FL.Z (Fig. 10a). Despite dif-
ferent absolute bulk Na,O, CaO and Al,O3 contents, FL.Z
and DLZ have similar NayO/CaO ratios and similar Ab/
Di normative ratios. On the other hand, DLZ has a
higher X, value and Cm/An ratio relative to FLZ
('Table 1). As discussed above, plagioclase disappearance is
strongly driven by Cr—Al partitioning between spinel and
pyroxenes. Although plagioclase does not host Cr, it par-
ticipates in the reactions producing Mg, Cr-Tschermak
and Ca,Cr-Tschermak in pyroxenes and in consuming
Mg-chromite in spinel [reactions (9)—(11)]. As a result,
bulk compositions with higher Cm/An normative ratios
would account for spinel with a higher X¢, value and,
therefore, would encounter the plagioclase-out boundary
at progressively lower pressures. Our experimental results
thus confirm this bulk X¢, value effect, indicating that at
similar NayO/CaO ratios (and similar bulk Ab/Di), an
increase of 0-03 in the bulk X¢, corresponding to an
increase of 0-05 in the Cm/An ratio (see Table 1), accounts

1.6 1,2 7icr-ncFmas
3 CMAS (1an-2fo)
4 cmAS (Lherza)

14
— 5 Ncmas (Lherza)
©
% 6 K-Ti-Cr-bearing system
= 1.2|~ 7 Ti-Cr-bearing system
o
3
a C
o 1.00- T
o 7=
08F iz e
0.6
Spinel facies
__-HZ0.09
" __-HZ0.8
’«?1'0_ T HZOO7
T e .- -HZ0.06
?5 DLZ C?]c' - -l
A =7 cale -
0.8 FrLZo .
IO SO
> beo
? .
]
o6}
o )
Plag facies
041 (b)

1 1 1 1 1
900 1000 1100 1200 1300 1400

Temperature (°C)

Fig. 10. (a) The plagioclase-out boundary and solidus curves result-
ing from this experimental study (FLZ: reaction curve l; DLZ: reac-
tion curve 2) compared with existing experimental data on: (curve
3) 2 fosterite—anorthite assemblage from Kushiro & Yoder (1966),
(curve 4) model lherzolite in the CMAS system from Presnall et al.
(1979); (curve 5) model lherzolite in the NCMAS system from Walter
& Presnall (1994); (curve 6) ‘Hawaiian’ pyrolite modelled in the com-
plex K,CrTi-bearing system from Green & Ringwood (1970);
(curve 7) ‘MORDB’ pyrolite modelled in a hydrous Cr,Ti-bearing
system from Niida & Green (1999). (b) The experimentally
derived plagioclase-out boundaries (FLZ exp and DLZ exp) are com-
pared with those derived by thermodynamic calculation using
the PerpleX package (Connolly, 1990; Connolly & Petrini, 2002) in
the model system Cr-NCFMAS (FLZ calc and DLZ calc, grey
curves). The black dashed curves refer to plagioclase-out boundaries
calculated for a harzburgite composition (HZ; see text for further
details) assuming different Nay,O/CaO ratios varying from 0-06
to 0-09.

for about a 0-1 GPa lowering in the pressure of plagioclase
disappearance (Fig. 10a).

To evaluate the dependence of the bulk-rock chemistry
on the location of the boundary between plagioclase lher-
zolite and spinel lherzolite, we computed pseudosections
using the Perple X package (Connolly, 1990; Connolly &
Petrini, 2002). The results suggest that the P—7 location of
this boundary obtained by thermodynamic modelling is
solely sensitive to the bulk-rock Nao,O/CaO ratio, despite
different bulk-rock X, values. As illustrated in Fig. 10b,
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Fig. 11. Variation of the plagioclase modal abundance as a function of
pressure derived from experiments on FLZ and DLZ. Symbols as in
Fig. 5. Plagioclase amounts were restored with addition of 40% olivine
(see Table 8). Labels close to symbols indicate the temperature of
each experimental run.

the modelled plagioclase-out reaction for the depleted
composition DLZ is placed at higher P than the computed
reaction curve for FLZ; this is due to the slightly higher
NayO/CaO ratio (and slightly higher Ab/Di ratio) in
DLZ ('Table 1) and is inconsistent with the experimental
results. 1o further check the strict dependence of computed
transitions on the Na,O/CaO value, calculations were
also performed on a depleted harzburgite composition
(Xng =09 Xepy = 01125 AlbO3 =153 wt %; CaO =161 wt
%) using different NayO contents to model different
Na,O/CaO ratios. We found that, for harzburgite with an
Nay,O/CaO ratio equal to those of FLZ and DLZ, the
resulting reaction curves exactly overlap the reactions cal-
culated assuming the original FL.Z and DLZ compositions
(Fig. 10b). This confirms that thermodynamic modelling
of the plagioclase-out boundary in P—7 space accounts for
only the NayO/CaO ratio, but fails to predict the effect of
bulk depletion in terms of Xc.

Figure 10b additionally reveals that the modelled break-
down of plagioclase for FLZ is located at pressure about
0-2 GPa higher than the experimentally derived curve
(Fig. 10b). Thermodynamic calculations on the FLLZ com-
position have provided information about the Ca—Na par-
titioning in plagioclase and Al solubility in pyroxenes,
consistent with the experimental results (see Figs 4 and 5),
whereas the Cr partitioning between spinel and pyroxenes
is not correctly reproduced (see Fig. 8 and discussion
above). Therefore, the observed unrealistic shift towards
higher pressure of the modelled plagioclase-out boundary
in FLLZ is presumably due to the overestimation of the Cr
content in spinel, confirming that Cr partitioning has an
important role in plagioclase stability in mantle
peridotites.

PLAGIOCLASE IN UPPER MANTLE

Chemistry and modal abundance of
plagioclase in lherzolite compositions

The results of this study indicate that plagioclase chemis-
try, in a given bulk composition, is strongly sensitive to
pressure and varies significantly in a rather narrow pres-
sure range (in FLZ: An=0-83-0-59 at P ranging from
0-31 to 0-8GPa). On the other hand, experiments at
similar P—7 conditions on different bulk compositions
provide evidence that, despite its strong P dependence,
Ca—Na partitioning between plagioclase and clinopyrox-
ene is not significantly affected by the bulk composition
(Fig. 7). As a consequence, at the same P—-7 conditions,
plagioclase chemistry is similar in both FLZ and DLZ
(Fig. 5).

The two lherzolite compositions investigated in this
study, although having different X¢, values, have similar
Nay,O/CaO ratio (or Ab/An normative ratios); therefore,
our experimental results cannot rule out a possible effect
of the bulk NayO/CaO on the plagioclase chemistry.
Green & Falloon (1998) documented that different plagio-
clase compositions in HPY, MPY and Tinaquillo (TQ)
depleted lherzolites (with progressively lower Na,O/CaO
ratios) reflect differences in the location of the subsolidus
plagioclase-out boundary, so that the An content in plagio-
clase near the plagioclase-out reaction is progressively
higher from more fertile HPY to depleted TQ. However,
Green & Falloon (1998) did not report experimental data
on plagioclase composition in the different bulk composi-
tions at the same P—7 conditions. In the light of available
experimental results (Green & Falloon, 1998; this study),
we could speculate that the bulk composition exerts a
strong influence on the high-pressure stability of the plagi-
oclase lherzolite mineral assemblage (see discussion
above), but that it has a minor effect on the chemistry of
the plagioclase at fixed P—7 conditions. This would make
the plagioclase composition a powerful geobarometric
marker of low-P re-equilibration in mantle peridotites.
Parallel detailed chemical investigations of plagioclase
peridotites from various natural occurrences, combined
with the experimental results from this study, have con-
firmed this prediction (Borghini et al., in preparation).
However, further experimental studies on lherzolites with
variable alkali contents are needed, to test the existence of
a correlation between plagioclase chemistry and bulk-rock
Na,O/CaO ratio, thus enlarging the potential for develop-
ing a plagioclase geobarometer applicable to mantle peri-
dotites (work in progress).

In the investigated FLZ and DLZ compositions, similar
plagioclase compositions at fixed P-7 conditions are
balanced by different plagioclase and clinopyroxene
modal proportions (Table 8). The modal amount of plagio-
clase progressively decreases with increasing pressure up
to the plagioclase-out boundary; in FLZ, plagioclase abun-
dance at 1100°C varies from 8-:8wt % at 0-31GPa to
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4-8wt % at 0-8 GPa, whereas in DLZ plagioclase is less
abundant, ranging from 5-0 wt % at 0-27 GPa and 1100°C
to 32wt % at 0-7 GPa and 1150°C (Fig. 11). These modal
estimates, resulting from the continuous reaction in the
complex system Ti,CGr-NCFMAS, are significantly lower
than the amounts of plagioclase predicted by the simplified
reactions that are commonly adopted in modelling the
phase equilibria that control the mineralogy of the upper-
most lithospheric mantle (e.g. Wood & Yuen, 1984; Simon
& Podladchikov, 2008). Simple parameterization is based
on mineral end-member reactions, which ignore the solu-
bility of Al in pyroxenes and Cr-bearing spinel and con-
centrate all the AlyO3 in plagioclase, thus leading to an
overestimation of the plagioclase abundance. As an exam-
ple, adopting the model reaction proposed by Simon &
Podladchikov (2008) and assuming, as suggested by the
experimental results, that plagioclase of Ansg and Angg
composition forms respectively in FLZ and DLZ at
near-transition conditions (0-8 GPa, 1100°C in FLZ and
0-7 GPa, 1150°Ci in DLZ), the resulting plagioclase abun-
dance is 13 and 10wt % respectively; such values are
much higher than the modal plagioclase estimates for the
FLZ and DLZ experiments (about 5 and 3 wt % respec-
tively; see Fig. 11). It should also take into account that the
plagioclase modal amounts resulting from the experiments
probably constitute an overestimate with respect to natural
occurrences, where low-P recrystallization is generally con-
fined to discrete microstructural domains between
spinel-facies  porphyroclastic minerals (Obata, 1980;
Hoogerduijn Strating et al., 1993; Rampone et al., 1993,
1995, 2005; Cannat et al., 1995; Ozawa & Takahashi, 1995;
Takazawa et al., 1996; Fabries et al., 1998; Newman et al.,
1999; Montanini et al., 2006).

Our experimental study thus provides a reliable quanti-
fication of the maximum plagioclase budget produced by
subsolidus low-P recrystallization in peridotites with lher-
zolitic compositions over a wide range defined by natural
mantle rocks. These are about 9wt % (at 0-31GPa) in a
fertile lherzolite (FLZ), and 5wt % (at 0-27GPa) in a
depleted lherzolite (DLZ) (see Fig. 11), slightly lower than
the ideal maximum amount of plagioclase indicated by
CIPW norms (114 and 7-3 wt % respectively in FL.Z and
DLZ). Higher plagioclase abundances are expected only
in very fertile lherzolites, probably refertilized by percolat-
ing melts.

The composition of spinel in
plagioclase-bearing mantle assemblages
Compositional variations in spinel from our experiments
are strongly correlated with pressure; that is, Xy
decreases and X¢, and TiOs increase with decreasing P
Such chemical changes are overall consistent with those
documented in many spinel and plagioclase peridotites
from natural occurrences (see Fig. 6a and b).

Chromium enrichment (X¢, increase) coupled with
Xwmg decrease has been largely documented in spinels
from both metamorphic (Obata, 1980; Woodland et al.,
1992; Rampone et al., 1993, 2005; Cannat & Seyler, 1995;
Newman et al., 1999) and impregnated plagioclase perido-
tites (Dick & Bullen, 1984; Seyler & Bonatti, 1997;
Miintener et al., 2005; Miintener & Manatschal, 2006;
Borghini et al., 2007; Piccardo & Vissers, 2007, Rampone
et al., 2008). On the other hand, Ti enrichment in spinels
from plagioclase peridotites is largely considered as an
indicator of melt-rock interaction, because high Ti con-
tents are believed to derive from equilibration with melts.
This has been inferred for abyssal peridotites (Dick &
Bullen, 1984; Dick, 1989; Seyler & Bonatti, 1997,
Hellebrand et al., 2002; Tartarotti et al., 2002), as well as
impregnated plagioclase peridotites from ophiolitic massifs
(Rampone et al., 1997; Piccardo & Vissers, 2007; Piccardo
et al., 2007; Kaczmarek & Miintener, 2008; Rampone
et al., 2008) (see Iig. 6b). Ti enrichment in spinel has also
been documented in equilibrated plagioclase peridotites
inferred to be of metamorphic origin (Obata, 1980
Kornprobst & Tabit, 1988; Rampone et al., 1993, 2005,
2008; Cannat & Seyler, 1995; Borghini, 2008) (see Fig. 6b),
and has been considered to be a result of the fact that tita-
nium does not enter plagioclase and olivine, but rather is
partitioned into newly formed spinel and pyroxene
(Kornprobst & Tabit, 1988; Rampone et al., 1993).

Our experimental study indicates that, in the plagioclase
stability field, Ti is partitioned exclusively between spinel
and pyroxenes. With decreasing pressure, a'l1 increase in
spinel is coupled with a decrease in its modal amount; at
fixed P—7 conditions, the Ti abundance in spinel is con-
trolled by the ilmenite (II) normative content of the bulk
composition (see Table 1). Constant low Ti contents in
both pyroxenes with P—7 variation (Tables 4 and 5) sug-
gest that Ti is preferentially concentrated in spinel.
Moreover, very low TiOy contents in pyroxenes at 1000°C.
could indicate a temperature dependence of Ti partition-
ing between spinel and pyroxenes, although the lack of reli-
able spinel analyses in experiments at 7 < 1100°C cannot
unequivocally confirm this hypothesis.

The low-P recrystallization at plagioclase-facies
conditions leads to rather high TiO, abundances in
spinel, even in a depleted lherzolite (TiO, content in
spinel up to 0-4wt % in DLZ at 0-27 GPa; see Fig. 6b)
with a low bulk TiOy content of 0-07 wt % (see DLZ in
Table 1). This suggests careful evaluation of the Ti content
of spinel as an indicator of melt entrapment. It must be
emphasized, however, that in our experiments we did not
observe the very high TiOy abundances (>lwt %) that
have occasionally been found in spinels from some impreg-
nated plagioclase peridotites (Borghini et al., 2007,
Piccardo & Vissers, 2007; Kaczmarek & Miintener, 2008;
see Fig. 6b).
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CONCLUDING REMARKS

()

Subsolidus experiments on lherzolitic mantle compo-
sitions in the Ti,Cr-NCFMAS system indicate
that the maximum pressure at which plagioclase is
stable in a fertile lherzolite (FLZ, Na,O/CaO =0-08;
Xey=0:07) is 0-8-0-7 GPa, at 1100-1000°C, with the
plagioclase- to spinel-facies transition having a posi-
tive slope in P—7 space. The stability of the plagioclase
lherzolite assemblage is shifted toward lower pressure
(0-6 GPa) in a depleted lherzolite (DLZ, Nay,O/
CaO =0-09; X¢, = 0-10).

In lherzolites with similar Ab/Di normative ratio (or
similar bulk Na,O/CaO ratios), the pressure of plagi-
oclase disappearance is affected by the X, of spinel,
which is in turn controlled by the solubility of the
Mg, Cr-Tschermak and Ca,Cr-Tschermak components
in pyroxenes, according to the reaction Mg-chromite
+ anorthite = Mg, Cr-Tschermak 4+ Ca,Cr-Tschermak.
Consequently, the high-pressure stability of the plagi-
oclase lherzolite mineral assemblage depends on the
Xcr and chromite/anorthite normative ratio of the
bulk composition. When compared with experimental
data, thermodynamic modelling yields incorrect
spinel-pyroxene Cr—Al partitioning, thus resulting in
unreliable estimates of the P—7 location of the
plagioclase-out boundary. Thus, our work provides
new constraints for the stability of plagioclase
in mantle peridotites as a function of the bulk
composition.

Within the plagioclase stability field, systematic com-
positional variations in minerals occur with decreas-
ing pressure; for example, an Al decrease in
pyroxenes coupled with an anorthite increase in plagi-
oclase and a Ti and X, increase in spinel. Chemical
variations in minerals are accompanied by modal
changes. The plagioclase modal amount increases
progressively with decreasing pressure, and is coupled
with a modal olivine increase and a pyroxene and
spinel decrease, in response to a continuous reaction.
The highest plagioclase modal abundances have been
found in experiments at the lowest pressures, about
9wt % in FLZ (at 0-31 GPa) and 5wt % in DLZ (at
0-27 GPa).

Experimental results on FLZ and DLZ indicate that
the bulk composition exerts a strong influence on the
high-pressure stability of the plagioclase lherzolite
assemblage, but that it has a minor effect on Na—Ca
partitioning between plagioclase and clinopyroxene,
and the chemistry of plagioclase, at fixed P—7 condi-
tions. On the other hand, plagioclase chemistry is
very sensitive to pressure variations, thus suggesting
its potential application as a geobarometer for plagio-
clase peridotites.
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