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in MORB pyrolite under upper mantle conditions
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Abstract The stability ®eld of pargasitic amphibole in a
model mantle composition (MORB pyrolite) has been
experimentally determined for a ®xed water content. A
solidus for a pargasite-bearing lherzolite has been de-
®ned at pressures below the limit of amphibole stability
of 30 kbar at T � 925 °C. The maximum temperature
for pargasitic amphibole in MORB pyrolite occurs at
1075 °C between P � 18 and 25 kbar. This maximum
lies between that determined for a fertile peridotite
composition (Hawaiian pyrolite) and a depleted
peridotite composition (Tinaquillo lherzolite). A com-
parison of the new results with those from earlier studies
suggests that the stability for a particular bulk H2O
content is mostly controlled by alkali content of the
lherzolite composition. The systematic compositional
variation of pargasitic amphibole as a function of pres-
sure and temperature can be represented as an increase
of the richterite component with increase in both pres-
sure and temperature. For a given pressure the tscher-
makite component increases with increasing temperature.
The compositions of coexisting clinopyroxenes also
show a systematic variation with pressure and temper-
ature. The phase relationships in MORB pyrolite com-
bined with the modal abundance of coexisting phases
show that the breakdown reactions of pargasitic am-
phibole occur continuously throughout the subsolidus
region studied. The temperature stability limit of par-
gasitic amphibole coincides with the water-undersatu-
rated solidus (amphibole-dehydration solidus) at
pressures below 30 kbar. The experimental results are
applicable to pargasitic amphibole-bearing natural

peridotites. Cooling and decompression paths and
heating events observed in natural peridotites can be
interpreted from changes in the composition of par-
gasitic amphibole. The data are also applicable to a
model for peridotite melting and hydration process in
the subduction environment.

Introduction

Pargasitic amphiboles are well known in upper mantle-
derived spinel and garnet lherzolite xenoliths (e.g. Varne
1970; Francis 1976; Takahashi 1980; Dawson and Smith
1982; Gri�n et al. 1984; Nickel and Green 1984; Neal
and Nixon 1985; Press et al. 1986; FabrieÁ s et al. 1987;
Dautria et al. 1987; Field et al. 1989) and in orogenic
lherzolites tectonically emplaced within crustal terrains
(e.g. Green 1964; Cawthorn 1975; Ernst 1978; Medaris
1980, 1984; Obata 1980; Obata and Morten 1987; Seyler
and Mattson 1989). Because of its world-wide occur-
rence, pargasitic amphibole has been recognized as a
ubiquitous hydrous phase in the Earth's uppermost
mantle.

Previous experimental studies indicate that pargasitic
amphiboles are stable up to 25±30 kbar at subsolidus
conditions and up to 950±1000 °C in various peridotite
compositions with excess water (Kushiro 1970; Green
1973; Millhollen et al. 1974; Mysen and Boettcher
1975a, b; Mengel and Green 1989; Wallace and Green
1991). Under water-undersaturated conditions the
maximum temperature of amphibole stability increases
up to 1025 °C for Tinaquillo lherzolite composition
(Wallace and Green 1991) and up to 1150 °C for Ha-
waiian pyrolite (Green 1973) and NHD (Northern
Hessian Depression) peridotite (Mengel and Green
1989) compositions. These studies have demonstrated
the importance of bulk composition in determining both
the pargasite composition and solidus temperatures for
pargasite-bearing lherzolite.

The natural processes of sampling of the Earth's
upper mantle, by xenolith suites, by tectonically or
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diapirically emplaced orogenic lherzolites and by pri-
mary magmas, all con®rm the presence of signi®cant and
variable quantities of water (hydrogen) in minerals or
melts from the mantle. It has been shown that the P-T
location of the mantle solidus is extremely sensitive to
amphibole stability relationships under ¯uid-absent or
¯uid-present conditions (Green 1973; Holloway 1973).
Similarly, one of the processes commonly invoked for
the decomposition of pargasitic amphibole is change in
activity of water �aH2O�. In this paper, we report an
experimental study of amphibole stability in the MORB
pyrolite composition to further constrain partial melt-
ing and metasomatic processes in the Earth's upper
mantle.

Experimental approach and techniques

In studies of the Earth's upper mantle the term ``pyrolite'' (Ring-
wood 1962; Green and Ringwood 1963) has been applied to model
mantle compositions which are lherzolitic and calculated by com-
bining a primitive basalt with a harzburgite residue. The compo-
sition used in this study is a model ``MORB (mid ocean ridge
basalt) pyrolite'' (MPY; in Table 1) calculated by Green et al.
(1979). The calculation was based on combining 24 wt% of the
MOR picrite composition [83% DSDP (Deep Sea Drilling Project)
3-18-7-1 plus 17% olivine: Mix E; Green et al. 1979], which is in
equilibrium with olivine + orthopyroxene at 20 kbar, 1430 °C,
with 76 wt% harzburgite. The MORB pyrolite composition was
constructed as a geochemically appropriate source composition for
the production of primary MORB magma (Green et al. 1979,
1987), and its melting behaviour as a function of pressure and
temperature has been fully explored under anhydrous conditions
(Falloon and Green 1987, 1988; Falloon et al. 1988). The MORB
pyrolite is intermediate in composition between ``Hawaiian pyrolite
(HPY)'', which represents a fertile or enriched peridotite (Green
1973), and ``Tinaquillo lherzolite (TQ)'', which represents a re-
fractory or depleted peridotite (Jaques and Green, 1979, 1980) in

terms of incompatible elements but is not depleted in Ca and Al
(i.e. it is a lherzolitic and not a harzburgitic composition).

For the experiments, 40 wt% olivine (Mg91.6Fe8.1Ni0.2Mn0.1)
was subtracted from the MORB pyrolite composition in order to
increase the modal abundance of minor phases such as pyroxenes,
amphibole, spinel, garnet and melt (MPY )40%OL; in Table 1).
This composition has been used in partial melting experiments
under anhydrous conditions by Falloon and Green (1987, 1988)
and Falloon et al. (1988).

The starting mix was prepared from analytical grade oxides and
carbonates, ground under acetone, and sintered at 950 °C. Ferrous
iron was then added as Fe2SiO4 (fayalite) to this mix and the mix
was ®red at 450 °C in an Ar-atmosphere. For the preparation of
starting material that contains pargasites but no excess water and is
to be used for experimental runs under water-undersaturated
conditions, 100 mg batches of this mix were loaded into large-ca-
pacity Ag50Pd50 capsules with 2 wt% water. The water was added
to the capsule by microsyringe and checked by weighing the capsule
before and after sealing, and also after the run. After the water-
presaturated mixture had been run at 15 kbar, 925 °C for 48 h, the
quenched product was ®nely crushed and mixed under acetone,
then dried at 250 °C. Prepared in this manner, the starting material
is composed of a ®ne-grained subsolidus assemblage of olivine +
orthopyroxene + clinopyroxene + spinel + amphibole (amphi-
bole-bearing spinel lherzolite). The mineralogy and vapor-saturat-
ed subsolidus character were con®rmed by electron microprobe
analyses of all ®ve phases and by SEM photography of the freshly
broken surface. The amount of water ®xed in amphiboles in the
starting material is approximately 0.6% (see modal proportion in
Table 4), assuming 1.8 wt% H2O in pargasite (Green 1964), or
0.7%, if pargasite contains �2.2 wt% H2O. Approximately 15 mg
portions of the large-capacity run product were used in each sub-
sequent run at various P, T conditions, using small-capacity
Ag75Pd25 or Ag50Pd50 capsules.

All experiments under water-undersaturated condition, listed in
Table 2, were carried out in a high pressure piston-cylinder appa-
ratus at the University of Tasmania or at the Australian National
University, using a piston-in technique. As a NaCl or a NaCl-Pyrex
glass sleeve was used in the 12.7 mm diameter furnace assembly, no
friction correction was applied. From calibration experiments, the
stated pressures are considered to be accurate to within 0.5 kbar.
Small-capacity Ag75Pd25 capsules were used for runs at higher

Table 1 Chemical compositions of MORB pyrolite and other
peridotite compositions used for experiments on pargasitic am-
phibole stability. [FeO* total iron as FeO*, Mg# Mg/(Mg + Fe*),
1 MPY MORB pyrolite composition (Green et al. 1979), 2 MPY
)40%OL MORB pyrolite (MPY) minus 40 wt% olivine
(Mg91.6Fe8.1Ni0.2Mn0.1), 3 HPY Hawaiian pyrolite composition
(Green 1973), 4 HPY )40%OL Hawaiian pyrolite (HPY) minus

40 wt% olivine (Mg91.6Fe8.1Ni0.2Mn0.1), 5 TQ Tinaquillo lher-
zolite (Jaques and Green 1980), 6 TQ )40%OL Tinaquillo lher-
zolite (TQ) minus 40 wt% olivine (Mg91.9Fe8.0Mn0.1), 7 NHD
Northern Hessian Depression peridotite (Mengel and Green 1989),
8 NHD+1.5%PHL )40%OL NHD peridotite plus 1.5% phlo-
gopite minus 60 wt% olivine (Fo89.9)]

1 2 3 4 5 6 7 8
MPY MPY HPY HPY TQ TQ NHD NHD

)40%OL )40%OL )40%OL +1.5%PHL
)60%OL

SiO2 44.74 47.15 45.20 47.90 44.95 47.50 43.40 47.20
TiO2 0.17 0.28 0.71 1.18 0.08 0.13 0.08 0.25
Al2O3 4.37 7.28 3.54 5.91 3.22 5.35 2.00 5.60
FeO* 7.55 7.27 8.47 8.81 7.66 7.51 8.60 6.69
MnO 0.11 0.12 0.14 0.13 0.14 0.18 0.13 0.07
MgO 38.57 30.57 37.50 28.80 40.03 32.80 43.10 33.59
CaO 3.38 5.63 3.08 5.14 2.99 4.97 1.80 4.43
Na2O 0.40 0.66 0.57 0.95 0.18 0.30 0.13 0.35
K2O 0.00 0.00 0.13 0.22 0.02 0.03 0.03 0.43
P2O5 0.00 0.00 0.04 0.06 0.01 0.02 ± ±
Cr2O3 0.45 0.75 0.43 0.72 0.45 0.75 0.30 1.08
NiO 0.26 0.29 0.20 0.13 0.26 0.43 0.42 0.30
Total 100.00 100.00 100.01 99.95 99.99 99.97 99.99 99.99
Mg# 0.901 0.882 0.888 0.853 0.903 0.886 0.899 0.899
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pressures, and Ag50Pd50 capsules were used for runs at lower
pressure or higher temperatures. Temperatures were automatically
controlled to within 2 °C of the set point by EUROTHERM 818P
or Kent P96 M controllers using a Pt/Pt90Rh10 thermocouple. No
oxygen bu�er was used. The fO2

estimates for the subsolidus olivine
+ orthopyroxene + spinel assemblages using the Ballhaus et al.
(1990) calibration show that the fO2

for subsolidus runs was in the
FMQ (fayalite-magnetite-quartz) to WM (wuÈ stite-magnetite)
range. An additional series of 925 °C runs was performed under
water-saturated conditions, using the same techniques as in the
experiments to synthesize starting mix assemblage, in order to
obtain reasonably coarse-grained run products, saturated with
water vapor and below the silicate solidus.

All the experimental run products were examined microscopi-
cally in immersion oils, enabling recognition of all major phases
including the distinctive amphibole prisms. Small discs recovered
from the capsules were polished for microprobe analysis. The an-
alyses were done mostly on a JEOL-JX50A electron microprobe
(University of Tasmania) ®tted with an energy dispersive EDAX
system, operating at 15 kV, 7 ´ 10)10 A, using a pure Cu calibra-
tion. The analyses for the water-saturated runs at T � 925 °C were
carried out on the SEM (JSM-6400) ®tted with an energy dispersive
EDX system operating at the Electron Microscopy Unit, ANU.
Phase identi®cation and textural and compositional homogeneity
of phases were also checked by scanning electron microscopy im-
ages using back-scattered electrons on the SEM. Defocused beam
microprobe analyses of bulk composition and analyses (Mg#) of
silicate phases con®rmed that Fe-loss to the capsule walls was
negligible under the chosen run conditions.

With the experimental method chosen, we are treating H2O as
an additional oxide, present in the charge in a ®xed amount, de-
termined by the initial synthesis. The addition of water causes the
appearance of an additional phase, amphibole or ¯uid, or water
dissolves in melt at higher temperatures. We anticipate that phases,
including amphibole, will change in composition and proportions
as a function of pressure and temperature and that mass balance
calculations will require each component to be conserved. This
becomes important in interpreting our results because the presence
or absence of a H2O-rich ¯uid is di�cult to detect by the quenching
method and we have resorted to scanning and transmission elec-
tron microscopy for this purpose. In our experiments, melting oc-
curs at a multiphase ``eutectic'' among the crystalline phases with
pargasite showing incongruent melting behavior at P < 30 kbar.
Also H2O-rich ¯uid will be present at pressures higher than the
amphibole stability limit, and at these pressures (>30 kbar) melting
is water saturated at the solidus. At lower pressures, because the
amount of water in the charge is small (0.6 wt%) and the water
solubility in silicate melts at ³5 kbar is high and increases with
pressure, we expect all water to enter the melt at the solidus or very
close to the solidus. In fact the amount of melt at the dehydration
solidus may be estimated from the solubility of water in basaltic
melt as a function of pressure and temperature.

Experimental results

1. Dehydration solidus of pargasite-bearing
MORB pyrolite

Experimental run details are listed in Table 2. The phase
relationships for MORB pyrolite composition (MPY
-40%OL) under water-undersaturated condition
�PH2O < Ptotal� are summarized in Fig. 1. The water-un-
dersaturated solidus curve of MORB pyrolite shows a
convex shape similar to those determined for other
peridotite compositions (Green 1973; Millhollen et al.
1974; Mysen and Boettcher 1975a, b; Mengel and Green
1989; Wallace and Green 1991). The position of the
solidus is based on optical and SEM recognition of in-

terstitial quenched melt and quench outgrowth of re-
sidual phases. The SEM and TEM images also
con®rmed the solidus and the contrast between the
crystals + vapor assemblage below the solidus and the
crystals and quenched silicate melt above the solidus
(Figs. 2 and 3).

Pargasitic amphiboles are present in all subsolidus
runs at pressures below 30 kbar. Experimental runs
within 10±20 °C above the solidus still contain visible
amounts of amphibole with quenched melt. As shown in
Fig. 1, the upper stability limit of the amphibole is ap-
proximately 15 °C above the solidus. Due to the near
coincidence of the solidus and the amphibole breakdown,
the solidus can conveniently be described as an amphi-
bole-dehydration solidus (Green 1973; Green et al. 1987),
in contrast to solidi in the presence of subsolidus, water-
rich ¯uid phases or in anhydrous compositions.

Lherzolite phase assemblages of olivine + orthopy-
roxene + clinopyroxene � garnet � spinel � plagio-
clase were observed in all experimental charges (P � 4±
32 kbar, T � 925±1100 °C). Garnet appears at
P > 20 kbar between T � 1000±1100 °C. Both garnet
and spinel were observed in the three charges at
P � 20 kbar, T > 1000 °C. Minute granules of spinel
(<1 lm) are still included in amphibole, olivine and py-
roxenes at pressures ³23 kbar. It is uncertain whether
the spinel inclusions are relict and metastable or whether
they are stable because they are very Cr-rich spinels.
Mass balance calculations do not indicate any signi®cant
amount of Cr-rich spinels. It is assumed that the ®eld of
coexistence of garnet and Al-Cr spinel is limited to
P < 22 kbar and T < 1100 °C. The runs at pressures
below 7 kbar contain small amounts of plagioclase,
which becomes unstable by 10 kbar. Phlogopite was not
present in any experimental runs studied because of the
K2O-free nature of the starting mix (Table 1) and the
pargasite does not approach K-saturation as in the ex-
periments of Mengel and Green (1989).

2. Chemical composition of minerals

Olivine

The Mg# [Mg# � 100 Mg/(Mg + Fe*); Fe* � total
iron] of olivine varies from 86.4 to 90.2 (Table 3A). In
most cases, olivine has a higher Mg# than the initial mix
(MPY-40%OL;Mg# � 88.2). This is attributed tominor
Fe3+ in spinel and amphibole and to Fe/Mg partitioning
among olivine, pyroxenes, spinel, garnet and amphibole.

The Mg# of olivine increases with increasing pres-
sure. In detail, subsolidus olivines at P £ 18 kbar have
Mg# £ 88.8, but subsolidus olivines at P ³ 20 kbar have
Mg# increasing with pressure to Mg# � 89.5±89.9 at
P � 27±32 kbar. This is attributed to the appearance
and increase in modal abundance of garnet, from 8% to
30%, particularly at P ³ 25 kbar. As garnet has
Mg# � 76.3±82.8, it has the e�ect of moving the coex-
isting phases to higher Mg# in a constant bulk compo-
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sition. Subsolidus experiments have olivine with
Mg# � 86.4±88.8 at £18 kbar, whereas runs above the
solidus and lacking amphibole have olivine with
Mg# � 89.0±90.2 over this pressure range. At
P � 10 kbar, a run 50 °C above the solidus has olivines
with Mg# � 90.2. This is attributed to partial melting,
and the relatively large amount of melting controlled by
water solubility and temperature at lower pressure. The
olivine contains 0.30 to 0.76 wt% NiO, showing no
systematic variations with temperature and pressure.

Orthopyroxene

Orthopyroxene compositions of MORB pyrolite have
En, Fs, and Wo ranges of En85.6±89.6, Fs9.8±12.6, and

Wo0.6±2.9. As with olivine, the Mg# of orthopyroxene
increases with increasing temperature and pressure from
89.0 (P � 15 kbar, T � 925 °C) to 90.5 (P � 32 kbar,
T � 925 °C) and 90.1 (P � 27 kbar, T � 1050 °C). The
Mg# of orthopyroxene from the above-solidus runs is
slightly higher than that from the subsolidus runs (Ta-
ble 3B).

Total Al2O3 and AlVI/AlIV increase with increasing
temperature. A marked drop of Al2O3 and AlVI/AlIV

with increasing pressure is observed in the garnet stability
®eld. The Ca/(Ca + Mg) of orthopyroxene smoothly
increases with increasing temperature, except for ortho-
pyroxene from the T � 925 °C runs, which has unex-
pectedly high or low concentration of CaO attributed to
analytical di�culty in this ®ne-grained material. The Ca/
(Ca + Mg) of orthopyroxene from the spinel lherzolite

Table 2 Results of experiments on amphibole-bearing MORB pyrolite. (S.M. starting materials, Ol olivine, Opx orthopyroxene, Cpx
clinopyroxene, Sp spinel, Ga garnet, Pl plagioclase, Am amphibole, gl quenched glass, *small amounts)

Run no. P T Time H2O S.M. Phases identi®ed
(kbar) (°C) (h) (wt%)

Starting materials for water-undersaturated runs
T-2613 15 925 48 2.0 (A) Ol, Opx, Cpx, Sp, Am
T-2641 15 925 48 2.0 (B) Ol, Opx, Cpx, Sp, Am
T-2669 15 925 48 2.0 (C) Ol, Opx, Cpx, Sp, Am
T-2700 15 925 48 2.0 (D) Ol, Opx, Cpx, Sp, Am
T-2714 15 925 48 2.0 (E) Ol, Opx, Cpx, Sp, Am
T-2808 15 925 48 2.0 (F) Ol, Opx, Cpx, Sp, Am
T-2854 15 925 48 2.0 (G) Ol, Opx, Cpx, Sp, Am
Water-undersaturated runs
T-2729 4 1000 94 E Ol, Opx, Cpx, Sp, Pl, gl*
T-2738 5 975 96 E Ol, Opx, Cpx, Sp, Pl, Am
T-2721 7 1025 73 E Ol, Opx, Cpx, Sp, Pl, Am*, gl*
T-2708 7 1050 48 D Ol, Opx, Cpx, Sp, Pl, gl
T-2643 10 1000 72 B Ol, Opx, Cpx, Sp, Am
T-2649 10 1050 48 B Ol, Opx, Cpx, Sp, Am*, gl*
T-2646 10 1075 26.5 B Ol, Opx, Cpx, Sp, gl
T-2665 10 1100 6 B Ol, Opx, Cpx, Sp, gl
T-2712 15 1050 48 D Ol, Opx, Cpx, Sp, Am
T-2709 15 1075 42 D Ol, Opx, Cpx, Sp, gl*
T-2818 18 1050 48 F Ol, Opx, Cpx, Sp, Am
T-2813 18 1075 28 F Ol, Opx, Cpx, Sp, Am*, gl*
T-2814 18 1100 24 F Ol, Opx, Cpx, Sp, gl
T-2817 20 1050 48 F Ol, Opx, Cpx, Ga, Sp, Am
T-2717 20 1075 30 E Ol, Opx, Cpx, Ga, Sp, Am*, gl*
T-2624 23 1075 27 A Ol, Opx, Cpx, Ga, Am
T-2616 20 1100 24 A Ol, Opx, Cpx, Ga, Sp, gl*
T-2693 24 1075 29.5 C Ol, Opx, Cpx, Ga, Am*, gl*
T-2705 24 1100 24 D Ol, Opx, Cpx, Ga, gl
T-2626 25 1000 71 A Ol, Opx, Cpx, Ga, Am
T-2672 25 1075 28 C Ol, Opx, Cpx, Ga, Am*, gl*
T-2677 26 1050 48 C Ol, Opx, Cpx, Ga, Am*, gl*
T-2703 26 1075 24 D Ol, Opx, Cpx, Ga, gl
T-2663 27 1000 70 B Ol, Opx, Cpx, Ga, Am
T-2632 27 1025 48 A Ol, Opx, Cpx, Ga, Am*, gl*
T-2621 27 1100 23 A Ol, Opx, Cpx, Ga, gl
T-2635 28 1000 72 A Ol, Opx, Cpx, Ga, Am
925 °C runs under water-saturated and -undersaturated conditions
C3 5 925 96 >3.0 Ol, Opx, Cpx, Sp, Pl, Am
C4 10 925 96 >3.0 Ol, Opx, Cpx, Sp, Am
T-3643 20 925 72 G Ol, Opx, Cpx, Sp, Am
T-3644 25 925 69 G Ol, Opx, Cpx, Ga, Am
C5 28 925 120 >3.0 Ol, Opx, Cpx, Ga, Am
C6 30 925 120 >3.0 Ol, Opx, Cpx, Ga, Am
C7 32 925 96 >3.0 Ol, Opx, Cpx, Ga
C8 32 925 336 <0.5 Ol, Opx, Cpx, Ga
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®eld shows a slight increase with increasing pressure,
whereas in the garnet-lherzolite ®eld a rapid decrease of
Ca/(Ca + Mg) with increasing pressure is detectable.

The Cr content of orthopyroxene increases slightly
with increasing temperature, as observed in experiments
by Kushiro et al. (1972) and Mysen and Boettcher
(1975a, b). Unusually high Cr contents of orthopyrox-
enes observed in some analyses can be explained by the
presence of tiny spinel inclusions.

Clinopyroxene

Clinopyroxene in theMORBpyrolite has awider range in
Mg#, from 88.1 to 91.9, with values higher than those of
olivine and orthopyroxene (Table 3C). Anomalously low
values of Mg#, however, for examples at P � 10 kbar,
T � 1100 °C, and P � 18 kbar, T � 1100 °C, which
show reversals of trend from lower temperature runs, are
attributed to quench rims on the clinopyroxene cores.

Under subsolidus conditions there is a clear positive
correlation of Na content of clinopyroxene with in-
creasing pressure. This is weakly displayed in the spinel
lherzolite ®eld but clearly evident in the garnet lherzolite
®eld. There appears to be a slight positive correlation
between Na content and AlVI/AlIV with temperature,
but the clinopyroxene analyses just above the solidus
which show higher Na content are a�ected by probable
admixture of a small component of quench outgrowth
included in the microprobe analysis. Although AlVI/AlIV

increases with increasing pressure in the subsolidus runs
the total Al content of clinopyroxene decreases, partic-
ularly in the garnet lherzolite ®eld. This is attributed to
replacement of the Tschermak's molecule in pyroxene by
garnet at higher pressure. The maximum Tschermak's
component in clinopyroxene (i.e. minimum SiIV) is at-
tained in the 10±18 kbar experiments, at temperatures
immediately above the solidus, i.e. 1050±1100 °C. The
TiO2 content of clinopyroxene (0.19±0.48 wt%) appears
to vary in parallel with Tschermak's component, i.e. a
positive correlation with temperature and a negative
correlation with pressure.

Pargasite

The amphibole compositions from both subsolidus and
near-solidus runs of MORB pyrolite are pargasitic
(Table 3D). The Mg# of pargasitic amphibole ranges
from 86.2 to 90.4, and increases with increasing pressure
and temperature.

Compositional variations observed in the pargasitic
amphiboles generally can be explained in terms of sub-
stitutions based on the structural formula of tremolite
[· Ca2Mg5Si8O22(OH)2, where · � vacancy in the A-
site]. The simple cation exchanges active in the experi-
mental runs on MORB pyrolite are Mg � Fe2+ in the
M1-M3-site and Ca � Fe2+ in the M4 site. A-site oc-
cupancy by K is negligible in the MORB pyrolite am-
phiboles because of the K2O-free nature of the initial
starting mix.

The coupled substitutions occurring in the experi-
mentally produced amphiboles from MORB pyrolite are
as follows:

Al2 Mg)1 Si)1 (ts: tschermakite)
Ti Al2 Mg)1 Si)2 (Ti-ts: Ti-tschermakite)
Cr Al Mg)1 Si)1 (Cr-ts: Cr-tschermakite)
Fe3+ Al Mg)1 Si)1 (Fe-ts: ferri-tschermakite)
Na Al �ÿ1 Si)1 (ed: edenite)
Na Na �ÿ1 Ca)1 (ri: richterite)
Na Al Ca)1 Mg)1 (gl: glaucophane)

The TiO2 content of pargasitic amphibole varies with
increasing temperature from 0.53 to 1.23 wt%. The Ti-ts
component, however, slightly decreases with increasing
pressure. The Cr2O3 content of pargasitic amphibole
ranges from 0.75 to 1.47 wt%, and our data does not
reveal any systematic variations with pressure and tem-
perature.

AmOl
Pl
melt

SpGa
Cpx
Opx

kb

30

20

10

900 1000 1100 °C

Ga-in

Am-out

Pl-out

AMPHIBOLE
LHERZOLITE

LHERZOLITE
    +
  MELT

MORB pyrolite
- 40% olivine

 ( + 0.6% H2O )

0

Fig. 1 Experimental results de®ning the water-undersaturated solidus
(dashed line) and the amphibole stability limit (heavy line) of MORB
pyrolite )40% olivine composition with approximately 0.6 wt%H2O.
Box symbols show the phase relationships (Ol olivine, Opx orthopy-
roxene, Cpx clinopyroxene, Ga garnet, Sp spinel, melt glass, Pl
plagioclase, Am amphibole). Dashed lines with dots are the reaction
curves for garnet-in (Ga-in) and plagioclase-out (Pl-out)
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Total Na (A and M4) of pargasitic amphibole in-
creases with increasing pressure, as shown in Fig. 4A.
The data suggest that the P versus Na-total plot of
Fig. 4A can be contoured for constant temperature and
that the isotherms are kinked at the ®rst appearance of
spinel and garnet. The total Na also increases with in-
creasing temperature at a ®xed pressure (Fig. 4B). The
M4-site occupancy by Na becomes more important in
the garnet lherzolite ®eld (Fig. 5), where the Na/Ca ratio
of pargasite increases more rapidly with increasing
pressure. At a given pressure, the Na/Ca also increases
with increasing temperature. The total Na can be de-
scribed in terms of the A-site occupancy, which is the
sum of Na(A)edenite + Na(A)richterite, and the M4 site
occupancy, which is the sum of Na(M4)richterite +
Na(M4)glaucophane. The total Na and Na(M4) variations
of the pargasitic amphiboles suggest that the edenite and

richterite substitutions become more prominent with
increasing pressure and temperature, and that the rich-
terite substitution becomes particularly signi®cant in the
garnet stability ®eld (Figs. 4 and 5).

The total Al and AlVI/AlIV of the pargasitic amphi-
bole both increase with increasing temperature
(Table 3D), in particular in the spinel lherzolite (Fig. 5).
This suggests that the tschermakite (ts) component be-
comes more signi®cant relative to the richterite (ri)
component with increasing temperature. The increasing
trend of AlIV with temperature has been shown in ex-
perimentally produced pargasitic amphiboles (Holloway
and Burnham 1972; Helz 1973; Spear 1981).

The changes in Na and Al of the MORB pyrolite
amphiboles may be summarized as increasing richterite
component with increasing pressure and increasing
Tschermak's component at higher temperatures. These

10 µm
A

10 µmB

Fig. 2A, B Scanning electron
microscope (SEM) images of
freshly broken surfaces of ex-
perimental charges at
P � 10 kbar, T � 1000 °C (A),
and at P � 10 kbar,
T � 1050 °C (B). Scale bar is 10
micron. SEM image A is sub-
solidus with euhedral growth
faces on crystals often breaking
cleanly against voids (inter-
granular ¯uid). B is above-sol-
idus with quench crystal growth
and intergranular glass, pro-
ducing ``welded'' primary grains
and conchoidal fracture sur-
faces
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changes are summarized in Figs. 4 and 5, which em-
phasize the capacity of the amphibole structure to ac-
commodate P, T changes by continuous solid solution.
The glaucophane substitution is not important at our
experimental conditions in the MORB pyrolite amphi-
boles, judging from the independent variations of
Na(M4) and AlVI.

Garnet

Garnet from the MORB pyrolite experiments is pyrope
rich with a Mg# ranging from 76.2 to 82.8 (Table 3E).
The Mg# increases with increasing temperature at a
constant pressure. A positive correlation between the
Ca/(Ca + Mg) ratio and temperature is also observed,
except for garnet from the T � 925 °C runs, which has
high content of CaO. The Ca/(Ca + Mg) ratio varies
from 0.17 to 0.24. There is no observable pressure de-
pendence of either the Mg/(Mg+Fe*) or Ca/(Ca +Mg)
ratios.

The Cr2O3 and Al2O3 contents of garnet in the spinel-
free experimental charges range 0.84 to 2.46 wt% and
20.50 to 23.67 wt%, respectively.

Spinel

Spinel is observed as small granules, mostly less than
1 lm in diameter. In some experimental runs near the
solidus, the grain size of spinel attains more than 2 lm.
Due to the small grain size of spinel it was di�cult to
obtain microprobe analyses but the data obtained show
that the Mg# of spinel ranges from 70.3 to 84.9, and
increases with increasing temperature (Table 3F). The
Cr# [Cr# � 100Cr/(Cr + Al)] varies from 13.2 to 29.9
and decreases with increasing temperature.

Plagioclase

Plagioclase was observed as small prismatic grains in the
experimental charges at pressures below 7 kbar. The
plagioclase grains are generally less than 5 lm in diam-
eter, and are mostly in contact with quench glass in the
above-solidus runs. Due to the di�culty in obtaining
microprobe analyses of plagioclase, the equilibrium
plagioclase composition could not be determined with
any certainty. The plagioclase crystallized at T � 925 °C
and P � 5 kbar has a composition near An92.5
(Table 3F).

Fig. 3A±D Transmission elec-
tron microscope (TEM) images
of ion-beam thinned samples of
experimental run products:
A 10 kbar, 1000 °C run (No.
2643; also illustrated in
Fig. 2A). Subsolidus run with
voids between crystal faces. The
voids were occupied by ¯uid
which has quenched to yield a
delicate thin glass ®lm in the
corner of the larger void.
B 27 kbar, 1000 °C run (No.
2663). Grain boundaries are
``dry'' in the sense of silicate
melt or quench crystalline
phases but the presence of voids
(¯uid-®lled cavities at the P, T
conditions of the experiment) is
characteristic. C 10 kbar,
1050 °C run (No. 2649; also
illustrated in Fig. 2B). The in-
tergranular space is rimmed by
quench crystal outgrowth (from
semiquantitative EDS analysis)
and contains a quench modi®ed
silica-rich and alkali-rich glass.
The hole within the glass is a
consequence of ion-beam thin-
ning. D 10 kbar, 1050 °C run
(No. 2649), showing a quench
®lling of an intergranular space
between primary crystals with
quench outgrowth. The quench
phase is a hydrous phyllosili-
cate. Other quench phases show
layers, indicating quench am-
phibole of contrasting compo-
sition to primary amphibole in
the charge
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3. Modal variation in pargasite-bearing MORB pyrolite

Modal proportions of phases in pargasitic amphibole-
bearing MORB pyrolite (MPY-40%OL) were calculated
for subsolidus run products, in which pargasitic am-
phiboles were well analysed by electron microprobe,
using the generalized mixing model proposed by Le
Maitre (1979). In the mixing model, total iron was as-
sumed to be FeO and all analysed components were
®tted. The calculated modal proportions, in weight per
cent, are presented in Table 4. Phases with very small
grain size such as spinel, plagioclase, could not always be
analysed. The best available compositions from other
runs at the closest pressure and temperature were se-
lected: the spinel composition from the run T-2712 for
calculations of T-2812 and T-2818, the spinel from T-
2700 for T-2643, the spinel from C4 and the plagioclase
from C3 for T-2738, and the garnet from T-2635 for T-
2663.

The experimental charge at P � 15 kbar, T � 925 °C
(T-2700), which was used as starting material, initially
contained 35% pargasitic amphibole, 6% clinopyrox-
ene, 34% orthopyroxene, 24% olivine, and 1% spinel.
In the higher temperature runs at P � 15 kbar, the
modal amount of pargasitic amphibole diminishes while
the modal amount of clinopyroxene and olivine clearly
increases, for example T-2712 at T � 1050 °C,
P � 15 kbar, compared with the T � 925 °C run T-
2700 at P � 15 kbar. The higher pressure runs in the
garnet stability ®eld are characterized by marked de-
creases in amphibole, orthopyroxene and spinel, and by
a large increase in the modal amounts of clinopyroxene
and olivine as well as crystallization of garnet, compared
with the lower pressure runs.T
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Table 3F Representative electron microprobe analyses (EDS) of
spinels and plagioclase from experiments on MORB pyrolite

Run no. C4 T-2700 T-3643 T-2712 Run no. C3
T °C 925 925 925 1050 T °C 925
P 10 15 20 15 P 5

TiO2 0.12 0.29 0.48 0.27 SiO2 43.47
Al2O3 50.94 40.81 47.10 53.70 Al2O3 36.98
Cr2O3 17.04 26.00 10.75 13.09 Fe2O3 0.62
FeO 13.39 15.34 17.28 10.63 MgO 0.52
MnO 0.16 0.00 0.00 0.00 CaO 17.62
NiO 0.49 0.41 0.83 0.35 Na2O 0.79
MgO 17.30 17.15 18.30 21.96 K2O 0.00
Total 100.00 100.00 100.00 100.00 Total 100.00
(O = 4) (O = 8)

Ti 0.002 0.006 0.010 0.005 Si 2.003
Al 1.623 1.343 1.562 1.643 Al 2.014
Cr 0.363 0.573 0.239 0.268 Fe+3 0.021
Fe+3 0.009 0.072 0.179 0.079 Mg 0.036
Fe+2 0.293 0.285 0.226 0.151 Ca 0.870
Mn 0.004 0.000 0.000 0.000 Na 0.071
Ni 0.011 0.009 0.019 0.007 K 0.000
Mg 0.695 0.712 0.765 0.847 Total 5.015
Total 3.000 3.000 3.000 3.000

An 92.49
Mg# 70.32 71.40 77.18 84.86
Cr# 18.29 29.89 13.25 14.02
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Figure 6A and B shows the modal variation of par-
gasitic amphibole from the MORB pyrolite experiments.
A decrease in the modal proportions with temperature is
immediately apparent from Fig. 6A. In the spinel and
garnet lherzolite ®elds the modal proportion of amphi-
bole below the solidus suggests that the amphibole
breakdown reactions occur gradually and continuously
throughout the subsolidus ®eld, involving the produc-
tion of clinopyroxene and olivine (plus garnet in the
garnet lherzolite ®eld). The breakdown reaction of am-
phibole becomes more active at the solidus, producing a
melt phase, and then the amphibole is eliminated at the
amphibole stability limit, approximately 15 °C higher
than the solidus. The decline in modal pargasitic am-
phibole with pressure is clearly de®ned from the series of
runs at constant temperature at T � 925 °C, 1000 °C
and 1050 °C within the spinel and garnet stability ®elds
(Fig. 6B).

In the plagioclase lherzolite ®eld, the composition of
pargasite shows decreasing tremolite and increasing
pargasite solid solution with increase in temperature
(Figs. 4 and 5). Our data are insu�cient to determine
details of compositional changes with pressure within
the plagioclase lherzolite ®eld and the calculated modal
abundances give good mass balance for the 975 °C,

5 kbar run but not for the 925 °C, 5 kbar run. We infer
that modal pargasite increases rapidly with increasing
pressure at constant temperature within the plagioclase
lherzolite (Figs. 6B and 8A). We also infer that modal
pargasite decreases with increasing temperature at
T > 900 °C at 5 kbar (Figs. 6A and 8B). A more de-
tailed study of the plagioclase lherzolite ®eld and tran-
sition to the spinel lherzolite ®eld, in the 2 to 15 kbar
pressure range, is required to document changes in
pargasite, plagioclase and spinel compositions. However
our data, illustrated in Figs. 6 and 8, suggest that
maximum modal pargasite is attainable near
P � 10 kbar at the plagioclase to spinel lherzolite tran-
sition.

Discussion

1. E�ect of bulk rock alkali content
on pargasitic amphibole stability

The stability ®eld of pargasitic amphibole is bounded by
very low pressure dehydration reactions, by melting re-
actions at low and intermediate pressure, and by high
pressure dehydration reactions to olivine, garnet, py-
roxenes, ilmenite and phlogopite assemblages. The soli-
dus, and thus the high temperature limit of amphibole
stability in the peridotite-H2O system, occurs at higher
temperature with aH2O < 1. Holloway (1973) demon-
strated that the maximum temperature stability for
pargasitic amphiboles at P � 8 kbar was at XH2O � 0:4.

Figure 7 compares the stability ®eld of pargasitic
amphibole for MORB pyrolite with those determined
for three di�erent lherzolitic compositions, using the
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Fig. 4A, B Compositional variation of Na(A + M4) for pargasitic
amphiboles from amphibole-bearing MORB pyrolite experiments as a
function of pressure (kbar) (A) and temperature (°C) (B). Isotherms
(T � 900, 1000, 1100 °C) and isobars (P � 10, 20, 30 kbar) are
shown as solid lines. Dotted lines in A show boundaries among the
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®eld (Pl.L), open squares from the spinel lherzolite ®eld (Sp.L), and
solid squares from the garnet lherzolite ®eld (Ga.L)
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same experimental techniques. All starting materials
contained 0.6% H2O, held in pargasitic amphibole (+
phlogopite in a K-enriched composition). The di�eren-
ces in shapes and the positions of amphibole breakdown
curve can be attributed to di�erences in bulk composi-
tions and thus in pargasitic amphibole compositions.

The pargasitic amphibole stability for Hawaiian
pyrolite composition has been determined to lie at a
pressure between 29 and 30 kbar at 1000 °C, and at a
temperature between 1150 °C and 1170 °C at 25 kbar
(Green 1973). The amphibole stability in Northern
Hessian Depression peridotite composition (Mengel and
Green 1989) lies at P � 28 kbar, T � 1050 °C, and
shows a similar temperature limit to that of Hawaiian
pyrolite. Wallace and Green (1991) reported that par-
gasitic amphibole stability in the Tinaquillo lherzolite
composition lies at a temperature of 1025 °C at pres-
sures between 20 and 25 kbar, and up to 1000 °C at
15 kbar. The reduction in the maximum temperature
stability of pargasitic amphibole in the Tinaquillo
lherzolite composition relative to the Hawaiian pyrolite
was attributed to bulk rock alkali and titanium contents
(Wallace and Green 1991). The pargasitic amphibole
stability in the MORB pyrolite composition lies at
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Fig. 5 Plots of Al(IV) versus
Na(A) (upper right), Al(IV)
versus Al(VI) (upper left),
Na(M4) versus Na(A) (right
bottom), and Na(M4) versus
Al(VI) (left bottom) for par-
gasitic amphiboles experimen-
tally produced from peridotite
with MORB pyrolite-40% oli-
vine composition in equilibrium
with plagioclase lherzolite (grey
diamonds), spinel lherzolite
(open squares) and garnet
lherzolite (solid squares). Note
the compositional change from
tremolitic pargasite in plagio-
clase lherzolite to pargasitic in
spinel lherzolite, and that the
richterite substitution becomes
more active in the garnet
lherzolite facies

Table 4 Modal % of phases in subsolidus runs of MORB pyrolite
)40% olivine, calculated by mass balance (see text). Note that
modal abundances in MORB pyrolite may be calculated by adding
40% olivine and recalculating to 100% (see Fig. 8A). (Ol olivine,
Opx orthopyroxene, Cpx clinopyroxene, Pa pargasite, Sp spinel,
Ga garnet, Pl Plagioclase)

Run no. T °C P kbar Ol Opx Cpx Pa Ga Sp Pl

C3 925 5 32.1 29.0 3.5 26.5 ± 0.0 8.9
C4 925 10 28.1 24.9 1.0 45.4 ± 0.6 ±
T-2700 925 15 24.2 33.6 6.0 35.2 ± 1.0 ±
T-3643 925 20 21.2 38.5 10.8 28.0 ± 1.5 ±
T-3644 925 25 25.9 31.2 10.9 23.8 8.2 ± ±
C5 925 28 28.3 27.6 9.8 22.0 12.2 ± ±
C6 925 30 27.9 24.8 9.5 17.7 20.0 ± ±
C7 925 32 29.0 24.8 18.5 ± 27.7 ± ±
C8 925 32 27.3 24.5 18.3 ± 29.9 ± ±
T-2738 975 5 28.1 32.2 7.9 28.9 ± 0.8 2.1
T-2643 1000 10 24.6 33.4 8.8 32.0 ± 1.3 ±
T-2626 1000 25 28.4 25.1 14.3 15.7 16.5 ± ±
T-2663 1000 27 29.8 22.8 17.3 10.2 19.9 ± ±
T-2712 1050 15 25.3 36.2 14.6 21.3 ± 2.6 ±
T-2818 1050 18 24.5 37.6 16.4 18.9 ± 2.6 ±
T-2817 1050 20 26.3 33.1 17.1 13.9 8.6 1.1 ±
T-2624 1075 23 29.2 28.5 15.4 13.7 13.3 ± ±
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P � 30 kbar, T � 925 °C; at P � 28 kbar, T �
1000 °C; and at T � 1075 °C at pressures of 18 to
25 kbar (Fig. 1). The upper pressure and temperature
stability limit of amphibole in the MORB pyrolite
composition lies between that of the Tinaquillo lherzo-
lite composition and those of the Hawaiian pyrolite and
NHD peridotite compositions (Fig. 7).

The maximum pressure stability of pargasitic am-
phibole around T � 1000 °C shifts with increasing total
alkali contents of the bulk rock composition, e.g. from
26 kbar (TQ-40%OL, 0.33 wt% Na2O+K2O), 28 kbar
(MPY-40%OL, 0.66 wt% Na2O+K2O), 28±29 kbar
(NHD+1.5%PHL-60%OL, 0.78 wt% Na2O+K2O),
and up to 29±30 kbar (HPY-40%OL, 1.17 wt%
Na2O+K2O). The maximum temperature stability of

pargasitic amphibole also expands from 1025 °C to
1150 °C with increasing alkali contents of the bulk rock
composition. The stability of amphibole in NHD
peridotite shows a higher temperature limit than those in
the other peridotitic compositions. It is possible that the
relatively higher K2O content of the NHD peridotite
(0.43 wt%) stabilizes amphibole to higher temperatures
than that which would be expected from the total alkali
contents.

The results of this experimental study are in good
agreement with the explanation of bulk rock composi-
tion control on amphibole stability by Wallace and
Green (1991) and with the experimental results in the
system CaO-MgO-Al2O3-SiO2-Na2O-H2O (Cawthorn
1976). We also con®rm the conclusion of Wallace and
Green (1991) that the temperatures of the dehydration
solidi of pargasitic lherzolites are directly rather than
inversely proportional to their ``fertility'' as measured by
Na + K content ± this intuitively surprising result will
facilitate mass transfer by melting and melt migration in
inhomogeneous lherzolite at T � 950±1150 °C. In high
temperature lherzolites at low water activities, a melt
fraction occurring in a refractory composition may mi-
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grate and become ®xed in pargasite-rich ``fertile'' lenses
or bands because of the higher solidus temperature of
(Na+K)-enriched pargasite lherzolites.

2. Na and Al contents in pargasitic amphibole

Examination of previous experimental work on par-
gasitic amphiboles demonstrates an increase in Na in A-
site occupancy with increasing temperature (Holloway
and Burnham 1972; Helz 1973, 1976, 1979; Green 1973,
1976; Spear 1981; Gilbert et al. 1982). Helz (1973) noted
a tight linear correlation between the A-site occupancy
by Na and the AlIV content. However there has not been
any opportunity for a systematic survey of amphibole
composition in a constant bulk composition over a
range of pressure and temperature. The data obtained
for MORB pyrolite composition and illustrated in
Fig. 4A and B can be used to deduce a pattern of Na
content of pargasitic amphibole as a function of pressure
and temperature (Fig. 8B). The contours of Fig. 8B are
derived from the linear interpolations in Fig. 4 and im-
ply that the Na content is positively correlated with both
pressure and temperature and in the presence of garnet
the sensitivity to pressure is enhanced.

In a similar way, the positive correlation between Al
content and temperature has been established in earlier
studies (Helz 1973; Mysen and Boettcher 1975b; Spear
1981; Gilbert et al. 1982) and has been attributed to
increasing tschermakite solid solution. The e�ects of
pressure on total Al and AlVI substitution are not well
established although the analyses of both Spear (1981)
and Gilbert et al. (1982) show increase in AlVI as pres-
sure increases. Figure 5 shows that AlIV and AlVI in-

crease with increasing pressure from the plagioclase to
spinel lherzolite ®elds and decrease with increasing
pressure from the spinel to garnet lherzolite ®elds. The
data indicate a maximum content of Al close to the
dehydration solidus in the spinel stability ®eld. These
changes are attributed to increasing tschermakite con-
tent with increasing pressure from the plagioclase to
spinel lherzolite ®elds (i.e. increase in AlIV and AlVI) and
to increasing richterite content with increasing pressure
[i.e. decrease in AlIV and AlVI with increase in Na(A)
and Na(M4)].

3. Pargasite breakdown reactions

Analyses of phases in the P � 15 kbar, T � 925 °C ex-
periment (starting materials) allow us to calculate the
modal composition at this pressure and temperature,
establishing that 35% of pargasite is present in the
MORB pyrolite-40% olivine composition. Higher pres-
sure and temperature experiments show decreasing
modal amphibole (Table 4, Figs. 6 and 8) accompanied
by the changes in amphibole composition noted previ-
ously. Pargasitic amphibole and clinopyroxene are the
only Na-bearing phases in the spinel or garnet lherzolite
assemblages at subsolidus conditions. The data demon-

Na

pargasite
(O=23)

0

5

10

15

20

25

30

35

0

5

   10

15

20

25

30

35

900 950 1000 1050 1100 1150900 950 1000 1050 1100 1150

T (°C)T (°C)

P
 (k

b)

0.99

0.96

0.64

0.53

1.00

0.93

0.86

0.94

0.92

0.65

0.84

0.58

0.46

1.08

0.71

0.61

17.7

22.0

23.8

28.0

35.3

26.5

10.2

15.7

32.0

28.9

13.7

13.9

18.9
21.3

0.78

Modal%
pargasite

MORB pyrolite
  - 40% olivine

MORB pyrolite
  - 40% olivine

0.6

0.7

0.5

0.8

0.8

0.9
1.0

1.0

35 (25)

30 (21.5)

25 (18)

20 (14.5)

15 (11)

10 (7)

A B

45.4

0.43

Fig. 8A, B Pressure (kbar) and temperature (°C) relationship of the
modal proportion in wt% (A) and the Na (O � 23) content (B) of
pargasitic amphiboles fromMORB pyrolite-40% olivine experiments.
Isopleths and modal abundance contours were ®tted from the
compositional variation trends in Figs. 3 and 4. In A, the bracketed
®gure on the contour is the modal abundance in MORB pyrolite (i.e.
with 40% olivine restored)

33



strate that the amphibole breakdown reactions are
continuous reactions and occur over a P, T range,
quanti®ed in Figs. 4, 5, 6 and 8. Recognizing the com-
plex nature of the pargasite solid solution, we may use
the modal and compositional changes in mineral com-
positions to infer the component reactions.

In the plagioclase lherzolite ®eld, the tremolite com-
ponent decreases with increasing temperature and the
pargasite component increases with increase in both
temperature and pressure. In the spinel lherzolite ®eld
the pargasite component is replaced by richterite to-
wards higher pressure. The e�ect is more evident in the
garnet lherzolite ®eld, where there is a decrease in
Tschermak's component and a further increase in rich-
terite. The modal and mineral compositional data show
that enstatite is decreasing, garnet is increasing, and
jadeite solid solution in clinopyroxene is increasing over
the same pressure interval, suggesting the reaction;

3pa� �CaAl2SiO6�cpx � 10en! ri� jd� �2gr� 3py�
� 4fo� 2H2O :

The pargasite breakdown also occurs as part of the
spinel lherzolite to garnet lherzolite transition as:

3pa� sp� di� en! ri� jd� �2gr� 3py� � 5fo� 2H2O :

The high pressure limit of the pargasitic amphibole is
expressed as a richterite breakdown reaction, e.g. ri +
2(CaAl2SiO6)cpx ® 2jd + gr + en + 2fo + H2O, or
more plausibly to include a pargasitic amphibole
breakdown reaction, i.e. (3pa+ri) + (5MgAl2SiO6+
8en) ® 5jd + 7(gr0.33py0.67) + 8fo + 4H2O.

The melting reactions involve the disappearance of
10±30% pargasitic amphibole over a temperature in-
terval as small as 15 °C (Fig. 6). At lower pressure,
Boyd (1959), Holloway (1973) and others (Holloway
and Burnham 1972; Helz 1973, 1976; Francis 1976)
have established that pargasite melts incongruently to
Di + Fo + Sp + liquid. The present study shows
that the solidus of the amphibole-bearing lherzolite
used in this study is not a simple dehydration solidus
in which a ¯uid-absent, pargasite-bearing lherzolite
melts to spinel or garnet lherzolite mineralogy and
water-rich melt. The data obtained show that parga-
site-bearing lherzolite undergoes continuous reactions
under sub-solidus conditions such that the composition
of amphibole at the solidus varies with pressure as well
as temperature.

The data of Tables 3 and 4 and the plots of amphi-
bole compositions in Figs. 4 and 5 and modal abun-
dances of Figs. 6 and 8A, may be combined to deduce
the reactions between the components of pargasite solid
solution and other phases which occur as functions of
pressure and temperature along the constant modal
pargasite contours of Fig. 8A. These reactions must
conserve H2O if we assume, to a ®rst approximation,
that pargasitic amphibole does not change water content
over the P, T ®eld examined. The reaction from low to
high pressure along the modal pargasite contour is:

2pa� ts� 4di� 16en! ri� 2tr� 5�gr0:33py0:67� � 3fo :

This reaction is deduced from compositions along the
20% and 15% pargasite contours, i. e. compositional
and modal abundance data for experiments at
P � 28 kbar and 30 kbar, T � 925 °C (with 22% and
18% pargasite respectively) compared with those at
P � 15 kbar and 18 kbar, T � 1050 °C (with 21% and
14% pargasite respectively) supports this reaction as the
principal pressure e�ect on amphibole composition in a
closed system in the garnet lherzolite ®eld.

4. H2O released by pargasite breakdown

The observations on mineral compositions and modal
abundances, and the continuous reactions inferred in the
preceding section, require the release of water from the
15 kbar, 925 °C starting material in both higher tem-
perature and pressure experiments. In addition, the
patterns of modal variation and phase compositions at
P > 15 kbar are consistent among the 925 °C runs, ir-
respective of whether the charges contained 2.0 wt%
H2O or the 15 kbar, 925 °C starting mix (0.6 wt%
H2O). It therefore becomes necessary for us critically to
examine our charges to ascertain whether the solidus
possibly coincided with the water-saturated solidus at
P > 15 kbar or whether our optical and electron mi-
croprobe evidence for a ``dehydration-solidus''
�aH2O < 1� at Tmax � 1075 °C can be con®rmed. Pre-
vious work on the Hawaiian pyrolite, NHD and Tina-
quillo lherzolite compositions under water-saturated
conditions �aH2O � 1) had de®ned solidi at T � 970±
1000 °C over the pressure range of 5±25 kbar.

We used scanning electron microscopy (SEM) to ex-
amine the freshly broken surface of the experiments
(Fig. 2). They were clearly porous with excellent eu-
hedral crystal faces against voids (i.e. vapour ®lled
cavities). Similarly, experiments at T � 1000 °C
(P � 25±30 kbar), T � 1050 °C (P � 15±20 kbar) and
T � 1075 °C (P � 23 kbar) were also porous with eu-
hedral crystal faces against cavities. By contrast, exper-
iments at T � 1075 °C (P � 10±20 kbar, 24±26 kbar)
and at T > 1075 °C were non-porous and showed
fractured crystal faces and minor conchoidal quenched
glass, interstitially. The scanning electron microscopy
images thus con®rmed the location of the solidus in
Fig. 1, and established the presence of a vapour phase at
T � 925 °C and throughout the pargasite lherzolite P, T
®eld for which modal pargasite was <35 wt% approxi-
mately.

As an additional technique, we used ion-beam
thinning on experiments at T � 1000 °C and 1050 °C
(P � 10 kbar) and at T � 1000 °C (P � 27 kbar) and
then examined the products by transmission electron
microscopy (TEM) (Fig. 3). The TEM technique also
enabled semi-quantitative energy dispersive X-ray ¯u-
orescence analyses of the ion-beam thinned charge. By
this technique we identi®ed quench amphibole, ``mica''
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(phyllo-silicate) and siliceous, alkaline and Fe rich
glass as outgrowths and intercrystalline pools in the
above-solidus run at T � 1050 °C, P � 10 kbar. By
contrast, in the subsolidus runs at T � 1000 °C
(P � 10 kbar, 27 kbar), we found no quench crystal
outgrowths or phases and observed only extremely
delicate thin-®lm deposits and ``spheres'' along some
grain boundaries (Fig. 3A). Energy dispersive analyses
showed high silica, alkalis, and sulphur in these glass
®lms and we interpret this material as vapour-phase
quench.

One further observation is relevant to the interpr-
etation of subsolidus runs. In run C7 (P � 32 kbar),
pargasite is absent and the clinopyroxene contains
1.49 wt% Na2O, the highest observed in any assem-
blages. However, the modal abundance of clinopyroxene
(18.5%) gives an Na2O content for the bulk composition
of 0.39 wt% Na2O, much less than the actual compo-
sition (0.66%). By contrast pargasite and clinopyroxene
in runs C5 (P � 28 kbar) and C6 (P � 30 kbar) account
for �0.7 to 0.8% Na2O and there is no mass balance
problem for Na2O. A repeat run (Run No. C8) at
P � 32 kbar, T � 925 °C with lower water content (i.e.
all water originally contained in pargasite, approxi-
mately 0.6 wt% H2O in bulk composition) also pro-
duced clinopyroxene with 1.54 wt% Na2O and mass
balance requires the presence of an additional Na-rich
phase. The SEM observations of freshly broken surfaces
revealed extremely ®ne needles and surface depositions
on crystals. Energy dispersive analysis indicated high
Na, Si and S and the possibility of Na2SiO3-rich quench
crystals can not be excluded. We infer that a ¯uid phase,
rich in Na2O and possibly a brine or ``carbonatite'' was
present in the 32 kbar, 925 °C experiments. The modal
analyses and mass balance results for the lower pressure
experiments suggest much lower Na2O content in the
¯uid phase.

To summarize, our detailed examination of charges
by SEM and TEM techniques con®rms the location of
the solidus as in Fig. 1 and that the melting reactions
include the disappearance of pargasite over a tempera-
ture interval <15 °C. It should be noted that at
P � 25 kbar, T � 1075 °C an olivine-rich basanite
magma contains approximately 10±12 wt% H2O (®gure
derived from liquidus depression experiments summa-
rized in Green (1973)). Thus an estimate of degree of
melting immediately above the amphibole-out boundary
is roughly 5% (0.6% H2O in bulk composition) and the
melt increases from 0 to 5% over <15 °C in our ex-
periments. Our experimental techniques are such that a
vapour phase is present below the ``dehydration solidus''
but the activity of water in this vapour phase is <1. This
occurs because initial loading of capsules traps 30±50%
by volume of air and traces of sulphur, carbon and
halogens may result from our sample preparation pro-
cess. The TEM images also con®rm that the vapour
phase contains dissolved components which precipitate
as thin glass ®lms or as vapour quench, alkali-rich nee-
dles (from the run C8 in particular). With aH2O < 1, the

solidus is de®ned by the (pargasite + vapour � hydrous
melt + lherzolite) reactions. Taylor and Green (1988)
used CH4+H2O ¯uid in bu�ered capsules to demon-
strate that pargasitic amphibole could exist to
T � 1190 °C at P � 25 kbar (at lower fO2

than the
present experiments) and its upper thermal stability in
Hawaiian pyrolite composition included breakdown to a
phlogopite-bearing but melt-absent garnet lherzolite
assemblage. The experiments conducted here simulate
conditions under which natural amphibole-bearing
lherzolites may begin melting upon temperature increase
or pressure decrease. The activity of water along the
solidus is clearly <1 at pressures less than 28 kbar and
we have shown that this dehydration solidus is depen-
dent on bulk peridotite composition and the amphibole
composition.

5. Porosity and connectivity of subsolidus ¯uid phase

The SEM image of Fig. 2A and particularly the TEM
images of Fig. 3A and B are relevant to discussions of
porosity and permeability of mantle lherzolite in the
presence of an aqueous ¯uid. Recent studies (Watson
and Brenan 1987; Watson et al. 1991; Mibe et al. 1998)
interpret ¯uid distribution and connectivity in olivine-
rich materials in terms of dihedral angle (the angle
formed by two intersecting walls of a pore or tubule
formed by three or more juxtaposed crystals). Mibe et al.
(1998) obtained dihedral angles of <60° at 30 and
50 kbar which they contrast with values of >65° ob-
tained by Watson et al. (1991) at 10 kbar. Mibe et al.
1998 infer high connectivity and permeability for aque-
ous ¯uid at 30 and 50 kbar and attribute the change
from low to high pressure to the increased solubility of
silicate components in ¯uid at high pressure.

In our experiments we have evidence for signi®cant
silicate solubility in aqueous ¯uid at 10 kbar, 1000 °C
(Fig. 3A) and have provided evidence for Na-, Si- and S-
rich precipitates from ¯uid at 32 kbar, 925 °C. However,
at both 10 kbar and 27 kbar (Fig. 3A and B), pore ge-
ometry is dominated by crystal faces and there is no
suggestion of signi®cant di�erence in pore characteris-
tics. In both cases, the insight from TEM on pore
morphology suggests that the use of polished surfaces
with the resolution of SEM will not adequately measure
dihedral angles and furthermore that ¯uid exists in dis-
crete pores bounded in large part by crystal faces. The
dihedral angle intersection between crystal phases is
determined by relative crystal orientation and cannot be
interpreted as a simple property of an olivine/aqueous
¯uid pair, for example. We believe that it is premature to
infer high permeability of aqueous ¯uids in the upper
mantle at T > 900 °C on the basis of interpretation of
dihedral angles measured on polished surfaces. We
note that ¯uid contents in our samples are <0.5%
(maximum water content in charges is 0.6±0.7%) and
that at 10 kbar there is signi®cant silicate solubility in
the ¯uid.
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Applications to pargasite-bearing natural peridotites

1. Cooling and decompression paths
and heating events observed in natural peridotites

Compositional dependence of amphibole on T, P and
bulk rock composition has been discussed in some lit-
erature on basaltic magmas (e.g. Helz 1973, 1976;
Cawthorn 1976; Spear 1981). Stephenson (1977) showed
a di�erent range of Ti and AlVI contents of hornblendes
between amphibolite and granulite facies gneisses from
the south coast of Western Australia. Hammarstrom
and Zen (1986) collated data on calcic amphiboles from
some calc-alkalic plutonic complexes showing a similar
total Al±AlIV trend with systematic pressure e�ect and
mentioned that total Al content of hornblende is useful
as an empirical igneous geobarometer. In examples of
amphibole-bearing peridotites, however, the amphibole
itself has not been a sensitive indicator for estimation of
equilibration pressure and temperature. In most cases,
P-T history of alpine-type peridotites emplaced within
crustal terrains and of upper mantle-derived xenoliths
have been estimated from their aluminous phase para-
genesis or by pressure and temperature calculations
using the coexisting phases other than amphiboles. New
data on pargasitic amphiboles presented in Figs. 4, 5,
and 8 show compositional dependence on P and T and
therefore provide constraints on cooling and decom-
pression paths and ``heating'' events for natural per-
idotites.

Some orogenic lherzolites carry pargasitic amphi-
boles recrystallized at lower pressure and temperature
than the primary conditions. Secondary pargasites in the
Lizard lherzolite have a low Na2O content (1.87±
2.45 wt%; Green 1964). Pargasitic amphiboles (1.87±
3.01 wt% Na2O), which are considered to be equili-
brated at a relatively low P-T condition, were also re-
ported from Finero (Cawthorn 1975) and Alpe Arami
(Ernst 1978) in northern Italy. The Na2O-rich pargasitic
amphiboles (3.25±4.06 wt% Na2O) coexisting with gar-
net in the Ronda peridotite (Obata 1980) suggest a high
pressure and temperature equilibration. Compositional
zoning of pargasitic amphiboles has been reported from
garnet peridotite in Norway (Medaris 1984) and from
garnet-spinel lherzolite in northern Italy (Obata and
Morten 1987). The zoned amphiboles have an Na2O-
rich pargasitic core rimmed by Na2O-poor tremolite or
hornblende, suggesting a decompressional cooling his-
tory.

It is also possible from the compositional dependence
of pargasitic amphibole to recognize ``heating'' events of
peridotite xenoliths which have been heated in the upper
mantle prior to capture by the ascending host magmas.
Takahashi (1980) described a ``preheated'' xenolith from
Ichinomegata in northern Japan. Pargasitic amphiboles
in the preheated spinel lherzolite are more sodic
(2.96 wt% Na2O) and more aluminous (14.92 wt%
Al2O3) than the other types of amphiboles (2.01±

2.34 wt% Na2O, 12.26±12.98 wt% Al2O3) in equilibra-
tion with lower temperature olivine and pyroxenes. Such
a heating event in mantle-derived xenoliths has also been
reported as a ``reheating event'' from the Malaita al-
noites in Solomon Islands (Neal and Nixon 1985). The
reheating was linked to a garnet breakdown reaction
resulting in a secondary assemblage of clinopyroxene,
amphibole and spinel. The amphibole has an extremely
sodic (4.72 wt% Na2O) and aluminous (15.26 wt%
Al2O3) pargasite composition, which indicates both
higher temperature and higher pressure equilibration.

From this brief literature survey, there appears to be
potential for direct application of the experimental data
presented herein to aid in interpretation of P, T history
of natural lherzolites.

2. Model for pargasite peridotite wall limiting
mantle upwelling to de®ne the volcanic front
of subduction zones

It has become widely accepted that generation of arc
magma at convergent plate boundaries is intimately as-
sociated with subduction of oceanic lithosphere and that
dehydration of the subducted slab and hydration of the
mantle peridotite wedge are important processes in
magma genesis (e.g. Nicholls and Ringwood 1973;
Wyllie and Sekine 1982; Green et al. 1987; Kushiro
1987). Tatsumi (1986, 1989) proposed a speci®c model
for location of the volcanic front of subduction zones. In
this model, partial melting of the mantle peridotite
wedge is caused by H2O released from hydrated
peridotite dragged along the downgoing slab. The po-
sition of the volcanic front is attributed to the pargasite
dehydration reaction within this peridotite at 30 kbar
(100 km), producing H2O-rich melting in the overlying
mantle wedge.

Based on the stability of pargasitic amphibole in
MORB pyrolite composition (Fig. 1), a plausible model
of pargasite distribution in the upper mantle beneath an
island arc is shown in Fig. 9. The maximum depth of
pargasite distribution lies around 90 km (P � 28±
30 kbar) in the mantle peridotite. As the upper layer of
the subducting slab itself has a basaltic composition, and
would contain modal quartz in garnet amphibolite or
eclogite assemblages, the amphiboles in the slab become
unstable at shallower level, approximately 70 km (Gil-
bert et al. 1982; Poli 1993; Poli and Schmidt 1995).
However, pargasitic amphibole may remain as a stable
phase in the lithospheric peridotites beneath the crust of
frontal arc and fore-arc regions and in the uppermost
mantle peridotites of back-arc regions. Highly sodic
pargasites containing 3±4 wt% Na2O are restricted to
high temperature, approaching the silicate solidus and
the maximum pressure for amphibole stability.

As shown in Fig. 9, migration of H2O from the slab
into the overlying wedge produces e�ects which are
strongly dependent on the local temperature. In cool
regions close to the trench, stability of serpentine,
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chlorite, talc, diopside and tremolite enables extensive
hydration (>10% contained H2O in former lherzolite),
which, if pervasive, will lead to low density and tectonic
extrusion rather than subduction of serpentinized
lithosphere. Pargasite lherzolite with �25±30% parga-
site (containing �1% Na2O in the pargasite) may form
in the region, particularly in higher temperatures of the
wedge or with low aH2O in the penetrative ¯uids. In the
schematic model of Fig. 9, H2O-rich ¯uids released by

dehydration reaction are presented as rising vertically in
the deforming lherzolite of the mantle wedge. A tem-
perature of 650±700 °C is assumed somewhat arbitrarily
for the dehydration of serpentine/chlorite assemblages in
lherzolite leading to an overlying region of water-satu-
rated pargasite lherzolite in which 20±30% pargasite (1±
2% Na2O) is present.

If the subduction process drags pargasite lherzolite to
deeper levels, there is partial dehydration leading to
decreasing pargasite abundance and increasingly sodic
pargasite. The P, T ®eld of the subduction wedge may be
contoured for the sodium content of pargasite. Pargasite
is not stable beyond 30 kbar. However, the detailed
study does not support the simple expression of Tatsu-
mi's model (1986, 1989) in which the volcanic front
(�100 km above the subduction zone) is attributed to
pargasite breakdown at 30 kbar pressure. The continu-
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ous nature of the pargasitic breakdown reactions implies
release of H2O at depths <100 km in the wedge
counter¯ow or drag model.

The silicate solidus in Fig. 9 is drawn at 1050±
1075 °C and represents the dehydration solidus of
MORB pyrolite. The position of the silicate solidus in
the mantle wedge is primarily determined by the tem-
perature distribution and secondarily by the sensitive
control of the peridotite solidus by aH2O, pargasite sta-
bility and bulk composition. An additional complexity is
the high probability that the ¯uid released from slab
reactions and from peridotite devolatilization reactions
is a CAHAO ¯uid, dominated under the oxidized con-
ditions of the subducted slab environment, by
CO2 + H2O. The study of carbonate stability in
lherzolite and of the P, T ®eld for primary carbonatite
melts (Wyllie et al. 1983; Wallace and Green 1988;
Green and Wallace 1988; Falloon and Green 1990)
shows that there is a P, T ®eld for carbonatite melt in
equilibrium with pargasite lherzolite from P � 22±
30 kbar, T � 935±1075 °C approximately and with
pargasite-free lherzolite from P > 30 kbar, T � 935±
1025 °C. Because of the temperature inversion within
the mantle wedge, the region of carbonatite melt lies
spatially below the region of silicate melting. In Fig. 9
carbonatite melts are depicted as migrating into the sil-
icate melting region where they dissolve in the more
voluminous silicate melt with moderate to high car-
bonate solubility at 20±30 kbar, providing one of the
potential geochemical components postulated for the
source characteristics of island arc magmas (i.e. one of
the ``slab'' metasomatic agents as discussed by Sweeney
et al., 1992).

The roles of pargasite stability, carbonatitic and sili-
cate melt regions, illustrated in Fig. 9, are general fea-
tures of any model but their speci®c application is
sensitively controlled by the P, T distribution modelled
for the subduction and mantle wedge environments.
Figure 9 is schematic, noting alternative temperature
distributions of geophysical models (ToksoÈ z et al. 1971;
Peacock 1990; Davies and Stevenson 1992; Furukawa
1993; Davies 1994). The dip of the subduction slab, rate
of subduction, presence of segmentation and rifting
perpendicular to the trench, or transform faults termi-
nating arc-trench systems, perturb the P, T distributions,
and thus the spatial characteristics of regions of partial
melting. It is argued that the source of primitive magmas
in island arc settings lies within the envelope of silicate
melting schematically depicted in Fig. 9. Volcanism is
envisaged as a consequence of upwelling of mantle from
within this region (see schematic ``diapir'' of Fig. 9). The
limit to partial melting, and thus to magma genesis ei-
ther by melt segregation within a diapiric upwelling, or
via porous ¯ow and melt pooling in an upwelling region,
is de®ned by the solidus reaction (hydrous melt + l-
herzolite ® pargasite lherzolite). We infer that the vol-
canic front of island arcs is de®ned by the position of
this solidus in the temperature inversion of the wedge
above the subduction zone, producing a depth/temper-

ature envelope which is the source region for island arc
magmatism. Within this envelope, heterogeneity of
source composition re¯ects recycling of old lithosphere
and injection of back-arc asthenosphere, and is further
complicated by wedge metasomatism to introduce
pargasite and the potential for carbonatite melt migra-
tion.
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Nick Ware and John Fitzgerald obtained the SEM and TEM im-
ages respectively. The paper bene®ted greatly from constructive
reviews by Bernard Evans and Max Schmidt. These contributions
are warmly acknowledged.
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