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1Hereinafter: Ol = olivine, Aug = augite, Pl = plagioclase, Qtz
= quartz, Opx = orthopyroxene, Pig = pigeonite, Fo = forsterite,
Fa = fayalite, Di = diopside, Hd = hedenbergite, An = anorth-
ite, Ab = albite, En = enstatite, Pr = proroenstatite, Sp = spinel,
L = liquid. E = eutectic equilibrium, P = peritectic equilibrium,
S = singular equilibriium, T = 6-phase invariant equilibrium.
Ol25-50 = olivine with fe = 25–50% [where fe = Fe/(Fe + Mg)],
Pl60 = plagioclase with An = 60%.
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INTRODUCTION

The coexistence of three pyroxenes, orthopyroxene (Opx)1

+ pigeonite (Pig) + augite (Aug), with plagioclase (Pl) is not
very common in nature. However, the assemblage develops in
differentiating andesitic and basaltic magmas during a brief
period of peritectic replacement of Opx by Pig. Among effu-
sive rocks, perhaps the best example of a three-pyroxene
paragenesis is in the andesites of Weiselberg, Germany
(Nakamura and Kushiro 1970). During fractional crystalliza-
tion of those magmas, the phenocryst assemblage changed from
Aug + Opx + Pl through Aug + Opx + Pig + Pl to Aug + Pig +
Pl, coincident with an increasing Fe/Mg ratio. Among plutonic
rocks, the transition from an Aug + Opx + Pl assemblage to
one containing Aug + Pig + Pl—occurring through the period
of simultaneous crystallization of three pyroxenes and plagio-
clase—is most pronounced in the Bushveld Complex. There,
the three-pyroxene paragenesis is found throughout ~1 Km of

the central part of the Main Zone of the Complex (Von
Gruenewaldt 1970; Eales and Cawthorn 1996). The first au-
thor of the present paper observed a three-pyroxene assemblage
during an investigation of magnetite gabbro of the West Pansky
Tundra layered intrusion, Russia (Latypov and Chistyakova
2001). Layers and lenticular bodies of magnetite gabbro, con-
sidered to be a late-stage product of differentiation in the magma
chamber, are prominent in the gabbronorite zone of the intru-
sion (Odinets 1971; Kozlov 1973). The transition from the host
gabbronorites to magnetite gabbro is characterized by the min-
eral sequence: Pl + Opx + Aug (gabbronorite) → Pl + Aug +
Opx + Pig (gabbro with inverted pigeonite) → Pl + Aug + Opx
+ Pig + Mgt (magnetite gabbro with inverted pigeonite)
(Latypov and Chistyakova 2001).

Experimental investigations of the stability relations of Aug,
Opx, and Pig in Fe-bearing systems (Huebner and Turnock
1980) made it possible at the beginning of the 1990s to con-
struct tentative phase diagrams showing shifts in the pyroxene
liquidus boundaries of a basaltic melt (Longhi and Pan 1988;
Longhi 1991). However, due to numerous difficulties discussed
by Longhi and Pan (1988) and Longhi (1991), the stability re-
lations of the Opx + Pig + Aug + Pl assemblage could not be
determined adequately. The main aim of the present paper is to
address this issue by clarifying the liquidus phase relations using
a qualitative approach. No attempts have been made to esti-
mate the temperatures of the phase equilibria, due to absence
of constraining results from field and laboratory studies per-
formed to date.

ABSTRACT

There are both natural and experimental observations of the coexistence of three pyroxenes—
orthopyroxene (Opx) + pigeonite (Pig) + augite (Aug)—with plagioclase (Pl). Commonly, the as-
semblage occurs as an intermediate product in the following fractionation trend of a mafic magma:
Opx + Aug + Pl → Opx + Aug + Pig + Pl → Aug + Pig + Pl. To clarify the phase-equilibria con-
straints on the existence of this mineral assemblage, we have graphically analyzed the change in
topology of an isobaric–isoplethic section, Ol-Aug-Pl-Qtz [with fe = 25–50%, where fe = Fe/(Fe +
Mg), and An = 50%], arising from an increase in the fe-value of silicate liquid. The analysis shows
that the stability field of the mineral assemblage Opx + Aug + Pig + Pl is restricted, and can only
crystallize in the interval between two invariant points—T1

4 (Ol + Opx + Pig + Aug + Pl + L) and T2
4

(Qtz + Opx + Pig + Aug + Pl + L)—that emerge successively during expansion of a liquidus volume
of pigeonite within the isobaric–isoplethic section Ol-Aug-Pl-Qtz. At fe-values lower than T1

4, the 3-
pyroxene assemblage cannot exist due to the absence of a contact surface between the primary
volumes of plagioclase and pigeonite. At fe-values greater than T2

4, the assemblage is unstable due to
separation of the primary volumes of orthopyroxene and augite.


