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ABSTRAcT

morphology .above 1432"c. Microprobe analysis of the crystals indicates a com-
positional gap in CaO content between. the monoclinic and orthorhombic crystals.
T_he discontinuity of the solidus curve in the Mg-rich region of the system
MgSiO-CaMgSLOu is clearly shown.

- Terrestrial pigeonites containing less than z0 mole percent Fesios have not
been reported. From consideration of the composition and the temperature of
stability lirhit, such low-iron pigeonites may occur in the chondrules of the least
recrystallized chondrites, zuch as Type rr and IIr carbonaceous chondrites and
the "unequilibrated" ordinary chondrites.

, Ixrnonucrrorrr

statite of supposed composition (Mgo.n2uCao.o7u)Sioa, and indexed the
X-ray powder pattern on a triclinic cell. Smith (1g6ga, b) reindexed
the patter:n as a mixture of olivine, silica mineral, and. a d.ominant

pressure between 5kb and 20kb. All of these results point to the possible
occurrence of a stability field near (Mge.nOau.r)SiO,, in the sysrem
MeSiO'-CaMgSirOo and a primary field of crystallization in the systeml Present address: code 644, Goddard space Flight center, NASA, Greenbelt,
Maryland 20771.

1232



STABILITY OF PIGEOI{ITE 1233

forsteritrdiopside-silica for a monoclinic magnesian pyroxene at
atmospheric pressure above 1365oC.

The authors investigated this possibility by studying the morphol-
ogy, compositions, optical properties, and structures of the euhedral
crystals crystallized just below the liquidus temperatures from glasses

with compositions in the field previously labeled protoenstatite.

ExpnnrunNrel Mnrsots

Conventional quenching methods developed at the Geophysical Laboratory
(Schairer, 1959) were used to synthesize the euhedral crystals of magnesian
pyroxenes. Ilomogeneous glasses were prepared by repeated fusions of appropriate
proportions of purified raw materials: calcium carbonate, magnesiur.n carbonate,

and silica. A small amount of devitrified glass was wrapped in a platinum bnvelope
and hung in the hot zone of a quenching fumace long enough for the attainment
of equilibrium, followed by quenching in mercury to preserve the crystals formed

at high temperatures. Criteria discussed by Schairer (1959) were used to establish
the attainment of equilibrium. The temperatures were read from a Pt'-Ptl0 per-

cent Rh thermocouple calibrated periodically against the melting point of diop-

side (1391.5'C).
The molphology and optical properties of the quenched crystals were studied

by petrographic microscopy, and the stmctures were examined by X-ray powder

diffraction. Polished epoxy mounts of powdered quenching charges were prepared,

and crystals larger than 25 micrometeftt were analyzed. with an electron micro-
probe. An ARI-EMX microprobe was operated at 15 KV with a bearn current
of 0.15 pA and a beam diameter of about two micrometers. A synthetic diopsidic
glass was used as the standard. Corrections, following the procedures of Sweat-
man and Long (1969), were made for deadtime, drift, background, fluorescence,
absorption, and atomic number effects.

Meexpsrarv PvnoxnNus

Morphology. Well-developed, euhedral crystals of magnesian pyrox-
enes were obtained when devitrified glasses were held at temperatures
just below the liquidus. The crystals range from a few to fifty microme-
ters in size and very often show clear crystal edges and faces. Thus,
crystals with monoclinic morphology could be distinguished easily from
those with orthorhombic morphology under the microscope' The crystal
forms of magnesian pyroxenes observed in the quenching runs are given
in Table 1, together with the compositions of starting devitrified glasses
and the equilibrium temperatures. Note that monoclinic crystals of
magnesian pyroxene crystallized below 1432oC and orthorhombic
crystals above 1432oC from the melts in the primary field previously
believed to belong to protoenstatite.

The interfacial angles on the orthorhombic and monoclinic crystals
measured with a universal stage are given in Table2. The crystal faces
were plotted on gnomonic projections from which the crystals were
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Table .I.

Crystal Habit and Conpositlon of Slnthetic
Magnesian Pyroxenes in the Systen
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drawn (Figure 1). Angle tables were calculated for both habits of the
crystals (Tables 3 and 4). All of the forms on the monoclinic crystals
are prominent except {001} which is less conspicuous. concave terminal
faces resulting from twinning are not uncommon.

There are similarities in morphology between the orthorhombic
crystals and the inverted clinoenstatite described from papua by
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( A )  ( B )

Frc. l. The primary crystals of magnesian pyroxene: orthorhombic (A) and
monoclinic (B), drawn in clinographic projection.

Dallwitz et al. (1966). For example, the angles (110) n (110) and
(1I0) A (110) on the inverted clinoenstatite are comparable to the
equivalent, interfacial angles on the synthetic orthorhombic clystals.
In addition, Dallwitz et al. reported two bipyramids on the inverted
clinoenstatite, consistent with two bipyramids on the synthetic ortho-
rhombic crystals seen in Figure 1.
Optical Properties. The optical properties of both magnesian pyroxenes
are given in Table 5. Though simple twinning is common in monoclinic
magnesian pyroxene, polysynthetic twinning has not been found. In
contrast, orthorhombic magnesian pyroxene frequently shows poly-
synthetic twinning optically, a phenomenon so often seen when protoen'
statite inverts to clinoenstatite on quenching. Another noteworthy
feature is that the small optic axial angle and the small Z A c of the
monoclinic magnesian pyroxene are characteristic of natural pigeonites.
SEmmetry. The symmetry of monoclinic magnesian pyroxene from the
quenching run of 1387oC was studied by X-ray powder diffraction
(Table 6). The appearance of the reflection (231) indicates that the
symmetry of the monoclinic magnesian pyroxene is P2'/c at room
temperature. Studies on the symmetry of the orthorhombic magnesian
pyroxene are currently underway.
Composition Accurate compositions of the monoclinic and ortho-
rhombic magnesian pyroxenes from some quenching runs were obtained
from microprobe analysis, and are given in Table 1' The CaO content in
orthorhombic crystals increases from 0.54 + 0.01 wt percent at L470oC
to 1.35 + 0.02 wt percent at 1435"C, while it varies from 2.59 * 0.03 wt
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Table 3

Morphology of Monoclinic Crystals of the
Synthetic Magnesian ftEoxenes

Crystal System = Monocli.nic Crystaf Class = 
#

a t b r c  =  0 . 9 0 5 r 1 r 0 . 3 1 3 t o3o14 '  pe reo r16  =  o .336 to .3o4 r I

? 6 0 4 6 '  p ' o  =  0 , 3 4 5  q . ' o  = o . 3 ! ?  x b =  0 , 2 3 5

rorms v

r -  , 0o

o1o  oo
1OO goo

]01 goo

o2r zLo

1ro 4go

lro -49o

irr  - t8o

J3r -3go:'o'

f 4 z
r 3o t4 ,  ?6046 '

9oo  9oo
9oo oo

3oos7 ' 59o fi'

330i6, ?6046,

9oo oo

9oo  oo

r7o  55 ,  -B+o !? '

5ooz? '  - 52024 '

f z = a  c  A

goo  oo  ?6046 ,

oo 9oo 9oo
9oo 76046'  oo

9oo :'60 53' 59o 53'

59oog ,  j oo5 t ,  ZBo4o ,

49o Boooz'  4 lo

-4go 99o 5?' L39"

-?zo5g ,  z5o t6 '  95o r | ,

-53o28, 59oze,  t t9o22,

percent at l420oc in monoclinic crystals Lo 4.92 + 0.05 wt percent at
1387'C. The existence of a compositional gap in CaO content between
these two magnesian pyroxenes appears to be clear.

Drscussrorr

The fact that, though crystals may invert during the quenching,
their shapes can be preserved suggests a primary field of crystallization
for the monoclinic magnesian pyroxene in the field previously labeled
protoenstatite, as delineated in Figure 2. From further consideration
of its characteristic optical properties and CaO content, it is evident
that this monoclinic magnesian pyroxene is iron-free pigeonite, a phase
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Forslerife s i02
Weight %

Fro. 2. The result of the present study as plotted on the system forsterite-
diopside-silica of Kushiro and Schairer (1963). Solid circles: compositions from
which monoclinic magnesiar pyroxene crystallizes near liquidus. Open circles:
compositions from which orthorhombic magnesian pyroxene crystallizes near
liquidus.

distinct from inverted clinoenstatite solid solution. Boyd and Schairer
(1964) reporied that the (220) determinative curve for pyroxene in the
singlrphase field at 1395oC departs significantly from that for pyroxene
at 1365oC, and made an important suggestion that there.is an umecog-
nized form of Mg-rich pyroxene stable above 1385oC. Attention is
called to the fact, that the 20 position of. (220) of iron-free pigeonite
with composition (Mg6.grCao.og)SiOr(28.06o, CuKa synthesized in the
present study is very close to the determinative curve for pyroxene
at 1395oC obtained by Boyd and Schairer. Perhaps the clinopyroxene
with an anomalous cell size, obtained by Boyd and Schairer at 1395oC
and thought to be an inversion product of an unrecognized form of
Mg-rich pyroxene, is actually a primary phase and may well be identical
to iron-free pigeonite synthesized in the present investigation. This
relationship is further supported by the consideration of Smith (1969a, b)
and Perrotta and Stephenson (1965) that a monoclinic form of magnesian
pyroxene may be stabilized by a small substitution of Ca for Mg.

Diopside



STABILITY OF PIGEONITE LXIS

Consequently, when the data from microprobe analysis are incorporated,
a stability field of iron-free pigeonite can be proposed in the system
MgSiO3-MgCaSi,Ou (Figure 3). While the upper stability limit of
iron-free pigeonite is clearly at I432"C, the lower limit has not been
determined in this investigation, although there is likely to be one.
Since Smyth (1970) has demonstrated a high-low inversion for an
iron-rich clinopyroxene, confirming the consideration of Smith (1969a, b)
that the space group of clinopyroxene ma,y be C2/c at high tempera-
tures, iron-free pigeonite may also have undergone the same inversion
during the quenching, which may not be recognized under the micro-
scope. No high-temperature X-ray diffraction was undertaken in the
present study, but C2/c would be acceptable as the space group for
iron-free pigeonite. Iron-free pigeonite shown to be stable at atmos-
pheric pressure in this investigation may also be identical to the phase
with composition Mg,.sOao.rSirOo and stable between 1360 + 10oC and
1410 + 10oC reported most recently by Schwab and Jablonski (1971).
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Frc. 3. Phase relation of Mg-rich portion of the system MgSiO-CaMgSizOo as

suggested by the present investigation. Dotted circles: compositions of the pri-

mary crystals from microprobe analysis. Abbreviations: Fo, Forsterite; Pr"",
Protoenstatite solid solution; L, Liquid; Di"", Diopside solid solution; Pig"",
Pigeonite solid solution.
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Gnor,ocrcar, Appr,rcerrow

By substituting Fe'* for Mg in iron-free pigeonite, the stability field
of pigeonite is extended from the system MgSiOa-CaMgSizOo into the
pyroxene quadrilateral and the stability limit is gradually lowered as
well. Ilowever, pigeonites with less than 20 mole percent FeSiO3 have
not been reported from terrestrial rocks. Present investigation suggests
that iron-free pigeonite, or low-iron pigeonite, is stable only at a very
reduced state and relatively high temperature. Such conditions are not
common in the crystallization of terrestrial basaltic or andesitic rocks.

The occurrence of taenite and kamacite in chondrites and chon-
drules strongly suggests that most meteorites have been formed at a
very reduced state. Although the origin of the chondrules is still dis-
putable, some of the chondrules might have crystallized from the
molten droplets at a temperature higher than the terrestrial volcanic
rocks. Therefore, the chondrules in the relatively unrecrystallized
chondrites, such as Type II and III carbonaceous chondrites and, in the
sense of Dodd and Van Schmus (1965), "unequilibrated" chondrites,
become the most likely places for low-iron pigeonites to occur.

The only indication of the occurrence of low-iron pigeonite was
reported by Fredriksson and Reid (lg6b) in a chondrule from the
Chainpur meteorite. This chondrule consists of olivine and clinopyrox-
ene enclosed in a clear, homogeneous glass with a composition rich in
albite component. The FeO and CaO contents of this clinopyroxerre,
analyzed with a microprobe, suggest that it is low-iron pigeonite.

Another conceivable mechanism for low-iron pigeonite to form is
"shock melting" followed by rapid cooling in the meteorites. A tempera-
ture high enough for the crystallization of low-iron pigeonite may be
reached locally. This possibility is supported by a report from Bege-
mann and Wlotzka (1969) that the compositions of recrystallized
clinopyroxene, from partial melting induced by shock, fall within the
immicibility gap of the pyroxene quadrilateral. Fibrous clinopyroxenes
embedded in devitrified glass are frequently encountered in the chon-
drules. They are customarily regarded as diopsidic clinopyroxenes
despite the fact that some of them contain 3.0-3.4 percent of. Ca (e.g.,
in the Tennasilm meteorite, Reid and Fredriksson, 1967).

In conclusion, additional effort, particularly microprobe analysis, is
needed to definitely establish the occurrence of low-iron pigeonite in the
meteorites. Such studies are in progress.
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