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Physical, structural and chemical attributes of
solid-solution

enstatite, MgSiO3, in orthopyroxenite

Callum McCulloch

Department of Geology, Carleton College, Northfield, Minnesota
55057, USA

ABSTRACT

Enstatite, MgSiO3, is the magnesium-rich endmember of the
orthopyroxeneseries. It is commonly found in association with
clinopyroxene, plagioclasefeldspar and olivine in the mafic
plutonic rock orthopyroxenite. Crystals areyellow to brown with a
vitreous luster, white streak, brittle tenacity, a Mohs

hardness of approximately 5.5 and translucent diaphaneity.
Enstatite hasorthorhombic crystal habit, is biaxial positive in
plane-polarized light with anobserved n!of 1.662, observedn"of
1.670, observed n# of 1.672, observed 2Vz of90 and a birefrinfgence
of 0.010. Analysis by scanning electron microscopewith
microanalysis gives SiO2 = 57.92, Al2O3 = 1.22, FeO = 8.51, MgO =
31.27,CaO = 1.09, sum 100.01 wt%. The unit formula isMg1.64Fe

2+0.22Ca0.04Al0.05Si2.01O6. The nine strongest X-ray diffraction
lines [din

(Rel.I%)Pos.2Th.] are: 3.184(100)28.02,
2.885(90.44)30.97,2.887(81.46)31.03, 2.953(23.36)30.26,
1.475(22.78)62.97, 1.991(22.73)45.52,1.489(21.21)62.31,
1.394(18.92)67.06, 2.479(17.87)36.20.

Keywords: Enstatite, orthopyroxene, orthopyroxenite, x-ray
diffraction,scanning electron microscope, INCA microanalysis

INTRODUCTION

Major breakthroughs in understanding pyroxenes came in the early
1970s as moresophisticated laboratory equipment was introduced into
mineralogical and petrologicalresearch labs. Enstatite is the
magnesium-rich endmember and ferrosilite is the ferrousendmember of
the orthopyroxene (opx) MgSiO3-FeSiO3 series.

StructureAll pyroxenes are made up of two structural units. A
single silicon-oxygentetrahedral chain orients such that the base
of the tetrahedrons are parallel to the (001)axis (Nesse).
Octahedral layers laterally link the infinite tetrahedral chains to
formcontinuous sheets along the (100) plane. M1 cations fill
between the apices of the SiO3chains and M2 cations fill between
the bases of the tetrahedral chains. The M2 siteaccepts larger
cations than the M1 site. The oxygens coordinating M1 belong to
only onetetrahedron of the pyroxene chain (Nesse). The oxygens
partly coordinating the M2 site
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also bridge, helping to connect neighboring tetrahedra. Mg-Fe
substitution onlycontributes subtle changes to the Si-O
configuration. The general formula for pyroxenes

can be written M1M2T2O6, and the formula more specific to Mg-Fe
and calciumpyroxenes can be written M2(R2+)M1(R2+)T(2R4+)O6

where M sites correspond to

octahedral coordination distortions, T refers to coordinated
tetrahedral layers and R refers

to the charged cation. Polymorphism is frequent in many
orthopyroxenes, leading todifferent stacking and octahedral layer
arrangement. The three polymorphs aremonoclinic clinoenstatite,
orthorhombic orthoenstatite common in MgSiO3 and

protoenstatite, which does not occur naturally. The simplest
mechanism for transitionsbetween polymorphs is to slide layers of
tetrahedral chains over one another, breaking

Mg-O but not Si-O bonds (Smyth, 1974). Pure enstatite has the
orthoenstatite form withPbca spacing (DHZ). The
enstatite-ferrosilite series is diadochic and at compositions

between Mg100Fe0 and Mg10Fe90, Fe and Mg are mutually
replaceable (Smyth).

ChemistryEnstatite is the magnesium-rich endmember and
ferrosilite is the ferrous

endmember of the orthopyroxene series. In the literature,
enstatite is commonlyabbreviated En and ferrosilite is commonly
abbreviated Fs. The nomenclature of

orthopyroxenes is as follows according to Dunn (1976): enstatite
is En100Fs0 to En88Fs12FeO < 6.50%, bronzite is En88Fs12 to
En70Fs30 FeO > 6.50%, hypersthene is En70Fs30 to

En50Fs50 to En30toFs70 FeO > 27.23%, eolite is En30Fs70 to
En12Fs88 FeO > 38.12%, andorthoferrosilite is En12Fs88 to
En0Fs100 FeO > 47.92%. More generally, enstatite includes

any opx > 50% Mg and ferrosillite includes any opx > 50%
Fe. The crystal structure oforthopyroxene is tightly controlled by
cation site occupancy, directly related to Fe and

Mg substitution, but also Al, Ni, Mn, Ti, Cr and Ca replacement
(Saxena et al, 1971).Crand Ni readily occur in enstatites. By
definition, cations other than Mg and Fe comprise

less than 10% of M1 and M2 sites in Mg and Fe-rich pyroxenes
(Nesse). Al2O3 solubility

in opx increases as pressure increases, resulting in Al2O3
enrichment in manyorthopyroxenes. Al increases the system pressure
thereby replacing the peritectic reactionwith a eutectic reaction
(DHZ). The precise relationships between many Ca-poor phases

is not well understood because of the difficulty reaching
equilibrium and a lack of long-range identical enstatite structure.
Mg-rich plutonic orthopyroxenes commonly display

lamellar behavior on (100), on the b glide plane(Ohashi, 1984),
with an exsolved Ca-richphase due to preferential nucleation on
lattice defects from cooling stresses (DHZ).

Lamellae appear linear or bleb shaped. Opx is commonly found
with augitic exsolutionspecies. The equilibrium exchange can be
modeled by:

Eq. 1. !"#$!! ! !"#$!"!!!! ! !"#$!! ! !"#$!"!!!This paper will
focus on terrestrial enstatite because the literature for
enstatite

chrondrites, ferrous meteorites and extra-solar system enstatite
is for another discussion.Additionally, this paper will not focus
on enstatite in mantle peridotites. The goals of this

paper are to state the optical, crystallographic and chemical
properties of a singlespecimen of enstatite in host rock
orthopyroxenite. Orthopyroxenite is defined as having

M!90 and opx/(ol+opx+cpx) ! 90 by the American Geological
Institute. The American
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Geological Institute cites enstatite as an important primary
constituent of intermediateand basic igneous rocks.

APPEARANCE, PHYSICAL AND OPTICAL PROPERTIES

The enstatite crystals in the selected specimen, from the
Stillwater Complex inMontana, range in size from roughly 100
microns to 300 microns, fairly coarse andeuhedral. The host rock is
brittle and also includes olivine and plagioclase
feldspar.Enstatite comprises more than 90% of the rock, making it
an orthopyroxenite, aclassification by the American Geological
Institute. The enstatite is a yellowish-green tobrown color with
some plagioclase feldspar on the edges after crushing (Fig. 1).

Table 1 includes all physical and optical data for enstatite, as
well as the acceptedrange of values from Nesse. Physical and
optical properties were determined bymicroscopy, refractive indices
in oils, streak plate, hand sample inspection and hardnesstesting.
Any value that appears with (Nesse) was not determined
experimentally, but

gathered from Nesse due to lab constraints. For optical
properties, Nesse provides a rangeof values, which this enstatite
fits. 2Vz was determined by approximating relative isotopepositions
and angles. Values for n! and n# were determined by looking down
n#in grainmounts and by comparison to 2Vz. N"was determined by
looking down the optic axis.

TABLE 1. General Properties of EnstatitePhysical Properties
Optical Properties

Chemical Formula (Mg,Fe2+)SiO3 (Nesse) Optic Sign biaxial
+Crystal System Orthorhombic (Nesse) n (observed)

n (Nesse)

1.6621.649-1.768

Color yellow to brown (clear inthin section)

n (observed)

n (Nesse)

1.6701.653-1.770

Luster vitreous n (observed)n (Nesse)

1.6721.657-1.788

Streak white 2Vz (observed)2Vz (Nesse)

9550-132

Twinning lamellar on [100] Pleochroism noneTenacity brittle
Birefringence 0.010Density 3.2 g/cm3 (Nesse)Hardness 5.5 on
MohsDiaphaneity translucentCleavage good on {210}, {100},

{010) partings (Nesse)

Exsolution lamellae (Fig. 2a) is calcium-rich clinopyroxene,
augite, (Fig. 2b)along (100), parallel to twinning (Fig. 3.) Most
exsolved, Ca-rich lamellae forms in rowsalong (100) with common
extinction angles. Ca accommodated by lattice at hightemperatures
is expelled during cooling, forming an exsolved solution. Larger
blebs ofexsolved augite share extinction angles and are loosely
constrained along (100) (Fig. 4)Lamellae form along (100) due to
the presence of a glide plane (Fig. 5).
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Figure 5. Shows b-glide plane along (100) where exsolution
lamellae can preferentially

exsolve into twinning operation. Modified from Ohashi
(1984).
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Pleochroism was not observed in plane-polarized light in this
enstatite sample butit has been suggested (Howie, 1955; Parras,
1958) that pleochroism might result fromintergrowths of diopside
lamellae. Rock forming enstatites are not usually pleochroic.

Mg$Fe substitution in enstatite directly correlates to observed
optical properties(Fig. 6). The observed optical properties plotted
on Fig. 6 indicate the Stillwater sample

is approximately En92. A distinguishing optical feature between
enstatite and bronzite, amineral isostructural with orthoenstatite
(Smyth)and similar in composition, is thatenstatite has a positive
optical sign and bronzite has a negative optical sign.
Intermediateorthopyroxenes are biaxial negative (Nesse).

METHODS

X-ray spectra were collected on the Carleton College PANalytical
Empyrean x-

ray diffractometer with an acceleration voltage of 40 kV and
beam current of 45 mA.Mineral analyses were collected on the
Carleton College Hitachi S-3000N

Scanning Electron Microscope equipped with an Oxford INCA
microanalysissystem. An acceleration voltage of 20 kV was used for
all analyses. Anhydrous phaseswere normalized to 100.01 wt.% and
hydrous phases were normalized based on the ideal

formula for orthopyroxene with six oxygens.

RESULTS AND DISCUSSION

Scanning electron microscope and x-ray spectra conclusively
agreed theStillwater Complex sample was an orthopyroxene with
enstatite composition. This dataagrees with aforemetioned optical
properties.

Notable x-ray peaks (Fig. 7) all matched database enstatite
x-ray diffraction peaksfrom three pieces of literature. Nestola et
al. (2003) data agreed most favorable withexperimental x-ray
spectra (Tab. 2, Tab. 3), but the two other data sets matched
allnotable peaks. Nestola (2003) data parsed apart two notable
peaks around 3.15-3.17Angstrom d-spacing but Stillwater
experimental data parsed apart two notable peaks atabout 2.88
Angstrom d-spacing that was not present in Nestola (2003).
Otherwise, thesedata agree.

Pos. [2Th.] Height [cts] FWHM Left [2Th.] d-spacing [] Rel. Int.
[%]28.024850 1290.971000 0.076752 3.18395 100.0030.264540
301.531400 0.051168 2.95324 23.3630.968890 1167.555000 0.078000
2.88527 90.44

31.030570 1051.684000 0.062400 2.88683 81.4636.203860 230.744900
0.062400 2.47917 17.8745.516400 293.392500 0.062400 1.99124
22.7362.310200 273.761000 0.109200 1.48891 21.2162.976680
294.060300 0.093600 1.47475 22.7867.063570 244.272400 0.078000
1.39446 18.92

$
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Figure 6. Shows correlation between Mg!

Fe replacement and optical properties(Modified from DHZ, Fig.
63). Red line denotes physical properties of Stillwater

Complex sample, which corresponds to En92.


	
7/29/2019 Mcculloch Pet Mineral Enstatite

9/12

Figure 7. Shows x-ray spectra for Stillwater sample. All peaks
match database values

from Nestola et al. (2003) for enstatite.
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!,1)#$CD$E&-#$'/%*$&-*#-%#$F:0,3$(#,7%$./0$=*&))2,*#0$%,'()#$/04#0#4$13$C%6$-/0',)&G#4$*/$?HH$(#,7D$$

$

$Pos. [2Th.] d-spacing [] Rel. Int. [%]

28.078 3.17537 51.228.234 3.15820 100.0030.318 2.94576
50.431.043 2.87857 89.835.909 2.49888 64.246.273 1.96045 24.962.351
1.48803 26.162.378 1.48747 22.467.110 1.39361 23.7

$


!,1)#$ID$E&-#$'/%*$&-*#-%#$&-*#-%#$(#,7%$.0/'$E#%*/),$#*$,)D$>CHHIJ$4,*,$%#*$./0$

#-%*,*&*#D$$

$


=+,--&-8$K)#+*0/-$9&+0/%+/(#$'&+0/,-,)3%&%$,-4$-/0',)&G,*&/-$%+"#'#%$


,80##$*",*$*"#$=*&))2,*#0$%,'()#$&%$#-%*,*&*#D$!,1)#$B$%"/2%$#F(#0&'#-*,)$2#&8"*$L$

/.$/F&4#%D$$

Table 4. Shows SEM microanalysis Wt% results from eight
sites.

Wt% 1 2 3 4 5 6 7 8

SiO2 58.63 57.37 57.88 57.78 57.76 57.99 57.49 58.47

Al2O3 1.27 1.18 1.33 1.25 1.6 0.78 1.23 1.12

Cr2O3 0 0 0 0 0 0 0 0

TiO2 0 0 0 0 0 0 0 0

FeO 8.41 7.34 9.03 8.12 8.74 9.24 9.41 7.77

MgO 30.67 31.81 30.74 32.02 31.34 30.63 31.13 31.79MnO 0 0 0 0 0
0 0 0

CaO 1.02 2.31 1.02 0.84 0.56 1.36 0.74 0.86

K2O 0 0 0 0 0 0 0 0

Na2O 0 0 0 0 0 0 0 0

SumOx: 100.00 100.01 100.00 100.01 100.00 100.00 100.00
100.01

1 2 3 4 5 6 7 8 Average

SiO2 2.03 1.99 2.01 2.00 2.00 2.02 2.00 2.02 2.01Al2O3 0.05 0.05
0.05 0.05 0.07 0.03 0.05 0.05 0.05

Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 0.24 0.21 0.26 0.24 0.25 0.27 0.27 0.22 0.25

MgO 1.58 1.65 1.59 1.65 1.62 1.59 1.62 1.64 1.62

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CaO 0.04 0.09 0.04 0.03 0.02 0.05 0.03 0.03 0.04
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Figure 8. (Morimoto, 1998) Chart shows ideal cation site
occupancy. Chart displaystheoretical overlap of same species in
different sites, owing to variation in vation size and

occupancy site size range.
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Table 5. Shows opx six oxygen normalization of Table 4 data to
compute cation values.

The normalization scheme yields an average unit formula
ofMg1.64Fe2+

0.22Ca0.04Al0.05Si2.01O6. Small amounts of Ca and Al (< 5%)
are present in theStillwater sample, fulfilling the requirement
that orthopyroxenite have less than 10%cations besides Fe and Mg in
the orthopyroxene crystals in the ideal cation occupancysites (Fig.
8). This unit equation states that the sample is
En88.17Fs11.83based onMg/(Mg+Fe). This data mostly agrees with the
conclusions drawn from opticalproperties. Optical properties
pointed to a composition of En92. It is likely that the SEMwas not
properly calibrated and could contribute to a few percent
error.
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