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Abstract—Polarized absorption spectra of lunar pyroxenes with a range of iron, calcium, magnesium,
titanium, and chromium contents were measured on polished, oriented single crystals. Spectral data on
pure synthetic orthoferrosilite, FeSiOs, are also recorded. Peaks at 2 um, 1 um, 550, 505, 460-480, and
430 nm are present in FeSiO; and are assigned to crystal-field transitions of Fe?* in octahedral coordi-
nation because it is the only transition element present. The bands at 1 and 2 wm vary significantly in
position with composition within the pyroxene quadrilateral; wavelengths increase with increasing
calcium and iron. The energy represented by the separation between these two bands increases with Fs
content for low-calcium pyroxenes, but decreases with Wo content, essentially independent of iron, for
augites.

In the visible region, a weak band at 640 nm correlates in intensity with Cr,Os, but not with titanium
as had been previously suggested. The 505 nm ferrous iron peak is a sharp doublet in most low-calcium
pyroxenes, but a singlet in augites. This difference is ascribed to splitting in P2;/c and Pbca pyroxenes
of a peak that is a singlet in C2/c pyroxenes. A peak at 475 nm and an intense absorption edge below
700 nm correlate with titanium content. These data should aid in the interpretation of diffuse reflec-
tance spectra of remote objects.

INTRODUCTION

Spin-allowed crystal-field absorption bands of pyroxenes dominate visible and
near-infrared reflectance spectra of lunar materials (Adams and McCord, 1972;
Adams, 1974, 1975). The positions and intensities of pyroxene absorption features
are sensitive to composition, and observed variations in reflectance spectra may,
therefore, be related to average pyroxene composition.

Interpretation of diffuse reflectance spectra must be based, in part, on correla-
tions between composition and absorption spectra of minerals. Important features
of single-crystal polarized absorption spectra of lunar and terrestrial pyroxenes
have been reported by numerous investigators (see e.g., Burns, 1970; Burns ef al.,
1972a,b; Mao and Bell, 1973; Runciman et al., 1973; Adams er al., 1973; Burns and
Vaughan, 1975; Sung et al., 1977). Although these authors have noted variations in
spectra for pyroxenes with different iron, calcium, titanium, and chromium con-
tent, the quantitative nature of these changes has not been completely docu-
mented. Controversy still exists over the assignment of several absorption features
in the visible region of pyroxene spectra. Furthermore, little attention has been
devoted to the effects of zoning, exsolution, and ordering on the spectra of lunar
and terrestrial pyroxenes.
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Hazen et al. (1977) have demonstrated that a systematic study of spectral varia-
tion over a wide range of mineral compositions may aid in the interpretation of the
mineral’s absorption phenomena. This systematic approach is especially relevant
to the study of lunar pyroxenes, which are highly variable in both essential and
minor element compositions. The principal objectives of this study are

(1) to quantify some changes in lunar pyroxene absorption spectra due to vari-
ations in composition,

(2) to suggest possible spectral variations due to zoning and exsolution,

(3) to define absorption features that might contribute to diffuse reflectance
spectra of pyroxene-bearing materials.

EXPERIMENTAL

Single crystals of pyroxene, from 150 to 650 wm in maximum dimension, were selected from lunar
soils and rock fragments. Eleven crystals were optically oriented, mounted in epoxy, and polished on
both parallel sides to a thickness of 25 to 220 um. In addition, four pyroxenes from Luna 24 sample
182,48 were selected from polished grain mounts. Pyroxenes were chemically analyzed at three to seven
points (depending on degree of zoning and size of grain) with an automated electron microprobe. Aver-
aged analyses are presented in Table 1 and illustrated on the pyroxene quadrilateral in Fig. 1, with data
for twenty pyroxenes described in previous studies. Orthopyroxenes and pigeonites are compositionally
uniform. Several of the augites, however, are zoned or have exsolved pigeonites, as noted in Table 1.
Polarized spectra of fifteen pyroxenes were measured using techniques described by Mao and Bell
(1973). After measurement of those pyroxenes from Apollo 12 and 17 samples, grains were removed
from the epoxy and crystal thicknesses were measured. The four thickest grains were remounted and
repolished at 90° to the original orientation, to obtain complete «, B, and <y spectra for those
pyroxenes.

Data are also presented on the 400 to 700 nm polarized spectra of pure synthetic orthoferrosilite,
FeSiOs. Orthoferrosilite was synthesized from an oxide mix in a piston cylinder apparatus at 1000°C
and 25 kbar for 10 hours. Near-infrared spectra of this material were reported by Mao and Bell (1971).
Spectral data for 34 pyroxenes from this and previous studies are recorded in Table 2.

REVIEW OF PYROXENE ABSORPTION SPECTRA

Polarized absorption spectra for eight pyroxenes with different compositions are illustrated in Fig. 2.
Major features present in all spectra are the 1 and 2 um bands due primarily to spin-allowed d-d crystal-
field (CF) transitions of Fe?* in M2 based on calculations of transition energies (Burns, 1970; Runciman
et al., 1973). Also present in the near-infrared region of the v spectrum is a weaker 1200 nm peak or
shoulder due to a spin-allowed CF transition of Fe?* in M1.

Below 700 nm, in the visible region, several small absorption features are observed (Fig. 3). Peaks at
550 and 507 nm, and a shoulder at 425 nm, are assigned to spin-forbidden CF transitions in Fe?*, owing
to their sharpness, low intensity, and presence in pyroxenes without titanium or chromium (Burns et al.,
1972a, 1973). Mao and Bell (1971) and Bell and Mao (1972), however, suggested that Fe3* or Ti3*-Ti**
charge transfer (CT) might contribute to the 507 nm peak. Burns et al. (1976) assigned the weak bands
at 475 and 650 nm to Ti* spin-allowed CF transitions in M1, on the basis of correlations with titanium
content in both lunar and terrestrial pyroxenes. Other interpretations of the 650 nm peak include
Fe?* 2 Fe?* CT transitions (Cohen, 1972) and Cr* CF transitions (Rossman, 1977).

The weak peaks below 700 nm are superimposed on a strong absorption edge that is probably due to
complex metal-oxygen and metal-metal CT effects (Loeffler ez al., 1974). In addition to the features
noted above, which are also the major bands observed in this study, Burns ef al. (1973) documented
weak bands at 450 and 600 nm in a zoned pyroxene from specimen 15058 with high Cr3*/Fe?*, and very
weak peaks at 400 and 585 nm in several lunar pyroxenes. The 450 and 600 nm peaks, which are
assigned to chromium, are similar to Cr** bands in other minerals, and the 400 and 585 nm peaks are
assigned to spin-forbidden CF transitions of Fe?* on the basis of their sharpness and low intensity.
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LUNAR PYROXENE

COMPOSITION
DI 7a) 7a) 7A) ™o HD
032
®20 a
30,849 15
298&433| A3
Ty o o33
0a &, . 0¥
6, o27 al
Ooga As|4 Lunar Pyroxenes—This Study
25 a4 |2 Lunar Pyroxenes —Previous Studies
32‘315 g 028 ® Terrestrial 8 Synthetic Pyroxenes—
l4og Previous Studies
AV4 AV V2 Y \V4 v By 19 wFS

Fig. 1. Pyroxene compositions projected onto the (Mg,Fe,Ca)SiO; quadrilateral.

Although Mn?* absorption effects are well documented in terrestrial chain silicates (Manning, 1968),
it is generally assumed that the weak absorption due to the =~0.4 wt. % MnO in most lunar pyroxenes is
masked by iron and titanium (Burns and Vaughan, 1975). In addition, Mossbauer and spectral data
suggest that iron and chromium are present almost completely as Fe?* and Cr3+, rather than Fe®* and
Cr?*, in lunar pyroxenes (Burns ef al., 1973). Titanium, on the other hand, is present as both Ti** and
Ti**, with Ti**/Ti**~0.6-0.7 in some lunar pyroxenes (Sung et al., 1974). The only cations of concern
in describing lunar pyroxene spectra, therefore, are Fe?*, Cr3+, Ti**, and Ti**.

RESULTS

The spectrum of synthetic orthoferrosilite, FeSiO;

The absorption spectrum of pure FeSiO; provides an important standard of
comparison for natural pyroxene spectra. Ferrous iron is the only transition ele-
ment in this material, and all spectral features are, therefore, unambiguously
assigned to Fe?* in either M1 or M2. The 1 and 2 um features are well documented
ferrous iron absorption effects in all measured pyroxene spectra (Burns, 1970).
The 700 to 400 nm spectrum of orthoferrosilite (Fig. 3) establishes that peaks at
550, 508, 460—480, and 437 nm are also Fe?* effects in the iron end-member pyrox-
ene. Ferrous iron alone does not appear to contribute to absorption at 640, 585, or
450 nm observed in lunar pyroxenes. In natural pyroxenes, contributions from
titanium and chromium CF effects, as well as metal-metal (Ti-Fe, Fe-Fe) CT will
be superimposed on the ferrous iron absorption features.

The 2 pm band

Systematic variations in the positions of the 1 and 2 pm pyroxene absorption
maxima with composition have been illustrated by several authors (Adams and
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T I i I T

PYROXENES
70 -

550

480 5085

—

Augite 73261-4
B-spectrum

ABSORPTION COEFFICIENT, cm™!

Pigeonite 12033-4
B-spectrum 1

500 600
WAVELENGTH, nm

Fig. 3. Visible region absorption spectra of lunar pigeonite 12033-4, lunar augite 73261-
4, and synthetic FeSiOs.

McCord, 1972; Adams, 1974; Sung et al., 1977). The details of these variations on
the pyroxene quadrilateral, however, have not been presented previously, and are
illustrated in Figs. 4 and 5. The energy represented by the 2 pum band, which is due
to spin-allowed CF transitions of Fe’* in M2, decreases with increasing iron and
calcium content. The addition of calcium and iron to enstatite increases the size
and alters the distortion of the M2 site, thus lowering the transition energy.

The positions of the 2 pum maxima observed for lunar and terrestrial orthopyrox-
enes and pigeonites are generally within 10 nm of the values plotted in Fig. 4. In
augites, which frequently have compositional zoning, 2 wm peaks deviate by less
than 30 nm of plotted values except for three specimens, of which 73241-1 has
coarsely exsolved pigeonite and 12063,79 and 10047,70 are strongly zoned. These
pyroxenes, all of which show 2 wm peak positions at wavelengths longer than
expected for their compositions, have regions of higher than average (Fe + Ca) in
M2. These high Fe-Ca portions of the crystals contribute more to absorption than
low Fe-Ca portions, and thus zoning or exsolution causes the shift of the band to
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POSITION OF D
2um BAND
(in nm)

AV2

Fig. 4. Position of the 2 wm pyroxene absorption maxima vs. composition, projected on
the pyroxene quadrilateral.

POSITION OF 1020 1030 1040
Di ~ 7N

Fig. 5. Position of the 1 um pyroxene absorption maxima vs. composition, projected on
the quadrilateral.

longer wavelength. It should be noted that because there is no Fe?* in M2 sites of
ideal Ca-end member clinopyroxenes, the 2 pm band should not be observed for
pyroxenes on the DI-HD join.

The 1 pm band

The positional variation vs. composition of the 1 wm band is illustrated in Fig. 5.
The general trends of this plot are very similar to those of Fig. 4, and the same
explanation is proposed. Positions for orthopyroxenes and pigeonites agree with
the plotted values within 2 nm, whereas those for compositionally uniform augites
differ by less than 10 nm. Zoned augites and those with exsolved pigeonite deviate
by as much as 20 nm from the values of Fig. 5. The largest deviation from the
trends outlined in Fig. 5 is for a terrestrial Cr-diopside. It is possible, therefore,
that pyroxenes with high Cr/Fe will not conform to this plot.

Separation of the 1 and 2 pm bands

In an octahedral environment, ferrous iron (d® configuration) has three lower
energy (f,) and two higher energy (e,) levels. In a distorted environment these
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degenerate levels are further split, and the energies of splitting provide informa-
tion about the electronic structure of the Fe?* cation. In pyroxenes the 1 um band
is a result of the transition from the lowest t,, level to the higher e, level, whereas
the 2 pm band is due to the transition from the lowest t,, level to the lower e, level
(Goldman and Rossman, 1977). The energy between the 1 and 2 pm bands is,
therefore, equal to the splitting energy of the two e, levels of Fe?* in the distorted
M2 site.

The energy of separation between the 1 and 2 um bands of pyroxenes has been
calculated directly from empirical information in Figs. 4 and 5, and is illustrated in
Fig. 6. A line of inflection, which is very close to the 2V = 0° line for pyroxenes,
divides the pyroxene quadrilateral into two distinct regions. Low-calcium pyrox-
enes (below =Wo,) have 1-2 um separation energies that are primarily a function
of iron content. Pigeonites and orthopyroxenes with a content less than Fs, show
little variation in splitting energy, but between Fs,y and Fso the separation energy
increases by 7%. Augites display a strikingly different trend in e, splitting, with
separation energy primarily a function of calcium content. The splitting energy
decreases by approximately 8% between Wo,s and Wosg, owing to the larger and
more regular environment for iron in a calcium-rich M2 site.

Intensities of the 1 and 2 pm bands

The intensities of the 1 and 2 wm bands (see Table 2) appear to be complex
functions of composition, zoning, exsolution, and ordering. In general, maximum
absorption is greater for augites than for pigeonites or orthopyroxenes, and iron-
rich pyroxenes show greater absorption than pyroxenes near the diopside-enstatite
join. Goldman (1977) has demonstrated that the intensity of absorption due to iron
in M1 is significantly less than for iron in M2, and it is probable that the absorption
efficiency of these octahedral sites will also vary with composition.

The ratio of intensities, I(1 wm/2 wm), varies from less than 2 to about 7 for the
pyroxenes studied. This ratio will be affected by several factors, including zoning,
ordering, exsolution, and calcium and iron content. Zoning and exsolution will
affect the peak heights by broadening. Ordering of Fe and Mg causes significant

SEPARATION OF DOl
lum and 2um

BANDS
(in cm™
5400
5450
35500
5550
5600
= _\5800

EN

5550 5600 5650 5700 5750 5850

Fig. 6. Difference in energy between the 1 and 2 wm bands. This difference is related to
the distortion of the M2 octahedral site.
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changes in peak-height ratios because the 1 um band includes some contributions
from iron in M1, whereas the 2 pm band is due entirely to iron in M2 (Burns, 1970;
Runciman et al., 1973; Goldman, 1977). Calcium and iron content affect the peak-
height ratio because all calcium must enter the M2 site. For pyroxenes with a
content greater than Woy, and Fsy, significant amounts of iron must enter the M1
site. Pyroxenes near hedenbergite, therefore, may have greater than average (1
pm/2 pm).

Goldman and Rossman (1977) have noted that intensities of absorption mea-
sured with microscope spectrophotometers, as used in this study, may be in error
owing to mixing of polarization components in the strongly convergent light of the
optical system. This mixing may cause peak broadening (as in Fig. 2, augite 73241-
1 a spectrum 1 pm peak; 74275 titanaugite), which in turn may lead to erroneous
peak-intensity measurements. The absolute and relative intensities reported in this
study must, therefore, be considered qualitatively, but not necessarily quantitative-
ly, correct.

The 640 nm peak

Confusion has arisen over the origin of the broad, weak band centered at about
640 nm. From heating experiments, Cohen (1972) assigned this feature to Fe3*-
Fe?” CT in both terrestrial and lunar pyroxenes. Burns et al. (1972a, 1973, 1976)
attributed a 660 nm band to Ti** CF spin-allowed transition and a 670 nm band to
Ti**-Ti** CT, consistent with the absence of these effects in pyroxenes without
titanium and the calculated energies of titanium transitions. Bell and Mao (1972)
observed a very strong 640 nm peak in natural chromium diopside, and Rossman
(1977) adopted this Cr3* assignment for a 640 nm peak in a Luna 24 pyroxene, on
the basis of his studies of Cr-bearing pyroxenes.

Intensity data in Table 2 suggest that the broad 640 nm feature is primarily a
chromium effect in lunar pyroxenes. This trend is illustrated in Fig. 7, which shows
a distinct correlation between peak intensity and weight percentage of Cr,Os. The
effects of varying Cr** on the 640 nm region are especially dramatic for three
pyroxenes with similar bulk composition (=En,;Fs,Wo,;) but different Cr**, as
illustrated in Fig. 8. The 640 nm feature is absent for pyroxene 73261-4 with 0.1%
Cr,0; (1.1% TiO,), moderately strong for 73241-1 with 0.8% Cr,05 (0.8% TiO,),
and strong for 12033-2 with 1.3% Cr,0; (1.5% TiO,).

There is no evidence for an observable titanium contribution to the 640 nm
band. The lack of correlation between band intensity and total titanium, calculated
as TiO,, is illustrated in Fig. 7. It is concluded that, although there may be
theoretical justification for a Ti** feature near 640 nm, these effects cannot be
detected in most lunar pyroxenes by current techniques when Cr* is present.

The 505 nm peak

The most prominent feature in the visible region of pyroxene spectra is the sharp
peak at 505 nm. Although considerable debate has occurred over the origin of
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this peak (Burns et al., 1973), there is now general agreement with Burns et al. that
the feature is a result of spin-forbidden CF transitions in six-coordinated Fe?*.
Data on orthoferrosilite (Fig. 3) support this assignment. The peak is clearly shown
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as a doublet (=503 and 507 nm) in several pigeonite spectra (Mao and Bell, 1971;
Bell and Mao, 1972; Burns et al., 1973), but it appears as a singlet in other pyrox-
enes. Burns et al. (1973) proposed that the doublet corresponds to a contribution
from M1 at 503 nm and a contribution from M2 at 508 nm superimposed. They also
suggested that the peak height ratios of the doublet might provide a sensitive index
of ordering. Data on pure FeSiO; (Fig. 3 and Table 2) do not support this conclu-
sion. The spectrum of ferrosilite has a single sharp peak at 508.5 nm, even though
all of M1 and M2 are occupied Fe?*. Furthermore, in a natural hedenbergite
reported by Burns (1970) with the composition EngFs,gWo,,, more than 80% of the
iron must be in M1, because Ca is only in M2. The spectrum of hedenbergite,
however, shows a single maximum at approximately 508 nm, rather than a doublet
with maximum intensity at 503 nm as predicted by the Burns ez a/. model.

The nature of the 505 nm peak is illustrated on the pyroxene quadrilateral in Fig.
9. A striking aspect of this plot is that virtually all pigeonites and orthopyroxenes
have a doublet or broad (4 nm) maximum between 505 and 508 nm, whereas high-
calcium pyroxenes show sharp singlets for most specimens. The only exceptions to
this trend are two iron-rich orthopyroxenes that show only singlets at 508 nm, and
lunar augites 12033-2; 12063,79; 10047,70; and 74275,85 that show broad (3 nm
wide) maxima rather than sharp peaks. No doublets are observed in the augite
field.

A significant difference between high-calcium (C2/¢) and low-calcium
(P2,/c) pigeonites and (Pbca) orthopyroxenes is the symmetry of the M1 site.
There are no symmetry constraints on the M1 site of pigeonites and orthopyrox-
enes, whereas the M1 site of C2/c clinopyroxenes has 2-fold symmetry. It is possi-
ble that the 505 nm feature is a result of spin-forbidden CF transitions of Fe?* in
M1, and that the splitting of this peak in pigeonites and some orthopyroxenes is
due to the lower symmetry of that site. Further investigations of synthetic pyrox-
enes with differing degrees of order are needed to resolve the correct assignment
of the 505 nm feature,

® SINGLET
4 DOUBLET
s BROAD PEAK

EN

Fig. 9. Nature of the 505 nm pyroxene absorption peak. Symbols dot, triangle, and
square stand for singlet, doublet, and broad peaks. Dashed lines represent variation of
average peak position in nanometers.
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The position of the 505 nm peak (or average position of doublets) varies regu-
larly from less than 505 to greater than 510 nm over the pyroxene quadrilateral
(Fig. 9). The contours plotted on Fig. 9 agree with observed data within 1 nm and
are similar in trend to those for the positions of 1 and 2 um bands (Figs. 4 and 5).
No discontinuities are detectable across the augite/pigeonite/orthopyroxene fields
for any of these peak positions. Because of the striking differences in 505 nm peak
shape between C2/c and low-calcium pyroxenes, it is expected that additional data
on pyroxenes between Wo,, and Wo,s may reveal small, but real, discontinuities in
pyroxene spectral properties of these two structural variants.

The 425 and 550 nm peaks

Small peaks at 425 and 550 nm are ascribed to spin-forbidden CF transitions of
Fe?* by most authors. These peaks are present in pure synthetic FeSiO; (see Fig.
3) and are observed in most lunar pyroxene spectra (Burns et al., 1973). The
apparent intensity of these features is strongly dependent on the slope of the
absorption edge below 600 nm.

The 470 nm peak

Burns et al. (1976, Fig. 4) demonstrated a strong correlation between the peak at
470 nm and TiO, content. Pyroxenes in this study with greater than 0.8% TiO,
generally show strong 470 nm peaks as well. It should be noted, however, that pure
FeSiO; also has a prominent band at about 475 nm (see Fig. 3), and a similar
strong effect is observed in a natural iron-rich orthopyroxene (Burns, 1970). It
must be concluded that the 470 nm feature is a superposition of Ti** and Fe?*
effects in lunar pyroxenes.

The absorption edge

Below 700 nm the pyroxene spectrum is dominated by an intense absorption
edge, probably due to metal-metal and metal-oxygen CT effects. Calculations by
Loeffler ez al. (1974, 1975) indicate that the slope of the absorption edge below 700
nm will be primarily a function of titanium content, owing to Fe?*-Ti** CT. Present
observations also suggest that titanium has a dominant effect on the slope of the
absorption edge. Pure FeSiO; (Fig. 3) has a relatively low slope between 500 and
700 nm, as measured by the differences in absorption coefficients between these
two points. The slopes of lunar pyroxenes between 500 and 700 nm are well corre-
lated with the weight percentage of TiO, (see Fig. 10). Scatter in these data should
be reduced if Ti**/Ti** is known.

CONCLUSIONS
Data of this study support the belief that diffuse reflectance spectra may provide
information on average pyroxene composition (Adams and McCord, 1972;
Adams, 1974, 1975; Charette et al., 1976, 1977). The major pyroxene absorption
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Fig. 10. Weight percentage of TiO; vs. slope of the absorption edge. The slope is calcu-
lated as the difference between absorption coefficients at 500 and 700 nm.

features, including the 2 and 1 um bands and the absorption edge, are strongly
dependent on variation of iron, calcium, magnesium, and titanium. Information on
pyroxenes, combined with other systematic investigations of extraterrestrial mate-
rials (e.g., olivines, Hazen et al., 1977; glasses, Mao et al., 1978; pyroxenes at high
temperature, Sung et al., 1977) should provide a more quantitative basis for inter-
preting diffuse reflectance spectra of remote objects.

Controversy exists over the correct absorption spectra band assignments in many
complex minerals. Much of the confusion and debate might be resolved by syste-
matic studies of spectral variation with composition. In the pyroxene group, peaks
at 2 pm, 1 wm, 550, 505, 460-480, and 430 nm are unambiguously assigned to Fe?*
in octahedral coordination on the basis of the spectrum of pure FeSiO,. Other
features in lunar pyroxene spectra may be attributed to titanium (the absorption
edge and part of the 475 nm peak) and chromium (the 640 nm peak) on the basis of
intensity vs. composition plots. In addition, effects due to zoning, exsolution, and
structural state are observed in the spectra of pyroxenes.
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