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DIFFUSE REFLECTANCE FROM 0.25 um TO 25 um
OF THE YAMATO-691 ENSTATITE CHONDRITE
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Abstract: We measured the diffuse reflectance from 0.25 to 25 um of the
Yamato-691 enstatite chondrite (E3) and compared it with that of an iron me-
teorite. The reflectance of Y-691 does not show any strong absorption bands ex-
cept for the UV fall-off shorter than about 0.55 um in the UV-visible-near infrared
wavelength region. The reflectance of Y-691 in the middle infrared wavelength
region shows strong absorption bands at wavelengths longer than about 9 um
mainly caused by vibrations of the Si** ion in enstatite. The reflectance of the
iron meteorite (Toluca, octahedrite) does not show any strong absorption bands
up to 25 um except for the UV fall-off shorter than about 0.4 um. The reflectance
of the plate (polished) sample of Y-691 does not show the steep UV fall-off al-
though that of the powder sample of Y-691 shows a relatively steep UV fall-off at
wavelengths less than about 0.55 um. The plate sample of Y-691 shows a weaker
UV fall-off compared with that of the iron meteorite. We can distinguish enstatite
chondrite-like materials from iron meteorite-like materials on the basis of spectral
features around 10 um. We may also be able to distinguish them on the basis
of spectral features in the UV. We speculate that the surface composition of
asteroid 16 Psyche is the enstatite chondrite-like assemblage, not the iron me-
teorite-like assemblage.

1. Introduction

As part of consortium studies on the Yamato-691 enstatite chondrite (E3), we
measured spectral reflectances in the UV-visible-near infrared (UV-VIS-NIR) wave-
length region (0.25-2.55 um) and the middle infrared (MIR) wavelength region (2.53-
25 um). We also measured the spectral reflectances of an iron meteorite for com-
parison.

GAFFEY (1976) has measured spectral reflectances (0.35-2.5 um) of nearly all types
of meteorites and discussed them in terms of the composition, abundance, and distri-
bution of the component mineral phases. He measured the spectra of four enstatite
chondrites (Abee (E4), Hvittis (E6), Khairpur (E6), and Pillistfer (E6)). They are
featureless with a variable reddish slope in the visible and a very slowly increasing
near infrared reflectance.

SANDFORD (1984) has measured MIR transmission spectra of many meteorites and
discussed them based on mineralogy of meteorites. In SANDFORD’s work, the spectrum
of one enstatite chondrite (Abee (E4)) is shown and is identical to that of enstatite.

The UV-VIS-NIR spectra of enstatite chondrites and iron meteorites are similar
(GAFFEY, 1976), because they are featureless and have similarly reddened slopes. This
causes difficulty in interpreting the mineral assemblage of the M-type asteroids (GAFFEY
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and McCorp, 1977, 1978). Mineral assemblages of the M-type asteroid are thought
to be enstatite chondrite-like or iron meteorite-like. These meteorites do not show
strong absorption bands in the UV-VIS-NIR wavelength region, because absorption
bands are mainly caused by crystal field splitting energy. In the MIR region, absorp-
tion bands are mainly caused by vibrations of ions (e.g., Si**). The MIR transmis-
sion spectrum of enstatite chondrite, therefore, shows many absorption bands at
wavelengths longer than 9 um (SANDFORD, 1984).

2. Samples and Experimental Techniques

2.1. Samples

Yamato-691 (Y-691) is classified as E3 (e.g., PRINZ et al., 1984) and consists mainly
of enstatite and clinoenstatite (OKADA, 1975). It also contains small amounts of
olivine, plagioclase (or feldspathic glass), silica, Fe-Ni metal, and troilite (PRINZ ef al.,
1984). The sample supplied by the National Institute of Polar Research is a plate
about 1.2x0.8x0.15 cm in size and weighs 0.492 g (YANAI and KormMa, 1986).

Immediately after polishing the surface of the sample by diamond lapping paste
in ethyl alcohol, we measured spectral reflectances of the polished surface (plate sample)
of Y-691. And then we cut jags of the sample to make a powder sample. The small
fragments were crushed and ground in a clean agate mortar and sieved by a 46 um mesh
cloth to obtain the powder sample.

The iron meteorite we used is Toluca (octahedrite) about 4.5%2.5%x0.4 cm in
size. We polished the surface of the sample in the similar manner to the Y-691 en-
statite chondrite and measured spectral reflectances of the polished surface. We could
not measure spectral reflectances of a powder sample of the iron meteorite because of
difficulty in pulverizing the sample.

2.2. UV-VIS-NIR measurement

Spectral reflectance measurements were made with a Beckman UV 5240 spectro-
photometer equipped with an integrating sphere. The wavelength range measured
is from 0.25 to 2.55 um. Halon was used as a standard. Incident light is perpendicular
to the surface of a sample. A powder sample was placed in a hollow space 0.4 mm
in depth cut into the blackened holder by an acrylic plastic paint. Details of the
instrumentation and method are described in MiyaMoOTO et al. (1981, 1982)

2.3. MIR measurement

Spectral reflectance measurement were made with a JASCO FT/IR-3 Fourier
transform infrared spectrophotometer equipped with a diffuse reflectance attachment
(DR-81). The wavelength range measured is from 3950 cm™' (2.53 wm) to 400 cm™!
(25 pm) at a resolution of 4 cm~'. Our measurements are nearly emissionless because
the sample was located between the interferometer and the detector and irradiated by
light modulated with the interferometer. Emitted flux from the sample to the detector
is not modulated with the interferometer. Incidence angle was about 45°. A powder
sample was placed in a hollow space 1.5 mm in depth. An aluminum-coated mirror
was used as a standard. We passed dry air into the spectrophotometer.
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3. Results and Discussion

3.1. UV-VIS-NIR spectra

Figure 1 shows the UV-VIS-NIR reflectance (0.25-2.55 um) of the powder sample
of Y-691 and plate samples of Y-691 and Toluca. The spectrum of the powder sample
of Y-691 (curve 2 in Fig. 1) resembles that of E6 chondrites rather than Abee (E4)
(GAFFEY, 1976). The slope of the spectrum of the powder sample of Y-691 in the
NIR region and the UV fall-off are similar to those of E6. The UV fall-off of Abee
is gentler than that of the powder sample of Y-691. The slope in the NIR region of
Abee is steeper than that of the Y-691. This may be because Abee contains more Fe-
Ni metal (about 13 vol%) than Y-691 (about 8 vol%) (PRINZ et al., 1984).

Salient differences between the spectra of the powder sample and the plate sample
of Y-691 (curves 1 and 2 in Fig. 1) is seen in the UV fall-off. The powder sample of
Y-691 shows a relatively steep UV fall-off at wavelengths less than about 0.55 gm com-
pared with the plate sample. It should be noted that the plate sample of Y-691 shows
a weak UV fall-off compared with that of the plate sample of the iron meteorite (curves
1 and 3 in Fig. 1). For a silicate assemblage containing transition metal ions, charge
transfer absorptions determine the spectral features in the UV region, that is, UV fall-
off (e.g., GAFFEY and McCorp, 1977). The UV fall-off of metals is due to the effect
of plasma oscillation (e.g., ABELES, 1972). Because silicates in Y-691 contain few
Fe?* ions and Y-691 contains a small amount of Fe-Ni metal (about 8 vol%), the
spectrum of the plate sample of Y-691 does not show a steep UV fall-off compared
with that of the iron meteorite. The UV fall-off of the powder sample of Y-691 (curve
2 in Fig. 1) may be due to multiple scattering, although we need further studies to ex-
plain this. The spectral feature of the UV fall-off may enable us to distinguish enstatite-
like materials from iron meteorite-like materials.

It should be also noted that the UV fall-off of the powder sample of Y-691 starts
at about 0.55 um, whereas that of the iron meteorite starts at about 0.4 um and that
the UV fall-off of the iron meteorite is steeper than that of Y-691 (curves 2 and 3 in
Fig. 1).

The spectrum of the plate sample of Y-691 shows faint absorption band around
1 um (curve 1 in Fig. 1). This may be due to Fe?* in enstatite or olivine. Y-691
contains a relatively large abundance of olivine (7.2 vol%) (PRINZ et al., 1984). The
range of FeO in enstatite is 0.2-4.6 wt% and that in olivine is 0.1-4.5 wt% (PrINz
et al., 1984).

The spectra of Y-691 do not show an absorption band around 0.65 um, although
Cr,0, of enstatite in Y-691 is relatively high and ranges from 0.11-1.63 wt%. Olivines
in Y-691 also have high Cr, with 0.1-0.8 wt% calculated as Cr,O; (PRINZ et al., 1984).
Lunar pyroxenes have a chromium band at 0.64 um (HAZEN et al., 1978) and diogenitic
pyroxenes have a chromium band between 0.60-0.62 um (MCFADDEN et al., 1982).
Hiror et al. (1985) made crystal field calculations to assign the Cr®* ion to bands
around 0.6 um in olivine, orthopyroxene, and clinopyroxene.

The 1.9 um band in the spectra of the plate samples of Y-691 and iron meteorite
is probably due to adsorbed water. The powder sample of Y-691 shows a faint absorp-
tion around 1.9 um.
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Fig. 1. Diffuse reflectance curves in the UV-
visible-near infrared wavelength region (0.25
to 2.55um) for (I) the plate (polished)
3 sample of the Yamato-691 enstatite chondrite,
(2) the powder sample (grain size of less than
46 um) of Y-691, and (3) the plate (polished)
sample of the Toluca iron meteorite (octa-
hedrite). The reflectances at the scaling
wavelength (0.56 um) are 8.7, 9.9, and
51.8% for the plate sample (1), the powder
sample (2) of Y-691, and the plate sample
of Toluca (3), respectively.

—_
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3.2. MIR spectra

Figure 2 shows the MIR reflectances (2.53-25 um) of the powder and plate samples
of Y-691 and the iron meteorite. The spectra of Y-691 show many absorption bands
at wavelengths longer than about 9 xum mainly caused by enstatite (SANDFORD, 1984).
Some absorption bands may be attributed to olivine because Y-691 contains relatively
abundant olivine. JEANLOZz (1980) assigned the absorption bands shorter than 20 gm
in forsterite (Mg,SiO,) to vibrations of the Si** ion. However, it may be too complex
to assign each absorption band in Y-691 to each ion, because Y-691 shows too many
absorption bands of different strength.

The spectrum of the plate sample of Y-691 is apparently different from that of the
powder sample (curves 1 and 2 in Fig. 2). Some absorption bands in the spectrum
of the plate sample correspond to those of the powder sample. Relatively high re-
flectance around 10 and 20 um is probably caused by contribution of the specular
component to reflectance, because the absorption coefficient is probably large around
the wavelength positions (e.g., CONEL, 1969). All specular rays are related to the
absorption coefficient through Fresnel’s equation (e.g., VINCENT and HuUNT, 1968).
Therefore, spectral behavior of diffuse reflectance may be complex at the wavelength
range at which the absorption coefficient is relatively large compared with the index of
refraction (e.g., HUNT and VINCENT, 1968). This may not be a serious problem to
identify the surface materials, because the asteroidal surfaces are generally thought
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Fig. 2. Diffuse reflectance curves in the mid-
dle infrared wavelength region (2.53 to 25
um) for (1) the plate (polished) sample of the
Yamato-691 enstatite chondrite, (2) the
powder sample (grain size of less than 46 um)
of Y-691, and (3) the plate (polished) sample
of the Toluca iron meteorite (octahedrite).
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to be covered with regolith-like materials. We need more detailed study to better
understand this spectral change.

The absorption band around 3 #m in the powder sample of Y-691 (curve 2 in Fig.
2) is caused by OH vibrations in hydrates (hydroxyl) which were probably produced
by terrestrial weathering (SALISBURY and HUNT, 1974) or adsorbed water in air.

The MIR spectrum of the iron meteorite shows no strong absorption bands (curve
3 in Fig. 2). Faint contrasts at wavelengths longer than about 10 um are probably
caused by silicate (or other minerals) inclusions in the iron meteorite. In short, al-
though the iron meteorite does not show any strong absorption bands up to 25 um,
the Y-691 enstatite chondrite shows many absorption bands at wavelengths longer than
about 9 um. These results suggest that we can distinguish the enstatite chondrite from
the iron meteorite by the reflectance around 10 um.

The sharp absorption band at 4.26 um is due to atmospheric CO,. Noisy spectra
around 2.6 and 6 um are due to residual H,O in dry air.

3.3. Speculation

FEIERBERG et al. (1983) measured 8-13 micrometer spectra for six main belt as-
teroids and suggested that the wavelength position of the emission maximum (around
10 um) may be most useful for deriving compositional information for C and M type
asteroids. These asteroids show relatively featureless reflection spectra in the UV-
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VIS-NIR wavelength region. They detected silicate emission features for the C-type
19 Fortuna and the M-type 21 Lutetia. GREEN et al. (1985) presented 8-13 um spectra
for 12 main belt asteroids. They, however, failed to confirm the silicate emission
feature for 19 Fortuna. Reobservation for 21 Lutetia by FEIERBERG also failed to
confirm the emission. According to GREEN et al. (1985), 1 Ceres and 2 Pallas do not
show significant emission/absorption features around 10 xm although they are classified
into C-type asteroids and generally thought to be carbonaceous chondrite-like surfaces
containing silicates.

16 Psyche appears to show the absorption around 10 gm and some contrasts in
8-13 um (GREEN et al., 1985), although the spectrum between 9 and 10 um is not re-
liable because of the atmospheric ozone absorption. 16 Psyche is classified into M
type by GAFFEY and McCorp (1977) based on the UV-VIS-NIR reflectance and surface
compositions of M-type asteroids are thought to be enstatite chondrite-like or iron
meteorite-like. We speculate that the surface composition of 16 Psyche is the
enstatite chondrite-like assemblage, if the absorption features around 10 um are real.
The UV-VIS-NIR reflectance of 16 Psyche (GAFrey and McCorp, 1978) shows no
UV fall-off to 0.3 um. The iron meteorite-like assemblage can be ruled out.

OSTRO et al. (1985), however, suggested that the highest albedo estimate for 16
Psyche is consistent with a surface having porosities typical of lunar soil and a com-
position nearly entirely metallic on the basis of radar observations. Infrared measure-
ments of high enough quality of the asteroid will resolve the issue.

4. Conclusions

(1) Although the diffuse reflectance of the Y-691 enstatite chondrite does not
show any strong absorption bands except for the UV fall-off shorter than about
0.55 um in the UV-VIS-NIR wavelength region, the reflectance in the middle infrared
(MIR) wavelength region shows many absorption bands at wavelengths longer than
about 9 um mainly caused by the vibrations of the Si‘* ion.

(2) The reflectance of the iron meteorite (Toluca, octahedrite) does not show any
strong absorption bands up to 25 um except for the UV fall-off shorter than about
0.4 um.

(3) The reflectance of the plate sample of Y-691 does not show a steep UV
fall-off although that of the powdered sample of Y-691 shows a relatively steep UV
fall-off at wavelengths less than about 0.55 xm.

(4) The plate sample of Y-691 shows a weak UV fall-off compared with the plate

sample of the iron meteorite.

(5) We can distinguish enstatite chondrite-like materials from iron meteorite-
like materials on the basis of spectral features around 10 um. We may also be able
to distinguish them on the basis of spectral features of UV fall-off.

(6) We speculate that the surface composition of asteroid 16 Psyche is the en-
statite chondrite-like assemblage, not the iron meteorite-like assemblage on the basis
of spectral features around 10 xm.
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