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Abstract—This paper presents and discusses selected reflectance spectra of 40 Main Belt asteroids. The spec
tra have been obtained by the author in the Crimean Laboratory of the Sternberg Astronomical Institute
(2003–2009). The aim is to search for new spectral features that characterize the composition of the asteroids’
material. The results are compared with earlier findings to reveal substantial irregularities in the distribution
of the chemicalmineralogical compositions of the surface material of a number of minor planets (10 Hygiea,
13 Egeria, 14 Irene, 21 Lutetia, 45 Eugenia, 51 Nemausa, 55 Pandora, 64 Angelina, 69 Hesperia, 80 Sappho,
83 Beatrix, 92 Undina, 129 Antigone, 135 Hertha, and 785 Zwetana), which are manifest at different rotation
phases. The vast majority of the analyzed hightemperature asteroids demonstrate subtle spectral features of
an atypical hydrated and/or carbonaceous chondrite material (in the form of impurities or separate units),
which are likely associated with the peculiarities of the formation of these bodies and the subsequent dynamic
and impact processes, which lead, inter alia, to the delivery of atypical materials. Studies of 4 Vesta aboard
NASA’s Dawn spacecraft have found that asteroids of similar types can form their own phyllosilicate genera
tions provided that their surface material contains buried icy or hydrated fragments of impacting bodies. The
first evidence has been obtained of a spectral phase effect (SPE) at small phase angles (≤4°) for 10 Hygiea,
21 Lutetia, and, possibly, 4 Vesta. The SPE manifests itself in an increasing spectral coefficient of brightness
in the visible range with decreasing wavelength. This effect is present in the reflectance spectrum of CM2 car
bonaceous material at a phase angle of 10° and absent at larger angles (Cloutis et al., 2011a). The shape of
Hygeia’s reflectance spectra at low phase angles appears to be controlled by the SPE during the most part of
its rotation period, which may indicate a predominantly carbonaceous chondrite composition on a part of the
asteroid’s surface. For Vesta, the SPE may manifest itself in the flat or slightly concave shape of the asteorid’s
reflectance spectra at some of the rotation phases, which is likely caused by the increased number of dark
spots on corresponding parts of its surface.
Keywords: asteroid spectrophotometry, mineralogy, surface material heterogeneities, spectral phase effect
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INTRODUCTION

such band (centered at 200 nm) is attributed to the
ligand–metal charge transfer (the ligands are neutral
molecules, ions, or radicals bonded with the central
atom of the complex compound) (see, e.g., Loeffler
et al., 1974). The second one (near 1000 nm) is gener
ated by the spinallowed electronic transitions in Fe2+
in the crystal field of major rockforming minerals
such as olivine (at 1010 nm), orthopyroxene (at 900 nm),
and clinopyroxene (at 1000 nm) (Platonov, 1976;
Burns, 1993). Additional indicators of these minerals
in solid bodies may be weaker absorption bands cen
tered at 506 nm (pyroxene) and 500 nm (olivine),
which arise from the spinforbidden electronic transi
tions in Fe2+ in the crystal field (Platonov, 1976;
Khomenko and Platonov, 1987). As shown by theoret
ical and experimental studies, the more intensive
ultraviolet band depends on the oxidation of silicate
material and its longwave wing determines the slope
and shape of the reflectance spectrum of the solid body

Measurements of the diffuse reflectance spectra of
powders of natural crystalline materials or transmis
sion spectra of their thin plates with a thickness rang
ing from tens of µm to ~1–2 mm (depending on the
transparency of the sample) help identify the elemen
tal and, in some cases, mineral composition of the
samples. The latter is determined of the characteristic
absorption bands of transition metals in the com
pound. These metals (Fe, Cr, Ti, etc.) have specific
absorption bands in the visible and near infrared
ranges due to a partly filled outer electron 3dNshell
(see, e.g., Adams, 1975; Platonov, 1976; Burns, 1993).
The overall shape of the reflectance spectrum of all sil
icate compounds in the visible range is defined by the
two strongest absorption bands of iron ions. The first
1 Full

version of this paper is available via the SAI website:
http://selena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf
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Figs. 1–8. Selected reflectance spectra of the observed asteroids (the spectra were normalized (by λ = 0.5503 µm) and arbitrarily
shifted along the vertical axis for easy comparison) and similar data from other authors (all the reflectance spectra and the corre
sponding observational parameters of the asteroids are given in the full version of this paper at the SAI website: http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf):
(1) The reflectance spectra of 1 Ceres (spectra 1–2 and 3–4 correspond to the diametrically opposite sides of the asteroid); the
insets show the reflectance spectra of Ceres obtained in the surveys SMASS II (Bus and Binzel, 2002a) (A) and S3OS2 (Lazzaro
et al., 2004) (B) and by Chapman et al. (1973) (C).
(2) The reflectance spectra of 4 Vesta obtained at a phase angle of ~4° (spectra 1–2 and 3–4 correspond to the diametrically oppo
site sides of the asteroid); inset A shows Vesta’s reflectance spectrum from SMASS II (Bus and Binzel, 2002a) and inset B shows
the one obtained by Chapman et al. (1973).
(3) The laboratory reflectance spectra of acidinsoluble components of the Murchison (CM2) meteorite at different phase angles
(i is the angle of light incidence with respect to a normal to the plane of the sample; е is the angle of the direction in which the
reflected light is detected; the particle size is 55–63 µm) (Cloutis et al., 2011a).
(4) The reflectance spectra of 10 Hygiea obtained at low phase angles (0.9°–2.6°) (spectra 1–2 and 5 were detected for the dia
metrically opposite orientations of the asteroid); insets A and B show Hygeia’s reflectance spectra from the works (Bus and Binzel,
2002a) and Fornasier et al. (2014), respectively.
(5a and 5b) The reflectance spectra of 21 Lutetia obtained at low phase angles (2.5°–3.3°). Inset A in Fig. 5a shows Lutetia’s
reflectance spectrum obtained by Chapman et al. (1973); inset B shows that of the Btype asteroid 101955 Bennu (Hergenrother
et al., 2013) from spectrometry data (Clark et al., 2011) (small dots, which merge into a solid line at wavelengths shorter than
0.9 µm) and ECASphotometry data (Hergenrother et al., 2013) (squares). Insets A and B in Fig. 5b show the reflectance spectra
of Lutetia from the surveys SMASS II (Bus and Binzel, 2002a) and S3OS2 (Lazzaro et al., 2004), respectively.
(6) The reflectance spectra of 64 Angelina; for comparison, insets A and B show Angelina’s reflectance spectra from SMASS II
(Bus and Binzel, 2002a) and (Fornasier et al., 2008), respectively.
(7) The reflectance spectra of 129 Antigone; insets A and B show Antigone’s reflectance spectra from (Fornasier et al., 2010) and
SMASS II (Bus and Binzel, 2002a), respectively.
(8) The reflectance spectra of 785 Zwetana; insets A and B show Zwetana’s reflectance spectra from (Bus and Binzel, 2002a) and
(Fornasier et al., 2010), respectively.

in the entire visible range (see, e.g., Loeffler et al.,
1974; Burns, 1993). Previously, we showed that an Fe3+
indicator in lowFe serpentines is an absorption band
at 0.44 µm, the relative intensity of which can be as
high as 25% (Busarev et al., 2004; 2008). There can
also be rather strong absorption bands from the charge
transfer between neighboring transitionmetal cat
ions. For example, in Fecontaining serpentines, these
are Fe2+ → Fe3+ bands at 500–700 nm and 700–900
nm, or throughout the range 500–1000 nm (Calvin
and King, 1997). These parameters depend on the rel
ative positions of the cations in the crystal structure of
the minerals, but the common feature is their large
width of tens of nanometers or more (see, e.g., Pla
tonov, 1976; Bakhtin, 1985). Relatively recently, sci
entists have discovered and partly investigated quite
intensive absorption bands from magnetically inter
acting exchangecoupled pairs of cations of the same
metal with the same or different valence in neighbor
ing crystallographic positions. It was shown for Fe3+
containing sapphire, hydrated sulfates, and tourma
line (Ferguson and Fielding, 1971; Rossman, 1975;
Mattson and Rossman, 1984; Taran and Rossman,
2002) that the position of these bands (at 440, 490,
800–900, and 1100 nm) coincides with the spinfor
bidden weak Fe3+ bands of the crystal field and their
intensity may exceed that of the latter by two orders of
magnitude.
A similar technique is used in remote sensing of
asteroids and other solid atmosphereless celestial bod
ies on the basis of their diffuse reflectance spectra. The
technique is described in detail in my previous publi
cations (see, e.g., Busarev, 1999). Below is the descrip
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tion of selected reflectance spectra for 40 Main Belt
asteroids, which are briefly discussed and compared
with the results obtained by other authors.
SPECTRAL OBSERVATIONS OF ASTEROIDS:
RESULTS AND DISCUSSION
The spectra were obtained at various times in
2003–2009 using a 1.25m telescope of the Crimean
Observatory with a spectrograph and CCD camera
(SBIG ST6) in the range 0.40–0.92 µm with a resolu
tion of ~8 Å. The asteroids’ ephemeris and other param
eters at the times of observation and the measurement
errors are listed in Table 1 in the full version of this paper,
which is available via SAI website (http://selena.sai.
msu.ru/Bus/Publications/AB151_Bus.pdf).
Each spectrum was recorded consecutively in two
wavelength ranges (0.40–0.67 and 0.65–0.92 µm, or
vice versa) for a period from 10–15 min to 1.5 h,
depending on the object’s brightness. The initial pro
cessing of the observational data was performed using
a standard software package for an SBIG ST6 CCD
camera. The data binding and wavelength scale calcu
lation were based on hydrogen Balmer lines in the
spectra of the primary standard α Lyr. The subsequent
calculating and smoothing of the reflectance spectra of
the asteroids and other transformations were per
formed using the standard software Excel and Origin.
Along with the asteroids, we observed standard stars
that are solar analogues in terms of their spectropho
tometric parameters (16 Cyg B, HD 117176, and
HD 10307) (Hardorp, 1980; Cayrel de Strobel, 1996).
These stars were also used to determine the spectral
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transparency function of the Earth’s atmosphere for
each observation night. The asteroids' reflectance
spectra were calculated by the standard formula
(Busarev, 1999). The reflectance spectra were
smoothed (5point running average) over the entire
range to eliminate highfrequency noise. Near the
boundaries of the spectral observation range (within
about 500 Å) and residual telluric bands, a polynomial
extrapolation, or approximation, was performed by
the spectral continuum. Then, the reflectance spec
trum of each asteroid was normalized by its reflectance
value at the wavelength of 0.55 µm. The average rela
tive standard errors of the reflectance spectra in the
central part of the visible range are 1–2% and increase
to 5–7% near the boundaries of the spectral range used
in the study. In discussing each of the asteroids, we give
in parentheses after the asteroid’s name the following
main parameters: rotation period (Batrakov et al.,
2009), average geometric albedo ( pv ), and diameter (D),
which were calculated by the “standard” thermal
model (Lebofsky et al., 1986) from the IRAS data

(Tedesco et al., 2004), and the asteroids' spectral types
(Sp) according to the taxonomic classifications pro
posed by Tholen (1989), Bus and Binzel (2002a;
2002b), and/or Bus–DeMeo (DeMeo et al., 2009),
respectively. The parameters of Metis and Angelina
were measured only in 1996 in the MSX experiment
(Tedesco et al., 2002). The reflectance spectra are
compared with the published results of other authors
(Chapman et al., 1973; Bus and Binzel, 2002a; Laz
zaro et al., 2004; Fornasier et al., 2008; 2010; 2011;
2014). However, the data published by Bus and Binzel
(2002a), Lazzaro et al. (2004), and Fornasier et al.
(2014) have limitations in the range 0.40–0.50 µm. In
addition, these authors use different techniques for
averaging the asteroids’ reflectance spectra.
1 Ceres. This is the largest asteroid (Trot = 9.h074;
pv = 0.113; D = 848.4 km; Sp = G, C, C) and one of
the dwarf planets (since 2006) according to the IAU
classification. Ceres observations with Hubble Space
Telescope (HST) were used to refine its mean geomet
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ric albedo, 0.090 (Li et al., 2006), and diameter,
974.6 × 909.4 km (Thomas et al., 2005). Our reflec
tance spectra for Ceres are generally consistent with its
carbonaceous chondrite composition (Fig. 1) and with
those obtained by other authors (Fig. 1, insets A, B,
and C; adapted from Bus and Binzel (2002a), Lazzaro
et al. (2004), and Chapman et al. (1973), respectively).
However, it is the first time we have noticed that in vis
ible light, some parts of Ceres’ surface have a reflec
tance spectrum of a slightly convex shape (Fig. 1,
spectra 1 and 2) and other parts are characterized by a
concave spectrum (Fig. 1, spectra 3 and 4). This is
confirmed by the spectrum obtained by Chapman et
al. (1973) (inset C). Spectra 1–2 and 3–4 (Fig. 1) were
obtained at relative rotation phases (RPs) correspond
ing to the diametrically opposite sides of the asteroid.
For the purposes of this paper, we chose the RP of the
first recorded spectrum as the zero RP. The change in
the shape of Ceres’ reflectance spectrum with rotation
may indicate a different degree of hydration (or oxida
tion) of the surface material, which affects the inten
sity of the broadest intervalence absorption bands
Fe2+ → Fe3+ in the visible range. A recent study (Perna
et al., 2015) reports a weak absorption band centered
at 0.67 µm, which is clearly seen in our spectrum 3
(Fig. 1). At present, Ceres is being explored by
NASA’s Dawn spacecraft. One of the first results was
the discovery of marked color differences across the
entire surface of the asteroid, which is evidence of a
heterogeneous composition of the material (http://
www.nasa.gov/jpl/pia19063/dawnsfirstcolormap
ofceres/).
2 Pallas (see the description in http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
4 Vesta. The third largest asteroid Vesta (Trot =
h
5. 342; pv = 0.423; D = 468.3 km; Sp =V, V, V) is the
brightest one among all the asteroids because its geo
metric albedo is greater by a factor of three to four than
those of Ceres and Pallas, which exceed Vesta in size.
The HST data helped refine Vesta’s mean diameter,
530 km (Thomas et al., 1997). Vesta’s reflectance
spectra are shown in Fig. 2. The most notable spectral
feature is a shortwavelength wing of the orthopyrox
ene absorption band at 0.90 µm, which is due to spin
allowed electronic transitions in Fe2+ ions in the M2
positions (see, e.g., Platonov, 1976). This interpreta
tion is consistent with the presence of a weak pyroxene
absorption band at 0.51 µm, which is due to spinfor
bidden electronic transitions in Fe2+ ions (see, e.g.,
Platonov, 1976). The high intensity of the absorption
band at 0.90 µm in the reflectance spectra of Vesta is
evidence of a predominantly hightemperature
(basalt) mineral composition of its surface material,
which is dominated by orthopyroxene. At the same
time, the spectra have a weak Fe3+ absorption band at
0.43–0.45 µm (~5–7%), which can be attributed to
the presence of serpentinetype hydrosilicates in the
surface material. In the range 0.40–0.65 µm, there are
SOLAR SYSTEM RESEARCH
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also differences in the shape of the continuum (Fig. 2),
which changes from a sloping (curve 1) to slightly con
cave one (curves 2 and 3). The reflectance spectra 1–2
and 3–4 were obtained for the opposite orientations of
the asteroid. The latter also have a sharper peak at
0.73 µm, a weak (~3–4%) Fe3+ absorption band
shifted towards 0.44–0.45 µm, and a weak pyroxene
(Fe2+) band at 0.51 µm. A common feature of the
reflectance spectra 2 (RP = 0.133) and 4 (RP = 0.694)
is their slightly concave shape at 0.45–0.65 µm, which
is typical of hydrated silicates and CI–CM carbon
aceous chondrites (see, e.g., Busarev and Taran, 2002;
Cloutis et al., 2011a; 2011b). Figure 2 shows Vesta’s
reflectance spectrum from the SMASS II survey (Bus
and Binzel, 2002a) (inset A) and its reflectance spec
trum from an earlier work (Chapman et al., 1973)
(with a flat continuum at 0.55–0.70 µm) (inset B),
which are consistent with our spectra.
It should be noted that Vesta was observed at small
phase angles (~4°). It is therefore likely that in the
range 0.40–0.65 µm, the shape of the reflectance
spectra 2–4 (Fig. 2) is influenced by an SPEtype
effect owing to the presence of numerous dark spots on
the asteroid’s surface, which were detected by Dawn
(see, e.g., McCord et al., 2012). The SPE (spectral
phase effect) was discovered during laboratory mea
surements of the reflectance spectra of acidinsoluble
components of the matrix of the Murchison (CM2)
carbonaceous chondrite at small phase angles (≤10°).
The effect manifests itself in the unusual shape of the
reflectance spectrum with a negative gradient in the
entire visible range (Fig. 3) (Cloutis et al., 2011a). So
far, there is no theoretical knowledge about the SPE
origin (see, e.g., Petrova and Tishkovets, 2011), but it
may be associated with the features of the opposition
effect in darkcolored materials.
The obtained spectral characteristics of Vesta were
fully confirmed during its detailed space exploration
by Dawn in 2011 and can be interpreted as follows.
Although Vesta has a hightemperature magmatic
nature, there are numerous dark spots and hydrated
formations on its predominantly basaltic surface
(McCord et al., 2012; De Sanctis et al., 2012), which
had likely appeared owing to impacts of primitive (car
bonaceous chondrite and icy) bodies. It turned out
that the spectral characteristics of the dark material on
Vesta correspond, on average, to a mineral mixture of
80 wt % pyroxene (eucrite) and 20 wt % CM2 carbon
aceous chondrite (Reddy et al., 2012). An earlier indi
cation of the presence of carbonaceous chondrite
material on Vesta was the discovery of inclusions of this
material in HEDmeteorites, which might be Vesta’s
fragments (Duke and Silver, 1967; Drake, 1979;
Zolensky et al., 1996).
6 Hebe (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
7 Iris (see the description in http://selena.sai.
msu.ru/Bus/Publications/AB151_Bus.pdf).
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8 Flora (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
9 Metis (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
10 Hygeia. Asteroid 10 Hygeia (Trot = 27.h623;
pv = 0.072; D = 407.1 km; Sp = C, C, C) is known to
be the largest Ctype asteroid. Two of its reflectance
spectra (Fig. 4, curves 1 and 2; RP = 0.00–0.21) were
obtained by us with a small time difference (about one
and a half hours); therefore, the differences between
the spectra are within the error limit. However, the
shape of the reflectance spectra is not consistent with
the taxonomic (spectral) type of Hygeia, which corre
sponds to lowtemperature mineralogy (see, e.g.,
Gaffey et al., 1989). Based on these data, we previ
ously suggested that the changes in the shape of
Hygeia’s reflectance spectrum with rotation might be
due to local dehydration of its surface material because
of large impact events (Busarev, 2011). Spectra 3 and 4
(Fig. 4) were also recorded with a small time difference
(about one hour) at RP = 0.34–0.38. They are consis
tent with the assigned spectral type and confirmed by
the spectra obtained by other authors, which are given
in insets A (Bus and Binzel, 2002a) and B (Fornasier
et al., 2014) in Fig. 4. In spectra 3 and 4, a weak
absorption band at 0.44–0.45 µm (Fe3+) (Busarev et
al., 2008) confirms the low temperature mineralogy of
the asteroid’s material. Spectrum 4 (Fig. 4) at 0.68 µm
shows a residual O2 telluric band B (Kurucz, 2005).
The last reflectance spectrum (Fig. 4, curve 5) refers to
the opposite side of Hygeia (RP = 0.56). It has a neg
ative gradient in the entire visible range (as in Btype
asteroids) and is very different from Hygeia’s spectra
recorded at other RPs. However, it was obtained at an
extremely low phase angle of the asteroid, only 0.9°.
Note that all the reflectance spectra shown in Fig. 4
correspond to low phase angles: ϕ = 2.6° for 3 and 4;
ϕ = 1.7° for 1 and 2, and ϕ = 0.9° for 5. They are num
bered in a chronological order, but arranged in Fig. 4
(from bottom to top) in the order of increasing phase
angle. Evidently, the gradual change in the shape of the
asteroid’s reflectance spectrum follows the same pat
tern. The difference in the magnitude of the gradient
between the laboratory reflectance spectrum of CI
carbonaceous chondrite, ~12% (Fig. 3, upper curve,
ϕ = 10°) (according to Cloutis et al., 2011a), and that
of Hygeia, ~50% (Fig. 4, curve 5, ϕ = 0.9°), in the
range 0.45–0.80 µm is likely due to the substantial dif
ference in the phase angles. Thus, we have likely
observational evidence that the shape of Hygeia’s
reflectance spectra at low phase angles is determined
by the SPE. Moreover, since all of Hygeia’s reflectance
spectra were obtained at low phase angles and different
rotation phases, we can assume a carbonaceous chon
drite composition for a large part of its surface. This
means that the SPE can be used as a new indicator of
these substances on solid celestial bodies.

11 Parthenope (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
12 Victoria (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
13 Egeria (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
14 Irene (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
16 Psyche (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
18 Melpomene (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
21 Lutetia. The reflectance spectra of Lutetia
(Trot = 8.h166; pv = 0.221; D = 95.8 km; Sp =M, Xk,
Xc) 1–6 (Figs. 5a and 5b) are given in the chronologi
cal order and cover the asteroid’s entire rotation
period. They provide evidence of a large variability in
the asteroid’s spectral characteristics (from M–S to
F–Btypes) and, probably, of a composition ranging
from hightemperature (olivine–pyroxene) and/or
incorporating metallic iron to carbonaceous chon
drite. According to some authors (OckertBell et al.,
2010), Lutetia’s reflectance spectrum in the range
0.4–2.4 µm averaged over its rotation period has a
convex shape and no absorption bands of hightem
perature minerals at 0.9 and 1.9 µm. However, this
does not agree with the reflectance spectra 1 and 2
(Fig. 5a), which we obtained at close RP values
(0.000–0.025) for Lutetia. They have a shape varying
from flat to concave with a negative gradient in the
blue part, which is typical of primitive F–Basteroids.
Previously, we noted (Busarev, 2010) that this shape of
reflectance spectra is typical of hydrosilicate enriched
carbonaceous chondrites due to light absorption
Fе2+ → Fe3+ charge transfer in the crystal structure.
Another indicator of the presence of Fe3+ is a weak
absorption band at 0.43–0.45 µm (Fig. 5a) (Busarev
et al., 2008). The reliability of these spectral features of
Lutetia is confirmed by the previous data (Chapman et
al., 1973) (Fig. 5a, inset A). The same figure (inset B)
shows, for comparison, the reflectance spectrum of
the Btype asteroid 101955 Bennu (Hergenrother
et al., 2013), which is compelling evidence that some
asteroids really have these spectral characteristics.
Experimental simulations revealed these properties in
the fractured material (with a particle size of <125 µm)
of the Ivuna (CI) meteorite heated to 700°С (Clark
et al., 2011; Cloutis et al., 2011a). The shape of the
reflectance spectra 1 and 2 of Lutetia (Fig. 5a) may be
influenced by the SPE because they were obtained at a
phase angle of 2.5°. Spectra 1 and 2 are likely to corre
spond to that part of the asteroid surface, which is cov
ered with carbonaceous chondrite and/or hydrated
substance, as evidenced by the detected spectral fea
tures. Although all the reflectance spectra of Lutetia
(1–6) were obtained at small phase angles (2.5°–3.3°),
only spectra 1 and 2 show SPE signatures (Fig. 5a). A
largely different shape (with a substantial positive gra
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dient) is observed for the reflectance spectra 3–6 of
Lutetia (Fig. 5b), which correspond to its diametri
cally opposite side (RP = 0.545–0.585). These spectra
are similar in shape to those of Stype asteroids
although they show no signs of a pyroxene–olivine
absorption band at 0.9 µm. Taking into account that
Lutetia has a relatively high geometric albedo (0.22),
we can assume a predominantly hightemperature
composition for its material. However, some features
in these spectra are weak absorption bands at 0.43–
0.45 µm (Fe3+) and 0.52 µm (Fe2+) and an absorption
band at 0.71–0.72 µm (Fe2+ → Fe3+?) which can be
signs of the presence of hydrated or oxygenated com
pounds in the surface material. The reflectance spec
tra 3–6 are consistent with those of Lutetia from (Bus
and Binzel, 2002a) and (Lazzaro et al., 2004), which
are given in Fig. 5b, insets A and B, respectively. Sub
stantial variations in the shape and slope of Lutetia’s
reflectance spectrum with rotation in the range 0.53–
0.80 µm, which correspond to the C–Xtypes, were
also detected by Italian and French researchers (Laz
zarin et al., 2010). Furthermore, the presence of water in
a bound state on the surface of Lutetia was ascertained
from an absorption band at 3 µm in its reflectance spec
trum (Rivkin et al., 2000).
23 Thalia (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
29 Amphitrite (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
43 Ariadne (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
45 Eugenia (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
51 Nemausa (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
55 Pandora (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
64 Angelina. The reflectance spectra of Angelina
that were obtained during two nights (Trot = 8.h752;
pv = 0.405; D = 61.4 km; Sp = E, Xe, Xe) (Fig. 6)
cover about a quarter of its rotation period and are
consistent with its classification. They show weak
absorption bands in the short wavelength region, a
more intensive band at 0.49 µm, and episodic bands at
0.60 µm and close to 0.75 µm (Fig. 6). A typical fea
ture of these types of asteroids is the dominance of the
hightemperature mineral enstatite (Fefree magne
sium pyroxene) in their substance (see, e.g., Gaffey
et al., 1989). By studying the mineral analogues,
Angelina was more accurately classified as an E(II)
subtype asteroid, which is characterized by a visible
absorption band at 0.49 µm (due to the small amount
of Fe2+), typical of oldgamite or calcium sulfide (CaS)
(Gaffey and Kelley, 2004). This band is present in all
of Angelina’s reflectance spectra obtained by us and
those obtained by other authors, which are given in
insets A (Bus and Binzel, 2002a) and B (Fornasier
et al., 2008) in Fig. 6. Noteworthy is the fact that our
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spectra of Angelina have weak absorption bands at
0.43–0.45 µm (Fig. 6). Fornasier et al. (2008) write
about a high heterogeneity of Angelina’s substance,
but provide no arguments. The variability of the spec
tral and, hence, mineralogical properties of Angelina’s
surface is illustrated by our spectra 1 and 2 with gradi
ents of the opposite sign at wavelengths shorter than
0.75 µm. Moreover, the data at 3 µm provide evidence
of hydrosilicates on Angelina (Rivkin et al., 1995).
This fact is confirmed by the slightly concave shape of
the spectra in the range 0.55–0.75 µm (Fe2+ → Fe3+?)
(curves 1 and 5), which is typical of hydrosilicates, and
weak bands at 0.43–0.45 µm (Fe3+) in all the spectra
(Fig. 6). It is also interesting that although Angelina is
considered as a hightemperature asteroid (see, e.g.,
Gaffey and Kelley, 2004), its radar albedo is only 40%
of that of 69 Hesperia, an asteroid with a predomi
nantly metallic composition of the material (Shepard
et al., 2010; 2011).
67 Asia (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
69 Hesperia (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
80 Sappho (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
83 Beatrix (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
92 Undina (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
115 Thyra (see the description in http://selena.
sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
129 Antigone. This asteroid, like Thyra, has a high
geometric albedo and even a shorter rotation period,
which are consistent with Antigone’s assigned spectral
classes (Trot = 4.h9572; pv = 0.275; D = 79.8 km; Sp =
M, X) as a body with a mainly hightemperature com
position of the material. However, we obtained reflec
tance spectra for Antigone in a wide range of RPs
(Fig. 7), which demonstrate a great variety of
shapes—from convex, as those published by Fornasier
et al. (2010) (Fig. 11, inset A), to slightly concave, as
those in the SMASS II survey (Bus and Binzel, 2002a)
(Fig. 7, insert A). There could be signs of olivine: the
weak absorption band at 0.50 µm (Fe2+ and Fe3+?) in
spectrum 2 (Fig. 7) and the shortwavelength wing of
the absorption band at 1.0 µm (Fig. 7). The presence
of hydrated compounds in the material is evidenced by
weak details at 0.43–0.45 µm (Fe3+) (spectra 2 and 4)
and a stronger absorption band at 0.65 µm (Fe2+ →
Fe3+?) (spectrum 4), along with a generally negative
gradient. Evidence of hydrosilicates on Antigone was
also found during its infrared observations at 3 µm
(Rivkin et al., 2000).
135 Hertha (see the description in http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
141 Lumen (see the description in http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
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196 Philomela (see the description in http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
198 Ampella (see the description in http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
230 Athamantis (see the description in http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
250 Bettina (see the description in http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
264 Libussa (see the description in http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
349 Dembowska (see the description in http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
532 Herculina (see the description in http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
584 Semiramis (see the description in http://sel
ena.sai.msu.ru/Bus/Publications/AB151_Bus.pdf).
785 Zwetana. Our reflectance spectra of Zwetana
(Trot = 8.h8882; pv = 0.125; D = 48.5 km; Sp = M, Cb,
Cb) (Fig. 8 ) are not consistent with its assigned spec
tral class M, if we proceed from the shape given in
Tholen’s classification (Tholen and Barucci, 1989).
The latest classifications (Bus and Binzel, 2002b;
DeMeo et al., 2009) assign Zwetana to the primitive
Cbclass. The asteroid’s reflectance spectra 1–3
(Fig. 8) have a negative gradient throughout the visible
and near infrared ranges. Moreover, spectra 4 and 6
(Fig. 8), which were obtained for its almost diametri
cally opposite orientation, have a negative gradient at
wavelengths shorter than 0.75 µm. The presence of
oxidized and/or hydrated compounds is confirmed by
the fact that spectra 4–6 have a weaker yet broader
absorption band centered at 0.62 µm and a weak
absorption band at 0.44 µm (Fe3+). The variability of
the composition of Zwetana’s material is confirmed by
differences in its reflectance spectra from other
sources, which are presented in insets A (Bus and Bin
zel, 2002a) and B (Fornasier et al., 2010) in Fig. 8.
CONCLUSIONS
The comparison of our results for the asteroids'
spectral characteristics with those of other authors
shows that the main reason for the differences could be
the heterogeneous chemical and mineral composition
of the asteroids' surface material. These differences
manifest themselves, as a rule, in inconsistencies of the
rotation phases and aspect angles for the same objects
observed at different times. In addition, it is necessary
to take into account the general features of the
groundbased observational data for asteroids. In
groundbased observations, all asteroids appear as
point objects, and their measured parameters are aver
aged over the entire visible portion of the surface. In
particular, deviations in the composition of the aster
oid’s material can be detected during the object’s rota
tion from variations in the normalized reflectance
spectrum. However, as is known from variations in
asteroids' brightness and from their space images, the

vast majority of these bodies have an irregular shape,
which can be approximated by a complex polyhedron.
This means that an asteroid with an inhomogeneous
surface composition and sufficiently rapid rotation is
likely to have substantial variations in the reflectance
spectra, even in the case of a small difference in RPs.
These changes may be caused by a “jump” of the line
of sight from one “face” of the asteroid to another with
a different surface composition. Moreover, experience
shows that spectral fluctuations may sometimes occur
in the Earth’s atmosphere even when the sky is clear,
especially when the observed object has a large air
mass. Therefore, suspicious data were excluded from
consideration.
Thus, based on a critical review of the observational
data obtained at different rotation phases of the aster
oids, we can assert that signatures of substantial spec
tral and, probably, chemical and mineralogical heter
ogeneities of the surface material have been detected
for 10 Hygiea, 13 Egeria, 14 Irene, 21 Lutetia,
45 Eugenia, 51 Nemausa, 55 Pandora, 64 Angelina,
69 Hesperia, 80 Sappho, 83 Beatrix, 92 Undina,
129 Antigone, 135 Hertha, and 785 Zwetana.
Another important result is the discovery of spec
tral signatures of hydrated silicates and/or Fe3+con
taining iron oxides (hydroxides) on the vast majority of
the studied hightemperature asteroids. The earlier
spectrophotometric measurements showed that the
surface material of many hightemperature (S, M,
E, and Vtype) asteroids includes Fe3+containing
oxidized compounds and/or hydrosilicates (Rivkin et
al., 1995; 2000; Busarev, 2002). If we assume from the
generally accepted view of hightemperature (M, S,
V, E, A, and Rtype) asteroids as bodies with a pre
dominantly hightemperature mineralogy (see, e.g.,
Bell et al., 1989; Gaffey et al., 1989) that had experi
enced a heating to temperatures of ~1000–1500°C
during their formation, this fact seems strange. As
known from the Earth’s mineralogy, the majority of
hydrated silicates and Fe3+containing oxides and
hydroxides are completely destroyed at temperatures
of ~400–500°С (see, e.g., Betekhtin, 1951; Korzhin
skii, 1957). Some quantity of Fe3+ could have
remained in the asteroid’s material in the case of an
insufficiently strong or uneven heating during its pri
mary thermal evolution, whose energy source was the
decay of shortlived isotopes (mainly 26Al). As shown
by simulations (Grimm and McSween, 1993;
McSween et al., 2002), the material of some of aster
oids’ parent bodies, especially on the periphery of the
Main Belt, could have contained water ice. However,
in the harsh space conditions, these compounds can
not exist on the surface of asteroids for a long time.
Given the long and perpetual exposure to shortwave
radiation and intense corpuscular and micrometeorite
streams, these compounds should transform into more
reduced ones. Furthermore, the space maturation of
solid matter, which is caused by the same factors, leads
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to the degradation of the crystal structure and its tran
sition to an amorphous form with no distinct spectral
signatures. The heterogeneity of asteroids' material
may occur primarily due to the impact process because
only a part of the material is processed during impact
events and transfered (Busarev, 2002; 2011). When
fragments of impacting icy bodies are buried in the
surface material of hightemperature asteroids, they
can form their own generation of hydrosilicates. This
assumption is confirmed by the results of detailed
studies of 4 Vesta by Dawn (NASA). Its predominantly
basaltic surface has numerous spots of hydrosilicates
and darker spots of carbonaceous chondrites (Reddy
et al., 2012; De Sanctis et al., 2012), whose distribu
tions coincide only partially.
As shown by laboratory measurements of the
reflectance spectra of the CM2 carbonaceous chon
drite substance (Cloutis et al., 2011a) at different
phase angles, the shape of the reflectance spectrum of
these materials is determined not only by composi
tion, grain size, and particle structure and packing but
also by an effect that is similar to the opposition one
and occurs at phase angles of ≤10°. We called it the
spectralphase effect (SPE). Apparently, we were able
to detect this effect on 10 Hygiea, 21 Lutetia, and pos
sibly on 4 Vesta. As shown in the discussion, it mani
fests itself in a sharp change in the sign (from positive
to negative) of the gradient of the asteroid’s reflectance
spectrum continuum in the shortwave part of the
spectrum or in the entire visible range at low phase
angles. On Hygeia (Fig. 4) and Lutetia (Fig. 5a), the
SPE was detected quite distinctly and appears to occur
in the reflectance spectrum of that part of the asteroid
that is covered with predominantly carbonaceous
chondrite material. In the case of Vesta, an SPE signa
ture may be the flat or somewhat concave shape of its
reflectance spectra at some RPs (Fig. 2); this shape is
likely due to the increased number of dark spots on the
corresponding parts of Vesta’s surface. Obviously,
there is a need for new, more rigorous studies of the
SPE in laboratory conditions. If this effect is proved to
be universal for all or some of the groups of carbon
aceous chondrites, it can be used as a new indicator of
this substance on solid celestial bodies.
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