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ABSTRACT

Many asteroids show absorption features diagnostic of hydrated minerals in the
pLvn spectral region. Reflectance studies in this region can determine the hydration
state of surface minerals, and by inference, the thermal histories of bodies. Obser
vations of \I-class asteroids from 1.25-3.5 /zm show that many of these asteroids
have water of hydration, and those that do cannot be interpreted as the cores of
differentiated parent bodies. Because of this, it is suggested that the hydrated M
asteroids should be split off into their own class- the VV class.

Simple spectral

mixing models of these asteroids show they are consistent with enstatite chondritic
material mixed with talc, suggesting the W asteroids may be the result of aque
ous alteration of enstatite chondrites, though other models may also hold merit.
The E asteroids are also found to have hydrated members, inconsistent with their
interpretation as purely igneous bodies. .\ trend for large E and M asteroids to
be hydrated is found.

A compilation of S-class asteroid data at 3 fui has been

performed, supporting the finding that some S asteroids have spectra consistent
with a mixture of ordinary chondrite and inetal.

There is some evidence for a

trend altering the spectra of near-Earth asteroids to look like main-belt asteroids,
but no simple trend can also include the ordinary chondrite meteorites. X'ariatioii
in asteroids at 3 {.im was studied, and while no clear evidence of rotational vari
ation is found, there is circumstantial evidence for latitudinal variation on several
asteroids, perhaps as interior layers of an aqueously altered body are excavated.
Finally, high-resolution studies of C-class asteroids were performed. .A. finding that
1 Ceres" spectrum matches that of an ammoniated phyllosilicate is supported over
an extended wavelength range. Observations of other CBG-class asteroids find no
ammoniated minerals. The CBG-class asteroids, other than Ceres, all share v(>ry
similar spectra, suggesting similar hydrated minerals on their surfaces.

CHAPTER 1

INTRODUCTION AND MOTIVATION

Asteroids are chunks of rock and metal smaller than 1000 km in diameter. Most
asteroids are found in the "Main Asteroid Belt" between Mars and Jupiter, but
many others can be found in orbits closer to the Sun than that ("Mars crossers".
"Near-Earth objects", etc.). .A population also exists at the Trojan points of Jupiter.
Finally, the "Kuiper Belt" of comets may be found outside the orbit of .\eptune
and is considered by some to be a second asteroid belt.
The asteroids retain a wealth of information from early in solar system his
tory. Studies of meteorites, most of which are derived from asteroids, show that
many of these bodies have largely escaped processing, and may even contain rem
nants of interstellar material. Other meteorites (the achondrites) show a record of
melting and differentiation on some asteroids, with some meteorites likely repre
senting samples of iron cores, samples we will never see from the core of a large
terrestrial planet.
However, it is uncertain to what e.xtent the meteoritical record represents
a quantitative sample of the asteroid belt. It seems clear that meteorites made of
strong materials will survive a journey to Earth better than weak ones, but to what
exact degree is unknown. .Asteroids near resonances with Jupiter and Saturn may
preferentially provide samples to the inner solar system (Wisdom. 1982; Greenberg
and Nolan, 19S9). but others have proposed meteorite delivery via the Yarkovsky
Effect, which would deliver a less biased sample of the entire main belt (Fariiiella
et al.. 1997).

Similarly, the size distribution for asteroids composed of dilFerent

materials is poorly constrained (Bell. 1994). so it is not known whether carbonaceous

!:{

bodies are the most abundant n:iineraIogy at all sizes or just, for example, the
smallest ones. Remote studies of asteroids through spectroscopy, photometry, radar
and other techniques are the only way to link the small-scale geochemical knowledge
gained from meteorites to some sort of "ground truth".
With the easing of international tensions over the course of my graduate
career (for which I can take little credit), perhaps the greatest current threat to hu
manity on a large scale is impact by an asteroid or comet (Rampino and Haggerty.
1994). Studies of bodies on Earth-approaching orbits in order to determine their
composition, material strength, and other properties, are the best way to charac
terize this threat and weigh possible responses. Here. too. remote observatiorus of
these near-Earth objects (and their progenitors) are the best, and often only. wa\
to obtain necessary data.

1.1

Early Asteroid Research

The first known asteroid. Ceres, was discovered by Guiseppi Piazzi on 1 January
ISOl. in the course of conducting research for a stellar atlas (Piazzi. 1S02). Ironi
cally. a search designed to find a body between Mars and Jupiter was being organized
at that time, and was to have included Piazzi. though the wars ravaging Euro[>c
prevented his knowledge of this (Von Zach. lS03b). Because Ceres was originally
considered a full-fledged planet, the discovery by Heinrich Olbers of a second body.
Pallas, in nearly the same orbit caused great confusiou (Von Zach. lS03a: Lalande.
1802). Observations by William Herschel of Ceres and Pallas led him to call these
bodies "asteroids", since no disk was observable and they appeared starlike in the
telescope (Herschel, IS02). Further observations of Juno and Vesta reinforced his
opinion that these objects were significantly different in character from the "major
planets" and deserving of a separate classification (Herschel. ISOS).
.•\fter the discovery of Vesta in 1807. no further bodies were found until
1845.

From that point, however, discoveries occurred with increasing frequency.

1!

With the introduction of photography to asteroid hunting, the discovery frequency
skyrocketed. Studies of a statistically significant number of asteroids became pos
sible. with the discoveries of the Kirkwood gaps (Kirkwood. 188S) and Hirayama
families (Hirayama. 1918) important findings that continue to shape asteroid stud
ies. .Also around the turn of the century. 433 Eros, the first known near-Earth
asteroid (NE.A.) was discovered, and its lightcurve measured (Oppolzer. 1901). The
study of NE.A .S and lightcurve data are also popular in asteroid science today. Inter
estingly. a connection between meteorites and asteroids (as a "disrupted planet"

I

was suggested even before Ceres was discovered (Chladni. 1794: .Marvin. 1996).
although the first actual evidence connecting the two first arose in 1847 ( Bois.se.
1847; Marvin. 1996). and only in the last several decades has the connection been
generally accepted.

1.2

Previous Spectral Studies of Asteroids

The first attempt to take a spectrum of an asteroid was by V'ogel. who observed
4 Vesta, finding features that he attributed to an atmosphere around that body
(V'ogel. 1874). N. T. Bobrovnikoff was the ne.xt to attempt to take asteroid spec
tra. many decades later, and is generally considered to be the father of asteroid
spectral studies. In his study, he correctly concluded that he was observing pure
reflectance spectra (with no emission lines), determined that asteroids were "red
der" than the Sun. and deduced the rotation period of 4 Vesta from its spectral
changes (Bobrovnikoff. 1929). A number of further photographic studies followed,
but all were plagued by uncertain calibrations and questionable correlation with
later photoelectric work (Chapman et al., 1971).
.An early attempt to correlate asteroid colors (roughly B - V colors) with
meteorite colors was made by Kitamura (1959). He found that asteroid and mete
orite colors were quite similar, but that neither could be distinguished from terres
trial rocks.

Because broadband V B V colors are of limited use in mineralogical studi(>s
(although they have been useful in taxonomic classifications: see Bowell and Lumiiu>.
1979). the major breakthrough in spectral interpretation of asteroids occurred in
the late 1960's, when a 24-coIor filter system (with wavelengths from 0.3-1.1 /zni)
was developed by McCord and turned toward the asteroids. McCord et al. (1970)
determined that 4 Vesta had a spectrum very similar those of the eucrite meteorites,
forging a meteorite-parent body link that remains in place to this day (Binzel and
.Xu. 1993).
.\ survey of asteroid observations using this system was performed by ('ha[)man and Gaffey (1979). which led to the institution of a survey at fewer, but more
diagnostic wavelengths.

This survey, the Eight Color .Asteroid Survey {E('.-\Si.

included a large number of asteroids (589) and formed the data set used in the
taxonomic system used today (Tholen. 1984: Tholen and Barucci, 1989).
These studies determined that there was great spectral variation among thr
asteroids, from those with featureless spectra to those with deep silicate and iron
oxide absorption features.

Furthermore, the taxonomic classes which arose from

these studies were dominant at different semi-major a.xes (Gradie et al.. 1989). The
addition of albedos from the Infrared .Astronomical Satellite (IR.\S) (Tedesco et al..
1992) and spectra from the mineralogically important 1-2.5 ^zm region (Bell et al..
1988) led to detailed interpretations of asteroid reflectance curves and to a "Bia
Picture" (Bell et al., 1989) in which the state of asteroid science as of the writing of
Asteroids //in 1989 was presented. In this unified account, primitive chondritic or
chondrite-like material was condensed with a dependence on semi-major axis and
nebular temperature. These materials were then subjected to metamorphic heat
ing which decreased with planetesimal size and solar distance. Finally, collisional
evolution of bodies controlled by metal abundance resulted in the asteroid belt as
we know it today (Bell et al.. 1989). Many asteroid spectral classes had presumed
meteoritical analogs identified, though many of the matches were imperfect. The
most notorious asteroid class as far as meteoritical interpretation was the S class.

which Bell et al. connected with the primitive achondrites. although contruversy
continues to rage today (see Chapter 5).
Over the last decade, a number of findings have served to confound "The
Big Picture." A prediction that asteroids which spectrally match the most common
meteorite cL-.,ss (the ordinary chondrites) would be found among small asteroids
was not borne out (Xu et ai.. 1995). Spacecraft encounters with two S-class as
teroids (951 Gaspra and 243 Ida) seem to indicate that these bodies have spectra
which show the effects of cumulative optical alteration, a process often called "space
weathering" (Helfenstein et al.. 1994: Chapman. 1996). .\s the century draws to
a close, breakthroughs in asteroid spectroscopy continue apace, with spatially re
solved observations of 4 Vesta and 1 Ceres with the Hubble Space Telescopc (Binzel
et al.. 199Tb: Merline et al.. 1996), and the NE.AR spacecraft's observations of
253 Mathilde and anticipated rendezvous with 433 Eros.

1.3

Previous Studies in the 3-//m Region

Hydrated minerals (both those minerals containing interlayer H2O and those con
taining only structural OH) give rise to absorptions throughout the infrared. The
strongest absorptions occur near 3 f.im. where features due to OH vibrational fun
damentals (~ 2.75 /zm) as well as the first overtone of H2O (~ 3.1 i-im) are found.
.•\bsorptions will also be found at 1.9 /j.m in minerals containing H2O and 1.4 /nn
in minerals containing OH and/or H2O. though these features are overtones and
correspondingly weaker than the 3-//m feature. Clark (19S3) found that the 3-/nn
feature in pure montmorillonite is 6 times stronger than the 1.4-//m overtone and 2.6
times stronger than the 1.9-/fm overtone, with the 3-^m band becoming stronger
relative to these overtones as opaques are added.

Band suppression in the 3-//m

region has been shown to be very difficult on montmorillonites. with a band depth
of nearly 30% remaining even after the addition of 20% opaques (Feierberg et al..
1981: Clark. 1983).

Hydrated minerals of extraterrestrial origin have been found in carbona
ceous chondrites and two ordinary chondrites (Hutchison et al.. I9S7: .A.le.xander
et al.. 19S9). These minerals have been found both as phyllosilicates (most com
monly serpentines, smectites and micas) and as salts like sulfates and carbonates
(Zolensky and Keller. 1991: Zolensky and McSween Jr.. 19SS). The existence of
these minerals shows that parent body temperatures never got above about 500 K
after the formation of the hydrated minerals (Jones et al.. 1990: Rivkin et al.. 199o)
and thus they are not expected to e.xist on igneous bodies, where igneous is detineil
as being formed from a melt, including both silicate melts and metallic "melt-s" that
produce iron cores (Bell et al.. 1989). Recent work by Zolensky et al. (1993) su<rgests that CM chondrites experienced temperatures only below about 320 K. and
most CI chondrites temperatures between 320 and 420 K. Hydrated minerals ar(>
found in the meteorite collection only in chondritic meteorites of low metamorphic
grade.

However, hydrated minerals may theoretically be found on differentiated

bodies if after the igneous events water (in any phase) was present long enough to
alter the high-temperature minerals.
The first identification of a 'i-fim feature (and thus hydrated minerals) on an
asteroid was by Lebofsky (197S). Further efforts by Lebofsky (1980). Feierberg et al.
(1981). and Feierberg et al. (1985) found the C class of asteroids to contain asteroids
both with and without the 3-^m feature. Those with the feature were interpretcii
as being similar to CI/CM meteorites. Those without it were interpreted as the
cores of C3-like anhydrous meteorites. In this scenario, all C asteroids come from
a common source, with CI/CM meteorites found near the surfaces of the original
bodies, and CV/CO meteorites coming from the interior portions.
Feierberg et al. (1985) also discovered a correlation between the strength
of the 3-//m feature and the strength of the ultraviolet absorption feature shortward
of 0.4 fim. These studies provided a link between the C-class asteroids and car
bonaceous chondrite meteorites. Observations of 1 Ceres by Lebofsky et al. (I9S1)

determined that clay minerals similar to montmorillonites dominate its surface. Lar
son et al. (19S3) determined that 2 Pallas was composed of an assemblage similar
to CI and CM meteorites, with a substantial anhydrous component added. They
also concluded that both Ceres and Pallas were genetically related to known car
bonaceous chondrites. Further studies of these asteroids are presented in Chapter 6
Jones et al. (1990) observed 19 low-albedo, outer-belt asteroids and com
piled the results with previous studies. They found that 66% of 32 C-class asteroids
had hydrated silicates, showing evidence of aqueous alteration. Jones et al. also
observed P and D class asteroids beyond 3.0 .A.L\ and found few of them hydrated.
in contrast to expectations.

Because the outer belt asteroids are thought to he

more primitive than those closer to the sun. Jones et al. interpreted these results
to conclude that hydrated minerals were an alteration product, and that only an
hydrous silicates were present on the P and D asteroids, combined with water ice
with which it condensed. Closer to the sun. a solar distance-dependent heat source
melted that ice. leading to aqueous alteration reactions. In the inner belt, that heat
source melted asteroids, and destroyed any hydrated minerals.
More recent work by Rivkin et al. (1995). has shown that some E-class ami
M-class asteroids, both previously thought to be from differentiated bodies, have
been aqueously altered as well. These results and further previous work on thes(>
asteroids are discussed in Chapter 3.

1.4

Outline of Dissertation

This work consists of observations and interpretation of data taken in the 3-//m
region. In Chapter 2, I will discuss the observations and rudiments of data reduction.
Chapter 3 presents an extension of the work published in Rivkin et al. (1995): "3-//ni
Spectrophotometric Survey of E- and M-class .A.steroids". Possible spectral variation
in the 3-fim region is discussed in Chapter 4. S-class asteroid data are compiled
and presented in Chapter 5. Finally, in Chapter 6, high-resolution observations of

I't
C-class asteroids are presented and discussed. Appendix A contains a tal)le of all
asteroids observed for this dissertation.
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CHAPTER 2

OBSERVATIONS AND DATA REDUCTION

2.1

Introduction

When trying to determine an object's spectrum, data can either be taken spectroscopically or spectrophotometrically. as explained in the next section. \\ ithin
each broad category, several observing runs with different instruments and tele
scopes were used for this work. Because of this, complementary data sets can be
used to shed light from different angles on the same problem.

I obtained both

spectrophotometric and spectroscopic data in the 3-/£m region. Interpretations of
spectrophotometric data taken at the IRTF are included in Chapters 3. 4 and o. Hie
interpretations of spectroscopic data taken using CGS4 on L'KIRT are discussed in
Chapter 6.

2.2

Spectrophotometry

In spectrophotometry, objects are observed through filters of known bandpass al
lowing the flu.x at a number of discrete wavelengths to be determined. In general,
the flux is conv*erted to magnitudes using the following equation:

rrio = m. - 2-51og( F o / F . ) -f k{ A'o - -V.)

(2.1 )

where Fo is the flux of the object. F . is the flux from a standard star, lu ,
is the magnitude of the object, m. is the magnitude of the standard star.

is the

airmass. or the secant of the angle from the object to the zenith. A", is the airniass
of the standard star, and k is the extinction coefficient (in magnitudes/airmassi.
To determine the extinction coefficient, observations of stars of known mag
nitude must be made at multiple airmasses over the course of each night. A best
fit line is then calculated for these data, with the resulting slope equal to the ex
tinction coefficient. Typical values for extinction coefficients from Mauna Kea in
these data sets are roughly 0.1 magnitudes/airmass between 1-2.5 /mi. and 0.3-0.")
magnitudes/airmass near 3 fim.
Because there is significant thermal emission from the Earth at infrared
wavelengths, the signal from an astronomical object is very small compared to the
total signal received by an instrument. To correct for this, most infrared telescopes
have a secondary mirror which can oscillate rapidly (~ 5 Hz) between two posi
tions. one on the object of interest, one slightly off of it. presumably on blank sky.
During observations, the mirror is oscillated and the difference in the on-ubject
signal and off-object signal is calculated. Since the off-object signal is due entirely
to background sky (hopefully), the difference will be only signal from the object
of interest. This technique is called "chopping." In addition, in order to account
for any difference in sensitivity between the on-object and off-object positions, eacli
position changes roles after each integration. This is called "wobbling."

2.2.1

RC2 Photometer

Data covering the 3-//m region was obtained from the N.AS.A Infrared Telescope
Facility (IRTF) with the RC2 infrared photometer in .\ugust 1993. December 1995
and May 1996. In addition, a data set from December 1991 was graciously provided
by Ellen Howell for use in this project. In total. 59 observations made of 42 asteroids
with this instrument are included in this dissertation. .\ log of which asteroids were
observed spectrophotometrically is included in Table .\.l in .Appendix
The RC2 photometer is an InSb photometer with broadband .1 (1.25 /zmi.
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H (1.65 fim) and K (2.20 nm) filters and two narrowband filters

at '2.95 and

//m. In 1991. a narrowband filter at 3.12 fxin was available for some observations.
Solar analog stars from Campins et al. (1985) were observed frequently and used
exclusively so that normalized asteroid-to-star ratios yield normalized asteroid re
flectances.

Corrections for atmospheric extinction were performed for ail asteroids

using extinction coefficients determined each night. For most asteroids, two or nioncomparison stars were observed when within 0.05 airmasses of the asteroid positions
to minimize the effects of uncertainties in atmospheric e.xtinction. Details of thermal
subtraction follow in Section 2.4.
Each asteroid was observed at least twice per night in each filter, wiu;
lected asteroids observed three or four times per night. Three asteroids, 92 L'ndiiia.
44 Nysa and 201 Penelope, were observed on two separate nights in .August I99.'}.
Two asteroids. 22 Kalliope and 44 Nysa. were observed on two different nights in
December 1995. Finally, two asteroids. 253 Mathilde and 369 .\eria. were observed
on more than one night in May 1996.
It should be noted that with the loss of the 3.12 ^m filter, any sharp ab
sorptions centered near 3.1 fim may remain unobserved in the 1993 data. However,
the broad 3-;im absorption is still easily resolved.

2.2.2

NSFCAM Observations

In 1994 a new instrument, the NSF camera (NSFC.A.M) was commissioned at the
IRTF. This instrument is an infrared array, which can give spatial information.
While reduction of data from an array instrument is more involved than photometer
data, and the point-source nature of asteroids makes any gain in spatial resolution
of dubious usefulness, the NSFC.A.M has many features that make it superior to
RC2 even for asteroid studies.

First, the inclusion of a circularly variable filter

(CV'F) makes it possible to observe at arbitrary wavelengths in the spectral region
of interest. This allowed us to include data at 3.12 /xm again, for instance, although

L';{
a short-wavelength cutoff from the CVF precluded any data from being taken shortward of 1.5 fixn. Second, although the CVF is narrower than the RC2 filters, this is
offset by NSFC.AM's increased sensitivity compared to RC2. Finally, with images
of the asteroids, one can better see how quickly the sky is changing and get a clearer
idea of the quality of the data.
We used the 1% CVF (AA/A = i % ) at the wavelengths I .60 /fm. 2.20 /nn.
2.40 fiva. 2.95 /zm. 3.12 ^m. 3.35 ^m and 3.50 ^m. We added points at 2.40 //m
and 3.50 ^m as continuum observations, which were not present in the RC2 data.
The other points are included to match the RC2 data sets as closely as possible. On
some nights, the 3.50 //m point was omitted. On some nights filter positions were
changed slightly relative to other nights, typically with the 3.35 /zm point changed
to a 3.36 ^m point, or data taken at 2.94 or 2.96 //m rather than 2.95 ^m. In total.
31 observations were made of 17 different asteroids (not including those previously
observed with RC2) during two observing runs in February and September 1996.
.As mentioned above, data from an array instrument must go through several
steps of reduction before it can be treated as photometer data. Since it is impractical
to chop while taking an image, sky subtraction must be done another way.

In

addition, inherent sensitivity differences on the array must be accounted for.
must signal related to the instrument's electronics rather than the object of interest.
The most straightforward way of correcting many of these problems is be
taking pairs of images at each wavelength of interest, wobbling between them. These
images are then subtracted from one another. Because signal from the sky and signal
from dark current are additive, this step will account for both sky subtraction and
dark current.

.After flat fielding, images were processed with the IR.AF apphot

package, and reduction continued as with the photometer data.
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2.3

Spectroscopy

In contrast to spectrophotometric data, spectroscopic data allows all desirexl
wavelengths to be observed simultaneously, thus avoiding problems with asteroifl
lightcurves that can be present in photometric data. .A.n instrument with tunable
wavelength sections like CGS4 on UKIRT allows simultaneous observations on both
sides of the telluric "water gap" at 2.6-2..'^ //m. avoiding any possible problems with
very short-term fluctuations in atmospheric conditions, such as cirrus clouds. How
ever. while relative fluxes within one observation will be correct, absolute fluxos
cannot easily be compared from one integration to the next, and must be scaled to
one another. Observations from non-overlapping wavelength regions must be joined
with photometric data, or an assumption must be made about the unsampled spec
tral region between. Finally, because the light is spread out over its constituent
wavelengths rather than grouped together by a broadband filter,

only relatively

bright asteroids can be observed with this method.
Data sets from the UK Infrared Telescope (UKIRT) were obtained in Febru
ary 1996 and July 1997 to compare and contrast 3-/zm band shapes in low-albeilo
asteroids. The objects observed from UKIRT are presented in Table 6.L in Chap
ter 6. These data sets are of higher spectral resolution than the IRTF data sets,
w i t h A / A A ~ 4 7 0 n e a r 2 . 5 f i m a n d 6 7 5 n e a r 3 . 6 /urn.
Because CGS4 has a bandwidth of ~ 0.7 /zm. the 2.4-3.6 /im region is
covered in two pieces, one from 2.4-3.1 /zm, and another from 2.9-3.6 nm. Including
a relatively large overlap provides a good consistency check from one half of the
spectrum to another. It also gives us an increased amount of data in an interesting
spectral region.

2.4

Thermal Corrections

All bodies at a non-zero temperature radiate heat.

At temperatures near tho.se

in the asteroid belt, thermal flu.xes. while small, become noticeable in the •Vj.iin
region, .^t solar distances greater than roughly 2.5 .A.L'. thermal effects at 3 //ni
are less than 2%. .Asteroids such cis 44 .\ysa. at less than 2.5 .AL' from the sun.
have a more significant contribution from thermal emission, but emitted flux is still
less than 3% of the total fiu.x. High-albedo asteroids like 44 Nysa will be colder
than low-albedo asteroids like 13 Egeria at the same solar distance, and thus have
a smaller thermal contribution at 3 f.im. This can be seen in Figure 2.1. where
the inrrea.se in thermal flux vs. wavelength can be seen. The near-Earth asteroid
433 Eros has a spectrum dominated by thermal flux beyond 3.S/zm. and at 3.35
^m. over 20% of the received flux is thermal, rather than reflected. 44 .\ysa. on the
other hand, has a thermal flux near zero throughout the spectral region of interest.
Modelling can correct for thermal fluxes, and gives us a truer idea of tlie
reflectance spectrum of bodies in this spectral region. VV'e applied a thermal cor
rection to these asteroids using both the "Standard Thermal Model" (STM) and
thermophysical models (TPM) (Lebofsky and Spencer. 1989). The ST.M assumes
zero thermal inertia, or a non-rotating body. This is a good approximation for
slowly rotating asteroids, or those with dusty surfaces. The TP.M takes into ac
count non-zero thermal inertia and asteroidal rotation periods.
Thermal corrections are. by nature, model-dependent. Because the objects
central to this dissertation work are of relatively high-albedo and thus have relatively
little thermal flux, and because the data necessary to apply thermophysical models
does noL exist for all asteroids, the spectra presented in this work have not been
thermally corrected, except where noted. These exceptions are the spectra of Sclass asteroids in Chapter 5. where thermophysical models can be applied to all
observed objects, and the high-resolution spectra presented in Chapter 6. where the
low-albedo objects observed have a significant thermal flu.x. necessitating correction.
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Figure 2.1: Thermal flux as a fraction of total flux vs. wavelength for three asteroids.
433 Eros is an S-class near-Earth asteroid, with thermal flux calculated for a distance
of 1.33 AU from the Sun. 13 Egeria is a low-albedo asteroid at a distance of 2. UJ
.•\U from the Sun in this calculation. 44 Nysa is a high-albedo asteroid at 2.12 .A.('
from the Sun in this calculation. Note how the different albedos have an extremely
strong effect on the thermal flux. Note also how thermal flux is quite small at 2.95
fim. The albedos used were 0.083 for 13 Egeria, 0.546 for 44 Nysa. and 0. IS for
433 Eros. These calculations were done using thermophysical models described in
Lebofsky and Spencer (1989).

CHAPTER 3

M-CLASS AND E-CLASS ASTEROIDS

3.1

Introduction: M-class and E-cIass Asteroids

Based on their moderately high albedos (0.15-0.25) and red-sloped (increasing re
flectance

with increasing wavelength) featureless spectra. .Vl-class asteroids have

been thought to be composed of metals such as iron and nickel and presumed to
be progenitors of iron meteorites or possibly enstatite chondrites {e.g. Pieters and
McFadden. 1994. Section 3.9.1). Interestingly, these two meteorite groups have very
different histories, with iron meteorites representing the cores of highly processed
bodies, while enstatite chondrites are very reduced meteorites that have never been
melted, and thus represent more primitive parent bodies. In enstatite chondrites,
most of the mass is made up of the magnesium-rich pyroxene enstatite. which is
spectrally neutral. Metal grains that are present in these meteorites are less abun
dant than the enstatite. but dominate the spectra. Thus, both enstatite chondrites
and iron meteorites have similar spectra, as seen in Figure 3.1.
E-class asteroids, with similar spectral features as M-class asteroids but
higher albedos (0.4-0.5). have been thought to be composed of enstatite. and anal
ogous to the aubrite meteorites (GafFey et al.. 1989: Tholen. 19S4). E-class asteroids
are interpreted to have formed and differentiated under relatively reducing condi
tions that produced a mineralogy dominated by iron-poor silicates. Because the
aubrites. or enstatite achondrites. have mineralogies dominated by enstatite and
practically no metal, their spectra tend to lack the red slope of enstatite chondrites.
The most common interpretations require that members of both asteroid
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Figure 3.1: These spectra of the iron meteorite Chulafinnce and enstatite chondriic
.Abee, from GafFey (1976). show the similarity in the spectra of these two meteorite
classes. This is true even though these meteorites have very different thermal his
tories. with enstatite chondrites being unmelted and relatively primitive, while iron
meteorites represent the disrupted cores of differentiated bodies.
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classes be differentiated, with parent bodies heated to at least lo80°C to produce
enstatite (Keil. 1989). and 2040°C to reach the liquidus temperature of IIIAB iron
meteorites (Taylor. 1992).
Detailed studies have found the M class to be an enigmatic group, a.s re
viewed by Belskaya and Lagerkvist (1996). Polarimetric studies by Dollfus et al.
(1979) of four M asteroids suggested that they had powders of 20 to 40-^m diame
ter metallic fragments on their surfaces. .A.11 four asteroids studied by Dollfus et al.
(16 Psyche. 21 Lutetia. 22 Kalliope and 129 Antigone) are included in our observa
tions. A study of five M asteroids by Lupishko and Belskaya (1989). however, found
these asteroids to have polarimetric properties injonsistent with iron meteorites.
Taken together with photometric similarities to S-class asteroids and photometric
differences from iron meteorites and metals, they concluded that surfaces of Mclass asteroids contain considerable silicate components, and are thus not entirely
metallic. .\11 the asteroids Lupishko and Belskaya studied in their polarization and
photometric studies are included in our observations e.xcept 69 Hesperia. Further
more. radar studies of two M-class objects seemed to indicate that they did not
have identical, or even necessarily similar, surface properties based on radar albedo
(Ostro et al.. 1985). Binzel et al. (1995) observed 16 Psyche and found that while
no spectral variation greater than 1% was present in the visible portion of Psyche s
spectrum, they could not rule out surface assemblages containing as much as [oV<
olivine in a linear mix and 30% olivine in an intimate mi.xture. Clark et al. (1994 )
found at least one. and possibly more M-class asteroids with very flat spectra in
the infrared (1-2.4 /xm) and suggested they be reclassified as K-class asteroids (see
Chapter 5). Perhaps most striking. Jones et al. (1990) found evidence of hydrated
minerals on two M-class asteroids. 55 Pandora and 92 Undina.

This finding in

particular contradicts the interpretation of Ms as disrupted cores of differentiated
bodies, as discussed in Section 3.9.5.
There are fifteen E asteroids in the Tholen classification, including one
near-Earth asteroid (NEA) (Tholen. 1989). Most of the members of the class are

:U)

concentrated in the Hungaria region, along the inner edge of the asteroid be>lt ;u
approximately 1.9 .AU. However, the "type asteroids"' for the E class. 44 Nysa
and 64 Angelina, lie outside this area with semi-major axes of 2.42 and 2.6''^ AC
respectively.

3.2

Observations

Thirty-three E-class and M-class asteroids were observed over the course of six
observing runs from 1991-1996. Table 3.1, a subset of Table .A.l summarizes the
observing runs on which E and M asteroids were observed.

The details of data

collection and reduction can be found in Chapter 2.

3.3

Determining the Continuum in the 3-/zm Spectral Region

Because E- and M-class asteroids have a significant red slope between l-2.o //m
compared to C-class asteroids, it is necessary to calculate a continuum in order
to decide whether or not a feature exists.

In past work, all observations were

normalized to the K filter at 2.2 //m. outside the 3-fim absorption band, so that
normalized reflectances less than 1.0 in the 3-/im spectral region indicated water
of hydration absorptions (e.^.

Jones et al.. 1990).

This approach was justified

with low-albedo asteroids, which have rather flat continuum slopes throughout the
region of interest. The problem is more complex for asteroids such as some .\I-class
asteroids with non-zero continuum slopes. .An absorption superimposed on a large
positive slope may still result in a positive slope from 2 to 3 /im.

Requiring a

reflectance decrease from K to 2.95 fiiri as evidence of a hydration band may thus
be excessively conservative, as shown in Fig. 3.2.
Studies of the iron meteorite Mundrabilla by Miyamoto (1987) show con
tinuum reflectivity is not a linear function of wavelength. However, the continuum
does increase between 2.5 /tm and 25 /xm as a function of 1/A. .A spectrum of an
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Date
29 Dec 1991

30 Dec 1991

15 Aug 1993

IS Aug 1993

4 Dec 1995

6 Dec 1995

Asteroid
64 Angelina
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572 Rebekka
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E
MMM
M? W?

51 Peg.
35 Leo
Hyades 64

Observers
Howell. Nolan
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64 Angelina
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92 Undina
110 Lydia
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Date

.Asteroid

Class

U Feb 1996

64 Angelina
359 Georgia
92 Undina
110 Lvdia
44 Nysa
64 Angelina
16 Psvche
92 Undina
110 Lvdia
44 Nysa

E
M
VV
VV
E
E
M
VV
VV

25 Mav 1996
26 Mav 1996

369 .Aeria
369 .Aeria
2035 Stearns

VV
VV
E

28 Sep 1996
29 Sep 1996

55 Pandora
135 Hertha
21 Lutetia
22 Kalliope
129 .Antigone
136 Austria
214 .Aschera
21 Lutetia
22 Kalliope
55 Pandora

M?
VV
VV
VV?
VV
VV? K?
E
VV
VV?
M?

15 Feb 1996

30 Sep 1996

Standard Stars
35 Leo.
Hvades 64

Observers
Rivkin

Rivkin

E
Rivkin
Rivkin
Hva 64.
SAO" 049262

Britt. Rivkin
Britt, Rivkin

Rivkin

Table 3.1: Observing Circumstances for M. E and W-class .Asteroids. ^ Original X
classification changed to M due to albedo determination (Tedesco. 1989). fHydrated
members of M class moved to new VV class. Hydrated members of E class may
warrant a new class as well.
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Figure 3.2: Using a criterion where an absorption feature is not recognized unless
the 2.2 to 3
slope is negative is too conservative for red-sloped spectra. On this
hypothetical asteroid spectrum a 3% absorption below a I/A continuum still results
in a positive slope from 2.2-3//m.
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iron-nickel alloy from Sasovskaya and Noskov (1974) is shown in Fig. 3.3. along with
fits to 1/A and A. The data is fit much better to 1/A than to A. When extrapolating
from shorter wavelength points corresponding to the positions of the J, H. and K
filters, we find that the fit to I/A is better than 2% in the 3-//m spectral region.
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Figure 3.3: Data from Sasovskaya and Noskov (1973) for a 66% Fe - 34% N'i alloy
(triangles) are fit to A (wavelength, dashed line) and I/A (wavenumber. solid line)
using only points at 1.25, 1.6 and 2.2 //m. These points are shown by asterisks
rather than triangles. The data fit much better to I/A.
In the near-IR. we also find reflectivity decreasing linearly with wavenumber
(= 1/A) in Gaffey's spectra of iron meteorites and enstatite chondrites (Gaffey.
1976). In light of this. I performed a least-squares fit of our JHK reflectances versus
l/A to obtain a continuum for each asteroid, which 1 extrapolated to the 3-;/ni
region.

"continuum envelope" is formed from the values for slope and zero point

:r.
one sigma below and above the best-fit value. Figures 3.4 through 3.9 show data
taken over five observing runs from 1993-1996 and data taken by Ellen Howell in
1991 (and graciously contributed to this work) as well as the continuum envelope
calculated for each asteroid. These data will be discussed in Section 3.6.
Unfortunately, although the above procedure will work for M-ciass aster
oids since their putative analogs (enstatite chondrites and iron-nickel meteorites)
have continua that decrease linearly with wavenumber. the process for determin
ing E-asteroid continua is more difficult. Most mid-infrared spectra of aubritos are
marred by terrestrial weathering effects, rendering them unusable for this purpose
(Miyamoto. 1987: Sandford, 1996). Similarly, the enstatite spectrum in Injrand
Spectra of Minerals has hydration bands due to terrestrial weathering (Salisbury et
al.. 1991). In the near-infrared. GafFey (1976) found aubrites with both positive and
negative slopes from 1-2.5 fim. However, in no case did the aubrite continuum first
rise and then fall or vice-versa, so a linear extrapolation from higher wavenumbers
is probably valid. With the relatively flat slopes of E-class asteroids, the difference
between a continuum based on wavenumber and a continuum based on wavelengtli
is indistinguishable within observational errors. Table 3.2 shows ratios of 2.9o /an
reflectance to the wavenumber continuum reflectance for the objects observed.

3.4

Thermal Corrections

I applied three different thermal models to the M asteroids: the Standard Thermal
Model with emissivities (e) of 0.9 and beaming factor (t)) of 0.756. and thermophysical models for rocky and metallic cases. I assumed lunar-like thermal inertias
for the rock case, and a thermal inertia five times that of the Moon for the metal
lic case because metals have roughly five times the thermal inertia of rock (Rees.
1990). Given that the thermal inertia of I Ceres is small (Lebofsky and Spencer.
19S9). this may be overestimating the thermal inertia for the rock case. For E-class
asteroids and hydrated M-class asteroids. I only applied a standard thermal model
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Figure 3.4: Data from December 1991 IRTF run. The solid line is the best-fit con
tinuum, the dashed line is the continuum envelope described in the text. .Asteroids
whose 3 iim data fall more than 1 a below this envelope are considered hydrated.
while those falling within 1 tr of the best-fit continuum are considered anhydrous.
.Asteroids whose 3 //m data fall more than 1 a below the best-fit continuum but
within the continuum envelope are considered possibly hydrated. Although 50 Vir
ginia is not an E or M-class asteroid, it is included to be consistent with figures in
Rivkin et al, (1995).
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Asteroid

Hydrated?

64 Angelina (1991)
16 Psyche
55 Pandora
44 Nysa (1991)
785 Zwetana (1995)
572 Rebekka
796 Sarita
75 Eurydike
44 Nysa (1993)
201 Penelope
92 Undina
849 Ara
620 Drakonia
216 Kleopatra
497 Iva
64 Angelina (1995)
161 Athor
184 Dejopeja
337 Devosa
857 Glassenappia
22 Kalliope (1995)
771 Libera
758 Mancunia
44 Nysa (1995)
16 Psyche (1995)
317 Roxane
125 Liberatrix
110 Lydia
92 Undina (1995)
785 Zwetana (1995)

±

Yes?
No
No?"
Yes"
No
No
No
No
Yes*
Yes
Yes*
No
No
No
No

F 2.95/F cont
0.942
0.996
0.956
0.813
1.080
1.131
1.036
1.026
0.865
0.95
0.90
0.951
1.011
0.966
0.996

0.0.34
0.105
0.040
0.073
O.llO
0.266
0.079
0.022
0.048
0.011
0.017
0.055
0.124
0.054
0.0.54

Yes
No
No
No
No
Yes"
Yes
No
Yes"
No
Yes
No
Yes
Yes"
No

0.926
0.901
1.071
1.025
1.077
0.S58
0.891
0.941
0.970
1.063
0.714
1.060
0.946
0.824
1.121

0.049
0.118
0.124
0.067
0.363
0.051
0.057
0.075
0.044
0.049
0.187
0.117
0.062
0.055
0.140

±

.Asteroid
64 .Angelina (1996)
110 Lydia (1996)
44 -\Vsa (1996)
16 Psyche (1996)
92 Undina (1996)

Hydrated?
Yes
Yes
Yes''
.No
Yes"

F-i.gs/Fcont
0.862
0.930
0.S91
1.007
0.9.56

369 .A.eria
2035 Stearns

Yes?
No

0.871
1.054

0.094
0.195

55 Pandora
135 Hertha
22 Kalliope (1996)
21 Lutetia
129 .Antigone
136 .Austria

Yes?''
Yes
Yes=^

0.994
0.898
0.881
0.9.38
0.856
0.881

0.064
0.053
0.0.50
0.043
0.030
0.055

Yes
Yes
Yes

0.218
0.044
0.033
0.058
0.038

Table 3.2: Data before thermal correction: F2.9.5 is the flux at 2.95 /im. and F;^„; is
the calculated continuum flux at 2.9-5 //m. .-Xn asterisk (") indicates some variation
in band depth has been observed: see Chapter 4 for details.
with t = 0.9 and the thermophysical rock model. For asteroids without rotation
periods listed in Lagerkvist et al. (1989). only the standard thermal model was
applied. Tables 3.3 and 3.4 show the thermal corrections for all observed E-class
and M-class asteroids.

3.5

Comparison with Earlier Work

Six of the surveyed M-cla^s asteroids (16 Psyche. 21 Lutetia. 22 Kalliope. 92 Cndina.
135 Hertha and S49 Ara) and three of the surveyed E-class asteroids (44 Xysa.
64 .Angelina, and 317 Roxane) were also included in the 52-Color Survey (Boll
et al.. 19SS). Figures 3.10 and 3.11 show our observations of eight of these nine*
asteroids compared to the 52-Color Survey data, with our data scaled to ec[ual the
52-Color Survey data at 1.65 or 2.19 ^m. These data are consistent at the one sigma
level, .^.steroid S49 .Ara is omitted because the 52-color data are very noisy. These

Asteroid
64 Angelina (1991)
16 Psyche (1991)
55 Pandora(1991)
44 Nysa(1991)
796 Sarita
572 Rebekka
785 Zwetana
75 Eurvdike
44 Nysa (1993)
201 Penelope
92 Undina (1993)
849 Ara
620 Drakonia
497 Iva
216 Kleopatra

STM. 2.9.5^m
0.12%
0.19
0.24
0.30
2.0
4.2
0.8
16.5
0.02
2.0
0.16
0.64
1.1
3.3
0.22

TPM. 2.95^m
0.03%
0.00
0.04
0.07
0.16
-

-

2.4
0.00
0.35
0.04
-

-

0.30
0.00

STM. 3.35/zm
0.807c
1.6
1.5
1.9
9.8
22.0
5.1
51.0
0.32
12.8
L.4
5.4
3.3
19.2
2.3

TPM. 3.35^/ni ;
0.14%
0.1
0.15
0.44
i
1.2
!
I

14.2
0.02
3.0
0.33

i
i
i

-

-

2.3
0.11

Table 3.3: Thermal Corrections in percent of total flu.x at •2.95 and 3.3-0 //ni for
Standard Thermal Model (STM) and thermophysical model (TPM). Metal thermo
physical models were used for all asteroids except 44 Nysa. 64 .A-ngelina, 92 I ndina
and 201 Penelope, which have thermophysical rock models shown. .A dash (- ) in
dicates insufficient data to apply a thermophysical model. This table is taken from
Rivkin et al. (1995)

1")

STM. 2.95fim
0.1%
0.12
0.1
3.0
1.5
0.6
3.5
0.7
0.0
0.7
1.0
0.3
0.2
0.0
0.7
0.1%
0.2
0.2
0.8
0.0
0.4%
3.0
8.2%
3.8
1.0
0.3
0.1
3.9
0.3

TPM. 2.95^m
0.0%
0.7
0.0
0.11
-

0.00
0.74
-

0.0
0.0
0.22
0.0
0.0
0.0
-

0.0%
0.0
0.0
0.0
0.0
0.0%
-

2.69%
0.93
0.11
0.00
0.00
1.20
0.04

STM. 3.35//ni
0.60%
0.0
0.90
18.6
10.3
5.4
19.7
6.6
0.4
6.0
7.4
2.6
2.4
0.5
5.7
0.80%
1.7
1.9
6.8
0.4
3.8%
16.0
36.8
21.4
8.2
0.30
1.0
22.2
2.7

TPM. 3.35|/m
0.06%
0.24
0.04
1.35
0.56
6.15
o
o

Asteroid
64 Angelina (199.5)
161 At her"
184 Dejopeja'
337 Devosa"
857 Glassenappia"
22 Kalliope (1995)
771 Libera
758 Mancunia*
44 Nysa (1995)
16 Psyche' (1995)
317 Roxane
125 Liberalrix'
110 Lydia (1995)
92 Undina (1995)
785 Zwetana'
64 Angelina (1996)
110 Lydia (1996)
44 Nysa(1996)
16 Psyche'(1996)
92 Undina (1995)
369 Aeria*
2035 Stearns (1995)
135 Hertha
21 Lutetia
22 Kalliope (1996)
129 Antigone
214 .A.schera
136 Austria
55 Pandora(1996)

0.03
L.81
0.07
0.34
0.05

1
I
j
i
1
!

-

0.06%
0.34
0.03
0.02
0.05
0.17%
-

19.28%
7.82
1.02
0.2
O.IO
S.91
0.36

1

Table 3.4: Thermal Corrections in percent of total flux at 2.95 and 3.35
for Stan
dard Thermal Model (STM) and thermophysical model (TPM). Metal therniophysical models were used for asteroids with asterisks, for others a rock thermophysical
model was used. A dash (-) indicates insufficient data to apply a thermophysical
model.

u;
data are also consistent with the JHK measurements of Hahn and Lagerkvist ( 1988 \
for 12 of the 14 asteroids we have in common. We note that one of the discrepant
asteroids. 369 Aeria. is considered of "lower accuracy" by Hahn and Lagerkvist.
The observations of 55 Pandora differ from Hahn and Lagerkvist by a siiinificant amount: I observe a J-H magnitude of 0.38 compared to their value of 0.31.
and a H-K magnitude of 0.15 in 1991 compared to their value of 0.29. Interestingly,
my measurements of 55 Pandora are consistent with Hahn and Lagerkvist"s average
M-class asteroid values. While we cannot say with any certainty what the reasons
are for this discrepancy, the possibility of a heterogeneous surface on 55 Pandora
cannot be ruled out. and will be discussed in Chapter -1. Comparison of our data
with Hahn and Lagerkvist's data appears in Table 3.5.

3.6

Results

The observed asteroids can be separated into three categories: hydrated. anhydrous
and possibly hydrated. A hydrated asteroid has a reflectance at 2.95 /zm and 3.12
/im where available (and usually but not necessarily at 3.35 ^m) > 1 a below the con
tinuum envelope. .An anhydrous asteroid has a reflectance at 2.95 /zm < I a below
the best-fit continuum or greater than the best-fit continuum. .Asteroids that have
2.95 /zm reflectances 1 a below the best-fit continuum but still within the continuum
envelope are possibly hydrated. Using these definitions, ten of our M-class asteroids
are hydrated (21 Lutetia. 22 Kalliope. 77 Frigga. 92 Undina. 201 Penelope. 771 Lib
era. 110 Lydia. 135 Hertha. 129 .Antigone and 136 .Austria), fourteen asteroids arc
anhydrous (16 Psyche. 75 Eurydike. 216 Kleopatra. 497 Iva. 572 Rebekka. 7S5 Zwetana. 796 Sarita. 849 .A.ra. 337 Devosa. 1S4 Dejopeja. S57 Glassenappia. 161 .-\thor.
758 Mancunia, and 125 Liberatri.x) and two are possibly hydrated (55 Pandora and
369 Aeria). Discussion of individual objects is in the ne.xt section, with a discussion
of possible spectral variation appearing in a later chapter.
There are fourteen objects that I interpret as anhydrous. These objects have

This Paper
.Asteroid
16 Psyche (91)
16 Psyche (9.5)
16 Psyche (96)
44 Nysa (91)
44 Nysa (93)
44 .\ysa (9-5)
5.5 Pandora (91)
55 Pandora(96)
201 Penelope
216 Kleopatra
22 Kalliope (95)
22 Kalliope (96)
110 Lydia (95)
110 Lydia (96)
129 .-Vntigone
135 Hertha
317 Ro.xane
337 Devosa
369 .\eria
21 Lutetia
64 .\ngelina (91)
64 .Angelina (95)
497 Iva
785 Zwetana (91)
785 Zwetana (95)

H

L 1988)

Difference

J -H

a

H - K

a

J- H

H- K

M J - H )

A(H - i<)

+0.38
0.36

0.06
0.03
-

0.31
0.33
0.31
0.38

0.05
0.07
0.03
0.03

-

-

0.39
0.40
0.39

0.02
0.03
0.03

-

-

0.41

0.02

-

-

0.06
0.03
0.05
0.05
0.05
0.03
0.04
0.08
0.02
0.03
0.03
0.03
0.02
0.04
0.03
0.04
0.03
0.03
0.04
0.03
0.04
0.02
0.04
0.05
0.02

+0.35
0.35
0.35
0.29
0.29
0.29
0.31
0.31
0.35
0.38
0.36
0.36
0.38
0.38
0.38
0.35
0.30
0.38
0.34
0.36
0.30
0.30
0.38
0.40
0.40

+0.14
0.14
0.14
0.09
0.09
0.09
0.29
0.29
0.12
0.17
0.13
0.13
0.14
0.14
0.14
0.14
0.04
0.12
0.09
0.08
0.09
0.09
0.18
0.10
O.IO

+0.03
0.01

-

+0.14
0.13
0.11
0.07
0.07
0.08
0.15
0.14
0.13
0.18
0.12
0.13
0.13
0.14
0.13
0.15
0.06
0.14
0.12
0.06
0.08
0.07
0.18
0.12
0.12

0
-0.01
-0.03
-0.02
-0.02
-0.01
-0.14
-O.Io
+0.01
+0.01
0.00
0.00
-0.01
0
-0.01
0.01
0.02
0.02
0.03
-0.02
-O.OI
-0.03
0.00
0.02
0.02

-

-

-

-

0.34
0.40
0.40

0.03
0.03
0.04

-

-

0.3
0.33
0.41
0.38
0.36

0.04
0.03
0.04
0.05
0.02

-

+0.02
+0.04
0.02
+0.07
-

+0.04
+0.02
0.03
-

0.03
-

0.04
0.02
0.06
-

0.04
0.03
0.03
-0.02
-0.04

Table 3.5: Comparison oi J — H and H — K color indices from this paper and Hahn
and Lagerkvist (1988), abbreviated as H & L (1988). Our results are similar except
for the unusual asteroid .55 Pandora. Uncertainties were not specified for each
asteroid observation in Hahn and Lagerkvist (1988), but were said to be ~ O.Oo
magnitudes. A number in parentheses indicates the year of the observation.
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Figure .3.10: Data taken from the IRTF in 1991 and 1993 compared to •o'i-color
survey data of the same asteroids (Bell et al.. 1989). Squares are data from 1991.
triangles from 1993. The IRTF data are scaled to equal the survey data at 1.65 /nu
or 2.2 /zm.
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Figure 3.11: Data taken from the IRTF in 1995 and 1996 compared to 52-color
survey data of the same asteroids (Bell et al., 1989). The IRTF data are scaled to
equal the survey data at 1.65 ^m or 2.2 fim.

')!)

reflectances before thermal corrections that are above or within one sigma below t liecalculated continuum. Higher signal-to-noise ratio data for these asteroids should
clarify whether they do or do not have a 3-^m feature. The asteroid 796 Sarita is
classified by Tholen as XD. but on the basis of its IR.A.S albedo of 0.18 and the
data of Howell et al. (1992) it can be reclassified as an M (Tedesco. 19S9). .Ml of
these objects which are M-class asteroids have 3-^m spectra consistent with being
metallic or enstatite chondritic.

3.7
3.7.1

Individual Objects
Hydrated M-class Asteroids

21 Lutetia:

The spectra of 21 Lutetia taken in September 1996 agree well with

previous spectra in the area of overlap.

Lutetia has the shallowest slope of any

.\I-class asteroid in the 1-2.5 ^m region in this survey, and showed affinity with the
C class in the neural network classification of Howell et al. (1994b). although this
was ruled out due to Lutetia's high IRAS albedo relative to C asteroids.

22 Kalliope:

22 Kalliope is the second largest asteroid classified as M in the Tholen

ta.xonomy. Polarimetry of Kalliope was included in Lupishko and Belskaya ( 1989).

77 Frigga: 77 Frigga was classified as a MU (unusual .\I) by Tholen (1984). This
was because although the asteroid has a spectrum very similar to a C-class a-steroid.
its albedo was considered too high for this class.

92 Undina:

92 Undina was observed to have a 3-/im feature of 469c ± 6% by .Jones

et al. (1990). This was confirmed in Rivkin et al. (1995). though with a different
band depth. Observations in 1995 and 1996 showed a still weaker feature. Possible
heterogeneity on 92 Undina will be discussed in Chapter 4. .A. high-resolution spec
trum of Undina was obtained from UKIRT in Feburary 1996. but the signal-to-noise

ratio of the data does not allow a mineralogical analysis of the type presented for
low-albedo asteroids in Chapter 6.

201 Penelope:

201 Penelope was discovered to have a

3-^m feature of

.59( ± V7< as

reported in Rivkin et al. (1995). Unfortunately, this asteroid has been unavailable
during subsequent observing runs. Busarev and Krugly Y'u (1995) took advantage
of Penelope's short rotation time (-3.75 hrs) and observed periodic variation in a
feature at 0.7 //m attributed to phyllosilicates by Vilas and GafFey (19S9).

135 Hertha:

135 Hertha has a feature of 10% ± 5%. Hertha has a semi-major

axis very similar to that of 44 Nysa. which has led many authors over the years
to associate these two asteroids together.

The fact that both of these asteroids

are hydrated may be interpreted as further evidence that a genetic link exists, as
is discussed in Section 3.7.3. The 52-color data of Bell et al. (19S8) includes two
rather different spectra for 135 Hertha. one of which was classified as M. the other
as T by Howell et al. (1994b).

136 Austria:

136 .Austria has a very shallow spectral slope, culminating with a

'i-fim band depth of 12% ± 6%. Clark et al. (1995) also noted .\ustria"s flat slope
and suggested that it be reclassified as a K-class asteroid, analogous to the C\'/CO
chondrites. Interestingly. I find 125 Liberatrix to have a similar spectrum shortward
of 2.5 /zm. though Liberatrix has no hydration feature.

3.7.2

Possibly Hydrated M-class Asteroids

55 Pandora was observed by Jones et al. (1990) to have a 3 ^m feature of 37V'( x
22%. though I did not observe a feature within our uncertainty in either 1991 or
1996. Possibilities for this discrepancy are discussed in a later chapter. 369 .\eria
was observed on two nights in May 1996, and although the spectra are similar over
the two nights, again the uncertainty in these observations overlaps the uncertainly

*)2
in the continuum. Though there is reasonably compelling evidence that one or b o t l i
of these asteroids may have hydrated minerals on their surfaces. 1 conservatively
classify them as merely possibly hydrated.

3.7.3

E-class Asteroids

Spectra of all the E-class asteroids observed at 3 fxm from 1991-1996 are shown in
Figure 3.12.

44 Nysa:

The 1991 and 1993 observations of 44 Nysa are mutually consistent and

indicate a feature of 14 ± 2%. Cloutis et al. (1990) reported that 44 Xysa had
1.4 and 1.9 ^m absorption bands, although they were uncertain if the features wendue to incomplete subtraction of telluric water or due to hydrated silicates on the
asteroid's surface.
Cloutis et al. (1990) also suggest that observational data on Nysa from the
•52-Color Survey is consistent with the presence of less than 10% areally distributed
or intimately mixed material similar to inclusions in the Cumberland Falls mete
orite. based on absorption bands found in .\ysa's spectrum at 0.9 and l.S /mi and
interpreted as pyroxenes. They note these inclusions may contain hydrated silicates
although hydrated xenoliths have not been documented in aubrites. Based on the
3-^m data. I note that if the hydration feature is due solely to inclusions, they must
be present on at least S-10% of .\'ysa"s surface assuming areal mixing (and even
more if the inclusions don't have 100% absorption at 3 ftm).
44 Nysa has been associated with a dynamical family including the Masteroid 135 Hertha and a number of small F-class asteroids. This association has
been questioned many times based on presumed inconsistency of having F-asteroids.
which are interpreted as having a mineralogy of low-temperature silicates, carbon,
and organics, related to a differentiated E-asteroid (Chapman et al.. 19S9). Kelley
and GafFey (1994) resurrected this idea based on an unidentified spectral feature*
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Figure .3.12: Spectra of E-class asteroids taken from 1991-1996. All data were taken
using the RC2 photometer at the IRTF except 214 .Aschera, taken with XSFC.AM.
Note the 3-//m features present in the spectra of 44 Nysa. 64 .\ngelina. 214 .\schera
and 317 Roxane. and the lack of a feature on 620 Drakonia and 2035 Stearns. The
spectra are offset in scaled reflectance for clarity.

present on both Nysa and Hertha near 0.9 /.im. My studies of 13.5 Hertha in tlic
3-//m region show that both objects share water of hydration features at :5 /nn.
which may also indicate a common origin. Their possible association with small
F-class asteroids may be a result of a common origin, where Xysa and Hertha arc
interior pieces of a aqueously altered object, with the F asteroids more severely
metamorphosed exterior pieces.
Observations were made of 44 Nysa in February 1996 and July 1997 with
CGS4 on UKIRT (see Chapter 6 for details of other observations). In Figure 3.13. I
show these data. The spectra are identical within uncertainties. It is apparent that
the downturn beyond 2.5 /zm is real, appearing in both spectra. The broad 3-//ni
feature is also obvious in both spectra, as the reflectance level longward 2.7 //m is
lower than that shortward of 2.5 /zm. It is also plausible that shallow feature^s arr
present at 3.12. 3.25 and 3.4 fim in both spectra, although these features are less
than 1 <T. and thus may merely be noise.
The 2.5-/zm turndown is commonly found in clay minerals, although for a
turndown of such magnitude, the 3-^m band depths are much greater than what
we see in Nysa's spectrum. The level of the 3-/im band depth on .\'ysa may be
qualitatively matched with a clay mineral greatly diluted with a featureless mate
rial. along with some amount of a mineral strongly absorbing in the 2.5-2.8 /zni
region (especially if we disregard those data points in the 2.65-2.75 ^^m region- see
Chapter 6).

64 Angelina: The E asteroid 64 .Angelina was observed in 1993 to have a possible
feature. Because we were able to observe .Angelina with three filters in the 3-/(m
region and all are low. we felt that hydrated minerals were very likely present.
However, data with higher signal-to-noise was necessary to be certain.

Further

observations in 1995 and 1996 seem to bear out our earlier interpretation. .Angelina
is a relatively distant E asteroid, with the second-largest semi-major a.\is of the E
asteroids, and the largest semi-major a.xis of the E asteroids observed.
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Figure 3.13: High-Resolution Spectra of 4-1 Nysa from the United Kingdom Infrartxl
Telescope (UKIRT).

214 Aschera: 214 Aschera has a 38% ± 6% hydration feature, among the deepest
features seen in any asteroid. Aschera has a semi-major axis of 2.61 A\'. second
largest of the E asteroids observed, and third largest of any E asteroid.

317 Roxane: 317 Roxane has a hydration feature of 29% ± 19%. With a semimajor a.\is of 2.29 .AU. it is the hydrated asteroid closest to the sun yet observed.

620 Drakonia: 620 Drakonia is not observed to have a 3-//m feature to within
14%. Its semi-major axis is quite similar to that of 44 Nysa. though it is much
smaller than Nysa is. Drakonia is the only main-belt E-class asteroid yet observed
to be anhydrous.

2035 Stearns: 2035 Stearns is also observed to be anhydrous, to within 16%.
Its orbit crosses that of Mars, and its semi-major a.xis is l.SS .A.U. .Although not
technically a Hungaria asteroid, its spectra may be typical of those objects.

3.8

Correlations

.Naturally, in observing a population of asteroids such as the M asteroids, we seek
correlations of spectral characteristics with various orbital or physical parameters
like size, semi-major axis, spectral slope or albedo. Such trends, if present, can be
used to deduce conditions in the asteroid belt early in solar system history. .\n
example can be found in the work of Jones et al. (1990). who used the decreasing
fraction of hydrated low-albedo asteroids with semi-major axis as a sign that aque
ous alteration on these asteroids was a metamorphic process rather than a nebular
condensate, as discussed in Section 1.3.
.Among the M asteroids, however, we find no such correlation with seniimajor axis (Figure 3.14). The hydrated M asteroids span the same part of the main
belt as anh\'drous M asteroids. Because of this, we may suspect that the hydrated
and anhydrous Ms are not altered and unaltered versions of a single mineralogy.

•) I

This assumes a heat source for the alteration which is dependent on distance from
the sun. which I caution may not be the case. Similarly, there is no obvious corre
l a t i o n b e t w e e n h y d r a t i o n s t a t e a n d IR.A.S a l b e d o a m o n g M a s t e r o i d s ( F i g u r e 3 . I o ) .
Interestingly, there does seem to be a size dependence with regards to liydration state of \I-class asteroids (Figure 3.16). The only M-class asteroid surveyed
here larger than 200 km was 16 Psyche, which is anhydrous. In the 65-200 km
diameter size range. I surveyed twelve asteroids, of which eight are hydrated. and
only three anhydrous, with 55 Pandora as the uncertain final asteroid. In the small
est size range (0-65 km), thirteen asteroids were surveyed of which only two wen^
hydrated. with ten anhydrous, and 369 Aeria as the uncertain final asteroid. Thus,
not counting 16 Psyche, which is much larger than the other .M asteroids in this
survey. 67% of the "large"' asteroids are hydrated vs. 15% of "small" asteroids while
25% of the "large"' vs. 77% of "small"' asteroids are anhydrous. Similarly, there
is an apparent correlation between E asteroid hydration state and E asteroid size,
where again the largest asteroids have water of hydration (see Figure 3.17). I'he
small number of known E asteroids and the smaller number of observed E asteroids
make these correlations more uncertain, however.
There are several possible explanations for this size correlation among Mclass asteroids. Each e.xplanation hinges on a different assumption with regards to
how many populations are being observed. If all M-class asteroids, hydrated and
anhydrous, are part of a single population, we may be observing a metamorphic
trend, where large members of the class are still at roughly their original sizes,
while smaller members are fragments, or interior pieces.

In this interpretation,

the interiors were heated to a temperature that would destroy hydrated minerals,
while near-surface temperatures would remain low. allowing hydrated minerals to
remain. Because the surfaces of larger .\I asteroids would have remained at low
temperatures throughout solar system history in this scenario, we may expect them
to retain more hydrated minerals than smaller M asteroids, which may represent
heated interior pieces. .As explained in Section 3.9.5. however, if the .\I asteroids are

•)>

a single population, they cannot be iron meteorite parent bodies. A similar scenario
may be the best explanation for the size trend among E asteroids, as can be se>eii
in Figure 3.17.
The Tholen .\I class may also be sampling two populations- a "wet" one and
a "dry" one. with identical (or at least very similar) 0.3-2.0

spectra. In this case,

the large Ms (save 16 Psyche and 216 Kleopatra) are of some unknown mineralogy
(though see Section 3.9.3). and the small Ms can be of nickel-iron mineralogy.
Finally, there may be several different populations with different mineralo
gies but similar visible/near-IR spectra coexisting. Enstatite chondritic material
has the same spectral properties as iron-nickel, and since both are known to fall to
Earth, we can expect both in the M asteroid population, each with its own size dis
tribution. Neither group, however, is hydrated. so the hydrated Ms may represent
a completely different mineralogy in addition to the other two.
There are a number of reasons the first interpretation (where all Ms arc
one population and none are metal) is compelling: the prevalence of hydratetl .\1
asteroids at large sizes does not continue at smaller sizes, even though we would
expect more small pieces than large pieces. This suggests the small .Ms may bo
part of the same population as the larger, hydrated Ms. However, this presents a
problem as far as 16 Psyche and 216 Kleopatra are concerned, .\gain. for reasons
explained in Section 3.9.5. the hydrated M asteroids cannot be part of the same
population as iron-nickel bodies. However, from radar studies, it is fairly certain
that 16 Psyche and 216 Kleopatra are iron-nickel bodies (Ostro. 19S9: .Mitchell
et al.. 1995). If the other Ms (or at least most of them) are part of a population
that does not include iron-nickel bodies. Psyche and Kleopatra become extremely
anomalous, and interesting, bodies.
Interestingly, modelling the creation of collisionally disrupted iron cores
for parent bodies larger than 150 km has proven difficult because larger bodies
are difficult to break up (Don Davis, personal communication). This corresponds

to a core size of rougiily To km (GafFey et al.. 1993). implying that we shoulci
not e.xpect to find many metallic asteroids larger than 75 km in diameter, in roush
agreement with the findings in this chapter. CoUisional analyses thus find 16 Psyche
an enigmatic body, as well.
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Figure 3.14: 2.95 fim Reflectance/Continuum Reflectance of M-class asteroids vs.
semi-major axis. No obvious correlation is seen.
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Figure 3.16: 2.95
Reflectance/Continuum Reflectance vs. IR.-\S diameter. Here,
we see that the hydrated M asteroids seem to be concentrated in the 65-200 km size
range, while the vast majority of anhydrous M cisteroids are 65 km or smaller. Thi.s
may be a result of large iron-nickel cores {e.g. 16 Psyche breaking up only into very
small pieces, or due to the largest M asteroids, the hydrated M asteroids and the
smallest M asteroids all constituting separate populations.
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Figure 3.17: 2.95 fim Reflectance/Continuum Reflectance vs. IR.AS diameter for
E-class asteroids. Similar to the previous figure, but including E-class asteroids
rather than M-class asteroids, .\mong this class, too, the smaller sizes tend to be
hydrated rather than the larger sizes. However, there are much fewer asteroids in
this sample. Also, the specifics of the size distribution are different in this group
compared to the M asteroids: 5 of the 6 cisteroids here would fit in the smallest size
category for the M asteroids.

3.9

Compositional Interpretations of M-class and E-class asteroids and
the proposed W class

It will be instructive at this point to describe the composite spectra of our observed
E-class and M-class asteroids from 0.3-3.5 //m to determine what mineralogies are
indicated and which may be excluded by the data. I will then discuss the likelihood
of such mineralogies coexisting, and consider their interpretation in the context of
our current understanding of asteroid geology and origins.

3.9.1

M-class Asteroids: 0.3—3.5 fxm

Spectrally, the M asteroids are largely featureless from 0-3 to 2.5 fim. While this
may make it difficult to say what is present on the surface of these bodies, it also
serves as a strong indication of what is not to be found on .VI asteroids. .\s can be
seen in Figure 3.IS, olivine and pyroxene with Fe'^"'" give rise to strong absorption
features at roughly I and 2 /zm. These features are absent in M-asteroid spectra.
Similarly, a Fe^'''-Fe^''' intervalence charge transfer (IVCT) absorption gives rise to a
strong "edge" shortward of roughly 0.4 ^m. which is not seen in M-asteroid spectra.
Thus, there is no evidence for oxidized iron on the surfaces of .M asteroids. .Most
.M-asteroid spectra show increasing reflectance with increasing wavelength, or a "red
slope". This is suggestive, though not diagnostic, of metallic iron. Some of tlie M
asteroids (such as 21 Lutetia. 136 .A-ustria and 125 Liberatrix) have very slialluw
red slopes, or no slopes at all in the infrared.
.\s discussed in Chapter 1. an absorption feature at 3 f-im is diagnostic
of hydrated minerals, whether silicates, salts, or water itself. While the spectral
resolution is not high enough in these data to determine which specific mineral is
responsible for the hydration feature, it is possible to make some general statements
about what that mineral (or minerals) may be like.
In Figure 3.19. we can begin this comparison. It can be seen that the 3.12
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Figure 3.18: 0.3-2.0 i-im Spectra of Common Meteoritic Minerals from Clark et al.
(1996). Note how olivine and pyroxene have well-defined absorption features near
I and 2 fim. and absorption features in the UV. M and E-class asteroids lack the.s('
features, and thus presumably lack those minerals.

H')
/.im reflectance for the hydrated M-class asteroids is the same as the "i.IJo //ni re
flectance w i t h i n o b s e r v a t i o n a l u n c e r t a i n t i e s ( w h e r e t h e relevant d a t a a r e

available!.

Also, while the data at 3.35 /im is of lower signal-to-noise than the shorter wave
length points, there seem to be two groups among the hydrated Ms. those with 'i.'io
mum/2.9-5 ^m reflectance ratios near 1.0. and a smaller group with larger ratios.
This is in contrast with most low-albedo asteroids, which have /?3.i2/^-2.95 nearer
to 1.10 or higher, and R3.35/R2.95 at 1.3 or above. This suggests that the hydrated
minerals in these strange M asteroids are diflFerent than those found in low-albedo
asteroids, though it is not out of the question that thermal effects have not been
fully taken into account in these spectra, or that they may have similar minerals as
selected low-albedo asteroids. Because the reflectances are not rapidly increasing
from 2.95 ^m. and often have not reached the continuum level by -J.-jo or e\eri
//m. it seems safe to say that hydro.xyl alone cannot be responsible for this ^^peclral
feature, and that H2O is present in these minerals, most likely as adsorbed or interlayer water. This is shown in Figure 3.20. which ju.xtaposes 2.4-3.6 /zm spectra of
kaolinite (a clay mineral with only OH groups) and montmorillonite (a clay mineral
with structural water), both from Clark et al. (1996).
To summarize. M asteroid spectra require a surface with little in the way
of oxidized iron, with some agent causing increasing reflectance with wavelength
(usually interpreted to be metallic iron).

Some .\I asteroids also have hydrated

minerals on their surfaces, which may include H2O as well as OH.

3.9.2

Comparison to Other Asteroid Classes

It is instructive to compare the spectra of hydrated M asteroids with other asteroitl
classes. By doing so. we can create a context in which to interpret the "wet Ms",
and possible compositional links can be explored. It is natural, then, to compare the
spectra of the hydrated Ms to spectra of hydrated C-class asteroids (see Chapter 6
for more on these and related asteroids). The C class has both the largest number of
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Figure 3.20: These spectra, from Clark et al. (1996). show the different spectral
behavior of a phyllosilicate with structural water (montmorillonite) and with only
OH groups (kaolinite). The 3-^m feature for kaolinite is much narrower than the
montmorillonite feature, and there is a significant increase in reflectivity for kaolinitr
between 2.S and 3.1 ^m that is not seen in the montmorillonite. Because the
hydrated M-class asteroids do not exhibit this significant increase in reflectivity, tlic
presence of structural H2O can be inferred.

fi>
asteroids with known hydration state (49 in the C class and subclasses) and the most
hydrated members among asteroid classes ("27 in the C class and subclasses i. ('-class
asteroids are interpreted to be analogous to the carbonaceous chondrite meteorites,
w i t h a b u n d a n t phyllosilicates. o x i d i z e d i r o n , a n d s p e c t r a l l y o p a q u e p h a s e s

(Gatfey

et al.. 19S9).
In Figures 3.21 and 3.22, we compare the 0.3-3.6

spectra of the hydrated

M asteroids 21 Lutetia and 22 Kalliope and the hydrated C asteroids 344 Desiderata
and 240 Vanadis using ECAS (Zeilneret al.. 1985), the 52-Color Survey (Bellet al..
1988) and our 3 f/m work. The spectrum of 344 Desiderata is from Feierberg et al.
(1985). It is clear that these pairs of M and C asteroids have very similar spectra
in the 0.5-3.6 /xm region, although the spectra differ greatly shortward of 0.5 //ni
due to the IV'CT feature present in C-class asteroids. .-Mso. the albedos of the ('
asteroids are much lower than the hydrated .\Is.

.Nevertheless, the similarity of

their spectra is highly suggestive of similar mineralogies, with the C-class asteroids
having an additional spectrally opaque substance or substances to lower their overall
reflectance and provide an ultraviolet feature.
.A simple calculation using linear mi.xtures shows, however, this may be
an oversimplification. If we take the IR.A.S albedo of 22 Kalliope (p^. ~ 0.15) and
assume a mixture with a mineral with an albedo of 0.03. the unknown low-albedo
substance would have to contribute 75% of the spectrum in order to achieve the
known IR.-\S albedo of 344 Desiderata (pv ~ 0.06). Even if one reduces the albedo
of the unknown additive to 0.01. it will be contributing nearly 2/3 of the spectrum,
thus dominating what we see.

It is conceivable that materials such as magnetite

in a non-linear mixture may be able to successfully match the spectra, though a
thorough investigation of such a hypothesis is beyond the scope of this work.
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Figure 3.21: The 0.3-3.6
spectrum of the hydrated M-class asteroid 22 Kalliope
compared to the C-class asteroid 344 Desiderata. Note the extreme similarity in the
spectra longward of about 0.5 //m. Although the albedos of these objects are signif
icantly different, and the ultraviolet spectra are also different, the v-isible/near-lR
spectral similarities may indicate similar mineralogies.
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Figure 3.22: The 0.3-3.6
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between these two asteroids are similar to those of the previous figure.
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3.9.3

Hydrated M-class Asteroids: Comparison to Meteorite and Lab
oratory Spectra

We may be further be able to constrain the mineralogy of hydrated M-class asteroids
by performing simple spectral mi.xing models involving plausible materials. I have
done so using the enstatite chondrite meteorite .-Kbee (E4) and a sample of talc.
Talc was used because it is the product of aqueous alteration of enstatite. The
.\bee spectrum is taken from GafFey (1976) for the 0.3-2.5 /zm portion, and then
extrapolated using the procedure of Section 3.3 to 3.6 ^m. The talc spectrum is a
combination of two spectra, one from 0.3-3.0 ^m (Clark et al., 1996). and another
from 2.0-3.6 fim (Salisbury et al.. 1991).

.Although these are different samples,

with somewhat different albedos, when scaled together the fit is quite goofl (sec
Figures 3.23 through 3.25).
While it may be tempting to characterize the surface of hydrated .M aster
oids as a mixture of enstatite-chondritic material and 1-10% talc. I must caution
that this mix is certainly not a unique solution. What this does show, however, is
that qualitatively these surfaces have similar spectra to a plausible meteorite analog
and a product of its aqueous alteration.

3.9.4

Anhydrous M-class Asteroids

.\s mentioned earlier in this chapter, interpretations of the surface mineralogy uf
.\I-class and E-class asteroids hinge upon the assumption that these bodies are
igneous products of differentiated bodies: disrupted iron-nickel cores for the .Ms and
aubrite-like enstatite melts for the Es. Obviously, the existence of iron meteorites
and aubrites demands the existence of parent bodies. Therefore, anhydrous E and
.M asteroids still may be interpreted as all E and M asteroids were before this work:
as aubrites and iron-nickel bodies, respectively.
The radar data of Ostro et al.
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Figure 3.23: The 0.3-3.6
spectrum of the hydrated M-class asteroid 136 .Austria
compared to a linear mixture of 91% Abee (E4 chondrite) and 9% talc. This mi.xture
is a good qualitative match to Austria's spectrum. The .A.bee spectrum is from
Gaffey (1976), the talc spectrum from Clark et al. (1996). and the 0.3-1.1 //ni
spectrum of .Austria is from Chapman and Gaffey (1979).

7;{

1

9
7
5
3
1

9
7
5

• 22 Kalliope 9/96
OTalc
-E Abee (E4)
-019:1 Abee:Talc

3
0.1

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

2.7

3.0

3.3

3.6

Wavelength (jim)

Figure 3.24: The 0.3-3.6
spectrum of the hyclrated M-class asteroid 22 Kalliope
compared to a linear mixture of 95% .A.bee (E4 chondrite) and 5% talc. This mixture
is a good qualitative match to Kalliope's spectrum. The Abee spectrum is from
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Figure 3.2.5: The 0.3-3.6 /im spectrum of the hydrated .\I-class asteroid 771 Libera
compared to a linear mixture of 97% .-Vbee (E4 chondrite) and 39c talc. This mixture
is a good qualitative match to Kalliope's spectrum. The .\bee spectrum is from
GafFey (1976), the talc spectrum from Clark et al. (1996). and the 0.3-1.1 //m
spectrum of Libera is from Zellner et al. (1985).

combined with these data seem to confirm 16 Psyche and 216 Kleopatra as

bona

fide metal-rich objects. However, as discussed below, these might be the only two
metal-rich asteroids in the main belt that we can point to with much contidencc.
Given the constraints placed on .VI asteroid composition in Section 3.9.1. and thtlinear mixes made in Section 3.9.3. an interpretation of M-class asteroids as the
primitive enstatite chondrites holds equal merit, and should not be ignored.

3.9.5

The W Class - Hydrated M-class Asteroids

The previously discussed 3-/xm observations upset the conventional wisdom thai
high-albedo asteroids are all igneous and anhydrous. Because hydrated minerals
are not stable at even moderately high temperatures (above 500 K) they are not
e.xpected to be present on igneous bodies (Jones et al.. 1990). Either some E- and
M-class asteroids are not igneous, or some currently unknown post-igneous aciueous
alteration process has occurred. Hydrated M-class objects cannot be entirely or
even largely metallic, or the metal would likely have been oxidized in any alteratiori
episode, giving these asteroids an ultraviolet intervalence charge transfer absorption
feature shortward of roughly 0.4 fim that is not observed. Furthermore, it is difficult
to create a scenario by which the center of a differentiated object (which .\I-class
asteroids have been interpreted to be) comes in contact with water or hydrate'd
minerals, and those scenarios that can be created are inevitably ad hoc. Before the
body is disrupted, the temperature is much too high to allow hydrated minerals to
exist, .\fter the core is exposed to space, impacts with bodies containing hydrated
minerals would destroy those minerals at most reasonable impact speeds. The pres
ence of hydrated minerals thus makes the interpretation of some .Vl-class asteroids
and E-class asteroids problematic. Because hydrated M-class asteroids may bear
little mineralogical resemblance to anhydrous M-class asteroids, it makes sense to
taxonomically split these asteroids off from the main class, either as the Mh subclass
following Burbine and Bell (1993) or preferably as a separate class (the VV class)
to avoid association of metallic anhydrous objects with possibly primitive, possibly
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lightly heated but definitely non-metallic hydrous objects. The VV class then con
sists of 21 Lutetia. 22 Kalliope. 77 Frigga. 92 Undina. 201 Penelope. 771 Libera.
110 Lydia. 135 Hertha. 129 .Antigone. 136 .Austria and possibly oo Pandora.

3.9.6

Scenarios for Origin of W-class Asteroids

There are a number of possible scenarios for the formation of a high-albedo hydrated
asteroid. Mineral veins containing hydrated salts are present in the CI chondrites
(Zolensky and McSween Jr., 1988). If these veins were to have reached the surface
of their parent bodies while still forming, the result may be large areas of higlialbedo vein material on the surface of the body, which might then spectroscopically
look like a hydrated M or E. One might expect from this scenario, however, that
later impacts and surface weathering might lower the albedo and mi.x in some of the
stratigraphically lower non-vein material. .Although meteorites composed entirely
out of vein material have never been found, sulfates and salts may be too weak
to survive as meteorites. If an aqueous episode could create carbonates from car
bonaceous material, the VV asteroids may have experienced chemical reactions that
incorporated their opaques into high-albedo carbonates. It has been observed that
carbonate bands are suppressed in hydrated carbonates, enabling the carbonates to
"hide" (Calvin and King. 1991).
Fanale et al. (1974) outlined a similar scenario to explain the surface of [o
in pre-Voyager days, although lo has no 3-^m band. Here a silicate-ice mix was
heated internally. .A wave of liquid water moved outward, dissolving salts along the
way. When this "wave" of water reached the surface, it froze and then sublimed
away, leaving an evaporite deposit on the surface. Because of the short residence
time of ice on the surface of a 200-km body in the asteroid belt, this scenario may
be relevant here. Fanale et al. also took spectra of an evaporite derived from boiling
Orgueil and found it to have a rather high reflectance (~ 60%). Thus, a relatively
small areal coverage of this material (25%) could bring the albedo of a body from

0.04 to 0.18. within the range of the M-class. If the deposit of salts is thin, nvgolitli
processes and mixing may re-darken the surface. However, work by Kargel i I9f)l i
suggests that a chondritic body with no added water could have sulfate deposits
accumulate via brine vulcanism from the surface to nearly 10% of its radius in dept li
upon differentiation. Whether this depth could be maintained over the age of the
solar system, and what effect major impacts would have is unclear.
The recent discovery of an enstatite chondrite/carbonaceous chondrite brec
cia which has hydrated minerals suggests that it may be possible for asteroidal
surfaces consisting of materials with wildly different origins to co-exist, possibly a.s
a result of collisions (Zolensky et al., 1994). The hydrated E and VV'-cIass aster
oids may then be mixtures of high-albedo anhydrous minerals with a component of
hydrated minerals from a low-albedo source.
Given the qualitative success of matching VV'-class asteroid spectra with
mixtures of enstatite chondrite and talc (a product of aqueous alteration of en
statite) in Section 3.9.3, a straightforward scenario involves the accretion of en
statite chondritic material and ice, followed by limited heating and aqueous alter
ation. Because enstatite chondrites are very reduced, the coaccretion of water ice
is counterintuitive. However, recent work by Cyr et al. (1997) suggests that water
condensed farther out in a more oxidizing part of the solar nebula ma_v be able lo
drift closer to the Sun over significant distances. This may provide a way to provide
water ice to more reduced parts of the solar nebula.
.A. complication for any scenario is that it is unknown if any putative heat in":
occurred from the outside in. or the inside out and we are thus unaware if intact
asteroids or fragments are being observed. If heating was external and relatively
mild, alteration may have occurred from the outside in. "leaching" opaques from
the surface and leaving them inside. This sort of process occurs on the earth in
the formation of caliche, which admittedly is not an opaque. The VV asteroids may
then represent rare, intact remnants of this time.

[f the heating were internal, aqueous alteration may have leached rhc
opaques from the inside, concentrating them on the surface, which was then strip[)ed
away. In t h i s s c e n a r i o , t h e VV a s t e r o i d s a r e i n t e r i o r f r a g m e n t s of o n c e larger

objects.

This may account for the association of low-albedo F-class asteroids with the highalbedo Nysa/Hertha family.
Finally, it may be possible to reconcile the interpretation of these asteroids
as igneous bodies with the unmistakable evidence of hydrated minerals. If an icerich body were heated via electromagnetic induction, it may be possible to melt the
e.xterior of the body while leaving the interior relatively unheated. Interior ice. or
water, may migrate surfaceward and survive long enough in a regolith to react with
the igneous minerals and form alteration products.
Vilas (1994) suggested that the VV asteroids (although she does not use tlie
VV class) may represent asteroids that have run the course of aqueous alteration and
have had all their iron put into magnetite or iron sulfides. She proposes that the W
asteroids may be mi.xtures of phyllosilicates. large-grained magnetite and elemental
iron. It is uncertain, however, whether metallic iron would be expected to survive
extreme aqueous alteration without oxidizing to Fe'^"'" or Fe^"*".

3.9.7

Hydrated E-class Asteroids- Possible Origins

Unlike the apparent contradictions inherent in having "hydrated iron meteorites."
there seems to be no a priori reason to reject "hydrated aubrites" as plausible.
While the aubrite meteorites are not known to contain hydrated minerals in known
samples, it is conceivable that they could exist in the asteroid belt. .Ml that is
necessary is that ice be present to allow alteration to occur. The scenario would
then be similar to one of those proposed as an origin for the VV asteroids: a heating
event melts the surface of the asteroid, the thermal wave propagates and melt.s
water ice. which then aqueously alters the surface minerals. Because aubrites have
almost no iron in any form (Rubin, 1996), no oxidized iron would be expected.

7!)

which agrees with our spectra. This scenario implies two things: water ice was
present to be mixed into bodies as close to the sun as 2.3-2.4 W . and that the
heating occurred from the outside in. Of course, while this scenario has the v irtue
of requiring few changes to the inferred mineralogy of E asteroids, other scenarios
could have equal merit.

3.10

Summary

I have observed 26 M-class asteroids and 6 E-ciass asteroids. Ten of the 26 .\I as
teroids are observed to have 3-/xm features diagnostic of hydrated minerals, as arc
four of the six E asteroids. These observations require major revisions be made in
the interpretations of the mineralogies of these asteroid classes: hydrated .M-class
asteroids cannot be the progenitors of iron meteorites. For this reason. 1 suggest
the creation of the VV cleiss of asteroids, to contain hydrated members of the .\I
class, following Rivkin et al. (1995).

There appears to be a size dependence in

observed hydration state, with larger members of these classes preferentially bear
ing hydrated minerals. Indeed, it appears only two asteroids larger than SO kni
diameter (16 Psyche and 216 Kleopatra) may have iron meteorite-like surface min
eralogies. Using simple linear mixing models, the spectra of W-class asteroids can
be cjualitatively matched with a mixture of a primitive enstatite chondrite ( .-\beei
and roughly 1-10% talc, which is a product of the aqueous alteration of enstatite.
Possible scenarios for the creation of VV-class asteroids include the limited aqueous
alteration of enstatite chondrites, low-velocity collisions leading to the combination
of low-albedo hydrated carbonaceous chondrite material with high-albedo anhy
drous material, or extensive alteration of carbonaceous chondritic material leading
to large high-albedo hydrated salt deposits.

so

CHAPTER 4

SPECTRAL VARIATION NEAR THREE MICROMETERS

4.1

4.1.1

Previous Work

Variation shortward of 2.5 fim

Spectral variation on asteroids was observed almost as soon as spectra of asteroids
were taken. Bobrovnikoff (1929) noted the ultraviolet-visible spectrum of 4 Vesta
varied periodically, and was able to determine a value for Vesta's rotation period
from these changes. Indeed, Vesta's spectral variation has been studied by a number
of authors, culminating in Hubble Space Telescope observations mapping its surface
(GafFey. 19S3; Binzel et al.. 1997b). Variation has also been reported on 433 Eros
(Murchie and Pieters, 1996), 201 Penelope (Busarev and Krugly Yu. 1995), and on
twelve asteroids from the Eight Color Asteroid Survey (EC.A.S), including 21 Lutetia
(Vilas, 1994). Howell (1995) reviewed possible spectral variation in the 52-Color
Survey (Bell et al., 19SS) and on near-Earth asteroids (NE.A.s) as well as discussing
observations at 3 /zm.

4.1.2

Variation at 3 nm

Howell (1995) reviewed observations done at 3 ^m by Jones et al. (1990). Rivkin
et al. (1995) and Howell et al. (1992). Two of the asteroids she discussed (10 Hygiea and 55 Pandora) were observed as a part of this dissertation and are discussed
in Section 4.2. These observations offered tantalizing evidence that significant vari
ation in the amount of hydrated minerals over an asteroid's surface could exist.

^ 1

4.2

Observations from this work

With this dissertation, we now have a number of asteroids that have been observed
at 3 /um at multiple epochs, allowing us to look meaningfully for correlations of
spectra with sub-Earth latitude.

VVe also have observed 44 Nysa over an entire

rotational period at a sub-Earth latitude near ± 20°. The sub-Earth latitudes and
longitudes cited in this chapter were determined using pole positions and rotation
periods compiled by Per Magnusson and available from the European .Asteroid Re
search Node (EARN) web site (http://r29.247.214.46) and Tedesco et al. (1989).
and with the help of a program written by Dan Durda (Durda, personal communi
cation).

4.2.1

16 Psyche

16 Psyche was observed on four different observing runs, at three different appari
tions from 1987 through 1996. The 1987 data was reported in Jones et al. (1990).
The sub-Earth latitudes of the observations varied from -1-39° to -02°. thus covering
most if not all of Psyche's surface as far as latitude. .All the spectra are consistent
within uncertainties. Because of this, and because these data were taken by three
different observing teams using three different instruments, the fact that Psyciie
does not vary can be used as circumstantial evidence that the variations seen in
other asteroids are real. This also agrees with the work of Binzel et al. (1995). who
saw no spectral variation on Psyche at shorter wavelengths within 1%. The
spectra are shown in Figure 4.1. Table 4.1 shows the times of observation, sub-Earth
latitude, and relative rotational phase for the 3-/xm observations of 16 Psyche.

4.2.2

55 Pandora

55 Pandora was observed to have a significant (17% ± S%) 3 ^m feature by Jones
et al. (1990). However, observations by Flowell reported in Rivkin et al. (199")i

Date (UT)

Midtime (UT)

25 Apr 1987
30 Dec 1991
4 Dec 1995
15 Feb 1996

7.22
14.70
13.38
6.95

Sub-Earth Lat
+26.5°
+38.7°
-49.8°
-52.7°

Rotational Phase
0.35
= 0
0.61
0.62

Table 4.1: Sub-Earth Position of 16 Psyche. A pole at (A.J) = (.35°. -21°) was
used, and zero rotational phase defined as the midtime of the 1991 observations.
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Figure 4.1: Spectra of 16 Psyche from 1987-1996. Note how despite the fact the
observations are centered at different sub-Earth latitudes on Psyche, the spectra
are all consistent within observational uncertainties. The 1987 data are from Jones
et al. (1990)

showed no feature within 6%. As shown above in Chapter 3. I observed Pandora
on 28 and 30 September 1996. .\ll Pandora spectra are shown in Figure 4.2. The
30 September spectrum is particularly odd in the somewhat different 1.6-5-2.20 /mi
spectral slope compared to all other observations as well as a 2.40 //m point fainter
than the 2.20 /zm observation. Scaling the 30 September observations to equal the
others at 1.65 ^m still results in an unusually low 2.40 ^m point. The 28 and 30
September observations differed by roughly one-third of a rotation, so rotational
spectral variation cannot be ruled out.
.All 3-/zm observations of 55 Pandora have been of the same hemisphere.
Nevertheless, using a pole at (A. li) = (220°. -1-30°) from Magnusson et al. (L989l
one may discern a trend from more equator-centered observations in 1988 (subEarth latitude of 31.5°) to more pole-centered observations of an anhydrous Pandora
in 1991 (47°) and 1996 (40.5°).

Interestingly, we did not find Pandora to have

anomalous JHK colors, unlike Hahn and Lagerkvist (1988), but found Pandora's
JHK colors to be similar to those of other M-class asteroids. Hahn and Lagerkvist
observed a different hemisphere of Pandora than we did. and .Jones et al.

did

not obtain .JHK colors of Pandora at all when using CG.AS. .A.s a result, there
is intriguing circumstantial evidence that 55 Pandora may have hemispheres that
are quite different spectrally, with one area evidencing a spectrum typical of Mclass asteroids and the other possessing strange .JHK colors and hydrated minerals.
Unfortunately, this hypothesis must await further data for proof or disproof.

4.2.3

22 Kalliope

22 Kalliope was observed on four nights, two in December 1995 and two in Septem
ber 1996 (see Table 3.1). The observations in 1995 were centered on different hemi
spheres of the asteroid, with the side observed on 4 December (defined here as phase
= 0 at 6.679 UT on 4 December) showing a 25% ± 5% hydration feature, while the
data from 6 December (phase ~ 0.4) showed a 3% ± 5% feature. It is worth noting
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Figure 4.2: Spectra of 55 Pandora from 1987-1996. Differences from one observation
to another are described in text.

that in December 1995. Kalliope was observed at rather high airmasses. especiall\on 4 December. The possible effect this may have had on the data is unknown.
In September 1996, spectra were taken centered at phase 0.73 and 0.49.
The former spectrum, from 29 September, showed a feature of 16% ± 6%. while
the latter spectrum, from .30 September, showed a feature of 8% ± 4%.
It is unclear from these data whether actual variation is occurring, or if
the spectra are merely scattered around a band depth of roughly 10%. However,
the December observations show a rather different 1.2.5-2.2 /zm spectral slope than
those of Bell et al. (1988).

Further observations are necessary to determine the

nature or existence of spectral variations on this asteroid.

4.2.4

92 Undina

92 Undina has been observed from the IRTF four times at three epochs with a
slightly different result each apparition. It was also observed from the UKIRT in
February 1996. Unfortunately. Undina does not have a known pole position, so it is
impossible at this time to determine whether or not these differences can legitimately
be attributed to surface variegation. However, we do know the position in Undina's
orbit at which observations were made, and given certain assumptions about where
the pole may be. we can determine whether we were looking at similar sub-Earth
latitudes or not. In Table 4.2 I present the times of the Undina observations aloiis
with the revolutions since the observations of Jones et al. (1990). There is a possible
trend that can be seen in the table, suggesting that there may be surface variegation.
Again, this can only be considered speculative.
The rotation period for Undina given in Magnusson et al. (1989) is not of a
precision to allow relative rotational phases for all of the observations to be made,
but the relative phases for the last three can be calculated. If zero rotational phase
is defined as the midtime of the 1995 observations, the UKIRT observations were
made at rotational phase 0.15 ± 0.03. while the February 1996 IRTF observations

were made at phase 0.53 ± 0.04. Because the band depth measured for the ( KIR I
and 1995 observations are different while the rotational phases are similar, this
suggests the data are scattered around a true band depth near 10%. which is also
consistent with the February IRTF observations. However, the latter observations
are of the other hemisphere of Undina. and thus may show true variation, .\gain.
further data are needed, including a pole position for this asteroid.

Date (UT)
1 Oct I98S
15-18 Aug 1993
6 Dec 1995
4 Feb 1996
15 Feb 1996

Revolutions since 1 Oct 1988 Band Depth
0
46% ± 9%
0.85
10% ± 2%
1.26
18% ± 7%
1.29
6% ± 5%
1.29
L-i% ± 4%

Table 4.2: Position of 92 Undina in its orbit. .-Mthough 92 Undina does not have a
known rotational pole, we can estimate what part of the body was observed based
on its position along its orbit. All data were taken from the IRTF e.xcept 4 February
1996. taken from UKIRT. See te.xt for details.

4.2.5

44 Nysa

Using poles from Magnusson et al. (1989) ( J. A = (+50°. 100°) and (+61°. 300°)).
we find that both hemispheres of 44 Nysa were observed between the 1991 and 1993
observations. The 1991 observations were centered on a latitude of -35.0 or +31.6.
while the 1993 observations had sub-Earth point latitudes of +31.S or - 21.5. These
observations were both consistent with one another, prompting the interpretation of
a homogeneous surface. Observations in 1995 showed a lesser band depth, however,
leading to observations of Nysa in February 1996 over an entire rotation period.
Table 4.3 shows the times, band depths, sub-Earth latitudes, and relative
phases of our 3-;fm observations.
The UKIRT and IRTF observations were taken very close in time, during

Date (UT)
30 Dec 1991
15 .A-ug 1993
IS .\ug 1993
4 Dec 1995
6 Dec 1995
4 Feb 1996
14-15 Feb 1996
10 July 1997

Midtime (UT)
13.61
7.00
7.17
15.17
15.25
13.5
-

9.0

Sub-Earth Lat
-35.6°
-h31.1°
+31.1°
-21.1°
-21.1°
-21.1°
-21.1°
+37.0°

Phase
= 0
0.04
0.27
0.54
0.03
0.03
all
0.28

Band Depth
17 ± 1%
11 ± 57c
12 ± 59T
0 ± 5^^
6 ± 3.59^
7 ± 2%
11 ± 37t
S ± 3%

Table 4.3: Sub-Earth Position of 44 Nysa. A pole at (A. J) = (102°. +50°) was
used, and zero rotational phase defined at the midtime of the 1991 observations.
Band depth is measured at 2.95 fim. .\11 data was taken at the IRTF except the 4
February and 10 July data, taken from UKIRT.
February 1996. As a result, both sets of observations were taken at the same subEarth latitude. The IRTF observations from February 1996 were taken on the I4tli
and 15th of that month and were timed to allow coverage of an entire rotation
period. In Figure 4.3 spectra taken in February 1996 are shown divided into Hvi'
equal-time parts. We can see that Nysa shows no rotational spectral variation witliin
uncertainties. This suggests that Nysa is homogeneous as far as surface mineralogy
within the area covered by the UKIRT observations (Nysa's entire surface except
within 20° of one pole), and it also suggests that the differences seen at different
epochs are due to latitudinal variations rather than longitudinal variations, at least
to first order.
It is worth cautioning that these data are also consistent with a simple
scatter around a S-10% feature, and that heterogeneity cannot be proven with these
data. Figure 4.4 shows the UKIRT data from February 1996 and July 1997. These
data are consistent within uncertainties, even though they were taken at epochs
with very different sub-Earth latitudes. Other data from UKIRT observing runs
are discussed in Chapter 6.
Is it reasonable to expect latitude-controlled heterogeneity on asteroids?
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If aqueous alteration is a depth-dependent process in asteroids, then impacts

may

expose areas with different amounts of hydrated minerals. Given that tlie slunt
axis of an ellipsoid will inevitably become the rotation a.xis of that body (Harris.
1994), it is not unreasonable to imagine a situation where a layered body that has
been impacted to e.xpose different layers gives rise to latitudinal variation but not
longitudinal variation. I caution that this is an extremely simplified model, and
that the actual impact evolution of a body will not produce a symmetric body, and
we should not expect band depths to be symmetrical about the equator.

4.2.6

10 Hygiea

10 Hygiea is the largest member of the C class, and has been observed a number of
times at .3 /im. Most of these observations have been consistent with one another,
but as can be seen from Table 4.4 and Figure 4.5. observations in 19S6 reported in
(.lones. I9S9) show no water-of-hydration feature. In 1996 1 observed this asteroid
again and found it to be consistent with the non-19S6 data.
Because 10 Hygiea has a long rotation period known to high precision. 1
was able to determine the relative rotational phases for all 3-^m observations bark
to 1983.

Remarkably, every time Hygiea has been observed, roughly the same

longitudes have been facing the Earth. This means that to first order, differences
in spectra must be due to latitudinal variation.

Because the observations of an

anhydrous Hygiea were made at an extreme of the longitudes observed, this suggests
the anhydrous area is restricted to either an area near one pole, or conversely that
hydrated minerals are restricted to a near-equatorial zone. If the latter, we can use
the logic used on Nysa in the previous section and infer that the exterior o( Hygiea
wcis more aqueously altered than its interior, in contrast to Nysa. Given the size
of Hygiea (diameter of 407 km from IRAS) and the ellipsoidal model for its shape
(E.-XRN web site), we may be seeing as deeply into Hygiea's interior as 50-80 km if
it began as a sphere. .Alternately. Hygiea's hydrated minerals may be devoid near

!)1

one pole and not the other, which would speak to the patchiness of the alteration
process.

Date (UT)
21 Mar 1983
8 Dec 1986
9 Dec 1986
1 Feb 1988
29 Sep 1996

Midtime (UT)
12.0
11.8
11.7
10.7
13.3

Sub-Earth Lat
+7.3°
-47. r
-47.1°
-33.4°
4-2.0°

Rotational Phase
0.13
= 0
0.86
0.87
0.78

Band Depth
13 ± 29^
0 ± 37c
0 ± 3%
n±r>%
12 ±

•
1
i
1
1

Table 4.4: Sub-Earth Position of 10 Hygiea. .A. pole at (A. i ) = (108°.
wa.s
used, and zero rotational phase defined at the midtime of the S December observa
tions. Band depth is measured at 2.95 fim and measured from a linear continuum
extrapolated from data points at 1.25. 1.65 and 2.20 fiva. The 19S3 observations
appeared in Feierberg et al. (1985). the 1986 and 1988 observations appeared in
Jones et al. (1990).

4.3

Discussion

Given the observations above, though hardly rigorous. I would conclude that there is
currently little evidence for rotational variation in the 3-/im feature (e.xcept possibly
on 22 Kalliope). but there is circumstantial or better evidence for variation in the
3-^m feature on some asteroids with sub-Earth latitude. With the equatorial plane
containing the long and middle axes of an ellipsoidal asteroid, the implication is that
different latitudes plumb different depths. .Admittedly, this is an oversimplification
of the problem, but we may find this is true for large asteroids at least.
Following this logic, it is perhaps puzzling that the "interior" (poles) of
44 Nysa show more aqueous alteration while the ''interior" of 10 Hygiea shows
less. We may reconcile this, however, by noting that Hygiea is a larger body and
may have had higher central temperatures than Nysa. In such a case, the hydrated
minerals that are near the equator of Hygiea would have been destroyed at its poles,
while those near the poles of Nysa would never have been created at its equator.
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Figure 4.5: Spectra of 10 Hygiea from 1983 through 1996. While most of the spectr
are identical within uncertainties, the spectra taken in 19S6 show an anhydrou
surface. See text for details.

Alternately, the difference may simply represent different collisional histories.
.Another possibility may lay in the fact that Nysa is near 2.4 .AU. vvhil<>
Hygiea is bej'ond 3.1 .AU. In this interpretation, assuming a solar-distance depen
dent heat source. Hygiea never got very hot. with interior ice still possibly present
and unreacted with anhydrous silicates, while Nysa perhaps had surface hydrated
minerals destroyed while interior hydrated minerals remained. In this scenario, the
heating is from the outside in.
What is clear is that while the first steps in solving this problem have been
taken, additional data is necessary.

4.4

Summary

I observed a number of asteroids that were previously observed in order to e.xplore
possible spectral heterogeneity in the 3-^m region. 16 Psyche shows no variation, in
agreement with the results of Binzel et al. (1995) from shorter wavelengths. Other
asteroids, however, showed evidence for variation from apparition to apparition, if
not over a rotation period. 92 Undina shows evidence of variation, though analysi.s
is hampered by the lack of a pole position. More data is needed for oo Pandora,
though it shows intriguing signs of variation over a wide wavelength range. 44 .\ysa
showed no evidence of rotational variation, though it may be showing different
spectra with changing sub-Earth latitude. 10 Hygiea shows definite signs of vari
ation with changing sub-Earth latitude. The lack of obvious rotational variation
contrasting with evidence for variation with aspect suggests layers with different
depth-dependent alteration histories may be exposed at different times on these
bodies, lending support for aqueous alteration as a parent body process.
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CHAPTER 5

S-CLASS AND K-CLASS ASTEROmS

5.1

Introduction: S-class Asteroids

The S asteroids in the Tholen taxonomy are distinguished by moderate albedos
(0.1-0.3) and absorptions in the ultraviolet (the "UV edge") due to intravalence
charge transfers in oxidized iron, and at 1 ^m due to oxidized iron in olivine and
pyroxene. Observations in the 1-2.5 /zm region reveal pyro.xene absorptions, with
occasional other absorptions as well (Tholen. 1989; GafFey et al.. 1989: Burbine
et al.. 1992).

The 52 Color Survey of Bell et al.

(19SS) focussed on observing

the S asteroids, and using this survey Howell et al. (1994b) split the S class into
three subclasses (S. S q . and Sp), while GafFey et al. (1993) divided the S class into
seven subclasses. Bell noted that the progenitors of the CV and CO carbonaceous
chondrites would have visible spectra that would group them in the S cla.^s. but
different infrared spectra than most S-class asteroids. He thus split those asteroids
off from the S class, forming the K class. The K-class asteroids are further discussed
in Section 5.5.
The S-class asteroids constitute the most abundant asteroid class in the
inner main belt, and thus have been the focus of much attention. They have been
interpreted as differentiated, stony-iron objects by some authors (Bell et al.. L989).
and as perhaps the ordinary chondrite parent bodies by others (Migliorini et al..
1997: Chapman. 1996).

A major issue in this debate is the characterization of

(indeed, even the existence of) any ongoing processes which may be responsible for
changing the spectra of ordinary chondrites to look like S-class asteroids I "space

weathering", discussed further in Section 5.4). In order for a "weathering" proce-ss
to do this, it would need to lessen absorption band depths and impart a reddisli
continuum to an ordinary chondrite spectrum (Fanale et al.. 1992).
If "space weathering" does exist, studies at 3 fim may help determine the
nature of alteration trends by extending the S asteroid spectral continuum beyond
the 0.4-2.5 //m region where silicate absorption features may confuse the issue. In
addition, the relatively recent discovery of phyllosilicates in ordinary chondrites
(.\le.xander et al.. 19S9) gives an additional impetus for observations of S-cla.ss
asteroids at 3 /im: the discovery of a hydrated S asteroid would be a strong indicator
that the ordinary chondrites may be found among the S-class asteroid population,
for similar reasons as those given in Chapter 3 for why W-class asteroids cannot be
disrupted cores.

5.2

3 -/im Observations

In the work reported in this dissertation. S-class asteroids have been observed on a
"target of opportunity" basis in the course of surveys dedicated to observing other
classes of asteroids (Lebofsky et al.. 1991: .Jones et al.. 1990: Rivkin et ai..
These S-class asteroids, the circumstances of their observation, and the reference in
which they first appeared constitute Table 5.1.
0.3-3.5 fim spectra of these asteroids have been constructed by combin
ing our Z-fxm spectrophotometry with shorter wavelength studies (Zellner et al..
19S5: Bell et al.. 1988; Murchie and Pieters. 1996; Howell et al.. 1994a).

As can

be seen in Figure 5.1, the main-belt S-class asteroids observed have a 2.95-/zm
reflectance / 0.55-^m reflectance clustered very close to 1.40 (except 5 .Astraca.
whose value is 1.23 ± 0.05. and 3 Juno with a value of 1.29 ± 0.03). while the two
near-Earth objects (NEO) observed (433 Eros and 4179 Toutatis) have 2.9o-//m re
flectances of roughly 1.7 ±0.1 times their 0.55-/im reflectance. .As can also be seen,
no S-class asteroids are observed have to have a water of hydration feature. This is
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as expected for a stony-iron interpretation of S asteroids, but does not necessarily
serve as evidence against an ordinary chondrite interpretation.

.\steroid
3 Juno
5 .\straea
6 Hebe
7 Iris
18 Melpomene
243 Ida
433 Eros
532 Herculina
4179 Toutatis

Date
Sep 1986
.A.pr 1987
Feb 1996
Dec 1995
.\pr 1987
Dec 1991
Dec 1995
.A.pr 1987
Jan 1993

Class
S(IV)/Sp
Sp
S(IV)/Sp
S(IV)/S
S(V)/So
S(IV)/S
S(V)
S(III)/S
S(III)/SoS

R-2.95/R0.55
1.29 ± 0.03
1.22 ± 0.05
1.39 ± 0.05
1.42 ± 0.05
1.41 ± 0.05
1.37 ± 0.19
1.75 ± 0.10
1.39 ± 0.01
1.68 ± 0.15

Reference
1
2
I
1
2
3
1
2
3

Table 5.1: Observing Circumstances. The class is the subclass of S asteroids to
which the asteroid belongs based on the work of Howell et al. (1994b) and Gaffey
et al. (1993). The references are keyed to the following: 1- This work. 2- .Jones et
al. (1990). 3-Howell et al. (1994a)

5.2.1

Continuum Comments

The fact that all but two of the main-belt S-class asteroids studied have such similar
•2.9o-/xm / 0.55-^m reflectance ratios suggests that they all may share a conunon
spectral continuum from the visible through the IR. upon which I-/im and
olivine and pyroxene absorptions of differing strengths are superimposed. As can
be seen from Figure 5.2, such a continuum cannot be a simple linear continuum,
nor is it likely to be a continuum that rises with the inverse of wavelength.
Much of the rationale behind the theory of "space weathering" of ordinary
chondrites into S asteroids centers on the spectra of the OCs changing with time
and exposure to space. If "space weathering" exists, one would imagine that mete
orites are largely unweathered. that their immediate parent bodies, the near-Earth
asteroids (NE-As) would be somewhat more weathered, but fresher than their par
ent bodies. large main-belt asteroids. The observation that both near-Earth objects
plotted here have higher 2.95-^m reflectances than the main-belt asteroids suggests
that if the difference in continuum between the two NE.A .S and the main-bell S-class
asteroids in the 3 fim region is due to "space weathering", then this "weathering
trend" would tend to decrease spectral slopes and decrease reflectance in this spec
tral region as the alteration progressed.

In this interpretation, the majority of

main-belt S asteroids studied here may hav'e been weathered to completion, result
ing in their common spectral points at 3 nm. The spectra of 3 Juno and 5 .\straea
cannot be explained as part of this simple NEO —»• S asteroid weathering trend, but
would be interpreted as perhaps of different, non-ordinary chondritic composition.
Figure 5.3 shows the spectra of two ordinary chondrites (OC). Goodland
( L-4) and Castalia (Ho) along with selected asteroids from Figure 5.1. The meteorites
are less reflective at 2.95 ^m in these normalized spectra than any of the asteroids. If
"space weathering'" has altered the spectra of these meteorites to look like the mainbelt S-clciss asteroids, then the "'weathering trend" implied would tend to increase
spectral slopes and reflectance in the 3 /im region as the alteration progressed.
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Figure 5.1: 0.3-3.5 fixn Spectra of S-ciass asteroids and the meteorites Castalia (Ho I
and Goodland (L4), all normalized to 0.55 fim. Note that the near-Earth objects
433 Eros and 4179 Toutatis are more reflective in the 3 fj.m region than the other
(main-belt) S-class asteroids, and that all the main-belt asteroids (save 5 .\straea)
form a very tight cluster at 2.95 and 3.12 nm despite major differences among thern
in the 0.9-2.5
region. This suggests that these asteroids may share a common
continuum, with spectral slope diff"erences in the 1-2.5 /xm region perhaps being only
apparent. The 0.3-2.5 nm data for these asteroids are from Zelliici et al. (L985I
and Bell et al. (1988), the 1.25-3.5 fim data for the asteroids are from references
as per Table 1.
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Figure 5.2: 0.3-3.5 fj.m Spectra of the S-class asteroids 6 Hebe and 7 Iris nornializcd
to 0.55 fim. Superimposed are trial fits to the continuum at 0.55 and 2.95 /mi u.sing
a linear fit (wavelength continuum) and inverse fit to wavelength (wavenumber
continuum). If either of these functions fit the continuum, all absorptions would
lie beneath the fitted lines. The linear fit is extremely poor, and while the fit to
wavenumber (inverse wavelength) may work for 6 Hebe, it seems not to work for
7 Iris. The 0.3-2.5 fim data for these asteroids are from Zellner et al. (1985) and
Bell et al. (1988), the 1.25-3.5 /im data for the asteroids are from references as per
Table 5.1.
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Figure 5.4 shows the 2.9.5 //m reflectance / 0.55 fim reflectance for all of the asteroids
observ'ed. as well as values calculated for the average H5. H6. L4. L5. L6 and LiJi
meteorites of GafFey (1976). The values for the meteorites were extrapolated to the
3-^m region from data near 2.5 fim. Here we can see that this apparent trend is
true when comparing many ordinary chondrite classes to main-belt S asteroids.
In this interpretation (where spectral slopes in the 3-/im region increase
with increased exposure), the majority of main-belt S asteroids studied here may
have been weathered to completion compared to ordinary chondrites, resulting in
their common spectral points at 3 iim. The specta of 3 .Juno and 5 .\straea now
may be explained as an intermediate stage between "unweathered" (OC) and "fully
weathered" (other main-belt S asteroids shown here). Here, however, the spectra
of the two NEAs cannot be explained as part of this OC —+ S asteroid weatheririii
trend. Possible explanations of this include the small numbers of NE.A .S observed, or
possibly different mineralogies for the NEAs compared to the main-belt S asteroids.
An additional alternative, though one that seems to fail Occam's Razor,
is that there are two alteration processes occurring, on different timescales- one
that increases reflectance at 3 ^m on short timescales. accounting for the OC —
NEO trend, and another that decreases it on somewhat longer timscales. accounting
for the NEO —> main-belt S asteroid trend. .Although perhaps inelegant, recent
infrared data on Vesta and Vesta family objects from SM.ASS-IR (Binzel et al..
1997a: Burbine and Binzel. 1997) show behavior similar to what is seen here- IH
continuum slope rising from the eucrites to the small Vesta family objects, then
decreasing again from those bodies to Vesta itself.

5.3

Mixing Models for S-class Asteroids

.A. number of authors, including Clark et al. (1992) and Hiroi et al. (1993) have
attempted to use mixing models of varying complexities to reconstruct the spectra
of S-class asteroids. While it is beyond the scope of this work to perform in-depth
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Figure 5.3: 0.3-3.5 fim Spectra of the S-clciss asteroids 5 .Astraea. 6 Hebe. 7 Iris.
433 Eros and the meteorites Castalia (H5) and Goodland (L4). all normalized to 0.55
Hm. Note also that both of the meteorite spectra have a flatter spectral slope than
any of the asteroids, and that 433 Eros has a larger slope than than the main-bell
S asteroids. This suggests any weathering sequence involving the S-class asteroids
does not include both 433 Eros and the ordinary chondrites. The 0.3-2.5 i-im data
for these asteroids are from Zellner et al. (1985) and Bell et al. (19SS). the 1.25-3.5
/zm data for the asteroids are from references as per Table I. The meteorite spectra
are extrapolated beyond 2.5 fim based on their shorter-wavelength behavior.
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Figure 5.4: 2.95 (xm reflectance / 0.55 i i m reflectance for main-belt and near-Earth
S-class asteroids and average ordinary chondrites. The NEAs have higher val
ues than main-belt asteroids, suggesting that with increased "weathering", this
reflectance ratio decreases. However, the OCs have lower values than the main-bell
asteroids, suggesting that with increased weathering this ratio increases. It is thus
diflRcult to include OCs. main-belt Ss and near-Earth Ss on a single, simple weath
ering trend. The OC values are extrapolated from shorter-wavelength behavior, and
their uncertainties represent typical uncertainties in the extrapolation.
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mixing models of the type presented in these works. I will test the proposal of
Gaffey and Gilbert (1997) that the spectrum of 6 Hebe can be matched with a
simple linear mix of iron-nickel metal and an H chondrite. using the additional
constraints provided by 3-fim observations of this (and other) asteroid(s). In all
asteroid spectra here, the 0.3-2.5 fim data are taken from Zellner et al. (19So) and
Bell et al. (1988), with 1.25-3.5 fim taken from Jones et al. (1990) or my own
observations, as per Table 5.1.
In a linear (or areal) mi.x. two or more minerals present on a body's surface
are spatially segregated from one another. Thus, the photons reflected from the asteroidal surface and then observed on Earth are assumed to interact with only one
of the materials covering that body's surface. The contributions of component spec
tra are combined using the following equation, which is valid for a two-component
system:

/?(A)=/xri(A) + (l-/)xr2(A)

(5.1)

where R is the final spectrum. ri and r? are the component spectra, and /
is the fraction of the surface covered by the material with spectrum r,.
In Figure 5.6, I show the results of a linear mix of an average Ho chon
drite spectrum with a spectrum of the iron meteorite Chulafinnee in the fraction
0.5 H5 : 0.5 Chulafinnee. Both spectra are from GafFey (1976). with the long wave
length end of each spectra extrapolated into the 3-/im region. .Although this may
seem arbitrary, the minerals that make up ordinary chondrite meteorites have re
flectances near 3 /xm that are within 5% of their 2.5 /im reflectances, as seen in
Figure 5.5.

In this figure, a hydration feature caused by exposure to terrestrial

conditions can be seen in the mineral spectra (taken from Salisbury et al. (1991 I!.
but the continuum reflectance beyond this feature is very close to the reflectance
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shortward of the water feature. Thus, an extrapolation across the 'i-fim feature is
reasonable.
Because iron meteorites have a wide range of spectral slopes, the 1:1
H5:Chulafinnee match should not be taken as a fit to metal abundance on the
surface of Hebe, but it does show that, roughly speaking, metal covers some tens
of percent of the surface rather than orders of magnitude less.

We can see from

this mix that Hebe's spectrum is reasonably well matched, even out in the
fim region. The mismatches are largely in the depth of the l-^m feature, and in
the slope in the 2.0-2.5 fim region relative to the spectrum of Bell et al. ( 1988).
though our IRTF data are consistent with the o2-color data within observational
uncertainty.
However, while GafFey and Gilbert prefer the H chondrites for a match to
Hebe. Figures 6 and 7 in their paper show that, spectrally, the L4 chondrites may
be an equally good fit. Indeed, in Figure 5.7. we see that a mix of Gaffey's average
L4 and Chulafinnee in the ratio 65:35 seems to produce an equally good fit as the
H5-Chulafinnee mix. Indeed, the mismatches even appear in the same areas as in
the previous mix.
We can also perform this exercise with other S-class asteroids, although
the resulting matches are not always quite as good. .•\ 60:40 H5-Chulafinnee mix
results in a match that is qualitatively as good for 3 Juno as can be made for 6 Hebe
(Figure 5.8). Similarly, a nearly identical fit can be made with a 75:25 mix of Ll
and Chulafinnee (Figure 5.9).
For 5 Astraea and 7 Iris, however, the best linear matches fail over long
stretches of the spectrum: For 5 Astraea a mix with H5 and Chulafinnee results in a
mismatch nearly over the entire spectrum, including the 3-/im region (Figure 5.10).
The best mix involving 7 Iris is similarly a poor fit (Figure 5.11).

Interestingly,

however, if we do a mix using 5 Astraea as an endmember. we can acheive a very
good match with the spectrum of 7 Iris, shown in Figure 5.12. What this suggests
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Figure 5.5: 2.4-4.0 /xm Spectrum of two Olivines, Enstatite and .Albite. These
spectra of minerals commonly found in ordinary chondrites are from Salisbury et
al. (1991). They ail show a water-of-hydration feature, due to terrestrial weathering.
However, they also show that their continuum reflectances longward of this feature
all return to the level that they attained at 2.5 fim, within o%. This continuum level
is reached at different wavelengths for different minerals shown here, with enstatite
only reaching that level near 4.0 ^m. while the F066 olivine reaches that level at ;}.(i
f.tm. going into another absorption feature longward of that wavelength. Because
the continuum reflectances longward of the 3-/im feature are roughly the same as
those shortward of it, it is reasonable to assume the reflectances near 3 ^m in the
absence of a hydration feature would be the same as those at the continuum.
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Figure 5.6: 0.3-3.5 /um Spectrum of 6 Hebe, tiie average H5 spectrum and iron
meteorite Chulafinnee spectrum from GafFey (1976), and a simple linear mi.x of the
latter two. This mix qualitatively matches the spectrum of 6 Hebe, even with tlie
additional constraints given by the longer-wavelength data. The meteorite spectra
were extrapolated beyond 2.5 /zm based on their shorter-wavelength behavior.
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Figure 5.7: 0.3-3.5 fim Spectrum of 6 Hebe, the average L4 spectrum and iron mete
orite Chulafinnee spectrum from GafFey (1976), and a simple linear mi.xof the latter
two. This mix, too, qualitatively matches the spectrum of 6 Hebe, even with the
additional constraints given by the longer-wavelength data. The meteorite spectra
were extrapolated beyond 2.5 //m based on their shorter-wavelength behavior.
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Figure 5.S: 0.3-3.5 //m Spectrum of 3 Juno, the average Ho spectrum and iron
meteorite Chulafinnee spectrum from GafFey (1976). and a simple linear mi.x of tlie
latter two. This mix qualitatively matches the spectrum of 3 Juno, even with the
additional constraints given by the longer-wavelength data. The meteorite spectra
were extrapolated beyond 2.5 fim baised on their shorter-wavelength behavior.
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Figure 5.9: 0.3-3.5 /im Spectrum of 3 Juno, the average L4 spectrum and iron mete
orite Chulafinnee spectrum from GafFey (1976). and a simple linear mix of the latter
two. This mix. too. qualitatively matches the spectrum of 3 Juno, even with the
additional constraints given by the longer-wavelength data. The meteorite spectra
were extrapolated beyond 2.5 jxm based on their shorter-wavelength behavior.
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is that however the spectrum of 5 Astraea is generated, it may be converted to uiic
like the spectrum of 7 Iris with the addition of iron metal.
Left unanswered for the moment is how asteroid surfaces may become en
riched in metal over time. Gaffey and Gilbert have proposed a model tor 6 Hebe in
which impacts create melt pools in which differentiation occurs, although this was
opposed in Keil et al. (1997) on a number of geophysical grounds. Rivkin and Bottke (1996) proposed slow-speed ("hypovelocity") impacts as a means for enriching
metal on asteroids. In this scheme, the higher seismic speeds of metal compared to
rock results in a smaller fraction of metal impactors being disrupted and vanorize^d
compared to rock impactors. given similar impact speed distributions for both. In
this way. metal from impactors may accumulate on asteroid surfaces.

5.4

Optical Alteration on S Asteroids: Previous Work and Possible
Effects near 3

Optical alteration ("space weathering"') of minerals occurs on the Moon, changing
spectra to have a lower albedo, weaker absorptions and a red-sloped continuum
(Pieters and McFadden. 1994). It has been uncertain whether the process at work
on the Moon also affects asteroid spectra due to the lower impact speeds found in
the asteroid belt, and the different size and composition of the Moon compared tu
the asteroids. However, recent findings from the Galileo encounters with the S-class
asteroids 951 Gaspra and 243 Ida suggest that it may (Chapman. 1996). It should
be noted that data from the recent NEAR flyby of the C-class asteroid 253 Mathilde
finds no evidence of "space weathering" on that body (Veverka et al.. 1997). which
may be an indication that if alteration is occurring on asteroid surfaces, it does so
in a mineralogy-dependent manner.
"Space weathering" has been most recently simulated by Moroz et al.
(1996) by firing a laser at meteoritic material, separating out large particles from
small, and comparing the pre-irradiation spectrum to post-irradiation spectrum.
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Figure 5.10: 0.3-3.5 /zm Spectrum of 5 Astraea, the average L4 spectrum and iron
meteorite Chulafinnee spectrum from Gaffey (1976), and a simple linear mi.x of the
latter two. This mi.x does not approach even the qualitative matches acheived for
3 Juno and 6 Hebe The meteorite spectra were extrapolated beyond 2.5 //m based
on their shorter-wavelength behavior.
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Figure 5.11: 0.3-3.5
Spectrum of 7 Iris, the average L4 spectrum and iron
meteorite Chulafinnee spectrum from Gaffey (1976). and a simple linear mi.x of the
latter two. This mix. too. does not approach even the qualitative matches acheivofl
for 3 Juno and 6 Hebe The meteorite spectra were e.xtrapolated beyond 2.5 /mi
based on their shorter-wavelength behavior.
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Figure 5.12: 0.3-3.5 fim Spectrum of 7 Iris, 5 Astraea. and iron meteorite Chu
lafinnee spectrum from GafFey (1976), and a simple 55:45 linear mix of the latter
two. This mix qualitatively matches the spectrum of 7 Iris. This match implies
that the mineralogy present on 7 Iris may be related to that of 5 .Astraea with
the addition of iron metal to the latter. The meteorite spectra were extrapolated
beyond 2.5 fim based on their shorter-wavelength behavior.
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Although no obvious analogous process is occurring in space (presumably), this
may be similar to the effect of micrometeorites. They have found that the change
in spectral characteristics is in the same direction as is necessary to change the
spectral characteristics of ordinary chondrites to those of S-class asteroids.
While the work of Moroz et al. is promising, and may lead to the char
acterization of "weathering"' processes on asteroids, its acceptance can be seen a.s
premature when considering the types of studies presented in this dissertation. Mo
roz et al. (1996) depend on melting and rapid recrystallization in order to achieve
"weathering". However, as discussed in Chapter I, studies of asteroids in the 3-//m
region since 197S have shown a considerable number of asteroids ranging in size from
10-1000 km have a 'i-fim water of hydration feature (Lebofsky. 197S: Lebofsky et al..
1990: Feierberg et al.. 1985: Jones et al.. 1990: Rivkin et al.. 1995). It is also known,
as discussed in Chapter 3. that the temperature at which hydrated minerals are de
stroyed is quite low compared to the melting temperatures of olivine and pyro.Kene
(Jones. 1989). Finally, because observations at visible and infrared wavelengths do
not sense deeply, hydrated minerals must be present on asteroid surfaces. Tying
all of these threads together, it seems clear that Moroz et al.-style "weathering . or
indeed any process which is currently melting bits of asteroid surface, is difficult to
accept at face value.
However, because of the properties of intimate mixtures, it may be that
a relatively small fraction of these laser-irradiated minerals may dominate spectra
at shorter wavelengths, while the strength of hydrated mineral features would al
low those features to be visible at 3 fxm. Spectra of laser-treated carbonaceous
chondrites and mixing models of laser-treated and untreated minerals in the 3-//m
region should place constraints on what fraction of an asteroid regolith can contain
irradiated minerals and still be consistent with existing asteroid spectra.
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5.5

Observations of K-class Asteroids

In 19SS, Bell proposed the creation of the K class, containing objects with albedos
near 0.09. S-like spectra at visible wavelengths, weak l-/xm absorption features and
flat spectra beyond that to 2.5 ^m. These bodies would have spectral feature's
similar to the CV and CO chondrites, and would represent likely parent bodies
for these meteorites. At the time of Bell (1988). the asteroids 221 Eos and many
members of its dynamical family were the only known K-class asteroids, though
Bell et al. (1989) predicted others would be found. Indeed, within a few years the
work of Granahan et al. (1993) and Clark et al. (1995) found a number of such
asteroids, and Burbine et al. (1992) proposed others that may have CV or CO-tike
mineralogies.

Date
4 Dec 1995
14 Feb 1996

.Asteroid

Class

186 Celuta
221 Eos
579 Sidonia

K
K
K

2.95 nm Band Depth
0 ± 16.6 %
2.3 ± 5.7
16.7 ± 8.6 %
J

Table 5.2: Observing Circumstances for K-class .Asteroids
.As the astronomical evidence for the presence of CV and CO mineralogies in
the asteroid belt has mounted, meteoritical evidence suggests that a number of the
known CV meteorites, generally considered by asteroid scientists to be anhydrous,
instead contain a suite of hydrated minerals (Scott et al.. 1989: Lee et al.. 1996).
Furthermore, there is evidence that .Allende (CV3) may have once had hydrated
minerals that were then dehydrated (Krot et al.. 1997). Studies of K-class asteroids
in the 3-/im region may thus help determine what percentage of CV/CO material
in the asteroid belt still has surficial hydrated minerals.
I have observed three K-class asteroids: 186 Celuta. 221 Eos. and 579 Sidonia. .Although this is a small sample, comparisons between these observations and
the spectra of meteorites may begin.

Prior to these observations, no spectra of

1 k;

K-class asteroids in the 3-^m region were available. Figure 5.13 shows the spectra
of all three K asteroids observed. It can be seen that, within uncertainties, nei
ther 186 Celuta nor 221 Eos have 3-^m water-of-hydration features (though Eos
may have a small one at a level of only a few percent), while 579 Sidonia does
appear to have one at a level of 17% ± 9%. This shows that both hydrated and
anhydrous CV/CO meteorites observed in the laboratory have identifiable spectral
counterparts in the asteroid belt.
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Figure 5.13: Spectra of K-class Asteroids. Note how both 186 Celuta and 221 Eos
are both anhydrous within uncertainties, while 579 Sidonia appears to have a 3-^/ni
feature. This is consistent with the putatitve K asteroid analogs, the CV and CO
chondrites, which have both anhydrous and hydrated members.

5.6

Summary

[ have observ'ed three large S-class asteroids (3 Juno. 6 Hebe, and 7 Iris) and otic
near-Earth S-class asteroid (433 Eros) at 3 fim for the first time, and coinpiltvi
these data with the six S-class asteroids previously observed at these wavelengtlis.
.A. comparison of these data show a tendency for main-belt S asteroids to have
3-^m reflectances close to 1.4 times their O.oo fim reflectance, while the two nearEarth asteroids observed have 3-/im reflectances close to 1.7 times their 0.55 ;zni
reflectance. For comparison, ordinary chondrite meteorites have values close to I.O.
This suggests that main-belt S asteroids may share a common continuum upon
which olivine and pyroxene absorptions are superimposed. 1 have also perform^'d
the first study of K asteroids at 3 /.im. and found that like their putative meteorite
analogs (CV and CO meteorites), they have both hydrated and anhydrous niomben-'^.

CHAPTER 6

HIGH-RESOLUTION SPECTRA OF HYDRATED ASTEROIDS IN
THE THREE-MICROMETER REGION

6.1

Introduction and Previous Work

Previous chapters have concentrated on surveys done at low spectral resolution.
However, for the brightest asteroids the hydration state is known, and higherresolution studies can give us better constrained band shapes.

With these band

shapes, we can better determine surface mineralogy for these bodies and gain fur
ther insight into the nature of asteroid surfaces and the origin of the hydrated
minerals present.
The C class originally contained all low-albedo asteroids with roughly flat
visible spectra and a UV absorotior. (Tholen and Barucci. 1989). The ta.xononiy
of Tholen (1984) split this group up into a number of related classes: the

C.

B. C<

and F classes. These classes are thought to be the progenitors of the carbonaceous
chondrite meteorites, and are interpreted to be related to one another, possibly by a
metamorphic sequence (Lipschutz et al., L9S9). Surveys of these asteroids at

//m

by Lebofsky (1980), Feierberg et al. (1985) and Jones et al. (1990) have led to
the understanding that these classes can be quite different as far as hydration state,
with the G class, for example, composed almost entirely of hydrated asteroids, while
the F class has nearly all anhydrous members. The CBGF clan as a whole have
roughly 60% hydrated members.

11')

6.2

Observations

I obtained observations of ten asteroids from the CGS4 instrument on L'KIRT over
two nights: five on 4 February 1996. and five on 10 July 1997 (see Table 6.1 j. Th(>
details of the observations and reduction are found in Chapter 2. The spectra of
the higher-albedo asteroids 44 N'ysa. and 92 Undina are discussed in Chapter ].
The data from CGS4 is received from the telescope with a resolving power
(A/AA) of 975 at 2.5 iim. and 1400 at 3.6 ^m. Because this is of higher resolution
than demanded by this project. I binned the data by some factor (usually 16i
reducing the spectral resolution, but increasing the signal-to-noise ratio. This trade
off still provided a higher spectral resolution than was available with CG.A.S. with
a data quality much improved over that instrument.

Date
4 Feb 1996

10 Jul 1997

.Asteroid
2 Pallas
13 Egeria
44 Nvsa
51 Nemausa
92 Undina
1 Ceres
19 Fortuna
44 Nvsa
106 Dione

Class

Standard Stars

Observers

B
G
E
CU
VV

BS 5384
BS 1164
BS 4437
SAO 11691
S.AO SI120
S.-\0 L65572
S.A.0 146142
SAO 1S70S6
SAO 18S04S

Rivkin. Davies.
Johnson

G
G
E
G

Rivkin. Davies.
Ellison

Table 6.1: .Asteroids Observed at UKIRT.

6.3

Thermal Corrections

.•\s discussed in Section 2.4. thermal corrections to data taken in the 3-/im region
become increasingly necessary the longer in wavelength one observes. I have ap
plied two different thermal corrections to these data, the Standard Thermal .Model
(STM). and a thermophysical model, both described and discussed in detail in

l-JO

Lebofsky and Spencer (1989). The STM assumes a body in thermal equilibrium
with space and with no thermal inertia, with distances from the Sun and Earth,
phase angle, albedo, emissivity. and phase coefficients as inputs. Thermophysical
models attempt to include effects of thermal inertia and rotation periods. In gen
eral. at these wavelengths thermophysical models predict less thermal emission than
the STM.
There are two ways to approach thermal modeling: Treat the inputs as frev
parameters and attempt to fit an "expected" spectrum, or use the nominal input
values and accept the output as the "true" thermal correction. I have chosen the
latter approach, using only the emissivity as a free parameter, and will present all
major figures with spectra corrected by both methods. Where the choice of thermal
model has no effect on interpretation. I will speak in general terms. Where thermal
corrections have noticable effects. I will discuss the cases separately.
The thermal correction chosen will inevitably change interpretations of
band shape, as shown in Figure 6.1. In this figure. I show spectra of 2 Pallas ther
mally corrected by both methods, as well as uncorrected. The differences between
these methods amount to 5% near 3.1 //m. 10% near 3.2 /zm. and 2o'/c near 3.o //ni.
Tables 6.2 and 6.3 show the differences at these wavelengths for all CBG-class aster
oids observed. It is also worth noting that the STM results in thermally-corrected
spectra that are flat beyond 3.2 fxm, which suggests a continuum level is reached.
However, this continuum level is lower than the previously established continuum
level shortward of 2.5 ^m. Whether this represents an actual new continuum level,
or merely demonstrates the need for further thermal modelling is uncertain. The
values used in thermal corrections appear in Table 6.4.

6.4

General Discussion of UKIRT Results

In Figures 6.3 through 6.6. I show the spectra of the si.x low-albedo asteroids ob
served on the two UKIRT runs: 1 Ceres, 106 Dione, 2 Pallas. 13 Egeria. 19 Fortuna.

.\steroid
2 Pallas
13 Egeria
51 Nemausa
1 Ceres
19 Fortuna
106 Dione

Thermal Correction from STM
2.89 fim 3.09 ^m 3.29 /zm 3.49 ij.m
1.6%
5.0%.
12.5%
25.5%
2.9
8.2
19.6
33.8
7.0
2.5
16.6
31.5
0.3
1.2
3.5
8.8
11.7
4.3
26.0
44.9
0.6
0.2
2.1
5.4

Table 6.2: Calculated thermal corrections for asteroids observed at UKIRT. using
the Standard Thermal Model (STM) (Lebofsky and Spencer. (1989))

Thermal Correction from TPM
3.09 /<m 3.29 ^m 3.49 //m
0.9%
2.6%
6.6%
0.2%
0.5
1.6
4.8
11.4
1.7
4.6
0.5
10.8
0.1
0.0
0.6
1.4
0.4
1.5
4.0
9.7

.Asteroid

2.89 /im

2 Pallas
13 Egeria
51 Nemausa
I Ceres
19 Fortuna
106 Dione

-

-

-

-

Table 6.3: Calculated thermal corrections for asteroids observed at UKIRT. using
the thermophysical mdel (TM) (Lebofsky and Spencer. (1989))

-Asteroid
2 Pallas
13 Egeria
51 Nemausa
1 Ceres
19 Fortuna
106 Dione

.Albedo
B
G
CU
G
G
G

Emissivity
0.95
0.98
0.98
0.90
0.98
0.90

Table 6.4: Parameters for Thermal Corrections for Asteroids Observed at UKIRT.
The emissivity displayed is that used for the Standard Thermal Model. For the
thermophysical models, all asteroids were assumed to have an emissivity of 0.9.

* No thermal correction
• Thennophysical model
V Standard Thermal Model
0.6 -

0.5 L-—^^
2.4 2.5 2.6 2.7 2.8

2.9

3.0

3.1

3.2

3.3

^^
3.4 3.5 3.6 3.7

Wavelength (nm)

Figure 6.1: 2.4-3.6 fim spectra of 2 Pallas, showing the effects of different thermal
corrections. The thermophysical model predicts little thermal emission from Pallas,
resulting in a small correction. The STM, which assumes a thermal inertia of zero,
predicts a much greater thermal emission, and thus a greater thermal correction.
Note that the spectrum corrected with the Standard Thermal Model appears to
have reached a continuum level beyond 3.2 /zm. although this level is lower than
the level shortward of the hydration feature. Details can be found in the text.

and 51 Xemausa. Data in the region where the atmosphere is opaque

2.f) 2>

//m) are deleted from these spectra. In some cases, narrow windows in this opaque
region give rise to usable data, and one or two points in the 2.6-2.8 ^/ni region
are included. Figure 6.2 shows the atmospheric transmission versus wavelengtii ar
Mauna Kea. compared to the flu.x from a standard star. These data, produced using
the program IRTR-A.NS4. were obtained from the UKIRT worldwide web pages.
.Although the UKIRT data set is a relatively small sample compared to the
data set discussed in Chapter 3. we can still begin to discern trends in the population
and characterize individual asteroid surfaces. A distinct similarity can be seen in
the band shapes of 2 Pallas. 13 Egeria. 51 Nemausa and 19 Fortuna. and perhaps
106 Dione. although the lower signal-to-noise of this asteroid obscures details of hand
shape. This is despite these objects belonging to three different spectral classes I B.
CU. and G). Indeed, the difference between the spectra of I Ceres and the other
Ci-class asteroids is much larger than the difference between the spectra of tliose C!
asteroids and 2 Pallas and 51 Nemausa. The band shape for these asteroids can
best be described as a roughly linear increase in reflectance from the end of the
atmospheric cutoff to 3.6 ^m. with a possible slope change near 3.1-3.2 /zm. This is
especially true of those asteroids for which the STM was applied, which have spectra
which flatten out beyond 3.2 fim. Ceres, on the other hand, exhibits a broad, flat
feature, which still has not reached its 2.5 /im reflectance level by 3.6 /lan. and
within which are other, broad sub-features, discussed in more detail in Section G.f).
In many of these spectra, a data point or two with very large uncertainties can be
found just longward of 3.3 /im. This is due to interference by telluric methane.
In the remainder of figures in this section, these obviously spurious points will be
removed.
One may infer that because the 'i-fim

spectra of these asteroids (save

1 Ceres) are so similar, they have similar hydrated minerals on their surfaces. Al
ternately. it can not be ruled out that exposure to the vacuum of outer space has
altered these minerals to look similar spectrally, though we note that if the latter
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Figure 6.2: Transmission of the Earth's atmosphere on Mauna Kea from "2.4 iJ.fi
fim. These data were produced using the program IRTANS4 and obtained from
the UKIRT worldwide web pages. They are calculated for airmass 1.0. altitude
4200 meters, and an H2O column of 1.2 mm. Note that the transmission of the
atmosphere goes to zero in the 2.6-2.8 fiva region. Note also, however, that there
are a few narrow windows in this region where non-zero transmission occur. For
comparison, a spectrum of SAO 116931 taken using CGS4 on UKIRT in February
1996 is presented. This spectrum is normalized to equal 1 near 2.45 //m. The stellar
spectrum matches the atmospheric transmission well near the shorter wavelengths,
and although the star becomes dimmer in the farther IR. the same atmospheric
features can be seen in both lines.

is true, Ceres has escaped this process.
Assuming the minerals on these low-albedo asteroids are in fact the same,
and a "weathering" process is not confusing matters, what are the impliratioris.'
First, while the minerals on Ceres and Pallas are clearly different, those on Pallas
and the other asteroids are the same. This suggests that if hydrated mineral creation
is a size-dependent process, the size difference between Ceres and Pallas (SoO vs.
500 km IRAS diameter) is more important that that between Pallas and Xemausa
(500 vs. 150 km diameter) (Tedesco et al., 1992).
Figure 6.7 compares the spectra of 2 Pallas and 19 Fortuna. Here we can
even more clearly see the similarities in band shape for these two objects, suggest ins:
that similar hydrated minerals are on their surfaces, even though one belongs to
the B class, the other the G class. .Although examination of the Pallas spectrum
shows no features within the broad 3-/im feature, a feature is possibly present at t lie
1-C7 level (~ 2-3 %) at 2.94 ;im in Fortuna's spectrum. In Figure 6.S this possible
feature is seen as a shoulder in the spectrum of 13 Egeria. as well. Because both
Fortuna and Egeria are G-class asteroids, it is possible that this feature is present on
most on these asteroids, though it is not present on Ceres and the Dione spectrum
is too noisy to identify any small features. Inspection of Figures 6.4 and 6.3 show
a shoulder in the spectrum of 51 Nemausa. a CU (unusual C-class) asteroid at t he
same wavelength.
.A. feature at 2.94 /zm can be found in several meteorite spectra publishefl
by Hiroi et al. (1996): PCA 91084. ALH 83100. EET 90043. Y794080. V82162.
and YS6720. .All of these are thermally metamorphosed carbonaceous chondrites,
for which the broad 2.9 ^m H2O absorption feature appears to have moved to be
centered near 2.94 fim. Because Egeria's hydration feature is centered shortward
of 2.85 fim. we know that these meteorites are likely an imperfect analog to its
surface, but it is plausible that material similar to these meteorites is present in
some amounts on Egeria and Fortuna's (and perhaps Nemausa's) surface.

Once

more I must caution, however, that a 2.94 fim feature is only tentatively identified.
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Figure 6.3: 2.4-3.6 fim spectra of three low-albedo asteroids, taken from I'KIRT in
February 1996. These asteroids have been thermally corrected using the Standard
Thermal Model (see Lebofsky and Spencer (1989).
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Figure 6.4: 2.4-3.6 //m spectra of three low-albedo asteroids, taken from UKIRT
February 1996. These asteroids have been thermally corrected using a thermoph\
ical model (see Lebofsky and Spencer (1989).
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Figure 6.5: 2.4-3.6 /im spectra of three low-albedo asteroids, taken from I'KIRT
in July 1997. These asteroids have been thermally corrected using the Standard
Thermal Model (see Lebofsky and Spencer (1989).
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Figure 6.6; 2.4-3.6 f.im spectra of three low-albedo asteroids, taken from L'KIRT in
July 1997. These asteroids have been thermally corrected using a thermophysical
model (see Lebofsky and Spencer (1989).
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and because it is only l-a in depth, data with smaller uncertainties may find this
to be merely noise. Because 2.94 fim is not far from the second overtone of an H^O
absorption, if confirmed, this feature suggests H^O-bearing minerals are presmt
on these asteroid surfaces. There is evidence in the meteorite collection for both
H20-bearing and OH-only phyllosilicates (Rubin. 1996).
Other than this possible feature at 2.94 /zm. no other sub-features are found
in the spectra of the UKIRT spectra of these asteroids (e.Kcepting 1 Ceres). The gen
eral agreement of these spectra with each other argues that these asteroids all have
similar hydrated minerals on their surfaces, and have undergone similar alteration
and thermal histories (again excepting 1 Ceres). The spread in spectral properties
is consistent with those found within a set of spectra from a single meteorite, as
will be shown in Section 6.5.

6.5

Comparison to Meteorite Spectra

In comparing the C asteroid spectra to meteorite spectra from Hiroi et al. ( 1996). we
find that while some matches to the general slope beyond about 3.0 /zm can be fouiul.
all of the meteorite spectra have too high a reflectance between 2 .S and 3.0 /zni by
about 15%. This may be due to the presence of additional OH-bearing minerals in
the asteroids, which further depresses the spectrum at these wavelengths. Figure 6.9
shows a comparison between our spectrum of 51 Nemausa and the spectrum of the
unusual CI/CM chondrite YS6720 from Hiroi et al. (1996).
In Figure 6.10. I have plotted the 2.90 /zm/2.53 fim and 3.20 /im/2.53 //ni
reflectance ratios for a number of carbonaceous chondrites using data from .Jones
(1989) and Hiroi et al. (1996). after a similar figure in Sato et al. (1997). It is worth
noting that the original figure in Sato et al. used a different set of meteorite spectra
and as a result Figure 6.12 is not identical to their figure.

Sato et al. found that

both of these ratios are highly correlated to the integrated intensity of the 3-/nn
feature, which in turn is correlated with the bulk hydrogen content of carbonaceous
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Figure 6.7: Comparison of the spectra of the G-class asteroid 19 Fortuna and the
B-class asteroid 2 Pallas. Note that qualitatively their spectral behavior is the same,
with a roughly linear increase with increasing wavelength, flattening out beyond 3.2
fim. This is evidence that the same, or similar, hydrated minerals are present on
their surfaces.
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Figure 6.S: Comparison of the spectra of the G-class asteroid 19 Fortuna and the
G-class asteroid 13 Egeria. .N'ote that qualitatively their spectral behavior is ihf
same, again, with a roughly linear increase with increasing wavelength, flattening
out beyond 3.2 /im. This is evidence that the same, or similar, hydrated minerals
are present on their surfaces. These asteroids also both show evidence for a feature
near 2.94 fim, marked with a vertical line. Absorption features with minima near
that wavelength are found in themally metamorphosed CI/CM chondrite spectra
taken by Hiroi et al. (1996). While the fact that the spectral reflectance declines
shortward of 2.9 fim means that OH-bearing minerals are present, a shoulder at
2.94 iixn implies some H20-bearing minerals may be present as well.
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Figure 6.9; Comparison of the spectra of 51 Nemausa and the thermally metamor
phosed CI/CM chondrite Y-86720. The meteorite spectrum is a good match to the
Nemausa spectrum (thermophysically corrected) bej'ond 3.0 ^m. but shortward of
that wavelength Nemausa's reflectance continues to decrease, while the meteorite
spectrum flattens. This indicates Nemausa is richer in OH-bearing minerals.

chondrites (Miyamoto and Zolensky. 1994). A linear trend between these rwo ratios
is obvious in the figure, where anhydrous meteorite classes appear in the upper right
of the diagram, while the more hydrated meteorite classes appear near the lower left.
Carbonaceous chondrite classes roughly separate, though there is overlap betweeni
CM meteorites and most other classes represented, as well as lesser overlap among
other classes. Indeed, as Figure 6.11 shows, individual meteorite spectra from .Jones
(19S9) can scatter over a significant portion of this diagram.
Placing the six CBG-class asteroids on this diagram, as in Figures (i.l j
and 6.13. provides a number of insights about its uses and limitations, as well as
possible asteroid-meteorite connection. First, the scatter from a single meteorite,
shown in Figure 6.11. is of about the same magnitude as the scatter in the asteroids.
The scatter in the meteorite spectra is presumably due to a combination of differ
ences in sample preparation, data collection techniques, and actual heterogeneities
in the meteorite samples, of which only the latter is relevant to asteroidal obser
vations. These differences are probably responsible for Sato et al. (1997) finding
a close spectral match between 2 Pallas and Renazzo (CR). which 1 do not find.
It is also worth noting the differences created in the Sato diagram when the two
different thermal corrections are used: with the STM, asteroids move further to the
lower left, and are somewhat more in line with the meteorite data than the thermophysical model-corrected data. However, these differences do not affect general
interpretations.
The similar magnitudes of the meteorite scatter and asteroid scatter in
dicate that the asteroids have 3-/xm spectra consistent with all having the same
hydrated minerals, or all at least coming from the same meteorite class. Further
inspection of Figures 6.12 and 6.13 shows the asteroids fall in roughly the region of
CM and thermally metamorphosed "unusuaP .Antarctic CT/CM meteorites (Hiroi
et al.. 1996), though there is also overlap with other meteorites (CO. CK, CR).
However, while this diagram can show which meteorites have spectra incon.'<istt nt
with these asteroids, those that are consistent in Figures 6.12 and 6.13 must still

be evaluated in detail.

6.6

Ceres: Combined ISO and UKIRT Spectra

In addition to a high-resolution spectrum from UKIRT. I obtained spectra of I Ce'res
and 2 Pallas from the Short Wavelength Spectrometer (SWS) on the European
Infrared Space Observatory (ISO) as part of a team headed by Hal Larson.

1

will show the spectrum generated from preliminary data, pending final spacecraft
calibrations. These data will be discussed in more detail in a forthcoming paper.
The Pallas spectrum will be discussed in Section 6.7. The SWS spectrum covers the
wavelengths 2.5-3.5 fim in two parts: 2.5-3.0 /xm and 3.0-3.5 fitn. In Figure 6.14. I
show the UKIRT and full SWS spectra to emphasize their agreement. Because the
UKIRT data is of lower noise than the SWS spectrum, but the SWS spectrum covers
the 2.6-2.S fim region invisible from Earth. I will join these two data sets to form a
single 2.4-3.6 ^m spectrum (Figure 6.14). This joined spectrum uses ISO data for
the spectral region unobservable from Earth, and UKIRT data thermally corrected
with the Standard Thermal Model (STM) (Lebofsky et a!., 1986: Lebofsky and
Spencer. 1989) for other spectral regions. Like the CGS4 data, this data was binned
in order to increase the signal-to-noise ratio at the expense of spectral resolution.
In this joined spectrum, we see the 2.6-2.8 fim spectral region on an asteroifl
for the first time. Obvious is a feature of 34% ± o% centered near 2.72 //m. This is
very near the nominal wavelength of the fundamental vibrational absorption feature
in OH. and serves as unmistakable evidence that hydroxylated minerals are present.
The sub-feature near 3.05 fim first reported by Lebofsky et al. (1981) is also clearly
defined, and there is a hint of a shallow feature centered near 3.37 fim.
The 3.05 nm feature was first attributed by Lebofsky et al. (1981) to a
very thin layer of water ice (~ 0.01 /zm thick if global. 0.3 ^m if in patches) on
Ceres' surface. The feature was reinterpreted by King et al. (1992) as due to an
ammonium-bearing phyllosilicate rather than water ice. Either interpretation has
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different chondrite groups plotted form more-or-less distinct groups. The meteorite
data are taken from Hiroi et al. (1996) and Jones (19S9).
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Hiroi et al. (1996) and Jones (1989).
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Figure 6.12: Same as earlier, with UKIRT-observed CBG-cIass high signal - t o -noise
asteroid d a t a also p l o t t e d . T h e asteroids plot nearby t h e C M chondrites and t f i e
unusual CI/CM chondrites, though they overlap a number of other groups. The^^e
asteroids have been thermally corrected with a thermophysical model. The mete
orite data are taken from Hiroi et al. (1996) and Jones (1989).
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Figure 6.13: Same as earlier, with all UKIRT-observed CBG-class asteroids also
plotted. The asteroids plot nearby the CM chondrites and the unusual CI/CM
chondrites, though they overlap a number of other groups. These asteroids have
been thermally corrected with the Standard Thermal Model. The meteorite data
are taken from Hiroi et al. (1996) and Jones (19S9).
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Figure 6.14: The UKIRT spectrum of I Ceres, taken in .July 1997. along wiili a
spectrum of Ceres taken by the Short Wavelength Spectrometer (SWS) on llic- h;
frared Space Observatory (ISO). Thes show good agreement in the region of overlaf).
Because the UKIRT data is of higher signal-to-noise, all following spectra will u.sc
the UKIRT data only in the area of overlap.

profound implications for Ceres" evolution.
With our joined spectrum, we can test the ammoniated phyllosilicate hy
pothesis over a wider spectral range than was previously possible. In Figure 6.I0 I
show Ceres" spectrum with a spectrum of an ammoniated saponite from King el al.
(1992).

I have re-scaled the saponite spectrum to hav^e a similar band depth to

Ceres, which is equivalent to mixing it with a spectrally neutral material, .\mmoniated saponite was proposed as the best match to their Ceres spectrum, and indeed
beyond about 2.9 ^m the agreement is excellent, including the region beyond 3.2
^m. where the spectra of King et al. end. However, from 2.7 to 2.9 fim the XH.i
saponite has too high a reflectance compared to Ceres. It is possible that additional
hydroxylated minerals are present on Ceres, accounting for the difference, but it
seems likely that such minerals would also affect the 2.9-3.6 /zm spectrum.
In Figure 6.16. I show Ceres with an ammoniated Ca-Xa montniorilloiiitc
((XH.,)o.33(.Al.Mg)2Si40io(OH)-2«nH20). also from King et al. (1992). This mineral
shows excellent agreement throughout the entire spectral range shown, includinii
the 2.6-2.S ;zm region. No other mineral is needed to explain the major features in
Ceres" spectrum, which implies that an ammoniated Ca-.Xa montmorillonite is the
major hvdrated mineral on Ceres' surface. Furthermore, this fit implies that any
"space weathering" process (see Chapter 5) has very little effect on Ceres' 3-/an
spectrum, as little to no modification to the ammoniated montmorillonite spectrum
(other than mixing it with a spectrally neutral material) is necessary for a very
good fit. It must be noted, however, that the 2.6-2.S ^m Ceres spectrum is not a
unique fit to an ammoniated mineral, and that other hvdrated minerals may fit this
short spectral region equally well.as will be seen in Section 6.7. This proposed Ht
is based on the whole 2.4-3.6 /zm region.
The only areas of slight disagreement between the ammoniated Ca-.\a
montmorillonite spectrum and that of Ceres are near 3.3 /zm. where Ceres appears
to have a possible shallow, broad feature (although the disagreement is based on a
single data point near 3.2 /zm where the montmorillonite spectrum is just outside
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Ceres" error bars), and beyond 3.5 fim. where the montmorillonite appears to have
a shallow feature not found in Ceres" spectrum. .A.t these wavelengths, however,
thermal subtraction becomes important and may account for the mismatch. Fiu"ther studies of Ceres" 3.2-3.8 ^m spectrum, and more rigorous mi.xing models will
be necessary to determine if these mismatches are real or merely apparent.
Given a preferred interpretation of Ceres" 3-/im feature as due to an ammoniated montmorillonite, the question of how NHj is incorporated into Ceres in
the first place is relevant. As reported in King et al.. some possibilities are found
in Lewis and Prinn (1984). In Lewis and Prinn. NH4 may condense out at roughly
the same temperature as water ice due to kinetic constraints on the formation of
XHa and CH3. In this case. NH4COONH2 and NH4HCO3 are the carriers of .\H7.
N'HiJ' may then be carried in a water-carbon dioxide fluid and take part in aqueous
alteration reactions. Chourabi and Fripiat (I9SI) show that the deammonialioii uf
ammoniated phyllosilicates begins near 400 K. and the wavelength position of the
in Ceres' spectrum has a similar band position as samples that have not boini
heated to temperatures greater than 400 K (King et al.. 1992). This implies Ceres
has experienced only very little thermal processing subsequent to the formation
of the ammoniated minerals. Interestingly, this formation mechanism is quite dif
ferent from the Earth, where ammoniated minerals are commonly associated with
higher-temperature hydrothermal alteration.
This low-temperature interpretation of the surface of Ceres seems to bo
in contradiction to the conclusion of Hiroi et al. (1996) that Ceres" spectrum is
similar to meteorites heated to 400-600 °C (~ 700-900 K) based on its 0.7-//ni
and L'V absorption strengths (see their Figure 4a).

Ceres" 3-/im band strength

alone is consistent with samples heated to less than 400 "C. however. Thus, an
interpretation of Ceres as a thermally metamorphosed body is largely based on its
lack of a 0.7-^m feature.
.Absorption features at 0.7 fim are commonly found in carbonaceous chon
drites. and have been used as surrogates for 3-//m features, since the former are
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Figure 6.15: Spectrum of 1 Ceres vs. an Ammoniated Saponite. This comparison
uses a spectrum of an ammoniated saponite. considered by King et al. (1992) lo
be the preferred analog to Ceres' spectrum, and graciously contributed by Trude
King. The saponite spectrum has been rescaled to match Ceres" band depth in the
3.05 fxm region, which is equivalent to mixing it with a spectrally neutral material.
The fit is quite good, although it doesn't match well in the previously unavailable
2.T-2.S /im region.
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Figure 6.16: Spectrum of 1 Ceres vs. an Ammoniated Montmorillonite . This com
parison uses a spectrum of an ammoniated montmorillonite. graciously contribut(Ml
by Trude King. The saponite spectrum has been rescaled to match Ceres" band
depth in the 3.05 ^m region, which is equivalent to mixing it with a spectrally
neutral material. The fit is quite good, even in the previously unavailable 2.7-'2.8
fj-m region. There is one areas of slight mismatch, near 3.2 ^m. but it detracts only
slightly from the overall fit.

more easily observed (Vilas. 1994).

However, as noted by Vilas, the correlation

between these two features is not perfect. King and Clark (1997) has shown that
non-phyllosilicates can show absorptions at 0.7 fim. and so observations of features
at that wavelength should be interpreted with care.
The most relevant point in reconciling the low-temperature constraints
placed on Ceres" surface evolution with the work of Hiroi et al.

(1996) is that

there are at least two different ways for a mineral to show a 3-^m feature and not a
0.7-^m absorption: if the mineral were heated to above ~ 400 °C. and if the mineral
has low amounts of oxidized iron. The former scenario is an underlying assumption
in the work of Hiroi et al.. while the latter seems to be the case for the high-albedo
hydrated asteroids discussed in Chapter 3.
There is reaison to beUeve the phyllosilicates on Ceres" surface are low in
iron. Vilas and Gaffey (1989) specifically discuss Ceres in terms of its high albedo
and weak 0.7-/im absorption feature as precluding a significant iron-bearing phyllosilicate component, and presume an intense low-T aqueous alteration resulting in
smectites or kaolins (montmorillonite is a smectite clay). Thus, we can reconcile all
the data by concluding that the surface of Ceres has not been heated beyond ~ 400
K since the formation of its low-iron hydrated minerals.
There is an additional possibility that should be mentioned: it is possible
that some areas on Ceres" surface have had slightly different thermal histories than
other areas. Impact heating could alter certain parts of Ceres, providing the spectral
signature Hiroi et al. consider diagnostic of thermal metamorphism. while other,
more pristine, areas could be providing the low-temperature ammoniated silicate
spectral signature. The work of Grier et al. (1996) shows that the L chondrite
parent body may contain many different metamorphic grades, and recent studies of
4 Vesta by Binzel et al. (1997b) suggest that its surface may be heterogeneous in
terms of age.

i Ui

6.7

PeJlas: Combined ISO and UKIRT Spectra

As discussed in Section 6.6. a spectrum of 2 Pallas was obtained from the SW S on
ISO. -Again. I will be presenting preliminary data. Pallas was fainter than Ceres
at the time it was observed, so the data are of correspondingly lower signal-tonoise ratio. .Again, however, the important 2.6-2.S ^m region can be explored only
with spacecraft data. Because of the similarity in the 3-/im region between Pallas
and most of the other asteroids observed (13 Egeria. 19 Fortuna. 51 \emausa and
106 Dione). an understanding of Pallas" mineralogy is of much broader import than
merely an understanding of a single body.
Figure 6.17 shows the combined ISO and UKIRT spectra of Pallas. Here
the UKIRT spectrum hcis been thermally corrected using the STM. .A-s with the
Ceres spectrum, an obvious OH absorption feature is found centered near 2.75 //m.
Indeed, as can be seen in comparisons of Figure 6.14 and Figure 6.17. Ceres and
Pallas have nearly the same spectra between 2.4 and 2.9 ^m. .Although the 2.75 /zni
feature in Ceres is attributed to an ammoniated montmorillonite in Section 6.6. I do
not suggest that Pallas also has ammoniated minerals. The lack of spectral fealur<>s
at 3.05 nm seems to preclude that possibility. No additional features are seen in
Pallas" spectrum, including near 3.4 ftm. where we can rule out any absorptions due
to organic molecules to 1-2%.
In Figures 6.IS and 6.19. I show the spectrum of Pallas compared to two
meteorite analogs. Renazzo (CR) and Y-793321 (CI/CM). with both spectra taken
from Hiroi et al. (1996). Renazzo was proposed as a close spectral analog to Pallas
by Sato et al.

(1997).

In Figure 6.18, however, it is clear that the match with

the Renazzo spectrum is not particularly close.

However. Renazzo's band shape

is qualitatively the closest among these metorites to the band shape of Pallas. In
Figure 6.19. the opposite problem occurs: Y-793321 has a spectrum that matches
well with Pallas beyond about 2.95 /xm. and the two spectra plot close together in
Figure 6.13. but the data shortward of 2.95 fim show that Pallas has a much more
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OH-rich mineralogy than Y-793321.
Comparing Pallas" spectrum to that of the mineral kaolinite from Salisbury
et al. (1991). we see a qualitative match (Figure 6.20). The kaolinite spectrum falls
between the Pallas spectra generated by the two thermal corrections. This does not
necessarily mean this specific mineral is present on Pallas" surface, but does provide
evidence that clay minerals of the kaolinite-serpentine group are responsible for the
feature. Again, more sophisticated modelling is necessary to determine more precise
mineralogy. Kaolinite-serpentine clays are generated principally by the alteratiini
of feldspar and other silicates (Deer et al.. 1971).

6.8

Conclusions

I have presented the spectra of six C-class asteroids from CGS4 on L'KIRT. and tlie
preliminary spectra of 1 Ceres and 2 Pallas from SWS on ISO. With the exception
of Ceres, these asteroids all seem to have v^ery similar 3-/im band shapes, implying
similar hydrated minerals exist on all their surfaces. When compared to meteorite
spectra, these asteroids (again, excluding Ceres) all are richer in OH-bearing miner
als than common meteorite analogs. The G-class asteroids 19 Fortuna and 13 Fgeria
and the CU-class asteroid 51 Nemausa show some evidence of an additional weak
feature at 2.94 /ma. which may be due to H20-bearing minerals as well.
The interpretation of Ceres" 3-/zm feature as due to ammoniated phyllosilicates, as proposed by King et al. (1992). is supported by our UKIRT and ISO
observations. The lack of a 0.7 fim feature on Ceres must then be due to a lack
of iron-bearing phyllosilicates rather than thermal metamorphism of its surface.
Observations of Pallas give rise to spectra qualitatively similar to those of kaoliniteserpentine group minerals. Because the remaining asteroids observed have 3-//ni
spectra similar to Pallas, this implies similar minerals are present on their surfaces
as well.
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Figure 6.17: The UKIRT spectrum of 2 Pallas, taken in February 1996. along with a
preliminary spectrum of Pallas taken by the Short Wavelength Spectrometer (SW'S I
on the Infrared Space Observatory (ISO). Thes show good agreement in the region
of overlap. Because the UKIRT data is of higher signal-to-noise, all following spectra
will use the UKIRT data only in the area of overlap.
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Figure 6.18: Two spectra of Pallas (thermally corrected using a thermophysical
(TM) model and the Standard Thermal Model (STM)) compared to the CR me
teorite Renazzo, from Hiroi et al. (1996). This meteorite was proposed to be a
close spectral analog to Pallas by Sato et al. (1997). but our spectra show large dis
agreements. Renazzo, however, is perhaps the closest match to these asteroids when
qualitative band shape is discussed. It is one of only a few meteorites with an asym
metrical. "check-mark" feature, with a minimum shortward of 2.9 //m presented in
Hiroi et al. (1996).
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Figure 6.19: Two spectra of Pallas (thermally corrected using a thermophysical
(TM) model and the Standard Thermal Model (STM)) compared to the thermally
metamorphosed CI/CM meteorite Y-793321. from Hiroi et al. (1996). This mete
orite has retlectance ratios close to those of Pallas, but our spectra show disagree
ments shortward of 2.95 fim. Pallas has a
feature which continues to descend
shortward of 2.95 //m, while that of Y-793321 flattens out. This implies Pallas is
richer in OH-bearing minerals than the meteorite.
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Figure 6.20: Two spectra of Pallas (thermally corrected using a thermophysical
(TM) model and the Standard Thermal Model (STM)) compared to a spectrum of
kaolinite from Salisbury et al. (1991). The kaolinite spectrum is bounded by the
Pallas spectra, suggesting similar minerals are present on Pallas' surface.

APPENDIX A

This appendix contains the log of spectrophotometric observations contained in this
dissertation for which I was present at the telescope. Additional data taken in 1991
by Ellen Howell and contributed to this work is logged in Rivkin et al. (199o). along
with the 1993 data found here. Spectroscopic data taken at the United Kingdom
Infrared Telescope is logged in Chapter 6.

Date
15 Aug 1993

IS Aug 1993

4 Dec 1995

6 Dec 1995

Asteroid
75 Eurydike

Class

Instrument

Observers

M

RC2

Britt. Branston.

44 Nysa

Et

201 Penelope

VV't

92 Undina
849 Ara
620 Drakonia
497 Iva
216 Kleopatra

vvt

44 Nysa

Et

201 Penelope
77 Frigga

vvt
MU

92 Undina

vvt

22 Kalliope
186 Celuta
433 Eros
337 Devosa

vv
K
s
M

317 Roxane
64 Angelina
771 Libera
184 Dejopeja
221 Eos
857 Glassenappia
161 Athor
758 Mancunia
44 Nysa
16 Psyche
22 Kalliope
125 Liberatrix
7 Iris
64 Angelina
785 Zwetana
359 Georgia
92 Undina

Et

110 Lydia
44 Nysa

M
E
M
M

Lebofsky. Ri\ kiii

RC2

Britt. Branston.
Rivkin

RC2

Rivkin, Clark

RC2

Rivkin. Clark

E
VV
M
K
MU
M
M
E
M
W
M
S
E
M
M
VV
VV
E

I.'1

Date
14 Feb 1996

1-5 Feb 1996

24 May 1996
25 May 1996
26 May 1996

28 Sep 1996
29 Sep 1996

30 Sep 1996

^

Asteroid
•579 Sidonia
64 Angelina
359 Georgia
92 Undina
110 Lydia
44 Nysa
6 Hebe
64 Angelina
16 Psyche
92 Undina
110 Lydia
44 Nysa

Class

253 Mathilde
369 Aeria
253 Mathilde
369 Aeria
253 Mathilde
106 Dione
2035 Stearns

C
W
C
VV

55 Pandora
135 Hert ha
21 Lutetia
10 Hygiea
22 Kalliope
129 Antigone
136 Austria
214 Aschera
21 Lutetia
3 Juno
22 Kalliope
55 Pandora

M?
VV
VV

K
E
M
VV
VV
E
S
E
M
VV
VV

Instrument
NSFCAM

Observers
Rivkin

NSFCAM

Rivkin

RC2
RC2

Rivkin
Rivkin

RC2

Rivkin

E

C
G
E

C
VV?
VV
VV? K?
E
VV

NSFCAM

Britt. Rivkin

NSFCAM

Britt, Rivkin

NSFCAM

Rivkin

M
VV?
M?

Table A.l: Log of Spectrophotometric Observations
Original X classification
changed to M due to albedo determination (Tedesco 1989). iOriginal X classifi
cation changed to P due to albedo determination (Howell et al. in preparation).
fHydrated members of M class moved to new VV class. Hydrated members of E
class may warrant a new class as well.
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