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ABSTRACT

The mineralogical composition of asteroids can be constnad using visible
and near-IR (VNIR) spectroscopy. The most prominent specal features ob-
served over this wavelength range are due to olivine and pywene, the two most
abundant minerals in both chondritic and achondritic meteates. The observed
ratio of these two minerals is highly dependent on the amourdf heating that
an asteroid has undergone. The 1-micron band minimum and thHeand area
ratio (BAR) between the 2- and 1-micron bands reveal the relize abundance of
olivine and/or pyroxene on an asteroid surface (Ga ey 1993)A large sample of
S-, A-, V-, and R-type asteroid spectra was collected overéhvisible and near-IR
wavelengths. Here we present a methodology for calculatitige location of the
1-micron band minimum and BAR with appropriate 1- sigma unceainties.
This method was used to characterize approximately 200 Sgg asteroids
throughout the main belt. We will also present the distributon of olivine /
pyroxene throughout the main belt by measuring how the S-ty mineralogy
varies with heliocentric distance. This will provide a beter understanding of
both the thermal processing across the main belt and subseou mixing of

asteroids through collisional and dynamical processes.

1. Introduction

1.1. Mineralogy

S-types are primarily composed of olivine and pyroxene. Tée minerals control the

observed spectral features of asteroids. Pyroxene has apsion features located around 1-
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and 2- m, while olivine has absorption features located around 1m. These broad features
are composed of higher resolution bands that are controlldxy the physical structure of the
mineral, and by the vacancies in the silicon-oxygen crystatructure. Fe+ and Mg+ are
the primary ions that Il in the olivine vacancies, whereas E+, Mg+ and Ca+ Il in the
pyroxene vacancies. Sunshinet al. have began the next step of mineralogical studies by
using Modi ed Gaussian Modeling (MGM) to deconvolve the brad spectral features into
the higher resolution bands controlled by the mineral vanagies, but this study focuses on

the broader 1- and 2-m bands.

1.2. Observations

The S-type spectra were obtained in the visible wavelengtisom Phase Il of the
Small Main-Belt Spectroscopic Survey (SMASSII) (Bus and Biel 2002). SMASSII used
the 2.4-m Hiltner and 1.3-m McGraw Hill telescopes and had aawelength range of
0.435-0.925m. Near-infrared data was obtained from continuing runs on ASAs Infrared
Telescope Facility using SpeX with a wavelength range of 62749 m. The SpeX data was
crucial for this study, since it included the 1- and 2-m bands, which represent the mineral

chemistry of the asteroids.

1.3. S-type Taxonomy

Starting with the Tholen classi cation (Tholen 1989), S-types were all lumped into
one category. This taxonomy was based on the Eight-Color Asid Survey (ECAS). The
SMASSII classi cation o ered improved resolution in the vsible wavelengths, and the
S-types were subsequently broken down into 6 subtypes. Thddition of the near-IR SpeX

data allows mineralogy to be incorporated into the taxonomyThis next step puts physical
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meaning behind the letters of taxonomy.

2. Methodology
2.1. Improvement of error bars

The original error bars warranted re-evaluation since a maj goal of this study was
to calculate appropriate error bars for the Band | Center. Tk original spectral error
bars are only representative of random photon statistics. e varying systematic errors
introduced to each channel through the telluric correctiorare unaccounted for, leading to
under approximations of error. 400 spectra were spline t tanalyze this systematic error.
The systematic error was de ned as@bserverd Fit Reflectance)=(P hoton Error). The
mean and standard deviation of the systematic error for eadchavelength was summed in
guadrature to aquire the nal error bar correction value. The new error bar values were the
original error multiplied by the obtained systematic valuefor the appropriate wavelength

(see Appendix for plot).

2.2. Band Area Ratio

The band area ratio (BAR) is one of the main spectral featuregsed to determine the
olivine-pyroxene relative abundance ratio. The band one dntwo area de nitions were
determined through laboratory experiments (Cloutis 1986)\The band | area is de ned as
the area enclosed by the spectral curve and a straight-linarigent tothe relative maxima
at 0.7 and 1.4-1.7 m. The band Il area is enclosed by the spectral curve and steat line
xed on the curve at 2.4 m (because the absorption wing is incomplete) and the 1.4- to
1.7- m maximum." This traditional BAR de nition was used with two slight modi cations.

First, it is not possible to determine the exact tangent line (continuum line from now on)
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to the spectral curve for both band areas. Fitting a line to te local maxima of the spectra
is not the most accurate de nition of the continuum line. A mae improved estimate of
the continuum was found by tting the regions around the reléive maxima with second
order polynomials, and solving for the equation of the tange lines to those polynomials.
This gives a more robust approximation for the continuum, wich is also important for
calculating the Band | Center. Second, not all Bll areas wereut o at 2.5 m. If the
spectrum had a relative maximum in the 2-2.5m region, then the BIl area was measured

up to that maximum.

2.3. Band | Center

Calculating and de ning the Band | Center is a very di cult ta sk. It is important
to remember that Band | is a convolution of absorption bandsraing from distinct ion
vacancies for olivine and pyroxene. The deconvolution of éhband is currently being
studied using the Modi ed Gaussian Method (MGM) (Sunshine @07). The complexity of
the band creates the di culty of de ning a band center when ony looking at the convolved
band. It is generally agreed that the absolute band minimumattained from a high order
polynomial t, is not the desired feature. The broadness of aecond order polynomial suits
Band | for tting since we are looking to track a broad structue. After choosing a second
order polynomial, it is then crucial to de ne the sections othe band to t. It is clear
that the bottom of Band | often has a quadratic shape, but the est of the band quickly
diverges from quadratic to a higher order shape. Thereford,the band is t from small
re ectance values all the way to the highest re ectance vaks, a lot of systematic error will
be introduced. We found that tting a second order polynomi&aover the bottom third of
the band introduces little or no systematic error. The Band ICenter was calculated in the

following way. First, we set a re ectance upper limit just alove the three lowest re ectance
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points. Second, we t a second order polynomial to the data ahsolved for the re ectance
minimum and corresponding wavelength. Third, we resampletthe re ectance values and

repeated step two one hundred times. The resampled re ectem is:
Reflectance+ New Error Random number from Normal Distrib (mean=0; =1)

Fourth, we increased the re ectance upper limit (i.e. incrase the number of points in
the band to t). Fifth, we repeated steps two, three, and fouruntil the re ectance upper
limit reached one-third of the total band re ectance. We aveaged all corresponding
wavelengths to get a value for the Band | Center, and took theandard deviation of all the

corresponding wavelengths to get a value for the Band | Cemt&rror Bar.

3. Results

3.1. Mixing Line Distribution of 188 S-type Asteroids

The mixing line was developed by Cloutis (Cloutis 1986) as aotl to study the
olivine-pyroxene abundance ratio in meteorites and astéds. The majority of asteroids in
this study fall along the mixing line in a predictable mannersee Appendix for plot): the
Vestoids are in the pyroxene rich region, and the A-types ammostly found in the olivine
rich region. The S-types exhibit clumping patterns; the clmp around 0.98 m Band |
Center might represent the ordinary chondrites as hypothesed by previous literature. The
S-type families cluster along the mixing line while the bagtound objects spread over the
range of BAR and Band | Center. The Band | Center error bars avage 0.00664m and
span 0.000870m - 0.06184 m.
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3.2. Heliocentric Distance Distribution of 188 S-type Aste roids

Note that the 188 asteroids are not a random sample of the mabelt. There was
observational bias towards objects in spectro-dynamicahrilies. At rst glance, there does
not seem to be obvious structure in the heliocentric distrilition (see Appendix for plot). A
running box-car average with 10 asteroids represented inakadata point (family members
were averaged into 1 data point before overall averaging) si@one to smooth the data and
look for any trends. There appears to be an overall trend of deeasing olivine/pyroxene
ratio moving further away from the sun. This contradicts the rst approximation that

S-types closer to the sun should be more thermally altered.

4. Conclusions

The thermal trends found in the S-type asteroids seem to inchte a lower
olivine/pyroxene content for asteroids in the outer regiorof the belt, compared to the inner
belt asteroids. This trend would be important for our under&nding of the cosmochemistry
and dynamics of the main belt, and will need to be con rmed wit further work. Crucial
next steps will include adding more main belt asteroids. Thee asteroids will idealy
be background objects not belonging to any known spectro-dgmical family. As the
classi cation of asteroid families improves, so will the dhty to properly select a random

sample of the main belt.
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A. Figures

This manuscript was prepared with the AAS ATEX macros v5.2.
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Fig. 1.| This plot shows the systematic error introduced by the telluric correction at each

wavelength.
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Fig. 2.|] Mixing Line Distribution. The left plot shows all as teroids. The right plot shows
only S-types divided by family (BG=background asteroids).The asteroids all fall along the

mixing line as expected. The Band | Center error bars average00664 m.
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Fig. 3.| Heliocentric distribution. The left plot shows all asteroids divided by taxonomy.
The right plot shows only S-types divided by family. We beliee we are seeing a trend of
decreasing olivine/pyroxene at higher heliocentric distaces as evidenced by decreasing Band

| Center wavelength.



