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Abstract—Bottke et al. (2007) suggested that the breakup of the Baptistina asteroid family (BAF)
160430 _,, Myr ago produced an “asteroid shower” that increased by a factor of 2-3 the impact flux of
kilometer-sized and larger asteroids striking the Earth over the last ~120 Myr. This result led them to
propose that the impactor that produced the Cretaceous/Tertiary (K/T) mass extinction event 65 Myr
ago also may have come from the BAF. This putative link was based both on collisional/dynamical
modeling work and on physical evidence. For the latter, the available broadband color and
spectroscopic data on BAF members indicate many are likely to be dark, low albedo asteroids. This
is consistent with the carbonaceous chondrite-like nature of a 65 Myr old fossil meteorite (Kyte 1998)
and with chromium from K/T boundary sediments with an isotopic signature similar to that from
CM2 carbonaceous chondrites. To test elements of this scenario, we obtained near-IR and thermal IR
spectroscopic data of asteroid 298 Baptistina using the NASA IRTF in order to determine surface
mineralogy and estimate its albedo. We found that the asteroid has moderately strong absorption
features due to the presence of olivine and pyroxene, and a moderately high albedo (~20%). These
combined properties strongly suggest that the asteroid is more like an S-type rather than Xc-type
(Mothé-Diniz et al. 2005). This weakens the case for 298 Baptistina being a CM2 carbonaceous
chondrite and its link to the K/T impactor. We also observed several bright (V Mag. <16.8) BAF

members to determine their composition.

INTRODUCTION

Catastrophic events have strongly affected the course of
evolution of life on planet Earth. Bottke et al. (2007) argued
that a factor of 2 increase in the terrestrial and lunar impact
flux over the last ~120 Myr (potentially including the K/T
impactor) was likely triggered by the catastrophic disruption
of a ~170 km body in the inner region of the main asteroid
belt. They identified the Baptistina asteroid family (BAF) as
the probable source of this putative increase using a range of
observational data and numerical modeling work (e.g., the
orbital and absolute magnitude distribution of the observed
family, asteroid color data from the Sloan Digital Sky Survey,
and the existing spectroscopy of two large Baptistina family
members, collisional and dynamical modeling work).
According to Bottke et al. (2007), the BAF formed 160+30,_,,
million years ago and since then the family members have
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been drifting both toward and away from the Sun via non-
gravitational Yarkovsky forces. This has allowed 10-20% of
the kilometer-sized and larger BAF members, which once
may have exceeded 140,000 members, to reach two nearby
mean motion resonances (the 7:2 and 5:9 mean motion
resonances with Jupiter and Mars, respectively) that in turn
delivered them to orbits that cross those of the terrestrial
planets. Numerical modeling work shows that asteroids
exiting these resonances have a nearly 2% chance of striking
the Earth. Taken together, Bottke et al. (2007) used these
values to show that the BAF could have potentially dominated
the background impact flux on the Earth, Moon, and other
terrestrial planets for several tens of Myr, with the peak of the
flux occurring about 100 Myr ago.

Based on this premise, Bottke et al. (2007) speculated
that there could be a connection between the putative asteroid
shower produced by the BAF and the K/T impact, presumably
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the largest impact on Earth over the last 160 Myr. Using
dynamical modeling work as well as information on the
nature of the BAF and the K/T impactor, they estimated there
was a ~90% probability that the K/T impactor was derived
from the BAF asteroid shower.

In order to perform the K/T calculation, Bottke et al.
(2007) checked to see whether the BAF’s taxonomic
properties were consistent with what was known about the K/T
impactor. The deduced composition of the K/T impactor,
while somewhat murky, is consistent with it coming from a
dark, low albedo asteroid. An investigation of a 65 Myr old
highly-altered fossil meteorite, presumably a fragment from
the K/T impactor, was found to be most similar to
carbonaceous chondrite meteorites, themselves a dark
meteorite class (Kyte 1998). Similarly, chromium isotope
studies of sediments from several different K/T sites
(Trinquier et al. 2006; see also Shukolyukov and Lugmair
1998) suggested the impactor was most similar to CM2-type
carbonaceous chondrites. Assuming the latter is true and that
the BAF indeed produced the K/T impactor, it would suggest
that the BAF was likely similar in composition to CM2-type
carbonaceous chondrites.

Here we attempt to further test the BAF-K/T impactor
link by observing and spectrally characterizing some of the
brightest objects in the BAF. Our goals in this particular paper
are to determine whether 298 Baptistina is spectrally
consistent with CM2-type carbonaceous chondrites, and
thereby test the K/T impactor link. The compositional
investigation of smaller BAF members, such as those
identified by Parker et al. (2008) using SDSS colors, is on-
going and will be described in a follow-up paper. It is also
important to recall what these taxonomic classifications mean
and their relationship (or the lack of) to meteorites.
Taxonomic classification is a useful technique to broadly
classify large number of objects for applications such as
identifying broad trends throughout the main belt or
constraining membership of dynamical families, but it does
not equate with compositional characterization of asteroids.

The largest member of the BAF, 298 Baptistina, has been
classified as Xc-type based on its visible spectrum (Lazzaro
et al. 2004). In this paper, we present new near-infrared (0.8 to
2.5 um) spectra that we obtained in order to assess the surface
composition of Baptistina. This spectral range is more
diagnostic of actual silicate mineralogy than the visible region,
and will therefore provide a test of the hypothesized CM2-like
composition for Baptistina. We also present a measurement of
thermal emission from Baptistina and the resulting albedo
estimate. Albedo provides a significant constraint on
compositional interpretation, with a CM2 assemblage having
an albedo in the 3—6% range (Gaffey 1976) while an S-type
object would normally have an albedo in the ~10-35% range
(Gaffey et al. 1993a). We also observed several bright (V Mag.
<16.8) BAF members to determine their composition and if
they make geologic sense as members of the family.
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OBSERVATION AND DATA REDUCTION

In an effort to constrain the composition of 298
Baptistina, its albedo and diameter, and the composition of
some of its family members, an observational campaign was
launched in Spring 2008 using the SpeX instrument (Rayner
et al. 2003) at the NASA IRTF. Baptistina was observed in
low-resolution prism mode (0.75-2.50 um) on Feb. 28, 2008
(13:30-14:30 UT), March 21, 2008 (13:00-13:30 UT), and
March 22, 2008 (13:00-14:00 UT) and in long cross-
dispersion mode (LXD) (1.90-4.20 um) on March 21, 2008
(11:20-11:45 UT) (Table 1). All observations were made on
site during which local standard stars and solar analog stars
were also observed for extinction and solar continuum
correction of the asteroid spectrum.

The low resolution prism data (0.75-2.50 wm) were
processed using methods described in Abell (2003) and the
LXD data (1.904.20 um) were processed using methods
described in Emery and Brown (2003).

ALBEDO AND DIAMETER ESTIMATION

Albedo measurement of an asteroid is a valuable datum
that can constrain its compositional characterization. In the
case of 298 Baptistina it could help confirm the compositional
link to a specific meteorite type. Albedo measurements of
Baptistina were not available prior to this study. In an effort to
constrain the albedo, cross dispersion data (1.90—4.20 um)
(Fig. 1) were obtained using the SpeX instrument on NASA
IRTF.

Albedo Estimation

The spectrum of Baptistina measured at the IRTF on 21
March 2008 rises steeply longward of about 3.6 um (Fig. 1).
This is interpreted as a contribution to the spectrum by
thermal radiation from the surface, and we use this thermal
tail to estimate the albedo of Baptistina. This is part of the test
to see whether Baptistina is consistent with a carbonaceous
chondrite-like composition, which would imply a low (few
percent) albedo.

The approach used for estimating the asteroid’s albedo is
similar to that used by several other authors in the
interpretation of relative spectral data of near-Earth asteroids
(e.g., Abell 2003; Rivkin et al. 2005; Reddy et al. 2007;
DeMeo and Binzel 2008). The data are not photometric (i.e.,
no reliable absolute flux calibration), prohibiting the normal
application of the radiometric method to determine both size
and albedo. Nevertheless, the relative spectral accuracy is
quite good, and the location and magnitude of the thermal
contribution provides an indication of the surface temperature
and, since the location of the asteroid is well known, the
albedo.

The thermal excess at each wavelength, v, (Rivkin
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Table 1.
Rotation period  Taxonomic Observing dates  Visual Phase Heliocentric distance
Asteroid (h) classification (UT) magnitude  Airmass angle (AU)
298 Baptistina 16.22 Xe 28-Feb-08 14.4 1.14 22.5 2.109
21-Mar-08 13.85 1.246 13.9 2.128
22-Mar-08 13.85 1.28
1126 Otero A 21-Mar-08 14.68 1.17 18.3 1.96
1365 Henyey S 23-Mar-08 14.15 1.18 8.9 2.095
1619 Ueta 2.94 S 22-Mar-08 16.5 1.06 27.1 2.182
23-Mar-08 16.5 1.041 27.1 2.184
2093 Genichesk 11.02 C 23-Mar-08 16.39 1.04 16.9 2.392
4375 Kiyomori A 22-Mar-08 14.92 1.13 54 2.083
23-Mar-08 14.92 1.08 5.9 2.082
4859 Fraknoi S 23-Mar-08 16.82 1.08 26.1 2.106
P , i i — radius (i.e., the cross-sectional area), this factor cancels out and
F =10 e the thermal excess is independent of size. In other words, the
? F 1  solution for the albedo determined from v, is not degraded by
H Ak 1 ourignorance of the size of Baptistina.
nI: = The task is now to fit the thermal excess using modeled
nooE reflected and thermal fluxes. The modeled reflected flux is
= i
§ o £ 5 given by
9] > O F 2
i@ 8 ° Ry = 22 P_qp, ©)
© o ) ] T A
g 1 E % ,<<>> 3 g 3 AU km
2 . %o 1 where ryy is the heliocentric distance in AU, Ay, is the
= SR . L. . . .. .
: S 1 geocentric distance in km, and p is the radius in km. Fg,,  is
20 ! ! : 3 the solar flux at 1 AU, for which the parameterization given in
2.0 2.5 3.0 3.5 4.0

Wavelenéth (um)

Fig. 1. Thermal IR data of 298 Baptistina obtained in the cross-
dispersion mode (LXD) using the SpeX instrument on NASA IRTF.
The thermal models were calculated using NEATM. The black open
diamonds are the data binned by 6 channels (which is the width of the
slit), and the grey open circles are data binned by 36 channels.

et al. 2005) is calculated as

R, + T,
T = -1
A Rk

(1

In this relation, R, represents the reflected component at a
given wavelength, and T) the thermal component. The quantity
R, + T), is the measured relative spectrum. Since we do not have
an independent measure of R, in the thermal region (A >
3.5 um), the model is fit by a straight line to the K-band portion
of the spectrum and extrapolating this line through the L-band.
This straight line extrapolation is supported by the composition
inferred from the prism (0.8 to 2.5 um) spectrum (Fig. 2). Note
that since both R, and T, are proportional to the square of the

Smith and Gottlieb (1974) is used. The phase factor, @, was
calculated as described in Bowell et al. (1989) assuming a
slope parameter, G, of 0.15, giving ® = 0.48. Finally, p,, is the
geometric albedo at wavelength A. This is related to the
visible geometric albedo, p,, by py=p,fi,Ry, where fi, is the
ratio between the visible and K-band geometric albedos and
R, is the relative reflectance modeled as a straight line fit to
the K-band data as described above. The term fi, is estimated
from the measured prism spectrum to be 1.12.

The modeled thermal flux, Ty, is calculated using a
slight modification of the standard thermal model (STM;
Lebofsky et al. 1986) that is commonly referred to as the near-
Earth asteroid thermal model (NEATM; Harris 1998). The
modifications are that the beaming parameter (1), which was
introduced to adjust the surface temperature to account for
surface roughness but can be used to account for thermal
inertia as well, is allowed to float rather than being set at a
predetermined value and the mid-infrared phase function is
handled slightly differently. Since 1 adjusts the temperature,
the choice of values for this parameter also affects the
resulting albedo estimate. In a reanalysis of IRAS asteroid
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Fig. 2. Near-IR spectrum of 298 Baptistina obtained on March 21 (top) and 22 (bottom), 2008. The visible data from Lazzaro et al. (2004) and
the near-IR data from NASA IRTF were combined to show the complete VNIR spectrum. Spectra from both nights are consistent with one

another and are offset for clarity.

photometry, Russ Walker (personal communication) found
that the distribution of 1 in the Main Belt was a Gaussian with
a mean near 1 and a standard deviation of ~0.09. In the
thermal fits performed here, a default n of 1.0 was adopted,
but calculations were also performed with values of 0.9 and
1.1 to assess uncertainties in the albedo estimate.

The modeled thermal excess is compared to the
measured thermal excess for a given choice of p, and 1. The
two are compared for goodness-of-fit by calculating a
reduced 2. A minimization algorithm (Press et al. 1992) was
used to quickly and efficiently zero in on the best-fit p, for a
given 1. For n = 1, the best-fit p, is 0.22. The data are
somewhat noisy and are reasonably well fit by a range of p,
from 0.13 to 0.37 (Fig. 1). Taking account of the 16 range of
1 mentioned above, the best-fit p, for 1 =0.9 is 0.29 and for
n =1.11s 0.17. Adding together in quadrature the uncertainty
due to the noise in the data and that from the 16 spread in 1,
the final albedo estimate is p, = 0.22:%3 (i.e., range from
0.12 t0 0.39). This derived albedo is much higher than the ~3—
6% albedo expected for a carbonaceous chondrite-like body,
but is in line with those of S-type asteroids, in agreement with
the silicate absorption features apparent in the prism
spectrum.

This albedo value is higher than the preliminary reported
value of 14*2,_3% by Reddy et al. (2008), which was based on
data set that was not corrected for spectral slope. The error
bars reported here are more realistic based on the scatter in the
raw data.

Diameter Estimation

An asteroid’s diameter can be calculated if its absolute
magnitude (H) and geometric visual albedo (p,) are known. H
is related to p, and the asteroid’s effective diameter (D, in
kilometers by the equation (Fowler and Chillemi 1992):

1329
D= —*10

Jp

-H/5

Using an absolute magnitude H = 11.0 and an albedo of
20*15,_,0%, 298 Baptistina has a diameter of ~19*7,_s km. This
diameter is much smaller than the 40 km reported by Bottke et
al. (2007) which was estimated based on an assumed lower
albedo.

COMPOSITIONAL CHARACTERIZATION
Near-Infrared Spectra

Asteroid composition is defined in terms of its
mineralogy, mineral chemistry, and the relative abundances of
major minerals. Key minerals (i.e., olivine, pyroxene) present
on asteroid surfaces have diagnostic absorption features at
visible to near-IR wavelengths (0.30-2.50 um) that can be
used to determine surface compositions. These absorption
bands arise from electronic transitions within a specific
mineral structure. Several spectral band parameters (band
center, band area ratios, band intensity) can be used to
constrain an asteroid’s mineralogy. The general position and
pattern of the absorption band(s) are a function of the crystal
structure, while the exact positions of the bands are a function
of the mineral composition. The intensity of the feature is
related to the abundance of the absorbing species (e.g., Fe2*)
in the mineral and in a mineral mixture to the relative
abundance of different minerals, the distortion of the mineral
crystal structure, particle size, opaques, etc. Since a mineral is
defined by its structure and composition, the positions and
intensities of the absorption bands are uniquely related to
specific minerals.

Figure 2 shows the average near-IR spectra of 298
Baptistina from March 21 and March 22, 2008 UT. Both
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Fig. 3. Band-band plot showing the orthopyroxene to clinopyroxene trend line (Adams 1974). 298 Baptistina plots above the trend line

indicating the presence of olivine.
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Fig. 4. S-asteroid subtypes plot from Gaffey et al. (1993b) showing
the olivine-pyroxene mixing line. 298 Baptistina plots on this trend
suggesting the presence of olivine and pyroxene in the surface
assemblage.

spectra show a well resolved Band I absorption feature at
1.0 £0.01 um with a band depth of 7 + 1% and a weaker Band
II (band depth 2 + 1%) feature at 1.96 + 0.02 um. The Band II
absorption feature is more apparent on March 22, 2008 data.
The average Band Area Ratio (Band I Area/Band I Area) for
both nights is 0.3 £ 0.1. Visible wavelength data (~0.50-0.75 um)
from Lazzaro et al. (2004) agree well with the near-IR data
and confirm the earlier supposition that a weak feature may
exist beyond 0.90 um. The scatter at 1.4 and 1.9 um is due to
incomplete correction of atmospheric water vapor features.
Majaess et al. (2009) present a rotational lightcurve of
Baptistina that was measured throughout March and April
2008, finding a period of 16.23 £0.02 h. Since their observing
period overlapped with some of our dates, we were able to
match the near-IR spectral observations with rotational phase

of the asteroid. Spectral observations on March 21, 2008,
were made at ~0.32 (115°) phase and 0.83 (298°) phase on
March 22, 2008. As seen in Fig. 2 no significant rotational
variation was observed in the measured spectral band
parameters (band centers, band depth, Band Area Ratios
[BARY)).

The presence of Band I and II strongly indicates the
presence of a mafic silicate mineral—most likely
pyroxene—on the asteroid’s surface. Pyroxenes typically
have Band I centers between 0.90-0.935 pum for low-Ca
pyroxenes, 0.91-1.07 um for Type B high-Ca pyroxenes and
Band II centers between 1.78-1.97 um for low-Ca
pyroxenes and ~1.97-2.36 um for Type B high-Ca
pyroxenes (Cloutis and Gaftey 1991). For 298 Baptistina the
Band I center of 1.0 £ 0.01 wm suggests that the surface
assemblage has either a low-Ca and high-Ca pyroxene
mixture or low-Ca and olivine mixture. Figure 3 shows a
plot of Band I and II centers for ortho and clinopyroxenes.
Baptistina plots above this trend line strongly suggesting the
presence of olivine in the mixture.

Based on the Cloutis and Gaffey (1991) calibration the
ratio of pyroxene in a mixture of olivine + pyroxene is
~20:80 £ 10. Correcting the Band I center for olivine using
methods described in Gaffey et al. (2002), Baptistina plots
below the trend line suggesting the presence of a possible
third phase (high-Ca pyroxene) apart from olivine and low-Ca
pyroxene. The Band I center and BAR of 298 Baptistina plot
exactly on the olivine + orthopyroxene mixing trend line in
the Gaffey S-asteroid subtype plots (Fig. 4) strengthening the
case for an olivine and low-Ca pyroxene mixture. Based on
the mineralogy, the ratio of olivine/pyroxene, and the location
of the asteroid band parameters on S-asteroid subtype plot,
LL chondrites are plausible meteorite analog for 298
Baptistina.
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Absorption features on 298 Baptistina are 7 £ 1%
(Band I) and 2 + 1% (Band II) deep, respectively. This is
weaker than the average S-asteroid Band I depth (12.3 *
4.6%) from Gaffey et al. (1993b), but within the range of
S-asteroid Band I depth (2.7-24%). The presence of weak/
suppressed features could be due to a variety of reasons.
The presence of opaques (e.g., metal) suppresses silicate
absorption features (Cloutis et al. 1990) and reddens the
spectral slope (increasing reflectance with increasing
wavelength). Cloutis (personal communication) noted
reddening of spectral slope in olivine + metal mixtures with
more than 50% metal. Metal also tends to increase the albedo
(moderate albedo ~10-20%). Shock-darkened ordinary
chondrites also have lower albedo and subdued absorption
features (Britt and Pieters 1994; Gaffey 1976). Other opaques
(e.g., carbon) suppress spectral absorption features and
decrease albedo (Clark 1981, 1983). A low abundance of the
absorbing species (e.g., Fe2*) in a moderate albedo mineral
can also cause weak features. Adams (1975) observed the
increase in band depth and shifting of band center as Fe
content of olivine increased in the forsterite-fayalite solid
solution series. Presence of weakly featured minerals, for
example low-Fe orthopyroxene can produce weak features
with high albedos. Particle size and porosity can also affect
the albedo and intensity of the absorption feature (Gaffey
et al. 1993c¢). For transparent or weakly absorbing species, a
decrease in particle size causes weakening of absorption
features, but increases the albedo. For opaques such as
carbon, decreasing particle size decreases albedo.

CM2 Carbonaceous Chondrite Link

Identifying a meteorite analog of an asteroid helps not
only to link the meteorite to a source region in the asteroid
belt but also to understand the petrologic history and
formation conditions of the asteroid. Barring direct sampling
and analysis of an asteroid, the most robust way to identify a
meteorite analog of an asteroid to use spectral band
parameters to determine the asteroid’s surface mineralogy
and mineral abundances.

Visible Spectra

The visible wavelength spectrum (~0.50-0.90 um) of
298 Baptistina was published by Lazzaro et al. (2004) as part
of the Small Solar System Object Spectroscopic Survey
(S308S2) and is shown in Fig. 5. The spectrum shows a rise in
reflectance from ~0.50-0.75 pum and a drop in reflectance
beyond that toward near-IR wavelengths suggesting a
possible weak feature at 0.90 um. The sharp narrow feature at
~0.77 um is an uncorrected absorption due to atmospheric
oxygen (O,). Comparing the visible spectrum of 298
Baptistina with those of CM2 meteorites and meteorite
mixtures (Fig. 5) shows a significant mismatch.

V. Reddy et al.
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Fig. 5. Visible spectra of CM2 carbonaceous chondrites Cold
Bokkeveld, Mighei, Murchison, Murray and Nogoya by Gaffey
(1976) and 298 Baptistina from Lazzaro et al. (2004). Note the
presence of broader feature centered near ~0.70-um in Murchison,
Mighei and Nogoya due to Fe**-bearing in phyllosilicates which
make up the bulk of the CM2 meteorites (e.g., Calvin and King
(1997).

Near-IR Spectra

Apart from olivine and pyroxene there is also a possible
third phase (probably an opaque phase such as metal or
carbon) that is suppressing the absorption features. The
albedo of the asteroid is very helpful in narrowing down
possible meteorite analogs. Based on the preliminary albedo
estimate using cross-dispersion data 298 Baptistina has a
moderate albedo ~20%.

Using this information the first step is to investigate the
link between 298 Baptistina and CM2 carbonaceous
chondrites. The CM2 carbonaceous chondrites all belong to
petrologic type 2; meaning they have undergone aqueous
alteration but no thermal metamorphism (Brearley and Jones,
1998). Near-IR laboratory spectra of Cold Bokkeveld, Mighei
and Nogoya show a weak absorption feature (<8%) due to
phyllosilicates at ~0.90 um, which is a complex feature with
overlapping weaker bands (Gaffey 1976). No detectable Band
II absorption feature is seen at 2.0 um and the spectral slope is
redder (increasing reflectance with increasing wavelength)
beyond 1.0 um.

More recent spectral data of Antarctic CM2 meteorites
from the RELAB database collected, by Pierre Hudson were
analyzed for this study. Of the six samples, five were of type
CM2 and one was CMI1. Only two CM2 samples (Pecora
Escarpment [PCA] 02012 and Queen Alexandra Range
[QUE] 99038) have detectable Band I and II features but the
band parameters (band centers, BAR, and band depth) of
these CM2 carbonaceous chondrites and from Gaffey (1976)
are inconsistent with 298 Baptistina (Fig. 6). Albedo
measurements of CM2 carbonaceous chondrites by Gaffey
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Fig. 6. Near-IR spectrum of 298 Baptistina and average spectrum of CM2 carbonaceous chondrite meteorites Mighei and Murchison (Gaffey

1976). The spectra have been normalized to unity at 1.50 um.

(1976) shows most have albedos from 3.3% (Cold
Bokkeveld) to 4.7% (Nogoya). Albedo measurements
(absolute reflectance at 0.565 pum) of Antarctic CM2 samples
show that all but two samples (PCA 02012 and QUE 99038)
have low albedos between 2 and 5%, similar to Gaffey (1976)
measurements. PCA 02012 and QUE 99038 are minor to
moderately weathered samples that have albedos of ~13%,
which is considerably higher than all other known CM2
meteorite albedos. There is a strong possibility that terrestrial
weathering has had some effect on the albedos of these
meteorites. The spectral effects of terrestrial weathering on
meteorites are not well characterized. Vilas and Gaffey (1989)
suggested that such high albedos (7-15%) are possible in
highly aqueously altered CM2 assemblages, but the
absorption features are still very weak (<5%).

Many dark main belt asteroids have been associated with
CM2 assemblages by previous researchers (Vilas and Gaffey
1989; Jones et al. 1990; Vilas and McFadden 1992; Vilas and
Sykes 1996; Fornasier et al. 1999). Most of this research was
done using visible spectra (~0.40—0.90 um) and focused on
identifying the 0.70 um feature due to charge transfer
transition in phyllosilicates in CM2 meteorites. Most of the
asteroids linked with CM2 carbonaceous chondrites have
extremely low albedos (3.2—4.9%) and maximum band depth
of <5% for the 0.70 um feature (Vilas and Gaffey 1989).
Fornasier et al. (1999) observed 34 low-albedo (~3-8%)
asteroids and found 65% have a weak feature (2—6% deep) at
0.70 um. In contrast 298 Baptistina has a more moderate
albedo and no detectable feature at 0.70 pum.

Based on the absence of a 0.70 um feature, the presence
of 1.0 um and 2.0 um features, quantified spectral band
parameters (band centers, BAR, and band depth), and
moderate albedos, it is reasonable to conclude that CM2
carbonaceous chondrites are not plausible meteorite analogs
for 298 Baptistina.

OTHER BAF MEMBERS

To further investigate the Bottke et al. (2007) suggestion
that smaller BAF members are dominated by dark C/X type
objects we observed 13 other family members using the SpeX
instrument on NASA IRTF. Table 1 lists6 of the 13 BAF
members we have observed and their respective observational
information. Of the 13 asteroids observed, we have completed
data reduction and analysis for five. Here we present a brief
summary of the compositional information for each of the
BAF members based on their near-IR spectra.

1126 Otero

With an estimated diameter of ~11 km (based on H =
12.1, p, =0.25), Otero is classified as an A-type under the Bus
taxonomic classification (Bus and Binzel 2002) suggesting a
nearly pure olivine phase as the major mineral. However, the
near-IR spectrum of (1126) Otero (Fig. 7) shows a relatively
deep band II (band depth ~6%) feature at 2.0 wm indicating
the presence of pyroxene along with olivine. Its band
parameters are Band I center 0.98 = 0.01 um, Band II center
2.0+ 0.01 um and BAR of 0.40. Based on the calibration by
Cloutis et al. (1986) the estimated abundance of pyroxene in a
mixture of olivine and pyroxene is 25 + 5%. Band parameters
of (1126) Otero plot near the LL chondrite region of the band-
band plot and in the S-IV region of the Gaffey S-asteroids
subtype plot.

1365 Henyey

This ~12 km diameter asteroid (based on H = 11.7, pv =
0.25) is a member of the Baptistina family and has been
taxonomically classified as S-type by Lazzaro et al. (2004) as
part of the Small Solar System Object Spectroscopic Survey
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Fig. 7. Normalized near-IR reflectance spectrum of BAF members
1126 Otero, 1365 Henyey, 2093 Genichesk, and 4375 Kiyomori
obtained using the SpeX instrument on NASA IRTF.
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(S308S2). Figure 7 shows the near-IR spectra of 1365 Henyey
with deep absorption bands at 1- and 2-um, and its band
parameters are Band I center 1.01 £ 0.01 um, Band II center
2.01 £ 0.01 um and BAR of 0.29. The data plot above the
low- and high-Ca mixing line on the band-band plot (Adams
1974) and above the S (IV) region of the Gaffey S-asteroids
subtype plot. The estimated abundance of pyroxene in a
mixture of olivine and pyroxene is 20 + 5% (Cloutis et al.
1986).

1619 Ueta

A member of BAF that shows silicate absorption
bands due to olivine and pyroxene. Due to low SNR of the
spectra further analysis was not possible for this asteroid
and more observations are planned during the next
opposition.

2093 Genichesk

An ~18 km object (based on H =12.6, pv =0.05) with an
S30S2 taxonomic classification of C-type. The near-IR
spectrum of 2093 Genichesk (Fig. 7) shows a shallow, broad
absorption feature at ~1.0 um and a relatively flat spectrum
beyond that. The shallow absorption feature is similar to
1.0 um absorption feature due to phyllosilicates on certain
carbonaceous chondrites like Cold Bokkeveld (CM2) and
CO3 meteorite Kainsaz from Gaffey (1976). Genichesk is the
only object in the BAF we have observed and analyzed so far
that has CM2 carbonaceous chondrites as possible meteorite
analogs. Despite the possibility of Genichesk being a CM2
assemblage, its link to the BAF and ultimately the K/T
impactor is tenuous at best.

Note that while observing BAF members is
straightforward, the identification of BAF members is not.
The BAF is located in a dynamically complex region of the
main belt where it is mixed with members of the Flora and
Vesta families (Bendjoya and Zappala 2002; Bottke et al.
2007). This makes it difficult to sort out true BAF members
from interlopers, particularly at the bright end of the
absolute magnitude distribution where low albedo BAF
members may be mixed with high albedo S- and V-class
asteroids. The SDSS color data mainly exists for objects
with H ~15-16 and has limited coverage among brighter BAF
members with H < 14. Moreover, until recently, the BAF
was identified using cluster algorithms set to grab large
numbers of nearby (and potentially unrelated) objects
(Bottke et al. 2007). This may explain why the BAF was
long thought to merely be a sub-cluster within the Flora
family (Williams 1992), and why previous attempts to
characterize bright BAF members have produced a
potpourri of taxonomic types (Mothé-Diniz et al. 2005).
These factors make it impossible to link Genichesk to the
BAF or the K/T impactor.
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4375 Kiyomori

This asteroid has been classified as A-type by Lazzaro et
al. (2004) as part of the Small Solar System Object
Spectroscopic Survey (S30S2). Figure 7 shows the near-IR
spectrum of (4375) Kiyomori with moderately deep Band I
and Band II features (13% and 11% deep, respectively). The
spectral band parameters of this asteroid are Band I center
0.93 £ 0.01 um, Band II center 2.0 + 0.01 um and BAR of
1.63. The data plot exactly on the low- and high-Ca mixing
line on the band-band plot (Adams 1974) suggesting the
presence of a nearly pure pyroxene assemblage. The asteroid
falls in the basaltic achondrite region of the Gaffey S-
asteroids subtype plot. The estimated abundance of olivine in
a mixture of olivine and pyroxene is <10 + 5% (Cloutis et al.
1986). Kiyomori is a classic example of the failure of
taxonomic classifications in terms of providing compositional
information. Based on the spectral band parameters and the
inferred mineralogy (4375) Kiyomori is not an A-type (as
suggested by Lazzaro et al. 2004).

SUMMARY AND CONCLUSIONS

Asteroid 298 Baptistina is a fascinating object with
complex compositional characteristics and physical
properties. Near-IR spectroscopic data for the asteroid show
that its surface is dominated by a mineral assemblage of
olivine and pyroxene. While the spectral features are subdued
relative to the average S-type asteroid, the inferred
mineralogy is inconsistent with CM2 carbonaceous chondrite
meteorites. The estimate of a moderate albedo (despite large
errors) also supports the argument that Baptistina has a
composition similar to S-type asteroids. Our preliminary
analysis suggests that possible meteorite analogs of Baptistina
would include ordinary chondrites (possible LL chondrite),
but we cannot exclude other meteorites like ureilites.
However, it is important to note that identifying meteorite
analogs for asteroids even using high SNR near-IR spectra is
challenging at best due to the various observational and
physical factors that affect spectral band parameters.

If 298 Baptistina is not a CM2 carbonaceous chondrite
assemblage, what are the implications for the K/T impactor
link to the BAF? While one possibility is that the link is
simply wrong, we suggest here that answer may not be
straightforward. In fact, we believe there are several issues
that need to be further explored.

First, one might consider the possibility that 298
Baptistina is atypical of BAF members. Recall that Parker et al.
(2008) found the Baptistina family is distinct from the Flora
and Vesta families in SDSS color data (as well as other S-type
families across the main belt). According to their analysis,
the average color of BAF members places them in their C-type
category (with their other categories being S- and V-types).
However, SDSS color classification schemes have little
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physical relationship to composition or mineralogy of an
object. Given this ambiguity, it is impossible to confirm the
compositional link between these C-type objects identified by
Parker et al. (2008) and 298 Baptistina without detailed
mineralogical characterization. More work on this topic is the
subject of an upcoming paper by our group.

It is interesting to note that the ~19*7,_s km diameter
estimated here for 298 Baptistina is very close to the one
predicted by the size frequency distribution for the largest
remnant of the breakup of the BAF by Bottke et al. (2007).
This may indicate that there is a link between the unusual
nature of 298 Baptistina and the BAF members found by
Parker et al. (2008). It would require, however, that BAF
members have very different albedos than 298. Thermal
infrared measurements by Lazzaro et al. (personal
communication) should further constrain the albedo and
diameter of Baptistina. Based on the preliminary spectral
analysis of other BAF members it is evident that they are
compositionally diverse and not consistent with a CM2-type
assemblage.

Finally, while the proposed CM2-chondrite link to 298
Baptistina is essentially disproved, it is important to point out
that the compositional information we have on the K/T
impactor is not conclusive. For example, it is possible that the
highly-altered fossil meteorite described by Kyte (1998) is
indeed consistent with BAF member spectra. To date, there
are no published investigations of this possibility. For such
work to succeed, though, BAF material and presumably the
fossil meteorite would need to have Cr isotope signatures
similar to material found at the K/T boundary, which happen
to be similar to CM2-type carbonaceous chondrites.
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