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Near-Earth Asteroids (NEAs) offer insight into a size range of objects that are not easily observed in the
main asteroid belt. Previous studies on the diversity of the NEA population have relied primarily on mod-
eling and statistical analysis to determine asteroid compositions. Olivine and pyroxene, the dominant
minerals in most asteroids, have characteristic absorption features in the visible and near-infrared
(VISNIR) wavelengths that can be used to determine their compositions and abundances. However,
formulas previously used for deriving compositions do not work very well for ordinary chondrite
assemblages. Because two-thirds of NEAs have ordinary chondrite-like spectral parameters, it is essential
to determine accurate mineralogies. Here we determine the band area ratios and Band I centers of 72
NEAs with visible and near-infrared spectra and use new calibrations to derive the mineralogies 47 of
these NEAs with ordinary chondrite-like spectral parameters. Our results indicate that the majority of
NEAs have LL-chondrite mineralogies. This is consistent with results from previous studies but continues
to be in conflict with the population of recovered ordinary chondrites, of which H chondrites are the most
abundant. To look for potential correlations between asteroid size, composition, and source region, we
use a dynamical model to determine the most probable source region of each NEA. Model results indicate
that NEAs with LL chondrite mineralogies appear to be preferentially derived from the m6 secular reso-
nance. This supports the hypothesis that the Flora family, which lies near the m6 resonance, is the source
of the LL chondrites. With the exception of basaltic achondrites, NEAs with non-chondrite spectral
parameters are slightly less likely to be derived from the m6 resonance than NEAs with chondrite-like
mineralogies. The population of NEAs with H, L, and LL chondrite mineralogies does not appear to be
influenced by size, which would suggest that ordinary chondrites are not preferentially sourced from
meter-sized objects due to Yarkovsky effect.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction Both types are similar to the spectra of ordinary chondrites, the
The majority of asteroids orbit the Sun between Mars and Jupi-
ter, in a region called the main asteroid belt. Many asteroids, how-
ever, have been ejected from the main asteroid belt and nudged
into Earth-crossing orbits due to gravitational effects of other plan-
etary bodies. These objects, called Near Earth Asteroids (NEAs), are
of particular importance because of their close proximity to Earth
and the consequent potential for a hazardous collision with our
planet. Asteroids that are classified as NEAs have perihelion dis-
tances (q) 6 1.3 AU and aphelion distances (Q) P 0.98 AU. To date,
more than 8000 NEAs have been identified. Because most are rela-
tively small (meters to kilometers in diameter), NEAs offer insight
into a size range of objects that are not easily observed in the main
asteroid belt. Of the 400 near-Earth asteroids that have been ob-
served in the visible wavelength region, two-thirds have been clas-
sified as S-or Q-types (Binzel et al., 2004; Vernazza et al., 2008).
ll rights reserved.
most common type of meteorite fall.
Several studies have attempted to determine the compositions

and source regions of near Earth asteroids. Vernazza et al. (2008)
used a radiative transfer model to analyze the spectra of 38 S-
and Q-type NEAs from Binzel et al. (2006) and concluded that most
NEAs have spectral properties similar to LL chondrites. They sug-
gested that the Flora family (near the m6 secular resonance) was
the source region for NEAs with LL-like compositions. Thomas
and Binzel (2010) used MGM (Modified Gaussian Modeling) to
determine meteorite analogues for a sampling of NEAs and then
used the Bottke et al. (2002a) dynamical model to determine the
probable source region for each of those NEAs. They found that H
chondrites have a higher than average delivery preference though
the 3:1 mean motion resonance. de León et al. (2010) also con-
cluded that the Flora family is the dominant source of NEAs and
LL chondrites, based on inferred mineralogies of 72 NEAs.

These previous studies have relied primarily on modeling and
statistical analysis to determine the composition of the NEA popu-
lation. Though mineralogies of NEAs have been inferred from
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spectral parameters (e.g. band area ratio vs. Band I center), they
have not been calculated. Olivine and pyroxene, the dominant
minerals in ordinary chondrites and many asteroids, have
characteristic absorption features in the visible and near-infrared
(VISNIR) wavelengths that can be used to determine their compo-
sitions and abundances. The primary diagnostic feature in olivine is
a composite absorption feature at �1 lm. Pyroxenes have two
absorption bands at �1 lm (Band I) and �2 lm (Band II). The posi-
tions of both bands are sensitive to the compositions of olivine and
pyroxene, moving to longer wavelengths as FeO increases (Adams,
1974; Burns et al., 1972; Cloutis, 1985). The combined absorption
features near Band I and near Band II are also sensitive to the
relative proportions of olivine and pyroxene. The ratio of Band II
area to Band I area, called the band area ratio (BAR), is commonly
used to estimate olivine and pyroxene abundances in meteorites
and asteroids (Cloutis et al., 1986). The linear relationship between
BAR and mafic mineral abundances was first recognized by Cloutis
et al. (1986) and Gaffey et al. (2002) first developed calibrations
for deriving olivine and pyroxene compositions from Band I and
Band II center positions.

However, one problem with determining the mineralogies of
NEAs is that formulas used previously for deriving pyroxene com-
positions (Gaffey et al., 2002) do not work very well for ordinary
chondrite assemblages (Gaffey, 2007; McCoy et al., 2007). The
Gaffey et al. (2002) formulas, which were derived using mixtures
of olivine, low-Ca pyroxene, and high-Ca pyroxene, tend to calcu-
late pyroxene mineralogies that are more Fe-rich than expected.
This effect seems to be due the presence of three pyroxenes in
ordinary chondrites (low-Ca pyroxene, high-Ca pyroxene, and
pigeonite). Inaccurate NEA mineralogies can lead to misinterpreta-
tion of asteroid geologic histories. For example, Abell et al. (2007)
suggested that Itokawa, the target of the Hayabusa mission, had
experienced partial melting based on derived high-Fe content of
pyroxene compositions. However, most other researchers argued
that Itokawa’s composition was similar to (unmelted) ordinary
chondrites on the basis of its ground-based reflectance spectra
(Binzel et al., 2001), Hayabusa reflectance spectra (Abe et al.,
2006; Hiroi et al., 2006), and X-ray fluorescence data (Okada
et al., 2006). Returned samples of Itokawa, which were LL-chon-
drite like in composition, confirmed its primitive origin (Nakam-
ura, 2011).

Since two-thirds of NEAs have spectral parameters similar to or-
dinary chondrites, it is essential to accurately determine pyroxene
and olivine compositions from VISNIR spectra. Dunn et al. (2010b)
developed new formulas for deriving mineralogies of S-type and
Q-type asteroids using ordinary chondrites powders originally pre-
pared by Jarosewich (1990). Modal mineralogies of these powders
were determined using X-ray diffraction and mineral compositions
were measured using electron microprobe phase analysis (Dunn
et al., 2010a). The derived formulas (with the corresponding R2,
the coefficient of determination) for determining the mineralogies
of ordinary chondrite assemblages are:

ol=ðolþ pxÞ ð�0:03Þ ¼ 0:242 � BAR þ 0:728 ðR2 ¼ 0:73Þ ð1Þ

mol% Fa in olivine ð�1:3Þ ¼ �1284:9 � ðBICÞ2 þ 2656:5 � ðBICÞ
� 1342:3 ðR2 ¼ 0:92Þ ð2Þ

mol% Fs in pyroxene ð�1:4Þ ¼ �879:1 � ðBICÞ2 þ 1824:9 � ðBICÞ
� 921:7 ðR2 ¼ 0:91Þ ð3Þ

Because they are based on mineralogies of ordinary chondrites,
these formulas provide a more accurate measure of asteroid with
similar mineralogies (i.e. S-types and Q-types) than the formulas
derived by Gaffey et al. (2002).
Here we provide an alternative method to previous studies,
which used modeling and statistical analysis to characterize the
NEA population, by calculating mineralogies of a sampling of
meter- to kilometer-sized NEAs. Mineralogies derived using
formulas from Dunn et al. (2010a) are extremely well-suited for
S- and Q-type NEAs, which have mineralogies similar to ordinary
chondrites (e.g., Gaffey et al., 1993). In addition, we implement
the dynamic model of Bottke et al. (2002a) to determine the prob-
able source region of each NEA. By combining derived mineralogies
and source region probability, we can evaluate conclusions from
previous studies, such the suggestion that the Flora family (near
the m6 secular resonance) is the source region for NEAs with LL
chondrite-like compositions (Vernazza et al., 2008).

2. Data

We initially selected 138 NEAs with SpeX spectra that were
visually similar to ordinary chondrites or reddened ordinary chon-
drites for analysis. The SpeX instrument (Rayner et al., 2003) is a
medium-resolution cryogenic spectrograph located at the NASA
Infrared Telescope Facility (IRTF) on Mauna Kea. SpeX can easily
observe objects as faint as 17–18th magnitude, allowing high-
quality near-infrared (0.8–2.5 lm) data (e.g., Binzel et al., 2001;
Sunshine et al., 2004; Hardersen et al., 2004, 2005, 2006; Reddy
et al., 2012a) to be obtained for relatively faint objects such as
NEAs. Although the SpeX instrument is capable of producing
reliable data down to 0.75 lm, SpeX data was collected with the
dichoric filter in, which prevents acquisition of spectra at wave-
lengths shorter than 0.8 lm. Therefore, it is necessary to combine
SpeX data with visible spectra (0.4–1.1 lm) from SMASS
(small-main-belt asteroid survey) (Xu et al., 1995; Bus and Binzel,
2002a, 2002b) or Palomar (Binzel et al., 2001) to achieve full wave-
length coverage between �0.4 and �2.5 lm. Visible wavelength
coverage was available for 40 of the NEAs initially selected. Full
wavelength spectra for these NEAs were downloaded from the
MIT–UH–IRTF Joint Campaign for NEO Reconnaissance website
(http://www.smass.mit.edu/minus.html). Taxonomic classifica-
tions (DeMeo et al., 2009) of the NEAs from this study are listed
in Appendix A. All forty NEAs were classified as S-types (including
subtypes) or Q-types, except 3199 Nefertiti (K-type) and 1999 JD6
(Xe-type). The composition and taxonomy of 1999 JD6 has also
been examined by Reddy et al. (2012a).

To broaden our data set, we utilized spectra from the de León
et al. (2010) spectrographic survey, which was conducted begin-
ning in August 2002. de León et al. (2010) obtained visible and/or
near-infrared spectra of 79 NEAs using telescopes at the El Roque
de los Muchachos Observatory in the Canary Islands. We refer
the reader to de León et al. (2010) for a detailed description of their
observation campaign and data reduction techniques. de León et al.
(2010) did not limit their analysis to S-type and Q-type asteroids,
so their spectra represent a much broader range of asteroid types
than the 40 NEAs selected from the MIT–UH–IRTF campaign. We
selected 32 NEAs from de León et al. (2010) for which both visible
and near-infrared spectra were available, bringing our total num-
ber of NEAs to 72. Most NEAs from de León et al. (2010) are S- or
Q-type asteroids, but some V-types are included as well (Bus and
Binzel, 2002a,b). Orbital elements, diameters, and taxonomic clas-
sification of all NEAs are presented in Appendix A (online supple-
mental). The observational conditions of the de León asteroids
are provided in Appendix A4 of de León et al. (2010).

3. Spectral parameters

To determine asteroid mineralogies and modal abundances, we
must first calculate Band I center (BIC) and BAR. Spectral parame-
ters and standard deviations of the 40 NEAs from MIT–UH–IRTF
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survey are listed in Table 1. Eleven of the NEAs, marked with an
asterisk in Table 1, were observed on multiple dates. For these
asteroids, the data in Table 1 represent the average values of all
observations. Data for each individual observation is presented in
Appendix B (online supplemental). Spectral parameters of the 32
NEAs from de León et al. (2010), which were determined as part
of that study, are listed in Table 2.

Band area ratios were calculated using the trapezoidal rule.
Using this technique, the area of each band is determined by calcu-
lating the area under a straight line tangent to the two reflectance
peaks and then subtracting from it the area under the curve. The
BAR is then calculated by dividing the area of Band II by the area
of Band I. We calculated an average BAR for each NEA by randomly
resampling each reflectance value 999 times using a Gaussian dis-
tribution for the given uncertainty at each reflectance point. The
uncertainty of each BAR is the standard deviation of the 999
resampled BARs. Standard deviations of BARs ranged from 0.01
to 0.16, though 0.16 was anomalously high (Table 1). The mean
uncertainty for all BARs was 0.02. We calculated Band I centers
using the method of Storm et al. (2007). In this method, the contin-
uum is divided out and then a second-degree polynomial is fit over
the bottom third of each band. Band centers are then determined
by visually identifying the center of the band. Following the proce-
dure for BARs, the reflectance values for each spectrum were ran-
domly resampled 999 times to determine an average Band I
center. The mean uncertainty for all Band I centers was 0.003.
Table 1
Calculated surface temperatures, Band I centers and uncertainties, band area ratios and
survey.

Asteroid Surface temp. (K) Band area ratio ST DE

(433) Erosa 216 0.527 0.008
(719) Albert 237 0.793 0.016
(1620) Geographosa 239 0.408 0.009
(1627) Ivara 200 0.341 0.014
(1685) Toro 189 0.362 0.037
(1862) Apollo a 257 0.243 0.004
(1864) Daedalus 193 0.624 0.020
(1916) Boreas 235 0.642 0.016
(1943) Anteros 198 0.768 0.029
(1980) Tezcatlipoca 246 0.262 0.010
(3102) Krok 226 0.874 0.019
(3199) Nefertitia 204 0.063 0.017
(3288) Seleucusa 263 0.578 0.068
(3753) Cruithne 244 0.442 0.014
(4179) Toutatisa 242 0.643 0.010
(5143) Heracles 300 0.267 0.012
(5587) 1990 SB 217 1.168 0.030
(5660) 1974 MA 228 0.327 0.014
(6239) Minos 242 0.242 0.008
(7336) Saunders 241 0.298 0.013
(7341) 1991 VKa 237 0.398 0.027
(7482) 1994 PC1 215 0.323 0.017
(16960) 1998 QS52

a 217 0.647 0.021
(18736) 1998 NU 241 0.894 0.075
(20790) 2000 SE45 237 1.853 0.058
(24475) 2000 VN2 214 0.893 0.040
(35107) 1991 VHa 243 0.378 0.018
(53435) 1999 VM40 241 2.137 0.070
(66146) 1998 TU3

a 253 0.339 0.012
(85989) 1999 JD6 244 0.021 0.002
(86819) 2000 GK137 234 0.297 0.038
(89355) 2001 VS78 236 1.278 0.047
(98943) 2001 CC21 248 1.678 0.155
(99907) 1989 VA 257 0.787 0.016
(99942) Apophis 263 0.527 0.063
(138258) 2000 GD2 258 0.478 0.022
(138524) 2000 OJ8 229 1.157 0.061
(139622) 2001 QQ142 256 0.491 0.049
(162781) 2000 XL44 235 1.284 0.101
(200840) 2001 XN254 261 0.535 0.030

a The values for these asteroids are averages of multiple observations. Detail for each
3.1. Surface temperature effects

Several studies have shown that band centers and BARs are
influenced by changes in surface temperatures (Singer and Roush,
1985; Roush and Singer, 1987; Hinrichs et al., 1999; Moroz et al.,
2000; Burbine et al., 2001). Moroz et al. (2000) demonstrated that
BARs for olivine–pyroxene assemblages tend to increase at lower
temperatures, such as the temperatures calculated for many NEAs
(�200–300 K). Band center is affected by temperature as well, with
the direction of movement of the Band I center depending on the
percentage of olivine in the sample. To account for surface temper-
atures on NEAs, we corrected all BARs and Band I centers for tem-
perature following procedures outlined in Burbine et al. (2009). We
first estimated the surface temperatures (T) (K) for all NEAs using
the following equation:

T ¼ ½ð1� AÞLo=16gerpr2�1=4 ð4Þ

where A is the albedo, Lo is the solar luminosity (3.84 � 1026 W), g
is the beaming factor (assumed to be unity) (e.g. Cohen et al., 1998),
e is the infrared emissivity (assumed to be 0.9), r is the Stefan Boltz-
man constant (5.67 � 10�8 J s�1 m�2 K�4), and r is the asteroid’s dis-
tance from the Sun in meters. The asteroid’s distance from the Sun
at the time of observation was calculated using the Minor Planet
center website (http://www.minorplanetcenter.net/iau/MPEph/
MPEph.html). Since albedo of most NEAs is unknown, we used
average albedos of each taxonomic class (S – 0.26, Q – 0.29, and V
uncertanties, and temperature corrections for each 40 NEAs from the MIT–UH–IRTF

V Temp. correction Band I center St. dev. Temp. correction

�0.07 0.991 0.001 0.000
�0.05 0.985 0.001 0.000
�0.05 0.997 0.002 0.000
�0.08 0.978 0.002 0.000
�0.09 0.984 0.003 �0.001
�0.04 0.990 0.001 0.000
�0.08 0.986 0.006 0.000
�0.05 0.985 0.002 0.000
�0.08 1.004 0.003 0.000
�0.05 0.965 0.000 0.000
�0.06 1.002 0.003 0.000
�0.08 1.069 0.003 0.000
�0.03 1.007 0.004 0.000
�0.05 0.972 0.006 0.000
�0.05 0.968 0.002 0.000
�0.01 1.007 0.003 0.000
�0.07 0.933 0.003 0.000
�0.06 1.020 0.003 0.000
�0.05 0.988 0.003 0.000
�0.05 1.006 0.003 0.000
�0.05 0.996 0.003 0.000
�0.07 1.012 0.004 0.000
�0.07 0.943 0.002 0.000
�0.05 0.958 0.004 0.000
�0.05 0.945 0.005 0.000
�0.07 0.971 0.003 0.000
�0.05 1.008 0.003 0.000
�0.05 0.931 0.002 0.000
�0.04 0.994 0.003 0.000
�0.05 1.106 0.006 0.000
�0.05 0.986 0.008 0.000
�0.05 0.932 0.004 0.000
�0.04 1.025 0.029 0.000
�0.04 0.936 0.002 0.000
�0.03 1.013 0.010 0.001
�0.04 0.992 0.006 0.000
�0.06 0.930 0.001 0.000
�0.04 1.010 0.004 0.000
�0.05 1.008 0.005 0.000
�0.04 0.961 0.002 0.001

observation date is provided in Appendix A.
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Table 2
Calculated surface temperatures, Band I centers and uncertainties, band area ratios and uncertanties, and temperature corrections for 32 NEAs from de León et al. (2010).

Asteroid Surface temp. (K) Band area ratio St. dev. Temp. correction Band I center St. dev. Temp. correction

(1036) Ganymed 145 1.219 0.020 �0.12 0.915 0.005 �0.001
(1866) Sisyphus 180 0.116 0.034 �0.09 0.950 0.004 �0.001
(3122) Florence 206 0.463 0.034 �0.07 1.013 0.010 0.000
(3752) Camillo 197 1.541 0.071 �0.08 0.943 0.009 0.000
(3908) Nyx 228 2.254 0.005 �0.06 0.935 0.005 0.000
(4055) Magellan 184 2.212 0.075 �0.09 0.930 0.005 0.000
(5626) 1991 FE 223 0.644 0.055 �0.06 0.926 0.001 0.000
(5653) Camarillo 228 1.970 0.023 �0.06 0.920 0.005 0.000
(6047) 1991 TB1 225 2.086 0.158 �0.06 0.925 0.004 0.000
(6611) 1993 VW 179 1.647 0.226 �0.09 0.932 0.007 �0.001
(13553) Masaakikoyama 241 1.454 0.247 �0.05 0.903 0.004 0.000
(21088) 1992 BL2 232 0.237 0.018 �0.06 1.034 0.001 0.000
(25143) Itokawa 227 0.579 0.055 �0.06 0.996 0.010 0.000
(30825) 1990 TG1 233 0.372 0.039 �0.06 0.990 0.005 0.000
(65803) Didymos 234 0.524 0.107 �0.06 0.983 0.005 0.000
(66251) 1999 GJ2 226 0.409 0.053 �0.05 0.969 0.006 0.000
(68346) 2001 KZ66 223 0.611 0.276 �0.06 1.005 0.006 0.000
(68950) 2002 QF15 235 0.546 0.116 �0.06 0.950 0.005 0.000
(85867) 1999 BY9 221 0.256 0.106 �0.07 1.006 0.005 0.000
(86039) 1999 NC43 168 0.493 0.015 �0.10 0.961 0.003 �0.001
(88188) 2000 XH44 213 1.783 0.011 �0.07 0.932 0.005 0.000
(136993) 1998 ST49 143 0.593 0.069 �0.12 0.920 0.005 �0.001
(137427) 1999 TF211 236 0.306 0.134 �0.05 0.960 0.005 0.000
(138846) 2000 VJ61 206 1.565 0.115 �0.07 0.947 0.004 0.000
(143624) 2003 HM16 243 1.121 0.121 �0.05 0.931 0.013 0.000
(154347) 2002 XK4 235 0.530 0.271 �0.05 0.968 0.010 0.000
(159857) 2004 LJ 228 1.250 0.057 �0.06 0.948 0.009 0.000
(162149) 1998 YQ11 238 0.745 0.221 �0.05 0.980 0.005 0.000
(162483) 2000 PJ5 244 0.532 0.115 �0.05 1.006 0.005 0.000
(253841) 2003 YG118 192 1.670 0.265 �0.08 0.929 0.004 0.000

2002 QA22 247 0.271 0.069 �0.05 1.010 0.005 0.000
2004 LU3 250 2.072 0.076 �0.04 1.030 0.006 0.000
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– 0.42) (Thomas, 2011). Surface temperatures for each NEA are
listed in Table 1 (our study) and Table 2 (de León et al., 2010).

We then used data from Moroz et al. (2000) to estimate temper-
ature corrections to Band I centers and BARs for each NEA. Moroz
et al. (2000) measured the effect of temperature on wavelength po-
sition in two ordinary chondrites, Elenovka (L5) and Soko-Banja
(LL4). Using data from both chondrites, we established a linear
regression that predicts the relationship between temperature
and BAR and between temperature and Band I center position.
The formulas for the temperature correction of BARs are:

BAR correction ¼ 0:0009� TðKÞ � 0:2666
ðfrom LL chondrite; Soko-BanjaÞ ð5Þ

and

BAR correction ¼ 0:0005� TðKÞ � 0:1708
ðfrom L chondrite;ElenovkaÞ ð6Þ

The formulas for the temperature correction of Band I center
(BIC) wavelength position are:

BIC correction ¼ 0:000078� TðKÞ � 0:2194
ðfrom LL chondrite; Soko-BanjaÞ ð7Þ

and

BIC correction ¼ �0:000048� TðKÞ þ 0:01512
ðfrom L chondrite;ElenovkaÞ ð8Þ

To determine the correction factor for band are ratio, we averaged
the values from Eqs. (5) and (6) and the added this value from the
calculated band are ratio of each asteroid. This process was re-
peated for the Band I center correction using Eqs. (7) and (8). How-
ever, because the effect of temperature change on Band I position
was opposite in each chondrite (i.e. wavelength position decreased
with decreasing temperature in Elenovka and increased in Soko-
Banja), the negative correction from the LL chondrite negated the
positive correction from the L chondrite. This is not unexpected,
since the direction of movement in Band I center varies depending
on the percentage of olivine, and LL chondrites are more olivine-rich
than L chondrites (48–52 wt.% vs. 38–45 wt.%) (Dunn et al., 2010a).
As a result, a temperature correction was not required for the Band I
center position in most asteroids (Tables 1 and 2). This minor tem-
perature correction for Band I center is consistent with previous
studies (e.g. Burbine et al., 2009), in which the correction due to
temperature was <0.001 lm for Band I. The correction for band
are ratio was more significant than Band I center position but still
relatively minimal, as corrected values were typically 10–20% lower
than the original BARs (Tables 1 and 2). Temperature corrections
from this study are identical to those from Sanchez et al. (2012),
as both sets of corrections were calibrated using ordinary chondrite
data from Moroz et al. (2000).

3.2. Space weathering effects

Space weathering (e.g., Hapke, 2001) is a general term for the
processes that can potentially alter the spectral properties of an
‘‘airless’’ body, such as interaction with galactic and solar cosmic
rays, irradiation by solar wind particles, and micrometeorite im-
pacts. These processes have been shown to darken the surface
and redden the spectral slope through the production of nanophase
iron (e.g., Pieters et al., 1993, 2000; Chapman, 1996; Hiroi and
Sasaki, 2001; Sasaki et al., 2001). Attempts to quantify the effects
of space weathering have focused primarily on S-and Q-type aster-
oids because of their relationship with ordinary chondrites. Spectra
of Q-type asteroids match those of ordinary chondrites and there-
fore represent unweathered asteroid surfaces (McFadden et al.,
1985; Bus, 1999). Q-type spectra that experience space weathering
processes redden and darken to match S-type spectra (Binzel et al.,
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2004, 1996; Chapman 1996; Sunshine et al., 1993). Though aster-
oid spectra become darker and redder as a result of space weath-
ering, laboratory studies have shown that spectral parameters
remain unchanged (Marchie et al., 2005; Sasaki et al., 2001), so
interpreted mineralogies should not be affected (Vernazza et al.,
2008; Sanchez et al., 2012).
Fig. 1. Spectral parameters of 40 NEAs from the MIT–UH–IRTF survey (shown as
squares) and 32 NEAs from de León et al. (2010) (shown as diamonds) plotted in
terms of BAR vs. BIC. The primitive achondrite region (lodranites/acapulcoites) is
from Burbine et al. (2001), the ureilite region is from Cloutis et al. (2010), and the
olivine, ordinary chondrite, and basaltic achondrite regions are from Gaffey et al.
(1993). As shown in Tables 1 and 2, uncertainty varies among spectra. For clarity,
the error bars that are shown represents the average error. For our study, this error
is within the size of the symbols, so no error bars are shown for the NEAs from this
study.
3.3. Phase angle effects

Band parameters can also be affected by phase angle (g) – the
angular separation of the Sun and the observer as seen by the tar-
get. Changes in phase angle are exhibited as phase reddening,
which may make it difficult to discriminate phase angle effects
from those of space weathering. However, phase angle-induced ef-
fects a have been observed in the laboratory (Gradie and Veverka,
1980; Reddy et al., 2012b) and confirmed by spacecraft observa-
tions of Eros (Clark et al., 2002), Itokawa (Abe et al., 2006), and
Vesta (Reddy et al., 2012b). Sanchez et al. (2012) endeavored to
quantify the effects of phase angle by analyzing VISNIR spectra of
12 S- and Q-type NEAs observed at various phase angles and three
ordinary chondrites measured in the laboratory at phase angles
from 13� to 120�. Though Sanchez et al. (2012) observed an in-
crease in band depths and spectral slope with increasing phase an-
gle, their results showed that the changes in spectral parameters
with increasing phase angle were negligible. The largest shift in
band center was �0.01 lm and the largest variation in BAR was
�0.02, both of which are on the order of the error. Therefore, phase
angle-induced effects on band parameters should have no signifi-
cant impact on interpreted mineralogies.
4. Asteroid mineralogies

BARs and Band I centers have been used to determine probable
meteorite analogues for asteroids since Gaffey et al. (1993) charac-
terized the spectral parameters of the ordinary chondrites, basaltic
achondrites, and olivine meteorites. Since then, spectral studies of
primitive achondrites (Hiroi and Takeda, 1991; Burbine et al., 2001,
2006) and ureilites (Cloutis et al., 2010) have broadened the usage
spectral parameters as tool for determining meteorite analogues
from VISNIR asteroid spectra. In BAR vs. Band I center space
(Fig. 1a and b) the H, L, and LL ordinary chondrites form linear
trends within restricted range of space known as the ordinary
chondrite ‘‘boot’’ (Gaffey et al., 1993). The howardites, eucrites,
and diogenties (HEDs), a clan of pyroxene-rich basaltic achondrites
from Asteroid 4 Vesta (Consolmagno and Drake, 1977; Binzel and
Xu, 1993; Thomas et al., 1997; Drake, 2001; Reddy, 2012c), are
characterized by BARs > �1.5 and Band I centers < �0.97 lm due
to the high abundance of pyroxene (Gaffey et al., 1993; Burbine
et al., 2009; Mayne et al., 2009; Reddy et al., 2010). Lodranites
and acapulcoites, partially melted mixtures of low-Ca pyroxene
and olivine (McCoy et al., 2000), fall between the ordinary chon-
drite and basaltic achondrites regions or overlap the most pyrox-
ene-rich ordinary chondrites (H chondrites). Ureilites, which
contain �10% interstitial carbon, metal, and sulfides (Mittlefehldt
et al., 1998), have pyroxene and olivine absorption features that
are subdued in strength relative to ordinary chondrites and tend
to have BARs slightly lower than those in the ordinary chondrites
(Cloutis et al., 2010). However, a few ureilites do fall in the ordin-
ary chondrite region. F-type 2008 TC3 that exploded in the atmo-
sphere and rained fragments over the Sudan was found to have a
ureilite composition based on analyses of the recovered samples
(Jenniskens, 2009).

The most probable meteorite analogue for each NEA was deter-
mined by plotting measured spectral parameters in BAR vs. Band I
center space and comparing those to the spectral parameters of
known meteorite groups (as defined by regions shown in Fig. 1).
Spectral parameters of all 72 NEAs are plotted on Fig. 1. NEAs from
this study are represented by squares, while the NEAs from de León
et al. (2010) are represented by diamonds. Of the 40 NEAs exam-
ined in this study, nineteen have spectral parameters consistent
with ordinary chondrites, one has parameters that overlap be-
tween ordinary chondrites and the primitive achondrites region,
and seven have analogues other than ordinary chondrites (two
ureilites, two basaltic achondrites, two olivine meteorites, and
one primitive achondrite). Asteroids (3199) Nefertiti and (85989)
1999 JD6 have negative BARs, but both would be classified as oliv-
ine meteorites based on un-corrected BARs. Thirteen asteroids plot
outside the regions defined by known meteorite groups, though
only asteroids (162781) 2000 XL44 and (98943) 2001 CC21 do not
appear to have a known meteorite analogue (Fig. 1). The remaining
11 NEAs plot in the immediate vicinity of the ordinary chondrite
region. Though the error of the spectral parameters is such that
these 11 NEAs are not classified as ordinary chondrites, their prox-
imity to the ordinary chondrite region merits further consider-
ation. Of the 32 NEAs from de León et al. (2010), nine have
ordinary chondrite-like spectral parameters and four overlap be-
tween ordinary chondrites and another group (either primitive
achondrites or ureilites). Twelve have analogues other than ordin-
ary chondrites and seven are not consistent with any known ana-
logue. Of those seven, three plot near the ordinary chondrite
region. Table 3 lists the meteorite analogues for all 72 NEAs, as
determined by BARs and Band I centers.

In total, 47 of the NEAs have spectra parameters that plot as or-
dinary chondrites, overlap between ordinary chondrites and an-
other region, or plot just outside the ordinary chondrite region.
Because these asteroids likely have like ordinary chondrite miner-
alogies, we can use the Dunn et al. (2010b) formulas derive their
mineral abundances and compositions. These calibrations are valid
for the compositional range of olivine and low-Ca pyroxene
(Fa15–34 and Fs13–28) and the range of mineral abundances
(ol/(ol + px) = �0.45–0.70) found in ordinary chondrites (Brearley
and Jones, 1998; Dunn et al., 2010a). The uncertainties of the
values are 0.03 for ol/(ol + px), 1.3 mol% for Fa, and 1.4 mol% for
Fs (Dunn et al., 2010b). Using the Dunn et al. (2010b) formulas,
we calculated the abundance of olivine and pyroxene (as a ratio
of ol/(ol + px)) and the composition of olivine (as mol% Fa) and



Table 3
Meteorite analogues of all 72 NEAs as determined using BAR and BIC.

Asteroid Meteorite analogue Asteroid Meteorite analogue Asteroid Meteorite analogue

(433) Eros OC (5653) Camarillo BA (85989) 1999 JD6 Olv
(719) Albert OC? (5660) 1974 MA OC? (86039) 1999 NC43 OC or Ur
(1036) Ganymed PA (6047) 1991 TB1 BA (86819) 2000 GK137 OC?
(1620) Geographos OC (6239) Minos OC? (88188) 2000 XH44 BA
(1627) Ivar OC? (6611) 1993 VW BA (89355) 2001 VS78 PA
(1685) Toro OC (7336) Saunders OC? (98943) 2001 CC21 None
(1862) Apollo OC? (7341) 1991 VK OC (99907) 1989 VA OC
(1864) Daedalus OC (7482) 1994 PC1 OC? (99942) Apophis OC
(1866) Sisyphus None (13553) Masaakikoyama None (136993) 1998 ST49 Ur
(1916) Boreas OC (16960) 1998 QS52 OC (137427) 1999 TF211 Ur
(1943) Anteros Ur (18736) 1998 NU OC (138258) 2000 GD2 OC
(1980) Tezcatlipoca Ur (20790) 2000 SE45 BA (138524) 2000 OJ8 PA or OC
(3102) Krok OC? (21088) 1992 BL2 None (138846) 2000 VJ61 BA
(3122) Florence OC (24475) 2000 VN2 OC? (139622) 2001 QQ142 OC
(3199) Nefertiti Olv (25143) Itokawa OC (143624) 2003 HM16 OC or BA
(3288) Seleucus OC (30825) 1990 TG1 OC (154347) 2002 XK4 OC
(3752) Camillo BA (35107) 1991 VH1 OC (159857) 2004 LJ OC?
(3753) Cruithne OC (53435) 1999 VM40 BA (162149) 1998 YQ11 OC
(3908) Nyx BA (65803) Didymos OC (162483) 2000 PJ5 OC
(4055) Magellan BA (66146) 1998 TU3 OC (162781) 2000 XL44 None
(4179) Toutatis OC (66251) 1999 GJ2 OC or Ur (200840) 2001 XN254 OC
(5143) Heracles OC? (68346) 2001 KZ66 OC (253841) 2003 YG118 BA
(5587) 1990 SB OC (68950) 2002 QF15 OC 2002 QA22 OC?
(5626) 1991 FE PA, OC, Ur (85867) 1999 BY9 OC? 2004 LU3 None

Primitive achondrites (PA) (Burbine et al., 2001), ureilites (Ur) (Cloutis et al., 2010), and olivine meteorites (Olv), ordinary chondrites (OC), or basaltic achondrites (BA) (Gaffey
et al., 1993); None – not consistent with any know analogue; OC? – plots near the OC region.

Table 4
Calculated mineralogies and ordinary chondrite analogues of the 47 NEAs with ordinary chondrite-like spectral parameters.

Asteroid ol/(ol + px) Fa Fs OC Type Asteroid ol/(ol + px) Fa Fs OC type

(433) Eros 0.62 28.3 23.4 LL (25143) Itokawa 0.60 28.9 23.8 LL
(719) Albert 0.55 27.7 22.9 L/LL (30825) 1990 TG1 0.65 28.3 23.4 LL
(1620) Geographos 0.64 29.1 23.9 LL (35107) 1991 VH 0.65 29.5 24.2 LL
(1627) Ivar 0.66 26.7 22.2 LL (65803) Didymos 0.61 27.5 22.7 L/LL
(1685) Toro 0.66 27.6 22.8 LL (66146) 1998 TU3 0.66 28.6 23.5 LL
(1862) Apollo 0.68 28.4 23.4 LL (66251) 1999 GJ2 0.64 25.4 21.2 L/LL
(1864) Daedalus 0.60 27.7 22.9 LL (68346) 2001 KZ66 0.59 29.7 24.4 LL
(1916) Boreas 0.59 27.8 23.0 LL (68950) 2002 QF15 0.61 21.8 18.6 L
(3102) Krok 0.53 29.5 24.2 LL (85867) 1999 BY9 0.68 29.8 24.5 LL
(3122) Florence 0.63 30.2 24.8 LL (86039) 1999 NC43 0.63 23.8 20.0 L
(3288) Seleucus 0.60 29.8 24.5 LL (86819) 2000 GK137 0.67 27.8 23.0 LL
(3753) Cruithne 0.63 25.8 21.5 L/LL (99907) 1989 VA 0.55 18.5 16.2 H
(4179) Toutatis 0.58 25.2 21.1 L/LL (99942) Apophis 0.61 30.3 24.9 LL
(5143) Heracles 0.66 29.9 24.6 LL (138258) 2000 GD2 0.62 28.6 23.6 LL
(5587) 1990 SB 0.46 17.7 15.7 H (138524) 2000 OJ8 0.46 16.9 15.1 H
(5626) 1991 FE 0.59 15.8 14.3 H (139622) 2001 QQ142 0.62 30.1 24.7 LL
(5660) 1974 MA 0.66 30.5 25.1 LL (143624) 2003 HM16 0.47 17.3 15.4 H
(6239) Minos 0.68 28.1 23.2 LL (154347) 2002 XK4 0.61 25.2 21.1 L/LL
(7336) Saunders 0.67 29.8 24.5 LL (159857) 2004 LJ 0.44 21.3 18.3 H
(7341) 1991 VK 0.64 29.0 23.8 LL (162149) 1998 YQ11 0.56 27.1 24.5 L/LL
(7482) 1994 PC1 0.67 30.1 24.8 LL (162483) 2000 PJ5 0.61 29.8 24.5 LL
(16960) 1998 QS52 0.59 20.1 17.4 H (200840) 2001 XN254 0.61 24.1 20.2 L
(18736) 1998 NU 0.52 23.5 19.8 L 2002 QA22 0.67 30.1 24.7 LL
(24475) 2000 VN2 0.53 25.7 21.4 L

The least root mean square errors are 0.03 for ol/(ol + px), 1.3 mol% for Fa, and 1.4 mol% for Fs (Dunn et al., 2010b).
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low-Ca pyroxene (as mol% Fs) for these 47 NEAs (Table 4). Calcu-
lated mineralogies are consistent with measured ordinary chon-
drite mineralogies, with modal abundances ranging from 0.44 to
0.69 ol/(ol + px), olivine from Fa15.3–30.5, and low-Ca pyroxene from
Fs14.0–24.9.

Using compositional regions for the H, L, and LL chondrites de-
fined by Dunn et al. (2010b), we determined the best ordinary
chondrite analogue (H, L, or LL) for each NEA (Table 4). Mineralo-
gies are plotted as ol/(ol + px) vs. mol% Fa in Fig. 2a. and vs. mol%
Fs in Fig. 2b. The NEAs with ordinary chondrite-like spectral
parameters (including those that overlap another region) are rep-
resented by boxes, while the NEAs that plot just outside the ordin-
ary chondrite region are represented by diamonds. Based on
derived Fa content of olivine (Fig. 2a), all of the NEAs with certain
ordinary chondrite analogues are classified as H, L, or LL chon-
drites. The majority plot as LL chondrites and several have miner-
alogies that cannot be distinguished between the LL and L
chondrites, due to compositional overlap between these regions.
The results for Fs content in pyroxene (Fig. 2b) are nearly identical,
with the only differences due to the extent of overlap between the
L and LL regions. All NEAs that plot just outside the ordinary chon-
drite region are also classified as H, L, or LL ordinary chondrites
when error of spectrally derived mineralogies is considered. All ex-
cept for two are classified as LL chondrites based on Fa content



(a)

(b)

Fig. 2. Mineralogies the 47 NEAs with ordinary chondrite like BARs and BICs plotted
as (a) ol/(ol + px vs. mol% Fa in olivine and (b) ol/(ol + px) vs. mol% Fs in low-Ca
pyroxene. Compositional regions for the H, L, and LL chondrites were defined by
Dunn et al. (2010b). NEAs with definitive ordinary chondrite-like spectral param-
eters are represented by boxes, while NEAs with questionable spectral classification
are represented by diamonds. Error bars represent the least mean square error of
spectrally derived mineralogies: 0.03 for ol/ol + px, 1.3 mol% Fa, and 1.4 mol% Fs.

Fig. 3. Distribution of the NEA source regions as determined using dynamical
model designed by Bottke et al. (2002a) plotted in orbital parameter space as a
function of semi-major axis (a) vs. eccentricity (e). The Bottke et al. (2002a) model
determines the probability that an asteroid is derived from one of five primary
source regions: the m6 secular resonance with Saturn, the intermediate source Mars-
crossing region (IMC), the 3:1 mean motion resonance at 2.5 AU, the outer belt
region (OB), and the Jupiter Family Comet region (JFC). Various mean-motion
resonances are shown as dashed lines; the width of each resonance is not
represented. The i = 0� position of the m6 secular resonance is shown as a dashed
line. The regions occupied by Apollos (a P 1.0 AU, q 6 1.0167 AU), Atens (a < 1.0 AU,
Q P 0.983 AU), and Amors (1.0167 AU < q 6 1.3 AU) are labeled as such.

Fig. 4. Results from the Bottke et al. (2002a) model presented as asteroid
mineralogy (likely meteorite analogue) vs. probable source region. Abbreviations
for meteorite analogues are as follows: Primitive achondrites (PA), ureilites (Ur),
olivine meteorites (Olv), and basaltic achondrites (BA). Ordinary chondrite groups
are designated with H, L, LL, or L/LL.
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(Fig. 2a). Based on their measured spectral parameters and their
derived mineralogies, it is likely that these NEAs are ordinary chon-
drite-like in composition.

Overall, 15% of NEAs with ordinary chondrite analogues have H
chondrite mineralogies, 10% have L chondrite mineralogies, 60%
have LL chondrite mineralogies, and 15% have mineralogies that
cannot be distinguished between L and LL chondrites. These abun-
dances are consistent with results from previous studies, which
indicate that the majority of NEAs have LL-chondrite mineralogies
(Vernazza et al., 2008; de León et al., 2010). This, however, contin-
ues to be in conflict with the population of recovered ordinary
chondrites, of which LL chondrites represent only 10%. Previous
studies (Bottke et al., 2002b; Vernazza et al., 2008; Nesvorný
et al., 2009) suggested that this discrepancy might be the result
of different dynamical mechanisms or source regions for the NEA
population and the meteorite population. One of the most probable
mechanisms for delivering meteorites to Earth is the Yarkovsky ef-
fect (Bottke et al., 2002a, 2000; Rubincam 1995; Hartmann et al.,
1999), which causes bodies to drift in orbital semi-major axis,
thus increasing their potential to encounter resonances and be
delivered to the inner Solar System. The Yarkovsky effect trans-
ports meter-sized objects, such as those that supply the meteorite
collection, more quickly than km-sized objects. Therefore, the
compositional difference between the NEA population and the
meteorite population may be due to the preferential delivery of
meter-sized objects to the inner Solar System by the Yarkovsky
effect.

To more closely examine the question of whether the contribu-
tion of chondrite material to planet crossing orbits becomes larger
as one moves to smaller bodies, we examined the size distribution
and mineralogies of the NEAs that were classified as H, L, or LL
chondrites. We estimated the diameter of each NEA using the for-
mula (Harris and Harris, 1997):
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D ¼ ð1329 � 10�0:2HÞ= ffiffiffiffiffiffi

pV
p ð9Þ

where H is the absolute magnitude and pV is the visual albedo.
Absolute magnitudes were obtained from the Minor Planet Center
website, and average albedos for each taxonomic class (Thomas,
2011) were used as approximate albedos for each NEA. Diameters
of each NEA are listed in Appendix A. We then divided the OC-like
NEAs into two size groups, those with diameters <1 km (20 NEAs)
and those with diameters from 1 to 10 km (50 NEAs). The NEAs with
diameters < 1 km represent a size range more likely to be the source
of the meteorite collection. Two asteroids with diameters > 10 km
were excluded from this analysis. We then calculated the percent-
ages of NEAs with H, L, LL, and L/LL mineralogies within each group.
Of the NEAs with diameters 1–10 km, 16% are H chondrites, 13% are
L chondrites, 55% are LL chondrites, and 16% are either L or LL. The
distribution within the <1000 m NEAS is comparable, with 15% H
chondrites, 15% L chondrites, 46% LL chondrites, and 23% either L
or LL chondrites. The distribution of mineralogies within the
meter-sized NEAs is not consistent with proportions of H, L, and
LL ordinary chondrites in the meteorite collection, which would
appear to suggest that smaller bodies do not contribute material
to planet-crossing orbits more readily than larger bodies. However,
we have only analyzed a small proportion of the meter-sized NEA
population and cannot make any broad conclusions from a small
sampling.

5. Asteroid source regions

To determine if a relationship exists between NEA mineralogy
and location in the inner Solar System, we used a dynamical model
designed by Bottke et al. (2002a) to establish the source region of
the NEAs examined in this study. The Bottke et al. (2002a) model
determines the probability that an asteroid is derived from one
of five primary source regions: the m6 secular resonance with Sat-
urn, the intermediate source Mars-crossing region (IMC), the 3:1
mean motion resonance at 2.5 AU, the outer belt region (OB),
and the Jupiter Family Comet region (JFC). Orbital parameters used
for the Bottke et al. (2002a) model are listed in Appendix A. Fig. 3
shows the distribution of NEAs in orbital parameter space as semi-
major axis (a) vs. eccentricity (e). According to the source region
model, most of our NEAs come from the innermost region of the
main belt. Overall, 64% are derived from the m6 resonance, 21% from
the Mars crossing region, 11% from the 3:1 resonance, and 1% from
the outer belt region. Two NEAs, 1992 BL2 and 2002 QA22, were
outside of the model boundaries. Our results are consistent with
those from de León et al. (2010) but differ from the predictions
of Bottke et al. (2002a), who suggested that 37% of NEAs with abso-
lute magnitudes H < 22 would originate from the m6 resonance, 25%
from the IMC, 23% from the 3:1 resonances, and 14% from the outer
regions (OB and JFC). However, the Bottke et al. (2002a) model pre-
dicted about half of all NEAs have a > 2 AU, and our data mostly
samples the a < 2 AU component of the NEA population, where
the m6 resonance and Mars Crossing regions dominate. Therefore,
our model results are in agreement with the Bottke et al. (2002a)
model.

The model results, presented as meteorite type vs. probable
source region in Fig. 4, indicate that the m6 secular resonance is
the most probable source region for 75% of all NEAs with H, L, or
LL chondrite mineralogies. NEAs with LL-chondrite mineralogies
are more likely to be derived from the m6 resonance than asteroids
with H and L chondrites mineralogies (83% of LL chondrite-like
NEAs compared to 57% of H and L chondrite-like NEAs). These re-
sults support the hypothesis that the Flora family, which lies near
the m6 resonance, is the source of the LL chondrites (Vernazza et al.,
2008). It is not clear if our model results also support the sugges-
tion that H chondrites are more likely to be derived from the 3:1
resonance (Thomas and Binzel, 2010). Model probabilities indicate
that the NEAs with H chondrite mineralogies are more likely to be
derived from the m6 resonance (42%) than the Mars Crossing region
(29%) or the 3:1 resonance (29%). However, almost all H-chondrite
like NEAs have a > 1.8 AU and appear to reside in a distinct region
of a, e, i space near the 3:1 resonance (Fig. 3). This is not what we
would expect if the H and LL chondrite-like NEAs were both com-
ing from the m6 resonance. We plan to further investigate this issue
in the near future.

Model results also suggest the NEAs with non-chondrite analo-
gies (e.g. ureilites, primitive achondrites, basaltic achondrites, or
olivine meteorites) are slightly less likely to be derived from the
m6 resonance than NEAs with ordinary chondrite mineralogies.
Overall, 56% of the ureilites, basaltic achondrites, and olivine mete-
orites have a probable source near the m6 resonance. The basaltic
achondrites, however, are more likely to originate from the m6 res-
onance than the other groups, with 63% having a probable source
in near the m6 resonance (Fig. 4). The Vesta family lies between
the m6 and 3:1 resonances, so we would expect asteroids with
basaltic achondrite mineralogies to be derived from these regions.
Because many objects in the 3:1 resonance are perturbed into Jupi-
ter crossing orbits and ejected from the Solar System, the m6 reso-
nance is more efficient at creating short-lived near Earth objects
(a < 2 AU) than the 3:1 resonance. Therefore, even if the Vesta fam-
ily is sending an equal number of bodies into each resonance, the
m6 resonance would be the more probable source region for basaltic
achondrites.
6. Summary

Previous studies on the diversity of the near-Earth asteroid pop-
ulation have relied primarily on modeling and statistical analysis
to determine compositions. Here we determined the BARs and
Band I centers of 72 m to km-sized NEAs and then derived the min-
eralogies of those NEAs with ordinary chondrite-like spectral
parameters. Mineralogies, in terms of olivine and low-Ca pyroxene
composition (mol% Fa and mol% Fs) and abundance (ol/(ol + px)),
were used to determine the most probable ordinary chondrite ana-
logue for each NEA. Finally, we determined the source region of
these NEAs in order to look for potential correlations between size,
composition, and source. From this study, we offer the following
observations:

1. Of the 72 NEAs analyzed, 47 have spectral parameters that con-
sistent with ordinary chondrites, overlap between ordinary
chondrites and another meteorite, or plot in close proximity
to the ordinary chondrite region. The remaining 25 have mete-
orite analogues other than ordinary chondrites or are not con-
sistent with any known meteorite analogue.

2. Of the 47 NEAs with spectral parameters that plot within or
near the ordinary chondrite region, 15% of these have H chon-
drite mineralogies, 10% have L chondrite mineralogies, 60% have
LL chondrite mineralogies, and 15% have mineralogies that are
either the L or LL chondrites.

3. Abundances of NEAs with ordinary chondrite mineralogies are
consistent with results from previous studies, which indicate
that the majority of NEAs have LL-chondrite mineralogies
(Vernazza et al., 2008; de León et al., 2010). This, however, con-
tinues to be in conflict with the population of recovered ordin-
ary chondrites, of which LL chondrites represent only 10%.

4. The size distribution and mineralogies of the NEAs that were
classified as H, L, or LL chondrites are nearly identical for NEAs
1–10 km in diameter and NEAs < 1 km in diameter. This would
appear to suggest that smaller bodies do not contribute mate-
rial to planet-crossing orbits more readily than larger bodies.
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However, our population of NEAs is biased towards those with
visible and near-infrared spectra and represents a small per-
centage of total NEAs.

5. According to the source region model, 64% of NEAs are most
likely to be derived from the m6 resonance, 20% from the Mars
crossing region, 13% from the 3:1 resonance, and 3% from the
outer belt region. NEAs with ordinary chondrites analogues,
especially LL chondrites, appear to be preferentially derived
from the m6 secular resonance, while NEAs with non-
chondrite analogies are less likely to be derived from the m6

resonance.
6. Our results support the hypothesis that the Flora family, which

lies near the m6 resonance, is the source of the LL chondrites
(Vernazza et al., 2008).
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