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ABSTRACT

Aims. We analyse a significantly large sample of spectroscopic data to provide a compositional characterization of the near-Earth
asteroid population. We present visible and near-infrared spectra of a total of 74 near-Earth asteroids (NEAs) and Mars-crossers
(MCs), covering the wavelength region from 0.5 to 2.5 μm. Using spectra of NEAs from other databases to enlarge our sample, and
compiling two comparison samples of main belt asteroids (MBs) and ordinary chondrites (OCs), we analyse a total of 79 NEAs,
91 MBs, and 103 OCs.
Methods. We obtained our visible and near-infrared spectra using the instruments and the telescopes located at “El Roque de los
Muchachos” Observatory, in the island of La Palma (Spain). We compute several diagnostic spectral parameters from the reflectance
spectra of NEAs, MBs, and OCs, that are used to infer the mineralogical composition. The distribution of the obtained values are
analysed in 2 different parameter spaces. We also apply a robust statistical method based on neuronal networks to those spectral
parameters, to compare the NEAs with OCs. Space weathering effects and dynamical and physical properties of NEAs and MBs are
also studied.
Results. Compositional differences between MBs and NEAs are inferred from the mineralogical analysis. The most remarkable results
are: (1) the high olivine content of the NEAs; (2) the compositional similarity between NEAs and a small group of meteorites, the
LL ordinary chondrites; and (3) that NEAs are not compositionally similar to OCs, implying that they are not the most likely parent
bodies of those meteorites, as has been widely believed. To explain their apparently fresh surfaces (NEAs are on average less red than
MBs), a combination of composition and size distribution (NEAs have diameters of some kilometres) should be invoked. Dynamical
models applied to our sample of NEAs indicate that most of them originate in the inner part of the main belt, as expected.
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1. Introduction

The population of near-Earth objects (NEOs) is composed of
both asteroids and extinct/active comets that have perihelion
distances q ≤ 1.3 AU and aphelion distances Q ≥ 0.98 AU,
and whose orbits periodically approach or intersect Earth’s or-
bit. According to their orbital parameters, near-Earth aster-
oids (NEAs) are subdivided into Apollos (a ≥ 1.0 AU; q ≤
1.016 AU), Atens (a < 1.0 AU; Q ≥ 0.983 AU), and Amors
(1.016 < q < 1.3 AU). Another population of asteroids that
come close to Earth is the Mars-crossers population (MCs),
whose orbits approach or intersect the orbit of Mars, and have
perihelion distances 1.30 < q < 1.66 AU.

NEOs are objects that have migrated into the interior of
the Solar System and have lifetimes of 106−107 years, short
compared to the age of the Solar System itself (Morbidelli
et al. 2002). This, and that the NEO population is basically sta-
tionary in number, implies that this population of objects has
to be periodically replenished. Wetherill (1979) and Wisdom
(1983) first identified the different gravitational resonances in
the Solar System as major sources of near-Earth objects. Current

� Appendices are only available in electronic form at
http://www.aanda.org

dynamical models have now identified three main transport
routes to deliver asteroids from the main belt to near-Earth
orbits: the ν6 secular resonance with Saturn, located in the in-
ner edge of the main asteroid belt; the 3:1 mean motion res-
onance with Jupiter, located at 2.5 AU, and the region oc-
cupied by Mars-crossing asteroids (Froeschlé & Scholl 1987;
Farinella et al. 1993; Froeschlé & Morbidelli 1994; Moons 1997;
Morbidelli & Nesvorný 1999). There is also a fraction of near-
Earth asteroids that come from extinct or dormant comets that
have subsequently developed an asteroidal appearance. While
Bottke et al. (2002) consider that this contribution varies be-
tween 2% and 10% (for absolute magnitudes 13 < H < 22),
Fernández et al. (2002) show that the actual NEA population in
cometary orbits can be explained by means of dispersed objects
from the outer main belt. Binzel et al. (2004) estimate a fraction
of between 10% and 18%, and DeMeo et al. (2008) indicate that
this percentage varies from 0% to 16%.

Different spectroscopic surveys in the visible region have
been used to develop a taxonomical classification of the aster-
oids, according to differences in their reflectance spectra1. Those

1 Although the taxonomic types cannot be used to infer the mineralog-
ical composition of the objects, they help constrain mineral species that
may be present on the surface of the asteroid.
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surveys have also revealed that the NEA population is domi-
nated by objects belonging to the taxonomic classes S and Q:
Binzel et al. (2004) found that 40% of the NEAs are S-type as-
teroids, while 25% of the NEAs can be classified as Q-type as-
teroids. When corrected for discovery biases, about 40% of the
NEA population belong to one of these two taxonomic classes.
In the case of Mars-crossers, 65% of the population belongs to
the S class. In the main belt, these taxonomic types are concen-
trated in the inner and central regions, between 2.0 and 2.5 AU.
Those classes are characterized by a reflectance spectrum that
shows prominent absorption bands centred on 1 and 2 μm.
These absorption bands are crystal field absorptions produced
by transition metal cations (Fe2+, Mg2+,Ca2+,Al2+, etc.) located
in specific crystallographic coordination sites in mafic silicates,
mainly pyroxenes, feldspars, and olivine (Burns 1970). Mafic
minerals are also the most abundant in all chondrites and in the
majority of achondrites, and so are also present in the spectra
of the most abundant class of meteorites (80% of all the falls),
the ordinary chondrites (OCs). Therefore, given the dominance
of S-type or “rocky” asteroids among the NEA population and
the ordinary chondrites among the meteorites, it has been gener-
ally and widely assumed that they are connected, and that NEAs
are the most likely parent bodies of the OCs. It is therefore cru-
cial to obtain spectra in the near-infrared region for this group of
asteroids, if we wish to characterize with greater accuracy their
mineralogy and their connection with the ordinary chondrites.

The SMASS survey (Xu et al. 1995; Bus & Binzel 2002a,b)
and the S3OS2 (Lazzaro et al. 2004) are two of the most com-
prehensive and largest spectroscopic surveys that have been un-
dertaken up to now. However, they both focus only on the vis-
ible region, from 0.45 to 0.92 μm approximately, and basically
observed main belt asteroids. The SMASS survey has a near-
infrared extension, the SMASSIR (Binzel et al. 2001; Burbine
& Binzel 2002), but this only covers the spectra up to 1.6 μm.
Therefore, the absence of spectroscopic surveys in the near-
infrared region and the necessity for data at these wavelengths
to permit a proper mineralogical characterization, motivated us
to start an observational program in 2002 to obtain visible and
near-infrared spectra of NEAs, creating the survey presented in
this work. Besides near-Earth asteroids, this survey includes visi-
ble and near-infrared spectra of several Mars-crossers, which are
also presented in this paper. During the execution of this obser-
vational program that finished in 2007, we also observed a group
of asteroids in cometary orbits (ACOs), and some D-type main
belt asteroids, Hildas and one Trojan as a comparison sample,
that were published and analysed in Licandro et al. (2006,2008).
Both databases are available at our web page2. Today, there are
another two ongoing surveys similar to this one: the SINEO sur-
vey (Lazzarin et al. 2004, 2005), which started in 2000 and cur-
rently has spectra of 64 objects available at its web page3; and the
MIT-UH-IRTF NEO reconnaissance program4, which acquires
only near-infrared spectra.

In Sect. 2, we describe the technical details of the instru-
ments and the telescopes employed to obtain the visible and
near-infrared spectra of the asteroids of this survey, together
with the observational conditions and setup and the data reduc-
tion process. Section 3 describes our compilation of spectra from
different databases to enlarge our sample of NEAs and perform
the mineralogical analysis. In Sect. 4, we apply the “classical”

2 http://www.iac.es/proyecto/pcssolar/pages/en/
objectives/data.php
3 http://www.astro.unipd.it/planets/sineo.html
4 http://smass.mit.edu/minus.html
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Fig. 1. Distribution of the observational characteristics of this survey,
from top and counter-clockwise: airmass, solar phase angle, and appar-
ent visual magnitude. Mean value ±1σ deviation of each quantity are
shown in brackets.

method of mineralogical analysis (Cloutis et al. 1986; Cloutis &
Gaffey 1991; Gaffey et al. 1993), based on the computation of
different diagnostic spectral parameters, to a sample of NEAs,
main belt asteroids (MBs) and ordinary chondrites (OCs). In
Sect. 5, we apply a statistical method, based on neural network
techniques to confirm one of the main results inferred from the
mineralogical analysis. The contribution of space weathering ef-
fects and dynamics on the results are discussed in Sects. 6 and 7,
respectively.

2. Survey description and data reduction

Visible and near-infrared spectra of 74 NEAs and MCs cover-
ing the 0.5−2.5 μm spectral region were obtained during a to-
tal of 28 nights, as part of an observational campaign started
in August 2002, using two telescopes at the “El Roque de los
Muchachos” Observatory (Canary Islands, Spain). The list of
observed objects and their observational parameters are shown
in Appendix A, Table A.1. This table includes the type of orbit
of the object, the starting UT, the airmass, the distance to the
Sun (r) and to the Earth (Δ), the phase angle (α) and the visual
magnitude mV at the time the observation was made, the number
of exposures, and the total on-object exposure time. Whenever
possible, objects were observed close to their meridian, when
their airmass was near its minimum. Figure 1 shows the distri-
bution of the airmass, the phase angle, and the visual magnitude
of the observations. Mean values are shown within brackets.

To correct for telluric absorption and obtain the relative re-
flectance of each asteroid, several solar analogue stars (SAs)
were observed during the same night at the same airmass.
Apart from Hyades 64, widely accepted to be a solar analogue
(Hardorp 1978), several stars from the list of Landolt (1992),
with spectral types ranging from F8 to G2.5, were observed
in previous nights and checked carefully against the solar ana-
logue star P330E (Colina & Bohlin 1997), which exhibited a
regular behaviour as solar analogue in both the visible and the
near-infrared region. The complete list of SAs used in this sur-
vey can be seen in Table 1. Star coordinates and spectral types

Page 2 of 25

http://www.iac.es/proyecto/pcssolar/pages/en/objectives/data.php
http://www.iac.es/proyecto/pcssolar/pages/en/objectives/data.php
http://www.astro.unipd.it/planets/sineo.html
http://smass.mit.edu/minus.html
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200913852&pdf_id=1


J. de León et al.: NEAs and MCs spectroscopic survey

Table 1. Solar analogue stars used to obtain the reflectance spectra of the asteroids of this survey.

Star α (J2000) δ (J2000) V B − V V − K J − H H − K Spectral type
Hyades 64a 04:26:40.1 +16:44:49 8.090 0.657 1.543 0.250 0.096 G2 V
Landolt SA 93-101 01:53:18.0 +00:22:25 9.720b 0.650b 1.548 0.309 0.098 G5
Landolt SA 98-978 06:51:34.0 –00:11:28 10.570c 0.609c 1.399 0.255 0.084 F8
Landolt SA 102-1081 10:57:04.4 –00:13:10 9.903c 0.664c G2b

Landolt SA 107-684 15:37:18.1 –00:09:50 8.433d 0.619d 1.603 0.263 0.122 G0
Landolt SA 107-998 15:38:16.4 +00:15:23 10.440b 0.630b 1.600 0.255 0.117 G3b

Landolt SA 110-361 18:42:45.0 +00:08:04 12.425c 0.632c 1.565 0.285 0.066
Landolt SA 112-1333 20:43:11.8 +00:26:15 9.990b 0.620b 1.526 0.248 0.115 F8
Landolt SA 115-271 23:42:41.8 +00:45:10 9.695c 0.615c 1.557 0.258 0.121 F8
P330E 16:31:33.8 +30:08:47 13.010 0.620 1.500 0.280 0.060 G0 V
Hardorpe – – – 0.663 1.490 0.310 0.060
Sun f G2 V
C85 – – – – 1.486 0.310 0.060
C96 – – -26.75 0.630 1.500 0.310 0.060
HD02 – – – 0.641 1.486 0.230 0.060
H80 – – -26.71 0.665 – – –

Notes. (a) Solar analogue star Hyades 64 belongs to class 1 following Hardorp (1978), i.e., it is considered as perfect solar analogue. V magnitude
and B − V colour for this star were taken from that paper; (b) data extracted from Landolt (1973); (c) colours extracted from Landolt (1992);
(d) colours extracted from Landolt (1983); (e) mean values from the list of Campins et al. (1985) of solar analogue stars belonging to Hardorp’s
class 1; ( f ) colours of the Sun following different authors: C85 ≡ Campins et al. (1985); C96 ≡ Colina et al. (1996); H02 ≡ Hainaut & Delsanti
(2002); H80 ≡ Hardorp (1980).
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Fig. 2. Distribution of the observed solar analogue stars in this survey.
Each star is labelled with a number, as in Table A.1. The observation
frequency depends both on the stars visibility during each night and the
distribution of the observing nights during the year.

were obtained from the SIMBAD database5. Values of J, H,
and K magnitudes were extracted from the 2MASS database
(Skrutskie et al. 2006), while V magnitude and B − V colour
were taken from different Landolt catalogues (Landolt 1973,
1983, 1992). We can also see in Table 1 the values for the
solar analogue star P330E, as well as an average value for
Hardorp’s class 1 solar analogues, compiled by Campins et al.
(1985). Values for the Sun were compiled from different papers
(Hardorp 1980; Campins et al. 1985; Colina et al. 1996; Hainaut
& Delsanti 2002). As can be seen from Table 1, all the stars used
as SAs have colours that are similar to those of the Sun, from
visible to near-infrared wavelengths. Figure 2 shows the obser-
vation frequencies of the solar analogues for this survey, as la-
belled in Appendix A, Table A.1. We note that the solar analogue
star Hyades 64 was used only twice during the near-infrared ob-
servations, because of its high brightness. The observation fre-
quency depends on both the star’s visibility during each night
and the distribution of the observation nights during each year.

5 http://simbad.u-strasbg.fr/simbad/

2.1. Visible observations

Visible spectra were obtained with the 2.5 m Nordic Optical
Telescope (NOT) using Andalucia Faint Object Spectrograph
(ALFOSC). Observations before September 2003 were made
with CCD#7, a 2048 × 2048 backside illuminated detector with
a plate scale of 0.188′′/pixel. After that, a new CCD with sim-
ilar dimensions and a plate scale of 0.190′′/pixel was installed
(CCD#8). The new detector is affected by fringe levels that are
typically twice as high as for CCD#7 (10%). We used a grism
disperser that covers the 0.32−0.91 μm range, with a dispersion
of 3 Å/pixel (300 lines per mm, blazed at 0.48 μm with R ∼ 700).
To avoid a second-order spectral image being superimposed on
the red half of the first-order spectrum (approximately 20% of
light absorption above 5900 Å), we used a second order block-
ing filter at 0.475 μm. A 1.3′′ slit was employed, oriented in the
parallactic angle to correct for differential refraction effects. The
tracking was at the asteroid’s proper motion, extracted from the
corresponding ephemeris. The objects were identified as moving
objects at the predicted position and with the predicted proper
motion. To increase the quality of the spectra, three acquisitions,
offsetting the object 5′′ in-between in the slit direction, were ob-
tained and subsequently averaged.

Visible data reduction was performed using the Image
Reduction and Analysis Facility (IRAF) standard procedures
(Tody 1993). Preprocessing of the CCD images included bias
and flat field correction. An averaged bias frame taken at the tele-
scope at the beginning of each observing night was used to per-
form bias subtraction. Flat field images were obtained for each
object using calibration lamps, just before or after observing
the object, to minimize the effects of telescope and instrument
bending. We followed this same procedure for the wavelength
calibration lamps. The extraction of 1D spectra from 2D im-
ages was carried out together with the sky background subtrac-
tion. Wavelength calibration was applied using Ne and Ar lamp
spectra.

To obtain the reflectance spectra, we observed a minimum
of 2 and a maximum of 4 solar analogue stars during each night
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Fig. 3. Different solar analogue stars are used to obtain the reflectance
spectrum of asteroid (433) Eros in the visible region. The top panel
shows the spectrum of the asteroid and three solar analogues, with
an offset in vertical axis for the sake of clarity. In the bottom panel,
we can see the three resultant reflectance spectra of the asteroid.
The uncertainty in the slope, computed between 0.5 and 0.7 μm is
about 3%/1000 Å. For the majority of the asteroids, the uncertainties
will be smaller that this value.

(see Table A.1). After the extraction and wavelength calibration
procedures, we divided each star spectrum by the remaining stel-
lar spectra and checked that none of the ratios obtained exhib-
ited slope variations greater than 3% per 1000 Å (this value is
slightly higher than that for the near-infrared region). Each ob-
ject’s spectrum was then divided by the spectra of all the so-
lar analogues, confirming that the resulting reflectance spectra
were similar within the noise level. An example of this proce-
dure can be seen in Fig. 3, where we have plotted the spectra
of asteroid (433) Eros and three solar analogues. The resultant
reflectance spectra of the asteroid are slightly different, with un-
certainties in the computed slope of about 3%/1000 Å. The ma-
jority of the asteroids in our database have uncertainties lower
than this value. Finally, a final reflectance spectrum of each ob-
ject was obtained by averaging these individual reflectance spec-
tra after a uniformly rebinning to a dispersion of 21 Å (a factor
of 7), to increase the S/N, and normalized to unity at 0.55 μm.

2.2. Near-infrared spectra

Low resolution near-infrared spectra were taken with the 3.6 m
Telescopio Nazionale Galileo (TNG) using the low resolu-
tion mode of NICS (Near Infrared Camera Spectrograph), a

multi-mode instrument based on a HgCdTe Hawaii 1024 ×
1024 array. All spectroscopic modes use the large field cam-
era (LF), which has a plate scale of 0.25′′/pixel. The large field
camera has a quite large field of view (4.2′ × 4.2′) with a pixel
scale small enough to properly sample the images under normal
seeing conditions. We employed a 1.5′′ slit, corresponding to a
spectral resolving power R ≈ 34 quasi-constant along the spec-
tra, and the Amici prism disperser. The Amici disperser consists
of two low-dispersion (BaF2) and one high-dispersion (IRG2)
prisms arranged in a configuration that disperses the light with-
out deviating from the central wavelength (Oliva 2000; Baffa
et al. 2001). The most remarkable feature of this system is its
throughput: 88% average and 82% minimum transmission over
the 0.8−2.5 μm spectral range. As in the case of visible observa-
tions, the slit was oriented in the parallactic angle, and the track-
ing was at the asteroid proper motion. Some images through the
Js filter were previously taken to identify the object in the field
of view and to place the slit over the object. The acquisition con-
sisted of a series of short exposure images in one position of the
slit (position A), then an offset of the telescope by 10′′ in the
direction of the slit (position B), and the acquisition of another
series of images. This process was repeated and a number of
ABBA cycles were acquired. The total on-object exposure time
is listed in Table A.1.

The observational method and reduction procedure followed
Licandro et al. (2001, 2002). Standard bias and flat correction
were applied to the images, the latter providing a 3% improve-
ment in the pixel-to-pixel variation. Nevertheless, since the ob-
jects occupy the same pixels in the detector in all images, this
variation mostly disappears when we divide by the spectra of
the solar analogue stars. The reduction of the spectra was done
by subtracting consecutive A and B images. With this procedure,
we obtain two 2D images from each ABBA cycle. The extraction
of the 1D spectra followed the same procedure as in the case of
the visible data, with the exception of the sky subtraction step.

Owing to the low resolution of the Amici prism, virtually
all the Ar/Xe lines of the calibrations lamps appear blended
and cannot be easily used for standard reduction procedures.
For this reason, wavelength calibration was performed using a
look-up table based on the theoretical dispersion predicted by
ray-tracing and adjusted to best fit the observed spectra of cali-
bration sources and telluric absorptions. The spectra of the aster-
oids were divided by the spectra of the solar analogue stars. Sub-
pixel offsetting was applied when dividing the spectra to correct
for errors in the wavelength calibrations due to instrumental flex-
ure. We compared the reflectance spectra of the same asteroid
obtained with different solar analogues to ensure that the un-
certainty in the slope is smaller than 1%/1000 Å. The individual
spectra were finally averaged to obtain the final reflectance spec-
trum of each object, which was normalized to unity at 1.6 μm
for convention.

2.3. Visible and near-infrared spectra

Once we have the reflectance spectra of the objects in the vis-
ible and near-infrared region, the final step is to merge the two
regions, using the common interval 0.8−0.92 μm. The method
of compositional analysis that we use to extract the mineralogi-
cal information about the objects in this survey is quite sensitive
to the way we join the visible and the near-infrared part of the
spectra. As an example, one of the spectral parameters that is
commonly computed and used to infer mineralogy, is the wave-
length position of the centre of the absorption bands present in
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the spectra. To measure these positions, we have to first remove
the continuum contribution from the spectra, i.e., to compute the
tangents to the spectral curve at the shoulders of the absorption
bands and to divide the spectrum by those tangents. The first ab-
sorption band, normally centred around 1 μm, is formed when
the two spectral regions are merged, so its tangent is especially
sensitive to the way we carry out this step. For this reason, we
carefully merged visible and near-infrared spectra for each indi-
vidual object by means of least squares fitting.

The final reflectance spectra in the visible and near-infrared
are shown in Appendix B, Fig. B.1. For single wavelength
region observations, we used spectra from other surveys to
complement our data and be able to perform the subse-
quent mineralogical analysis. In particular, as described in the
introduction, we gathered spectra from the SMASS database
(Bus & Binzel 2002a,b), including the ongoing observational
program MIT-UH-IRTF NEO reconnaissance program, and the
SINEO database (Lazzarin et al. 2004, 2005).

3. Data compilation

To apply the method of mineralogical analysis, we must se-
lect only asteroids in our database that meet two requirements:
a complete reflectance spectrum in the visible and near-infrared
range, and the presence of typical absorption bands associated
with silicates (i.e., the asteroid belonging to S-complex). Besides
the objects that belong to the ACO group (Asteroids in Cometary
Orbits), our database includes some asteroids with “featureless”
spectra, some of which have been specifically observed, as is the
case of (3200) Phaethon (Licandro et al. 2007). Other objects
had poor S/N or a spectrum for only one of the spectral ranges.
As pointed out in the previous section, we use spectra from
other databases to complete our own data. Furthermore, to in-
crease our sample and make the analysis statistically more mean-
ingful, we included complete visible and near-infrared spec-
tra of other NEAs from those databases (mainly SMASS and
MIT-UH-IRTF). Considering therefore the spectra from other
surveys, we analyse a total of 79 NEAs and MCs.

As shown in the introduction, NEAs originate primarily
in two main source regions located in the main asteroid belt,
the ν6 and the 3:1 gravitational resonances (Bottke et al. 2002).
Therefore, we perform a similar mineralogical analysis for a sta-
tistically significant number of main-belt asteroids (MBs), us-
ing the reflectance spectra from the surveys SMASS, S3OS2

(Lazzaro et al. 2004), and 52-color asteroid survey (Bell et al.
1995). As an observational sub-program of this survey, we are
currently obtaining near-infrared spectra of main-belt asteroids
located in the main source regions of NEAs (Main Belt Objects
near-Infrared Spectroscopic Survey, or MBOISS). We have re-
duced part of these data, and we included some in the sample of
MBs analysed here. Finally, we used all the available reflectance
spectra of ordinary chondrites, basaltic achondrites, and olivine-
rich meteorites, mainly from the RELAB6 database and also
from Gaffey (1976), to compile a comparison sample. We gath-
ered data for a total of 91 MB asteroids and 103 ordinary chon-
drites for our analysis.

4. Mineralogical analysis

The “classical” method is based on different parameters that can
be extracted from the reflectance spectra of the object. Each pa-
rameter provides information about the relative proportions of

6 http://www.planetary.brown.edu/relab

mineral phases that are present on the surface of the object, their
modal abundances, and the size of the grains. Although previous
works mentioned some of those parameters and carried out sev-
eral laboratory calibrations (Adams 1974; Singer 1981; Gaffey
1984), it was not until the paper of Edward Cloutis in 1986
that all the diagnostic parameters were compiled and properly
described.

4.1. Computation of spectral parameters

Cloutis (1986) reviewed all the possible diagnostic spectral pa-
rameters and their relationship with the abundances of specific
minerals on the surface of asteroids, as well as the most im-
portant laboratory calibrations that are used nowadays. Those
parameters had been previously mentioned by some authors.
Adams (1974) measured the variation in the position of the cen-
tres of pyroxene absorption bands at 1 and 2 μm as a function
of its composition, while Singer (1981) studied mixtures of dif-
ferent silicates and iron oxides and their relation with the varia-
tion in the position of the absorption bands. The most important
spectral parameters defined by Cloutis et al. (1986) are the fol-
lowing. First, the wavelength positions of the reflectance min-
ima at 1 and 2 μm are computed. Using the wavelength and re-
flectance at the two maxima, around 0.7 and 1.4−1.7 μm, and
the end of the spectrum, around 2.4−2.5 μm, we compute two
linear continuum, tangential to the spectral curve, and their cor-
responding spectral slopes. The reflectance curve is then divided
by this continuum to remove it, and after that, several parame-
ters are computed: the wavelength position of the band minima
(band centres), the band depths, and the ratio of the areas of the
second to the first absorption band, or band area ratio (BAR).

The wavelength position of the band maxima and band min-
ima are derived from nth order polynomial fits to the spectral
curve in a varying region around each maximum or minimum.
The order of the polynomial fit ranged from 3 to 8, and the best
fit was selected to produce the smallest least square residual. The
band areas were computed following a simple but effective trape-
zoid method. The computed parameters with their corresponding
errors are shown in Tables A.2 and A.3 for our sample of NEAs
and MBs, respectively. The 2 space parameters in which we anal-
yse the mineralogy of the samples are the band II−band I centres
and the BAR-band I centre.

4.2. Band II centre versus band I centre

The first spectral parameter space in which we are comparing
the NEA and MB population is the one defined by the wave-
length position of the centres of the absorption bands of the ter-
restrial pyroxenes, first used by Adams (1974) and later modi-
fied by Cloutis & Gaffey (1991). This space is shown in Fig. 4.
Those objects whose surface is mainly composed of pyroxene
are located along the tendency line that define terrestrial py-
roxenes in the plot, where black dots correspond to orthopyrox-
enes (OPX) and white dots correspond to clinopyroxenes (CPX)
(band centres shift to longer wavelengths with increasing Fe2+

and Ca2+ content, respectively). If both types of pyroxenes or
any additional mineral phase is present on the surface of the as-
teroid, the object will lie outside the tendency line. In particu-
lar, the presence of olivine translates into vertical displacements
in the graph (type-A clinopyroxenes can also produce vertical
shifts, although on a smaller scale). Figure 4 shows the posi-
tion of the centres computed for the two absorption bands of
NEAs (red circles) and MBs (blue squares). The mean error bars
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Fig. 4. Wavelength position of the centres of the two absorption bands computed for MBs (blue squares) and NEAs (red circles). The mean error
bars associated to each group of data are shown in the upper left region of each plot. Filled black and empty circles correspond to ortho (OPX)
and clinopyroxenes (CPX) from Cloutis & Gaffey (1991). The regions enclosed with green, blue, and red lines correspond to the band centres
computed for the H, L, and LL ordinary chondrites, respectively. Note the abundance of asteroids located up and far from the OPX-CPX tendency
line (blue arrow) in the case of MBs.

associated with each group of asteroids are shown in the up-
per left region of each plot. Several differences between the two
asteroid populations can be seen in the graph. Most obviously,
a larger number of asteroids composed mainly of olivine7 can
be seen among the MB population (blue arrow). This overabun-
dance of olivine asteroids in the main belt will be more clearly
seen in the parameter space of BAR versus band I centre. We
point out that, although olivine asteroids are classified as A-type
asteroids, this taxonomy is based only on their visible spectra;
it can therefore be misleading, as it is reflected in the variety of
spectral classes of the MBs that lie in the olivine region of the
plot (blue arrow).

Another clear difference is that MBs that occupy the py-
roxene tendency line seem to be more concentrated in the re-
gion associated with the orthopyroxenes, while NEAs are more
dispersed, from Fe-rich orthopyroxene to clinopyroxenes with
medium Ca-content. Finally, about 35% of the MBs8 deviate
from the tendency line, compared to 55% of NEAs, indicating
that, on average, the NEA population is more olivine-rich than
the MBs.

The regions enclosed by continuous lines correspond to the
values computed for our sample of ordinary chondrites: green
line for H chondrites, blue line for L chondrites, and red line for
LL chondrites. According to their well-known composition from
laboratory analysis and in agreement with their position in the
plot, Fe and olivine content decrease and increase, respectively,
in the series H-L-LL. Furthermore, on the basis of their location
relative to the OPX-CPX tendency line, ordinary chondrites are
composed mainly of orthopyroxene and olivine, with only minor
contributions of clinopyroxene.

7 These spectra need some residual second absorption band in order to
appear in the graph.
8 We have not included the V-type asteroids from Duffard et al. (2004)
to compute this percentage, to avoid a compositional bias, as they are
composed of pyroxene and lie along the tendency line. We also did not
consider objects with a band I centre above 1.05 μm, composed mainly
of olivine.

4.3. Spectral parameters for the meteorite sample

Before we begin studying the distribution of the data in the sec-
ond parameter space, the BAR vs. band I centre plot, we explain
some changes in the regions associated with the meteorite sam-
ple. As previously shown in Duffard et al. (2005), the BAR pa-
rameter increases with increasing grain size. In the case of the
basaltic achondrites employed to define their new BA region,
the authors used samples with a grain size smaller than 25 μm,
as most of the available reflectance spectra of basaltic achon-
drites in the RELAB database were limited to that grain size.
When they studied the increase in the BAR parameter with grain
size, observed a mean “shift” of ∼0.57 for an increase in grain
size from 25 to 500 μm. Applying this shift to the region de-
fined by Duffard et al. (2005), the region corresponding to the
basaltic achondrites will appear as that shown in Fig. 5 with a
continuous line and labelled as BA. This new region encloses the
original one (dashed-line) defined by Gaffey et al. (1993) using
a sample of 40 basaltic achondrites (bulk samples, not powders),
and accounts also for the V-type asteroids present in our sam-
ple of objects (both NEAs and MBs). In the case of the ordinary
chondrites, the new region is quite similar to the one defined by
Gaffey et al. (1993), as we have simply used a larger sample
of meteorites.

4.4. Band area ratio (BAR) versus band I centre

The compositional differences that can be inferred from the pre-
vious parameter space are also evident in the BAR vs. Band I
centre calibration plot (Fig. 5), first studied by Gaffey et al.
(1993). In this graph, the regions enclosed by continuous lines
correspond to the values computed for our sample of ordinary
chondrites (OC), basaltic achondrites (BA, see Sect. 4.3) and
olivine-rich meteorites (Ol). As in Fig. 4, MBs are plotted as
blue squares and NEAs are plotted as red circles. The red dashed
line region defined in the upper-left part of the plot encloses
the asteroids composed exclusively/mainly of olivine. As was
observed in the previous parameter space, there are more of
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Fig. 5. Band area ratio (BAR) versus band I centre for MBs (blue squares) and NEAs (red circles). The regions enclosed by continuous lines
correspond to the values computed for basaltic achondrites (BA), ordinary chondrites (OC) and olivine-rich meteorites (Ol). Those enclosed
by dashed lines were computed by Gaffey et al. (1993). The red dashed line in the upper left part of the plots encloses asteroids composed
exclusively/mainly of olivine.

this A-type asteroids among the MB population. This apparent
deficit of A-type NEAs was noted by previous spectroscopic sur-
veys: from a total of 400 NEAs analysed by Binzel et al. (2004),
only 4 are A-types, and 3 of them are Mars-crossers. From the
371 asteroids classified using the new DeMeo et al. (2007) tax-
onomy extended to the near-infrared, only 6 are A-types, and all
of them are MBs. Therfore, as Fig. 5 shows for our sample, there
is a larger number of asteroids composed exclusively/mainly of
olivine among the MBs than among the NEAs.

The second conclusion that can be extracted from Fig. 5,
is that NEAs seem to be concentrated into lower values of BAR
and higher values of band I centre than MBs, indicated by the
ellipses in the graph. This translates into a more significant pres-
ence of olivine among the NEA population, as also inferred from
the previous calibration space. This higher olivine content was
first pointed out by de León et al. (2007), and subsequently con-
firmed by Vernazza et al. (2008). In their paper, the authors il-
lustrated the high olivine content of LL chondrites. Applying a
radiative transfer model, they concluded that the NEA popula-
tion is olivine-rich, and that its composition is well correlated
with the LL group of OCs. The concentration of our NEAs in
the upper part of the OC region in Fig. 5, mostly occupied by
LL chondrites, supports this connection.

This higher olivine content for the NEA population is also
obtained when we apply the method described in the following
section.

5. Statistical analysis

We now apply a statistical method to compare the NEA popu-
lation with the OC group, to see if we obtain the same compo-
sitional behaviour as those shown above for the other spectral
parameter spaces. The problem, from a statistical point of view,
is to compare two data sets answering a single question: are the
two samples drawn from the same distribution function? We as-
sume that we have two sample sets with “m1” (i.e. NEA data)
and “m2” (i.e. OC data) independent observations, and we wish
to test the hypothesis that both samples can be described by the
same probability distribution

P1(x) = P2(x).

If the data is described by only one parameter (one dimen-
sional data), several tests can be performed, such as the Pearson’s
χ2 test or the Kolmogorov-Smirnov test (KS). The difference be-
tween both methods is that, while in the former it is necessary to
bin the observations, the latest is free of binning.

When the data is multi-dimensional, there is no equivalent
to the unbinned KS test in one dimension, and a normal pro-
cedure would be to bin the multi-dimensional space and per-
form a χ2 test. The volume of the bins can vary but a com-
mon accepted criteria for determining it is that the number of
expected events per bin is greater than 5. In our case, we con-
sider two-dimensional data, so if 10 bins are selected we need
about 500 data points to perform a χ2 test of statistical signifi-
cance. However, our samples only have a maximum of 100 data
points, so alternative methods are needed. Garrido et al. (1994)
presented a new method, based on neural network techniques,
which transforms a complicated test in the multi-dimensional in-
put space into a simple test in a one-dimensional space, without
losing sensitivity. The astronomical reliability of the method was
demonstrated by Serra-Ricart et al. (1996). Thus, we apply this
statistical method to our sample of NEAs and OCs.

5.1. Neural network implementation

As mentioned above, the proposed method transforms a diffi-
cult χ2 test in the original multi-dimensional space of the vari-
ables, which requires large amounts of data, into a χ2 test in
one-dimensional space, using a suitable projection, the “κ pro-
jection”. This procedure significantly reduces the amount of ob-
servational data needed. The new variable κ is defined as

κ(x) =
P1(x)

P1(x) + P2(x)
, (1)

where x are the variables chosen to describe our observations,
and P1 and P2 are the probability density functions of the ob-
servational data samples. Using this relation, any pair of sample
data, x, can be described by κ.

As demonstrated by Garrido et al. (1994), we have the same
statistical sensitivity in the final one-dimensional κ space as in
the original multi-dimensional space of the x variables, which
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Fig. 6. Top: distribution of 20 000 synthetic points (red dots) in the
BAR vs. Band I centre space, generated from seeds containing the orig-
inal computed data for NEA population (black diamonds), considering
error bars (1-σ) and following a normal distribution. It can be seen how
the synthetic points are more dispersed for the seeds with larger error
bars. Bottom: optimum κ projection for the NEAs, OCs, and the three
subgroups of ordinary chondrites (H, L and LL). This plot has been
chosen to help visualize one of the results listed in Table 2. It is clearly
seen that the shape of the projections for the NEAs (black line) and OCs
(green line) are completely different.

allows the Pearson’s test to be applied in the κ instead of the
x space. The problem arises from P1(x) and P2(x), not being
known a priori, so it seems that the projection is unrealistic.
However, Garrido et al. (1994) proposed a technique, based on
artificial neural networks, to obtain the κ projection.

The basic idea is to train a layered feed-forward neural net
to distinguish the two data sets, minimizing a quadratic error
function (see Serra-Ricart et al. 1996, for details). The input of
this net contains n neurons that are activated by the quantities of
the n relevant variables to the problem, and the output is only
one neuron, for which the desired activation is 1 for sample 1
(i.e., NEA data) and 0 for sample 2 (i.e., OC data). After the
training step, during which a sample containing a mixture of two
data sets is presented to the net, we obtain a function f (x) : Rn →
R, which maps the n-dimensional space of the input variables to
[0, 1] ∈ R and is ≈κ. The goodness of the approximation depends
upon the architecture of the net, the ability to escape from local
minima during the training step and the existence of adequate
data.

We therefore created sets of synthetic data from seeds that
contain the original data (in this case the computed values of
BAR and band I centre), considering a normal distribution and
1σ dispersion obtained from the error bars of the original data
(errors for each of the spectral parameters computed for the
NEAs are listed in Table A.2). As an example, Fig. 6 in its top

Table 2. Values of χ2 test obtained for each pair of datasets used as the
input to the neuronal net.

Sample1 Sample2 χ2

NEA(64) OC(103) 91.26
NEA(64) MB(66) 48.67
NEA(64) OC-LL(29) 32.71
NEA(64) OC-L(48) 68.84
NEA(64) OC-H(26) 61.65

panel shows what a set of 20 000 synthetic data looks like for
a single population. Red dots are the synthetic points randomly
generated from the corresponding seeds (black diamonds, orig-
inal data) and following a normal distribution. It is evident that
the points are more dispersed for the seeds that exhibit higher er-
ror bars. We therefore mix the two samples we wish to compare,
i.e., the NEAs and the OCs, and proceed in the same manner to
generate the input for the neural net.

The results obtained can be seen in Table 2. The first and sec-
ond column indicate each of the “inputs” that we used (the pop-
ulations we compare), while the third column shows the value
of the χ2 resulting for each pair. The lower the value of the χ2,
the more similar the datasets usually are. We can therefore con-
clude that, within the significance level: a) the two groups that
are “less different” are the NEAs and the LLs (the subgroup
of ordinary chondrites with the highest olivine content), which
agrees with the results obtained from the mineralogical analy-
sis; b) the two groups that are “less similar” are the NEAs and
the OCs. This last result is visualized in the bottom panel of
Fig. 6, where the optimum κ projection for all the samples is
represented: the shape of the projections for the NEAs (black
line) and OCs (green line) are completely different.

After performing the mineralogical analysis for our sample
of asteroids, we study in the following sections other mecha-
nisms that could have some influence on the obtained results,
such as the effects of the space weathering or the dynamical
properties of the objects.

6. Space weathering effects

The exposure of the surfaces of airless bodies to the cosmic and
solar wind ion irradiation, and to the bombardment of microme-
teorites is known as space weathering. The effects of these two
processing mechanisms have been widely studied, and include
spectral darkening, reddening and subdued absorption bands
(Pieters et al. 1993; Chapman 1996; Pieters et al. 2000; Hiroi
& Sasaki 2001; Hapke 2001). Brunetto & Strazzulla (2005) and
Strazzulla et al. (2005) carried out different experiments of ion
irradiation, bombarding samples of ordinary chondrites and sil-
icates with a variety of ions (H+, He+, Ar+, Ar2+) and energies
(60−400 keV). They found that ordinary chondrite samples ex-
hibit a progressive reddening that is similar to the spread of spec-
tra observed for S-type near-Earth asteroids. The timescales for
inducing the same effects in space as those obtained in labora-
tory are estimated to be 104-106 years. On the other hand, ex-
periments simulating micrometeorite bombardment by means of
nanopulse laser irradiation, indicate that the reddening timescale
in the near-Earth space is about 108−109 years (Sasaki et al.
2001; Brunetto et al. 2006).

The distribution of the computed spectral slopes for the
NEAs, MBs, and OCs studied in this work is shown in Fig. 7. As
can be seen, the two asteroid populations exhibit similar distri-
butions, alghough MBs are on average “redder” than NEAs. We
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of the spectra) for the NEAs, MBs, and ordi-
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recall that the spectral slope is computed to be the line tangent
to the asteroid spectra at the two maxima, around 0.7 μm and
1.4−1.7 μm, and is used to remove the continuum (see Sect. 4.1).
The mean values and the 1σ deviation for each group is indicated
in brackets9. The mean spectral slopes obtained for our sample
of MBs (0.400 ± 0.270) and NEAs (0.283 ± 0.171) are in good
agreement with those obtained by Marchi et al. (2005) for a to-
tal of 52 MBs (0.300 ± 0.201) and 31 NEAs (0.318 ± 0.178)
and are consistent with the timescale associated with ion irradi-
ation, 104−106 years, according to Strazzulla et al. (2005). This
demonstrates that the ion irradiation caused by the solar wind is
the main process acting in both cases. Marchi et al. (2006a) also
find a relationship between the reddening of asteroid’s surfaces
and their distance to the Sun, concluding that space weathering
is mainly due to Sun-related effects.

The classical scenario where redder spectra was associated
with older surfaces was revisited by Vernazza et al. (2009). They
demonstrate the need to account for composition when evaluat-
ing weathering effectiveness, as olivine is more sensitive to space
weathering than orthopyroxene (Brunetto et al. 2006; Marchi
et al. 2005). Therefore, olivine-rich surfaces would be affected
by higher amounts of reddening, and one would expect a higher
mean spectral slope for the NEA population. However, we have
to take into account the different size distributions of both pop-
ulations. As shown in Fig. 7, near-Earth asteroids are kilometre-
sized objects, while the mean diameter of main belt asteroids is
tens of kilometres, even hundreds, a difference that affects the
way space weathering acts on their surfaces. A combination of
both composition and size must therefore be considered when
explaining the effects of space weathering on the surfaces of
NEAs. One possibility is that these small asteroids may have
lost their regolith during the collisional event that is most likely
to have created them, and been unable to either develop or re-
tain a new regolith, thus preserving preferentially larger grains
on their surfaces (de León et al. 2010). This is consistent with
a “bluer” spectral slope, as some experiments in the laboratory
with meteorite samples find that reflectance spectra are darker
and bluer for coarser grain sizes (Johson & Fanale 1973), and

9 We have not included the high slope of asteroid (1951) Lick to com-
pute the mean value for NEAs, as it is an extreme case (Brunetto et al.
2007).

also that smaller asteroids have higher thermal inertia (Delbo
et al. 2007). Another possibility, raised by Marchi et al. (2006b)
and Vernazza et al. (2009), is that small near-Earth asteroids
might be affected by tidal shaking caused by planetary encoun-
ters that frequently exposes fresh, unaltered material (Nesvorný
et al. 2006).

7. Correlation with dynamics

The physical properties and orbital elements of the near-Earth
asteroids analysed in this paper are shown in Appendix A,
Table A.4. As can be seen in Fig. 7, the distribution of diam-
eters in our sample of NEAs is the usual one: most of the objects
are kilometre-sized. In contrast, the main belt asteroids are much
larger, typically tens of kilometres. Both distributions are typi-
cal of those obtained from the detection surveys, so we are not
biased towards any particular size range. As stated in the intro-
duction, different studies indicate that one of the main source re-
gions for the NEA population is the main asteroid belt. There is
also an undetermined percentage of NEAs that are dead or dor-
mant comets, which can vary between 0 and 18% (Fernández
et al. 2002; Demeo & Binzel 2008).

To determine the source regions of the NEAs analysed in
this paper, we used the dynamical model by Bottke et al. (2002).
These authors define different regions and classify them as pri-
mary or secondary sources, according to their higher or lower
contribution to the NEA population. Following their criteria,
the 3:1 mean motion resonance at 2.5 AU, the ν6 secular reso-
nance with Saturn, the intermediate source Mars-crossing region
(IMC), the Jupiter Family Comets (JFC) region, and the outer
main belt (OB) are considered as primary sources; the regions
occupied by Hungaria or Phocaea asteroids are examples of sec-
ondary sources. Figure 8 shows the distribution of the NEAs (red
circles) and MBs (blue squares) in the orbital parameter space.
We have indicated in the plot some of the source regions men-
tioned above. To determine if a MB asteroid is located “at” or
“close to” one of the main zones defined by Bottke et al. (2002),
i.e., the 3:1, the ν6 resonances and the IMC region, we apply the
following criteria:

– 3:1 resonance: those asteroids with 2.4 < a < 2.6 AU, e <
0.35, i < 15◦.
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ysed in the orbital parameter space a − e (top panel) and a − i (bottom
panel). NEAs have perihelia q ≤ 1.3 AU and aphelia Q ≥ 0.983 AU.
The q < 1.66 AU dashed line defines the boundary between objects on
Mars-crossing orbits and those in the main belt. Several mean motion
resonances are shown as dashed vertical lines. The i = 0◦ position of the
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panel and a continuous line in the bottom panel. Here we also indicate
the IMC region (intermediate source Mars-crossing asteroid) and the
OB1−OB5 regions, defined following Bottke et al. (2002). The position
of the Hungaria (Hung) and Phocaea (Phoc) groups is also indicated.

– ν6 resonance: those asteroids whose orbital parameters place
them in the continuous line defined by the resonance in the
a − i space (Fig. 8, bottom panel), ±0.1 AU (dashed lines).

– IMC region: those asteroids with 2.06 < a < 2.48 or 2.52 <
a < 2.8 AU; 1.30 < q < 1.82 AU; i < 15◦.
Asteroids with orbital parameters a±0.05 AU, e±0.01, i±1◦,
q±0.01 AU, are considered to be located “close to” the main
source regions.

According to these criteria, from our sample of 91 MBs anal-
ysed, about 20 asteroids are located at or close to the ν6 res-
onance, 40 asteroids the 3:1 resonance and fewer than 10 the
IMC region. Just a few asteroids are located in the outer belt.
It is interesting to note that some of the MB asteroids analysed
are concentrated in the region associated with the Flora fam-
ily, located close to the ν6 resonance. This family accounts for
15−20% of the asteroids residing in the inner main belt region,
and is expected to contribute substantially to the population of
NEAs (Nesvorný et al. 2002; Vernazza et al. 2008).

Therefore, by using the orbital parameters of our NEAs as in-
put to the dynamical model, we estimated the relative probability

that they originate in a given source (A. Morbidelli, personal
communication). The probability values for each object are com-
puted to have a total probability of 1. The results obtained for the
5 primary source regions are: 51% for the ν6 resonance [37%];
27% for the IMC region [25%]; 13% for the 3:1 resonance
[23%]; 4% for the outer belt (OB) [8%]; and 1% for the JFC re-
gion [6%]. For the secondary source regions, a 8% corresponds
to the Hungaria group and a 2% to the Phocaea group. The val-
ues shown in brackets correspond to the computed NEO orbital
distributions by Bottke et al. (2002), valid for absolute magni-
tudes H < 22. Following these results, the majority of our NEAs
come from the ν6 resonance, followed by the IMC10 and the
3:1 resonance, in good agreement with the predictions by Bottke
et al. (2002). Unfortunately, this is not the case for our sample of
MBs, which are primarily located in the 3:1 mean motion reso-
nance. This illustrates the importance of obtaining spectral data
from main belt asteroids located in the ν6, to improve the results
from the mineralogical comparison with the NEA population.
Our currently ongoing MBOISS survey, mentioned in Sect. 3,
will contribute significantly to this purpose.

8. Conclusions

The survey that we have presented is one of the largest
database of visible and near-infrared spectra of near-Earth and
Mars-crosser asteroids, consisting of a total of 74 objects. It rep-
resents consistency in the way that all the observations were ob-
tained and subsequently reduced, and the particular care taken in
the extraction, calibration, and merge steps. We have used other
existing databases to complete some of our data for the compo-
sitional analysis and those spectra perfectly matched. This is a
strong indication of the goodness of our results: the spectrum of
an object obtained with different instrumental set-ups and char-
acteristics matches our spectrum of the same object.

All the data from this survey have been analysed, as well as
visible and near-infrared spectra of NEAs from other databases.
We have also analysed two datasets of reflectance spectra to per-
form a compositional and a dynamical correlation with the re-
sults obtained from the NEA population: a sample of main belt
asteroids, collected from different surveys and a group of mete-
orites, including ordinary chondrites (OCs), basaltic achondrites,
and olivine-rich meteorites. As the NEAs have always been un-
derstood to be the most likely parent bodies of the OCs, and
the MBs are the principal source of NEAs, we have studied the
mineralogy of these three groups of objects to understand their
connection more clearly.

Several conclusions can be extracted from the analysis pre-
sented in this paper:

1. The location of the computed spectral parameters for our
NEAs in the two calibration plots used to interpret their min-
eralogical composition, reflects the high content of olivine
among this asteroid population. From a visual inspection and
a comparison with the region occupied by ordinary chon-
drites in the same parameter spaces, it seems that the NEAs
have closer agreement with a subgroup of OCs, the LLs, also
rich in olivine. The statistical analysis of these two popula-
tions by means of a neural net confirms this result: NEAs
and OCs follow different distributions, while NEAs have a
higher probability of originating in the same distribution as
the LLs.

10 We have to point out here that the IMC result presents some contam-
ination, as there are a number of Mars-crossers in our sample of NEAs.
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2. Analysing the effects of the space weathering on the spec-
tral parameters we have computed for our sample of NEAs
and MBs, we conclude that the slope distributions of both
populations are similar, although on average, MBs have red-
der surfaces than NEAs. A combination of their mineralogi-
cal composition, the NEAs being more olivine-rich than the
MBs, and their size distributions, the NEAs being smaller
that the MBs, should be invoked to explain this result. The
slope values obtained for all the asteroids give exposure
timescales of 104−106 years, implying that the solar wind
is the most efficient mechanism of weathering.

3. The source region probabilities computed for our sample of
NEAs indicates that about 50% of the asteroids come from
the ν6 region, located in the inner main belt. This result
shows that our sample of NEAs is not biased against any
particular region of the main belt, as it is in good agreement
with the percentages predicted by the dynamical model used
to compute the probabilities. Furthermore, it may be likely
that the Flora family is the dominant source of NEAs and
LL chondrites, as pointed out by other authors.
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Appendix A: Tables

In the tables here, we present the observational conditions, com-
puted spectral parameters and physical and dynamical properties
of the NEAs and MCs analysed in this paper. Table A.1 shows
information about the observations of the objects: r is the dis-
tance to the Sun, Δ is the distance to the Earth, α is the object
phase angle and mV is the apparent visual magnitude. Computed
spectral parameters of NEAs and MCs are listed in Table A.2, in-
cluding in blue text colour asteroids from other surveys, to work
with a statistical meaningful sample of objects. We compute the
position of the first maxima, band minima, slopes, band centres
and band area ratios. See text for more details. For some objects,
we have not been able to compute some of the parameters due to
the low S/N. The same parameters have also been computed for
the sample of MBs and are shown in Table A.3. Finally, phys-
ical and orbital parameters of the analysed NEAs and MCs are
shown in Table A.4. We show the semi-major axis, the eccentric-
ity, and the inclination of the orbit, as well as the perihelion dis-
tance and the Tisserand parameter as the dynamical information,
while the diameter D, the geometric albedo pv, and the absolute
visual magnitude H are physical parameters. The taxonomical
classification follows Bus & Binzel (2002a,b).
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Table A.4. Physical and dynamical parameters of the analysed NEAs and MCs.

NEA a (AU) e i (deg) q (AU) T D (km) pv H Class
(433) Eros 1.458 0.222 10.828 1.133 4.580 23.60∗∗ ± 3.54 0.210 11.16 S
(719) Albert 2.629 0.552 11.548 1.177 3.139 2.13 ± 0.53 0.244 15.80 S
(699) Hela 2.614 0.407 15.303 1.548 3.238 11.98 ± 2.99 0.257 11.70 Sq
(1036) Ganymed 2.666 0.533 26.679 1.242 3.032 38.50∗∗ ± 5.77 0.170 9.50 S
(1565) Lemaitre 2.394 0.348 21.440 1.561 3.355 9.09 ± 2.27 0.257 12.30 Sq
(1627) Ivar 1.863 0.396 8.446 1.124 3.877 9.12∗∗ ± 1.36 0.150 13.20 S
(1862) Apollo 1.470 0.559 6.355 0.647 4.411 1.40∗∗ ± 0.21 0.260 16.25 Q
(1864) Daedalus 1.461 0.614 22.194 0.563 4.333 2.89 ± 0.72 0.244 15.02 Sr
(1866) Sisyphus 1.893 0.538 41.186 0.874 3.511 8.48∗∗ ± 1.27 0.150 13.00 S
(1951) Lick 1.390 0.061 39.090 1.304 4.541 5.11 ± 0.50 0.089 14.70 A
(1980) Tezcatlipoca 1.709 0.364 26.861 1.085 3.994 6.60∗∗ ± 1.00 0.150 13.92 Sl
(2064) Thomsen 2.178 0.330 5.701 1.459 3.603 6.45 ± 1.61 0.244 13.10 S
(2335) James 2.123 0.359 36.336 1.360 3.409 6.45 ± 1.61 0.244 13.10 Sa
(3102) Krok 2.152 0.448 8.416 1.187 3.554 1.58 ± 0.40 0.244 16.20 S
(3122) Florence 1.768 0.422 22.164 1.020 3.919 2.50∗∗ ± 0.37 0.200 14.20 Sa
(3199) Nefertiti 1.574 0.284 32.968 1.127 4.188 1.80∗∗ ± 0.27 0.410 14.84 A
(3635) Kreutz 1.794 0.084 19.222 1.643 4.003 4.26 ± 1.06 0.244 14.00 S
(3752) Camillo 1.413 0.302 55.550 0.986 4.241 2.80 ± 0.70 0.150 14.91 Ld
(3753) Cruithne 0.997 0.514 19.809 0.484 5.918 2.88 ± 0.72 0.257 15.13 Q
(3908) Nyx 1.982 0.458 2.179 1.043 3.778 1.00∗∗ ± 0.15 0.230 17.40 V
(4055) Magellan 1.820 0.326 23.241 1.226 3.884 2.49∗∗ ± 0.38 0.310 14.80 V
(4179) Toutatis 2.526 0.633 0.446 0.925 3.136 2.80∗∗ ± 0.42 0.130 15.30 Sk
(4587) Rees 2.653 0.511 24.638 1.295 3.075 2.04 ± 0.52 0.244 15.60 Sr
(5143) Heracles 1.832 0.772 9.129 0.416 3.581 4.81 ± 1.21 0.257 13.77 O
(5626) 1991 FE 2.194 0.454 3.854 1.196 3.524 3.35 ± 0.83 0.244 14.70 S
(5641) McCleese 1.819 0.126 22.202 1.589 3.944 3.201 ± 0.80 0.300 14.40 A
(5653) Camarillo 1.794 0.304 6.874 1.248 4.009 2.34 ± 0.78 0.257 15.83 Sq
(5660) 1974 MA 1.785 0.762 37.994 0.424 3.509 2.08 ± 0.52 0.257 15.70 Q
(6047) 1991 TB1 1.454 0.352 23.471 0.942 4.483 1.14 ± 0.28 0.244 17.00 S
(6386) Keithnoll 2.271 0.301 8.733 1.586 3.535 7.76 ± 1.94 0.244 12.70 S
(6456) Golombek 2.194 0.407 8.205 1.299 3.544 1.73 ± 0.43 0.257 15.90 Sq
(6585) O’Keefe 2.370 0.360 22.374 1.516 3.358 3.71 ± 0.94 0.244 14.30 Sk
(6611) 1993 VW 1.695 0.484 8.691 0.873 4.054 1.22 ± 0.31 0.300 16.50 V
(7341) 1991 VK 1.843 0.506 5.420 0.909 3.843 1.32 ± 0.33 0.257 16.63 Sq
(8013) Gordonmoore 2.200 0.430 7.565 1.252 3.527 1.23 ± 0.31 0.244 16.67 Sr
(11054) 1991 FA 1.978 0.447 3.078 1.092 3.729 0.98 ± 0.25 0.244 17.20 Sa
(13553) 1992 JE 2.190 0.462 5.869 1.178 3.518 5.103 ± 1.00 0.030 16.00 B
(21088) 1992 BL2 1.706 0.238 38.459 1.299 3.918 4.83 ± 1.20 0.244 13.73 Sl
(25143) Itokawa 1.324 0.280 1.622 0.953 4.896 0.23∗∗ ± 0.04 0.380 19.70 Sq
(30825) 1990 TG1 2.440 0.679 8.736 0.781 3.124 3.09 ± 0.78 0.244 14.70 S
(35107) 1991 VH 1.136 0.143 13.917 0.973 5.474 1.26 ± 0.32 0.244 16.90 Sk
(35396) 1997 XF11 1.442 0.483 4.097 0.744 4.524 0.99∗∗ ± 0.14 0.270 16.77 E
(52340) 1992 SY 2.212 0.548 8.034 1.000 3.430 0.69 ± 0.18 0.257 17.90 Q
(53435) 1999 VM40 2.309 0.486 15.394 1.187 3.374 3.65 ± 0.91 0.244 14.42 S
(54071) 2000 GQ146 1.329 0.197 23.442 1.066 4.821 0.78 ± 0.20 0.244 17.70 S
(65803) Didymos 1.644 0.384 3.408 1.012 4.198 0.724 ± 0.18 0.147 18.40 Xk
(66251) 1999 GJ2 1.535 0.198 11.277 1.231 4.431 1.07 ± 0.27 0.244 17.00 Sa
(68346) 2001 KZ66 1.507 0.416 16.687 0.879 4.387 1.07 ± 0.27 0.244 17.00 S
(68950) 2002 QF15 1.056 0.344 25.157 0.693 5.686 1.41 ± 0.36 0.244 16.40 Sa
(85867) 1999 BY9 1.830 0.302 0.943 1.277 3.971 0.63 ± 0.16 0.257 18.10 Q
(85989) 1999 JD6 0.882 0.633 17.047 0.324 6.501 1.25 ± 0.32 0.150 17.20 K
(86039) 1999 NC43 1.759 0.579 7.117 0.739 3.896 2.22 ± 0.34 0.140 16.00 Q
(87864) 2000 SY2 0.858 0.642 19.234 0.306 6.643 1.38 ± 0.34 0.257 16.40 Q
(88188) 2000 XH44 2.007 0.392 11.388 1.218 3.711 1.48 ± 0.37 0.320 16.00 V
(88710) 2001 SL9 1.061 0.269 21.898 0.774 5.707 0.95 ± 0.24 0.257 17.60 Q
(98943) 2001 CC21 1.032 0.219 4.808 0.806 5.902 0.54 ± 0.15 0.244 18.50 L
(136993) 1998 ST49 2.308 0.593 24.641 0.937 3.227 0.85 ± 0.20 0.257 17.60 S
(137427) 1999 TF211 2.447 0.614 38.999 0.943 2.966 3.00 ± 0.59 0.320 15.00 Sa
(138846) 2000 VJ61 2.184 0.563 18.670 0.953 3.395 1.86 ± 0.47 0.244 15.80 Sr
(139622) 2001 QQ142 1.422 0.311 9.316 0.979 4.635 0.55 ± 0.14 0.257 18.40 Sq
(143624) 2003 HM16 1.966 0.576 35.666 0.832 3.461 1.81 ± 0.46 0.257 15.80 Sq
(152560) 1991 BN 1.443 0.398 3.447 0.868 4.567 0.37 ± 0.09 0.244 19.30 S
(154347) 2002 XK4 1.849 0.692 17.818 0.569 3.631 1.86 ± 0.48 0.244 15.80 K
(159857) 2004 LJ1 2.264 0.593 23.033 0.920 3.273 2.14 ± 0.54 0.244 15.50 Sr
1998 YQ11 1.874 0.396 11.941 1.132 3.853 0.89 ± 0.23 0.244 17.40 S
2000 EZ148 2.572 0.618 11.042 0.981 4.164 2.50 ± 0.63 0.257 15.10 Sq
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Table A.4. continued.

NEA a (AU) e i (deg) q (AU) T D (km) pv H Class
2000 PJ5 0.872 0.373 51.181 0.546 6.435 1.09 ± 0.27 0.150 17.50 O
2002 AL14 1.037 0.126 22.995 0.906 5.827 0.82 ± 0.21 0.200 17.80 Sl
2002 NW16 1.109 0.030 14.164 1.075 5.583 0.65 ± 0.16 0.244 18.10 Sl
2002 OA22 0.935 0.242 6.905 0.708 6.373 0.45 ± 0.11 0.150 19.40 O
2002 QE15 1.666 0.344 28.245 1.092 4.055 1.49∗∗ ± 0.23 0.240 16.20 A
2002 TD60 1.202 0.082 7.412 1.102 5.276 0.37 ± 0.09 0.244 19.30 S
2002 TP69 1.946 0.468 1.966 1.034 3.751 0.11 ± 0.03 0.244 21.90 Sk
2002 VP69 2.016 0.529 10.184 0.948 3.618 0.63 ± 0.16 0.257 18.10 Sq
2002 YB12 1.686 0.551 14.003 0.756 4.004 0.55 ± 0.14 0.257 18.40 Sq
2003 FT3 2.670 0.572 4.323 1.142 3.118 0.47 ± 0.12 0.320 18.50 V
2003 KR18 2.343 0.482 5.580 1.211 3.389 0.71 ± 0.18 0.244 17.90 S
2003 YG118 2.283 0.644 8.129 0.811 3.280 0.89 ± 0.22 0.320 17.10 V
2004 LU3 2.174 0.531 9.852 1.018 3.471 0.56 ± 0.14 0.244 18.40 Sr

Notes. (∗∗) Direct measurements to obtain the diameter have been used for these objects. (1) H, pv and D obtained from Warner et al. (2006).
(2) Diameter estimated by Krugly et al. (2007). (3) Diameter value estimated from direct albedo measurements by excess thermal emission in
Reddy et al. (2006). (4) Albedo estimated from radar diameter measurements (0.75 km) in Pravec et al. (2006).
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Appendix B: Asteroid reflectance spectra

Final reduced visible and near-infrared spectra of 74 NEAs and MCs that form part of this survey. All spectra are normalised to unity at 0.55 μm,
with the exception of (1951) Lick and near-infrared spectra, which are normalised to unity at 1.6 μm. We gathered visible or near-infrared spectra
from other databases to complete our survey: red spectra are from SMASS survey, while blue spectra are from SINEO.
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Fig. B.1. Asteroid spectra.
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Fig. B.1. continued.
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