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The nature and origin of the asteroids orbiting in near-Earth space, including those on a potentially
hazardous trajectory, is of both scientific interest and practical importance. We aim here at determining
the taxonomy of a large sample of near-Earth and Mars-crosser asteroids and analyze the distribution
of these classes with orbit. We use this distribution to identify the source regions of near-Earth objects
and to study the strength of planetary encounters to refresh asteroid surfaces. We measure the photom-
etry of these asteroids over four filters at visible wavelengths on images taken by the Sloan Digital Sky
Survey (SDSS). These colors are used to classify the asteroids into a taxonomy consistent with the widely
used Bus-DeMeo taxonomy (DeMeo et al. [2009]. Icarus 202, 160–180) based on visible and near-infrared
spectroscopy. We report here on the taxonomic classification of 206 near-Earth and 776 Mars-crosser
asteroids determined from SDSS photometry, representing an increase of 40% and 663% of known
taxonomy classifications in these populations. Using the source region mapper by Greenstreet et al.
(Greenstreet, S., Ngo, H., Gladman, B. [2012]. Icarus, 217, 355–366), we compare for the first time the tax-
onomic distribution among near-Earth and main-belt asteroids of similar diameters. Both distributions
agree at the few percent level for the inner part of the main belt and we confirm this region as a main
source of near-Earth objects. The effect of planetary encounters on asteroid surfaces are also studied
by developing a simple model of forces acting on a surface grain during planetary encounter, which
provides the minimum distance at which a close approach should occur to trigger resurfacing events.
By integrating numerically the orbit of the 519 S-type and 46 Q-type asteroids in our sample back in time
for 500,000 years and monitoring their encounter distance with Venus, Earth, Mars, and Jupiter, we seek
to understand the conditions for resurfacing events. The population of Q-type is found to present
statistically more encounters with Venus and the Earth than S-types, although both S- and Q-types
present the same amount of encounters with Mars.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Asteroids are the leftovers of the building blocks that accreted
to form the planets in the early Solar System. They are also the pro-
genitors of the constant influx of meteorites falling on the planets,
including the Earth. Apart from the tiny sample of rock from aster-
oid (25,143) Itokawa brought back by the Hayabusa spacecraft
(Nakamura et al., 2011), these meteorites represent our sole
possibility to study in details the composition of asteroids.
Identifying their source regions is crucial to determine the physical
conditions and abundances in elements that reigned in the
protoplanetary nebula around the young Sun (see, e.g., McSween
et al., 2006). From the analysis of a bolide trajectory, it is possible
to reconstruct its heliocentric orbit and to find its parent body (e.g.,
Gounelle et al., 2006), but such determinations have been limited
to a few objects only (Rudawska et al., 2012).

Among the different dynamical classes of asteroids, the near-
Earth and Mars-crosser asteroids (NEAs and MCs), whose orbits
cross that of the telluric planets, form a transient population. Their
typical lifetime is of a few million years only (Bottke et al., 2002;

http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2015.12.047&domain=pdf
http://dx.doi.org/10.1016/j.icarus.2015.12.047
mailto:benoit.carry@oca.eu
http://dx.doi.org/10.1016/j.icarus.2015.12.047
http://www.sciencedirect.com/science/journal/00191035
http://www.journals.elsevier.com/icarus


1 http://vo.imcce.fr/webservices/skybot/.

B. Carry et al. / Icarus 268 (2016) 340–354 341
Morbidelli et al., 2002) before being ejected from the Solar System,
falling into the Sun, or impacting a planet. These populations are
therefore constantly replenished by asteroids from the main aster-
oid belt, the largest reservoir of known small bodies, between Mars
and Jupiter.

The resonances between the orbits of asteroids and that of Jupi-
ter have been long thought (Wetherill, 1979; Wisdom, 1983) to
provide the kick in eccentricity necessary to place asteroids on
planet-crossing orbits. It was later found that the secular resonance
m6, delimiting the inner edge of the main belt, and the 3:1 mean-
motion resonance (MMR) with Jupiter, separating the inner from
the middle belt, were the most effective, compared to the 5:2 res-
onance, for instance, which tends to eject asteroids from the Solar
System (see Morbidelli et al., 2002 for a review). The major role
played by the m6 resonance was confirmed by the comparison
between the reflectance spectra of the most common meteorites,
the ordinary chondrites (OCs, 80% of all meteorite falls), the dom-
inant class in the near-Earth space, the S-type asteroids (about 65%
of the observed population, Binzel et al., 2004), and the dynamical
family of S-types asteroids linked with (8) Flora in the inner belt
(Vernazza et al., 2008).

The NEAs also represent ideal targets for space exploration
owing to their close distance from Earth. This proximity is quanti-
fied by the energy required to set a spacecraft on a rendezvous tra-
jectory and is often expressed as Dv (in km/s), the required change
in speed. This is the reason why the first mission to an asteroid tar-
geted the Amor (433) Eros (Veverka et al., 2000), why all the tar-
gets of sample-return missions were selected among NEAs:
(25,143) Itokawa for JAXA Hayabusa (Fujiwara et al., 2006),
(101,955) Bennu for NASA OSIRIS-REx (Origins-Spectral
Interpretation-Resource Identification-Security-Regolith Explorer,
Lauretta et al., 2011), (162,173) Ryugu for JAXA Hayabusa2 (Yano
et al., 2010), and (175,706) 1996 FG3 and (341,843) 2008 EV5 for
the former ESA M3/M4 candidate MarcoPolo-R (Barucci et al.,
2012) and ARM (Asteroid Redirect Mission, Abell et al., 2015),
and why the recent proposition for a demonstration project of an
asteroid deflection by ESA, AIDA (Asteroid Impact & Deflection
Assessment, Murdoch et al., 2012), targets the NEA (65,803) Didy-
mos. This latter point, the protection from asteroid hazard, is cer-
tainly the most famous aspect of the asteroid research known to
the general public, and has triggered many initiatives leading to
breakthroughs in NEA discovery and characterization of their sur-
face and physical properties (see, e.g., Binzel, 2000; Stokes et al.,
2000; Ostro et al., 2002; Binzel et al., 2004; Jedicke et al., 2007;
Mainzer et al., 2011a; Mueller et al., 2011 among others).

In both attempting to link NEAs and MCs transient populations
with their source regions and meteorites and designing a protec-
tion strategy, the study of their composition is key. Indeed, dynam-
ical studies allows to determine relative probabilities of the origin
of asteroids belonging to those populations (e.g., Bottke et al.,
2002; Greenstreet et al., 2012). These links are however not suffi-
cient, and must be ascertained by compositional similarities
(Vernazza et al., 2008; Binzel et al., 2015; Reddy et al., 2015). More-
over, different compositions yield different densities and internal
structure/cohesion (Carry, 2012), and an asteroid on a impact tra-
jectory with Earth of a given size will require a different energy to
be deflected or destroyed according to its nature (Jutzi and Michel,
2014).

Here, we aim at classifying a large number of near-Earth and
Mars-crosser asteroids into broad compositional groups by using
imaging archival data. We present in Section 2 the procedure we
used to retrieve the photometry at visible wavelengths from the
publicly available images of the Sloan Digital Sky Survey (SDSS).
We describe in Section 3 how we use the SDSS photometry to clas-
sify the objects into the commonly-used Bus-DeMeo taxonomy of
asteroids (DeMeo et al., 2009), following the work by DeMeo and
Carry (2013). We present the results of the classification in Sec-
tion 4 before discussing their implications for source regions in
Section 5 and for surface rejuvenation processes in Section 6.
2. Visible photometry for the Sloan Digital Sky Survey

2.1. The Sloan Digital Sky Survey

The Sloan Digital Sky Survey (SDSS) is a wide-field imaging sur-
vey dedicated to observing galaxies and quasars at different wave-
lengths. From 1998 to 2009, the survey covered over 14,500 square
degrees in 5 filters: u0, g0, r0, i0, z0 (centered on 355.1, 468.6, 616.5,
748.1 and 893.1 nm), with estimated limiting magnitude of 22.0,
22.2, 22.2, 21.3, and 20.5 for 95% completeness (Ivezić et al., 2001).

2.2. The Moving Object Catalog

In the course of the survey, 471,569 moving objects were iden-
tified in the images and listed in the Moving Object Catalogue
(SDSS MOC, currently in its 4th release, including observations
through March 2007). Among these, 220,101 were successfully
linked to 104,449 unique objects corresponding to known aster-
oids (Ivezić et al., 2001). The remaining 251,468 moving objects
listed in the MOC corresponded to unknown asteroids at the time
of the release (August 2008).

First, we keep objects assigned a number or a provisional desig-
nation only, i.e., those for which we can retrieve the orbital ele-
ments. Among these, we select the near-Earth and Mars-crossers
asteroids according to the limits on their semi-major axis, perihe-
lion, and aphelion listed in Table 1, resulting in 2071 observations
of 1315 unique objects. We then remove observations that are
deemed unreliable: with any apparent magnitudes greater than
the limiting magnitudes reported above (Section 2.1), or any pho-
tometric uncertainty greater than 0.05. These constraints remove a
large portion of the dataset (about 75%), primarily due to the larger
typical error for the z0 filter. While there is only a small subset of
the sample remaining, we are assured of the quality of the data
(see DeMeo and Carry, 2013 for additional information on the def-
inition of photometric cuts). Additionally, for higher errors, the
ambiguity among taxonomic classes possible for an object
becomes so large that the classification (Section 3) becomes essen-
tially meaningless. In this selection process, we kept 588 observa-
tions of 353 individual asteroids from the SDSS MOC4, as listed in
Table 1.

2.3. Identifying unknown objects in the MOC4

As mentioned above, more than half of the MOC4 entries had
not been linked with known asteroids. At the time of the release
(August 2008), about 460,000 asteroids had been discovered and
350,000 were numbered (i.e., had well-constrained orbits allowing
easy cross-matching with SDSS detected sources). The current
number of discovered asteroids has now risen above 700,000, with
more than 370,000 numbered objects. We therefore use the
improved current knowledge on the asteroid population to link
unknown MOC sources to known objects.

We use the Virtual Observatory (VO) SkyBoT cone-search ser-
vice (Berthier et al., 2006), hosted at IMCCE,1 for that purpose. Sky-
BoT pre-computes weekly the ephemeris of all known Solar System
objects for the period 1889–2060, and stores their heliocentric posi-
tions with a time step of 10 days, allowing fast computation of posi-
tions at any time. The cone-search tool allows to request the list of
known objects within a field of view at any given epoch as seen from

http://vo.imcce.fr/webservices/skybot/


Table 1
Definition of the dynamical classes of near-Earth and Mars-crosser asteroids used in present study, based on the semi-major axis (a), perihelion (q), and aphelion (Q) of their orbit.
All the objects have a perihelion inward of Mars aphelion (Q#) at 1.666 AU. The number of objects listed in the SDSS MOC4 (Section 2.2), identified in SDSS MOC4 using SkyBoT
(SVO-MOC, Section 2.3), and by the SVO NEA project (Section 2.4) are also listed. See Fig. 1 for the distribution of these objects in the orbital element space.

Class a (AU) q (AU) Q (AU) MOC4 SVO-MOC SVOgriz SVOgri

min max min max min

Atens – 1.0 – Q# 0.983 – – 10 1
Apollos 1.0 – – 1.017 – 14 18 82 70
Amors – – 1.017 1.3 – 29 73 111 40
Mars-crosser – – – Q # – 310 383 622 567

Total – – – – – 353 474 825 678
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Earth in typically less than 10 s. We send 251,468 requests to Sky-
BoT, corresponding to the 251,468 unknown objects in the MOC4,
centered on the MOC4 object’s coordinates, at the reported epoch
of observation, within a circular field of view of 30 arcsec. Although
many asteroids among the 700,000 known have position uncertainty
larger than this value (as derived from their orbital parameter uncer-
tainty), this cut ensures that we only keep objects with a high prob-
ability to be linked with the MOC sources.

To further restrict the number of false-positive associations, we
compare the position, apparent motion, and apparent magnitude of
theMOC sources to that predicted from ephemeris provided by Sky-
BoT, based on the database of orbital elements AstOrb.2We consider
successful association of SDSS sources with SkyBoT entry if the posi-
tions are closer than 3000, the apparent V-Johnson magnitudes do not
differ by more than 0.5, and the apparent motions are co-linear (dif-
ference in da cosðdÞ=dt and dd=dt of less than 300/h). However, neither
SkyBoT nor MOC4 provide estimates on the uncertainty in the appar-
ent velocity. The only information is the uncertainty in the velocity
components parallel and perpendicular to the SDSS scanning direc-
tion. The mean value of this error (both in the parallel and in the per-
pendicular direction) is of 100/h. We are taking this value as one
standard deviation to set the cut above.

Of the 251,468 unidentified MOC sources, SkyBoT provides
known asteroids within 30 arcsec for 68,497 (27%), corresponding
to 41,055 unique asteroids. We trim this value to 57,646 (36,730
asteroids) for which the association can be considered certain.
The vast majority of these now-identified asteroids have orbits
within the main belt (35,404, corresponding to 96%), but some
are NEAs (48, 0.1%), or MCs (73, 0.2%). Their respective numbers
are reported in Table 1. The complete list of MOC entries associated
to known asteroids (277,747 entries associated to 141,388 aster-
oids) is freely accessible.3
2.4. The SVO near-Earth Asteroids Recovery Program

In addition, we search the images of the SDSS for NEAs and MCs
that were either not identified as moving objects by the automatic
SDSS pipeline, rejected by the MOC data selection,4 or imaged after
the latest compilation of the SDSS MOC4 (i.e., observed after March
2007). Indeed, only moving objects with an apparent motion
between 0.05 and 0.050 deg/day were included in the MOC, leaving
a significant fraction of NEAs un-cataloged (Solano et al., 2013).

We use the resources of the citizen-science project ‘‘Near-Earth
Asteroids Recovery Program” of the Spanish Virtual Observatory
(SVO) which was originally designed for this very purpose: to iden-
tify and measure the astrometry of NEAs in archival imaging data
(Solano et al., 2013). For each Aten, Amor, Apollo, and Mars-
crosser listed by the Minor Planet Center5 (MPC), its ephemeris
2 http://asteroid.lowell.edu/.
3 http://svo2.cab.inta-csic.es/vocats/svomoc.
4 http://www.astro.washington.edu/users/ivezic/sdssmoc/sdssmoc.html.
5 http://minorplanetcenter.org/.
are computed over the period of operation of the SDSS imaging sur-
vey (1998–2009) and compared to the footprints of the images of the
survey. The images possibly containing an object brighter than the
SDSS limiting magnitude (V = 22) are then proposed to the public
for identification through a web portal.6 Since the beginning of the
project in 2011, over 2500 astrometry measurements of about 600
NEAs not identified in the MOC have been reported to the MPC
(see Solano et al., 2013 for details on the project).

To compute the photometry of the NEAs measured by the users
we first searched in the photometric catalog of the 8th SDSS Data
Release.7 If no photometry associated with the NEA was found, we
ran SExtractor on the corresponding images and calibrated the
SExtractor magnitudes by comparing them with the SDSS magni-
tudes of the sources identified in the image.

Owing to the more stringent limiting magnitude in the z0 filter,
many asteroids are identified over three bands (g0r0i0) only. We also
report these objects here, although deriving a taxonomic classifica-
tion is of course less accurate. Overall, we collect 1194 four bands
(g0r0i0z0) photometry measurements of 825 unique asteroids and
976 three-bands (g0r0i0) photometry measurements of 678 distinct
asteroids (Table 1). We present in Fig. 2 a comparison of our mea-
surements with the magnitudes reported in the SDSS MOC4 for the
common asteroids in both sets, showing excellent agreement
(values agree with a standard deviation of 0.05 mag).
3. Taxonomic classification

The SDSS photometry has been used to classify asteroids
according to their colors by many authors (e.g., Ivezić et al.,
2002; Nesvorný et al., 2005; Parker et al., 2008; Carvano et al.,
2010). One key advantage of the survey was the almost simultane-
ous acquisition of all filters (5 min in total), hence limiting the
impact of geometry-related lightcurve on the apparent magnitude.
Here we follow the work by DeMeo and Carry (2013, 2014) in
which the class definitions are set to be as consistent as possible
with previous spectral taxonomies based on higher spectral resolu-
tion and larger wavelength coverage data sets, specifically Bus and
Bus-DeMeo taxonomies (Bus and Binzel, 2002; DeMeo et al., 2009).
We present concisely the classification scheme below and refer to
DeMeo and Carry (2013) for a complete description.
3.1. From SDSS to Bus-DeMeo taxonomy

First, we convert the photometry into reflectance (using solar
colors from Holmberg et al., 2006) and normalize them to unity
in filter g0. Second, we compute the slope of the continuum over
the g0, r0, and i0 filters (hereafter gri-slope), and the z0–i0 color
(hereafter zi-color), representing the band depth of a potential
1 lm band, because they are the most characteristic spectral
6 http://www.laeff.cab.inta-csic.es/projects/near/main/.
7 http://cdsarc.u-strasbg.fr/vizbin/Cat?II/306.
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Fig. 1. Distribution of the NEAs and Mars-crossers studied here as a function of
their osculating elements (semi-major axis, eccentricity, and inclination). The black
dots represent the first 10,000 main-belt asteroids, the grey dots the 532 NEAs with
spectral classification from the literature (see Section 3.2), and the black circles, red
squares, blue triangle, and green stars the Atens, Apollos, Amors, and Mars-crossers
we classify from SDSS. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Table 2
Correspondence between the classes from different taxonomies (e.g., Tholen and
Barucci, 1989; Bus and Binzel, 2002) found in the literature, used to classify the SDSS
photometry (in bold), and their equivalence in the reduced version of the taxonomy
by DeMeo et al. (2009) adopted here, following the work by DeMeo and Carry (2013).
We strive to preserve the most extreme classes (like A, B) and we convert the
tentative classification (e.g., RS) into their broader, safer, complex (S). We also
consider as unknown (U) any data of insufficient quality.

SDSS & literature Bus-DeMeo

A, AR, AS A
B B
C, C:, Cb, Cg, Ch C
D, DT D
K, K: K
L, Ld L
Q, Q/R, R, RQ Q
O, Q/R/S, R, RS S
S, S:, S(I! V), Sa, Sk, Sl, Sq, Sq:, Sr S
V, V: V
E, M, P, X, X:, XT, Xc, Xe, Xk X
U, C(u), R(u), S(u), ST, STD, QX U
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distinguishers in all major taxonomies (beginning with Chapman
et al., 1975). The classification into the taxonomy is then based
on these two parameters.
As a results of the limited spectral resolution and range of SDSS
photometry, we group together certain classes into broader com-
plexes (see correspondences in Table 2). For asteroids with multi-
ple observations that fall under multiple classifications, we use the
tree-like selection to assign a final class (see DeMeo and Carry
(2013) for details and DeMeo et al. (2014a) for an example of a
spectroscopic confirmation campaign of the SDSS classification
used here). We successfully classify 982 asteroids from the sample
of 1015 near-Earth and Mars-crosser asteroids with four-bands
photometry (i.e., 97% of the sample).

For objects with three-bands photometry only, we set their z0

magnitude to the limiting magnitude of 20.5 (Ivezić et al., 2001)
as an upper limit for their brightness. We then classify these aster-
oids using the scheme presented above. Because the magnitude of
20.5 in z0 is an upper limit, the actual zi-color for these asteroids
may be overestimated. The classification can therefore be degener-
ated, all the classes with similar gri-slope and lower zi-color being
possible. We assign tentative classification to 254 asteroids from
the sample of 678 near-Earth and Mars-crosser asteroids with
three-bands photometry (i.e., 37% of the sample).

In all cases, we mark objects with peculiar spectral behavior
with the historical notation ‘‘U” (for unclassified), and discard them
from the analysis. There are 33 and 424 asteroids in the four-bands
and three-bands photometry samples respectively for which we
cannot assign a class. These figures highlight the ambiguity raised
by the lack of information on the presence or absence of an absorp-
tion band around one micron, to which the z0 filter is sensitive.
3.2. Gathering classifications from past studies

Many different authors have reported on the taxonomic classi-
fication of NEAs. We gather here the results of Dandy et al. (2003),
Binzel et al. (2004), Lazzarin et al. (2005), de León et al. (2006,
2010), Thomas and Binzel (2010), Popescu et al. (2011), Ye
(2011), Reddy et al. (2011), Polishook et al. (2012), Sanchez et al.
(2013), DeMeo et al. (2014b). These authors used different taxo-
nomic schemes to classify their observations, using either broad-
band filter photometry or spectroscopy, at visible wavelengths
only or also in the near infrared. We therefore transpose the classes
of these different schemes (Tholen, 1984; Tholen and Barucci,
1989; Bus and Binzel, 2002; DeMeo et al., 2009) into the single,
consistent, set of 10 classes we already use for the SDSS data. Here
also, we attribute the historical ‘‘U” designation for objects with
apparently contradictory classifications (e.g., QX or STD in Ye,
2011). These pathological cases represent 15% of the objects with
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multiple class determinations. In total, we gather 1022 classifica-
tions for 648 objects listed in the literature.

4. Results

We list in Table B.1 the photometry and the taxonomy of all 982
near-Earth and Mars-crossers asteroids with four-bands photome-
try. The 254 asteroids with three-bands photometry are listed sep-
arately in Table B.2, because their taxonomic classification is less
robust. In many cases, the upper limit of 20.5 for their z0 magnitude
provides a weak constraint on their taxonomy, and classes with
high zi-color (mainly V-types) are more easily identified. This sam-
ple based on three-bands photometry only is therefore biased, but
it can be used as a guideline for selecting targets for spectroscopic
follow-ups. We concentrate below on the sample based on four-
bands photometry.

The 206 NEAs presented here have absolute magnitudes
between 12 and 23. Our sample fully overlaps with the size range
of the 523 NEAs characterized by visible/near-infrared spec-
troscopy published to date and represents an increase of �40% of
the current sample size (Fig. 3). A significant fraction (46%) of the
NEA population with H < 16 (about 2 km diameter for an albedo
of 0.20) has a taxonomic classification. For smaller diameters, the
fraction drops quickly to 10% and less. The sub-kilometer popula-
tion of NEAs is therefore still poorly categorized.

The absolute magnitude of the 776 MCs reported here ranges
from 11 to 19. Our sample represents the first classification of
sub-kilometric Mars-crossers, and a sixfold increase to the sample
of 117MCs from spectroscopy (Fig. 3). Similarly to NEAs, about 40%
of the MC population with H < 14 (about 5 km diameter for an
albedo of 0.20) now has a taxonomic classification, and the fraction
drops quickly to 10% for smaller diameters.

4.1. Taxonomy and orbital classes

We present in Fig. 4 how the different classes distribute among
the orbital populations. As already reported by Binzel et al. (2004),
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literature and present study, and the red the four-bands set. An approximative
conversion to diameter is also reported, using D ¼ 1329� p�0:5

v � 10�0:2H , with the
geometric albedo pv taken as 0.2 (the majority, �60%, of the objects classified here
being S-types). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Apollo, Amor, and Mars-crosser. The number of object with four-band photometry
in each class is reported. Empty and filled bars stands for the three and four band
photometry samples respectively.
the broad S- (including Q-types), C-, X-complexes, and V-types
dominate the NEA population, the minor classes (A, B, D, K, L)
accounting for a few percents only, similarly to what is found in
the inner main belt (DeMeo and Carry, 2013, 2014). We find that
the S-complex encompasses twice as many objects as the C- and
X-complexes, compared to the threefold difference reported by
Binzel et al. (2004).

The distribution of taxonomic classes among MCs is similar to
that of Apollos and Amors (with only 8 Atens, our sample suffers
from low-number statistics). Our findings of V-types accounting
for roughly 5% of all MCs may therefore seem puzzling considering
the lack of V-types among the �100 classified MCs highlighted by
Binzel et al. (2004). It is, however, an observation selection effect.
Indeed, Mars-crossers are inner-main belt (IMB) asteroids which
eccentricity has been increased by numerous weak mean-motion
resonances (‘‘chaotic diffusion”, see Morbidelli and Nesvorný,
1999). The IMB hosting the largest reservoir of V-types in the Solar
System (Vestoids, Binzel and Xu, 1993), V-types were expected in
MC space.

The size distribution of known Vestoids however peaks at
H = 16 (about 1.5 km diameter), and the largest members have
an absolute magnitude of 14 (we use the list of Vestoids from
Nesvorný, 2012). All the V-types identified here have an absolute
magnitude above 14, and so does (31,415) 1999 AK23 (H = 14.4),



Table 3
List of NEAs with a low dv , hence potential targets for space missions. For each NEA, the taxonomic class determined here is reported, together with the dynamical class, the
absolute magnitude and the orbital elements. The targets of the asteroid-deflection mission AIDA (Didymos) and of the return-sample missions Hayabusa (Itokawa), OSIRIS-REx
(Bennu), and Hayabusa2 (Ryugu) are also included for comparison.

Designation Type Class dv (km/s) H s (%/100 nm) z � i a (AU) e i (�)

2004 EU22 X Apollo 4.420 23.00 0.78 0.044 1.175 0.162 5.3
1996 XB27 D Amor 4.750 22.00 0.85 0.123 1.189 0.058 2.5
2000 TL1 C Apollo 4.870 22.00 �0.09 0.002 1.338 0.300 3.6
2001 QC34 Q Apollo 4.970 20.00 0.69 �0.228 1.128 0.187 6.2
1999 FN19 S Apollo 5.020 22.00 0.96 �0.135 1.646 0.391 2.3
2000 SL10 Q Apollo 5.080 21.00 0.86 �0.189 1.372 0.339 1.5
1994 CN2 S Apollo 5.150 16.00 1.12 �0.073 1.573 0.395 1.4
2002 LJ3 S Amor 5.280 18.00 1.07 �0.258 1.462 0.275 7.6
2004 UR C Apollo 5.320 22.00 0.13 �0.025 1.559 0.406 2.4
2006 UP S Amor 5.350 23.00 1.43 �0.074 1.586 0.301 2.3
1994 CC S Apollo 5.370 17.00 0.99 �0.210 1.638 0.417 4.7
2010 WY8 K Amor 5.670 21.00 0.92 �0.042 1.385 0.136 6.0
2002 XP40 S Amor 5.720 19.00 1.63 �0.092 1.645 0.296 3.8
1993 QA D Apollo 5.740 18.00 1.02 0.174 1.476 0.315 12.6
2004 RK9 C Amor 5.760 21.00 0.14 �0.050 1.837 0.426 6.2
2001 FC7 C Amor 5.780 18.00 0.16 �0.034 1.436 0.115 2.6
1977 VA C Amor 5.940 19.20 0.34 �0.010 1.866 0.394 3.0
2001 WL15 C Amor 6.000 18.00 0.34 �0.179 1.989 0.475 6.9
2000 XK44 L Amor 6.080 18.00 1.24 0.020 1.724 0.385 11.2
2003 BH V Apollo 6.090 20.00 1.79 �0.273 1.456 0.356 13.1
2000 NG11 X Amor 6.130 17.00 0.27 0.089 1.881 0.368 0.8
2000 RW37 C Apollo 6.150 20.00 0.45 �0.166 1.248 0.250 13.8
2001 FD90 V Amor 6.200 19.00 0.75 �0.419 2.046 0.478 7.3
2002 PG80 S Amor 6.210 18.00 1.09 �0.225 2.013 0.438 4.4
2004 VB S Apollo 6.260 20.00 1.04 �0.200 1.458 0.409 10.9
1993 DQ1 S Amor 6.270 16.00 1.20 �0.207 2.036 0.493 10.0
2000 YG4 Q Amor 6.300 20.00 0.61 �0.155 2.211 0.503 2.6
2004 KD1 C Amor 6.330 17.00 0.13 �0.110 1.720 0.331 10.1
2004 RS25 C Amor 6.410 20.00 0.39 �0.057 2.128 0.479 6.7
2004 QZ2 S Amor 6.470 18.00 �5.74 �0.227 2.260 0.495 1.0
2001 FY S Amor 6.530 18.00 1.36 �0.132 1.886 0.327 4.7
2009 OC S Amor 6.540 20.00 0.85 �0.153 2.137 0.446 4.6
2004 XM35 S Amor 6.560 19.00 1.13 �0.111 1.837 0.301 5.4
2005 QG88 K Apollo 6.560 20.00 0.99 �0.056 1.728 0.493 11.3
1999 KX4 V Amor 6.580 16.00 1.60 �0.432 1.457 0.293 16.6
2002 TY57 S Amor 6.600 19.00 0.86 �0.154 1.922 0.327 3.5

Itokawa S Apollo 4.632 19.20 1.324 0.280 1.6
Bennu C Apollo 5.087 20.81 1.126 0.204 6.0
Ryugu B Apollo 4.646 19.17 1.189 0.190 5.9
Didymos X Apollo 5.098 17.94 1.644 0.384 3.4
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the first V-type among MCs reported recently by Ribeiro et al.
(2014). Only 33 MCs had been characterized with this absolute
magnitude or higher to date, and the previous lack of report of
V-types among MCs is consistent with our findings.
8 Updated by S. Greenstreet from the original mapper to include the probability o
the source regions of the MCs themselves.
4.2. Low-dv as space mission targets

Within the 206 NEA serendipitously observed by the SDSS, we
identify 36 potential targets for space missions based on their
accessibility. We select all the NEA with a dv below 6.5 km/s. As
a matter of comparison, the required dv to reach the Moon and
Mars are of 6.0 and 6.3 km/s (e.g., Abell et al., 2012). We list in
Table 3 the basic characteristics of these potential targets, together
with the targets already, or planned to be, visited by spacecraft.

Among the list of low-dv objects, we find a large majority of
S-types, following their dominance in the sample presented here
of about 60%. We, however, note the presence of potential D-,
L-, and K-types. To date, of the 24 taxonomic classes, only
C- (Mathilde, Ceres), S- (Ida, Eros, Gaspra, Itokawa, and Toutatis),
Xe- (Steins), Xk- (Lutetia), and V-types (Vesta) have been visited
by spacecraft. These potential D-, L-, and K-types targets may rep-
resent good opportunities for exploration. Data in the visible can
only suggest the presence of an absorption band at 1 lm, and
near-infrared data is required to confirm these potential
classifications.
5. Source regions

The population of NEAs being eroded on short timescale
(<10 My) by planetary collisions and dynamical ejections, new
objects must be injected in the NEA space to explain the current
observed population. We use our sample of 982 NEAs and MCs to
identify possible source regions. For that, we use the source region
mapper8 by Greenstreet et al. (2012), built on the result of numerical
simulations of the orbital evolution of test particules in the five
regions defined by Bottke et al. (2002): m6 secular resonance, 3:1
mean-motion resonance with Jupiter, Mars-crossers (MC), Outer Belt
(OB), and Jupiter Family Comet (JFC).

For each object, we compute its probability Pi to originate from
the ith source region. We then normalize all Pi for each source
region. The sum of the normalized Pi over a given taxonomic class
therefore represents the fraction of objects (by number) of this
class in the source region (Table 4). Uncertainties are computed
from the source region mapper uncertainties, quadratically added
with the margin of error (at 95% confidence level) to account for
the sample size. We can then compare these predicted fractions
to the observed distribution of taxonomic classes for each source
region.
f



Table 4
Relative fraction of each taxonomic class (by number of objects) from each source region defined by Bottke et al. (2002) and Greenstreet et al. (2012), compared with the
distribution of taxonomic types among 3–5 km inner main belt (IMB) asteroids (where Q-types are merged with S-types, see DeMeo and Carry, 2013).

Class Source regions IMB3�5 km

MC m6 MMR3:1 OB JFC (#) (%)

A 0.4 ± 5.9 0.5 ± 6.3 0.3 ± 5.5 0.0 ± 3.0 0.0 ± 3.0 9 0.4
B 2.4 ± 5.8 1.7 ± 5.4 2.9 ± 6.1 6.1 ± 7.5 0.4 ± 4.3 34 1.5
C 15.7 ± 5.2 20.5 ± 5.4 22.7 ± 5.6 38.6 ± 6.6 47.3 ± 10.6 589 25.7
D 2.5 ± 5.7 2.3 ± 5.6 2.5 ± 5.8 5.8 ± 7.2 9.7 ± 8.5 20 0.9
K 2.8 ± 5.9 2.5 ± 5.8 2.4 ± 5.7 4.8 ± 6.9 1.8 ± 7.3 57 2.5
L 3.8 ± 5.9 3.4 ± 5.7 4.4 ± 6.1 1.9 ± 5.1 0.4 ± 4.2 73 3.2
Q 3.6 ± 5.6 4.3 ± 5.8 6.3 ± 6.4 3.8 ± 5.8 2.4 ± 5.5 0 0.0
S 52.8 ± 4.6 44.5 ± 4.6 42.0 ± 4.8 23.8 ± 4.8 23.4 ± 6.9 1145 50.0
V 13.0 ± 5.5 15.6 ± 5.7 12.5 ± 5.5 7.0 ± 5.0 3.0 ± 4.7 247 10.8
X 3.2 ± 5.5 4.7 ± 6.0 4.0 ± 5.8 8.1 ± 7.2 11.7 ± 10.3 117 5.1
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The vast majority of NEAs with taxonomic classification sustain
diameters of less than 5 km (absolute magnitude above 14).
Because the distribution of taxonomic classes in the main belt var-
ies with diameter (DeMeo and Carry, 2014), we need to compare
the predicted fraction of Table 4 with objects with H > 14 in each
source region. For the first time, thanks to the large dataset of
asteroids provided by the Sloan Digital Sky Survey (SDSS), such
information is available for the inner part of the main belt
(DeMeo and Carry, 2013, 2014) and is reported in Table 4
(3–5 km diameter range).

The comparison of the m6 and 3:1 source regions (delimiting the
inner belt) with the observations in Fig. 5 shows a very good match
of the distributions (correlation coefficient of 0.99, maximum dif-
ference of 5%). This validates the dynamical path from the inner
belt to the near-Earth space as described in the model by
Greenstreet et al. (2012). Although the inner belt is widely
accepted as a major source for NEAs and meteorites (e.g., Bottke
et al., 2002; Binzel et al., 2004; Vernazza et al., 2008; Binzel
et al., 2015), the relative contribution of the different source
regions particularly with respect to asteroid size is still a matter
of debate. For the first time, we compare here populations of the
same size range.

Unfortunately, there is no similar data set for the other source
regions (MC, OB, and JFC) to be compared with our prediction.
We can still note the overall trend of increasing fraction of C/D/
X-types in OB and JFC compared with the inner regions, as
expected. The fraction of K-types peaks in the outer belt, place of
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Fig. 5. Relative fractions (by number) of taxonomic classes for asteroids in the inner
part of the main-belt (2.0–2.5 AU) with diameter between 3 and 5 km (computed
from DeMeo and Carry, 2013, 2014) compared with the predicted fractions
originating from m6 and 3:1 resonances (see Section 5).
the Eos family, also as expected, although a steady distribution of
K-types across source regions is also consistent within uncertain-
ties. We also note a strong correlation between MC and small
inner-belt asteroid populations (correlation coefficient 0.97),
which is not related to the origin of NEAs, but of MC themselves,
via chaotic diffusion from the inner belt (see Morbidelli and
Nesvorný, 1999; Michel et al., 2000).

A peculiar feature of Table 4 is the high fraction of S-type in all
source regions. Based on present set of NEAs and the dynamical
model by Greenstreet et al. (2012), one asteroid below 5 km diam-
eter out of four should be an S-type in the outer belt and the same
applies to Jupiter family comets. Although the census of composi-
tion in this size range (3–5 km) is far from being complete in these
regions, there is a bias toward detecting S-types due to their high
albedo (�0.20) compared to that of the C/P/D-types found there
(around 0.05, see Mainzer et al., 2011b; DeMeo and Carry, 2013
for albedo averages over taxonomic classes) S-types are minor con-
tributors to the outer belt for diameters above 5 km (DeMeo and
Carry, 2014) and searches for S-type material have been unsuccess-
ful among Cybeles, Hildas, and Trojans (see Emery and Brown,
2003, 2004; Emery et al., 2011; Fornasier et al., 2004, 2007; Yang
and Jewitt, 2007, 2011; Roig et al., 2008; Gil-Hutton and Brunini,
2008; Marsset et al., 2014). However, only 4% of the sample (42
objects) are predicted to originate from the OB and JFC source
regions. The results for these regions is, thus, based on small num-
ber statistics. The large fraction of S-types in these source regions
suggests nevertheless that dynamical models may require further
refinements.
6. Spectral slope and space weathering

6.1. Size dependence of spectral slope

A size dependency of the spectral characteristics of S-type
asteroids has been detected early on (e.g., Gaffey et al., 1993) and
a correlation between size and spectral slope among NEAs and
MCs was shown by Binzel et al. (2004) based on a sample of 187
S- and 20 Q-types. Independently of the other reddening effects
due to grain size (see, e.g., Cloutis et al., 2015) and solar phase
angle (Bell et al., 2002; Sanchez et al., 2012; Reddy et al., 2015), this
trend has been associated with space weathering, causing the
spectrum of Q-types, i.e., that of ordinary chondrites made of
assemblage of olivine and pyroxenes, to redden into S-type spectra
under the action of solar wind ions (see Sasaki et al., 2001;
Strazzulla et al., 2005 among many others). Even if the timescale
of this reddening is still debated (from <106 yrs by, e.g., Vernazza
et al. (2009) to more than 109 yrs by, e.g., Willman and Jedicke
(2011)), it is shorter than the age of the Solar System (see also
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Jedicke et al., 2004; Nesvorný et al., 2005; Willman et al., 2008,
2010; Dell’Oro et al., 2011; Marchi et al., 2010, 2012). Some rego-
lith refreshing mechanisms must therefore be invoked to explain
non- and less-weathered surfaces.

Because the collisional lifetime decreases with size, the surface
is expected to be younger at smaller sizes. Smaller asteroids should
therefore have a shallower spectral slope than larger bodies on
average, albeit with a larger dispersion as collisions are a stochastic
process (Binzel et al., 2004). This trend has been found recently for
the small (diameter below 5 km) members of the Koronis family in
the main belt (�400 objects, Rivkin et al., 2011; Thomas et al.,
2011, 2012). We present in Fig. 6 the spectral slope of 467
S-types plotted against their absolute magnitude. This sample is
almost 3 times bigger than that of Binzel et al. (2004), and although
we cannot directly compare the values of the spectral slope due to
the different definitions and normalization wavelength, we note
that we observe the same linear trend from 5 to 1 km (also visible
in Thomas et al., 2012). However, we do not observe an increase of
the standard deviation toward smaller diameters nor a ‘‘satura-
tion” regime below 1 km as visible in their Fig. 7. If this trend
seems to persist below 1 km, the statistical relevance of this infor-
mation decreases, however, as the number of objects drops dra-
matically, both here and in Binzel et al. (2004).

We interpret the difference between our findings and those
reported by Binzel et al. (2004) as the effect of the larger sample,
in which the signal to noise ratio of the data is roughly constant
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Below H = 18 (95% of our MC sample), the Q/S fraction among NEAs and MCs is
roughly similar (5–8%). The Q/S fraction rapidly increase for smaller diameters
(H > 18) among NEAs, and many Q-types will be discovered in the sub-kilometer
population of MCs.
over the entire size range: contrarily to the spectral observations,
generally noisier for small objects, the limiting factor of the present
SDSS data is the apparent z0 magnitude. Objects with four-bands
photometry were brighter than magnitude 20 at the time of their
observations, that is 2 magnitudes brighter than the limiting mag-
nitude in g0, r0, and i0, over which the spectral slope is computed.

Perhaps not surprisingly, a similar trend is visible for the 38
Q-types displayed in Fig. 6. These represent the youngest surfaces
of their size range. Following the argument above, larger asteroids
are refreshed less often than smaller objects, and this also applies
to Q-types on their path to redden into S-types, independently of
the mechanism that originally reset their surface.
6.2. Planetary encounters refresh surfaces

If collisions play a stochastic role in modulating the spectral
slope of silicate-rich asteroids (S-, A-, V-, Q-types), the question
on the main rejuvenating process is still open. Binzel et al.
(2010) and DeMeo et al. (2014b) have recently provided observa-
tional support to the mechanism proposed by Nesvorný et al.
(2005) of close encounters with terrestrial planets. The tidal stress
during the close encounters has been proposed to reveal fresh
material (responsible for the Q-type appearance) via landslides
and regolith shaking.

Both Binzel et al. (2010) and DeMeo et al. (2014b) investigated
the orbital history9 of two samples of near-Earth Q- and S-type
asteroids, searching for planetary encounters ‘‘close enough” (up to
a few lunar distances) to reset space weathering effect. As a results,
all the Q-types they tracked had small MOID with either the Earth or
Mars in the past 500,000 years, a time at which some level of space
weathering should have already developed (see Section 6.1 above). A
significant fraction of S-types had also small MOIDs with terrestrial
planets. However, the MOID measures the distance between two
orbits, and not between two bodies, and a small MOID does not nec-
essarily implies encounters. The authors concluded that planetary
encounters, with Mars and the Earth, could explain the presence of
Q-types among NEAs (while they are rare among main-belt aster-
oids). They derived a putative range rH of 16 Earth radii at which
the resurfacing could be felt by asteroids.

Independently, Nesvorný et al. (2010) used the sample by
Binzel et al. (2010), using a different approach. By tracking10 test
particles from NEA source regions (similar to Bottke et al., 2002 in
a way) to NEA space and using a simple step-function model for
space weathering, they explored the possible range of planetary dis-
tances and space weathering timescales that would result in the
amount and orbital distribution of the Q/S ratio. They concluded
on a smaller sphere of influence of planets, with rH between 5 and
10 Earth radii. Contrarily to Binzel et al. (2010), who only addressed
Earth encounters, they found encounters with Venus were as effec-
tive as those with the Earth. They finally found that encounters with
Mars were less important, and predicted a very small fraction of
Q-types among Mars-crossers ([1%).

The 23 Q-types candidates we identified among Mars-crossers
(Section 4) account for about 2.5% of the sample (and the Q/S ratio
is about 5%). This ratio is smaller than for NEAs where it reaches
20% (the total fraction of Q-types among NEAs is 8%), but it is a
lower limit. The Q/S fraction is indeed strongly diameter-
dependent as illustrated in Fig. 7. When comparing similar size
range (H < 18, corresponding to 95% of the MC sample here), the
9 Trajectories of 6 clones per asteroid with a difference of 10�6 AU/yr in initia
velocity in each direction were integrated with SWIFT3 RMVS (Levison and Duncan
1994) over 500 kyr, with a time step of 3.65 days. Minimum Orbital Insertion
Distance (MOID) were averaged over 50 years.
10 Trajectories of 100 clones per asteroid, spread along the line of variation, were
integrated also with SWIFT3 RMVS over 1 Myr, with a time step of 1 days.
l
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parameters between 0.1 and 1 (Perko et al., 2001; Scheeres et al., 2010; Hartzell and
Scheeres, 2011; Sánchez and Scheeres, 2014). One can see that cohesion dominates
all other forces for particle sizes below 10�3 m.

Fig. 9. Schematic view of the easy (Section 6.2.2) and hard (Section 6.2.3)
conditions for resurfacing. The forces acting on a surface particles are: Ftd are the
tidal forces due to the planetary encounter, Fcf is the centrifugal force due to the
asteroid’s rotation, Fga is the self-gravity of the asteroid, and Fco is the cohesion
between surface particles.
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Q/S fraction is roughly similar for NEAs and MCs, around 5–8%.
The ratio jumps to 40% for sub-kilometric NEAs, and many more
Q-types could be discovered among sub-kilometric MCs. Because
of this high fraction of Q-types among MCs, challenging the predic-
tion by Nesvorný et al. (2010), we first derive the theoretical radius
of influence during an planetary encounter by studying the forces
acting on surface grains (Sections 6.2.1–6.2.4) and then study the
dynamical history of all the S- and Q-types asteroids presented
here, recording their close encounters with massive bodies
(Section 6.2.5).

6.2.1. Resurfacing model
While resurfacing of asteroids by planetary encounters has

already been studied (Nesvorný et al., 2005, 2010; Binzel et al.,
2010; DeMeo et al., 2014b), the physics of the surface was not
given much attention in the aforementioned articles. The velocity
and duration of the encounter, the object’s shape, internal struc-
ture, surface gravity, local slopes, rotation rate and orientation,
and the nature of the pre-existing regolith and its cohesion, were
listed as possible parameters dictating the distance at which an
encounter can resurface the asteroid.

In the following we are interested in finding the mean processes
responsible for resurfacing and the minimum close encounter dis-
tances at which it would occur. We thus consider a simple force
balance equation describing the accelerations a surface particle is
likely to experience at the moment of closest approach. A particle
on the asteroid’s surface is subject to the following forces during a
flyby (e.g., Hartzell and Scheeres, 2011):

Ftd þ Fcf þ Fes þ Flt ¼ Fga þ Fco þ Fsp ð1Þ
On the left-hand side of Eq. (1) we have summed all the forces

that can displace the particle: Ftd are the tidal forces due to the
planetary encounter, Fcf is the centrifugal pseudo force due to
the asteroid’s rotation, Fes is a repulsive electrostatic force that
originates from the electric charging of surface particles, and Flt

is the displacement force acting when the asteroid’s rotation state
changes (librational transport, see Yu et al., 2014). The right-hand
side contains forces that can keep a particle in place: Fga is
the self-gravity of the asteroid, Fco is the cohesion between surface
particles, and Fsp is the solar radiation pressure. We describe the
force model in detail in Appendix A and show in Fig. 8 their
absolute magnitude as function of the diameter of surface grains.

To determine the minimum planet-to-asteroid distances that
would result in the resurfacing of the asteroid, we consider two
limiting cases (see Fig. 9). Easy and hard cases are defined based
on whether the conditions for resurfacing are favorable or not,
respectively. By doing so, we aim at deriving limits to distinguish
regions in the parameter space where resurfacing is practically
guaranteed, from regions that will leave the asteroid’s surface
untouched.

6.2.2. Easy resurfacing conditions
If the asteroid has a rotation rate close to the spin-barrier and it

passes the planet with its spin axis perpendicular to the orbital
plane of the hyperbolic encounter, i.e., with zero obliquity with
respect to the planet, resurfacing is more likely. Since fast rotators
are stable with regard to perturbations of the spin state, we can
assume that the initial spin vector remains constant and librational
transport will not play a role. Low self-gravity is also conducive to
resurfacing. The effect of solar radiation pressure can be neglected,
because it is orders of magnitude weaker than the other
contributions.

Considering the high porosity of the first layers of asteroid sur-
faces Vernazza et al. (2012) that could originate from the electro-
static charging of the surface particles, we deem cohesion
between surface particles to be negligible in this case. Since elec-
trostatic inter-particle repulsion is already incorporated in the
assumption of a highly porous upper layer of regolith, no addi-
tional electrostatic forces shall be considered. As a consequence
of the above assumptions that yield the best case scenario in terms
of resurfacing an asteroid, Eq. (1) simplifies to

Ftd þ Fmax
cf ¼ Fmin

ga ð2Þ
Inserting the forces discussed in Appendix A into Eq. (2), we find

the distance rH between the asteroid and the planet where all
accelerations cancel. In other words, rH is the largest planet-to-
asteroid distance at which a particle is no longer bound to the
asteroid. If we assume the asteroid to be a tri-axial ellipsoid
defined by Ra P Rb P Rc , rearranging its surface can take place at
a planetary distance of

rHeasy ¼
6GM

4pGbq� 3x2
sb

� �1=3

ð3Þ

where b ¼ RbRc=R
2
a is a shape factor relating the three principle axes.

Eq. (3) describes a particle that is on the point of the surface farthest
away from the center of rotation. It is easy to see that for any sort of
ellipsoid shape the denominator in Eq. (3) shrinks. Therefore, ellip-
soid shapes have extended resurfacing distances compared to
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spherical shapes (in which b = 1). Also, rHeasy can become arbitrarily

large when x ¼ xsb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pGbq=3

p
(with q the asteroid bulk den-

sity), i.e., when the asteroid’s spin reaches the spin barrier (e.g.,
Pravec et al., 2006). Since an asteroid is expected to have shed most
of its surface material at the spin barrier (Holsapple, 2007a), resur-
facing will become impossible. Therefore, we will only consider
rotation states slightly below this limit (2p=x ¼ P � 2.5 h).
6.2.3. Hard resurfacing conditions
Resurfacing becomes most difficult, on the other hand, if the

asteroid has basically no rotation or an obliquity close to 90� dur-
ing its flyby. Then, there is no centrifugal acceleration that facili-
tates the collapse of rubble pile columns or lifts particles off the
surface. Resurfacing is also more difficult if the asteroid mass is
high, enhancing its self gravity. If electric charges of surface aggre-
gates are feeble, the particles may settle and interlock in dense
configurations that are dominated by cohesion rather than by elec-
trostatic repulsion (Scheeres et al., 2010). Finally, for non-rotating
bodies a change in the asteroid rotation is likely to occur due to the
dynamical instability of a non-rotating configuration during flybys.
Hence, librational transport could, in principle, occur. Yet, since we
are interested in the case where resurfacing is most difficult, we
will neglect its contribution regardless. The equation describing a
scenario when resurfacing is most difficult thus writes:

Ftd ¼ Fmax
ga þ Fco ð4Þ

Following the same approach as for easy resurfacing and using
Eq. (4) to derive rHhard leads to planetary distances that are far below
the asteroid’s disruption regime. Indeed, cohesive forces are dom-
inating all other contributions for particle sizes below 10�3 m, as
visible in Fig. 8, since 99% of the particles that cover the surface
have radii below 10�4 m (Appendix A.4). Consequently Eq. (4) is
not a good estimator for the resurfacing limit. Since resurfacing
is guaranteed when the asteroid enters the deformation or even
disruption regime, we can simply use asteroid’s Roche limit as a
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Fig. 10. Best case (rHeasy) and worst case (rHhard) resurfacing distances in planetary radii for
Earth. Resurfacing is possible for close encounter distances below the respective lines. No
NEA size.
proxy for the conservative resurfacing distance. If we assume a
perfectly spherical asteroid without rotation we have the following
force equilibrium

Fga ¼ Ftd ð5Þ
and consequently

rHhard ¼ R
2M
m

� �1=3

� 3M
2pq

� �1=3

; ð6Þ

where once again, R is the asteroid’s (maximum) radius, and m and
M are the asteroid and the planet masses. The simple spherical
Roche limit serves as a proxy for rHhard, as it would hold as a lower
boundary should the asteroid be an ellipsoid.

6.2.4. Planet to NEA distance for resurfacing
We use the two relations determined above for easy and hard

resurfacing to evaluate the minimum distance at which a planetary
encounter can displace surface particles. We compute the easy and
hard cases for the following parameters: an absolute magnitude of
20 (corresponding to diameter of 200 and 600 m for albedo of 0.5
and 0.05 respectively), a bulk density of 1.9 and 2.7 g cm�3, and a
shape factor b of 0.21. We show these threshold distances for
Venus, Earth, and Mars, as function of the asteroid rotation period
in Fig. 10.

First, the difference between the easy and hard resurfacing
distances is substantial, especially for fast rotator. Then, we find
distances ranging from a couple of planetary radii up to 10 plane-
tary radii in extreme cases, when the rotation period is close to the
spin barrier. This is fully compatible, yet slightly lower, than the
estimates of 5–10 planetary radii from Nesvorný et al. (2010)
derived independently. This implies that resurfacing through
planetary encounters is not common, as the encounters have to
be very close.

However, one might ask whether it is permissible to simply
ignore the effect of cohesion, as has been done in Eq. 5. In fact,
Fig. 8 shows that cohesion dominates other forces up to millimeter
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an asteroid (see text for details) that has close encounters with Mars, Venus and the
te that forces scale with asteroid diameter and this picture is therefore valid for any
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sized particles. However, for larger particles this is no longer the
case. If the asteroid comes close enough during its approach, tidal
forces will then be strong enough to lift decimeter- to meter-sized
objects on the surface of the asteroid. While objects of this size do
not contribute significantly to the overall surface of the asteroid
(Sánchez and Scheeres, 2014), they can refresh the surface if dis-
placed by triggering landslides for instance.

A similar line of thought can be used to argue that we may be
able to ignore cohesive and tensile effects in the case of non-
spherical objects, since the internal stresses decay rapidly towards
the surface (Holsapple, 2007b; Sánchez and Scheeres, 2014). Such
an approach would not be permissible, if we were searching for cri-
teria to describe global deformation or complete asteroid failure.
There, one would have to account for internal cohesion and mate-
rial stresses (Sharma et al., 2006). Yet, as we are merely interested
in whether the combination of forces acting during a close encoun-
ter can displace any sort of particle on the surface of the asteroid,
we argue that our simplified approach is valid.
6.2.5. Dynamical simulations
We investigate the hypothesis of resurfacing by planetary

encounters developed above by testing whether there is a signifi-
cant difference in the number of potential resurfacing events
between Q- and S-type asteroid samples. We probe the dynamical
history of each asteroid by propagating its position together with a
sample of 96 clones 0.5 Myrs into the past using a symplectic inte-
grator based on Yoshida’s T + V split (Yoshida, 1990) with General
Relativity (GR) correction (Lubich et al., 2010). Symplectic integra-
tors have the advantage that the error in the mean anomaly, i.e.,
the position on the planet on its orbit, does not grow as quickly
as with standard propagators (Eggl and Dvorak, 2010 and refer-
ences therein). Using an 8th order integrator with a stepsize of
1 day in the drift in mean anomaly over 0.5 Myrs is less than
0.015� in the two-body problem Sun-Earth, corresponding to a
total along track displacement of less than 6 Earth radii. As for
close encounters, the propagator is able to resolve all close encoun-
ters lasting more than 6 h reasonably well. The limit resolution is
reached for encounters lasting three hours. While the integration
algorithm is not regularized, care has been taken to avoid losing
accuracy due to imprecise calculation of accelerations and the
accumulation of round off errors (e.g., via the use of Kahan
summation).

Each simulation contained the following massive perturbers:
the 8 planets, the barycenter of the Pluto system as well the major
asteroids (1) Ceres, (2) Pallas, (4) Vesta and (10) Hygiea, henceforth
referred to as the massive bodies. Initial conditions for the massive
bodies were taken from JPL DE405 ephemerides at the epoch
J2000. The initial conditions for the asteroids were constructed
using the open source software OrbFit11 (Milani et al., 2008), tak-
ing all observations up to April 2014 into account. Asteroid orbits
were fit to the non-relativistic dynamical system containing all plan-
ets and the Pluto system. No asteroid perturbers were taken into
account during the fitting process. Given the timescales involved
in the orbit fitting and differential correction, the discrepancies aris-
ing from neglecting GR and the major perturbing asteroids on the
investigated asteroids can be considered small compared to the orbit
uncertainties.

The uncertainty covariance matrix resulting from the orbital fit
was then sampled along the line of variation (Milani et al., 2000)
from �3r to +3r with 96 clones per asteroid. The 96 clones were
then propagated together with the nominal orbit in order to see
the dispersion in phase space. All close encounters, with the Earth,
Venus, Mars, Jupiter and the main perturbing asteroids were cata-
11 http://adams.dm.unipi.it/orbfit/.
loged for each clone in form of close minimum encounter distance
(MED) and time histograms. The following limit distances were
used to trigger a close encounter log: Jupiter: 2.56956 AU, Venus,
Earth and Mars: 0.256956 AU, the main perturbing asteroids:
0.0256956 AU. These values correspond to approximately 7 Hill’s
radii for Jupiter, 25 for the Earth and Venus, 35 Hill’s radii for Mars
and 35–70 Hill’s radii for the perturbing asteroids. Minimum
encounter distances and velocities were calculated using cubic
spline interpolation of the asteroid’s orbit during its close encoun-
ter. Global minimum and average encounter distances together
with their variances were also saved. In addition, minimum orbit
intersection distances (MOIDs) were calculated every 800 days.
Similarly to the MED values, MOID histograms, averages and vari-
ances were cataloged.

It should be mentioned that results stemming from integrating
NEA orbits backwards in time need to be interpreted with care.
Similarly to forward propagation NEAs on chaotic trajectories with
the terrestrial planets have a relatively short horizon that limits an
accurate prediction of their dynamical evolution (see, e.g., Michel,
1997). In such cases even robust ensemble statistics will not yield
reliable estimates on close encounter distances since the diver-
gence of nearby solution becomes exponential. As a consequence,
we decided to exclude those NEAs from the statistics as soon as
the spread in clone encounter distances becomes large. In our
dynamical study, we also excluded the Yarkovsky effect for the fol-
lowing reasons. First, the spin state and orientation of the chosen
targets are largely unknown. While this could be remedied using
a statistical distribution of drift parameters among the clones of
each NEA as proposed, for instance, by Spoto et al. (2014), this
would only lead to an artificially increased spread in 96 clones
making it harder to determine which NEAs are on chaotic orbits
and which are not. Second, close encounters can change the spin
state, making self-consistent predictions very difficult. That being
said, Yarkovsky drift rates of our targets range between 10�4 and
10�3 AU/Myr. The cross-track error that results from neglecting
the Yarkovsky drift alone can range between 2 and 20 Earth radii
over 0.5 Myrs, and along track position errors are much larger.

Regardless of the simplifications of our dynamical model, we
find that all the Q-types have a minimum MOID allowing a close
encounter with the Earth (18% of the sample), or Mars (100%) in
the past 500,000 years (we use the median values from all the
clones here). A large fraction of the S-type sample also present a
minimum MOID that could have led to a close encounter with
one of the terrestrial planets (12.9%, 6.7%, and 95.4% for the Earth,
Venus, and Mars respectively), similarly to the situation presented
by Binzel et al. (2010) and DeMeo et al. (2014b). However, a small
MOID does not necessary imply a close encounter: the MOID pro-
vides a measure of the distance between the orbits, not between
the bodies. The typical example would be a Trojan asteroid, for
which the MOID is small by definition, but that would never
encounter the planet.

To overcome this issue, we also study the minimum encounter
distance (MED) of the asteroids and their clones: that is the real
distance between the particles and the massive bodies. However,
even with a symplectic integrator, the drift in mean anomaly stea-
dily increases with ephemeris time, and reach the level of a few
planetary radii, at which the resurfacing is deemed to occur (see
Section 6.2.4 above). Results for MED therefore potentially suffer
from an underestimation of the number of close encounters, espe-
cially for the closest. The total number of detected MED resurfacing
events is much less than the theoretically favorable number of con-
figurations given by the encounter numbers using MOIDs. How-
ever, MEDs share the same trends with our MOID results.

The analysis using the median properties of each asteroid with
its 96 clones seems therefore not conclusive: based on MED values,

http://adams.dm.unipi.it/orbfit/
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the planetary encounters are not expected to play any role in reju-
venating the surface of the Q-types, and based on MOID values,
there should be more fresh surfaces (i.e., less S-types) as the vast
majority of our sample present small MOID with Mars. We there-
fore study the populations of S- and Q-types statistically. We pre-
sent in Fig. 11 the cumulative number of close encounters reaching
the planetary distance for easy and hard resurfacing scenarios (see
Sections 6.2.2 and 6.2.3) between our sample of asteroids and
Venus, the Earth, and Mars. There is a clear difference in the num-
ber of encounters experienced by the population of Q-types com-
pared to the S-types sample for both Venus and the Earth. That
is, the asteroids presenting a fresh surface, similar to ordinary
chondrites and exempt of signature from space weathering, tend
to have more close encounters with massive bodies that those
asteroids with space-weathered surface. Significant resurfacing
would thus occur from the stress during repetitive close encoun-
ters with planets. The distribution of encounters for both the Earth
and Venus clearly highlights the sample of Q-types among the
NEAs sample presented here (and somewhat provides an a posteri-
ori validation of our classification into S- and Q-types, the two
groups being apparently dynamically different).

Conversely, the encounter distribution with Mars is similar for
both taxonomic classes, as both could theoretically have numerous
encounters with Mars, within the expected distance suitable for
resurfacing to occur. Among all the parameters recorded during
the dynamical simulation, none showed a significant difference
between the two populations and we are therefore limited to spec-
ulations. Because the sample of MCs studied here exhibit larger
diameters than the NEAs encountering the Earth, they are deemed
to be older. Their surface may therefore have reached the satura-
tion state introduced by Marchi et al. (2012), where rejunevation
is inefficient. The frequent encounters with Mars would then no
longer turn the S-type surfaces into Q-types. Another possibility
is that the limit for easy resurfacing being tight to the rotation per-
iod and obliquity during the close encounter, only a small fraction
of close encounters do trigger resurfacing events, with a preference
for fast-spinning asteroids. A survey of rotation period of Q-types
among NEAs and MCs population could address this point.
7. Conclusion

In this work, we report on the dynamical and surface properties
of near-Earth asteroids (NEAs) and Mars-crosser asteroids (MCs),
based on the analysis of their colors in the visible. Our sample
includes:
� 43 NEAs and 310 MCs listed in the Moving Object Catalogue
(MOC4) of the Sloan Digital Sky Survey (SDSS);

� 206 NEAs and 776 MCs, in publicly available images of the SDSS,
using our citizen-science project ‘‘Near-Earth Asteroids Recov-
ery Program” of the Spanish Virtual Observatory (SVO, Solano
et al., 2013) measured in four filters (g0, r0, i0, and z0);

� 678 NEAs and MCs asteroids measured in three filters (g0, r0, and
i0) also from our citizen-science project, for 254 of which we
assign tentative taxonomic classification.

In total we have determined the taxonomic class of these 982
NEAs and MCs using the DeMeo-Carry taxonomy for SDSS colors
(DeMeo and Carry, 2013), that is compatible with the Bus-DeMeo
taxonomy based on V+NIR spectra (DeMeo et al., 2009).

The sample of taxonomic classes presented here correspond to
an increase of known classes by 40% and 600% for NEA and MC
populations, respectively. Among those, 36 NEAs can be considered
potential targets for space missions, owing to their low dv . Some
candidates for rare taxonomic classes such as D-, L-, and K-types
are present within this sample and would benefit from further
spectral investigations.

We then use the sample of asteroids with taxonomic classes
based on four-filter observations to study their source regions
and the effect of planetary encounters on their surface properties.
To this end.

� we compare the distribution of taxonomic classes between our
sample of NEAs and MCs and the source regions, using the pre-
dictions resulting from the dynamical model presented by
Greenstreet et al. (2012). The population of 2–5 km diameter
asteroids in the main belt (DeMeo and Carry, 2014) match clo-
sely the predictions from the sample presented here, supporting
that the m6 secular resonance and the 3:1 mean-motion reso-
nance with Jupiter are the primary sources of kilometer-size
NEAs;

� we analyze the dependence of spectral slope on diameter for
asteroids in the S-complex. A linear trend of shallower slope
toward higher absolute magnitude is found;

� we develop a simple force model on surface grains during a
planetary encounter;

� we investigate the planetary distance at which a resurfacing
event is expected to occur, by considering two extreme cases
to the simple force model, when the conditions are the most
or conversely the least conducive to favorable resurfacing event.
This distance is found to be a function of the rotation period and
density of the asteroid, and of the spin obliquity during the
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encounters. It ranges from 2 to �10 planetary radii for Venus,
the Earth, and Mars. Such values are consistent with previous
estimates by Binzel et al. (2010) and Nesvorný et al. (2010);

� we study the dynamical history of the sample of S- and Q-type
by propagating their positions backward in time for 0.5 Myrs,
together with 96 clones, using a symplectic post-Newtonian
integrator. The population of Q-type presents statistically more
encounters with Venus and the Earth at distance where resur-
facing should occur than S-types. However, both populations
present a high number of encounters with Mars and are
indistinguishable.
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Appendix A. Forces model

In the following we will briefly discuss the force models used in
Eqs. (2) and (4).

A.1. Self gravity of the asteroid

On the surface of the asteroid a particle of mass l will experi-
ence the following gravitational pull towards the asteroid’s center
of mass:

Fga ¼ Glm=R2 ðA:1Þ
where G is the gravitational constant, m the mass and R the local
radius of the asteroid.

A.2. Forces due to the rotating frame

In a rotating frame of reference, surface particles are subject to a
centrifugal force Fcf . It will suffice to consider principle axis
rotation as we are primarily interested in best and worst case
scenarios. Therefore, the particle feeling the maximum centrifugal
acceleration then is located farthest from the axis of rotation and
we have

Fcf ¼ lRx2 cos/ ðA:2Þ

Here, x is the spin rate and / the angle between the asteroid’s spin
axis and the vector~r connecting the centers of gravity of the planet
and the asteroid. In other words / is the asteroids obliquity with
respect to is planetocentric orbit. Consequently, Fmax

cf ¼ lRmaxx2
sb.

This corresponds to a particle on the equator of a spherical asteroid
with maximum radius Rmax and a rotation rate close to the spin bar-
rier xsb. As we assume that the particles are at rest on the surface,
no Coriolis forces will have to be accounted for.
A.3. Tidal acceleration

Asteroid that have close encounters with other massive bodies
will experience tidal forces. Towards an asteroid’s surface the tidal
acceleration becomes stronger compared to volume elements that
are closer to the center of gravity. Consequently surface particles
are pulled away more easily than say boulders close to the center
of the asteroid. A simple model for the tidal force acting on a par-
ticle with mass l is:

Ftd ¼ 2RGlM=D3 ðA:3Þ

where M is the mass of the planet and D the distance between the
asteroid and the planet. In principle, there are additional tidal con-
tributions from the Sun, and the Moon if the Earth is approached.
Those are, however, small compared to the contribution of the Earth
itself and shall, therefore, be neglected.
A.4. Particle Cohesion

The role of cohesion in rubble pile asteroids has been studied
extensively over the past years (Scheeres et al., 2010; Hartzell
and Scheeres, 2011; Sánchez and Scheeres, 2014). It is currently
understood that particle cohesion plays and important role in
determining limits for rubble-pile asteroid failures, fission, and
for the survival of contact binaries. The standard cohesion model
as presented in Hartzell and Scheeres (2011) is based on van der
Waals interaction in granular materials. The inter particle force
can be modeled as:

Fco ¼ CS2r ðA:4Þ

where C ¼ 5:14� 10�2 kg=s2 is a material constant related to the
Hamaker constant, S � 1 is the so-called cleanliness ratio, a qualita-
tive factor indicating the impurity of granular surface coatings and
r is the radius of the particles on the asteroid’s surface. For a
detailed discussion of Eq. (A.4) see e.g. Hartzell and Scheeres
(2011). As it is harder to free larger particles or rocks from the sur-
face, we will increase the particle radius that shall be lifted against
cohesion. Eq. (A.4) illustrates that the larger the particles and the
cleaner the surface, the larger the cohesive force. Let us now deter-
mine the approximate size of the largest particles that will be rele-
vant for our resurfacing considerations. For this purpose we assume

an N / ð2rÞ�3 distribution of the number of particles N on the aster-
oid’s surface. Using Eq. (36) in Sánchez and Scheeres (2014) we can
calculate the particle diameter up to which smaller particles cover
99% of the surface. This is r ¼ 100r0, where we furthermore assume
that r0 is of the order of the smallest particle radii that could
be detected on Itokawa (r0 ’ 10�6 m). Hence, practically all of the
asteroid’s surface is covered by particles smaller than 0.1 mm.

http://www.sdss.org/
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Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.icarus.2015.12.
047.
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