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ABSTRACT

The optical properties of silicate-rich asteroidal surfaces (namely, S-complex asteroids) evolve over time under
the influence of several processes, known as “space weathering” (SW), and are amply analyzed in laboratory
experiments. A first estimate of the spectral reddening rate, due to SW, on family S-type main-belt asteroids
(MBAs; Jedicke et al.) has been confirmed and generalized, using a different approach, which also provided us
with clues about the relative relevance of the various SW processes (Marchi et al.). However, in the main belt,
the S complex accounts for about 40% of the listed bodies, and even less in terms of mass. Most of the remaining
main-belt population is composed of spectrally featureless asteroids (i.e., with nonsilicate-dominated spectra) and
can be divided into two main groups: the C complex and the X complex; the three complexes comprise up to
more than 90% of the MBAs. The question as to whether SW has general observable consequences for the whole
main belt is still open. In this work we show, on the basis of a wide statistical analysis, that the spectral trends
due to SW are similar for the three major complexes. We have also been able to identify some underlying relevant
physical processes. Our observational findings, and the related clues, are also supported by new experimental
results, which are also summarized here. The resulting scenario has several important implications for the formation
of evolutionary models of the main asteroid belt as well as for the existing taxonomical classification.

Subject headings. minor planets, asteroids — solar system: general

1. INTRODUCTION do not allow for a direct extension of this statement to MBAs.
In fact, the SW on S-complex asteroids seems to be more
related to solar ion flux rather than to micrometeorite bom-
bardment (Marchi et al. 2006). Consistently, Brunetto & Straz-

S-complex asteroids are composed mainly of mafic sili-
cates—olivine and pyroxene—and possibly some spectrally

featureless phases such as plagioclase, FeNi metal, and S“'ﬁdeﬁma (2005) suggested that, in terms of the astrophysical time-

(Ga_ffey et al. 1993). For what concerns SW, I:_:\boratory ex scale, solar wind ions (both light and heavy) are more efficient
periments demonstrated that their analog materials redden un;

der both ion bombardment (Strazzulla et al. 2005; Brunetto & than micrometeorites.

h I ) In comparison to the S complex, our understanding of C and
Strazzulla 2005) and laser irradiation (Moroz et al. 1996; Ya-
mada et al. 1999; Brunetto et al. 2006); the latter simulatesx complexes (together more than half of the spectrally clas-

micrometeorite impacts. Thus, the spectral “slope” increasess'ﬂed asteroids) is by far less satisfactory, and their mineral-

with SW. The experiments shed light on the physical processesogical assessment is not fully established. C and X complexes

involved: micrometeorite impacts and solar ion bombardment are characterized by having mostly featureless visible specira,

darken silicates and silicate-rich meteorites and also introducebUt W'lth d|ﬁterer)(tjslopﬁsf: from |b|LfJ1ItTh to dsllghtly dred Iolr the dCf-
positive spectral slopes (reddening) in the visible and near- compiex asteroids and from slightly red to moderatély red for

infrared spectral ranges. The reddening due to micrometeoritel '€ X-cOmplex asteroids. Due to their featureless visible spec-

impacts and low-energy light ions (e.g., Happears to be tra, the only clues to the|r composition can be found Wlt'h. the
related to the formation of nanophase metallic iron particles N€lP Of NIR observations and with the use of meteoritic—
(SMFe; Hapke 2001; Sasaki et al. 2001), while the reddening 2SUmed—counterparts.

induced by irradiation with heavy ions (e.g.,’Nand Ar’) . Carbonaceous chondrites (CCs) have begn suggested as pos-
strongly correlates with the number of atomic displacements Sible fragments of some C-complex asteroids on the basis of
caused by elastic collisions in the target (Brunetto & Strazzulla their spectral match and low albede.07; Johnson & Fanale
2005). The micrometeorite impacts may be important contrib- 1973). Although CC meteorites are dominated by silicates (an-
utors to the reddening observed in the lunar samples (Hapkeydrous and/or hydrated) by mass, their optical properties are
2001); however, note that the different space environments angdominated by fine-grained opaque phases (e.g., sulfides) and

surface mineralogy between the lunar samples and the MBAsOrganics. The response of the latter phases to SW may be
different from that of silicates (see below); thus, it is not ob-
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at 0.9 and 2um have been detected in the spectra of some

moderate-albedo X-complex asteroids (i.e., M-type asteroids), LS L
and they have been assigned to mafic silicates (low-Fe, low- a o b
Ca pyroxene). These findings might favor a mantle-core origin, I scomples | |

ruling out the link with undifferentiated E chondrites. However,
absorption features atg@n have been detected and interpreted
as being due to phyllosilicates (hydrated silicates), and this is
inconsistent with the high-temperature scenario for a differ-
entiated parent body (Clark et al. 2004; Lagerkvist et al. 2005).
Also, the experimental background of SW effects on terres-
trial and meteoritic analogs relevant for C and X complexes is
not well established, basically due to a lack of experimental
work. The first experiments conducted on natural complex hy-
drocarbon materials (asphaltite and kerite) showed that mate-
rials become less red (the slope decreases) and less dark after
irradiation with low-energy ions (Moroz et al. 2004a), sug-
gesting a similar SW trend for organic-rich objects, opposite o 200 400 600 800 Meteorites
to that defined for silicates. Laser irradiation of a mineral mix- Exposure (Myr AU ™)
ture containing 5 percent by weight (wt.%) kerite mixed with
hydrated and anhydrous silicates, metal, and calcite showed a Fic. 1.—Spectral trends for MBAs and their comparison with laboratory ex-
slope decrease and darkening (Hiroi et al. 2003). The sameperiments. ) Slope-exposure trends for the three major complexes of the main
effect was observed after laser irradiation of a unique reddish belt. Average curves (20 points) are also shown (see text for further details).

; P s os (D) The arrows indicate the results of the first ion-bombardment experiments
CC Tagish Lake (Hiroi et al. 2004) containing only 2.5 wt.% performed on CC meteorites (namely, Allende and Frontier Mountain [FM]

of Organic material. However, no ion .irradiation '(presumably 95002); the solid arrows are for powders, while the dashed ones are for pressed
the dominant SW process for asteroids; Marchi et al. 2006) samples. The results of the laser irradiation of the Mighei meteorite (dust sample)
experiments have been performed on Tagish Lake, organic-are also shown. For comparison, ion bombardment on a slab of Epinal meteorite
poor mineral mixtures or on pure hydrated silicates and sulfides,(oc). is ovgrplotted (for experimental details, see Fig. 2). In all cases, the arrow's
he latter being the main darkening agents in primitive CC starting point corresponds to the slope of the untreated samples, while the end
the A g g g ag : p of the arrow corresponds to the irradiated ones.

meteorites. The relative abundances of organics compared to

silicates and other constituents, the carbonization degree of

organics, as well as the texture of constituents may define whichjor complexes. The most striking result is that for all the com-
particular SW trend (increase or decrease of the slope) wouldplexes, the trends are very clear and statistically significant (the
dominate. Observations of the slope-diameter anticorrelationtwo-tailed probabilityP, is <0.01%,~0.7%, and~0.8%, for the

for dark Cybele and Hilda outer belt asteroids might suggestS, X, and C complexes, respectively). The trends are, respec-
the dominance of the organic-like SW trend on these distanttively, (24.9 + 4.6), (14.6 = 3.2), and (8.8= 5.4) x 10°°

Slope (um’ I)

—_——

N
o o

a FM

.

(3.3—4 AU) objects (Lagerkvist et al. 2005). um-t Myr~t AUZ? Despite these significant statistical trends,
As for the bright X-complex analog materials, no experi- spectral slopes of individual objects exhibit a strong scatter. This
ments have been performed yet. is certainly due to several parameters, like differences in com-

position, surface roughness/texture, and inaccurate age deter-
mination; we use a mean value and neglect possible dynamical
corrections. Nevertheless, the quality of the results, in statistical
terms, is also supported by the overall agreement of the linear
With the aid of the method used for the S complex (Marchi fits with the average curves. Notice that the trend we find for
et al. 2006), it is possible to obtain some relevant observationalthe S complex is slightly reduced compared to that previously
results concerning the above-mentioned problems. We used thdound (Marchi et al. 2006). Notice also that the trend we find
largest existing MBA spectroscopic database, consisting of 559for the C complex seems to be opposite to the only one available
S-complex, 418 C-complex, and 250 X-complex MBAs from in the literature for family C-complex asteroids (Nesvoatyal.
the second phase of the Small Main-Belt Asteroid Spectroscopic2005). In order to understand the trend obtained by Nesvorny
Survey (SMASSII; Bus & Binzel 2002). The model takes as et al. (2005) using photometric rather than spectroscopic data,
input a state-of-the-art estimate (Bottke et al. 2005) of the meanwe selected the C-complex family members present in our da-
collisional age of the asteroids as a function of their size. Com- tabase. Within the uncertainties due to the small number of ob-
bining the ages with the asteroid’s orbital configuration (hamely, jects, we obtain that slope anticorrelates with exposure (and age),
the semimajor axis and eccentricity), we obtain a parameter pro-in agreement with Nesvofngt al. (2005). The discrepancy be-
portional to the exposure of the ion flux from the Sun. With tween this trend, effective only for family members, and the
respect to the previous model (see Marchi et al. 2006 for a general, opposite, one is unclear, and it is probably due to some
detailed explanation of the definition of exposure), we improve “sampling” effect: the listed families may not be representative
the age estimates for the members of dynamical families, whichof the average composition of the whole C-complex population
can be set, if less than the collisional age, equal to the age ofof the main belt. The anticorrelation of family members is mainly
the family (we used the recent and reliable estimates of Nesvornydue to five families (24 Themis, 490 Veritas, 668 Dora, 1128
et al. 2006). We also improve the exposure estimate by usingAstrid, and 1726 Hoffmeister) located beyond 2.78 AU, where
the more stable proper elements (Keez & Milani 2003) in- the abundance of organics (or other nonsilicate components)
stead of the osculating elements. We use the spectral slopesight be higher than in the inner part of the main belt. Indeed,
between 0.52 and 0.92m to characterize the degree of SW. it has been suggested that the slope-age anticorrelation within
Figure 1 shows the slope-exposure distribution for the three ma-C-complex families may be due to an organic-like SW trend

2. SPECTRAL TRENDS IN THE MAIN BELT AND NEW
EXPERIMENTAL WORKS
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(Moroz et al. 2006). Our conclusion is also supported by the

discovery of two active Themis family asteroids (Hsieh & Jewitt . . . — T
2006), which are certainly compositionally very different from 12~ a s m——
the usual C-complex asteroids; it is possible that a relevant part F _ e 1
of the Themis family itself has similar peculiar properties. - I i e SR
Although the general trends are similar, it must also be noted r / ]
that the reddening rates decrease, passing from the S complexto 0.8 = - fx";i‘r“if;‘;?jff(’;mm ]
the X complex to C complex. This may be related to an increasing - Mighei (CM2) ‘ ) ]
content or decreasing grain size of nonsilicate components. o8 — 1
This new observational scenario can also be supported by 2'2~ b O 1T ORI
new laboratory experiments, which are briefly reported here. g T me;:;::i:i:{i.‘;:l,;lgm il ]
We performed ion-bombardment experiments on two CCs, % ‘W‘”‘“"“ﬁmwmwmw,ﬁ |
namely, CV3 Allende and CO3 Frontier Mountain 95002. Re- ?': F — :’niﬁj:a::m:’m . Ty
sults and experimental details are presented in Figure 2. Both = "*[  Virgin prassed el ]
meteorites redden under ion fluence irrespective of the sample @ [ Alende €V nimdinea reseaperer ]
preparation (powder vs. pressed pellet). A similar spectral effect 8 L L T
(see Fig. 2) is observed after laser irradiation of the CM2 o e AV o)
chondrite Mighei (Moroz et al. 2004b). e Lo e |
Similar considerations may hold for X-complex asteroids, Ir :/‘”Wﬁwwmwrm)ﬁwtﬁwf
but so far no experiments have been performed on possible [ i e A e
analogs, such as aubrites, E chondrites, or irons. i PP en o3y VinGrmedocle) |
For a better comparison, Figurb 4lso shows the reddening 5 o Jemimimed (pressed pelley
rate of these experiments and the ion-irradiated H5 ordinary ba 0.5 0.6 0.7 0.8 0.9 1
chondrite (OC) Epinal (Strazzulla et al. 2005). Notice that the Wavelenght (um)

arrow lengths do not quantify the absolute degree of reddening;

they simply reflect the experimental conditions and cannot be Fic. 2.—Reflectance spectra of three CC meteorites before and after laser
used for a quantitative comparison and ion irradiation. &) Laser irradiation experiments on CM2 Mighei samples

(Moroz et al. 2004b; Shingareva et al. 2004) have been performed under a
vacuum of~10"* Hg using an ND-YAG multiple-pulse laser with a pulse
3. CONCLUSION: THE BIG PICTURE frequency of 30—-40 kHz and pulse dur_atior] of 0.5l Bidire_ctior_]al (= o
30, e = 0°) reflectance spectra of nonirradiated and laser-irradiated Mighei
We have shown that a statistically significant slope-exposure Eeoéi[z%%gzﬂgs(i?w; E’;ﬁ?ﬁr;%%e{oaagﬁmegsﬁgxgf:spaetrme(e’r\]‘éiﬁj?ﬁzgsed
cqrrelatlon holds for all the major MBA complexes and that spectral reflectance measurements of powdered meteorites and pressed powders
this rgsult may be understood Con5|3ter!t|y In terms of the NeWin 4 vacuum chamber (pressure below Wbar) facing an FTIR spectrometer
experimental data. There are a few major implications for as- (Bruker Equinox 55) and interfaced to an ion implanter, Danfysik 1080-200.
teroid science. First, it entails that the response to SW of The ion beam produces a circular (about #apot on the targets. We used
(nearly) all kinds of asteroids between 2 and 3.3 AU (where fluences up to 9.4 10% Ar*™ cm * (energy of 400 keV) and currents below
t of th ¢ ids i | | ted) b ilicat 1 uAcm™2 In our setup, we can acquire in situ bidirectional reflectance spectra
r_nos O_ _e fas €roias in our sample are O_Ca € ) € siical e'(i = 0°, e = 45°) and ex situ hemispherical reflectance spectra (see Brunetto
like. This limit corresponds to the farthest distance where the & strazzulla 2005 for details). Shown here are the ex situ spectra, but in situ
Sun-related alteration effects have been measured so far. Morespectra show strong reddening after ion irradiation as well. Note the significant
over, the existence of a reddening trend for the C complex CaaeatE B8 SR C e e atons m sirface roughnessexture may
might de.fme a.‘n _upper “mlt. (of a few percent) t.o the _content contribute to the scatter in spectral slopes, typical of all main-belt complexes
of organics within this region. The new SW simulation ex- (see text). All spectra are scaled to 1 at 0;56.
periments on CCs confirm the general robustness of our sce-

nario. In addition, the existence of slope-exposure trends in- . o . .
dicates to us a Sun-related origin of thepastefoidal SW, at Ieasﬁ;ﬁjrmgnetfngpgg#ég Ef:irrﬁﬁa?"rlecgzjié?r:gﬁtrir?orlg frgrqg'rggd ';('
in this region. ' —
The low content of organics that we are suggesting may becomplexes may cause a severe ambiguity be_tween the tWO_
; : . . o .~ complexes since reddened (exposed to SW) C-complex aster
eﬁplamed fe';hersml te;\lmsb Olf tfhe|r Iovx_orrllg']\l/lnéla\abuannce N 6ids can be spectrally very similar to fresh X-complex aster-
the part of the Solar Nebula from whic s originate or . ; .
: Ay L . : oids, as shown by our new ion-bombardment experiments. It
as being due to a significant contamination by inorganic ma- . _’ . .
. S : . .. is also possible that space-weathered C-complex asteroids ma
terials, probably injected from the terrestrial region (e.g., within be coanL)Jsed with Iow-glbedo X-complex astergids. On the basisy

tzhoeog)ut_\lx_vr? erde)? S'?gﬁgggfrg(;?oeé é_egxepn;gurpé%pn?isc%? ] Elgglgﬁ aer;g:'i q9f the available albedo data, this ambiguity might affect a large
. raction—of about 50%—of X-complex asteroids.

C-complex families may also be due to the existence of bodies
with a different composition (as a result of the compositional
gradient in the Solar Nebula or due to interlopers from the  We thank the referee B. E. Clark for useful comments. We
outer solar system), perhaps with higher contents of surfacethank D. Nesvorhyor providing us with the most recent family
organics. The case of the active Themis member asteroids mayges and a list of family memberships. We also thank L. Folco
support this conclusion. (Museo Nazionale dell’Antartide, Italy) for providing us with
Concerning the moderate- to high-albedo part of the X com- samples of Allende and Programma Nazionale dell’Antartide
plex, if the SW-induced reddening is related to any change in (PNRA) meteorites. We also thank Y. Keheyan for providing
the chemical state of Fe (e.g., SMFe formation), then E chon-us with Allende samples. M. Lazzarin, S. Marchi, S. Magrin,
drites and aubrites containing only Fe-free silicates cannot beand P. Paolicchi have been supported by MIUR-PRIN funds.
dominant components of the complex. However, additional SW L. V. Moroz was supported by MERTIS project funds.
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