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The main belt 3628 Boznemcova asteroid
as possible source of the LL6-chondrites
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The content of cosmogenic radionuclides, in particular, ®Co and *°Al, as well as VH-nucleus track density in the
[resh-fallen Kilabo LL6-chondrite are measured. The obtained results and the available data of [5] on the content

of %Al and noble gases in the fresh-fallen Bensour LL6-chondrite are used with earlier developed methods for
determination of the pre-atmospheric sizes and orbits of these chondrites. The closeness of orbits of the Kilabo and
Bensour chondrites, the striking likeness of their composition, structure and petrography allow us to suppose their
origin from a single source; at the same time the resemblance of the reflection spectra of the LL6-chondrites with that
of the main belt 3628 Boznemcova asteroid allow us to consider it as the parent body of the LL6-chondrites. On the
strength of all the evidence, the following scenario is suggested: (1) knocking out of both the chondrites from the 3628
Boznemcova asteroid at a distance ~2.2 AU from the Sun about 19 million years ago, the Bensour chondrite being
knocked out from deeper layers of the parent asteroid, which were completely shielded from cosmic rays, while the
material of the Kilabo chondrite being probably irradiated by cosmic rays on the asteroid surface for 14 million years
before its knock-out; (2) the drift of the chondrites due to the Yarkousky effect into the region of secular resonance
g =gs, which was accompanied by variation of the semimajor axis a by ~0.05 AU over ~18 million years; (3) the
resonance transfer of the Kilabo and Bensour chondrites to their present orbits over the last ~1 million years.

ACTEPOIZl ITOJIOBHOIO I105CY 3628 BOZNEMCOVA K MOJKJIHBE JI’)KEPEJIO LL6-XOHIPHTIB, Aiexce-

es B.A., Topin B.[I., Kawxkapos JLJI., ¥cmunosa I'.K. — Bumipsino amicm KocmozeHHUX (30MONi8, 30Kpema, Co i A1,
i winrvricmo mpexis VH-30ep 6 LL6-xondpumi Kilabo. Ompumani pesysomamu, a maxkox Hasseui 0ari [5] 3a smicmom

P41 i 6raeopodnux 2asis 8 axomy wjoiino sunas LL6-xondpum Bensour 6yiu SUKOPUCMOHI OAf BUSHAYEHHS paHilue
possurenumu memodamu doammocgepHux poamipie i opbim uux xondpumis. bausvkicme opbim xondpumis Kilabo i
Bensour, naserna cxomxcicmo ix ckradis, cmpykmypu i nempozpagii 003804210Mb NPUNYCKAMU X NOXO0HCEHH 3 00H0E0
Oacepera, a cxoxcicme cnexmpis siddsepkanrenns LL6-xondpumis i acmepoida eonrosroeo nosicy 3628 Boznemcova do-
3604510mb pogeasdamu ueli acmepoid ak bamokiscoke mino LL6-xondpumis. Ilo cykynnocmi ompumanoi ingopmayii
nponoryemocs Hacmynruii cyenapiti: (1) subusanus obudsa xondpumis 3 acmepoida 3628 Boznemcova 19 man. pokis
Ha3a0 (npubausno Ha ~2.2 a.o. 8id Conys), npuuomy xoHdpum Bensour 6ys eubumuti 3 eaubokux wapie acmepoioa,
KL 6YAU NOBHICMIO eKpaHOB8aHi 8i0 KOCMiUHUX Npomeris, a peuosura xondpuma Kilabo, fimosipro, onpominiosaracs
KOCMIYHUMU NPOMEHAMU HA nosepxHi acmepoida npomseom 14 man. poxie do subusanns; (2) dpetigh xoHdpumis nio di-
ero epexmy flpxoscokoeo 8 obaracme 8ik08020 pe3oHaHcy g =ge i3 3MiHOW0 8eaukitl nisoci a Ha ~0.05 a.o. 3a ~18 man.
pokis i (3) pesonarncruii nepexrad xondpumis Kilabo i Bensour na cyuacti opbimu 3a ocmanmitl ~1 MAH. pOKI8.

ACTEPOH]] I'VIABHOIO [105ICA 3628 BOZNEMCOVA KAK BO3MOMXHbBIH HCTOYHHK LL6-XOHPHTOB, Anex-
cees B.A., lopun B.Jl., Kawkapos JI.JI., Yemunosa I'.K. — Hameperol coOepicarus KOCMOLEHHbLX UBOMONO8, 8 YACMHO-
cmu, %°Co u ?°Al, u naomnocme mpexos VH-sdep 6 ceexcesvinasuienm LL6-xondpume Kilabo. Toayuennoie pesyromame,
a makace umerowuecs dannoie [5] no codepacaruio Al u Gracopodnvix 2308 & ceemcesvinasuiem LL6-xondpume
Bensour 6oviau ucnoavdosanel 04s onpedenexus paxee pazsumolmu memodamu 0oammocepHolx pasmepos u opbum
amux xoxdpumos. bauzocmos opbum xondpumos Kilabo u Bensour, umeroujeecs cxo0cmeo ux cocmagos, cmpykmypol U
nempoepagui n03680A510M NPeOnoAaeamy UX NPOUCXOHcOeHue U3 00H020 UCMOUHUKQA, & CX00CMB0 CNeKmpos ompasce-
Hus LL6-xondpumos u acmepouda erasroco nosca 3628 Boznemcova nossossrom paccmampusamos smom acmepoud 8
Kauecmee podumenvckoeo meaa LL6-xondpumos. [lo cosokynrnocmu noayuennol ungopmayuu npedracaemcs credyro-
wutl cyenaputi: (1) svibusanue oboux xondpumos usz acmepouda 3628 Boznemcova 19 man. rem nasad (npumepro Ha
~2.2 a.e. om Coanya), npuvem xouopum Bensour 6vin soi6um us eaybokux cioes acmepouda, Komopwie ObiAl NOAHO-
CMbIO IKPAHUPOBAHLL OM KOCMUUECKUX Ayueil, a seujecmso xondpuma Kilabo, seposmro, 064y1aroce KOCMULECKUMU
Ayuamu Ha nosepxwocmu acmepouda 8 meuenue 14 man. aem do svibusarnus; (2) Opeiigh xondpumos nod Oeiicmsuem
appgexma fpkrosckoco 8 obaacme 8ek08020 pe3oHaHca g =g C udmeHeHuem 6oavwiol noayocu a Ha ~0.05 a.e. 3a
~18 man. nem u (3) pesornarchoiii nepesod xowdpumos Kilabo u Bensour ma cospemeruvie opbumol 3a nOCAeOHUL
~1 man. sem.
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Meteoroids constitute the last stage in the hierarchy of collisions of cosmic objects. The parent bodies of
ordinary chondrites should be searched for among 7—8 large (100—300 km in diameter) S(IV) asteroids from
the main belt similar to 6 Hebe and, most probably, among those of such asteroids which are located near its
inner boundary (given the semimajor axis a~2—2.5 AU) [1, 2]. Successive collisions generated intermediate
bodies of various sizes, among which the objects exceeding about 10 km in diameter are considered the
last parent bodies for chondrites. Observations show that some chondrites and asteroids have the same
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spectral types. In particular, the reflection spectrum of LL6 Manbhoom chondrite is similar to the reflection
spectrum of the main-belt 3628 Boznemcova asteroid [3] with the following orbit parameters: the aphelion
q' =3.299 AU, the semi-major axis a =2.538 AU, the eccentricity e =0.3, the inclination i =6.88, perihelion
q=1.777 AU, and the orbital period P =1475.81¢ [4]. In this respect, two LL6 chondrites that fell in Africa
in 2002 are of interest: Bensour (total mass ~45 kg) fell on February 11 near the Algerian-Moroccan border
and Kilabo (total mass ~ 19 kg) fell on July 21 in northern Nigeria. In particular, the similarity of their
petrography and fayalite composition (Fasg7 and Fasgg, respectively) can be evidence for the same origin of
these chondrites [5]. Hence, it is the 3628 Boznemcova asteroid that seems to be the most natural candidate
of parent body for these objects.

The problem of the origin and evolution of meteoroids
cannot be solved if their orbits are not known. Given the or-
bital parameters, one can identify member-ship of meteoroids
in a certain family of celestial bodies among which the me-
teoroid sources (i.e., their parent bodies) should be sought.
However, accurate orbits are known only for six chondrites:
Pribram, Lost City, Innisiree, Peekskill, Neueschwanstein,
and Park Forest. The only universal approach to estimat-
ing meteoroid orbits is offered by the isotope method, which
makes it possible to determine the chondrite aphelion ¢’ from
%6A1 abundance [6, 7]. Indeed, according to the radioactivity
of 28A1 in chondrites with known orbits, there is an average
gradient about 20—30% in the intensity of galactic cosmic
rays (GCRs) along meteoroid orbits over a time of about
1 million years, so that the ?6Al abundance is much higher
in chondrites with large orbits. The observed increase in the
%6A] abundance in chondrites within the measurement errors
obeys a step-like approximation whose lower and upper lev-
els, respectively, correspond to the minimal rate Hp;, of 26Al
production in chondrites with ¢’ <2 AU by GCRs with the

*°Al, dpm/kg

solar-cycle average intensity and the maximum rate Hp,x of et v + -

6A1 production in large-orbit chondrites by GCRs with the 0 20 40 60 80

nonmodulated intensity [6, 7]. The measured °Al abundance R-r, cm

in a studied sample of a chondrite can be expressed as Fig. 1. Minimum (solid curves) and maximum
Hexp = HninZ 4 Hnax (1 — Z), (1) (dashed curves) possible abundances of cosmogenic

where Hy,, is the rate of 26Al production in this sample dur- isotope *Al m.L(LL) Chonfjrites with various preat-
ing the time interval Z (in the units of the orbital period P) mospheric radii R at various depths d below the
when the chondrite moved along the orbital segment within preatmospheric surface [7].
2 AU from the Sun and Hp,y is the rate of %Al production in
this sample during the remaining 1 —Z of the orbital period when the chondrite moved at distances exceeding
2 AU from the Sun. The rates Hp, and Hyay of 2°Al production can be calculated by analytical methods for
any depth in a chondrite of any size and composition (see Fig. 1) [7]. The aphelion ¢’ in AU can be found
from Z using the following phenomenological formula [8]:
q'(Z)=125+0.13Z +0.53Z . (2)
This relation agrees very well with rigorous calculation based on Kepler’s law for known celestial objects [7].
For bodies capable of impacting the Earth (i.e., for meteoroids with perihelia ¢ < 1), it is possible to evaluate
the most probable semimajor axis a and eccentricity e:
q/ + 1 q/ _ 1
an~ 5 eNq’-ﬁ-l' (3)
We have calculated the aphelia of all chondrites for which 26A1 is measured, and it turns out that the
aphelia of the majority of ordinary chondrites are close to ~2 AU, that is, to the inner boundary of the main
asteroid belt [2]. To verify the method, we have also calculated the aphelion of Peekskill chondrite, the fourth
chondrite with a known orbit. The accurate value of the aphelion is ¢’ =2.104+0.05 AU [9]. The aphelion
calculated by data of the isotope method strongly depends on the estimate of the preatmospheric size (radius
R) of the chondrite: ¢’ =2.1440.42 AU and 2.59+1.24 AU for R ~ 30 and 50 cm, respectively. This means
that preliminary determination of the preatmospheric radius R and the occurrence depth d of samples, in
which 26A1 has been measured, is very important.
The most sensitive indicator of the preatmospheric size of a chondrite is ®°Co, especially in combination
with measurements of the tracks of VH nuclei, which reveal the shielding depth [7] of the sample. Our
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Fig. 2. Preatmospheric radii R and shielding depths d determined for the studied samples of the Kilabo and Bensour
chondrites from the %°Co abundance and the **Ne/*'Ne, ratio of cosmogenic isotopes, respectively. The experimental
point for Kilabo (K, our data) with 6.0+£2.5 dpm/kg for ®°Co at a depth of d =6+3 cm determined from the tracks of
VH nuclei implies R = 3474 cm. The dashed line for Bensour (Be) with the ratio 2?Ne/?'Ne, = 1.123 determined in [5]
implies a depth of d ~4—7 cm for a radius of R =45 cm.
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Fig. 3. Orbits of the LL6 Kilabo (K) and Bensour (Be) chondrites and 3628 Boznemcova (Bo) asteroid plotted as

heliocentric distances r versus in-orbit time f. The asterisk indicates the crossing point of the orbits at a distance of
2.15—2.16 AU from the Sun.
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Fig. 4. Distribution of pyroxene crystals with respect to the density p of tracks from VH cosmic-ray nuclei in the studied
sample of the Kilabo chondrite. The distribution maxima are fitted by Gaussian curves.
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analysis of tracks in a Kilabo sample shows a shielding depth of d=6+3 cm. With allowance for the
measured %°Co level of 6.0+2.5 dpm/kg, this yields 1’2=34f§L cm (see Fig.2). Given an LL-chondrite mass
density of 3.21 g/cm?, the preatmospheric mass of Kilabo chondrite amounts to ~ 529 kg, while the ablation
in the atmosphere is about 96.4%. Unfortunately, no data are available on the tracks and 60Co level in
Bensour chondrite. However, if the Kilabo and Bensour chondrites were formed in the same process, they
should have close orbits and, correspondingly, close velocities and ablations. Assuming the same ablation
as that for the Kilabo chondrite, the preatmospheric mass and radius of the Bensour chondrite amount to
1250 kg and R ~45 cm, respectively. In addition to the track density, an effective indicator of the shielding
depth for a given sample is the ratio ?Ne/?!Ne, [10]. The abundances and isotope ratios of noble gases in a
sample of the Bensour chondrite were measured in [5]. In particular, it was found that ?>Ne/?!Ne, = 1.123,
which, according to Fig. 2, corresponds to d ~4—7 cm.

The 26A1 abundance in the sample of Kilabo chondrite amounted to 68 +7 dpm/kg, while, according to
the data reported in [5], this quantity for a Bensour sample was 62+ 1.2 dpm/kg. Model calculations of
the minimum and maximum rates of 2°Al production in the studied samples, which were performed by the
analytical method [5] with allowance for the location and size of chondrites, yield the following values:
Huin =51 dpm/kg and Hp.x =73 dpm/kg for Kilabo chondrite and Hpy, =46 dpm/kg and Hp,x =67 dpm/kg
for the Bensour chondrite. For these data, Egs. (1)-(3) yield the following orbital parameters: ¢’ =3.6 AU,
a=2.3 AU, e=0.565, and P = 1273 days for the Kilabo chondrite and ¢’ =3.51 AU, a=2.255 AU, e=0.557,
and P =1236 days for the Bensour chondrite. The orbit of the Bensour chondrite is less than that of the
Kilabo chondrite since the former chondrite is more massive and thus should gain lower velocity as a result
of an explosive shock [11]. The orbits of both chondrites and the orbit of the 3628 Boznemcova asteroid are
shown in Fig.3, from which it is clearly seen that the orbits of the Kilabo and Bensour chondrites (given
the corresponding values of all elements) can cross the orbit of the 3628 Boznemcova asteroid near the inner
boundary of the asteroid belt (at 2.15 and 2.16 AU, respectively), that is, in the most densely populated
region of interplanetary space where collisions are most probable.

The orbit of the 3628 Boznemcova asteroid lies in the region affected by two resonances, the Kirkwood
gap 3:1 at 2.5 AU and the secular resonance g =gg at 2.1 AU, which can drive the knocked out fragments to
meteorite orbits in about 1 million years [12]. The drift of fragments into the resonance zones is facilitated
by the Yarkovsky mechanism based on delayed reemission from spinning and orbiting bodies (the so-called
diurnal and seasonal effects, respectively) [13]. The efficiency of the mechanism depends on many factors,
in particular, on the object size. Bodies with sizes below 100 m are mostly affected, while the effects for
fragments with sizes <50 cm are the same [14]. However, orbits of large asteroids are virtually stable [13].
In particular, the orbit of the 3628 Boznemcova asteroid, which is ~7 km in diameter [4], should be stable.
The orbits of the Bensour and Kilabo chondrites calculated using 2°Al data are average over the last million
years, that is, all the expected variations in the orbits due to possible entrance into the region of resonances
are already averaged. The ratios of the orbit parameters also could not change in the earlier epochs, since the
Yarkovsky effect for such small bodies is the same. Meanwhile, the proximity of the orbits is indicative of a
cluster character, which is possible just if they were knocked out near the resonances. In order to change the
semimajor axes a by ~0.05 AU, fragments with chondrite composition and a radius of 30—50 c¢cm should be
affected by the total Yarkovsky mechanism for less than 19 million years [13].

The exposure ages of the Bensour and Kilabo chondrites are different. For example, the ages T3, deter-
mined from the cosmogenic > Ne, abundance amount to 19 and 33 million years, respectively [5]. Based only
on these data, one can assume that 33 million years ago the Kilabo chondrite was knocked out as a result of
catastrophic collision of the 3628 Boznemcova asteroid with some cosmic object near the inner boundary of
the asteroid belt, while 14 million years later the Bensour chondrite was knocked out in another catastrophic
collision of the 3628 Boznemcova asteroid in this region. However, our analysis of the tracks of VH nuclei
in Kilabo chondrite revealed a bimodal character of the distribution of pyroxene crystals with respect to the
track density (see Fig.4), which is indicative of a complicated exposure history of this chondrite. Taking into
account the similarity of both chondrites in terms of structure and composition, the complicated exposure
history of the Kilabo chondrite, and clustering of the orbits of these chondrite, we can propose the following
most probable scenario. Both chondrites were knocked out from the 3628 Boznemcova asteroid at a distance
~2.2 AU from the Sun about 19 million years ago. However, the Bensour chondrite was knocked out from
deeper layers of the parent asteroid, which were completely shielded from cosmic rays, while the material of
the Kilabo chondrite was probably irradiated by cosmic rays on the asteroid surface for 14 million years before
being knocked out [5]. Then, the chondrites drifted due to the Yarkovsky effect into the region of secular
resonance g =gg, which was accompanied by variation of the semimajor axis a by ~0.05 AU over ~ 18 million
years. For the last million years, the Kilabo and Bensour chondrites were driven by this resonance to their
present orbits.

Since the diameter of the 3628 Boznemcova asteroid amounts to ~7 km, one can expect that many other
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LL6 chondrites could also be formed from this parent body.

We are very grateful to L.V.Starukhina, who called our attention to possible importance of the

Yarkousky effect in evolution of meteorite orbits.

Tl W N —

(o)

. Williams J.G. // EOS Trans. Am. Geophys. Union. — 1973. — 54. — P. 233 (1973).

. Alexeev V.A., Ustinova G.K. // Geokhimiya. — 2000. — Ne 10. — P. 1046.

. Binzel R.P., Xu Shui, Bus S.J., et al. // Science. — 1993. — 262. — P. 1541.

. Wikipedia. List of Asteroids, 3628 Boznemcova, http://www.answers.com /topic/3628-boznemcov

Cole K.J., Schultz L., Sipiera P.P., Welten K.C., in Lunar and Planetary Science XXXVIII (LPI, Houston, 2007),
Abst. Ne 1477.

. Ustinova G.K., Lavrukhina A.K. // Earth Planet. Sci. Lett. — 1972. — 15. — P. 347.

7. Ustinova G.K., Lavrukhina A.K. Meteorites: Probes of Variation of Cosmic Rays. — Moscow: Nauka, 1990 [in

12.
13.
14.
15.

Russian].

. Ustinova G.K., Lavrukhina A.K. // in Lunar Planetary Science XI (LPSI, Houston, 1980). — P. 1187-1189.
. Brown P., Ceplecha Zd., Hawkes R.L., et al. // Nature. — 1994. — 367. — P.624.

10.
11.

Alexeev V.A. /| Astron. Vestn. — 2003. — 37. — P.229 [Sol. Syst. Res. — 2003. — 37. — P.207].

Takagi Y., Nakamura A.M., Fujiwara A. // in Lunar Planetary Science XXVII (LPSI, Houston, 1996). —
P.1301-1302.

Zimmerman P.D., Wetherill G.W. // Science. — 1973. — 182. — P.51.

Hartmann W.K., Farinella P., Vokrouhlicky D., et al. // Meteor. Planet. Sci. A. — 1999. — 34. — P. 161.
Peterson C. // lcarus. — 1976. — 29. — P.91.

Kalinina G.V., Kashkarov L.L. // in Lunar Planetary Science XXXVIII (LPI, Houston, 2007), Abst. Ne 1067.

Received 24.10.2011

154 Alexeev V.A., Gorin V.D., Kashkarov L.L., Ustinova G.K.



