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Abstract—-We measured noble gas concentrations and isotopic ratios (He, Ne, and Ar
isotopes) in six recent ordinary chondrite falls: Mangui (L6), Vidales (L6), Ozerki (L6),
Tamdakht (HS), Kheneg Ljoudd (LL5/6), and Katol (L6). Among them, the three L6
chondrites Mangui, Vifiales, and Ozerki fell in only a few months’ interval; their apparent
similar petrographic and mineralogic characteristics might indicate source crater pairing. To test
this hypothesis, we have investigated those meteorites for their cosmic ray exposure (CRE)
histories, using the cosmogenic noble gases *He, *'Ne, and **Ar. We systematically
(re)calculated the CRE ages as well as the gas retention ages of these meteorites. The CRE age
of the Mangui is, based on noble gases, <l Ma, which is unusually short for an L chondrite.
Indeed, the range of exposure ages for L chondrites is generally distributed between ~1 and
~60 Ma, with major peaks occurring around ~5, ~30, and ~40 Ma. In addition, the cosmogenic
*He,os data of two Mangui duplicates are consistent with a remarkably high loss of helium by
diffusion due to heating by solar radiation. Such a short parent body-Earth transfer time
(<1 Ma) can be explained by a delivery from an Earth-crossing object. Regarding the other L6
chondrites, Vifales has a nominal CRE age of ~9.4 Ma, whereas the Ozerki meteorite has a
nominal CRE age of ~1.2 Ma, which is consistent with Korochantseva et al. (2019). Based on
their CRE ages as well as on their gas retention ages, it appears that none of these three recent
L6 chondrite falls are source crater paired, and therefore, all three originate from different
meteoroids. The nominal exposure ages of Tamdakht, Kheneg Ljouad, and Katol are ~3.2,
~11, and ~30 Ma, respectively, and are consistent with identified age peaks on the exposure age
histogram of H, LL, and L chondrites, respectively. The nominal CRE age of Tamdakht is
consistent with previous observations for H chondrites and implies that they are dominated by
small impact events occurring in several parent bodies.

INTRODUCTION among others) in meteorites are formed by the
interaction of highly energetic galactic particles (galactic

cosmic rays, hereafter labeled GCRs) and meteoroids in
space or at the surface of airless planetary bodies. The

isotopic abundance of cosmogenic radionuclides in
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meteorites is controlled by (1) their chemistry, that is,
the abundance of the relevant target elements; (2) their
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depth within their parent body (shielding depth); and
(3) the time they have been irradiated in space after
breakup from their parent body, that is, their cosmic
ray exposure (CRE) age. With a comprehensive data set
of cosmogenic nuclides in a meteorite sample, it is
possible to have access to the full irradiation history
(CRE age and terrestrial age) as well as the
preatmospheric size and the shielding depth of the
meteorite. Whereas CRE ages of meteorites can provide
insights about the constancy of GCRs (e.g., Lavielle
et al, 1999; Moniot et al., 1983; Shaviv, 2002, 2003;
Smith et al., 2019; Vogt et al., 1993; Wieler et al., 2013),
their calculation has implications on major questions
regarding the delivery mechanisms of meteorites to the
Earth, for example, the investigation of the collisional
processes on the parent bodies which have created the
known meteorites of each types (e.g., Herzog, 2007,
Herzog & Caffee, 2014). CRE age histograms for all
meteorite groups, based on a (more or less extensive) set
of CRE ages, lead to the determination of the age
distribution patterns and identify major impact events in
the parent bodies responsible for the supply of
meteorites to the Earth. However, statistics are rather
significant for some groups of meteorites, for example, L
chondrites or some of the H chondrites, leading to the
identification of major disruption events in their
respective parent bodies; other groups with rarer
meteorites have been less extensively studied, for
example, the LL chondrites for which data are less
comprehensive (Herzog, 2007; Herzog & Caffee, 2014).
Although the terrestrial ages of most of the
meteorite finds are orders of magnitude smaller than
their exposure ages (e.g., Jull, 2001), CRE ages of
meteorite falls have the advantage of directly
representing the ejection time from the parent body. A
relatively large number of chondrite falls have been
observed in 2018 and 2019. Among them, we obtained
samples of three meteorites: Mangui from China, Ozerki
from Russia, and Vinales from Cuba. The Mangui
meteorite (L6) fell in the Yunnan Province, China, at
9:43 p.M. on June 1, 2018 (Ji et al., 2018). Based on recent
calculations, the meteorite entered Earth’s atmosphere
with an angle of 55.3 + 2.5°, from southeast to northwest,
resulting in a strewn field of ~12 km long (Li et al., 2020).
To date, more than 1000 individuals or fragments have
been identified, with masses ranging from 0.04 g to
~1280 g, the total mass being ~50 kg. The Ozerki
meteorite (L6) fell in Russia, near the city of Lipetsk,
on June 21, 2018, that is, 20 days after the Mangui fall.
Based on models, the total number of specimens is
estimated to be ~100, for a total mass of >10 kg
(Korochantseva et al., 2019). The first studies conducted
on Ozerki indicate the absence of heavy particle tracks
in olivine grains, which has been interpreted as an

indication of a low CRE age (Efimov et al., 2019).
Finally, the Vifales meteorite (L6) fell in Cuba on
February 1, 2019. In the following days, hundreds of
individual specimens were collected by locals. Here, we
study the CRE history of two individual samples of
Mangui, Ozerki, and Vifiales by measuring cosmogenic
noble gas isotopes produced in space by GCRs. Based
on the similar petrographic types between these
different observed falls and on their similar shock
characteristics, it is possible that these three meteorites
might have been ejected from the same crater on the L-
chondrite parent body. In addition to these three fresh-
fallen L6 chondrites, we investigated the exposure
history of the Katol (L6) chondrite: on May 22, 2012,
around 2:10 p.M. local time, a large meteor shower
occurred over the town of Katol located in the Nagpur
District of Maharashtra, India. Based on the description
in the Meteoritical Bulletin Database, the largest recovered
mass is ~1 kg, for a total recovered mass being >13 kg.
Katol, classified as an L6 chondrite, has an apparent
shock stage of S5, but the silicates indicate a rather lower
shock stage of S2 (Ruzicka et al., 2015).

Among the 67 records of LL5/6 meteorites, Kheneg
Ljoudd represents the only witnessed fall. The
distribution of the exposure ages of LL chondrites is as
follows: CRE ages range from 0.5 to 80 Ma, with an
apparent peak around ~15 Ma (Herzog, 2007; Herzog &
Caffee, 2014). It is still not clear whether the different
types of LL chondrites contribute to different peaks in
the CRE age histogram. Therefore, we investigated the
exposure history of the fresh-fallen LL5/6 Kheneg
Ljouad meteorite to evaluate if its CRE age fits into the
existing established exposure histograms. On July 12,
2017, Kheneg Ljouad fell; around 11 p.M. Moroccan time
(GMT+1), a bright fireball was widely seen throughout
southern Morocco, travelling from the NE to the SW,
with the termination of the fireball southwest of Tata.
The largest complete piece was about 850 g, for a total
known recovered mass of ~10 kg. The observation of a
few small melt pockets is consistent with shock stage S3.

The fall of Tamdakht (HS), one of the 183 HS5 falls,
was witnessed on December 20, 2008, from a number of
different locations in Morocco (Agadir, Marrakesh,
Ouarzazate). Several impacts were detected: the largest,
located near Oued Aachir (1.10 m diameter and 70 cm
depth), with a recovered single mass of >30 kg and
many small fragments, and a second (~20 cm diameter
and 10 cm depth) located 2 km W from the first one;
the main mass from the second impact was probably
about 500 g. Nine new impact coordinates were
reported, forming a strewn field of ~25 km long and
~2km wide. Based on the description in the
Meteoritical Bulletin Database, the total known weight
is estimated to be around 100 kg.
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Table 1. Description of the meteorites studied in this work: meteorite group, petrologic type, date of fall, total

known weight, shock stage, and mineralogy.

Meteorite name  Classification ~ Date of fall Total known weight (kg)  Shock stage  Fa (mol%) Fs (mol%)
Mangui L6 June 1, 2018 50 S4-S5 24.7 £ 0.2 21.0 £ 0.2
Ozerki L6 June 21, 2018 6.5, >10 S4-S5 25.6 £0.3 214 £ 0.2
Vifiales L6 February 1, 2019 50 S3 247 £ 0.3 21.0 £ 0.4
Katol L6 May 22, 2012 >13 S2-S5 249 + 0.4 21.9 £ 0.5
Kheneg Ljouad  LL5/6 July 12, 2017 10 S3 31.0 £ 0.2 250+ 04
Tamdakht HS5 December 20, 2008 100 S3 18.0 £ 0.5 16

Fa = fayalite; Fs = ferrosilite.

We report in this paper the CRE history of these
recent chondrite falls, with a systematic calculation of
their CRE ages, and U-Th-He and K-Ar gas retention
ages. This set of data will help to better constrain their
delivery mechanisms to Earth from the asteroid belt and
highlight links with the major breakup events of the
ordinary chondrite parent body(-ies).

SAMPLES AND THEIR PETROGRAPHY AND
MINERALOGY

The description of the meteorites studied in this
work, including their petrologic type, the date of fall,
the total known weight, their shock stage, and their
fayalite and ferrosilite contents are summarized in
Table 1. We here briefly summarize it.

Mangui (L6)

The detailed petrography and mineralogy of
Mangui are reported in Ji et al. (2018) and Li et al.
(2020). Mangui has been classified as an L6 ordinary
chondrite, with a shock stage S4-S5, with rare
chondrules (Ji et al., 2018; Li et al., 2020). In addition,
some high-pressure minerals were also observed in some
of the polished sections of the Mangui meteorite.

Vifiales (L6)

The petrography of Vifiales was given in Gattacceca
et al. (2020b). Distinguishable chondrules were observed
in the polished thin section of Vinales. In addition,
various shock-related characteristics such as shock
veins, well-developed fractures, and small blebs of Fe-Ni
and troilite mixture have been observed in Vidales. The
shock stage is S3-S4 (Yin & Dai, 2021).

Katol (L6)
The basic information of the meteorite Katol is

reported in Ruzicka et al. (2015). Shock-induced features
such as planar fractures, planar deformation features in

olivine, and mineral transformations, such as plagioclase—
maskelynite and olivine-wadsleyite/ringwoodite, have been
documented in a study on the possible origin of troilite
metal nodules in the Katol meteorite (Ray et al., 2017).

Ozerki (L6)

The detailed petrography and geochemistry information
of Ozerki is reported in Gattacceca et al. (2020a). Ozerki is
an L6 ordinary chondrite, with rare relic chondrules, with a
shock stage of S4-S5.

Tamdakht (HS)

The Tamdakht meteorite is described in Weisberg
et al. (2009). The stone contains abundant chondrules,
but the outlines of the chondrules are not clear.

Kheneg Ljouad (LL5/6)

A preliminary study of LL5/6 ordinary chondrite
Kheneg Ljouad was reported by Aoudjehane Chennaoui
and Garvie (2018). A few shock melt pockets indicate
Kheneg Ljouad suffered a shock degree of S3.

EXPERIMENTAL PROCEDURES
Noble Gases

Two duplicates of Mangui, Ozerki, and Vifales
have been analyzed for light noble gas (He, Ne, and Ar)
concentrations and isotopic ratios. In addition, three
aliquots of the meteorite Katol have been measured. We
hereafter call these series of aliquots “Mangui-1” and
“Mangui-2”; “Ozerki-1” and “Ozerki-2”; “Vinales-1" and
“Vinales-2”; and “Katol-1,” “Katol-2,” and “Katol-3.”
Note that all of those aliquots are extracted from the
same fragment of the respective meteorite.

The samples have been measured for light noble
gas isotopes in the noble gas laboratory at the
Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS), Beijing, China. The

95U8017 SUOWIWOD 91810 3ot [dde au A peusenob a1e sejoe VO ‘8sN JO S9N J0) AIq1T8UIUO A8]IA UO (SUOTHPUOD-PUE-SLUIBY/WIOY™A8| 1M Afe.d jeuUO//SdNL) SUORIPUOD PUe SWiS | 81 88S *[£20Z/2T/70] uo AriqiTauluo Ao|im ‘Ariqi npbusyd - S0 Aq 09/€T Sdew/TTTT 0T/I0p/W00 A8 | Aeiq | puljuo//Sdiy wolj pepeojumod ‘TT ‘TZ0Z ‘00TSSPET



CRE history of ordinary chondrite falls 2005

noble gas concentrations and isotopic ratios (**He,
2021.22Ne and *%*%%°Ar) have been measured using a
multi-collector noble gas mass spectrometer Noblesse®
from Nu Instruments. The analytical procedures follow
the same procedures as described previously in Ranjith
et al. (2017). Briefly, bulk samples with masses ranging
from ~4 to ~8 mg were first cleaned with ethanol in an
ultrasonic bath, dried, weighed, and then loaded into
the laser sample chamber of the noble gas extraction
and purification line. Samples with small masses are
more suitable for laser heating extraction than samples
with larger masses (~20-100 mg), usually preferred for
RF furnace heating extraction. The whole system was
baked and evacuated for ~3 days at ~120 °C in order
to remove adsorbed atmospheric gases.

Before sample measurements, calibrations were
performed using standard gases, which, except for He,
are of atmospheric composition. The He standard is the
“He Standard of Japan” (HESJ) with a well-calibrated
*He/*He ratio of 20.6 + 0.1 Ra (Matsuda et al., 2002),
where Ra stands for the *He/*He ratio of air (i.e.,
Ra = 1.4 x 107%). Sensitivities and instrumental mass
discriminations have been calculated based on the air
measurements carried out at the time when the samples
were analyzed.

Blanks have been frequently measured using the
exact same extraction procedure as for the samples (see
details below). Typically, they contribute to <1% for
He, <2% for Ne, and <5% for Ar isotopes.

Noble gases have been extracted by heating the
sample chips in either a single extraction step or a
stepwise heating, using a CO, laser (1.064 pm
wavelength, default setting with a 2-3 mm diameter
beam size) for ~30 min. The released gases were first
cleaned from all reactive gases that would compromise
the measurements, such as CO,, H,O, or hydrocarbons,
using a series of getters, operating at room temperature
and 200 °C (Ranjith et al., 2017). The He-Ne fraction
was separated from the Ar fraction using an activated
charcoal trap held at LN, temperature for 20 min.
Subsequently, the Ne fraction was separated from the
remaining He using a cryogenic cold trap held at 35 K
for 10 min. A fraction of the He gas was then
introduced into the mass spectrometer. The Ne fraction
was released at 80 K for 30 min and the total gas
fraction was then introduced into the mass
spectrometer; remaining background gases, especially
OArt* and **CO,™ interfering at mje = 20 and m/
e = 22, respectively, which would compromise the Ne
measurements, are further reduced using a charcoal trap
held at LN, temperature during the measurement.
Finally, Ar was released at ~150 °C for 20 min, and a
known fraction of the gas was measured. After the first
measurement, second extractions at a slightly higher

laser power were systematically performed in order to
ensure that samples were completely degassed. The
second extractions contribute generally for ~1% for He,
~10% for Ne, and ~5-7% for Ar. Second extraction
contributions were added to the total amount of He,
Ne, and Ar; the total amount of extracted gases was
subsequently corrected for blank.

Major and Minor Elements

The major and trace element analyses of Mangui,
Vinales, and Ozerki were performed at Guizhou Tongwei
Analytical Technology Co., Ltd. Trace elements were
measured using a Thermo Scientific XSeries 2 inductively
coupled plasma mass spectrometer (ICP-MS) equipped
with a Cetac ASX-510 Auto Sampler. Powders of aliquots
of 50-100 mg each were dissolved in a Teflon bomb with
double-distilled concentrated HNOs-HF (1:4) mixture.
Samples have been dissolved in an oven at 185 °C for
3 days. The solutions were then evaporated to dryness in
order to remove HF. The sample residues were re-
dissolved with double-distilled concentrated (45%) HNO;
and dried again. Then, the samples were dissolved in a
3 mL 2N HNOs solution. Finally, the solution was diluted
to 4000 times with 2% HNO; along with the addition of
internal carrier solutions of 10 ppb of ®'Ni, 6 ppb of Rh,
as well as In and Re. The United States Geological Survey
standard W-2a has been used as reference material and
cross-calibrated with other reference materials such as
BIR-1 and BHVO-2. Instrument drift mass bias was
corrected with internal spikes. The ICP-MS procedure for
trace element analysis follows the protocol of Eggins et al.
(1997) with some modifications as described in Kamber
et al. (2003) and Li et al. (2005).

RESULTS

The measured isotopic noble gas concentrations of
the six ordinary chondrites corrected for blank (by
removing the amounts of each isotope measured in
blanks), for interference from H,O", *°Ar**, and CO,™"
on Ne isotopes, and for instrumental mass discrimination
are presented in Table 2.

Helium

Concentrations

It is assumed that all measured *He is cosmogenic,
based on the measured “He concentration and
cosmogenic Ne composition (e.g., Alexeev, 1998). The
cosmogenic *He,os concentrations in all duplicates are in
good agreement with each other. Within their respective
uncertainties (2c), all duplicates of each sample show
reproducible concentrations. The measured concentration,
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4Heme.ds, is assumed as the sum of the radiogenic and
cosmogenic (hereafter labeled with the index “cos”
contributions such as:

*Hemeas = *Hepag + (4He/3He) X 3Hegos,

cos
where *He,.q stands for the radiogenic *He produced
in situ from the radioactive decay of U, Th, and Sm,
and (*He/*He).., is the cosmogenic He isotopic ratio.
This ratio ranges from ~5.1 to 6.7 (Alexeev, 1998), and
in agreement with modeled (*He/*He).,s ratios in H
chondrites (with preatmospheric radii between 10 and
120 cm), with an average modeled (*He/’He)c,s of
5.6 £ 0.5 (Leya & Masarik, 2009).

Isotopic Ratios

After blank corrections, the two Mangui duplicates
have *He/*He ratios of 5.54 x 1072 and 9.63 x 107%
assuming no or only little variation in the chemical
composition of the two duplicates, this variation can be
explained by greater He diffusive losses in “Mangui-1.”
For Ozerki, the two measured duplicates have *He/*He
ratios of 2.17 x 107> and 3.83 x 107>. As for Vidales,
the two samples have reproducible *He/*He ratios of
6.13 x 107 and 6.81 x 1072, The *He/*He ratios in the
three Katol aliquots range from 5.60 x 107> to
1.06 x 107", These ratios are all lower than the expected
purely cosmogenic °He/*He ratios, which are, on
average, varying between 0.149 and 0.196 (Alexeev,
1998). Such differences could be explained by diffusion
losses of He (see the Discussion section) and by evoking
the presence of radiogenic “He,yq.

Neon

Concentrations

The measured neon concentrations and isotopic
ratios are given in Table 2. The concentrations have
been corrected for fractionation and interferences, but
we did not correct the data for any blank (which is of
atmospheric composition) since we will apply a two-
component deconvolution for later corrections (see the
Discussion section). For all studied duplicates, the
measured 2°Ne,, concentrations are, in general,
consistent with each other, before any component
corrections. Each duplicate of Ozerki, Vifales, and
Katol gives consistent concentrations within their
respective uncertaintics. However, the two Mangui
duplicates show some variations of ~20% on average.

Isotopic Ratios

The measured °Ne/>*Ne ratios in the samples vary
between ~0.83 for Katol and 1.53 for one of the two
Mangui duplicates. Although the measured 2°Ne/*’Ne

ratios for Katol, Kheneg Ljouad, and Vifales appear to
be purely cosmogenic, the two Mangui duplicates and
Ozerki-2 have **Ne/**Ne ratios greater than 1, which is
usually interpreted as addition of trapped (probably
atmospheric) Ne in the samples; however, these
meteorites being fresh falls, the presence of significant
trapped Ne component is rather unusual. It can,
however, be explained by contribution from the Ne
blank in the purification line combined with low
cosmogenic Ne concentrations.

Argon

The measured Ar isotopic ratios *°Ar/*°Ar and
3Ar/*°Ar are given in Table 2. The measured *°Ar/**Ar
ratios in Mangui, Ozerki, Viflales, and Katol range
from 3.01 to 3.13, 2.04 to 3.94, 1.19 to 1.87, and 0.83 to
1.91, respectively (two and three duplicates have been
measured for Mangui, Ozerki, Vifales, and Katol,
respectively). The two meteorites Kheneg Ljoudd and
Tamdakht have *°Ar/*®*Ar ratios ranging from 1.32 and
3.10, respectively. These elevated ratios, compared to
cosmogenic (*°Ar/*®Ar).,s = 0.63, are consistent with
variable amounts of trapped atmospheric argon in the
samples. The *°Ar/*°Ar ratios vary between ~155-197,
~11,300-19,150, and ~222-516 for Mangui, Ozerki, and
Vifiales, respectively. The high *°Ar/*°Ar ratios
measured in Ozerki can be explained by radiogenic
production from high concentrations of K. Similar to
Ozerki, the two chondrites Tamdakht and Kheneg
Ljoudd have high *°Ar/*°Ar ratios of ~7700 and
~10,500, respectively, associated with high “He/*He of
~91 and ~303. The measured “°Ar/**Ar ratios in the
three duplicates of Katol show more discrepancies, with
variations between ~3150 and ~9600, which may
indicate highly heterogeneous radiogenic “°Ar.

DISCUSSION
Cosmogenic Concentrations

Neon

The measured **Ne/*’Ne ratios in our samples vary
between ~0.83 for Katol and 1.53 for one of the two
Mangui duplicates (Table 2; Fig. 1). The results suggest a
mixture between a cosmogenic component with a
2'Ne/**Ne ~0.85 and a minor contribution from a trapped
component, most likely terrestrial atmosphere (with
2'Ne/*Ne = 9.80). No evidence of a solar component is
observed. The cosmogenic Ne concentrations and isotopic
ratios are reported in Table 3; here, we used a two-
component deconvolution with (**Ne/**Ne).s = 0.83 (i.e.,
Leya et al., 2013), which corresponds to the lowest ratio
measured for our samples and trapped—atmospheric—
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Fig. 1. Neon three-isotope plot for the measured samples. Trapped component endmembers (air and solar wind—SW) are
represented by solid diamonds. Dashed line represents the mixing line between air and pure cosmogenic components for

chondrites. Error bars are 2 standard deviations.

Table 3. Cosmogenic (cos) He, Ne, and Ar concentrations (in 10~ cm® STP g™') and isotopic compositions, and

radiogenic (rad) *He,q.

3 4 -
3Hem = Hecos Herad (10 ’ Cm3

2Negos (1078 em?®

AT (1078 ecm®  *BArs (1078 cm?

Samples (10~ cm® STP g7') STP g™") STP g7 (PNe/*'Ne)eos STP g7™h) STP g7

Mangui-1 ~ 0.271 + 0.014 3.411 4+ 0.255 0.317 £ 0.022 1.087 £ 0.059  0.027 & 0.002 0.043 + 0.003
Mangui-2  0.233 4 0.012 1.193 + 0.089 0.233 £ 0.016 1.098 & 0.059 0.015 + 0.001 0.024 + 0.002
Ozerki-1 ~ 2.324 £+ 0.116 593 + 44 0.532 + 0.038 1.062 + 0.057  0.070 + 0.005 0.110 + 0.008
Ozerki-2  2.134 £ 0.107 969 + 72 0.471 + 0.033 1.058 £ 0.057 0.027 & 0.002 0.043 + 0.003
Vifiales-1 ~ 17.03 £ 0.85 178 + 13 3.662 + 0.259 1.067 & 0.057 0.248 + 0.018 0.393 + 0.028
Vifales-2  17.01 £ 0.85 151 + 11 3.809 + 0.269 1.070 £ 0.059  0.280 + 0.020 0.445 + 0.031
Tamdakht 4.982 + 0.249 1466 + 109 0.951 + 0.067 1.139 £ 0.061  0.065 & 0.005 0.103 + 0.007
Kheneg 17.71 4 0.89 1504 + 112 3.817 + 0.270 1.123 4+ 0.060  0.291 + 0.021 0.462 + 0.033

Ljouad

Katol-1 43.06 + 2.15 768 + 57 11.89 + 0.84 1.065 £ 0.057  0.288 + 0.020 0.443 + 0.031
Katol-2 4549 +2.27 428 + 32 12.66 + 0.90 1.075 4+ 0.058  0.460 + 0.033 0.708 + 0.050
Katol-3  43.80 4 2.19 487 + 36 11.66 + 0.82 1.077 4+ 0.058  0.444 + 0.031 0.683 =+ 0.048

(20Nf:/22Ne)trap = 9.80. Unlike Korochantseva et al.
(2019), we did not consider a third component in Ozerki
(i.e., SW) to calculate the cosmogenic Ne concentrations
and isotopic ratios. All cosmogenic Ne concentrations and
ratios are given in Table 3. The corrections for *'Ne are,
for all samples, negligible and <1%. The corrected
(**Ne/*'Ne)s ratios for all samples vary between 1.058
and 1.139, which is well within the range of ratios expected

for cosmogenic Ne production in chondrites (e.g., Leya
et al., 2013). However, lower end values in such ratios
might indicate, at first sight, a large preatmospheric size.

Helium Diffusive Losses

Helium diffusive losses by heating during the
exposure of the meteorites to solar radiation while in
orbits with small perihelion distances can be inferred
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Fig. 2. Cosmogenic *He/*'Ne versus *’Ne/*'Ne (so-called “Bern plot”). The data for the two Mangui, Vifiales, Ozerki, Katol,

Tamdakht, and Kheneg Ljouad samples are reported here. The

solid black line represents the empirical correlation for chondrites

given by Nishiizumi et al. (1980). The black dashed lines represent the £15% variations from the correlation. The best-fit line

through model predictions from Dalcher et al. (2013) is shown in

from the so-called “Bern-plot,” a plot of *He/*'Ne
versus 2*Ne/*'Ne (Nishiizumi et al., 1980) (Fig. 2). To
estimate such potential He losses in our samples, we
plotted the data, and we used the empirical correlation
line obtained with the data of 138 L and H chondrites
(Nishiizumi et al., 1980), as well as the best-fit line
obtained with the model of Leya and Masarik (2009)
for L chondrites with radii <65 cm and assuming an
atmospheric ablation loss of 85% (Bhandari et al.,
1980). More details about that model can be found in
Dalcher et al. (2013). In Fig. 2, both Mangui duplicates
plot far below the empirical correlation line *He/*'Ne
versus **Ne/?'Ne and the model predictions, therefore
suggesting that the meteorite lost a significant amount
of 3Hes: based on that plot, we estimate that ~55-75%
of the initial total He has been lost, whereas both
duplicates of Ozerki and Vifiales plot within the £15%
error envelope of the empirical correlation line; in
addition, both Ozerki and Vidales samples plot on the
best-fit line through model predictions. This suggests
that both Ozerki and Vifales have only suffered little or
negligible He losses. As do Ozerki and Vidales, the
three duplicates of the Katol meteorite plot perfectly
within the +15% error envelope of the empirical
correlation line, consistent with no or only little loss of

blue. (Color figure can be viewed at wileyonlinelibrary.com.)

He. Tamdakht and Kheneg Ljouad plot both close to
the correlation line of Nishiizumi et al. (1980),
suggesting that no significant He losses occurred during
the exposure histories of these two meteorites.

Argon

The wide range of measured *°Ar/®Ar ratios (0.83—
3.94, Table 2) in all the samples measured here clearly
indicates the presence of a trapped component, most likely
atmospheric, in addition to the cosmogenic component.
We used a classical two-component deconvolution
assuming that the isotopic compositions are a mixture
between cosmogenic and terrestrial air endmembers. Thus,
we used the following assumptions: (*°Ar/*®Ar).s = 0.63
and  (°Ar/®Ar), = 532 (Leya et al, 2013). The
cosmogenic *°Ar.s and *Ar,,, concentrations are reported
in Table 3. The average correction for 3638Ar s ~34%,
with variations between ~4% (Katol) and ~70% (Ozerki).

Major and Minor Elements

The major and trace elemental compositions in the
meteorites Mangui, Vifiales, and Ozerki are reported in
Appendix S1 in the supporting information. The
element distribution, normalized to CI chondrites, is
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Table 4. Cosmic ray exposure (CRE) ages for the measured chondrites.

Samples Mass (mg) T3 (Ma) T, (Ma) Tss (Ma) Average (Ma) Tadopted (Ma)
Mangui-1 6.62 (0.17 + 0.02) 0.78 + 0.09 0.88 + 0.10 0.83 +0.13 0.70 + 0.16
Mangui-2 7.36 (0.14 + 0.02) 0.61 &+ 0.07 0.52 + 0.06 0.57 + 0.09

Ozerki-1 6.31 1.42 £ 0.16 1.15+0.13 1.32 £ 0.15 1.30 + 0.29 1.30 + 0.29
Ozerki-2 4.86 1.31 £ 0.15 1.00 £ 0.11 (0.55 £ 0.06) 1.16 £ 0.19

Viiiales-1 5.57 104 £ 1.2 8.13 £ 0.93 (4.65 £ 0.53) 9.27 £ 1.51 9.39 + 2.16
Vifales-2 5.47 104 £ 1.2 8.59 +0.98 (5.34 £ 0.61) 9.50 + 1.54

Tamdakht 3.86 3.11 £ 0.36 3.37 £ 0.38 2.59 + 0.44 3.02 +£ 0.71 3.02 + 0.71
Kheneg Ljouad 7.45 11.0 £ 1.3 112+ 1.3 109 +£1.9 11.0 £ 1.9 11.0 £ 1.9
Katol-1 6.30 27.7 £ 2.7 30.7 + 3.1 (9.27 £+ 0.93) 292+ 5 30.4 + 6.1
Katol-2 491 293 £29 348 £ 3.5 (14.57 + 1.46) 320+ 54

Katol-3 4.98 28.2 £ 2.8 32.1 £3.2 (13.51 £ 1.35) 30.1 £ 5.1

Ts stands for *He CRE ages, T, for 2'Ne CRE ages, and Tsg for **Ar CRE ages. All CRE ages are in million years (Ma). The indicated
average CRE ages have been calculated using all or only part of the individual CRE ages. For clarity, we added parentheses to the He and
3Ar CRE ages that were not used in average calculation. The adopted CRE ages are indicated in bold characters in the last column. The given

uncertainties are the standard deviations of the means (1o).

shown in Appendix S2 in the supporting information
(following, e.g., Barrat et al.,, 2012). For each of the
analyzed meteorites, most of the element concentrations
are in good agreement and consistent with an average
H- and L-chondrite composition. Overall, the data show
a reasonably good agreement between the major and
minor elements’ composition in three of the selected L6
meteorites, and the average L-chondrite composition; in
order to overcome possible issues related to the
(unknown) shielding depth of the meteorite samples, we
consider the average L-chondrite composition for the
further discussions. Indeed, the problem often lies in the
fact that it is necessary to know the exact
preatmospheric radius and the shielding depth of the
sample in order to calculate the *'Ne,., production rate
(P21), which in most cases are unknown. In order to
overcome this problem, the P,; has been estimated by a
semi-empirical equation, based on the already existing
correlations, and hence on average L/LL/H-chondrite
chemical compositions. However, we use the determined
U and Th concentrations to calculate the gas retention
ages (see the Gas Retention Age section).

Cosmic Ray Exposure Ages

To calculate the CRE ages, we follow the same
method as described in Li et al. (2017), based on Eugster
(1988) and Dalcher et al. (2013), and wuse the
concentrations of cosmogenic noble gases *Heeos, > Necos,
and *®Ar,.; the calculated exposure ages are labeled as
Ts, Ty, and Tsg, respectively. To calculate CRE ages, we
need to first calculate the production rates. However, such
calculation requires knowing the exact preatmospheric
radius and the shielding depth of the sample, which, in
most cases, are unknown. Therefore, production rates were
calculated using the average bulk chemical composition

of L/H/LL chondrites and the cosmogenic Ne ratio
(**Ne/*'Ne)eos of each sample.

The production rate of SHecos (P3) is calculated
using the formula given by Eugster (1988) (sce
Appendix S3 in the supporting information).

Likewise, to calculate the production rates of *'Negoq
(P51), we used the model described in Dalcher et al. (2013),
which links the production rates for cosmogenic 2INe, o, to
the cosmogenic (**Ne/>'Ne).,s ratios for chondrites
(Appendix S3). Similarly, we determined the production
rate of **Ar.s (P3g) using the equation from Dalcher et al.
(2013) (Appendix S3).

The CRE ages are all reported in Table 4; here, we will
describe the CRE age results for each meteorite separately.

For the two Mangui duplicates, the calculated CRE
ages vary between ~0.5 and 0.9 Ma; we observe the
common trend T3 << T, < Tzg; the T3 is much lower,
and consistent with significant *H and/or “Hegos
diffusive losses, thus suggesting Mangui suffered severe
heating after the breakup from its parent body and
during its travel to Earth. Based on the “Bern plot”
(Fig. 2), we estimate the diffusive losses to be in the
range of ~54-75%. Based on this, we will not consider
Ts of Mangui any longer. The average of T,; and Tag
for the two Mangui samples is 0.83 + 0.13 Ma and
0.57 & 0.09 Ma, the grand average and adopted age,
calculated by simply averaging the two individual CRE
ages for the two duplicates, being 0.70 £+ 0.16 Ma.
Figure 3a represents the compilation of CRE ages for L
chondrites (Herzog & Caffee, 2014). We plot in red the
four L6 chondrites measured by us. The CRE age of
Mangui is shorter than any reported CRE age on the L-
chondrite histogram. The CRE ages of Ozerki range
between 1.00 and 1.42 Ma. Note that for Ozerki-2, Tsg
gives a CRE age of 0.554+0.06 Ma, which is
inconsistent with other ages and therefore ignored for
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the rest of the discussion. The CRE ages of two
duplicates are consistent, with a grand average of
1.23 + 0.34 Ma. The CRE age of Ozerki is in good
agreement with the value of ~1.3-1.5 Ma calculated by
Korochantseva et al. (2019). The calculated CRE ages
of Vidales range between 8.1 and 10.4 Ma; as with
Ozerki, the CRE ages of Vifiales based on *®Ar are
systematically low compared to T3 and T,;, by a factor
of ~2. Thus, by omitting Tsg, the grand average CRE
age of Vifales is 9.4 4+ 2.2 Ma.

The three duplicates of the Katol meteorite have CRE
ages ranging from 28 + 1 Ma to 33 + 2 Ma, based on
He and *'Ne only, the adopted CRE age being
30.4 + 6.1 Ma. We observe the common trend Tz < T»; in
all duplicates, which shows that a small amount of He has
been lost during its CRE history. However, as in the case
of Ozerki and Vidales, we notice that the calculated
average CRE age based on the only cosmogenic **Aro, is
too low by a factor of ~2.5 (i.e., 12 + 2 Ma). The CRE
ages of the Katol meteorite are consistent with one of the
major peaks observed in the CRE age histogram of the L
chondrites, around ~30 Ma (Fig. 3a) (e.g., Herzog, 2007,
Herzog & Caffee, 2014; Marti & Graf, 1992).

The Tamdakht HS meteorite has a CRE age that
ranges between 2.59 and 3.37 Ma, with an adopted

average CRE age of 3.02 £+ 0.71 Ma. This age, although
lower than the major peak centered around ~7 Ma (see
Fig. 3b), confirms the common trend observed for HS5
chondrites, with CRE ages slightly lower than for other
petrologic types (Alexeev, 2001). The average CRE age
of Tamdakht is slightly lower than the previously
measured exposure age of 5.6 &+ 0.4 (Alexeev et al.,
2012). Such difference can be explained by evoking a
large preatmospheric size, which would, therefore, make
the 2*Ne/*'Ne ratio not applicable.

The CRE age of the LL5/6 Kheneg Ljouad
meteorite varies between 10.9 and 11.2 Ma, with a
weighted average CRE age of 11.0 & 1.9 Ma, based on
all nuclides. This age is slightly lower but consistent
with one of the peaks in the CRE age of the LL
chondrites, with a major peak at ~15 Ma (see Fig. 3c)
(e.g., Herzog & Caffee, 2014; Wieler, 2002).

Disagreements between CRE ages, and in particular
with Tsg, are frequently observed. Most recently, in the
work of Di Gregorio et al. (2019), several samples from the
well-studied LL/LS5S chondrite Knyahinya have been
measured for their noble gases. Although the powdered
samples are thought to be representative of the bulk sample,
cosmogenic °Ar.s shows huge variations within the
samples (i.e., ~66%), with a positive correlation between
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3 Aros and Ca concentrations, Ca being one of the main
target elements in the production of **Ar.,,. Given that Ca
concentrations are measured in different aliquots from the
aliquots used for the noble gas measurements, Ca
concentrations cannot be used to determine Psg.

Chemical heterogeneities in the distribution of the
main target elements for the production of **Ar,. are
likely responsible for the observed variations in the
B Ar.s CRE ages of Vifales, Ozerki, and Katol.

A Possible L6 Crater Pairing?

One of the objectives of this work was to confirm
whether or not the recent L6 falls Mangui, Ozerki, and
Vidiales could be crater paired. The two meteorites
Mangui and Ozerki have CRE ages which, within their
specific uncertainties, are not consistent with each other. It
thus appears that Mangui and Ozerki are not paired. As
for Vinales, with a weighted CRE age of 9.4 + 2.2 Ma, it
is not likely paired with Mangui and Ozerki. We can
therefore conclude that the three shocked L6 chondrites
Mangui, Vifales, and Ozerki have been produced by three
different impacts on the L chondrite parent body(-ies) and
are therefore not source crater paired.

Mangui: A Possible Link with Near-Earth Objects?

As mentioned earlier in the discussion, most of the
ordinary chondrites have CRE ages in the range of 1-
60 Ma (Herzog, 2007; Herzog & Caffee, 2014; Marti &
Graf, 1992). However, in this study, two duplicates of
Mangui (L6) chondrites have a nominal exposure age
<1 Ma. Although rare for ordinary chondrites (OCs),
CRE ages <1 Ma have already been calculated for
several OCs, such as GRV 98004 (HS5), Farmington
(L5), Galim (LL6), or ALH82100 (CM2) (see Lorenzetti
et al., 2003; Welten et al., 2015). Such low CRE ages,
implying a really short parent body-Earth transfer, have
been typically interpreted as an ejection occurring from
a parent body already in an Earth-crossing orbit (e.g.,
Lorenzetti et al., 2003; Marti & Mathew, 2002; Welten
et al., 2015, etc.). The evidence of a link between near-
Earth objects (NEOs) or near-Earth asteroids (NEAs)
and ordinary chondrites has been discussed in Binzel
et al. (1996).

Mangui, having a nominal CRE age of ~0.6-0.8 Ma,
based on both cosmogenic *Hegos and *'Neg,, is a
possible candidate for an ejection event occurring from
a parent body located in an Earth-crossing orbit (e.g.,
Apollo or Aten NEAs) rather than in the Main Belt.
The massive loss of cosmogenic *He.,s observed in the
two Mangui duplicates, probably by heating due to
solar radiation, is an argument in favor of such a
hypothesis.

Gas Retention Age

Gas retention ages are determined using the
radiogenic *He,nq and *°Ar,.q concentrations, and the
abundances in the **U, U, and ?**’Th; parent
isotopes of *He,,q; and “°K in the case of “°Ar..q (see
Appendix S4 in the supporting information).

The concentrations in U, Th, and K used for the
retention age calculations are taken as the average
concentrations in L chondrites, that is, 13 ppb, 43 ppb,
and 920 ppm, respectively, for Kheneg Ljoudd, Tamdakht,
and Katol (Lodders & Fegley, 1998). For Mangui,
Vinales, and Ozerki, we used the determined U and Th
concentrations (see Appendix S1). For all calculations, we
consider that the total amount of measured “’Ar is
radiogenic, all meteorites studied in this work being falls
and therefore less affected by any atmospheric
contribution; note, however, that such corrections for
atmospheric “°’Ar might be more significant for meteorites
with lower radiogenic amount, like Mangui and Vifales.
The amount of radiogenic “He,,q is calculated by
subtracting the amount of cosmogenic “He,, from the
total measured “He,,. Assuming equal fractional losses of
SHegos and *Hecs, the cosmogenic “He. is calculated as
follows (Leya & Masarik, 2009):

*Hecos = *Heeos X [(25.740.2) — (18.6 +0.2)
x (*Ne/*'Ne)

COS]'

The nominal gas retention ages for all meteorites are
presented in Table 5. The calculated *He (T4) and “’Ar
(T49) retention ages for Mangui range between ~3-9 Ma
and ~88-108 Ma, respectively. The difference between T4
and Ty in both of the Mangui samples can be explained
by a preferential diffusion loss of *He,q compared to
“0Ar,aq. Such severe loss of radiogenic gases in Mangui
could be explained by a collision event on the parent
asteroid with an orbit closer to the Sun (rather than the
only solar heating), therefore responsible of the fast
delivery of Mangui to Earth (cf. see the Mangui: A
Possible Link with Near-Earth Objects? section).

Regarding Ozerki, the similar trend T4 << T4 can
be observed, suggesting again a preferential loss of
radiogenic He. The Vinales U-Th-He and K-Ar
retention ages are consistent with a severe shock about
~500 Ma ago, which is consistent with the catastrophic
fragmentation of the L chondrite parent body, as shown
in most of the L chondrites (e.g., Keil et al., 1994).

Figure 4 represents the ratio of the cosmogenic
SHeeos and 2'Negos exposure ages (T3/T»;) versus the
ratio of the gas retention ages (T4/T40).

The two Mangui duplicates plot above the 1:1
correlation line, indicating for both of them that a loss of
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Table 5. Gas retention ages for the measured chondrites; T4 stands for “He retention ages, T4y for “’Ar retention

ages.
Samples *Heyoq (1078 cm® STP g7!) T4 (Ma) Ar,q (107 cm® STP g7 T4 (Ma)
Mangui-1 3.411 4 0.255 9+ 1 43 +2 108 + 11
Mangui-2 1.193 + 0.089 3.12 £ 0.35 38 +£2 88 £ 9
(Ga) (Ga)
Ozerki-1 593 + 44 1.74 £ 0.18 6166 + 308 4254 0.43
Ozerki-2 969 + 72 2.61 +0.26 6499 + 325 434 4+ 0.44
(Ma) (Ma)
Vifiales-1 178 + 13 571 + 59 221 + 11 533 + 55
Vifales-2 151 + 11 486 + 49 310 £ 16 707 + 72
(Ga) (Ga)
Kheneg Ljouad 1504 + 112 3.53 + 0.36 7437 £ 372 4.56 4+ 0.46
Tamdakht 1466 + 109 3.47 £ 0.36 5200 + 260 3.97 + 0.41
Katol-1 768 + 57 1.51 £ 0.16 7716 + 386 4.62 + 0.47
Katol-2 428 + 32 0.49 + 0.05 5910 + 296 4.18 + 0.42
Katol-3 487 + 36 0.71 £ 0.08 3916 + 196 3.53 4+ 0.37

The given T4 and T4 uncertainties are the standard deviations of the means (16).

®  Mangui
05 <& Ozerki
O Vifiales

A Katol

4 Tamdakht
LT} [0 Kheneg Ljouad
Linear fit

0 05 1 15 2
TIT

4 40

Fig. 4. Ratio of exposure ages (T3/T,;) versus ratio of gas
retention ages (T4/T40). Meteorites plotting on the solid line with
slope 1 indicate no loss of *He and *“He during their CRE age.
Meteorites ?ing to the left of the solid line (i.e., Mangui) lost
radiogenic “He,,q before their CRE age, either at or before
breakup of their parent body. Data plotting in between the
horizontal uncertainty dashed lines (i.e., Ozerki and Vinales) show
no or only minor indications of *He and/or *H diffusive losses.

radiogenic *He,,q occurred before their exposure history,
as well as °He diffusive losses. As for Ozerki and
Vidiales, both of them plot above the correlation line,
with T3 > T,;, but are within the uncertainty lines
(dashed lines, Fig. 4), therefore indicating no or only
minor diffusion losses.

The gas retention ages for Kheneg Ljoudd range
between 3.53 and 4.56 Ga (T4 and Ty, respectively),

which shows that little radiogenic *He,,q has been lost
during the CRE history of the meteoroid. A similar
observation applies to the Tamdakht meteorite, its
retention age varies between 3.47 +0.36 Ga and
3.97 + 0.41 Ga. These ages are higher but consistent
with previous data by Alexeev et al. (2012), with
T4 = T4 = 3.1 &+ 0.3 Ga. The good agreement between
the two ages T, and Ty suggests no or only negligible
loss of radiogenic gases during the exposure history. In
addition, these two meteorites plot close to the 1:1
correlation line in Fig. 4, which further demonstrates
that no or only minor diffusive losses of radiogenic gases
occurred during their exposure histories.

As for the Katol L6 chondrite samples, their U-Th-He
retention age varies between ~0.5 and ~1.5 Ga, whereas
the “°Ar retention age is in the range from ~3.5 to
~4.6 Ga, which is in good agreement with one of the main
U-Th-He peak ages at ~0.5-1.0 Ga and with one of the K-
Ar peak ages at ~4.2 Ga for L chondrites. The observed
difference between the radiogenic ‘He,q and *°Arpg
retention ages lies in the fact that helium has been
preferentially lost during the CRE history of the meteorite.

SUMMARY AND CONCLUSIONS

We presented in this study a comprehensive noble
gas investigation on recent ordinary chondrite falls. One
of our goals was to determine whether or not the three
recent L6 falls (Mangui, Vifales, and Ozerki) could be
considered as crater paired. All results are summarized
in Table 6.
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Table 6. Best estimates of the CRE ages and gas
retention ages for each of the studied meteorites.

Adopted CRE Retention
Meteorite name Type ages (Ma) ages (Ga)
Mangui L6 0.70 £+ 0.16 0.0031-0.108
Ozerki L6 1.23 + 0.34 1.74-4.34
Vinales L6 9.39 + 2.16 533-707
Katol L6 304 + 6.1 0.49-4.62
Kheneg Ljouad LL5/6 1.1 +1.9 3.53-4.56
Tamdakht H5 3.24 + 0.55 3.47-3.97

Adopted CRE ages: T3, 35 (see Table 4).
Retention ages: T4 4.
The given age uncertainties are the standard deviations of the means

(1o).

1. First, based on their distinct CRE ages, Vidiales is
not source crater paired with both Mangui and
Ozerki. In addition, based on their retention ages,
Mangui and Ozerki are not paired. We can
therefore conclude that the three shocked L6
chondrites Mangui, Vifales, and Ozerki have been
produced by three different impacts on the L-
chondrite parent body(-ies) and are therefore
certainly not source crater paired.

2. Most of the CRE ages calculated by using the
cosmogenic BAr.,s concentrations are not consistent
with the other dating schemes based on both
cosmogenic *Heos and >'Negos (e.g., in Ozerki, Vifales,
Tamdakht, Kheneg Ljoudd, and Katol), therefore in
agreement with the previous observations when doing
measurements on small samples (~5-10 mg).

3. Kheneg Ljouad (LL5/6) has a nominal CRE age of
11.0 + 1.9 Ma, based on both cosmogenic *He.o,
and ?'Ne.,s. This age is shorter compared to one of
the peaks in the CRE age histogram of the LL
chondrites at ~15 Ma (e.g., Wieler, 2002).

4. The nominal CRE and gas retention ages of
Tamdakht (HS) are consistent with previous
observations for H5 chondrites. Its short CRE age
(3.24 £ 0.55 Ma) compared to the major collision
at 6-10 Ma reinforces the hypothesis of an age
distribution for H chondrites dominated by small
events occurring in several parent bodies (e.g.,
Herzog & Caffee, 2014).

5. The CRE age of the Mangui meteorite is shorter
than 1 Ma, based on both ?!Ne..s and *®Ar.,s. Such
short CRE ages, although being rather unusual,
have already been documented in a few ordinary
chondrites (e.g., Lorenzetti et al., 2003; Marti &
Mathew, 2002; Welten et al., 2015). To interpret
such short exposure ages, one could evoke a
delivery from a parent body in an Earth-crossing
orbit (e.g., Binzel et al., 1996, 2002), as supported

by the loss of cosmogenic *He.,s by heating due to
solar radiation. Similarly, the observed severe loss
of radiogenic gases in Mangui could be explained
by a collision event on the parent asteroid with an
orbit closer to the Sun (rather than an orbit in the
Main Belt).
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