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Abstract—With the goal to determine the origin of our meteorites in the asteroid belt, video and
photographic observations of meteors have now tracked 75 meteorite falls. Six years ago, there
were just hints that different meteorite types arrived on different orbits, but now, the number of
orbits (N) is high enough for distinct patterns to emerge. In general, 0.1-1-m sized meteoroids
do not arrive on similar orbits as the larger ~l-km sized near-Earth asteroids (NEA) of
corresponding taxonomic class. Unlike larger NEA, a group of H chondrite meteoroids arrived
on low-inclined orbits from a source just beyond the 5:2 mean-motion resonance with Jupiter
(N = 12), three of which have the 7 Ma cosmic ray exposure (CRE) age from a significant
collision event among H chondrites. There is also a source of H chondrites low in the inner main
belt with a ~35 Ma CRE age (N = 8). In contrast, larger H-like taxonomic S-class NEA arrive
from high-inclined orbits out of the 3:1 resonance. Some H chondrites do so also, four of which
have a 6 Ma CRE age and two have an 18 Ma CRE age. L chondrites arrive from a single
source low in the inner main belt, mostly via the vg secular resonance (N = 21), not the 3:1
resonance as most L-like NEA do. LL chondrites arrive too from the inner main belt (N = 5), as
do larger LL-like NEA. CM chondrites are delivered from a low i < 3° inclined source beyond
the 3:1 resonance (N = 4). Source asteroid families for these meteorite types are proposed, many
of which have the same CRE age as the asteroid family’s dynamical age. Also, two HED
achondrites are now traced to specific impact craters on asteroid Vesta.

INTRODUCTION

The quest to find the source of our meteorites in the
asteroid belt so far has yielded 75 laboratory-classified
meteorite falls with an instrumentally recorded approach
orbit. Meteorites typically fall from 0.1 to 1 m sized
meteoroids and somewhat larger asteroids. Meteorites
are thought to sample up to 95-148 distinct parent bodies
(Burbine et al., 2002; Greenwood et al., 2020; Meibom &
Clark, 1999), but the meteorites with known approach
orbits sample only about 15. Earlier reviews of this work
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were given by Ceplecha (1977), Ceplecha et al. (1998),
Borovicka, Spurny, and Brown (2015), Borovicka,
Spurny, Segon, et al. (2015), Granvik and Brown (2018),
and Jenniskens (2014, 2018).

The goal is shared by the quest to find the source of
our larger 20-m to 35-km sized near-Earth asteroids
(NEA) in the asteroid belt, which has yielded several
hundred spectroscopically classified NEA with orbits
derived from asteroid astrometry (e.g., Broz, Vernazza,
Marsset, Binzel, et al., 2024; Marsset et al., 2024; Sanchez
et al., 2024). Results are put in context by comparative
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studies of the reflection spectra of asteroids and
meteorites and dynamical studies of the asteroid family
collisional histories (e.g., Nesvorny et al., 2023; reviews
by Broz, Vernazza, Marsset, DeMeo, et al.,, 2024,
Burbine et al., 2024; Masiero et al., 2015).

The sources considered here (Figure 1) are large
asteroids and families of asteroids that are the product of
catastrophic and  cratering collisions  (Nesvorny
et al., 2015, 2024; Novakovi¢ et al., 2022). Asteroids in a
family tend to have the same taxonomic type because most
originate from the target asteroid not the smaller projectile
(e.g., Masiero et al., 2015; Parker et al., 2008). Conditions
of the impact and properties of the target asteroid
determine the size frequency distribution (SFD) of
fragments. The original number of small fragments created
and the total surface area of all remaining fragments
facture into the likelihood of meteoroid delivery to Earth.
If all fragments are small, then, the debris field may not be
apparent in the current asteroid surveys, which mostly
detect objects with diameter D > 0.5 km at the inner edge
of the main belt and D > 1.2 km near the outer edge.

The influx at Earth of a given meteorite type is
dominated by debris from a relatively small number of
large collisions that occurred in the last 100 Myr, as
shown by peaks in the distribution of meteorite cosmic
ray exposure (CRE) ages (David & Leya, 2019;
Eugster, 2003, 2006). The CRE age is the period of time a
meteoroid was small enough to be exposed to cosmic rays
(<2-m sized) and thus build up both stable and
radioactive nuclides. In the past decade, a number of
asteroid families have now been identified that are
younger than 100 Myr, so they are in the same age range
as CRE ages of meteorites reaching Earth.

There is also a background of non-family asteroids,
but they too tend to originate from the limited number of
parent asteroids that are mostly represented in the known
asteroid families (Dermott et al., 2018; Morbidelli
et al., 2009). The background asteroids are about as
abundant as the family asteroids, with a similar or
slightly shallower size distribution (Parker et al., 2008).

For some large asteroids, such as (4) Vesta, the
surface area dominates that of associated largest asteroid
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FIGURE 1. Meteorite source regions and delivery resonances. Proper elements of asteroids, with blue symbols marking the
large asteroids (4) Vesta, (7) Iris, (6) Hebe, (19) Fortuna, (13) Egeria, (15) Eunomia, (3) Juno, (1) Ceres, (2) Pallas, and (10)
Hygiea. Some of the asteroid families discussed in the text are: Hungaria (green); inner main belt: Flora (blue), Vesta (magenta),
Erigone (brown), Polana/Eulelia (green), Hertha (red), and Massalia (orange); central main belt: Maria/Crescentia (yellow), Nele
(green), and Brangane (magenta); outer main belt: Koronis (brown), Eos (green), Themis (red), and Veritas (purple).
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family members, large enough to produce enough
fragments to be detected at Earth as a peak in the CRE
age distribution. As an order-of-magnitude estimate, to
create enough m-sized fragments to cause the 22 Ma peak
in the CRE age distribution of Howard-Eucrite-Diogenites
(HED), a crater on Vesta should be at least 10-km in size
or a 1-km or larger asteroid needs to be catastrophically
destroyed. Many of the known young asteroid families
were created from asteroids 1-10 km in size, but the Vesta
family has few such large members. Vesta’s surface area is
larger than that of all Vesta family asteroids >300-m in
size. Because of that, most HED meteorites likely
originated from Vesta itself (Jenniskens et al., 2020;
Unsalan et al., 2019).

Following a collision event, these orbits of asteroid
family members evolve by non-gravitational forces,
notably Yarkovsky forces, to gain or lose energy and thus
evolve into longer or shorter orbits, until the orbital period
is matched by a resonance (Bottke et al., 2002).
Meter-sized objects have high Yarkovsky mobility,
typically 0.001 to 0.01 AU Myr~" (Bottke, Vokrouhlicky,
et al., 2006). This enables them to reach resonances on
timescales on the order of a couple of million years, and
sometimes shorter if they start close to a resonance. For
iron meteoroids, the Yarkovsky effect is inefficient due to
high thermal conductivity and thus, the drift is slow
(Bottke, Vokrouhlicky, et al., 2006), largely explaining the
long, up to 1500 Ma, CRE ages of iron meteorites
(Eugster, 2003).

Mean motion resonances with Jupiter divide the
low-inclined (i < 19.2°) main belt asteroid population into
the inner main belt (vg-3:1), the central main belt (3.1-5:2),
the pristine main belt (5:2-7:3), and the outer main belt
(7:3-2:1). Resonances are responsible for delivering the
meteoroids to Earth (Wetherhill, 1985; Morbidelli &
Gladman, 1998). Quickly, they change the eccentricity,
lower the perihelion distance, and increase the aphelion
distance, while keeping the orbital period (energy of the
orbit) constant. Some resonances will also increase
the inclination.

Because of the disturbing gravity of Jupiter near
aphelion, the fraction of small asteroids to hit Earth
exponentially decreases for source regions further out into
the asteroid belt. Bottke, Nesvorny, et al. (2006) calculated
that delivery by the vg resonance (¢ ~ 2.05 AU) near the
inner edge of the asteroid belt (Figure 1) has an efficiency
of about 1%. The 3:1 mean-motion resonance with Jupiter
at 2.50 AU has an efficiency of about 0.03%, and the 5:2
resonance near 2.82 AU has an efficiency of only about
0.003%. The collision probability with Earth is higher if
the inclination of the orbit is near zero and the semi-major
axis is short, so that the collision cross section is high due
to a low relative velocity.

If all things are equal, a majority of our meteorites are
expected to arrive from the vg resonance in no-inclined
orbits. In reality, that is not the case, confirming that the
impact population is dominated by discrete collision
events, and the approach orbits are dominated by the
dynamical evolution of the meteoroids generated in these
collisions.

Once in the resonance, Figure 2 shows the principal
ways in which the semi-major axis (a) and inclination (i) of
20-cm sized meteoroid orbits evolve after 50 Ma
of dynamical evolution (Jenniskens et al., 2020). The figure
shows all orbits that evolved to perihelion distance
g < 1.1 AU from sources in the inner main belt (left) or
central main belt (right), either ejected from a high 10°
inclination orbit (top) or low 0° initial inclination (bottom).
For each case, the orbital element distributions of a and 1
on impact at Earth are distinctly different. The calculation
shows that many orbits still have the semi-major axis of the
delivery resonance. Qualitatively, meteorites are delivered
to Earth principally via the v4 secular resonance and the 3:1
mean-motion resonance (Figure 1), with the 3:1 mean
motion resonance pumping up the inclination. After they
reach Earth orbit, close encounters with Earth tend to be
most efficient at evolving the orbit when the source is low
inclined, by lowering or raising the semi-major axis out of
the resonance and dispersing the inclination.

During their orbital evolution from the asteroid belt to
Earth, small asteroids can be disrupted by thermal stresses,
from collisions with smaller asteroids and meteoroids, or
by mass-shedding events from spin-up, among others. This
is thought to be the main reason for the short (<1 Ma)
CRE ages of some meteorites (e.g., Granvik et al., 2016;
Jenniskens et al., 2012; McMullan et al., 2024; Shober
et al.,, 2024). Carbonaceous chondrite asteroids only
survive briefly at perihelion distances ¢ < 0.2 AU, while
even ordinary chondrites survive only of order
0.01-0.5 Ma at those heliocentric distances (Toliou
et al., 2021). Based on similarities in orbits, it has been
proposed that up to 25% of meteorites may originate from
NEA that had already evolved into Earth-orbit crossing
orbits (e.g., Carbognani & Fenucci, 2023) but that likely
depends on the meteorite type. Mass shedding events do
not typically lead to recognizable asteroid families because
the Lyapunov lifetimes are only 60-200 years for orbits in
near-Earth space so that orbits rapidly diverge (Pauls &
Gladman, 2005; Shober et al., 2025).

The role of collisions is less clear. Most of its lifetime
as a small asteroid or meteoroid, the object moves in
eccentric orbits with an aphelion in the outer main belt or
beyond. The collisional lifetime of asteroids in the main
belt is about 1.4Vr, with r the radius of the meteoroid in cm
(Wetherhill, 1967, 1985). For those that produced
meteorite falls, these are typically in the range of 6-12 Ma
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FIGURE 2. Statistical distribution of impact orbits (those with ¢ < 1.1 AU) from dynamical modeling of 20-cm meteoroids
ejected from the inner main belt (¢ = 2.1-2.4 AU) or the central main belt (a = 2.55-2.85 AU), at initial inclinations of 1° and
10°, respectively, after 50 Ma of dynamical evolution. From calculations provided by D. Nesvorny (Jenniskens et al., 2020).

Maribo

Sutter’s Mill

FIGURE 3. In 2018, similarities between the impact orbits of CM-type carbonaceous chondrites (left) and LL- compared to L-
type ordinary chondrites (right) provided hints that different meteorite types approached Earth on different orbits. Dingle Dell
(L/LL) was an exception on the short LL type orbits. From: Jenniskens et al. (2018).

(e.g., Jenniskens et al., 2019, 2020). However, we have meteoroids in eccentric orbits with ¢ > 0.2 AU appears to
many meteorites with higher CRE ages that imply they be longer by a factor of at least 3-5 (Jenniskens, 2018),
survived longer than this. The collisional lifetime of which is possible considering the lower collisional
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TABLE 1. Camera networks that tracked and documented meteors from recovered meteorite falls.

Abb. Network Coordinators N Ref.
v Video and dashcam footage, digital still photos — 36 —
EN European Fireball Network Z. Ceplecha, P. Spurny 18 [1]
USG US Government Satellite Network E. Tagliaferri 17 [2]
DFN/ Desert Fireball Network/ P. Bland, E. Samson 17 [3]

GFO Global Fireball Observatory H. Devillepoix — [4]
Allsky7 AllSkyCams M. Hankey 10 [5]
FRIPON/ Fireball Recovery and InterPlanetary F. Colas 6 [6]

Observations Network
PRISMA First Network for the Systematic D. Barghini — [7]
Surveillance of Meteors and Atmosphere

GMN Global Meteor Network D. Vida 5 [8]
CAMS Cameras for Allsky Meteor Surveillance P. Jenniskens 4 [9]
AN Alpe-Adria All-sky Network J. Kac 2 [10]
ASGARD NASA Allsky Fireball Network W. J. Cooke 2 [11]
FFN Finnish Fireball Network URSA, E. Lyytinen, M. I. Gritsevich 2 [12]
SACN Spalding Allsky Camera Network R. Spalding, D. Free, C. Palotai 2 [13]
SPMN Spanish Meteor Network J. Trigo-Rodriguez 1 [14]
AMOS Automatic Meteor Orbit System J. Téth 1 [15]
BRAMON Brazil Meteor Observation Network L. S. Amaral 1 [16]
CMN Croatian Meteor Network D. Segon 1 [17]
DMS Dutch Meteor Society H. Betlem 1 [18]
MORP Meteorite Orbit and Recovery Project 1. Halliday 1 [19]
NORSK Norwegian Meteor Network S. Midtskogen 1 [20]
PN Prairy Fireball Network R. E. McCrosky 1 [21]
SOMN Southern Ontario Meteor Network P. Brown 1 [22]
SonotaCo SonotaCo Network T. Kanamori 1 [23]
USC Escola Politecnicd Superior de Enxenarnia J. A. Docobo 1 [24]
SWEMN Spanish Southwestern Europe Meteor Network J. M. Madiedo 1 [25]
SKiYMET SKiYMET meteor radar W. Singer 1 [26]

Note: References: [1] Borovicka et al. (2022); [2] Tagliaferri et al. (1994); [3] Bland et al. (2011); [4] Devillepoix et al. (2020); [S] Hankey et al. (2023); [6]
Colas et al. (2020); [7] Barghini et al. (2023); [8] Vida, Segon, Gural, et al. (2021); [9] Jenniskens et al. (2011); [10] Kac (2005); [11] Ehlert and Blaauw
Erskine (2020); [12] Visuri and Gritsevich (2021); [13] Palotai et al. (2019); [14] Eloy and Trigo-Rodrigeuz (2021); [15] Téth et al. (2018); [16] Amaral
et al. (2017); [17] Segon et al. (2018); [18] Betlem et al. (1998); [19] Halliday et al. (1978); [20] At website http://norskmeteornettverk.no (last accessed
November 14, 2024); [21] McCrosky et al. (1971); [22] Brown et al. (2011); [23] Kanamori (2009); [24] Andrade et al. (2022); [25] Madiedo (2022); [26]

Schult et al. (2015).

frequency in the region beyond the outer main belt and in
the inner solar system.

At the time of our last review of asteroid-
meteor-meteorite type links in 2018 (Jenniskens, 2018),
there were only hints that meteorites of different type
impacted Earth on different orbits. Figure 3, for example,
shows the available orbits of CM carbonaceous
chondrites (left) and the L and LL ordinary chondrites
(right) at the time. Since that time, the number of
recovered meteorites with known impact orbits from the
triangulation of video and photographic recorded
fireballs has doubled. As of July 2024, our records show
that 75 falls have been documented in this manner, up
from 36 discussed in Jenniskens et al. (2018). In four
cases, the asteroid was detected in space prior to its
recovery as meteorites (asteroids 2008 TC3, 2018 LA,
2023 CX1 and 2024 BX1), the most recent of which

caused the January 2024 fall of the aubrite Ribbeck in
Germany.

This paper is a brief appraisal of the ongoing
meteorite-type dependent orbital element survey of small
asteroids and large meteoroids and what the results so far
say about the possible source regions of our meteorites.
An early version of this review was presented at the §6th
Annual Meeting of the Meteoritical Society held in
Brussels, Belgium, on August 1, 2024.

EXPERIMENTAL METHODS
Trajectory and Orbit
Data for this work are gathered by large and small

camera networks spread over the globe, some of which
are dedicated to the documentation of meteorite falls.
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FIGURE 4. The approximate global area coverage and distribution of camera networks aimed at measuring the approach orbit

of meteorite falls.

The main photographic and video camera networks are
listed in Table 1. The total land coverage of these
dedicated networks is shown in Figure 4. Only about 1%
of land mass is covered.

The oldest and most prolific effort is that of
Ondrejov Observatory in the Czech Repbulic, which first
captured photographic records of the Pfibram meteorite
fall in 1959, using rotating shutters to create stop-motion
records of the meteor in long exposures (Ceplecha, 1961).
This event led to the establishment of the European
Fireball Network, which recorded numerous meteorite
falls, but no meteorites were recovered until the 2002 fall
of Neuschwannstein (Spurny et al., 2003). It proved
difficult to find meteorites from recorded falls in
dedicated searches. The recovery of Neuschwannstein
was made after more people learned about the trajectory
calculations via social media. Only recently was it
recognized that a meteorite fall near Ischgl, Austria, may
have been recorded by this network in 1970 (Gritsevich
et al., 2024). Also, the BeneSov meteorite fell in 1991 but
was recovered only in 2011 after the strewnfield was
recalculated and the search was concentrated on small
fragments (Spurny, Haloda, et al., 2013). In the USA, the
Prairy Network recovered one meteorite, Lost City, in
1970 (McCrosky et al., 1971), while the Canadian
Meteorite Orbit and Recovery Project (MORP) recovered
one meteorite, Innisfree, in 1977 (Halliday et al., 1978).

In 1992, Peekskill was the first meteorite fall to be
documented by video cameras (Brown et al., 1994). Video
cameras became prolific with the advent of cell phones,
door cameras, and dash cams, and videos are now
ubiquitously spread by social media, which has resulted
in a larger fraction of falls being documented. More falls
were recovered after visual observations were
systematically collected via social media (Hankey
et al., 2013) and it was found that Doppler weather radar
data can confirm the survival of meteorites to the ground
from those fireballs and narrow down their fall locations
(Fries & Fries, 2010).

At the same time, the European Fireball Network
cameras were improved (still based on photographic
detection) and expanded to include four remote stations in
the Nullarbor Desert of southern Australia. This Desert
Fireball Network (Bland et al., 2011) was later updated
using digital still cameras, operated by Curtin University,
and has recently expanded into a Global Fireball
Observatory (Devillepoix et al., 2020). The airburst over
Chelyabinsk resulted in a new push in 2013, after which the
FRIPON network was created (Colas et al., 2020), later
expanded into Italy as PRISMA (Barghini et al., 2023). In
recent years, Allsky7 (Hankey et al., 2023) and the Global
Meteor Network (Vida, Segon, Gural, et al., 2021) greatly
added to existing networks of dedicated video cameras
such as CAMS (Jenniskens et al., 2011). On average, there
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are now about 13 meteorite falls reported globally each
year (e.g., lists maintained at websites https://galactic-
stone.com/pages/falls, https://karmaka.de/, and other
online reports), up from about 6 a year in the early 2000s.

CRE Age and Meteorite Type

Once a meteorite is recovered and the fall
documented by recording the fireball trajectory and
lightcurve and by tracing the fall location of the
meteorites, it is necessary to determine from which
collision event it originated. For that reason, the
meteorite is analyzed for the isotopic signature of noble
gases and cosmogenic radioonuclides to determine the
time since the object became <2 m in size, the CRE age.
It is also necessary to determine the mineralogic group
and petrologic type, oxygen isotopes, and organic
signatures, in order to determine the meteorite type, as
well as the original target’s terrain collisional and thermal
history (e.g., the Ar-Ar, K-Ar and U,Th-He ages), the
level of brecciation and the presence of xenoliths,
magnetic signatures, and the level of aqueous alteration.
Information on bulk chemistry, the formation age, and
circumstances that created the original parent body can
also help identify the source. Methods are described in
the citations to Table 2.

RESULTS

The 75 documented meteorite falls published to date
are listed in Table 2. A partial list of 55 published orbits is
maintained at https://www.meteoriteorbits.info/ (Meier,
2017). Details from 26 falls still remain to be published in
scientific journals (marked by an asterix in Table 2) and at
least 26 are still awaiting some or all meteorite analyses.
Preliminary results presented here were often derived from
data provided to facilitate the meteorite searches,
published online and in reports such as the Meteoritical
Bulletin, unless otherwise indicated. Five meteorites
reported in Table 2 still need their name (and
classification) approved by the Nomenclature Committee.
Some applications are pending, others have their analysis
delayed by meteorite ownership disputes. The provisional
names are given between brackets.

Table 2 tabulates the date of fall, name of the
meteorite, type of meteorite, the camera network that
collected the data, the peak visible magnitude of the
fireball, the estimated initial mass, the apparent entry
speed, the entry angle, the altitude of the peak brightness,
and the orbital elements: the perihelion distance, the
semi-major axis, and the inclination. Also given are
the CRE age and a reference to publications from which
this data was derived. Regarding the remaining orbital
elements node () and argument of perihelion (w), Q is a

function of the date and time of impact, while ® is
a strong function of g (for a>1 AU) due to the
encounter geometry.

Table 3 provides a tally of the different meteorite
types so far documented. The tally is compared to all
meteorites listed as “falls” in the Meteoritical Bulletin.
About 5% of ordinary chondrite falls have documented
impact orbits. The fraction is significantly higher at 18%
for CM chondrites because an effort was made to
document rare meteorite types and because CM chondrites
are probably less likely to survive terrestrial alteration if
they are not recovered quickly after the fall, so very few
CM chondrite falls were recovered before 2000. The
fraction of iron meteorites is only 2% and perhaps
underrepresented due to a lack of recent iron falls.

The number of orbits has doubled since the review of
Jenniskens (2018). Some patterns are now emerging from
the distribution of semi-major axis and inclination for each
meteorite type. Those will be examined now, starting with
the group that has the lowest mean CRE age.

Figure 5 (left panel) shows the orbital elements of
impacting CM2 carbonaceous chondrites on a backdrop
of the proper elements of small asteroids detected to date
(gray). All have a short CRE age (Table 2). As a group,
CM2 chondrites have young CRE ages <8 Ma (Figure 5,
right panel; Meier et al., 2016). It is expected that they
impact on orbits that still have the semi-major axis of their
delivery resonance, even if they originated from larger
asteroids in near-Earth orbit that are now decaying. All
four CM2-type meteorites arrived on low i < 3° orbits
with a semi-major axis around a = 2.5 AU. The two best
studied cases are Maribo, with a =243 + 0.12 AU,
i=0.25 £ 0.16° (Borovicka et al., 2019) and Winchcombe
with a = 2.586 + 0.008 AU, i=0.460 + 0.014° (King
et al.,, 2022). Both have an inclination <I°. Note that
Winchcombe arrived from slightly outside of the 3:1
resonance with Jupiter at 2.50 AU. It is possible that
Winchcombe broke from a larger NEA that had evolved
to near-Earth space via the 5:2 resonance, instead. The
entry velocity of Winchcombe and Aguas Zarcas was
about 14 km s™', in the range of other meteorite falls,
while those of Sutter’s Mill and Maribo were on the high
side at 28 km s~' (Table 2), so that the prevalence of
low-inclination orbits is not due to a higher collision
cross-section with Earth.

The carbonaceous chondrite with CM-affinity, but
classified as Cl-ungrouped, Flensburg arrived from a
slightly higher inclined orbit with a semi-major axis in the
5:2  mean-motion resonance (a = 2.82 + 0.03 AU,
i =6.82 + 0.06°). Flensburg has one of the shortest CRE
ages measured to date: around 5000 years (Bischoff
et al.,, 2021). The 5:2 resonance is capable of rapid
delivery of meteorites to Earth (Nesvorny et al., 2009),
but it is likely that Flensburg broke from a larger asteroid
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TABLE 3. Tally of documented meteorite falls by type.
The last columns give the most likely corresponding
asteroid taxonomic classes for the reflection spectra of
freshly fallen meteorites and those of space-weathered
asteroids.

Asteroid taxonomy class
(Tholen/Bus-DeMeo)

Space-
Type 2018 2024 All falls* Fresh weathered
Ordinary chondrites
H 14 28 410 Q S/Sr
L 8 20 469 Q S
LL 5 6 113 Q S/Sq
L/LL 2 5 — Q S
LL, H Mix 0 1 1 Q S
H/L 0 0 — Q S
K 0 0 1 K S, A/Sa
R 0 0 1 K S, A/Sa
Carbonaceous chondrites
CI 0 0 5 C,B F,B,C, P, D/
Cb
CM 2 4 22 C, X/ C, P, D/Ch,
Xc Cgh
Cl ung 0 1 1 C, X X, P
C2 ung 1 1 6 P T, D
C3 ung 0 0 1 C/X C/K
CR 0 0 3 L, Xk L
CB/CH 0 0 1 X/Xc X, B/Xk
CO 0 0 7 K, L S/K, L, Xk
CvV 0 0 8 K, L S/K, L, Xk
CK 0 0 2 K S/K, L
CL 0 0 0 K S/K, L
Basaltic achondrites
Howardite (HED) 1 3 20 \% V/Sv
Eucrite (HED) 1 1 40 \Y% V/Sv
Diogenite (HED) 0 0 12 v V/Sv
Enstatite chondrites and achondrites
EH 0 1 9 E/Xc, E, M/L, Xc,
Xe Xe
EL 1 1 8 E/Xe E, M/L, Xe
Aubrite 0 1 12 E/Xe E/Xe
Ureilites
Ureilite 1 1 6 F L
Primitive achondrites
Acapulcoite/ 0 0 2 Q S, R
Lodranite
Angrites 0 0 1 A, S A, S/Sr
Brachinites 0 0 0 A A/Sa
Winonaites 0 0 1 Q/L S
Irons and stony-irons
Iron 0 1 49 M/Xk  D/Xk
Mesosiderites 0 0 7 M, Q M, S
Pallasites 0 0 4 A/L A, S/L, Sa

Note: For lack of one-on-one asteroid and meteorite classifications,
see e.g. DeMeo et al. (2015) and Burbine et al. (2024).
#Current tally of observed falls published in the Meteoritical Bulletin.

that already had evolved in the 5:2 resonance to cross the
Earth’s orbit (Jenniskens et al., 2012; Scott &
Herzog, 2021; Shober et al., 2024).

C2-ungrouped meteorite Tagish Lake (¢ =198 £+
0.20 AU, i=2.0+£ 0.9°) was delivered by the wvg
resonance instead (Brown et al., 2000). It has a CRE age
of ~7.8 Ma years (Brandon et al., 2005), older than most
CM2-type carbonaceous chondrites (Figure 5) and old
enough for some interactions with the terrestrial planets
to have modified its semi-major axis and inclination.

In recent years, there have been some CO and CV
meteorite falls, but none were documented. Those include
a nighttime fall at Boorama in Somalia on 3 December
2023 (CO3), a daytime fall at Moss in Norway on 14 July
2006 (CO3.6), and a nighttime fall at Bukhara in
Uzbekistan on 9 July 2001 (CV3).

Figure 6 shows the distribution of orbital elements
for H-type ordinary chondrites. The population of H
chondrites has a dominant CRE age peak at
7.1 £0.1 Ma (“A” in Figure 6, right panel). The
meteorites for which such CRE age ~7 Ma was measured
are shown as open circles in the left panel of Figure 6.
The 7 Ma peak has a full width at half-maximum
(FWHM) of 2.0 £ 0.1 Ma. Several other peaks are
present too at 12.0 + 0.5 Ma (“C”), 23.0 £ 0.5 Ma
(“D”), 33.5 + 0.5 Ma (“E”), and about 42 Ma (“F”),
with FWHM =3, 5 6, and ~7 Ma, respectively,
suggesting that the typical CRE age measurement has an
uncertainty of about 18%. The 7 Ma peak is broader,
suggesting that more than one collision event contributed
to it. The relative integrated intensity of the peaks A, C-F
is 116 210, 9+2, 40+8, 24+5 and 14+5
meteorites, respectively. There is also an excess of H
chondrites with short CRE ages <5 Ma (“B” in Figure 6).

Now more H chondrites have been tracked, a cluster
of orbit solutions has emerged with low inclination and
semi-major axis between the 3:1 and 5:2 mean-motion
resonances. Three of the meteorites in that cluster also
have the low CRE age of 7 Ma age (Kosice, Murrili, and
Arpu Kuilpu), pointing to one source of 7-Ma CRE age H
chondrites being low in the Pristine Main Belt beyond the
5:2 resonance. Some others in this group have a CRE age
that differs from ~7 Ma.

Previously, the only two known cases with ~7 Ma
CRE age were Lost City (a = 1.66 AU, i = 11.98°, with
unknown error bars) and Moravka (¢ = 1.85 + 0.07 AU,
i =322 4 0.5°), both well observed, suggesting that a
second source of 7-Ma H chondrites might be high in the
asteroid belt (Jenniskens, 2018). This age is too young to
explain both the short semi-major axis and high
inclination by the normal dynamical evolution from a
source at low-i and high-¢ in the pristine main belt
(Figure 2). Now, we can add two more high-inclined H
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FIGURE 5. CM affinity carbonaceous chondrites. Left: Orbital elements of the impacting orbits on a gray background of
proper elements of small asteroids. Right: CRE age distribution of CM2 carbonaceous chondrites with possible discrete collision
events marked by letters, after Jenniskens (2018), updated with data from Zolensky et al. (2021).

chondrites with such short CRE ages: Mason Gully and
Pusté Ulany.

There may be even more sources of H chondrites. H
chondrites as a group have CRE ages up to 80 Ma
(Figure 6). There is a peak around CRE age = 32 Ma
(Graf & Marti, 1995), examples being the HS Grimsby
with a CRE age ~35 Ma (Cartwright et al., 2011), the H5
Annama with a 30+ 4 Ma CRE age (Kohout
et al., 2016), and the H6 Peekskill with a 32 Ma CRE age
(Graf et al., 1997). The higher CRE age implies more
time for interactions with the terrestrial planets, resulting
in more evolved orbits. Grimsby has «=2.04 £
0.05 AU, i =28.1 + 0.3° (Brown et al., 2011). Annama
has a=199 £0.12 AU, i=14.7+0.5° (Trigo-
Rodriguez et al., 2015). Peekskill has a =149 +
0.03 AU and i=4.9 £+ 0.2° (Brown et al., 1994). H5
Narashino has a=144 4+ 0.13, i=7.8+£2.1°
(Kanamori, 2020) and 40 Ma CRE age and may also
belong to this group (Okazaki et al., 2023). It is possible
that these were delivered via both the vg and 3:1
resonances from a source in the Inner Main Belt. Other
possible members with @ <2.05 AU and i< 15° are
Krizevei (¢ =1.54 £ 0.01 AU, i=0.64 £ 0.03°), Al-
Khadaf (a =1.72 + 0.02, i = 4.36 + 0.06°), and Santa
Filomena (a = 2.10 £ 0.15 AU, i = 0.15 £ 0.05°). If so,
these would be predicted to have a ~35 Ma CRE age, but
CRE ages are not available yet. The median inclination
for this group (without outliers Annama and Grimsby) is

4.4 4+ 3.2°, but the source region is expected to be at
lower inclination because the inclination dispersion is
expected to increase over time. Two of these meteorites
have inclinations near 0°. Because it is hard to lower the
inclination below the source region, this suggests that
the source of inner-main-belt H chondrites is near the
ecliptic plane.

We examined if the different H chondrite source
regions have different compositions or physical
properties (e.g., Flynn et al., 2017) not caused by the
meteoroids coming close to the Sun such as the *He loss
(Graf & Marti, 1995). Figure 7 shows the low-calcium
pyroxene ferrosilite content (Fs, mole%) versus the
olivine fayalite (Fa, mole%) content as listed in
the meteoritical bulletin. In our sample, pristine main belt
H chondrites have systematically lower Fs content for
given Fa. If this is a common property of the two source
regions, then the low-Fs meteorite Taghzout, with
a=222+0.01 AU and low i=3.80+ 0.01°
(Guennoun et al., 2024), may also belong to the pristine
main belt H chondrite group.

Table 4 compiles the bulk elemental composition of
the H chondrites for which such data has been published.
For error bars, we refer to the original publications. The
table does show subtle differences in the Fe content
between the instrumentally observed Pristine Main Belt
and Inner Main Belt H-chondrite elemental abundances
in our sample, but more data is needed to be certain.
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FIGURE 6. H affinity ordinary chondrites. Left: orbital elements of the impacting orbits on a gray background of proper
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with possible discrete collision events marked by letters, after Jenniskens (2018) and updated with data from Herzog and

Caffee (2014).

Figure 8 shows the same diagram as Figure 6 but for
the LL-type ordinary chondrites. So far, LL chondrites
arrived on mostly evolved short-a (<2 AU) orbits,
delivered via the v¢ resonance from the inner main belt.
The median value of the low inclination orbits is
<> = 3.3 4+ 2.9° (N = 4, including that of the recent LL
chondrite fall at Haag, Austria; Spurny et al., 2024b).
The population follows the expected behavior for a
source low in the inner main belt (Figure 2). Orbits still
close to the v¢ resonance are missing due to a lack of LL
chondrites with short CRE ages in our sample. The
distribution shows peaks at 3, 8, 16, 29, and ~40 Ma
(Figure 8). The relative integrated intensity is N = ~5,
13 + 3,19 + 4, 12 £ 3, and <5 meteorites, respectively.

Figure 9 shows the same diagrams for L-type
ordinary chondrites (excluding those typed as L/LL). The
orbital elements are similarly widely distributed as H
chondrites, but lack the cluster at high-a and low-i seen
among H chondrites. The distribution shows the larger
dispersion in inclination for a smaller semi-major axis
expected for a source low in the inner main belt. Two L
chondrites arrived while still in or near the 3:1 mean-
motion resonance, but most appear to be delivered by the
Vg resonance. The eccentricity decreases with a decreasing
semi-major axis, intersecting the 2.1 AU semi-major axis

of the vg resonance at the expected e = 0.52 when orbits
first reach Earth’s orbit (g = 1.0 AU). Even the two L
chondrites in the 3:1 resonance fall along this trend and
have higher eccentricity than expected for a new arrival
from the 3:1 resonance. Orbits between the v¢ and 3:1
resonance have median <> =44 + 3.0° (N = 6). The
source family of L chondrites is in a dense region, given
the numerous peaks in the CRE distribution (Figure 9).
The peaks are centered on about 2.5, 5.8, 10.5, 23.7, 28,
and 39 Ma and have a relative integrated intensity of
10+3, 17+4, 18 +3, 25+4, 8+2, and 24 £ 5
meteorites, respectively.

Unlike previous hints (Jenniskens et al., 2019), there is
now no indication that shocked and un-shocked L
chondrites have a different source family. Open symbols
show the shocked meteorites with a 468-Ma Ar-Ar
resetting age, corresponding to a high flux of L chondrites
on Earth (Liao & Schmitz, 2023; Lindskog et al., 2017;
Schmitz et al., 2019). They scatter among the other L
chondrites with no clear distinction in a or i, also being
delivered from both the 3:1 and v¢ resonances from a
source low in the inner main belt. However, the shocked
L-chondrites may originate from different collision events
within that family: three have a CRE age of 7.3-9.4 Ma
(two in highly evolved orbits), two have a CRE age of

85U80|7 SUOWIWIOD 8AITe1D) 3 [edldde sy Aq pauienob e sajoe O ‘@S JO'Sa|nJ 10} A%eiq1 78Ul UO AB]1M UO (SUORIPUOD-PUR-SWBI0D A8 | 1M ATeIq 1 BU1 UO//:SANY) SUOIIPUOD Pue SWis | 8U) 35S *[G202/20/6T] UO ARiqiTauluo A8]IM ‘|10UN0D YoIessay [ESIPSIN PUY UiESH UOeN AQ TZErT Sdew/TTTT OT/I0p/wo0 A8 |im Areiq1jeut|uoy/sdny woij papeojumod ‘0 ‘00TSSY6T



14 P. Jenniskens and H. A. R. Devillepoix

26

24 | _

- LL
22 — +
; L/LL

20 i
Inner Belt 1

SR

1
- Tagzhout g
16 R .
[ H  Pristine Belt
14 Lo vt e b e

16 18 20 22 24 26 28 30 32

Ferrosilite (mole%)

Fayalite (mole%)

FIGURE 7. Ferrosilite versus Fayalite composition of
ordinary chondrites from instrumented falls. Among H
chondrites, meteorites that likely originate in the pristine main
belt are gray solid circles, those in the inner main belt are
black solid circles, while high-i asteroids of ~7 Ma CRE age
are shown as open circles.

17-18 Ma, and two have a CRE age of 45-48 Ma. Note
that these values do not necessarily coincide with the peaks
in the overall L chondrite CRE age distribution.

Some ordinary chondrites fall in the LL domain but
plot close to the L domain (open squares in Figure 7).
These meteorites, classified as L/LL, scatter just above the
high-i upper edge of the LL-chondrite distribution in
Figure 8, distributed more similar to that of L chondrites
in Figure 9. However, the sample size is too small to be
certain that this is a significant difference. The group
follows the same trend as other inner main belt sources.
The median value of the low inclination orbits is
<> =4.1 £+ 2.6° (N = 3). The Chelyabinsk impactor plots
in this group, which at 20 m diameter (Popova et al., 2013)
is about a factor of 20 larger than the typical meteoroids
responsible for LL type meteorite falls. The Madura Cave
meteorite with an unusual evolved low-inclined orbit also
plots in this group but is classified as L. Given the wide
dispersion of compositions, it is possible that the LL group
has more than one component. Innisfree and Golden have
CRE ages = 25-26 Ma and Dingle Dell has CRE
age = 8.6 Ma, while the CRE age of Chelyabinsk is a
young 1.2 Ma (Table 2).

The influence of Earth encounters on the orbit of
meteorites is illustrated in Figure 10, which shows the
distribution of perihelion distance (¢) versus semi-major
axis (a) for the three ordinary chondrite groups and

howardite—eucrite—diogenites (HED). Starting at 0° in
steps of 2°, the inclination distribution of this sample is:
12, 12,10, 3,8, 1, 3,2, 0,3, 1,2,4m, 1, 2, 1, 1, and 0
meteorites. Those with high inclination 7> 18° are
distributed along a thin arc that has ¢=1 AU at
a=1.5-1.8 AU and lower and higher values of ¢ for
higher and lower values of the semi-major axis,
respectively (lower right diagram of Figure 10). In
contrast, most known NEA follow the ¢ = a (1—e) line
for all a=1.0-2.8 AU, as most are detected with
q ~ 1.0 AU (e.g., Granvik et al., 2018; figure 17 in Tosi
et al., 2023).

As a group, LL and L chondrites show a very similar
behavior as the L/LL chondrites (Figure 10, upper right
and lower left diagrams). Again, L chondrites with the
468-Ma signature do the same, with no distinction in
the distribution. The observed evolution to lower ¢, lower
e, lower a, and on-average higher i is not linear in time; in
particular, meteorites Antonin and Ozerki have evolved
orbits but with a short CRE age. Three of the five
meteorites with CRE age < 10 Ma are in evolved (high i
and low e) orbits. The most “fresh out of the resonance”
L-chondrite Novato (a ~ 2.0 AU, e ~0.5) has a 9 Ma
CRE age and i = 5.5°.

Again, the cluster of low-i and high-a H-chondrites
stands out (marked in blue in the upper left diagram of
Figure 10). The cluster shows a trend of more dispersed
g with lower semi-major axis away from the 5:2 mean-
motion resonance. We interpret this to mean that the
delivery resonance to a near-Earth orbit is likely the 5:2
mean-motion  resonance, but subsequent close
encounters with Earth lowered the semi-major axis. For
the dominant delivery resonance to be the 5:2 resonance,
the source of these H chondrites is most likely at
a >2.82 AU (at low inclination) in the pristine main
belt or outer main belt. There are also some H
chondrites with @ ~ 2.5 AU orbits and ¢ ~1 AU that
perhaps suggest that there is an evolutionary pathway
crossing the 5:2 resonance until capture in the 3:1
resonance without significant interactions with Earth.
3:1 is the more efficient pathway for meteoroid delivery
to Earth.

Figure 11 shows the inclination as a function of
eccentricity for the three ordinary chondrite groups.
Dashed lines are the expected values of eccentricity that
had the meteoroid come fresh out of the resonance and
arrived at ¢ = 1.0 AU. Both pristine main belt (*)
and inner main belt (gray solid dots) H-chondrites show
mostly a steady increase of inclination for lower values of
eccentricity. L and LL chondrites show the same, but
more dispersed, perhaps due to a range of CRE ages.
Annama has an unusually high eccentricity for an inner
main belt H-chondrite, while BeneSov has an unusually
high inclination for LL chondrites.
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TABLE 4. Bulk elemental compositions (wt%) of pristine main belt, central main belt, and inner main belt H-
chondrites.

Pristine Main Belt 7, 12 and 83 Ma CMB 6 Ma CMB 18 Ma Inner Main Belt 35 Ma
Element Ejby [1] Murrili [2] Mason Gully [3] Kosice [4] | Mordvka [5]  Elmshorn® [6] | Annama [7]  Peekskill® [8]
(0) — — — — — — 35.3 35.6
Na 0.67 — 0.66 0.60 0.58 0.60 0.74 —
Mg 15.0 14.2 14.3 13.8 16.2 12.6 13.5 14.2
Al 1.10 1.06 1.06 1.07 1.19 — 1.04 1.28
Si — — — 16.5 18.1 — 18.5 18.5
K 0.095 0.10 0.09 0.09 — 0.100 0.080 —
Ca 1.28 1.20 1.16 1.14 1.45 1.08 1.32 1.16
Ti 0.062 0.058 0.047 0.060 0.077 0.058 0.055 0.058
Cr 0.31 — — 0.35 0.38 0.36 — —
Mn 0.26 0.20 0.24 0.23 0.26 0.24 0.223 —
Fe 28.7 28.7% 28.6 28.9 24.0 31.7 27.8 27.3
Co 0.075 0.092° 0.096 0.087 0.058 0.111 0.088 —
Ni 2.11 1.92% 1.96 1.00 1.38 2.05 1.92 —

Note: References: [1] Haack et al. (2019), Bischoff, Patzek, Alosius, et al. (2024) and Bischoff, Patzek, Barrat, et al. (2024); [2] Anderson et al. (2022);
[3] Dyl et al. (2016); [4] Ozdin et al. (2015); [5] Borovicka et al. (2003); [6] Bischoff, Patzek, Alosius, et al. (2024) and Bischoff, Patzek, Barrat,
et al. (2024); [7] Kohout et al. (2016); [8] Graf et al. (1997).

“For assumed 15% FeNi fraction.

®Anomalous H3-6 breccia.

“Only stone fraction measured. Metal fraction assumed to contain 90 wt% Fe, 9.0 wt% Ni and 0.45 wt% Co, respectively (Wasson & Kallemeyn, 1988).
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FIGURE 8. LL affinity ordinary chondrites. Left: orbital elements of the impacting orbits on a gray background of proper
elements of small asteroids. The recent LL meteorite fall near Haag, Austria, is also plotted, marked by a cross. L/LL chondrites
are shown as open circles. Right: CRE age distribution of LL chondrites with possible discrete collision events marked by letters,
updated from Jenniskens (2018) with data from and David & Leya (2019).

Figure 12 shows the same diagrams as Figures 5, 6  with the common 22 Ma CRE-age (Sarigicek and Motopi
and 9 for HED meteorites. HEDs are thought to have Pan), also plotted are howardite Tiros and the
originated from Vesta or the Vesta family (McCord preliminary results for the recent August 25, 2024
et al., 1970). In addition to two main-group howardites = Ngweba (provisional name) fall in South Africa (Glass &
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FIGURE 9. L type ordinary chondrites. Left: orbital elements of the impacting orbits on a gray background of proper elements
of small asteroids. Right: CRE age distribution of L chondrites with possible discrete collision events marked by letters, after
Jenniskens (2018) and updated with data from Herzog and Caffee (2014).

Cooper, 2024) based on the USG satellite data
(a ~1.01 AU, i ~9.0°, and ¢ ~ 0.45 AU). In this case,
the meteor entered at a shallow angle, so that the
observed trajectory was long. Motopi Pan (asteroid 2018
LA: a=1.3764 + 0.0001 AU, i=4.2974 + 0.0004°),
Tiros (a ~ 2.24 AU, i ~ 8.1°) and Ngweba arrived on a
low-inclined orbit with an inclination similar to the 7° of
Vesta. The orbits all have a short semi-major axis, and all
but one have a low ¢ < 0.79 AU (shown by a symbol “+”
in Figure 10). They follow the same evolutionary trend as
L-chondrites, which have a similar median CRE age. This
confirms that L-chondrites likely originate from the inner
main belt. The small sample of orbits measured so far
lacks high-a orbits in part because most have the higher
~22 Ma CRE age, but also because most likely originated
from the vg resonance rather than the 3:1 resonance.

The eucrite Bunburra Rockhole has unusual oxygen
and chromium isotopic signatures (Benedix et al., 2017)
that suggest it did not originate from Vesta. Surprisingly,
the CRE age of 22 Ma is similar to that of other eucrites,
and the bulk composition also suggests a large parent
body, only slightly smaller than Vesta. The meteoroid
arrived on an Aten type orbit (¢ = 0.8529 £+ 0.0004 AU,
i =895 =+ 0.03°) and likely had its source in the inner
main belt.

Several other meteorite types are represented now
also (Table 3). An EL (Neuschwanstein) arrived from the
3:1 resonance (a = 2.40 + 0.02 AU, i= 1141 4+ 0.03°).

An EH (Raja) arrived from an evolved orbit (« = 1.61 +
0.09 AU, i=6.31 £ 0.34°). In addition, one ureilite
(meteorite Almahata Sitta, asteroid 2008 TC3) had a =
1.308205 4+ 0.000008 AU and i = 2.54222 + 0.00004°,
and one aubrite (Ribbeck, asteroid 2024 BX1) arrived on
an orbit with «@ = 1.33649 £ 0.00002 AU and i=
7.2931 + 0.0002°. Finally, an iron meteorite Adalen
(provisional name) arrived on a = 1.90 + 0.03 AU and
i =15.22 £ 0.14° (Table 2). All of these latter orbits have
evolved away from their delivery resonance by close
encounters with the terrestrial planets and suggest
delivery from the inner main belt via the vg resonance.

All impact orbits show a strong sinusoidal variation
of perihelion distance q and argument of perihelion o,
with ¢ = 1.0 AU orbits having w = 180° (and 0°). In that
geometry, the other node is near aphelion and farthest
from Earth’s orbit. H and CM chondrites suspected to
have arrived from the pristine and outer main belt tend
to cluster near w = 180° and 0°. Orbits originating in the
inner main belt favor «» > 100°, clustering near w = 220°.

DISCUSSION
Meteoroid Sources
Some relevant information on the more likely asteroid

family sources of our meteorites, and the large asteroids
that are potential parent bodies, is summarized in Tables 5
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and 6. Table 5 includes most asteroid families in the inner
main belt, some of the richer families in the central main
belt, and the most abundant families in the pristine and
outer main belt, as well as some young families with CRE
ages of 1-100 Ma (Nesvorny et al., 2015, 2024). Table 5
gives the family’s name, taxonomic class, and location in
the asteroid belt. The geometric visible albedo (<p,>) and
size frequency distribution (SFD) slope are from Masiero
et al. (2015), and ages are from Carruba and
Nesvorny (2016) and Paolicchi et al. (2019), unless they
were updated from more recent references cited. Table 6
lists all asteroids larger than about 200 km in diameter
and some other large unusual asteroids, their location in
the asteroid belt, their diameter, and their taxonomic class.
In each table, the column “Meteorite Type” gives the
inferred meteorite type based on asteroid taxonomic
studies. In many cases, that information is still uncertain.

H Ordinary Chondrites and the Koronis Family

Low-inclined H chondrites from the 7-Ma CRE age
peak likely originate from a source low in the pristine or
outer main belt beyond the 5:2 mean-motion resonance.
As it happens, there is a known young debris field of S-
class asteroids with H-type affinity (Lindsay et al., 2015)
at low inclination just outside the 5:2 mean-motion
resonance in the pristine main belt, called Koronis
(brown in Figure 1), which was suggested as a source of
H chondrites by Vernazza et al. (2014) from similarities in
the shape of reflectance spectra and the young age of the
family. Asteroid (243) Ida, visited by NASA’s Galileo
spacecraft in 1993, is part of the Koronis family. Koronis
has a young cluster, called the Karin family, first
identified by Nesvorny et al. (2002) with a dynamical age
of 5.8 £ 0.2 Ma, later refined to 5.75 &£ 0.05 Ma
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(Carruba et al., 2020). There is also a Koronis; asteroid
family from a cratering event on Koronis itself, which is
older at 10-15 Ma (Nesvorny et al., 2015) or 10 £ 5 Ma
(Carruba et al., 2020). Koronis; is a more diffuse group
with an age of <120 Ma (Broz, Vernazza, Marsset,
Binzel, et al., 2024). Broz, Vernazza, Marsset, Binzel,
et al. (2024) recently derived an age of 7.6 + 0.2 Ma for
Koronis, and argued that this family had a steeper size
distribution and therefore is the more likely source of ~7
Myr old H chondrites.

Table 7 lists the H chondrites that may originate
from the pristine main belt source. Those with known
CRE ages are listed; others await such information.
Three have known CRE ages that suggest they belong to
the 7 Ma CRE age peak (average ~6.5 Ma, not
significantly different than the 5.8 Ma dynamical age of
the Karin cluster). Two other H chondrites, Hamburg
with CRE age of 12 Ma (Heck et al., 2020) and Mason
Gully with CRE age of ~14 Ma (Meier et al., 2019), have
a CRE age the same as the dynamical age of the Koronis,
family if it is 10-15 Ma. The Ejby meteorite also has a
low-a and low-i orbit but has a CRE age of 83 Ma. If the
third cluster in Koronis, named Koroniss, is the source of
this meteorite, that would put the age of this cluster at
83 + 11 Ma.

LL-Type Chondrites and the Flora Family

Based on returned samples in the Hayabusa mission,
the asteroid Itokawa is a LL5-6 ordinary chondrite
(Nakamura et al., 2011). Although it is much larger than
typical meteoroids responsible for our meteorites, it has a
similar evolved short-a orbit with =132 AU and

i =1.6° as that of other recovered LL chondrite falls,
including Chelyabinsk. All likely arrived to Earth via the
vg resonance. 1-km sized NEAs with LL-affinity also have
orbits that point to delivery by the v resonance from a ~7°
inclined source (Dunn et al., 2013; Marsset et al., 2024;
Sanchez et al., 2024).

As it happens, there is a large family called Flora with
LL-type spectra (Lindsay et al., 2015, Vernazza
et al., 2008) on the inner side of the Inner Main Belt,
shown in blue in Figure 1. Satellite flyby missions visited
Flora family asteroids (951) Gaspra, (5535) Annefrank,
and (152830) Dinkinesh. The inclination of Chelyabinsk
(=176 £ 0.16 AU, i=493 + 048°) with CRE
age = 1.2 Ma (Popova et al., 2013) is that of the Datura
cluster within Flora (¢ =2.24 AU, i=5.2°), but the
0.5 Ma dynamical age of Datura (Vokrouhlicky et al.,
2017) is perhaps too young to contribute to our NEA and
meteorites. No clusters have been identified in the Flora
family with ages that correspond to the CRE age peaks in
Figure 8. LL6 chondrite Ischgl (CRE age = 1.7 Ma)
arrived on an evolved highly inclined orbit from a previous
close encounter with Earth and likely did not originate
from the high inclined Eunomia family in the central main
belt (Table 5) given its short semi-major axis.

There is also a large asteroid in the inner main belt,
(7) Iris (Table 6), that has an LL-type spectrum (Noonan
et al., 2019). Cratering of this asteroid could contribute to
the influx of LL chondrites. Indeed, there are eight 10-km
sized craters on Iris (Hanus et al., 2019), even though the
asteroid has no known associated family. This was
interpreted to mean that these craters are very old, but
they could also be young but having produced only
asteroids that are too small to be detected by current
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asteroid surveys. As it stands, Iris is not a likely source
because of the large combined surface area of the larger
Flora family members.

LL chondrites contain highly shocked members, such
as the LL7 Dishchii’bikoh meteorite (a¢ = 1.129 +
0.008 AU, i=21.2 £ 0.3°). Shock-blackened meteorites
are dark and have weak mineral bands. Some X-complex
asteroids in the Flora family may represent shock-
blackened LL chondrite material. The Flora family has
about 9% X-complex asteroids (Oszkiewicz et al., 2015).
The Baptistina family with X-class spectra has LL affinity
and may also produce shock-blackened LL chondrites
(Popova et al., 2013; Reddy et al, 2011, 2014).
Dishchii’bikoh has a CRE age of 11 Ma, which is younger
than the ~80 Ma dynamical age of the Baptistina family
(Table 5). It is possible that debris from the Baptistina
formation event has now been lost due to collisions
because the short semi-major axis orbit would keep their
aphelion in the main belt even when the orbit evolves to
intersect Earth’s orbit.

L-Type Chondrites and the Hertha Family
It was recently argued that L-type ordinary

chondrites originate from the Massalia family (Marsset
et al., 2024) and that L-type ordinary chondrite like NEA

originate from the 13° inclined Juno family Broz,
Vernazza, Marsset, Binzel, et al. (2024). Here, we argue
that both may originate in the Hertha family instead.

We observe a strong increase in the dispersion of
inclination from an initial i ~ 4.4 £+ 3.0° for L-chondrite
orbits with a low semi-major axis (Figure 2). This points to
a source low in the inner main belt. Larger NEA with L-
chondrite affinity also appear to originate in the inner
asteroid belt at i ~ 5° (Marsset et al., 2024). They are
delivered mostly by the 3:1 resonance, not by both 3:1 and
Ve like the smaller meteoroids. This means that the source
is closer to the 3:1 resonance and young enough so that
fewer 1-km asteroids have reached the v¢ resonance.

First suggested by Gaffey and Fieber-Beyer (2019),
the S-class Massalia family is at the right position
(i = 1.4°) low in the inner main belt to be the source of L
chondrites (Figure 1). Identified by Nesvorny, Bottke,
et al. (2006), the family seems to have formed from a
cratering event on the asteroid (20) Massalia ~150 Myr
ago (Milani et al., 2014; Vokrouhlicky et al., 2006a). The
family is rich in small asteroids (SFD slope = —3.5,
Table 5), representing a large surface area for collisions.
However, Hyden et al. (2020) concluded from asteroid
spectral band analysis that the family was composed of H
chondrites. In addition, the Massalia family may be too
young to account for the 468 Ma Ar-Ar resetting age
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TABLE 6. The largest asteroids, with diameter D > 200 km, and some large unusual asteroids that are potential

meteorite source parent bodies.

Asteroid Tax.* Dy a (AU) e i(°) D (km) Meteorite type Ref. Ve
4 Vesta® \% 0.42 2.362 0.099 6.39 525 HED 1

7 Tris S 0.28 2.386 0.211 6.39 200 LL [2]

336 Lacadiera D/Xk 0.05 2.252 0.088 6.11 63 C2-ung. [3]

6 Hebe® S 0.27 2.425 0.159 14.35 185 H [4]

44 Nysa E 0.48 2.423 0.173 3.04 79 Aubrites [5]

19 Fortuna G/Ch 0.04 2.442 0.135 2.22 210 — 3:1
15 Eunomia® S 0.25 2.644 0.149 13.10 270 LL, partial differentiated [6]

3 Juno S/Sk 0.24 2.669 0.234 13.25 254 H, but family L or LL [7]

64 Angelina E 0.48 2.682 0.152 2.26 58 Aubrites [8]

324 Bamberga CP/— 0.05 2.684 0.270 12.10 221 —

88 Thisbe CF/Cb 0.07 2.768 0.145 6.27 212 —

13 Egeria G/Ch 0.05 2.576 0.126 16.06 205 —

1 Ceres G/C 0.09 2.767 0.115 9.65 939 —

2 Pallas® B 0.16 2.771 0.280 33.20 513 CR? [9] 5:2
16 Psyche M/X 0.12 2.922 0.103 2.52 225 Mesosiderites? [10] 7:3
704 Interamnia F/B 0.08 3.061 0.105 18.79 306 Ureilites? [11]

451 Patientia CU/- 0.09 3.062 0.071 13.99 254 —

52 Europa CF/C 0.06 3.097 0.119 6.37 314 —

48 Doris CG/Ch 0.07 3.112 0.064 6.61 216 —

24 Themis® C 0.07 3.135 0.153 1.085 198 CcM

10 Hygiea® C 0.07 3.142 0.135 5.104 407 CcM

31 Euphrosyne C/Cb 0.05 3.155 0.208 26.54 267 Heated CM

94 Aurora CP/C 0.04 3.158 0.074 8.24 199 —

511 Davida C 0.08 3.174 0.133 14.25 270 — 2:1

Note: Orbital elements are proper a, e and i, D is diameter, and meteorite type is that proposed from asteroid taxonomy. References that discuss
context with meteorites: [1] McCord et al. (1970), Consolmagno and Drake (1977), Kelley et al. (2003), Unsalan et al. (2019), Jenniskens et al. (2021);
[2] Migliorini et al. (1997), Hanus et al. (2019), Noonan et al. (2019); [3] Rhoden et al. (2020); [4] Farinella et al. (1994), Gaffey and Gilbert (1998),
Bottke et al. (2010), Marsset et al. (2017), Fieber-Beyer and Gaffey (2020); [5] Cloutis and Gaffey (1993); [6] Nathues et al. (2005), Broz, Vernazza,
Marsset, DeMeo, et al. (2024); [7] Noonan et al. (2019, 2024), Marsset et al. (2024); [8] Clark et al., 2004; [9] Sato et al. (1997), De Leén et al. (2010),
MacLennan and Granvik (2024); [10] Viikinkoski et al. (2018); [11] Jenniskens et al. (2010). Bold marks the largest asteroids.

If two classifications are given separated by “/”, the first is in the Tholen classification, the second in (Bus-DeMeo) SMASS 11 classification scheme.

®Has collisional family.

among L ordinary chondrites. Marsset et al. (2024),
however, argued that while (20) Massalia seems to be a
H-type, other asteroid family members have band
positions similar to L ordinary chondrites. They derived
an age of 450 4+ 50 Ma for the family, as required for this
family to be the source of L chondrites. The initial debris
from this cratering event would since have been lost
(CRE ages of our L-chondrite meteorites are typically
<100 Ma), but there appears to be at least one younger
~40 Ma cluster in the family, and there may be more such
clusters (Marsset et al., 2024). Note, however, that the
40 Ma peak in the L-chondrite CRE age distribution is
not particularly prominent (Figure 9).

In our opinion, a more likely source region of L-type
chondrites is the Hertha family, also known in the past as
the Nysa or Mildred family of S-class asteroids (Dykhuis
& Greenberg, 2015). This family is also located at a good
location (i = 2.4°), just above the Massalia family in fact,
but in a region with an overlapping and much older

C-class Polana family, together called the Nysa/Polana
family (Celino et al., 2001). Because albedo or spectra are
needed to distinguish the families, there is less information
on the Hertha family. The Hertha family is rich in small
<10 km size asteroids, has a relatively steep size
distribution, and appears to have originated from a
cratering event on asteroid (135) Hertha (Dykhuis &
Greenberg, 2015).

Marsset et al. (2024) classified the Hertha family (their
“Nysa”) as LL-type based on near-IR spectra of 6 family
members, but that classification may be in error. L spectra
too provide a reasonable fit to the average spectrum of the
6 family members. Erasmus et al. (2019) did show that
Hertha and Flora (LL class) family asteroids have similar
V-I versus V-R band slopes, distinct from those of the
Massalia and Koronis families, but Massalia and Koronis
(H class) plots were similar. Looking at the olivine and
pyroxene band strengths in Marsset et al. (2024), again
Masssalia members plot similar to those of Koronis (H
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24 P. Jenniskens and H. A. R. Devillepoix

TABLE 7. H-type ordinary chondrites with a likely origin in the Koronis family.

Meteorite Type a (AU) i(°) CRE age (Ma) Ref.
Karin cluster (5.75 £ 0.05 Ma) [1]
Kosice, Slovakia HS5 2.71 2.0 6.0 +£ 1.0 [2]
Murrili, Australia HS 2.52 33 6.6 £ 0.5 [3]
Arpu Kuilpu, Australia H5 2.75 2.0 7.0 £ 1.0 [4]
Koronis, cluster (10 + 5 Ma) [5]
Hamburg, USA H4 2.73 0.6 11.8 £ 0.7 [6]
Mason Gully, Australia HS 2.47 0.8 ~14 [8]
Koronis; cluster (<120 Ma)
Ejby, Denmark H5/6 2.81 1.0 83 + 11 [7]
Unknown
Great Salt Lake, USA H5 2.5 1 — This work
(Crawford Bay), Canada Ho6 2.68 1.4 — [9]
(Ménétréol-sur-Sauldre), France H5 2.58 0.0 — [10]
(Kybo-Lintos), Australia H4/5 2.60 0.4 — [11]
Tanxi, China Ho6 2.40 1.9 — [9]
(Benghazi Dam), Australia HS (2.8)* 2.3 — This work

Note: References: [1] Nesvorny et al. (2002), Carruba et al. (2020); [2] Povinec & Toth (2015); [3] Anderson et al. (2022); [4] Anderson et al. (2024);
[5] Molnar and Haegert (2009), Nesvorny et al. (2015), Carruba et al. (2020); [6] Heck et al. (2020); [7] Haack et al. (2019); [8] Dyl et al. (2016),
Meier et al. (2019); [9] Jenniskens et al. (2018); [10] Colas (2023); [11] Anderson et al. (2022); [12] Li et al. (2025).

“For this assumed semi-major axis.

class), while most Flora family members (LL class) plot
significantly offset from those of the Hertha family
members, and Hertha family members plot in between
Massalia and Flora. The relatively low flux of LL
chondrites and the lack of LL chondrites arriving to us
from the 3:1 mean-motion resonance also argue against
Hertha being a source of LL chondrites.

The formation of the Hertha family can explain better
the high flux of L chondrites 468 Ma ago. This was an
exceptional event in Earth’s history, with only 1 out of 70
major family-forming break-ups in the past ~500 Ma
having resulted in such a high flux of meteorites on Earth
(Terfelt & Schmitz, 2021). The Hertha family resulted
from a collision event that involved asteroid (135) Hertha,
an asteroid that is now of M/Xj class, but that spread S-
class fragments with an ejection speed of ~285 m s~ ! over
a large part of the inner main belt, the current distribution
of the family limited by the 3:1 resonance and the Mars
crossing line (Dykhuis & Greenberg, 2015). This compares
to an ejection speed of ~44 m s~ ! for the cratering event
that created the Massalia family (Vokrouhlicky
et al., 2006a). Also, less of the original asteroid survived.
The dynamical age of the Hertha family is 300 = 60 Ma
(Dykhuis & Greenberg, 2015), which is closer than the age
of Massalia to the 468 Ma required for shocked L
chondrites. More recently, Paolicchi et al. (2019) estimated
the age of the Hertha family at ~242 or ~761 Ma, while
Broz, Vernazza, Marsset, DeMeo, et al. (2024) estimated
the age at ~600 Ma.

Asteroid (135) Hertha experienced another collision
event <145 Ma ago that created a cluster of X-class

asteroids called Hertha,, with weak 1- and 2-um bands
that possibly indicate shock-blackened L chondrites
(Dykhuis & Greenberg, 2015). It is possible that the
468 Ma collision that created the Hertha family left
the asteroid covered in a shock-blackened material, which
then experienced a second collision to create the Hertha,
family (Scenario 4 of Dykhuis & Greenberg, 2015). In
contrast, Massalia was not covered in shock-blackened
fragments after the collision that created the Massalia
family.

The oldest 4248 Ma CRE age of some shocked L
chondrites may well measure the dynamical age of the
Hertha, family. If all L chondrites with the 468-Ma
signature originated from the Hertha, family, then this
compact family is expected to include even younger
families of about 9 and 18 Ma. Alternatively, the
extended Hertha family likely includes shock-blackened
fragments and may include X-class families hard to
differentiate from the Polana and Eulalia families. In the
same way, the extended Hertha family is expected to
include young S-class families of about the 3, 5, 24, and
52 Ma CRE age peaks (Figure 9). One of those peaks
may be related to the undated compact 2000 FO47
family, part of the Hertha family (Nesvorny et al., 2024),
but it is possible that this family is too young for
delivering meteorites to Earth.

H-Type Chondrites that Are not from Koronis

If we assign the cluster of meteoroids with low
inclination and a > 2.5 AU in Figure 6 to Koronis, then
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the remaining population consists of two groups: one is a
high 10-30° inclined population similar to that of the
corresponding NEA in Marsset et al. (2024); the other is a
population of low-inclined and short-semi major axis
orbits that appear to have originated in the inner main belt
(Jenniskens, 2018; Trigo-Rodriguez et al., 2015).

The need of a source of H chondrites in the inner
main belt is another argument against the idea that
Massalia could produce L chondrites. There is no ready
alternative. If the Hertha family is the source of L
chondrites and the Massalia family is H type instead
(Hyden et al., 2020), then Massalia, may be the source of
the 35-Ma CRE peak of H chondrites, which in
our sample is represented by the meteorites Grimsby,
Peekskill, Narashino, and Annama. Other possible
members of this group are Santa Filomena, Krizevci, and
Al-Khadhaf (red in Figure 10). This number of meteorites
(V = 7) implies a significant source. Massalia does have a
prominent ~40 Ma cluster (Marsset et al., 2024).

Marsset et al. (2024) pointed out that nearly all km-
sized NEA of H type appear to arrive at Earth in highly
10-30° inclined orbits, out of the 3:1 resonance. Although
the 3:1 resonance can pump up the inclination, there are
no NEA observed with low i that suggests they originated
from the Koronis family. A source high in the central
main belt was suspected, most likely from Phocaea or the
Maria families (Broz, Vernazza, Marsset, Binzel,
et al., 2024). Asteroid (6) Hebe (“3” in Figure 1) has also
long been proposed as a possible parent body of H
chondrites based on its reflectance spectrum, relatively
large size, and because the asteroid is located close to
dynamical chaotic zones of the 3:1 mean motion
resonance and the vy secular resonance (Farinella
et al, 1994; Gaffey & Gilbert, 1998; Migliorini
et al., 1997; Morbidelli et al., 1994), but that asteroid has
only a small and old cratering family associated with it
(Fieber-Beyer & Gaffey, 2020).

The high inclination H chondrites may not originate
from Phocaea as thought before (e.g., Jenniskens, 2018) but
from a small S-class asteroid family in the central main belt
that stands out in number density among nearby small
asteroids (Broz, Vernazza, Marsset, DeMeo, et al., 2024):
Nele (called “Iannini” in Nesvorny et al., 2024), at i ~ 12°
with an estimated dynamical age of 6 + 2 Ma (Broz,
Vernazza, Marsset, Binzel, et al., 2024; Carruba et al., 2018).
The relative band strength in near-IR spectra by Chapman
et al. (2009) suggests to us that this is a H-chondrite family.
Among all six possible H chondrites from this source, four
have the low CRE ages of 6.7 + 1.0 Ma (Borovicka
et al, 2003) for Moravka (a=1.85=+ 0.07 AU,
=322 4 0.5°,7.0 + 0.4 Ma (Bogard et al., 1971; Graf &
Marti, 1995) for Lost City (a« = 1.66 AU, i = 12°), ~ 6 Ma
(Meier et al., 2019) for Buzzard Coulee (a = 1.25 AU,
i =25°,and 4 + 1 Ma (Ozdin et al., 2024) for Pusté Ulany

(=170 AU, i=27.2°), in good agreement with the
dynamical age of this family. A source in the central main
belt can account for high inclination orbits from pumping
up inclination in the 3:1 mean-motion resonance. Other
members of this group possibly include Matera
(@ =2.10 £ 0.07 AU, i=14.5 £+ 0.2°). This would make
the Nele family composed of H-chondrite types and not
Acapulcoites/Lodranites as proposed in Broz, Vernazza,
Marsset, Binzel, et al. (2024). If so, both Nele and
Karin/Koronis, contribute to the 7 Ma CRE peak of H
chondrites.

Two other relatively high inclined H chondrites,
Piibram (a = 2.401 4+ 0.005 AU, i = 10.4820 £+ 0.0004°)
and Elmshorn (a ~ 2.50 + 0.07 AU, i = 19.4°), have CRE
ages ~18 Ma. While Pribram might have originated from
Koronis, based on an earlier CRE age measurement of
11.5 + 1.5 Ma (Bagolia et al., 1980), the re-evaluation of
the CRE age based on old measurements (14.7 + 1.1 Ma
from Graf & Marti, 1995) yielding an age of 17 + 2 Ma
by Meier et al. (2022) implies otherwise. That age overlaps
with the age of 18.5 & 1.5 Ma measured for Elmshorn by
Bischoff, Patzek, Alosius, et al. (2024) and Bischoff,
Patzek, Barrat, et al. (2024). Perhaps, these H chondrites
originated from the Maria family, in particular the cluster
of asteroids centered on (660) Crescentia (Aljbaae
et al., 2017; Nesvorny et al., 2024) between asteroid (170)
Maria and the 3:1 mean-motion resonance (Figure 1).
Until now, this structure has not been dated separate from
the older rest of the Maria family.

An LL/H Mix and the Eunomia Family

Benesov  (a =2.483 + 0.002 AU, i=23981 +
0.007°) is a rare mixed bag of meteorites, dominated by
LL chondrites. The recovered meteorites (20 years after
the fall) were a 7.72 g LL3.5 chondrite with an
achondrite-like inclusion, a 1.99 g LL3.5 chondrite, but
also a 1.56 g H5 chondrite now listed as BeneSov(b)
(Spurny, Haloda, et al., 2013; Spurny et al. 2014).
Because of its uncertain identity, the meteorite is not
included in Figure 8. It arrived on Earth from a highly
inclined orbit out of the 3:1 resonance, an odd case
among LL chondrites (Figure 11), suggesting that it did
not originate in the Flora family but from a source high
in the central main belt. Eunomia is the largest asteroid
family in the central main belt (at a = 2.64 AU, i = 13.1°)
and perhaps the only source of LL chondrites (Vernazza
et al., 2014; Marsset et al.,, 2024). There are several
sources of H chondrite clasts nearby. Eunomia also has
several known clusters: 1998 GC3, 1990 SB1, 2008 OV23,
1998 TA6, and 1996 WU2 (Nesvorny et al., 2024). To
date, no dynamical ages have been determined for these.
The 11 Ma CRE age for BeneSov is uncertain because of
terrestrial weathering (Meier et al., 2019; 2022).
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TABLE 8. The largest-for-its-age-bracket rayed (young) impact craters on asteroids (4) Vesta that can be a source
of HED meteorites.

D Ager unar Ageasteroid CRE age Main Meteorite

Crater (km) (Ma) (Ma) Ejecta blanket peak (Ma)* type example Ref.

Arruntia 10.5 2.5+ 04 14.6 £ 2.3 Fa rich exposures from (too young) [1]
impact melt

— — — — 52405 D, E Nobleborough

(E, polym.)

Vibidia 7.1 96 13 98 +£7 On slope Veneneia, 89 £ 0.5 E Juvinas (E) [2]
many type ejecta

Cornelia 149 11.2 £ 2.1 ~58 Diverse, crater floor pitted 152+ 1.9 E Ibitira (E) [3]
terrain, impact melt

Rubria 103 179 £ 34 ~84 On topographic high, no 182+ 1.3 H Motopi Pan (H)  [4]
solar wind Ne

Antonia 16.7 21.1 £3.7 89 £ 3 On slope Rheasilvia, solar 222 4+ 1.2 D, E,H Saricicek (H) [5]
wind Ne

— — — — 258 £ 1.2 E Millbillillie (E)

— — — — 32.6 + 1.6 E, H Lakangaon (E)

— — — — 413 £ 1.2 H, D Roda (D)

Licinia 24.1 495+ 4.6 ~172 Highland crater, many 50.5 £ 1.5 H, D, E  Macibini [6]
type ejecta (E, polymict)

Marcia  67.6 120 £40 294 + 130 Eucritic ejecta, floor pitted (too old) [7]

terrain, impact melt

Note: Ages in lunar chronology scheme by Schmedemann et al. (2014), ages in the asteroid-based chronology scheme by Marchi et al. (2012) and
O’Brien et al. (2014). References: [1] Ruesch et al. (2014); [2] Kneissl et al. (2014); [3] Krohn et al. (2014); [4] Krohn et al. (2014); [5] Kneissl
et al. (2014), Unsalan et al. (2019); [6] Ruesch et al. (2014); [7] Ruesch et al. (2014), Williams et al. (2014).

“CRE age groups as in Figure 12, modified from Eugster and Michel (1995) and Welten et al. (1997).
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FIGURE 13. Relation of crater ages on (4) Vesta to CRE ages of recovered HED meteorites. Left: Age of young impact craters
in Moon-based (dark) and Asteroid-based (gray) chronology schemes; Right: The cosmic ray exposure age of HED meteorites,
with example of Motopi Pan. From: Jenniskens et al. (2021).
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HED-Type Achondrites and Asteroid Vesta

The lack of large asteroids in the Vesta asteroid
family makes asteroid (4) Vesta itself the likely source of
our meteorites (Unsalan et al., 2019). Only a handful
of the largest craters on Vesta are likely source craters for
HED meteorites as the debris from those will dominate
that of smaller impacts in their age bracket. Those are
listed in Table 8. Their ages are derived from crater
counts on the ejecta blankets. Calibrations of those
counts have resulted in different age estimates. In the
asteroid-derived chronology, all these rayed craters are
too old to be the source of our meteorites and the one
crater that could be the source would have ejected impact
melt, contrary to the nature of HEDs. Instead, there is
good agreement between peaks in the CRE age
distribution and the age of source craters in the lunar-
based chronology (Figure 13).

That does not exclude the possibility that some HED
are from collisions with Vesta family members. Recently, a
compact 35-member family was identified in the Vesta
family associated with asteroid 2012PM61, consisting only
of small objects (Nesvorny et al., 2024). It is unclear if
enough fragments were generated in this collision to cause
one of the unassigned peaks in Table 8. Moreover, this
family may be too young to produce meteorites at
Earth now.

Assigning meteorites to specific impact craters can
only be achieved from space missions like Dawn that map
the crater terrain. Dawn also visited asteroid Ceres, the
largest asteroid in the main belt and found that 26-km
sized crater Kupalo is ~4 Myr old (e.g., Hernandez
et al., 2022). That is a possible source crater for
meteorites, but no meteorites are known associated with
Ceres.

The isotopic signatures and orbit of Bunburra-
Rockhole imply that there is also a population of eucrites
in the inner main belt unrelated to Vesta (Benedix
et al., 2017). That source remains unidentified.

CM Carbonaceous Chondrites and the Themis Family

At least half of the CM chondrites have such short
CRE ages (~0.05-2 Ma) that they likely originate from
larger NEA that already evolved into the near-Earth
orbit. Maribo and Sutter’s Mill arrived on low-q orbits
(Table 2), suggesting that larger NEA did survive to
evolve to such lower q orbits but then fragmented by
thermal stresses (Jenniskens et al., 2012; Shober
et al., 2024).

The disruption of small CM asteroids already in near-
Earth space could explain the relatively high flux of short
CRE age m-sized CM-type asteroids at Earth (McMullan
et al., 2024; Shober et al., 2024), even if the delivery is

inefficient. However, the diversity in CRE ages and the
level of aqueous and thermal alteration of the four CM2
chondrites tracked to date rule out the possibility that they
all originated from a single disrupted NEA. Correlated
mineralogy and cosmic-ray exposure ages (Nishiizumi &
Caffee, 2012) points to this diversity among larger CM2
parent body NEA.

How large are these asteroids when they evolve
from the main belt inwards? Observed 1-km sized C/P
class asteroids that appear CM-type and still have a
semi-major axis near the 3:1 and 5:2 resonances have
relatively high 5-20° inclinations. Space weathering
results in strong reddening (Thompson et al., 2019), so
the spectral properties of D-class asteroids are not
inconsistent with CM chondrites. However, D-class
NEA from that region have i~ 7° (Broz, Vernazza,
Marsset, Binzel, et al., 2024). This is also not in
agreement with the low i < 3° approach orbits of CM
chondrites. Smaller source asteroids, say 10—-100 m size,
could arrive on lower inclined orbits if the source
region is at low inclination and resonances had less
time to pump up the inclination.

Previously suggested sources such as Polana (e.g.,
Jenniskens et al., 2012) and Veritas (e.g., Farley et al.,
2006; Meier et al., 2016; Nesvorny et al., 2003) are at too
high inclination to account for the observed orbital
elements of CM chondrite falls. The precise orbit of
Winchcombe with a semi-major axis just beyond the 3:1
mean-motion resonance suggests that this source is near
the 5:2 mean-motion resonance or beyond.

Possible source asteroid families include the large
Themis family (7 = 1.1°, red in Figure 1) and the small
Marconia family (i = 2.6°) in the outer main belt, as well
as the Astrid family (i = 0.7°) and the Misa family, or
better the younger overlapping family named after 2000
EZ39 (i = 2.2°), in the central main belt. The 2000 EZ39
family has a steep size distribution and is rich in small
asteroids, but does not have the 0.7 p band (Bolin
et al., 2018) that is a prominent feature of CM chondrites
(Suttle et al., 2021). Little is known about the small
Marconia family.

The low inclination of Maribo and Winchcombe
points to the Astrid family (i = 0.7°), a small relatively
compact family near the 5:2 resonance. Astrid itself has a
hint of a 0.7 p band (Tatsumi et al., 2024). However, this
small family has a shallow size distribution and a relatively
high age of 135 + 15/—20 Ma (Carruba, 2016). However,
although the given CM chondrites come from somewhat
larger (10-100 m) NEA, it will take these larger asteroids
longer to evolve to the near-Earth space. Those
asteroids would be too small to be detected efficiently in
this part of the asteroid belt.

Alternatively, Themis (i = 1.1°) is one of the richest
families and among the four earliest recognized families
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(Hirayama, 1918). It is associated with 198-km sized
asteroid (24) Themis, which would originally have had a
diameter of 286 km (De Pra, Pinilla-Alonso, et al., 2020).
The family has at least one young <10 Ma subfamily
called Beagle with spectra similar to CM2 chondrites
(Carruba, 2019; Fornasier et al., 2016; Nesvorny et al.,
2015; Takir et al., 2015). The oldest CRE ages in CM
chondrites range from 4 to 14 Ma (Krietsch et al., 2021;
Meier et al., 2016).

About 13% of Themis family members have the
0.7 pm band and near-UV absorption from charge
transfer of interlayer iron in phyllosilicates (Florczak
et al., 1999; Kaluna et al., 2016; Tatsumi et al., 2021,
2024). The Themis family is associated with active
asteroids, with hydroxyl-bearing minerals at 3 pm (Takir
& Emery, 2012) and even with water ice (Campins et al.,
2010). The spectrum is that of anhydrous IDPs (Marsset
et al., 2016). The majority of unmelted micrometeorites
has compositions similar to CM chondrites (Kurat et al.,
1994) but are thought to be of Jupiter-family comet origin
(Nesvorny et al., 2010). Indeed, Themis has been proposed
as a possible source of some Jupiter-family comets from
loss via the 2:1 resonance (Hsieh et al., 2020).

If Themis is the source of CM chondrites, then these
asteroids would first pass the 7:3 resonance, before being
delivered to near-Earth space via the 5:2 resonance.
Indeed, small asteroids can cross the resonance for fast
enough Yarkovsky drift rates (Xu & Zhou, 2020).

Some H chondrites contain clasts of CM
carbonaceous chondrites (Bridges & Hutchison, 1997,
Zolensky et al., 2016). Earlier, Rubin and Bottke (2009)
proposed that the Baptistina family was the origin of these
clasts, but if Koronis is the source of some H chondrites,
then Themis being the source of CM carbonaceous
chondrites would explain why a steady stream of CM
fragments could mix with H chondrite regolith that has
built up on the Koronis parent body over time. Both
families are very old. Koronis broke about 1700 Ma ago,
when Themis was already a debris field (age ~ 3000 Ma).
After the breakup of Koronis, the surfaces of Koronis
family asteroids were also impacted by CM fragments,
with collisions resulting in CM-clasts becoming part of the
regolith breccia. Ipiranga is one of those H chondrites
known to contain CM clasts (Zolensky & Le, 2024). We
find that it has Fa and Fs compositions determined from
infrared spectroscopy by Mitchell et al. (2020) that place it
in the low-Fs pristine main belt group in Figure 7.

C1-Ungrouped (CM-Affinity) Meteorites and the Veritas
Family

Only one Cl-ungrouped meteorite was tracked,
Flensburg, and that case resulted in a semi-major axis
that placed the asteroid squarely in the 5:2 resonance.

The meteorite has an ultra-short CRE age. The 5:2
resonance is capable of very rapid delivery of meteorites
to Earth (Nesvorny et al., 2009). The meteorite has CM
affinity. It is possible that it originated from a larger
asteroid in the Themis family, which had the inclination
pumped up by the 5:2 resonance. However, it is more
likely that a small asteroid from the young 8.3-Myr old
Veritas family (Tsiganis et al., 2007), a potential source of
CM or CR chondrites (Broz, Vernazza, Marsset, DeMeo,
et al., 2024), evolved into the inner solar system and then
broke off the Flensburg meteoroid. Because Flensburg is
an ungrouped meteorite, it is possible that this material
is only a clast in an otherwise CM1/2-class material
breccia, in which case the Veritas family is CM type.

CI Carbonaceous Chondrites and the Polana/Eulalia
Families

Delbo et al. (2023) showed that among all the primitive
inner main belt families, the reflectance spectra of asteroid
Bennu are the most similar to those of the Eulalia family
and that of asteroid Ryugu most similar to those of the
older Polana family. Both asteroids were sampled and
proven to be CI chondrites (Delbo et al., 2023). This
suggests that these families are CI type and a source of CI-
like near Earth objects (Broz, Vernazza, Marsset, DeMeo,
et al., 2024; Takir et al., 2024).

Further evidence that the inner main belt is a source of
CI carbonaceous chondrites is that Cl-like clasts
(xenolithic fragments) are found in HEDs and ordinary
chondrites (Zolensky et al., 1996) that are thought to have
originated in the inner main belt. These clasts have
hydrogen isotopes similar to those of common CI
chondrites (Patzek et al., 2020). Of all H chondrites known
to have CI or CM clasts listed by Zolensky and Le (2024),
only four have recorded Fa and Fs numbers in the
meteoritical bulletin: Carancas, DAG577, NWA 8369, and
ZAG H3-6. All belong to the high-Fs group (Inner Main
Belt H chondrites, Figure 7), and all have CI clasts.

An origin of CI chondrites in the inner main belt
would suggest a higher flux at Earth than for CM
chondrites. However, CI chondrites are rare in our
collections. The difference is not at the source because the
size-frequency distribution of Polana (SFD slope = —3.2,
Table 5) is as steep as that of the Beagle cluster in the
Themis family (SFD slope = —3.0). Instead, Polana family
asteroids may be less efficient at creating m-sized debris
than Themis family asteroids when they come into the
inner solar system.

CM Carbonaceous Chondrites and the Erigone Family

The inner main belt has two different classes of
primitive asteroids (Arredondo et al., 2021b). One group
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of C-class families do not have or have only shallow,
hydration bands (Polana, Eulalia, Clarissa, Svea) and are
identified as CI ordinary chondrites (see above). The
other group (Erigone, Sulamitis, Klio, and Chaldaea)
contains hydration bands with a sharp low-wavelength
slope typical of carbonaceous chondrites (Rivkin
et al., 2022). NASA’s Lucy mission is about to fly by
asteroid (52246) Donaldjohanson on April 20, 2025, a
possible member of the Erigone family.

H chondrite NWA 8369 has both CI and CM2 clasts,
suggesting a second source of CM2 chondrites in the inner
asteroid belt. Small CM and CI clasts are also found in
HED chondrites (Zolensky et al., 1996). The CM clasts
have hydrogen compositions similar to that of CM
chondrites (Patzek et al., 2020). If the CI clasts are from
Polana-group asteroids, based on their location in the
inner main belt relative to Vesta (Figure 1), it is possible
that the Erigone group, which contain the iron-rich
phyllosilicates typical of CM chondrites (Tatsumi
et al., 2024), is a source of CM chondrites in the inner
main belt. That said, most of the Erigone group families
are relatively young, having been derived from a
population of larger CM asteroids in the inner main belt.
Depending on the age of the H chondrite breccias, these
CM clasts may have originated in older and now diffuse
families in the inner main belt such as Nemausa (Table 5).

CV/CO/CK and the Eos Family

So far, no CV, CO, or CK carbonaceous chondrite
approach orbits have been measured. Similarities with
asteroid spectra point to an origin in the Eos family (e.g.,
Bell, 1988; Gattacceca et al., 2020; Tanbakouei
et al., 2021), a prominent family in the outer main belt
(green in Figure 1). We note that there is a young ~2.9 Ma
sub-family associated with asteroid (633) Zelima in the
Eos family (Carruba & Ribeiro, 2020; Tsirvoulis, 2019),
and CO and CV (and perhaps also CK) meteorites have a
peak in the CRE age distribution at ~5.5 Ma
(Eugster, 2006; Scherer & Schultz, 2000). If the low-i 7-
Myr old H chondrites come from the Karin cluster, it is
perhaps not unreasonable to propose that the ~5.5 Myr
old CO/CV/CK meteorites are from the Zelima cluster. If
so, the small Zelima meteoroids may arrive to us not via
the 8J-3S-3A three-body resonance that they are next to or
the or z; secular resonance that they are in (Carruba &
Ribeiro, 2020), but via the more efficient 5:2 or 3:1 mean-
motion resonances that avoid the aphelion of their orbit
evolving too close to Jupiter’s orbit. They are predicted to
arrive on a = 2.5-2.9 AU and i ~ 10° orbits. CV, CO, and
CK chondrites survive the interplanetary medium better
than CM chondrites. In addition to the ~5.5 Ma peak, CO
chondrites have CRE peaks also at about 9, 17, 26 and 45
Ma (Eckart et al., 2024). Those collisions may have been

elsewhere in the Eos family. Some 1-km sized NEA of K
and L class also appear to originate from the Eos family
(Broz, Vernazza, Marsset, Binzel, et al., 2024).

The Source of C2-Ungrouped Tagish Lake

Tagish Lake has CM, CI, and CR affinities but has
isotopic signatures different from each of these (Schrader
et al., 2024). The phyllosilicates are Mg-rich, unlike those
detected in the reflectance spectra of most primitive
asteroids in the inner main belt. The meteorites are fragile
and may survive atmospheric entry even less efficiently
than CI chondrites. Meteorites similar to Tagish Lake
include Tarda, Wisconsin Range 91600, and Meteorite
Hills 00432. The reflectance spectrum is that of a D-class
asteroid (Hiroi et al., 2001).

Gatrelle et al. (2021) identified D-class NEA 2000
LC16 as a plausible parent body, while Hlobik and
Té6th (2024) identified small NEO asteroids 2005 YUy
(a=2.01 AU, i=4.0°, H=23.7 magnitude) and 2016
AF g6 (@ =194 AU, i=3.1°, H =254 magnitude) as
moving on similar orbits. However, the high ~7.8 Ma
CRE age of Tagish Lake argues against it having
originated from an asteroid already in an evolved NEA
orbit.

The orbit of Tagish Lake suggests that it came from
the inner main belt and was delivered by the v¢ resonance
(Brown et al., 2000). There are only a handful of asteroids
of D-class known in the inner main belt (DeMeo
et al., 2014). Asteroid (15112) Arelenewolfe has the lower
inclination suggested by Tagish Lake (a = 2.30 AU,
i =3.0°), but it is only 7 km in diameter. The largest D-
class asteroid in the inner main belt is 63-km (336)
Lacadiera (Rhoden et al.,, 2020) with orbital elements
a =225 AU and i= 6.1° (Table 6). Neither one has a
known ~7.8 Ma family associated with it.

Enstatite Achondrites and the Roxane Family

Aubrites are a good spectroscopic fit to the Hungaria
family (Clark et al., 2004; Gaffey et al., 1992), a family
with homogeneous high albedo E-class (Xe) spectra quite
different from the non-family background in that high-
inclined part of the asteroid belt (Lucas et al., 2019). A
dynamical pathway from the family to Earth was
identified by Cuk et al. (2014) that does not involve
resonances, but rather Yarkovsky drifting across the
orbit of Mars, resulting in high CRE ages. Aubrites as a
group have CRE ages between 12 and 118 Ma
(Lorenzetti et al., 2003).

However, the first documented aubrite Ribbeck
(Table 2), known also as asteroid 2024 BX1 before the
impact, has an orbit that points to a source in the inner
main belt and delivery via vg (CRE age of 70 Ma).
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Located relatively close to vg, asteroid (317) Roxane and
nearby high albedo asteroids (the Roxane family) were
proposed as a source of aubrites by Fornasier
et al. (2008). The 113 x 67 x 65 km sized E-class
asteroid (44) Nysa (Table 6) has a similar spectrum but is
located closer to the 3:1 resonance.

There are also E-class asteroids scattered higher
(i ~5°) in the inner main belt, most are among Flora
family asteroids (Hamann et al., 2024). Perhaps not
surprisingly, some aubrites contain LL-type ordinary
chondrite clasts (Rubin, 2010). Visited by the Rosetta
mission, asteroid (2867) Steins is one of the inner main
belt E-class asteroids but in a higher inclined i ~ 9.5°
orbit.

Recently, we identified two pathways to Earth for
high-albedo asteroids from their distribution in a-i space
(Hamann et al., 2024). One group of asteroids is found
along a path from the Hungaria family (green in
Figure 1) to a = 1 AU, i = 0° at Earth; another group is
located along a path from the inner main belt to Earth.
The two sources have slightly different spectra, with
surfaces of inner main belt E-class asteroids being more
contaminated by the ordinary chondrite material (Clark
et al., 2004). Ribbeck has the weaker oldhamite band of
(317) Roxane (Cantillo et al., 2024).

Enstatite Chondrites and the Athor Family

It was recently proposed that the Athor family (Delbo
et al.,, 2019), with (161) Athor being an M/Xc-class
asteroid, has the right albedo and spectral characteristics
to be a source of EL chondrites (Avdellidou et al., 2022).
Indeed, the one EL ordinary chondrite, Neuschwanstein,
with a CRE age of 48 Ma (Meier et al., 2022), arrived
from the 3:1 resonance (a=2.40 4+ 0.02 AU, i=
11.41 4+ 0.03°), with the Athor family stretching across the
inner main belt but centered on ¢ = 2.38 AU and i = 8.8°.
The Athor family, however, has a high dynamical age of
~3000 Ma, and a 48-Ma cluster has not yet been identified
in this family.

EH chondrite Raja arrived also from the inner main
belt, from an evolved orbit with inclination
i=6.31 £ 0.34° (Zappatini, Gnos, et al., 2024) not
unlike the 8.8° of the Athor family. No CRE age has
been determined yet. Both EL and EH chondrites have
CRE peaks at ~3 Ma, ~8 Ma and a broad peak at
20-50 Ma (Eugster, 2006; Wieler, 2002). A second EH3
meteorite fell near Ait Saoun in Morocco on August 6,
2024 (Chennaoui-Aoudejehane, Spilde, et al., 2024), but
the fireball was recorded from only one camera station
and no orbit has been derived yet. NEA of enstatite
affinity appear to have a short semi-major axis and low-
inclined orbits (Broz, Vernazza, Marsset, Binzel,
etal., 2024).

The Source of Irons and Stony-Irons

Not much can be said here about the origin of irons
and stony-irons. There are about 13 different iron groups
(Scott, 2020). One iron Adalen (provisional name), of
unknown classification pending analysis, had an
evolved orbit @ = 1.90 £+ 0.03 AU and i = 15.22 £+ 0.14°
(Kyrylenko et al., 2023), suggesting it was delivered by
the v¢ resonance from the inner main belt. Iron asteroids
are thought to be of M-class, but that is uncertain until
asteroid 16 Psyche is visited by NASA’s Psyche mission.
Kilometer-sized NEAs of M-class mostly come in on
highly evolved short a ~1 AU and high i~ 15-30°
orbits, with some examples from high i and a ~ 3.2 AU
and from low i and a ~22 AU (Broz, Vernazza,
Marsset, Binzel, et al., 2024). The one observed iron
meteorite orbit does not fall in any of these groups. Most
M-class asteroids are found in the central, pristine, and
outer main belt (DeMeo & Carry, 2014).

The Source of Ureilites

The reflectance spectrum of polymict ureilite
Almahata Sitta, recovered from asteroid 2008 TC3, is
unknown among main belt asteroids (Jenniskens
et al., 2010). Recent studies of space weathering of ureilite
surfaces have shown that the meteorites will evolve a
more reddish spectral slope over time (Goodrich
et al., 2019). DeMeo et al. (2022) matched ureilites with
L-class asteroids (not to be confused with L-chondrite
type meteorites).

As a group, ureilites have a CRE age distribution
starting at ~45 Ma, smoothly increasing in number to
shorter ages, with most between 1 and 20 Ma (David &
Leya, 2019; Leya & Stephenson, 2019). There are no clear
peaks in the distribution. The CRE age of 2008 TC3 was
about 20 Ma, although individual chondrite clasts
showed a range in CRE ages from 7 to 24 Ma (Ricbe
et al. 2017, 2022), in line with other ureilites having CRE
ages lower than 45 Ma. This may reflect ongoing
fragmentation of these asteroids from their source region
to impact on Earth. The ureilites in 2008 TC3 were brittle
and easily broken.

Here, we note that the space-weathered spectrum of
2008 TC3 is not unlike that of L-class (234) Barbara. That
asteroid is the name type of the “Barbarians”, scattered
asteroids in the inner main belt that have unusual
polarimetric properties because they are a mineral
assemblage composed of high albedo, high index of
refraction inclusions with a small optical size scale
embedded in a dark matrix material more closely related
to C-complex asteroids (Masiero et al., 2023). Mahlke
et al. (2023) suggested that the high albedo component was
CAl inclusions and that these asteroids correspond to CO-
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TABLE 9. Chronology of proposed asteroid-meteorite links in earlier reviews by Jenniskens (2014, 2018) and the
links made here. Results are compared to 1-km sized NEA source regions proposed by Broz, Vernazza, Marsset,
Binzel, et al. (2024) and Broz, Vernazza, Marsset, DeMeo, et al. (2024)* and Marsset et al. (2024).

Meteoroids/meteorites:

1 km-sized NEA:

Type (CRE age) 2013 2018 2024 (this work) 2024 (Broz et al.)
HED Vesta family Vesta family Vesta craters (Table 7) Vesta family

LL Flora family Flora family Flora family Flora family

LL shocked — — Flora family/Baptistina family —

LL + H breccia — — Eunomia family —

L/LL — — Flora? Juno family

H (7 Ma, i < 5°) — —

H (12 Ma, i < 5°) — —

H (83 Ma, i < 5°) — —

H (35 Ma, i < 10°) — Low-i IMB

H (6 Ma, i > 10°) Phocaea family? Phocaea family
H (18 Ma, i > 10°) — —

L — Low-i IMB
L (450 Ma Ar-Ar) Gefion family Low-i, 3:1
L (45 Ma, 450 Ma Ar-Ar) — —

cr’ — —

CM (OMB) _ _

CM (IMB) Eulalia family? Sulamitis family
Cl-ung (Flensburg) — —
C2-ung (Tagish Lake) — —
CO/CV/CK (5.5 Ma) — —
CO/CV/CK other — —

CR — —
Ureilites Polana family? Polana family?
Aubrites — —

EL — —
Irons — —

Koronis family—Karin cluster
Koronis family—Koronis,
Koronis family—K oronis;
Massalia,—40 Ma cluster

Nele (=lannini) family

Maria family—Crescentia cluster?

Hertha family

Hertha family

Hertha family—Hertha, cluster
Polana/Eulalia family

Themis family—Beagle cluster

Erigone/Sulamitis families
Veritas family

Lacadiera crater?

Eos family—Zelima cluster
Eos family

Brangane family?
IMB; Roxane family?

Athor family?
9

Phocaea and Maria
families

Massalia, cluster

Juno and Gefion families

Polana, Euphrosyne, etc.
families

Adeona, Dora, etc.
families

Eos and Watsonia
families

Baptistina family

Hungaria family and
IMB

Abbreviation: IMB, inner main belt.
Bold marks the more certain identifications.

“Including information listed on website (Broz, (2023): https://sirrah.troja.mff.cuni.cz/~mira/meteomod/examples.html (last accessed 11/1/2024).
Based on asteroid taxonomy by Delbo et al. (2023) and samples returned from Bennu/Ryugu.

and CV-class meteorites. However, polymict ureilites are a
mixture of low albedo (carbon rich ureilites) and high
albedo materials of enstatite and ordinary chondrites. That
mixture is intimate even at small scales and thus could be
an alternative, especially if the asteroids are covered in a
thin layer of fine-grained regolith.

The L-class asteroid family Brangane in the central
main belt at i ~ 10° near the 3:1 resonance contains such
Barbarians and represents a recent 45 £ 8 Myr old
(Broz, Vernazza, Marsset, Binzel, et al., 2024; Paolicchi
et al., 2019; Spoto et al., 2015) cratering event among
such asteroids. The family is rich in small asteroids. This
possible link remains uncertain, also because the
observed orbit of 2008 TC3 is highly evolved, with a
short semi-major axis.

CONCLUSIONS

Since the Jenniskens (2018) review, the number of

documented meteorite falls from the observation
of meteors has doubled to 75. The information from
sample return missions and asteroid taxonomic studies
has also increased. Taken together, it is now possible to
assign more meteorite types to dominant asteroid families
and even specific meteorites to some craters on Vesta.
The chronology of our understanding, expressed at
different levels of certainty, is summarized in Table 9 and
Figure 14.

Compared to the 2018 review, there has been no
change to the assignment of LL chondrites to the Flora
family and delivery via the v¢ resonance. This assignment
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FIGURE 14. Schematic diagram showing the proposed origin
regions of our meteorites in the main asteroid Belt.

is strengthened by recent studies showing that larger NEA
also arrive from the same source, as did the 20 m-sized
asteroid that caused the Chelyabinsk airburst.

We also confirm that HED meteorites likely originate
from Vesta, not from the Vesta family but from Vesta
itself. It is now shown that they can be linked to a small
number of specific impact craters imaged in NASA’s
Dawn mission. They mostly arrive from the v resonance.
In contrast, V-class NEA likely originate from the family,
rather than from Vesta itself, arriving from both the
Ve and 3:1 resonances.

Meteor observations have now established a source
of H chondrites at low inclination beyond the 5:2 mean-
motion resonance, three of which have the 7-Ma age at
the peak of the H-chondrite CRE age distribution. These
likely originated from the 5.75 £+ 0.05 Myr old Karin
cluster in the Koronis family. Others appear to derive
from the Koronis, cluster (age 10-15 Ma), while Ejby
may have originated in the impact that resulted in the
Koronis; cluster. If so, that cluster is 83 £ 11 Myr old.

The Koronis family is not the only source of H
chondrites. There is also a source of H-chondrites in the
inner main belt with a ~35 Ma CRE peak. The Massalia
family has a ~40 Myr old dynamical group and the source
asteroid (20) Massalia appears to be an H chondrite.
There is no other obvious source of H chondrites in the
inner main belt.

The Hertha family is the most likely source of L
chondrites, which arrive from a single source in the inner
main belt. The Hertha family has near-IR reflectance
spectra that are significantly different from, and plot in
between, those of the Flora family (LL) and Massalia
family (H) members. The 468-Ma collision that caused an
unusually high flux of L chondrites on Earth shortly
afterwards, and that reset the Ar-Ar age on many

shocked L chondrites, requires an unusual collision.
When the Hertha family formed from a collision with X-
class (135) Hertha, it created a large debris field of S-class
asteroids. This Hertha family was formed with high ejecta
speeds and left the parent body covered in the shock-
blackened material. In this scenario, the Hertha, family
represents shock-blackened L chondrites from a later
collision on (135) Hertha.

Primitive families in the inner main belt fall in two
groups. One group is a source of CI carbonaceous
chondrites, as shown by the sample return missions from
Ryugu and Bennu. Those are thought to have arrived
from the Eulalia and Polana families. This excludes these
families as a source for ureilites or CM carbonaceous
chondrites, as proposed before. However, the Erigone
group (including Sulamitis) may be the source of CM
clasts in some ordinary chondrites and HED achondrites
that originated from the inner main belt.

Another source of CM chondrites exists in the outer
main belt. The CM chondrites observed at Earth so afar
originated from a surprisingly low-i source and lower in
inclination (i < 3°) than most candidate source regions.
The most precisely measured orbit of Winchcombe points
to it having evolved from the 5:2 mean-motion resonance.
We cannot completely exclude a role for the Astrid
family, but a more likely source is the large Themis family
in the outer main belt, in particular, the <10 Myr old
Beagle cluster. The oldest CM chondrites have ages of
4-14 Ma. That would explain the CM chondrite clasts
found in brecciated H chondrites.

The orbit of Flensburg points to a link between Cl1-
ungrouped (CM-affiliated) carbonaceous chondrites and
the Veritas family. It is possible that CO/CV- and CK-
class carbonaceous chondrites originate from Eos, in
particular the Zelima cluster of the same dynamical age as
one of the CRE age peaks of these meteorite types.

We have now entered an age where meteorites can be
used as geological hand specimens of selected regions in
the asteroid belt, but much work is still required to expand
the current reach. Some of our proposed associations in
Table 9 and Figure 14 differ from those suggested in the
recent literature and require more work. Notably, our
suggestions differ from the recent work of Broz, Vernazza,
Marsset, Binzel, et al. (2024) and Broz, Vernazza, Marsset,
DeMeo, et al. (2024) and Marsset et al. (2024) in regard to
the origin of L, H, and CM chondrites.

Future tracking of meteorite orbits has the potential
to set firmer constraints on the identity of the source
regions and the age of young asteroid families. In addition,
the CRE age and Ar-Ar resetting ages still need to be
measured for 26 of the meteorites with documented orbits,
to bring to light the dynamical evolution of small asteroids
and meteoroids from their source regions to Earth.
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