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Abstract–Linking meteorites to their asteroid parent bodies remains an outstanding issue.
Space-based dust characterization using impact ionization mass spectrometry is a proven
technique for the compositional analysis of individual cosmic dust grains. Here we investigate
the feasibility of determining asteroid compositions via cation mass spectrometric analyses of
their dust ejecta clouds during low (7–9 km s�1) velocity spacecraft flybys. At these speeds,
the dust grain mass spectra are dominated by easily ionized elements and molecular species.
Using known bulk mineral volume abundances, we show that it is feasible to discriminate the
common meteorite classes of carbonaceous chondrites, ordinary chondrites, and howardite–
eucrite–diogenite achondrites, as well as their subtypes, relying solely on the detection of
elements with ionization efficiencies of ≤700 or ≤800 kJ mol�1, applicable to low (~7 km s�1)
and intermediate (~9 km s�1) flyby speed scenarios, respectively. Including the detection of
water ion groups enables greater discrimination between certain meteorite types, and flyby
speeds ≥10 km s�1 enhance the diagnostic capabilities of this technique still further. Although
additional terrestrial calibration is required, this technique may allow more unequivocal
asteroid-meteorite connections to be determined by spacecraft flybys, emphasizing the utility
of dust instruments on future asteroid missions.

INTRODUCTION

Asteroids are remnants of planet accretion and the
understanding of their composition and diversity provides
important constrains on the conditions and processes that
occurred in the early Solar System. The primary
method for studying the composition of asteroids is via
remote sensing observations—for example, reflectance
spectroscopy and photometry (e.g., Bus et al., 2002;
DeMeo et al., 2015; Emery et al., 2019; Gaffey et al., 1993;
Li et al., 2015; Reddy et al., 2015). These works have
provided the basis for asteroid taxonomical classifications
with a wealth of data for thousands of asteroids. Despite
these successes, the compositional make-up of most

asteroids remains elusive. Furthermore, other factors, such
as atmospheric transmission, observation geometry (e.g.,
phase angle) and physical properties (e.g., surface grain
size distribution and temperature) often complicate the
interpretation of remote sensing data (e.g., Gaffey, 2010;
Hinrichs et al., 1999; Le Bras & Erard, 2003). In addition,
many asteroids show rather featureless reflectance spectra
(e.g., Carvano et al., 2003; Cloutis et al., 1990;
Licandro et al., 2008), making the compositional analysis
challenging.

Since the pioneering work of Wylie (1939), asteroids
have been recognized as the major source of meteorites.
Asteroid samples thus can be studied in the laboratory
using sophisticated tools for analysis. However, linking
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meteorites to their asteroid parent bodies remains an
outstanding issue, with many open questions and gaps
remaining. Typically, meteorites and asteroids are linked
through reflectance spectra (e.g., Gaffey et al., 1993;
Miyamoto et al., 2018; Pieters & McFadden, 1994),
requiring laboratory measurements of meteorite
reflectance spectra, as well as those of asteroids. However,
asteroid surface alteration due to “space weathering”
(including processes caused by exposure to cosmic rays,
solar wind, and micrometeorite bombardment; for
example, Chapman et al., 1996, 2004; Gaffey, 2010) and
meteorite alteration by terrestrial weathering, together
with the dependence of reflectance spectra on physical
properties of the meteorite sample and asteroid surface
(e.g., grain size and temperature; Hiroi & Pieters, 1992;
Moroz et al., 2000) complicate the comparisons between
asteroid and meteorite spectra. In a comprehensive study,
DeMeo et al. (2022) compared 500 asteroid spectra
with over 1000 meteorite spectra in the visible and near-
infrared wavelength regions (0.45–2.5 lm). Although
well-established asteroid-meteorite connections were
confirmed, and new possible links were proposed, many
relations remain uncertain due to the non-unique and
often featureless spectral characteristics of many asteroids
(e.g., C-, B-, D- and X-type asteroids). For example, X-
type asteroids show weak spectral absorption features in
the visible and near-infrared wavelengths and can be
associated with carbonaceous chondrites (CCs), enstatite
chondrites, aubrites, or iron meteorites (DeMeo et al.,
2022). In order to resolve the ambiguity, there is a need
for complementary measurement methods to determine
the specific meteorite links (DeMeo et al., 2022). In
particular, it is interesting to note that these asteroid-
meteorite associations are generally valid for broad
taxonomic complexes (e.g., ordinary chondrites, OC are
predominantly associated with S-complex asteroids),
rather than individual asteroids. Also, many asteroids
appear not to be represented in our meteorite collections
(DeMeo et al., 2022). In spite of this progress, only one
definitive meteorite-asteroid link has been established so
far: the howardite–eucrite–diogenite (HED) meteorites
with asteroid Vesta (e.g., Binzel & Xu, 1993; Miyamoto &
Takeda, 1994). It is estimated that known meteorites may
sample some 100–150 parent bodies (Greenwood et al.,
2020), and most of those are distinct iron meteorites from
shattered parent bodies. This implies that many large,
primordial asteroids (>100 km) appear not to be
represented in the current meteorite collection
(Greenwood et al., 2020).

In view of the challenges of linking asteroids and
meteorites, an alternative technique has recently been
proposed by Cohen et al. (2019). They suggest identifying
the meteorite analog of an asteroid (if represented in the
terrestrial collection) by analyzing dust particles ejected

from the surface, which are detected during spacecraft
flyby using impact ionization mass spectrometry.
However, since the resulting mass spectra are a function of
the impact speed of the incoming dust particle (and hence
flyby speed of the spacecraft), the technique described by
Cohen et al. (2019) is only applicable to higher flyby speed
missions (>15 km s�1). In the following, we briefly
summarize the original Cohen et al. technique and the
principles of spacecraft flyby dust detection. Subsequently,
we present new approaches which are valid for flyby
speeds as low as 7–9 km s�1.

In Situ Compositional Analysis of Asteroids During

Spacecraft Flyby

Airless bodies, including asteroids (Szalay &
Hor�anyi, 2016), the Moon (Hor�anyi et al., 2015), and the
moons of Jupiter (Kr€uger et al., 1999, 2000) are
surrounded by dust ejecta clouds produced by the
continual bombardment and excavation of surface
materials by high-velocity impacts of interplanetary
micrometeoroids. By passing through this dust cloud a
spacecraft carrying a dust mass spectrometer can measure
the compositions of the ejected surface grains individually
and with a suitably large dust sample size, determine the
broad composition of surface materials, as well as
determine the possible relationship to meteorite types
(Cohen et al., 2019).

Cohen et al. (2019) separated the mineralogical
components of meteorites into broad compositional
classes that are expected to be distinguishable using
impact ionization mass spectrometry (silicates, Fe-Ni
metal, phosphates and sulfides, and oxides), with the Fe/
Mg ratio of silicates used as a further discriminator.
Using Monte Carlo simulations, in which distributions of
monomineralic grain compositions were generated based
on the bulk abundance of the respective meteorite phases,
Cohen et al. (2019) showed that as few as 20 particles
detected (and their mass spectra measured) are sufficient
to distinguish between major meteoritic classes, and
meteorite group discrimination was possible with 200–
700 grains. The method was then tested on the sample of
1087 monomineralic dust grains returned by the
Hayabusa spacecraft (Nakamura et al., 2011),
compositionally identifying asteroid (25143) Itokawa as
an LL-chondrite via the analysis of as few as 200 grains.
The authors then proceed to show that Near-Earth
Asteroids (NEOs, 1–1.5 AU heliocentric distance) larger
than 10 km would provide a statistically sufficient
number (>100) of ejecta particles for flyby distances
below 100 km. These estimates are for a 600 cm2 effective
collection area of the dust detector and particles larger
than 50 nm in radius, and are based on extending the
findings of the recent LADEE measurements of Moon’s
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ejecta clouds (Pokorn�y et al., 2019). Generally, larger
asteroids have denser ejecta clouds, and more particles
can be detected and analyzed at closer flyby distances.

However, the approach outlined by Cohen et al. uses
mass spectral metrics which are likely to be only fully
applicable at dust impact velocities (and hence flyby
speeds) greater than about 15 km s�1. Flyby speeds of
near-Earth asteroids and main belt asteroids vary
considerably, depending on spacecraft trajectory and
destination (Farquhar et al., 2002). The findings of
Cohen et al. (2019) are applicable for the planned flyby
of asteroid (3200) Phaethon by DESTINY Plus
(~30 km s�1), or that of (9969) Braille at 15.7 km s�1 by
Deep Space 1. However, other flybys, such as Stardust’s
7.4 km s�1 flyby of (5535) Annefrank or Rosetta’s
8.6 km s�1 flyby of (2867) Steins, occurred at much lower
speeds, too low for the reliable detection or quantification
of some of the common constituents of minerals.

Impact Ionization Mass Spectrometry

Measuring the composition of dust ejecta particles
from an asteroid during a flyby requires an impact
ionization mass spectrometer that is capable of analyzing
micron and sub-micron sized particles. The capabilities of
dust analyzers were demonstrated, for example by
Cassini’s Cosmic Dust Analyzer (CDA, Srama et al.,
2004). There are several dust analyzer instruments
currently in development with capabilities much exceeding
those of CDA, including the Surface Dust Analyzer
(SUDA) for the Europa Clipper mission (Kempf et al.,
2014), the DDA instrument for the DESTINY
Plus mission (Srama et al., 2019), or the Interstellar Dust
Experiment (IDEX) instrument for the Interstellar
Mapping and Acceleration Probe (IMAP, McComas
et al., 2018). In case of the SUDA, the instrument will be
capable of mapping the compositional variations of
Europa’s surface and correlating the composition
of individual ejecta particles to surface features (Goode
et al., 2021; Postberg et al., 2011).

The measurement principle for this technique of time-
of-flight mass spectrometry (ToF-MS) is based on impact
ionization, where particles impacting onto a metal target
at speeds above about 2 km s�1 generate an impact
plasma (e.g., Friichtenicht & Slattery, 1963). The
composition of the impact plasma cloud depends upon
that of the projectile (i.e., the impacting dust grain) and
the target material and varies strongly with impact speed
(e.g., Drapatz & Michel, 1974) and, to a lesser extent,
particle mass. Generally, with increasing impact speed or
particle mass (and therefore available kinetic energy),
elements with higher ionization energies appear in the
plasma, and the fraction of molecular ions decreases (see,
e.g., Fiege et al., 2014; Hillier et al., 2014). The ions from

the impact plasma are extracted and analyzed using ToF-
MS. Although large grains will produce more ions and
higher amplitude spectral signals, the role that mass plays
in the velocity threshold (the relative impact speeds at
which particular ions appear regularly in the mass spectra)
has not yet been investigated. In part, this is because the
terrestrial calibration of impact ionization mass
spectrometers uses electrostatic accelerators, which
accelerate grains to the same kinetic energy, producing a
link between grain size (mass) and achieved velocity.
Experiments to accelerate using lower accelerator
potentials are planned in the near future, to investigate the
behavior of “small and slow” impactors, but the other
population—large and fast, is out of reach of existing
equipment. We also note that the technique of Cohen
et al. (2019), as well as that presented here (described in
detail in the Methods section), relies upon the assumption
of monomineralic grains, most likely to occur at radii
smaller than 100 nm (Cohen et al., 2019). Larger particles,
with an accompanying increase in available kinetic energy
for a given impact speed, although potentially subject to
different “velocity” thresholds, are therefore less likely
to be monomineralic and instead produce spectra that
are too complex to be included in this analysis (see
Discussion section).

The likelihood of a given element appearing in a mass
spectrum of ions extracted from the plasma is determined
by (1) its abundance in the grain, (2) ionization energy of
the element, (3) the available energy (kinetic energy of the
impact and energy partitioning between the target/
projectile materials), and (4) matrix and plasma effects in
the impact cloud (e.g., Fiege et al., 2014; Hillier et al.,
2012). The combination of these effects is illustrated by the
elemental/molecular ion velocity thresholds and relative
sensitivity factors (RSFs, enabling quantitative derivation
of particle composition). The velocity thresholds derived
for elements within orthopyroxene (Fiege et al., 2014)
clearly indicate that low-speed (7–9 km s�1) flybys would
not produce reliable and abundantly ions of the elements
required for the techniques proposed by Cohen
et al. (2019). These use the abundances of silicates, Fe-Ni
metal, sulfides, phosphates, and oxides; however, the
primary constituents of those phases are not reliably
detected below 10 km s�1. Derivation of RSFs,
which allow the original grain mineral composition to
be quantitatively derived from elemental spectral
abundances, has so far only been demonstrated for
impacts at speeds ≥19 km s�1 (Fiege et al., 2014).
However, ions of easily ionized elements, such as, for
example, Na, K, Ca, Al, and Mg, do appear at measurable
levels at much lower speeds. Existing data for rock-
forming cations (e.g., Fiege et al., 2014; Hillier et al., 2012,
2018; Mocker et al., 2013), indicates elements with
ionization energy of ≤700 kJ mol�1, along with Mg,

Linking meteorites to their asteroid parent bodies 1451
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should appear in spectra at speeds of ≥7 km s�1, and
those with ionization energies ≤800 kJ mol�1 should
appear at impact speeds ≥9 km s�1.

In this study, we demonstrate that distinguishing
between various meteorite classes and groups remains
possible, if solely elements are considered that are
assumed to be reliably detected at low- to intermediate
flyby speeds. As with Cohen et al. (2019), we focus
on elements that are measured using a cation
spectrometer. We differentiate between the two cases of
7 km s�1 (low) and 9 km s�1 (intermediate) flyby speed,
resulting in spectra produced by elements with maximum
ionization energies of 700 and 800 kJ mol�1, respectively.
Additionally, we assume water group ions, such as OH+,
H2O

+, and H3O
+, to be identifiable among spectra in both

speed cases, building upon results from laboratory dust
acceleration experiments by Hillier et al. (2018). All
methods presented in the following are also applicable at
higher flyby speeds, until the available impact energies
begin to dissociate any molecular species (for example,
the previously mentioned water group ions; Hillier et al.,
2018). The present study expands upon the work of
Cohen et al. (2019) and investigates the value of dust
impact analyzer instruments in the classification of
meteorites and asteroids at these lower speeds.

METHODS

An initial set of meteorite types was chosen based
upon their currently postulated matches to some of the
most common asteroid classes in the main belt, and
the availability of suitably detailed mineralogical/
petrological information about the meteoritic
composition. The resulting asteroid/meteorite pairings are
described briefly in the following. C-type asteroid
spectroscopic features match best with laboratory spectra
of CCs (Feierberg et al., 1981). This is a class of
undifferentiated, primitive meteorites that consists mainly
of (partially hydrated) silicate minerals containing up to
5 wt% carbon (in the form of organic compounds,
carbonates, and presolar grain material such as graphite,
diamond, and silicon carbide; Gilmour, 2003), as well as
refractory material in the form of calcium-aluminum-rich
inclusions (CAIs). CCs have a variety of subtypes, for
example, CI, CM, CV, and CR, with each group possibly
sampling a distinct asteroid parent body.

Reflectance spectra of S-type asteroids indicate a
siliceous (i.e., stony) mineralogic composition composed
mostly of olivine and low-calcium pyroxene. Their link to
OCs, the most abundant meteorite type (>85% in the
meteorite collection) has been generally accepted, after
samples from the S-type asteroid (25143) Itokawa were
returned to Earth by the Hayabusa mission and
subsequently classified as thermally metamorphosed LL

chondrite (Nakamura et al., 2011). The three subtypes of
OCs, H, L, and LL, refer to the varying amounts of iron
and metal (H for high total iron and high metal, L for
lower total iron and metal, and LL for low total and
metallic iron).

The relationship between Vesta and its family
members (Vestoids) with the HED meteorites is currently
the best-established asteroid-meteorite connection
(McCord et al., 1970; McSween & Binzel, 2022). While
eucrites and diogenites are thought to represent parts of
Vesta’s crust and mantle, respectively, and therefore
closely resemble terrestrial igneous rocks, howardites are
polymict breccias containing pieces of both, sometimes
containing intermixed chondritic material and
impact melt.

For the above meteorite groups, we collected
published data of the modal mineral volume abundances
of 136 samples (see Table A1). Where mineral abundances
were given in wt%, we used typically applicable mineral
densities to convert them into vol%. The data and
corresponding references can be found in Table A1. We
note that the published analyses of meteorite compositions
are themselves typically undertaken at lower spatial
resolutions than the grain sizes assumed in this work, and
this may introduce minor, unquantifiable, errors to the
quoted mineral abundances. We considered 1 vol% as a
lower limit mineral abundance to account for variations in
the measured meteorite compositions, as well as to provide
the statistical best-case likelihood of detecting at least one
grain from a given component among 100 spectra. In
reality, a larger sample of grains is likely to be required, as
—depending on the scale—the micrometeorite impact
ejection process may, as well as stochastically sampling the
surface of the asteroid, produce multiple grains with
identical compositions, or different yields from different
materials. At the exact time of any flyby, the steady state
dust cloud composition may therefore deviate from the
ideal perfectly sampled composition. As with Cohen
et al. (2019), we assume a simple case where the asteroid’s
surface is composed of a single meteorite type and shed
dust grains are monomineralic, resulting in dust clouds
dominated by particles whose compositional abundances
mirror those of the parent asteroid (and hence possibly
connected meteorite type). The latter assumption is based
on the Itokawa grain size/composition distribution
determined by Nakamura et al. (2011) and extrapolation
of grain composition with size from the Stardust collection
(Brownlee et al., 2006; H€orz et al., 2006), where grains
with radii <100 nm were mostly monomineralic in nature.
In this work, we do not consider the possibility that the
yield of impacts into different materials may be different—
that is, an impact onto a metal may produce far fewer
ejecta grains than one onto a rocky surface, introducing a
bias to the ejecta cloud population. We also assume that
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space weathering processes—such as the formation of
nanoscale Fe (e.g., Pieters et al., 2000)—do not affect the
mass spectral appearance of the grains, or in the cases
where it may, the contributions from these species are
negligible in comparison with those from the bulk
minerals.

Several approaches were developed upon which the
three meteorite classes (CCs, OCs, and HEDs), as well as
their groups, may be discriminated based on the easily
ionized components of their mineralogy, as detected by a
dust impact ionization mass spectrometer during
spacecraft flyby. As previously mentioned, we consider
two distinct cases:

1. A low-speed flyby case at ~7 km s�1, including all
elements with an ionization efficiency of
≤700 kJ mol�1 (such as, e.g., K, Na, Al, Ca) plus
additionally Mg, as its cations are known to be
produced and easily recognizable at very low impact
speeds (Fiege et al., 2014; Hillier et al., 2018).

2. An intermediate-speed flyby case at ~9 km s�1,
encompassing all elements with ionization efficiencies
of ≤800 kJ mol�1 (thus including, e.g., Fe, Ni, Si, S,
and P).

Moreover, we assume in both cases to be able to
identify the presence of water ions (from OH and H2O)
based on laboratory-derived spectra from Hillier
et al. (2018), although further research is underway to
demonstrate both hydroxylated and hydrated minerals can
be reliably identified and distinguished using a cation
spectrometer. While each spectrum represents a single
monomineralic dust grain intercepting the dust detector
and may identify a specific mineral simply upon the
appearance of typical elements, the frequency of a spectra
type—that is, the same elemental assemblage—may
consequently reveal the abundance of a mineral phase (or
category) among the dust cloud flown through. Elemental
ratios can be derived within an ensemble of a spectral type
to derive the average composition of the mineral, or
equally for the sum of the spectra, representing the bulk
elemental dust cloud composition.

Although earlier spectrometers, such as CDA, had
targets that contained some slight contamination (e.g., Na,
K) at launch (Postberg et al., 2009), this issue is now
understood, and greater care is taken to produce and
maintain contaminant-free impact targets. Ground
calibration of such instruments is also often plagued by
anthropogenic alkali earth metal contamination (Postberg
et al., 2009), or from contamination introduced during the
production of accelerable dust analogs (e.g., Hillier et al.,
2018 used salts that contained both Na and K). Revised
laboratory methodology and new coating techniques are
currently being developed to prevent the introduction of
mineral/sample-relevant compounds.

RESULTS

Distinguishing Between Meteorite Classes

In both the low and intermediate-speed cases, we find
that distinguishing between the meteorite classes of CCs,
OCs, and HED achondrites is possible. At 7 km s�1, the
three classes are best discriminated using the number of
spectra (grain detections) of plagioclase, which are
recognized by the simultaneous presence of Ca, Na and
Al without Mg, in combination with the average
plagioclase composition (obtained from the sum of their
spectra; Figure 1). As plagioclase comprises a major
phase in howardites and eucrites (on average 36 and
45 vol%, respectively, cf. Table A1) and is calcium-rich
(with An80-95; e.g., Rubin, 1997), an ensemble of spectra
gathered during a flyby of a Vestoid should be
distinguishable from those of an S-type asteroid
analogous to OCs, with the latter exhibiting intermediate
modal abundances of sodic plagioclase (on average
12 vol% with typically An9-14; Brearley & Jones, 1998;
Nakamuta & Motomura, 1999; although there were also
more calcic feldspar grains found among chondrules of
L/LL4 Bjurb€ole with An43 on average; Kovach &
Jones, 2010) and a C-type asteroid analogous to CCs
(considering only CI, CM, CV, CR) that contain rare to
no plagioclase (anorthite is present above the detection
limit of 1 vol% only in CV chondrites; Howard et al.,
2010; and typically ranges between An80-100; Brearley &
Jones, 1998). Similar to CVs, diogenites contain only
small amounts of plagioclase (~2 vol% on average), and
their composition is very calcic (An85-90; e.g.,
Rubin, 1997). Detecting a spectrum, which
simultaneously contains Ca and Ti without Mg—likely to
derive from, for example, perovskite or hibonite—would
further indicate a CC-like composition of the asteroid’s
surface, as both phases can appear in refractory CAIs,
which OCs and HEDs completely lack.

At 9 km s�1 and above, elements such as Fe, Si, O,
S, and P begin to appear in the mass spectra, making the
identification of various mineral types, such as further
silicates, sulfides, and metals, possible. In this speed
regime, distinguishing between CCs, OCs, and HED
achondrites—in addition to the low-speed method—was
found to be possible by comparing the amount of
detected olivine with that of low-Ca pyroxene (LCP; both
discriminable using the (Mg + Fe)/Si ratio in the
spectrum, which is 1 in the case of LCP and 2 for olivine;
see Figure 2). In some cases, the olivine/LCP ratio will
not be sufficient to discriminate the three meteorite
classes and require additional parameters to be used. This
could be, for instance, the presence of phyllosilicates,
recognized by a water ion peak, to further aid in
discriminating CRs from OCs. To separate very olivine-

Linking meteorites to their asteroid parent bodies 1453
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rich diogenites, such as NWA 2968 and MIL 03443, from
CV chondrites, it may be possible to use spectra with
strong Ca and Al peaks deriving from the impact of a
CAI phase, which is abundant among CVs, but lacking in
ultramafic diogenites.

Discriminating Between Meteorite Groups

At flybys of 7 km s�1 and above, we find that also
identifying the meteorite groups of OCs, CCs, and HED
is to some extent feasible. The three groups of
HED achondrites, howardites, eucrites, and diogenites
may again be distinguished using the bulk plagioclase
content as was already applied for the discrimination of
meteorite classes (see Figure 1). However, since the
plagioclase abundances of both howardites and eucrites
overlap within their bulk compositional variations, their
unequivocal classification may not be entirely possible,
although a higher abundance of plagioclase spectra
would still favor a eucritic composition. Additionally, it is
possible that howardites contain some phyllosilicates
because they are regolith breccias of eucrites and
diogenites, and are occasionally intermixed with chondritic
material. Thus they may produce some water-rich spectra

that are unlikely to be detected from a eucritic (basaltic)
rock composition.

In the case of CCs, we find that distinguishing
between CI, CM, CV, and CRs is challenging but
possible. CI, CM, and CRs have typically experienced
moderate to strong aqueous alteration as part of their
parent bodies, leading to the (partial) replacement of
anhydrous silicates by phyllosilicates. Hence, their
spectra will show peaks from water ions, in contrast to
those of CVs, which are usually dry and do not contain
notable amounts of water (although some oxidized
subtypes exist with small amounts of phyllosilicates
between 1.9 and 4.2 vol%; Howard et al., 2010).
Moreover, the matrix of CIs generally contains higher
amounts of saponite, which is only a minor phase in
CMs, being dominated by serpentine minerals (e.g.,
Zolensky et al., 1993). A high number of spectra
containing hydrated peaks together with Na, Al, and Mg
would therefore favor a CI-like composition.

Also, the CAI abundance and mineralogy may be
important for separating the CC groups. CAIs are most
frequent in CVs (with abundances varying among
different studies between 0.65 area% to 9.4 vol%; May
et al., 1999; McSween, 1977) and contain abundant

FIGURE 1. Discriminating between carbonaceous chondrites, ordinary chondrites and howardite–eucrite–diogenite achondrites
at 7 km s�1 flyby speed by means of plagioclase abundance and its average composition (see text for details and references) in
the bulk meteorite. Plagioclase is recognized by the simultaneous appearance of Ca, Na and Al without Mg among an individual
spectrum. (Color figure can be viewed at wileyonlinelibrary.com)
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melilite and anorthite. These are phases that CAIs of
CMs are typically devoid of (e.g., MacPherson, 2014)
while containing abundant Ti-rich hibonite, a phase
rarely occurring in CVs (CAI abundance in CMs ranges
between ~0.5–3.8 vol%; Hezel et al., 2008; Norton &
McSween, 2007; Rubin, 2015). CAIs among CI and CR
chondrites are expected to be below the detection limit of
1 vol% for 100 dust samples. Consequently, detecting
spectra from CAI phases, together with those of hydrated
minerals, would point towards a CM-like composition,
while detecting only CAI spectra without evidence of
water would favor a CV-like composition. As both, CI
and most CR chondrites are strongly to moderately
aqueously altered, their separation might not be entirely
possible at encounter speeds of ≤7 km s�1, although a
high number of spectra with hydrated features would
favor a classification as CI-like.

Alternatively, Kallemeyn and Wasson (1981) found
that the CC groups of CI, CM, CV, and also CO
chondrites can be separated using their bulk Ca/Mn vs.
Al/Mn ratios (Figure 3). The ionization energy of Mn is
slightly above 700 kJ mol�1, but still below that of Mg. It
would therefore be interesting to investigate the velocity
threshold of Mn in future laboratory calibration
campaigns. If it proves to be ≤7 km s�1, the method

proposed by Kallemeyn and Wasson (1981) could also be
applied to discriminate between the four CC groups. The
bulk atomic ratios are thereby derived from the sum of
the obtained spectra.

In the case of H, L, and LL OCs, discriminating
between the three groups is found to be challenging at a
7 km s�1 flyby, as the energy of an impact would not
suffice to ionize Fe, the key element for distinguishing the
three subtypes. However, in that case, we propose to
draw conclusions from the various spectra categories
produced. Since OCs are essentially composed of olivine
and LCP (two-thirds to three-fours), as well as HCP,
plagioclase, FeNi-metal, and sulfide, four different types
of spectra are expected to arise from a low-speed flyby:
While the impact of olivine and LCP grains will produce
spectra showing only a distinct Mg peak, HCP grain
impacts will result in Ca and Mg-dominated spectra (+
potentially some Na and Al from augite in type 3 and 4
OCs; Brearley & Jones, 1998), whereas plagioclase grains
exhibit simultaneous Ca, Na, and Al (without Mg), and
the spectra from sulfide and FeNi-metal grain impacts
will not show a clear peak signature. Although LCP may
contain some Ca, the risk of misidentification is
nevertheless estimated to be low, as the wollastonite
content (of LCP) in all three groups does typically not

FIGURE 2. Discriminating between carbonaceous chondrites, ordinary chondrites and howardite–eucrite–diogenite achondrites
at 9 km s�1 flyby speed by means of olivine versus low-Ca pyroxene abundance. Olivine and low-Ca pyroxene are distinguished
upon their (Mg + Fe)/Si ratio among the individual spectra. (Color figure can be viewed at wileyonlinelibrary.com)
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exceed 2 mole% (e.g., Artioli & Davoli, 1994; Slater-
Reynolds & McSween Jr., 2005), therefore producing a
spectrum strongly dominated by Mg. Consequently,
a classification as H, L, or LL type may be possible based
on the number of Mg-dominated spectra, deriving from
olivine and LCP impacts, compared to the number of
undistinctive spectra from FeNi-metal and sulfide grain
impacts (Figure 4). It should be noted, however, that
distinguishing between H and LL chondrites in a flyby of
an H-analogue asteroid using the proportion of Mg-
dominated spectra would require the detection of 585
grains for a 1-sigma identification, a number that is above
the baseline assumption of this work.

With flybys at 9 km s�1 and above, we find that the
groups of CCs, OCs and HEDs can be identified and
discriminated between. In the case of the CCs, hydrated
CI, CM, and CR chondrites can again be separated
from (mostly) dry CV chondrites by means of their
phyllosilicate abundances. The proportion of hydrated
matrix material in CRs is typically smaller than in CIs
and CMs, whilst exhibiting higher amounts of olivine
(although there are some exceptions such as, for
example, Al Rais and GRO 95577; Howard et al., 2015;
that show similar properties to CM chondrites). These
CC groups can thus be separated by comparing the

frequency of spectra containing hydrated features with
the amount of olivine grain impacts (Figure 5). Where
necessary, the higher amounts of free metal in CRs (5–
8 vol% FeNi-metal; e.g., Weisberg et al., 2006) may
additionally aid in separating those from CMs and the
different phyllosilicate mineralogy of CIs and CMs
(saponite vs. serpentine) can be used to separate the two
groups.

A similar classification scheme, distinguishing CM
from CR chondrites based on the phyllosilicate fraction
versus the total amount of olivine and pyroxene, was
already proposed by Howard et al. (2015). However, we
find that including pyroxene would not help to identify
Al Rais and GRO 95577 as CR chondrites, and
considering only olivine facilitates separating CVs from
CRs, as the former is very olivine-rich, containing only
minor pyroxene, while CRs are enriched in both.

As the OC groups, H, L, and LL, vary (decrease) in
both total and free Fe, and Fe is an element known to be
identifiable at intermediate flyby speeds of ≥9 km s�1, the
three groups can be distinguished by means of FeNi-
metal grain abundance together with the Fe/Si ratio of
the sum of the spectra (Figure 6) (average bulk Fe/Si
atomic values and their ranges are taken from Van
Schmus, 1969).

FIGURE 3. Separating CI, CM, CV, and COs at 7 km s�1 flyby speed using the bulk elemental ratios of Ca/Mn and Al/Mn
(modified after Kalleymeyn & Wasson, 1981). (Color figure can be viewed at wileyonlinelibrary.com)
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DISCUSSION

For our approaches, it is vital that a sufficiently large
number of dust grains detected during a flyby are
monomineralic, which enables an individual mass
spectrum to be assigned to a single mineral phase. This
was also assumed by Cohen et al. (2019), who predicted
dust grains to be monomineralic up to a size of 100 nm
radius based on the Itokawa grain size/composition
distribution determined by Nakamura et al. (2011), and
extrapolation of grain composition with size from the
Stardust collection (Brownlee et al., 2006; H€orz et al.,
2006). Those returned samples were mostly micrometer-
sized and multi-mineralic, but the proportion of single
mineral grains increased at smaller grain sizes. A
tendency towards grains with individual, homogeneous,
compositions might be expected based upon the
distribution of minerals within meteorites, and although it
is possible that during regolith formation, there is melt or
cohesive agglomeration of different composition grains,
this does not seem to be the case for the smaller Itokawa
samples. It can thus be assumed with confidence that also
the smaller grain fraction (<100 nm) of the asteroid’s dust
shroud will be mostly of monomineralic compositions.

Alternatively, the mass spectra from larger impacting
multi-mineral grains could additionally be considered.
This would require the identification of individual mineral
phases from multi-mineral aggregates, which at the low
speeds considered here is currently unproven and needs
further investigation with laboratory dust detector
calibration campaigns.

Furthermore, differences in space weathering, and
excavation, mixing, or contamination of an asteroid’s
surface during impact events, may result in a divergence
between the composition of ejected dust particles and
meteorite compositions. Variations in ejecta yields, that
is, the resistance of certain materials to fragmentation
and spallation, may also bias the composition of the dust
cloud of an asteroid. A range of experiments have been
performed to determine the effect of hypervelocity impact
comminution on meteorites. At larger scales, the size
distribution of asteroidal regolith particles is expected to
follow Rosin’s Law (e.g., Deb & Sen, 2013), a
relationship typically observed when materials are
crushed. However, impact experiments with meteorites at
smaller (microns to millimeters) scales, at which different
strength regimes lie, indicate that chemical and
mineralogical size segregation may occur. For example,

FIGURE 4. Discriminating between H, L, and LL ordinary chondrites at 7 km s�1 flyby speed based on the number of Mg-
dominated spectra deriving from the impact of olivine and low-Ca pyroxene grains, compared to the number of spectra with no
clear signature from the impact of FeNi-metal and sulfide grains. (Color figure can be viewed at wileyonlinelibrary.com)
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L3-6 OCs were found to produce a small fragment
(<30 lm) population overrepresented by matrix material,
with larger (>30 lm) fragments more often composed of
chondrule material (Flynn et al., 2018). Similarly, an
increase in the Ni/Fe ratios of the smallest ejecta,
compared with that >45 lm in size, produced by the
impact disruption of eight anhydrous chondritic
meteorites was observed by Flynn and Durda (2004). The
analysis of an ensemble of spectra gathered during an
asteroid flyby would necessarily need to take this
compositional bias into account.

To date, the CC class recognizes eight different groups
(plus the CL group recently proposed by Metzler et al.,
2021). To conclude whether the separation of CCs is
possible in the two flyby speed cases, our dataset needs to
be extended to cover the whole range of bulk mineral
volume abundances of CCs. For example, the abundant
CO (Ornans-like) chondrites have very similar bulk
mineral properties to CV chondrites. Both are mainly
distinguished by different chondrule sizes (COs: mini-
chondrule bearing (~150 lm; Rubin, 1989), while those in
CVs are large (~1 mm; Weisberg et al., 2006), a parameter
that may prove difficult to investigate with a dust

instrument. However, we argue that it could still be
possible to discriminate even such petrologically similar
types at intermediate flyby speeds, using, in that case, the
abundance of magnetite, the dominant oxide phase in CVs
(0.3–6 vol%; Howard et al., 2010), which rarely occurs in
COs. Including further CC groups may also influence
some of the other classification schemes presented. For
instance, CK chondrites are thermally metamorphosed
and contain abundant plagioclase with large grain-to-grain
variations (e.g., 13 vol% with An27-76 in CK4 Kobe;
Tomeoka et al., 2005; or see also Nogushi, 1993 for the
plagioclase compositions of various CK chondrites), their
compositions may overlap with those of OCs using the
method from Figure 1. Where dust mass spectral analysis
alone will not produce a conclusive result, additional
constraints, such as data from spectroscopic observations,
albedo or density may aid in classifying the asteroid’s
surface composition. Given that the reflectance spectra of
CKs are darker than those of OCs, generally blue sloping,
and in some cases exhibit a subdued 3 lm water-
associated absorption feature (Cloutis et al., 2012;
Miyamoto et al., 2018; Tanbakouei et al., 2021), the
misidentification as an OC is rather unlikely.

FIGURE 5. Discriminating between CI, CM, CV, and CR chondrites at 9 km s�1 flyby speed based on the phyllosilicate and
olivine abundances. Phyllosilicates are recognized by the presence of water ion groups. The number of spectra from FeNi-metal
grains may help to separate CIs and CMs from CRs, while a high number of spectra attributed to saponite would favor a CI-
like composition. (Color figure can be viewed at wileyonlinelibrary.com)
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After Itokawa, the recent return of samples from
asteroid Ryugu (C-type) by the Hayabusa2 mission and
the foreseen return of samples from asteroid Bennu (B-
type) by the OSIRIS-REx mission in 2023 provide unique
opportunities to validate predicted asteroid-meteorite
spectral matches from ground-based observations and
establish new definite links. The reflectance spectra of both
asteroids show similarities with CM chondrites but also
feature properties similar to other chondrite groups (e.g.,
Hamilton et al., 2019; Le Corre et al., 2018; Merlin et al.,
2021; Schr€oder et al., 2021). As with Itokawa, the returned
samples can be used to determine the minimum number of
monomineralic particles required to be detected during a
flyby in order to identify a suitable meteorite analogue, if
represented in the terrestrial collection. The outcome of
those studies will allow us to verify the feasibility of the
presented approaches beyond S-type asteroids and may
build further confidence in those.

With the exception of water ion groups, we have so
far mostly considered the detection of cations because
anions, for example, F, Cl, and CN are impossible to
reliably detect using a cation spectrometer. By using a
dual-mode spectrometer, in which the detector is capable
of switching between (or measuring simultaneously) two
polarities, the number of dust grain impacts will need to

be doubled to yield a suitable number of spectra for each
channel. However, the ability to measure anions is
important to detect organics, which would conclusively
identify CCs and likely facilitate discriminating between
CC groups (e.g., based on variations in the C/H ratio;
see, for example, Alexander et al., 2013;
Hirschmann, 2016; Jarosewich, 2006; Kerridge, 1985).
Also, considering molecular ions within future studies,
rather than focusing solely on elemental ones, will
enhance the possibilities for discrimination, as for
instance, laboratory impact experiments with
polypyrrole-coated pyrrhotite microparticles by Hillier
et al. (2014) indicate that detecting, for example, FeS+

may be possible already at lower impact speeds than their
individual components, although detailed studies,
especially using silicate minerals, the main components of
meteorites, is required to verify this.

Flybys with encounter speeds above 10 km s�1 will
increase the ion yield from impact ionization, increasing
spectral signal strengths and enhancing the diagnostic
capabilities presented here towards smaller particles.
Since the number density in an ejecta cloud scales
exponentially towards smaller particles (e.g., Szalay et al.,
2018), an increase of a few km s�1 can easily double the
number of sampled particles and with that, the accuracy

FIGURE 6. Discriminating between the ordinary chondrite groups, H, L, and LL at 9 km s�1 flyby speed by means of FeNi-metal
abundance together with the Fe/Si ratio of the sum of the spectra. The bulk Fe/Si ratios and their ranges are extracted from Van
Schmus (1969) as H: 0.83 � 0.08, L: 0.59 � 0.05, LL: 0.53 � 0.03. (Color figure can be viewed at wileyonlinelibrary.com)
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of the assessments shown here. Below ~15 km s�1, water
group ions would still not dissociate effectively into
hydrogen and oxygen (e.g., Postberg et al., 2018) and
could still be used to confidently identify hydroxyl as well
as water constituents. Above approximately 15–
20 km s�1, oxygen cations effectively form (Fiege et al.,
2014; Hillier et al., 2012; Postberg et al., 2009) and
molecular constituents disintegrate. This high-speed
regime is ideally suited to infer the elemental
compositions of individual dust grains (e.g., Altobelli
et al., 2016; Jessberger et al., 1988).

CONCLUSIONS AND OUTLOOK

Using previously published bulk mineral volume
abundances—with an “ideal” detection limit of 1 vol%—
we have shown theoretically that an ensemble of at least
100 grains detected by a dust mass spectrometer onboard a
spacecraft flying at low-medium speeds (7–9 km s�1)
would allow the broad identification of the corresponding
meteorite class, and to a certain extent, also the specific
meteorite group of CCs, OCs and HED achondrites. As
asteroid flyby speeds below 10 km s�1will result in low-
intermediate energy impacts of the dust grains onto the
metal target of the detector, only elements that are easy to
ionize, together with water group ions, are expected to be
reliably detectable. The prediction and interpretation of
spectra gathered during such flybys will need to take this
velocity constraint into account.

Since many asteroids exhibit non-unique and often
featureless reflectance spectra, remote sensing
observations alone have, in many cases, proven
insufficient to conclusively link asteroids and meteorites,
highlighting the need for alternative, complementary
methods. Particularly in the case of asteroids with non-
diagnostic reflectance features (such as, e.g., C-, D-, B-,
and X-type asteroids), in situ dust detection may provide
a good complementary technique to establish new
asteroid meteorite links, or—if flyby speeds are
sufficiently high—to define new classes of parent bodies
that currently cannot be linked to meteoritic classification
schemes. This emphasizes the utility of dust instruments
on future missions, especially to, or through, the
main belt.

To extend the utility of our approaches, the dataset
needs to include other meteorite classes and groups,
particularly to identify further potential risks of
misidentification between meteorite types not considered
in this study. Also, publishing of available laboratory
proof is yet required to show that spectra from, for
example, olivine can be reliably distinguished from those
of LCP, as well as confirm that OH and H2O from
hydrous minerals can be recognized in spectra gathered at
7–9 km s�1 impact speeds. By using a dust detector

capable of switching between polarities, the more reliable
identification of organics will be possible, thus providing
a further compositional probe applicable to determining
classes of CCs. Finally, accelerating samples of powdered
meteorites, or suitably synthesized multi-mineral analog
dust ensembles in future laboratory dust detector
calibration campaigns would provide an excellent basis to
interpret mineral spectra gathered during an asteroid
flyby.
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