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ABSTRACT

Context. The origins of Phobos and Deimos are highly debated, and several distinct hypotheses have been put forth. The two most
widely accepted theories are that (1) the two moons were created by a giant impact in analogy to the Earth-Moon system, whereby
a debris disk was formed that then formed the two moons by accretion; and that (2) the moons were captured by the gravitational
attraction of Mars.

Aims. To address questions about the origins of the Martian moons, we conducted a systematic search for analogs of Phobos and
Deimos among asteroids, Martian terrains, and laboratory data using spectroscopy in the visible, near-infrared, and mid-infrared
wavelength ranges.

Methods. We analyzed our dataset using multivariate statistical analysis techniques, namely principal component analysis and t-
distributed stochastic neighbor embedding, on the spectral slope derived in various wavelength ranges, and on the albedo. Additionally,
a visual comparison of the mid-infrared spectra, focusing on key features such as the Christiansen feature and the Reststrahlen bands,
was performed.

Results. The comparison of the spectra of Phobos and Deimos with those of primitive asteroids reveals that the Martian moons exhibit
spectroscopic similarities to D- and Z-type asteroids, as well as to Jupiter Trojans, centaurs, and potentially extinct comets. The blue
unit on Phobos, generally considered as fresher areas that are mostly seen around the Stickney crater, appears to be spectrally best
matched by P-type asteroids. No Martian terrain shows similarities with Phobos and Deimos. It is also notable that the Martian moons
exhibit a spectroscopic resemblance to some of the Martian Trojans.

Conclusions. The analysis of available spectral data for asteroids, Mars trojans, and Martian terrains provided a unique opportunity
to explore the origins of Phobos and Deimos prior to the arrival of the JAXA/Martian Moon eXploration (MMX) in the Martian
system, which is scheduled for 2027. In light of the similarities between the Martian moons and Z-type asteroids, we put forward the
hypothesis that Phobos and Deimos may have originated from one or two captured asteroids from the inner main belt, rather than
from the outer main belt or the Jupiter trojans, as is often postulated. The formation of Phobos and Deimos may also have occurred
simultaneously with that of the Mars trojans. This is a plausible scenario if the formation of the trojans was caused by the impact
that created the Borealis basin, although additional processes such as space weathering may be necessary to explain the spectroscopic
differences.

Key words. Planets and satellites: individual: Phobos — Planets and satellites: composition — Planets and satellites: individual: Mars

— Minor planets, asteroids: general — Methods: data analysis — Techniques: spectroscopic

1. Introduction

The Martian system is composed of two small and irregularly
shaped moons, Phobos and Deimos, that orbit Mars. The sys-
tem is uniquely suited for constraining the origins and dy-
namical evolution of the Solar System. Although multiple hy-
potheses for the formation of these moons have been pro-
posed, their origins remain an open question. One main hy-
pothesis suggests that Phobos and Deimos are asteroids that
were captured from the main belt (e.g., Hunten 1979; Hartmann
1990; Higuchi & Ida 2017). The highly cratered surface, the low
albedo, and the red and featureless spectra that resemble those
of primitive asteroids support this capture theory (Murchie et al.
1991; Murchie & Erard 1996; Rivkin et al. 2002; Pajola et al.

2012; Fraeman et al. 2012, 2014; Pajola et al. 2018; Takir et al.
2022; Fornasier et al. 2024). However, the mechanism for ex-
plaining these gravitational captures and the current orbital con-
figuration (i.e., circular and equatorial orbit) is difficult to de-
termine without invoking highly specific conditions. Two main
ways have been proposed to explain the possibility of this as-
teroid capture: (1) As the asteroid approaches Mars, it is likely
to experience a significant gas drag force due to its high veloc-
ity. This causes the body to arrive within the Martian influence
sphere. The gas drag would be sufficient to circularize the orbit
(Hunten 1979; Pollack et al. 1979). (2) Alternatively, an asteroid
arriving with low velocity in the Martian gravitational sphere
could be relatively easily trapped into the L; (or L,) Lagrangian
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point (Higuchi & Ida 2017). The advantage of this explanation
is that it requires only minimum gas drag. A capture at L; would
be temporary because L; is not a stable point, and the asteroid
could collide with Mars in less than 30,000 years (Sasaki 1990).
Howeyver, several numerical simulations have tried to reconstruct
the current orbits of the Martian moons for both explanations,
but none was able to fully modify the estimated initial orbits
to the current orbits (e.g., Burns 1992; Craddock 1994, 2011;
Rosenblatt 2011).

The other main compelling hypothesis posits that Pho-
bos and Deimos may have formed from a giant collision be-
tween a planetesimal and early Mars (e.g., Craddock 2011;
Rosenblatt et al. 2016; Canup & Salmon 2018). A debris disk
resulting from the impact and the ejected materials may have
accreted to the current two moons. The Borealis basin in the
northern hemisphere Mars may be the remnant of such an im-
pact because a massive collision would be needed to account
for the mass of the putative debris disk (Craddock 2011). Al-
though the thermophysical properties of the debris disk depend
on the size and velocity of the impactor, all models suggest that
disk materials would likely reach peak temperatures exceeding
1,000 K after the impact (Hyodo et al. 2017). This would lead
to the depletion of volatiles in the precursor materials of Pho-
bos and Deimos. The results of this theory do not match the
current size and orbit for the two moons and fail to accurately
explain the photometric and spectroscopic properties of Phobos
and Deimos. In this case, the moons would be composed of ma-
terials that were created at high temperatures, such as basalt, and
they might be composed of a mixture of impactor and Martian
materials. The spectra of these materials differ significantly from
those of Phobos and Deimos, and it remains uncertain whether
space weathering alone can account for this discrepancy.

Other theories have been proposed with in situ formation.
We list them below.

1. Recycling: After a giant impact, the resultant debris disk
leads to the formation of a moon that is larger than the ac-
tual Phobos. Because the moon is formed by the accretion of
materials, it is a rubble-pile body. The tidal forces pull the
moon toward Mars and it therefore crosses the Roche limit.
This passage destructs the rubble-pile body and spreads the
materials into a debris ring. Some of the debris that spread
beyond the Roche limit eventually accretes to form a moon
that is smaller than the current Phobos. This process repeats
over time, and the size of the moon will become compara-
ble to Phobos after six repetitions (Hesselbrock & Minton
2017; Cuk et al. 2020). This process can explain the current
Deimos inclination (Cuk et al. 2020). However, the cyclic
destruction of the Phobos progenitor should have produced a
ring around Mars that would have persisted within the esti-
mated timescale, but no such ring is observed today. Hence,
Phobos is unlikely to have been formed only as a result of a
recycling process (Madeira et al. 2023).

2. Coaccretion: The in situ formation of Phobos and Deimos
may not be caused by a giant impact alone. The theory of
coaccretion was put forth by Woolfson (1978) to explain
the formation of the Martian moons at the birth of the So-
lar System: The dust, pebbles, and planetesimals orbiting the
Sun would be collected and accreted by the proto-Mars and
proto-moons. In this hypothesis, the moons should exhibit
the same composition as the Martian bulk.

3. Formation from a single ancient body: Bagheri et al. (2021)
proposed that Phobos and Deimos might be the results of the
tidal destruction of a single progenitor that split the original
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body into the two moons. However, numerical simulations
by Hyodo et al. (2022) showed that the formation of Phobos
and Deimos from such a single progenitor would create a
debris ring, and the moons would likely be disrupted by col-
lisions. This is inconsistent with the actual Martian system.

4. Disruptive partial capture of an asteroid (Kegerreis et al.
2025): This recent theory offers an alternative hypothesis that
lies between the two main categories of the Martian moon
formation by asteroid capture and in situ formation. This hy-
pothesis shares similarities with the hypothesis of a forma-
tion from a single ancient body. In this case, however, the
disruption of the initial asteroid does not result in the direct
formation of the two moons. The disruption instead leads to
the formation of a debris disk, in which satellites may form
after collisional processes.

We finally refer to Kuramoto (2024) for more details about the
different hypotheses for the origin of Phobos and Deimos.

We explore the spectroscopic properties of asteroids and
Martian terrains by analyzing both ground-based and remote-
sensing data. This provides new insights and generates alterna-
tive hypotheses for the origins of Phobos and Deimos.

2. Methods

We begin the study by identifying several primitive asteroids that
match the spectra of Phobos and Deimos best in the visible and
near-infrared (NIR) ranges. We base this on a survey of 139 spec-
tra and on a multivariate statistical analysis. We then extend the
investigation of their spectral similarity by comparing spectral
features in the NIR and mid-infrared (MIR) wavelength ranges.
Additionally, we compare the spectra of Phobos and Deimos
with materials that we selected for their close association with
the Martian system, that is, the Mars terrains, trojans, and mete-
orites.

2.1. Dataset

We considered the Phobos and Deimos spectra obtained by
the Mars Reconnaissance Orbiter (MRO)/Compact Reconnais-
sance Imaging Spectrometer for Mars (CRISM) instrument
(Fraeman et al. 2014) for comparison in the visible near-infrared
(VNIR) wavelength range (see Appendix C). We used the single-
scattering albedo spectra that were derived by inversion of the
Hapke model in Fraeman et al. (2014). These are therefore by
definition independent of the illumination and observing condi-
tion. In the MIR wavelength range, two spectra are available in
the literature. We used the spectrum obtained by Glotch et al.
(2018) with the Mars Global Surveyor (MGS)/Thermal Emis-
sion Spectrometer (TES) instrument as our main reference for
comparison. However, it should be noted that MIR spectra of the
Martian moons were also obtained by Giuranna et al. (2011), but
they vary strongly depending on the orbit. They therefore appear
to be less reliable (Fig. D.1). Nevertheless, we took all data into
account since the MIR spectra of Phobos and Deimos remain
poorly understood.

The VNIR reflectance spectra of asteroids we used
were obtained from various surveys conducted via ground-
based observations, in addition to data from Gaia DR3
(Gaia Collaboration et al. 2016, 2023b,a). We refer to Appendix
A for the complete list of observations. To access the differ-
ent spectra repositories, we used the classy' Python tool devel-

! https://github.com/maxmahlke/classy

90

100

110

120

130

140



150

160

170

180

190

A. Wargnier et al.: Insights into the origins of Phobos and Deimos

oped by Mahlke et al. (2022). The asteroid datasets were cho-
sen based on their spectroscopic properties. The dataset was
constructed by predominantly including asteroid spectra in the
wavelength range of 0.5-2.45 um. This approach resulted in
the recovery of spectra primarily from the MIT-Hawaii Near-
Earth Object Spectroscopic (MITHNEOS) survey. Because the
spectra of Phobos and Deimos exhibit no clear absorption fea-
tures, the search was limited to asteroids that were classified
into featureless spectral types according to Mahlke’s taxonomy
(Mahlke et al. 2022), including M-, P-, B-, C-, D-, and Z-type
asteroids. We used the Mahlke taxonomy for the object classifi-
cation because it is better adapted to distinguishing between ex-
tremely red objects (Z types) and very red objects (D types). The
DeMeo taxonomy is listed in Table A.1, where all the objects we
discuss are presented according to both classifications. Addition-
ally, some spectra were selected based on their dynamical prop-
erties and potential significance for understanding the origins of
Phobos and Deimos. These spectra were digitized from other
papers when they were not available in a repository such as the
Mars trojans spectra (Rivkin et al. 2003, 2007; Polishook et al.
2017; Christou et al. 2021; de la Fuente Marcos et al. 2024) and
the Jupiter trojan Lucy mission targets (Wong et al. 2024). The
NIR and MIR asteroid spectra were obtained from the Japanese
space agency (JAXA)’s infrared space telescope AKARI obser-
vations through the AKARI catalog? while NASA Spitzer space
telescope observations were digitized from several publications
(Marchis et al. 2012; Lowry et al. 2022; Humes et al. 2024a).
For each AKARI spectrum, we filtered the data in order to con-
sider only the flag-zero data points. To retrieve the physical pa-
rameters of the asteroids, the SSODNet was used Berthier et al.
(2023) through the Python tool rocks® (Table B.1).

CRISM VNIR spectra of the Martian surface end-members
were downloaded from the MRO CRISM Type Spectra Library*
archived at NASA’s PDS Geosciences Node at Washington Uni-
versity in St. Louis (Viviano-Beck 2014). TES spectra of several
regions of Mars were digitized from the respective publications
(Christensen et al. 2000; Bandfield et al. 2000; Salvatore et al.
2018).

Some meteorite spectra were used for a visual comparison
with Phobos and Deimos. The spectra were obtained through the
RELABS and SSHADE? databases of laboratory spectroscopy.

2.2. Spectroscopic analysis

VNIR spectra The spectral slope was computed following the
definition given in Fornasier et al. (2015),

= RRZ—R‘, (1)

1 X (A2 — A1)
where S is the spectral slope, R; (R;) is the reflectance at wave-
length A; (47).

We computed the slope in two distinct wavelength domains:
in the visible (0.7-0.9 wm), and in NIR (1.5-2.2 um) regions.
This approach enabled a comprehensive comparison with the red
and featureless spectra of Phobos and Deimos, in particular, for
deciphering variations between the blue and red units of Phobos.

2 https://data.darts.isas.jaxa.jp/pub/akari/AKARI-
IRC_Spectrum_Pointed_AcuA_1.0/AcuA_1.0/

3 https://github.com/maxmahlke/rocks

4 https://crismtypespectra.rsl.wustl.edu

> https://sites.brown.edu/relab/relab-spectral-database/
® https://www.sshade.eu/

To determine the best spectral match with Phobos and
Deimos of all featureless asteroids, including B-, C-, M-, P-
, D-, and Z-type asteroids, we used a y; algorithm. To apply
this method, the spectra were first normalized at 0.55 um and
smoothed using a Savitzky-Golay filter to avoid the influence of
noise in the y,. The smoothing procedure was performed using a
window length of 50 points (i.e., ~200 nm) and polynomial de-
gree of 3 on each MITHNEOS spectra. For the few spectra that
were obtained by individual observers used in this work, we ver-
ified and adjusted these two smoothing parameters. When multi-
ple spectra were available for the same object, we computed the
average to take into account due to observation conditions, such
as the photometric angles and atmospheric conditions.

3 um region Only a few observations of small bodies are avail-
able today for the 3 um region in which the most important band
lies that is related to hydration and water ice. The most recent
spectral database in this range is based on observations from
AKARI (Usui et al. 2019). Although the CRISM spectra of Pho-
bos and Deimos have a gap in the data between 2.65 - 2.85 um
due to instrumental limitation, we visually compared the Martian
moon observation with available AKARI asteroids spectra. The
visual observation was therefore limited to the edges of the hy-
dration band, and the selection of the asteroid from the AKARI
database to which it was compared was led by the best match in
the remaining wavelength range.

Multivariate statistical analysis We applied the principal com-
ponent analysis (PCA) and t-distributed stochastic neighbor em-
bedding (t-SNE) to reduce the dimensionality of the the dataset.
The data were preprocessed in two different methods: (i) We re-
sampled each spectrum between 0.5 and 2.45 um into 100 chan-
nels, yielding spectral increments of 19.5 nm, normalized at 0.55
um, and conducted multivariate analyses on these preprocessed
spectra. (ii) For each spectrum, we computed three spectral prop-
erties, that is, the VIS slope (0.7-0.9 um), the NIR slope (1.5-
2.2 um), and the albedo. We confirmed that the second method
achieves more accurate separation of asteroid types by account-
ing for albedo variation and using a minimum number of vari-
ables to represent the spectral variability among featureless as-
teroids. Therefore, the results obtained with the second method
are presented in this paper.

Prior to performing PCA and t-SNE, the data were standard-
ized using a Z-score normalization procedure, which entailed
rescaling the data to a normal distribution: z = %, where x
is the raw data, y is the mean, and o is the standard deviation
from the mean. Both PCA and t-SNE were then performed us-
ing the scikit-learn Python package (Pedregosa et al. 2011). We
decided to use the first two components for both techniques be-
cause they account for over 95% of the total variance. The PC1
appears to mostly contain slope information, whereas the albedo
is contained in PC2.

3. Spectral comparison with asteroids
3.1. VNIR slope and albedo

The current spectral taxonomy of Phobos indicates that the prop-
erties are very similar to those of a primitive D-type aster-
oid (Murchie & Erard 1996; Rivkin et al. 2002; Fraeman et al.
2012; Pajola et al. 2013; Fraeman et al. 2014; Pajola et al. 2018;
Takir et al. 2022). By computing the spectral slopes in the vis-
ible (0.7 - 0.9 um) and in the NIR (1.5 - 2.2 um) from Pho-
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bos CRISM spectra (Fraeman et al. 2014), we show that Deimos
is slightly redder (+22%) in the VIS slope than the Phobos
red unit (RU), but both are significantly redder than the Pho-
bos blue unit (BU) (+150%). The NIR slope is almost identi-
cal for Phobos RU and Deimos, and it is still higher than the
Phobos BU spectral slope (+51%). Geometric albedos of Pho-
bos RU and BU have been determined to be 0.0683 + 0.0005
and 0.0837 + 0.0005, respectively (Fornasier et al. 2024). The
albedo of Deimos is similar to that of the Phobos RU (0.068 =+
0.007, Thomas et al. 1996). Although the spectra of Phobos and
Deimos are mostly featureless, the potential presence of an O-H
feature at 2.7-2.8 um has been pointed out. This feature is linked
to iron-bearing phyllosilicates and/or implantation by H* ions
from the solar wind (Fraeman et al. 2014). Ground-based ob-
servations from Rivkin et al. (2002) and Takir et al. (2022) sug-
gested that the upper limit of this O-H absorption band depth is
approximately 5%.

Our ground-based observations analysis of featureless aster-
oids, including B-, C-, M-, P-, D-, and Z-type objects (following
Mahlke et al. 2022 taxonomy), in the 0.5 - 2.5 um wavelength
range shows that Phobos and Deimos are spectrally distinct from
B- and C-type objects in their spectral slopes (Fig. 1). The spec-
tral slopes of D- and Z-type objects are very similar to those of
Phobos RU and Deimos, in particular, to some of the reddest as-
teroids. The Phobos BU, characterized by a lighter red spectral
slope in the visible and NIR wavelength range than in the RU,
is spectrally similar to P- and M-type asteroids (Figs. 1 and 2),
even though the association with a metal-rich body is unlikely.

While some asteroids exhibit a relatively high albedo such
as S and V types (0.2-0.3), the asteroids in the C group have a
dark surface with an albedo lower than 0.1. The Phobos BU is
significantly brighter than that of the D types. The albedo of the
Phobos BU exceeds that of D types by about 20% of the standard
deviation of the D types. The Phobos BU albedo agrees with the
B and Z type albedo and also with some of the darkest M-type
asteroids and some of the brightest P types. Although the VIS
and NIR spectral slopes of Phobos RU and Deimos were shown
to be highly consistent with both D- and Z-type asteroids, their
albedo is rather inconsistent with D types; the albedos of Phobos
RU and Deimos are comparable to or even brighter than those
of the brightest D types. In contrast, the Phobos RU and Deimos
albedo agrees well with that of Z-type asteroids (Fig. 2).

We also applied the PCA and t-SNE methods to gain a more
global view of the best match within the various spectral types of
the asteroids (Fig. 3). When we applied these methods to the as-
teroids dataset combined with the Phobos and Deimos data, we
confirmed that the spectral properties of Phobos RU and Deimos
agree with those of the D- and Z-type asteroid properties. More-
over, Phobos BU is extremely similar to M-type asteroids and
only to some of the P types.

Following the population match analysis, an individual com-
parison of asteroid spectra and Martian moon spectra using y»
showed that the best matches of all available asteroid spectra
are the Z-type (1542) Schalen for Phobos RU, the M-type (69)
Hesperia for Phobus BU, and the D-type (1143) Odysseus for
Deimos (Table 1 and Fig. D.4). It is important to note that these
best matches may be influenced by the potential spectral vari-
ability of a single body caused by phase angle, atmospheric con-
ditions, asteroid rotation, and other factors. In this study, the
asteroids and Martian moon spectra were acquired at different
phase angles. To limit the effect of the phase angle, we used the
SSA spectra of Phobos and Deimos (Fraeman et al. 2014). The
spectral slopes of asteroids are influenced by the phase angle of
the observations. This phenomenon is known as the phase red-
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dening effect, which primarily depends on the albedo of the ob-
ject (Shevchenko et al. 2016; Wilawer et al. 2024) and to a lesser
extent on the spectral slope itself (Alvarez-Candal et al. 2019,
2022). However, the magnitude of this effect is generally lower
than 0.01 um™' deg™! for most asteroids (Alvarez-Candal et al.
2022). For example, observations of Ryugu and Bennu revealed
slope changes of only 0.002 um~! deg™! (Tatsumi et al. 2021)
and 0.0004 um~! deg™! (Fornasier et al. 2020), indicating a very
weak phase angle effect. Because most asteroid spectra in this
study were observed at phase angles between 5° and 30° the
phase reddening effect is limited to approximately 0.01 pm™'.
This variation is smaller than the differences in the spectral
slopes of the asteroid types (Fig. 2) and does not affect our dis-
cussion of the origins of Phobos and Deimos.
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Table 1: Best asteroid matches (ordered by the lowest x»,, per-
formed on 139 normalized spectra) in terms of spectral slope
for the Phobos blue unit, the Phobos red unit, and Deimos

(Fraeman et al. 2014).

Asteroids Type®  x,? Albedo
Phobos red unit Schalen zZ 0.0003  0.0510 + 0.0097
(py = 0.0683 £ 0.0005) Odysseus D 0.0007  0.0549 + 0.0101
Thule Z 0.0013  0.0404 + 0.0075
Hidalgo D 0.0014 0.0603
Rovereto zZ 0.0015 0.0771 £ 0.0148
Buda Z 0.0020  0.1373 + 0.0264
Phobos blue unit Hesperia M 0.0001  0.1855 +0.061
(py = 0.0837 £ 0.0005) Sylvia P 0.0002  0.0389 + 0.0072
Kalliope M 0.0002  0.1428 + 0.0281
Pandora M 0.0002  0.2587 + 0.0704
Lydia M 0.0003  0.1482 + 0.0299
Hilda P 0.0004  0.0496 + 0.0093
Deimos Odysseus D 0.0005  0.0549 + 0.0101
(py = 0.068 + 0.007) Schalen Z 0.0006  0.0510 + 0.0097
Rovereto Z 0.0010  0.0771 £ 0.0148
Komppa z 0.0012  0.0603 + 0.0112
Buda z 0.0022  0.1373 + 0.0264
Hidalgo D 0.0023 0.0603

Notes.  The spectral types follow the Mahlke classification
(Mahlke et al. 2022). ® The y, method was run on smooth and nor-
malized spectra.

3.2. Near- and mid-infrared features

The NIR and MIR spectra of the best-match list (based on VNIR
spectra; Table 1) are also useful for a comparison with the spec-
tral features of Phobos. Unfortunately, spectroscopic data be-
yond 2.5 pm are very sparse because it is difficult to observe
from ground-based telescopes. In the 2.6 - 3 um specific range
observed by the JAXA/AKARI infrared space telescope, we an-
alyzed the shape of the 2.7 - 2.8 um feature and compared it
with Phobos (Figs. 4 and D.3). The Phobos spectra acquired
by the CRISM instrument indeed lack data in the 2.65-2.85 um
range, which hinders a direct comparison. Nevertheless, from
the comparison between the AKARI database (filtered for best-
match spectrum; Table 1) and the Martian moon spectra, the
edge of the 2.7 um band potentially matches that of the M-type
(22) Kalliope and the P-type (153) Hilda spectra. Several pos-

sible shapes might match the gap since both hydrated mineral
and water ice have a band minimum in this region. Absorptions
near 2.72 pm and 2.75 um are characteristic of magnesium-rich
(Mg-OH) and aluminium-rich (Al-OH) phyllosilicates, respec-
tively (de Sanctis et al. 2016). The OH stretch vibration of iron-
rich (Fe-OH) phyllosilicates occurs near 2.8 um (Manceau et al.
2000). The asymmetric OH stretch of water (H,O) in minerals
occurs near 2.9 um (Clark et al. 1990).

Moreover, D-type objects seem to be anhydrous and
typically do not exhibit a hydration feature at ~3.0 um
(Emery & Brown 2003; Takir & Emery 2012), as was possibly
observed on Phobos and Deimos (Fraeman et al. 2014). For ex-
ample, asteroids (908) Buda and (1542) Schalen, classified in the
past as D type but now reclassified as Z type, match Phobos RU
and Deimos in our analysis, although a possible faint absorption
feature at ~0.9 um was found that was attributed to low-iron,
low-calcium orthopyroxene (DeMeo et al. 2009).

Additional data for the 2.7 um band were retrieved from re-

cent Jupiter trojan observations (Wong et al. 2024), as shown in
the appendix (Fig. D.2). Some similarities were observed in the
slope between 1.6 um and 2.5 um, in particular, between (21900)
Orus and Phobos RU/Deimos, or between (617) Patroclus and
Phobos BU. However, all the Jupiter trojan spectra obtained by
the JWST show wider and deeper features (when present) in the
2.6-3.0 pm region.
The 2.7 pm region is of particular importance because O-H fea-
tures provide crucial insights into the formation of small bod-
ies. The gap in the CRISM data does not allow us to reach a
definitive conclusion regarding the presence of the aforemen-
tioned band, and if present, of its shape. We demonstrate that
the 2.7 wm gap might be aligned with the broad and relatively
shallow features observed in some M- or P-type asteroids. How-
ever, a deep and narrow feature similar to the one observed on
Ryugu (Kitazato et al. 2019) and Bennu (Hamilton et al. 2019)
is also possible. In the case of Phobos and Deimos, this wave-
length gap will be addressed through future observations by the
MMX Infrared Spectrometer (MIRS; Barucci et al. 2021).

The MIR spectra of asteroids (Fig. 5) that were studied with
Spitzer data (Lim et al. 2011; Marchis et al. 2012; Lowry et al.
2022; Humes et al. 2024a) show no clear relation with the
Phobos spectra (Glotch et al. 2018). Despite the presence of
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Fig. 5: MIR spectra of best-match asteroids (panel A) and of
the Mars trojan Eureka (panel B) compared to Phobos blue unit
and Phobos red unit spectra (Glotch et al. 2018). Starting from
Phobos red unit, each spectrum is shifted by 0.08 to the bottom.
Between 13 and 15 microns, the Spitzer data may be affected by
instrumental artifacts.

a plateau similar to those of asteroids, the Phobos plateau is
shifted. The Phobos transparency features (TF), located at ~12
um, match the trough observed in the spectrum of P-type (87)
Sylvia relatively well. In the Phobos MIR spectra from PFS ob-
servations (Giuranna et al. 2011), no match is visible (Fig. D.1).
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4. Spectral comparison with Martian terrains,
Martian trojans, and Martian meteorites

4.1. VNIR spectra and albedo

In recent years, the detection and observation of Martian tro-
jan asteroids has increased significantly. To date, 16 Mars tro-
jans have been confirmed, with the majority (14) situated at
the Martian Ls Lagrange point and only two at the L4 point.
The spectroscopic data obtained on six of these asteroids,
called (5261) Eureka, (101409) 1998 VF3, (121514) 1999 UJ;,
(311999) 2007 NS,, (385250) 2001 DHy47, and 2023 FW 4, show
that none of them are a perfect match to the Martian moons
(Rivkin et al. 2003, 2007; Polishook et al. 2017; Borisov et al.
2018; Christou et al. 2021; de la Fuente Marcos et al. 2024). In
particular, (5261) Eureka is the largest asteroid of the eponym
family, which includes seven of the eight asteroids that are lo-
cated at the Ls, including (311999) 2007 NS, and (385250) 2001
DHy;. Asteroids from this family are generally classified as A-
type asteroids (Borisov et al. 2017), with a broad and deep ab-
sorption at 1 um and a red slope in the NIR (Mahlke et al. 2022).
No such deep feature is visible in the spectra of Phobos and
Deimos (Fig. 6). Furthermore, the visible geometric albedo of
Eureka is at least three times higher than that of Phobos and
Deimos. It is also noteworthy that the spectra of Mars trojans
outside the Eureka family are not aligned with the spectroscopic
properties observed for Phobos RU and Deimos, which exhibit
a steeper red slope. However, the Phobos BU is consistent with
the spectroscopic properties (particularly with the spectral slope)
that were observed for the (101409) 1998 VF5, (121514) 1999
UJ7, and 2023 FW 4 Mars trojans. The (101409) 1998 VF3; tro-
jan exhibits a 1 um absorption band (although it is smaller than
the Eureka family asteroids) and an additional absorption band
at 2 wm, indicating the presence of pyroxene. This means that
it is a poor spectroscopic analog for Phobos and Deimos. The
geometric albedo of (121514) 1999 UJ; is also consistent within
the uncertainties with that of Phobos and Deimos. The albedo
for the other trojan asteroids unfortunately remains unknown.

Finally, we compared the Phobos and Deimos spectra with
the currently identified mineral spectral signatures on Mars by
the CRISM instrument on MRO (Fig. 7). Several classes of min-
erals were observed on Mars and are shown grouped in each
panel of Fig. 7. No clear match is visible between the satellite
spectra and the main mineral classes observed on Mars in terms
of the slope, which is redder in Martian moon spectra in gen-
eral. Some similarities are visible between the slope of two phyl-
losilicates, Al-smectite and kaolinite, and Phobos BU between
0.5 and 2 pm, while the reflectance at higher wavelengths is a
mismatch because of the Mg-related features. Additionally, the
first overtone of the OH stretching mode at 1.4 um in the spec-
tra of Al-smectite and kaolinite is absent from the Phobos BU
spectrum. In general, Martian spectra are bluer and have deeper
features than the Phobos and Deimos spectra. In addition, the
albedo of Mars is higher than that of Phobos by a factor of 1.4
to 8.4. The darkening process acting on Phobos (which is linked
with its composition, e.g., the presence of opaque materials, or
external processes such as space weathering) might also cause
the lack of features in the Phobos spectra (Poggiali et al. 2022;
Wargnier et al. 2023a,b). If space weathering is indeed the pro-
cess that causes the darkening, it is also likely to cause the red-
dening (e.g., Moroz et al. 2004; Hiroi et al. 2013; Brunetto et al.
2014; Keller et al. 2015), and therefore, it would help us to ex-
plain the extremely red spectrum of Phobos.
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The aforementioned Martian comparison mainly involves
minerals associated with a composition of the Martian moon
of crustal materials that were altered by various processes at
the surface. In the context of Phobos and Deimos, it is proba-
ble that the giant impact ejected material not from the crust, but
from the mantle. The most suitable and only representative ex-
amples of the Martian mantle are the chassignites Martian me-
teorites. They were found to contain significant shock features
because a major impact ejected this material into space. Chas-
signites are extremely rare, and there are only three identified
specimens on Earth. They are olivine cumulate rocks (~ 90 wt%
of olivine), comparable to terrestrial dunites. Olivine in chas-
signites presents different Mg# ranging from 69 for Chassigny
to 78% for NWA 2737 (e.g., Beck et al. 2006). This suggests
that the band shape exhibited by chassignites differs from that
of terrestrial olivine, such as the San Carlos olivine (Fogy). The
evidence that NWA 2737 displays a relatively shallow 1 pm ab-
sorption when compared to San Carlos and Chassigny is more
intriguing, even though the Mg# falls between the other two sam-
ples. It also exhibits a strong spectral slope in the VNIR. In the
visible light, the olivine of the NWA 2737 appears brown and
dark, which is likely due to the presence of iron nanoparticles
npFe, as previously observed by Pieters et al. (2008). While it
may be challenging to justify the spectra of Phobos and Deimos
using Chassigny as a reference for Martian mantle material, even
considering the influence of space weathering, the spectral prop-
erties of NWA 2737 are particularly interesting (Fig. 8). The
low reflectance, the red slope, and the weak 1 um feature in the
VNIR range might provide a plausible explanation for the fea-
tureless observed spectra of the Martian moons. However, the
absence of the weak 1 um feature in the spectra of Phobos and
Deimos, along with discrepancies in slope (which are partially
influenced by this feature) necessitate the presence of an external
process (e.g., space weathering) or the effects of textural prop-
erties (e.g., porosity and roughness) in order to fully account for
their spectral characteristics. For instance, coarse grains (>125
um) of NWA 2737 affected by space-weathering processes may
lead to an attenuation of the 1 um feature and to the reddening
effect on the chassignite, given its high olivine content and the
results from previous laboratory studies on olivine samples (e.g.,
Loeffler et al. 2009; Fu et al. 2012; Chrbolkova et al. 2021). On
the other hand, an extremely high porosity could result in a blue-
ing effect on the spectral slope (e.g., Schroder et al. 2021). Thus,
while the presence of small grains of NWA 2737 with a highly
porous surface could provide a potential explanation, further in-
vestigation is necessary to fully understand these spectral varia-
tions.

4.2. Mid-infrared features

Mars MIR observations were performed in the past 20 years
by the TES instrument. We report in Fig. 9 some main types
of Martian spectra compared to TES observations of Phobos
and Deimos (Glotch et al. 2018). The main feature in almost
every Martian spectrum is a large band around 9.1 um (span-
ning from 8.3 to 12.5 wm), which is absent in the satellite spec-
tra. This feature is attributed to the presence of basaltic rocks
(Christensen et al. 2000; Bandfield et al. 2000). To facilitate the
comparison, three vertical dashed lines at 9.8, 11.97, and 21.5
um are plotted in Fig. 9 to highlight the main features in the
Phobos spectra. Interestingly, the features at 21.5 um in Pho-
bos seem to be comparable with the hematite band in the Sinum
Meridiani region. Moreover, the band at 9.8 um is close to the
basalt band at 9.1 um, and a possible basalt composition for Pho-
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Fig. 6: Comparison between Martian moon spectra and Martian
trojans. The geometric albedo p, of the various asteroids was
obtained by Trilling et al. (2007) and Nugent et al. (2015) for
(5261) Eureka (p? and p!), by Trilling et al. (2007) for (101409)
1998 VF;,, and by Nugent et al. (2015) for (121514) 1999 UlJ;.
The geometric albedo of other Martian trojans is unknown.
These asteroids are difficult to detect and observe; and therefore,
the spectra presented in this figure represent all available data in
the literature for these six Mars trojans over the 16 detected and
accepted Martian trojans in both L4 and Ls points. The solid red
and blue lines represent the Phobos RU and Phobos BU spectra,
and the solid orange line shows the Deimos spectrum. They were
all obtained by Fraeman et al. (2014) using CRISM data.

bos was indeed inferred using TES observations (Glotch et al.
2018). The differences in the band positions between the spec-
tra can be attributed to a variety of factors, such as grain size
(Shirley & Glotch 2019), composition, and different environ-
mental conditions (Donaldson Hanna et al. 2012a,b).

Although no data are available in the 2.5 um - 6 pm wave-
length range for Mars trojans, the (5261) Eureka Martian trojan
asteroid has been observed by Spitzer Space Telescope (Fig. 5).
The observation highlights the olivine-rich composition of the
asteroid, which is dominated by a huge trough at approximately
11 um. This feature matches in particular with Rumuruti chon-
drites, brachinites, and chassignites (Lim et al. 2011). This also
agrees with VNIR observations of Eureka, showing a deep and
large Fe?* olivine absorption band at 1 um. The only interest-
ing match between the MIR spectra of Eureka and Phobos is
the position of the Christiansen feature (CF) at ~9 um, which is
relatively similar to the Phobos CFs. Despite the low signal-to-
noise ratio of Eureka Spitzer spectra, a 25 pm emissivity feature
is visible and linked to the forsterite (Fo) content. These silicate
features are not visible at all in Phobos spectra or in the MIR and
VNIR range, implying that (1) Phobos is poor in olivine and (2)
that opaque materials and small grain sizes severely reduce this
emissivity minimum (Poggiali et al. 2024).

5. Discussion

The results of the multivariate statistical analysis and the chi-
squared match indicate that the spectral properties of Phobos and
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Fig. 8: Comparison between VNIR spectra of the chassignite
meteorites NWA 2737 (DD-AHT-067, DD-AHT-068, and DD-
AHT-069 obtained from RELAB database (Pieters et al. 2008)
and from Mandon et al. 2021) and Chassigny (DD-MDD-023
and MR-MIJG-104 obtained from RELAB database), and Pho-
bos and Deimos spectra from Fraeman et al. (2014). The spectra
are normalized at 0.55 um. The reflectance at 0.55 um (rss0) is
indicated in the figure for each laboratory spectra.

Deimos are similar to those of some taxonomic asteroid popula-
tions, particularly D and Z types, as well as to some Martian
trojans. Additionally, the analysis revealed that the Phobos BU
shows similarities to the P and M types. This section addresses
the implications of these similarities in the context of the Martian
moons, and it explores the possibility of potential new hypothe-
ses for the origins of the Martian moons.

Article number, page 8

5.1. A Z-type progenitor or a cometary origin?

The observed spectroscopic similarities between the D and Z
types with Phobos and Deimos in terms of albedo, spectral
slopes, and absence of absorption features suggest that in the
context of a captured origin, the Martian moons may have origi-
nated from one or two asteroids belonging to these taxonomies.
As D-type objects were previously identified as suitable analogs
for the Martian moons, our results from the multivariate statis-
tical analysis (Fig. 3), chi-square match (Table 1) and the di-
rect slope-albedo comparison (Fig. 2) clearly favored similarities
with Z-type compared to D-type objects. Therefore, we investi-
gated the implications of an origin linked to Z-type asteroids.

By definition, Z types are extremely red-slope objects with a
low albedo. These spectroscopic properties are similar to those
of Phobos RU and Deimos. Although Z types can also be found
among the Jupiter trojan populations, their orbital distributions
is different from that of D types (Mahlke et al. 2022). Jupiter
trojans are primitive asteroids that formed and evolved beyond
the snow line. They are among the most primitive objects in the
Solar System, predominantly corresponding to D- or Z-type as-
teroids (e.g., Bendjoya et al. 2004; Fornasier et al. 2004, 2007,
Roig et al. 2008; Mahlke et al. 2022). The spectra of these ob-
jects indicate the presence of organics (Wong et al. 2024) and
exhibit properties similar to those observed in comets (e.g.,
Levison et al. 1997; Bendjoya et al. 2004; Fornasier et al. 2007).
While red bodies, including D and Z types, are more common
beyond the outer main belt, the inner and middle main-belt pop-
ulations, although rare, tend to be extremely red, that is, Z types
(Fig. E.1). The Z-type asteroids, characterized by their very
red spectra, are observed predominantly in the inner main belt
to middle main belt (Gartrelle et al. 2021; Mahlke et al. 2022;
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Humes et al. 2024b), and they may represent a distinct popula-
tion of asteroids.

The spectral similarities with Z types implies that the Mar-
tian moons may originate not necessarily from the Jupiter tro-
jans or the Hilda group, but from the inner main belt (<2.5 AU),
with an initial low eccentricity and low inclination (<30°). The
ejection of an object from the main belt can be attributed to its
entry into a 4:1 or 3:1 resonance with Jupiter. The capture of an
object exhibiting these initial dynamical properties would be a
more easily explainable scenario than an origin linked to Jupiter
trojans.

The Phobos RU and Deimos also display spectral character-

istics comparable to those observed in some centaurs and ex-
tinct comets, including (944) Hidalgo (Hahn & Rickman 1985;
Luu 1993; Lazzarin et al. 1996). Furthermore, the photometric
properties of Phobos and Deimos have been found to be consis-
tent with those of cometary nuclei and trans-Neptunian objects
(Fornasier et al. 2024). However, a systematic comparison be-
tween centaurs and extinct comets and the red featureless spec-
trum of Phobos and Deimos is hard. This is because these objects
are primarily classified according to their dynamical characteris-
tics and not to their spectroscopic properties. Consequently, cen-
taurs or extinct comets can exhibit a range of different spectro-
scopic characteristics, including absorption bands, a broad range
of albedos, and a lighter red or even blue spectral slope, as
observed in (3200) Phaeton. However, among extinct centaurs
and comets, specific taxonomies are predominantly represented,
such as D- and Z-type asteroids. These therefore act as a link
between comets and asteroids.
Considering this close relation between D- and Z-type objects
with centaurs and comets, we also considered the hypothesis
of cometary origins for the Martian moons (Hartmann et al.
1987; Fornasier et al. 2024). This theory suggests an interior
made of water ice, as proposed by Hartmann (1980, 1990), and
Fanale & Salvail (1989, 1990). Despite the proximity to the Sun
and the small size of Phobos, Fanale & Salvail (1989) found that
a reservoir of water ice can subsist in the interior of Phobos, at
least from medium to high latitudes , and it might be not entirely
sublimated. The low density of water ice (< 1 g.cm™) may ex-
plain the low density of the two moons.

Although no clear 3 um spectral feature indicative of water
ice has been detected on the surfaces of Phobos and Deimos be-
cause the data are limited (Rivkin et al. 2002; Takir et al. 2022;
Fraeman et al. 2012, 2014), these data do not argue against the
hypothesis of a cometary origin. For instance, faint 3 pum fea-
tures with depths of 5-10% for Phobos (Rivkin et al. 2002) and
4-5% for Deimos (Takir et al. 2022) may still be present. The 3
um feature may be significantly suppressed if exposed water ice
only occurs on small scales (meter or submeter), similar to those
detected on the cometary nucleus of 67P (Fornasier et al. 2016b,
2023). In addition, the possibility of a cometary origin cannot
be excluded even if the 3 um feature is completely absent. Ice
would not be expected on the surface without active sublima-
tion, as suggested from observations of potentially dormant or
extinct comets (Licandro et al. 2018). Future observations with
MMX instruments will be critical in testing this hypothesis. Ob-
servations with a high spatial resolution using MIRS will help
us to detect possible local exposure of surface water ice, not
only through the prominent 3 um feature, but also via diagnostic
bands at 1.05, 1.25, 1.5, and 2.0 um (Raponi et al. 2016). Addi-
tionally, the MEGANE instrument will investigate potential sub-
surface ice to depths of up to 30 cm using gamma-ray and neu-
tron measurements (Lawrence et al. 2019). These observations
will provide strong insights into the captured-comet hypothesis.

However, if it is unlikely to capture an asteroid or a comet show-
ing the orbital properties of the current Phobos and Deimos, it
is highly improbable to gravitationally capture small bodies like
this with highly eccentric and inclined orbits twice. The newly
proposed hypothesis (Fornasier et al. 2024) of a binary comet
that was broken up by tidal forces may be more probable, but it
needs to be investigated dynamically.

5.2. A formation with Mars trojans?

The Martian trojans are of particular interest with regard to
their dynamical properties and to their link to the history of the
Martian system. Upon comparison of their spectroscopic prop-
erties with those of Phobos and Deimos, we identified several
similarities that might suggest a similar history or at least a
similar evolutionary path. Mars trojans are a distinctive pop-
ulation of small bodies within the Solar System that consti-
tute the majority of trojan asteroids among terrestrial planets.
The nature of Mars trojans is particularly intriguing because we
lack definitive knowledge regarding their origin. As illustrated
in Fig. 6, several spectral taxonomies coexist within the Mar-
tian trojans (e.g., de La Fuente Marcos & de La Fuente Marcos
2013; Christou 2013). Some of the asteroids exhibit A-type
spectra and are attached to the Eureka family, while others are
more similar to S-type or even to more primitive asteroids,
such as (121514) 1999 UJ; and 2023 FW 4 (Borisov et al. 2017,
de la Fuente Marcos et al. 2024). The diversity among the vari-
ous Mars trojans gives rise to questions regarding the formation
and evolution of these bodies. Notably, these questions agree
with those pertaining to the origins of Phobos and Deimos.

The main group of Mars trojan asteroids located at Ls and
part of the Eureka family are spectroscopically consistent with
A-type asteroids. Based on the dynamical arguments and the dis-
cussed spectroscopic properties, Rivkin et al. (2003) argued that
these trojan asteroids may have formed from a larger parent body
in the early Solar System that was disrupted after the differenti-
ation and experienced melting processes. Based on this, the Eu-
reka family would initially stem from a single parent body. This
might explain the significant similarities between the Eureka,
2007 NS;, and 2001 DH4; Mars trojans, for example. Cuk et al.
(2015) explained a possible formation from rotation-fission with
the Yarkovsky—O’Keefe—Radzievskii—Paddack (YORP) effect.
In considering the scarcity of olivine-rich bodies among aster-
oids (less than 1% according to DeMeo et al. 2019, but probably
slightly more according to Galinier et al. 2024), Polishook et al.
(2017) posited that the achondritic and chassignites-similar spec-
tra may offer evidence of a formation mechanism for the Eureka
family that can be attributed to a giant impact in which Mar-
tian mantle materials were excavated and ejected into the Mar-
tian system. A large impact would be necessary to form such an
asteroid cluster at the Ls, such as the one that formed the Bore-
alis basin. We refer to Polishook et al. (2017) for the dynamical
mechanism that can explain the transfer of materials from Mars
to the Ls Lagrangian point.

The case of (101409) 1998 VFj3; is different because the
spectroscopic analysis showed that this body might be con-
sistent with S-type asteroids (Rivkin et al. 2007; Christou et al.
2021), lunar highlands (Christou et al. 2021), or M-type aster-
oids (Christou et al. 2021). Based on laboratory data, the best
match is provided either by a mixture of primitive achondrite
and mesosiderite (Rivkin et al. 2007) or by a mixture of orthopy-
roxene and meteoritic iron (Christou et al. 2021). Christou et al.
(2021) also argued that (101409) 1998 VF3; might have a Mar-
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tian origin, as hypothesized by Polishook et al. (2017), even
though the inclination of this trojan is much higher than that of
the Eureka family. In this hypothesis, the pyroxene and iron-rich
composition is more likely consistent with the Martian crust than
the Martian mantle, as for the Eureka family. The iron content
might therefore be a mixture of iron oxide that is highly present
at the Mars surface and iron nanoparticles that formed through
the space-weathering exposure of the surface. Nevertheless, the
hypothesis that the Martian trojans Ls are created from the Eu-
reka family with achondritic basaltic material, the (101409) 1998
VFj3; asteroid from a single giant impact on the Martian northern
hemisphere, appears to be a significant and complex combina-
tion of circumstances.

The spectra of Phobos and Deimos are significantly different
from those of the Ls Eureka family trojans. If they were formed
by a giant impact from the Borealis basin (Citron et al. 2015) at
the same time as the Eureka family, they should have evolved
in the same way in terms of space weathering, and are therefore
assumed to exhibit the same surface composition and spectro-
scopic properties. This is not the case. In principle, the ejecta
after the impact will be a mixture of Martian crust, Martian man-
tle, and impactor. As we described above, the two Martian moons
will likely consist of a mixture of these different materials. To ex-
plain the different composition of the Eureka family, the Eureka
parent bodies might represent only a particular end-member, and
in this case, more probably the Martian mantle, considering the
close relation with chassignites (Polishook et al. 2017). An ad-
ditional process that might influence the alteration processes be-
tween the Martian moons and the Eureka family is the recycling
process, which would not be expected to occur with the trojans
because they are not concerned with the Roche limit.

The two currently known L4 Mars trojan asteroids exhibit
a different behavior compared to the Eureka family, but it is
also different from that of the other Ls trojans. The spectrum
of (121514) 1999 UJ; only has a limited spectral coverage in
the visible region (0.55 - 0.85 um) and a low signal-to-noise
ratio (Rivkin et al. 2003; Borisov et al. 2018). However, from
these available data, it appears that the trojans are part of the
C-complex, and that a feature at 0.65 um is visible. The data
from Rivkin et al. (2003) and Borisov et al. (2018) are not con-
sistent in terms of the spectral slope. While Rivkin et al. (2003)
measured a positive slope in the visible wavelength range, the
results from Borisov et al. (2018) supported a blue-slope aster-
oid in the same wavelength range. The difference is attributed
to the rotational variability of the surface (Borisov et al. 2018).
The observed spectroscopic differences between Ls and Ly tro-
jans would indicate that some objects among Mars trojans might
originate from the outer Solar System, beyond the snow line, that
were captured in the L4 Lagrangian point in the early history of
the Solar System. This capture would be possible according to
dynamical simulations and the estimated dynamical lifetime by
Scholl et al. (2005) and Schwarz & Dvorak (2012). The recently
discovered second Mars L, trojan asteroid 2023 FW 4 has spec-
troscopic properties that are similar to those of (121514) 1999
UJ;, which as measured by Rivkin et al. (2003) belong to the C-
complex, and more precisely, probably to the P-type group. This
type of spectrum can be consistent with the Phobos BU. The two
L, asteroids are spectroscopically and dynamically more likely
primitive captured asteroids (and may have a similar origin or
parent body) from the Mars-crossing asteroid populations than
formed in situ (de la Fuente Marcos et al. 2024).

Finally, Phobos, Deimos, and some Mars trojans (at least of
the Eureka family) might have been created at the same time in
the giant impact that caused the formation of the Borealis basin
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in the northern hemisphere of Mars. A match of the Phobos and
Deimos spectra with those of altered Martian materials and Eu-
reka family members would face the same difficulty (Sect. 5.3).
If Phobos, Deimos, and the Mars trojans were created at the same
time, they should have experienced the same alteration process
during the same time. However, some other processes such as
recycling (as discussed previously) and the mixing of materi-
als from different quantities and sources, including the impactor,
the Martian crust, and the Martian mantle, might occur as well.
Furthermore, the Martian environment may contribute to the al-
teration of the Phobos and Deimos surfaces. Space weathering,
caused by oxygen ions escaping from the upper Martian atmo-
sphere (Nénon et al. 2019, 2021), and the potential for Martian
dust to be redeposited at the surface of Phobos, may result in
modifications to the spectroscopic properties.

5.3. An altered fragment of Mars?

The investigation of the spectral properties of the Martian sur-
face endmembers did not match the spectra of the Martian moons
satisfactorily. Fig. 7 shows no clear match between the Phobos
and Deimos spectra and the CRISM major mineralogical classes
observed on Mars (Viviano-Beck 2014). Most of the Mars spec-
tra are bluer than Phobos and Deimos and have deeper features,
especially for the 1 um band, which is linked with olivine and py-
roxene, and which is totally absent in the Phobos spectra. Some
spectra exhibit smaller features, and therefore, they cannot be
ruled out from the Phobos surface. The significant shock fea-
tures observed in chassignites, in addition to the formation of
npFe" resulting from the giant impact, appear to exhibit notable
spectroscopic similarities. These similarities may be a contribut-
ing factor to the dark, red, and featureless spectra observed in
Phobos and Deimos.

The MIR range (Fig. 9) also shows substantial differences
when we compare the Phobos and Deimos spectra with ob-
servations made by the same instrument of several regions of
Mars (Bandfield et al. 2000; Salvatore et al. 2018). In particu-
lar, the main difference lies in the position of the CF, which
is shifted to a smaller wavelength for Phobos, and the main
feature at around 9.1 um, which is linked to basaltic composi-
tion (Christensen et al. 2000; Bandfield et al. 2000). Neverthe-
less, the Phobos spectrum acquired from TES shows small fea-
tures at 9.8 um. Interestingly, a good match is visible for the
band at 21.5 um, which was identified on Mars as produced by
hematite (Christensen et al. 2000). Previous analysis of TES ob-
servation of Phobos indeed linked the spectrum with a possible
basaltic component (Glotch et al. 2018).

For the hypothesis of the giant impact, the formation of the
Martian moons would be a direct product of the reaccumulation
of debris disk material made by the red planet and the impactor
material, if it survived (Craddock 2011). As the NIR and MIR
spectra of Mars, as well as chassignites, are not fully compa-
rable with observations of Phobos and Deimos, the hypothesis
of a composition directly derived from Mars needs to advocate
several subsequent processes to obtain the current surface ap-
pearance. Some of these processes are thermal alteration, space
weathering, and even desegregation and reaccumulation, dehy-
dration, and hydrogen implantation. If some of them are likely to
occur during the collision and the reaccumulation as the thermal
alteration, others can alter the surface of Phobos during the sub-
sequent evolution, and they still alter it today (i.e., space weath-
ering and hydrogen implantation). The quantification of the ef-
fect produced by these processes on Martian-like material is still
not investigated and will be the topic of future work.
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Fig. 9: Phobos and Deimos spectra from the TES instru-
ment (Glotch et al. 2018) compared to major terrain of Mars
acquired by TES (spectra from by Salvatore et al. (2018);
Christensen et al. (2000); Bandfield et al. (2000)). The vertical
dashed lines highlight main features in Phobos spectra at 9.8,
11.97, and 21.5 pm. Each spectrum is scaled by a factor reported
in the figure legend.

When we compare Mars and its moons, we observe a dis-
crepancy in the low density of the Martian moons with the densi-
ties of the Martian mantle or crust. This may be explained by the
hypothesis that if the moons formed by accretion, highly porous
rubble-pile bodies might have formed. These rubble piles are ex-
pected to consist of a mixture of basaltic Martian material and
impactor material (at least 35% of Martian material in which
50% comes from the mantle; Hyodo et al. 2017). When we con-
sider a purely mantle material for Phobos (o = 3.4 + 0.1 g.cm™,
Consolmagno et al. 2008), thiswould results in a macro-porosity
induced by voids in the interior that can be estimated to be P =
45 + 4% for Phobos and # = 56 + 4% for Deimos.

5.4. An M-type asteroid at the origin of Phobos and Deimos?

The results of the various analyses performed on asteroid data
show that the Phobos BU, which is assumed to represent the un-
weathered fresh materials on Phobos, is relatively close to M-
type spectral properties. Therefore, we explored the possibility
that Phobos and Deimos originated from an M-type object via
two potential mechanisms as described below.

1. An M-type asteroid impact on Mars: An M-type asteroid
or an early protoplanet (M-type asteroids are currently de-
scribed as remnant bodies of planetesimal or protoplanet for-
mation) could have impacted Mars, thereby creating a debris
disk around Mars that was mainly composed of M-type ma-
terial with a fraction of Martian material. According to nu-
merical simulations made by Rosenblatt (2011), Citron et al.
(2015), Hyodo et al. (2017), and Canup & Salmon (2018),
the necessary mass of the impactor (o ~ 3.1 g.cm™>) would
typically be between 1% and 5% of the Mars mass, that
is, between 6.4 x 10?! kg and 3.2 x 10??> kg. Consider-
ing that the most massive currently known M-type asteroid
is (16) Psyche, with a mass of (2.29 + 0.14) x 10'° kg,

the size of the necessary M-type bodies for this hypothesis
implies a particularly huge body that would be closer to a
large planetesimal than an asteroid, with a radius between
735 km and 1257 km to explain the formation of enough
material for the creation of the Martian moons. The disk
will be heated up to 1,000 K such as in the giant impact 870
classic scenario, depleting volatiles, and dehydrating phyl-
losilicates, as seen in CRISM observations (Fraeman et al.
2014). The accretion of the mixture of M-type-like aster-
oids and Martian material in the disk could create Phobos
and Deimos. According to this, Phobos would be an iron-
rich body such as an M-type asteroid with Martian material
as well. M-type asteroids are generally considered as parent
bodies of iron meteorites (mesosiderite) and enstatite chon-
drites (e.g., Lupishko & Belskaya 1989; Ockert-Bell et al.
2010). It has been shown that enstatite chondrite spectra af- 8so
ter ion irradiation or a pulse-laser experiment to simulate
space-weathering can be slightly darkened (Vernazza et al.
2009) and also strongly reddened (Vernazza etal. 2009;
Zhang et al. 2022). This evolution after space-weather alter-
ation is particularly interesting as a hypothesis to explain the
difference between the BU and the RU on Phobos. The top
layer surface of the RU is highly altered due to the prox-
imity of the Sun and Mars, and it therefore shows a dark,
featureless, and red spectrum. The subsurface is not altered
similarly, showing a higher albedo and a flatter spectrum. 890
The impacts that form craters, and in particular Stickney,
are therefore relatively recent, and they excavate the bright
iron-rich unaltered material. Additionally, fresher areas were
observed on asteroid (21) Lutetia, which was originally clas-
sified as M type, as seen by the Rosetta spacecraft. These ar-
eas were located in the vicinity of craters, and in particular,
in the Baetica region (Magrin et al. 2012). These fresher ar-
eas on Lutetia are indicative of landslides and exhibit a bluer
spectrum than the surrounding areas, a trend that is also ob-
served on Phobos crater rims and landslides. Deimos exhibits 900
a more homogeneous surface and is more consistent with
the Phobos RU according to VNIR spectroscopic observa-
tions. The craters appear to have no specific significant spec-
trophotometric behavior in comparison with craters on Pho-
bos (Thomas et al. 2011). The craters on Deimos are there-
fore older, and excavated material from an old impact is al-
ready altered by space-weather processes and is at least par-
tially buried by regolith (Thomas et al. 1996; Thomas et al.
2011). The density is also an important parameter for con-
straining the origin of Phobos and Deimos. They exhibit a 910
low density of 1.86 + 0.1 g.cm™ (Willner et al. 2014) and
1.49+0.2 g.cm‘3 (Thomas 1993; Jacobson 2010). The mean
density of M-type asteroids was found to be 3.85 + 1.27
g.cm™? (Carry 2012). This discrepancy in the theory of an M-
type asteroid at the origin of the Martian moons could be ex-
plained by the fact that after the impact, M-type material was
likely mixed with crustal and mantle Martian materials ( p ~
3.0 g.cm™ and p ~ 3.4 g.cm™3; Consolmagno et al. 2008)
that were stripped from the planet. However, this mechanism
alone cannot explain the observed density. The formation of 920
the moons by accretion may create rubble-pile bodies with
an extremely high porosity. This rubble pile will consist of
a mix of basaltic Martian material with M-type material (at
least 35% of Martian material, 50% of which comes from the
mantle; Hyodo et al. 2017). When we considered an equal
quantity mix of both types of materials, the macroporosity
induced by voids in the interior needed in this hypothesis
is estimated to be = 49 + 26% for Phobos and £ = 59
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+ 34% for Deimos. These macroporosity values are con-
sistent with observed rubble-pile asteroids such as (101955)
Bennu (P = 50-60%, Barnouin et al. 2019), (162173) Ryugu
(P = 50-60%, Okada et al. 2020), and (25143) Itokawa (P =
42 + 11%, Fujiwara et al. 2006). The high internal poros-
ity may also explain the many geological features (e.g.,
grooves; Basilevsky et al. 2014) that indicate strong tidal ef-

fects caused by the proximity of Phobos to the Roche limit.
2. M-type asteroid capture: In line with the observed similari-

ties between Phobos BU and M-type asteroids and with the
previously proposed hypothesis of a D-type captured aster-
oid (e.g., Pajola et al. 2013), it is also possible to consider an
M-type captured asteroid, particularly in the case of Phobos.
The difference between the Phobos BU and RU could be ex-
plained in the same way as previously. However, M types are
probably not rubble-pile asteroids (Carry 2012), and this may
be more difficult to reconcile with the current low density of
Phobos and Deimos.

In both cases, the relatively low thermal inertia of Phobos and
Deimos (between 20 and 85 Jm2.K~'.s71/2, Michel et al. 2022)
is consistent with the value for the Moon (Hayne et al. 2017)
or M-type asteroids. For example, asteroid (21) Lutetia was de-
termined to have a thermal inertia that falls within the range
of values observed for the Martian moons (50 Jm=2.K~'.s71/2;
Mueller et al. 2006; Gundlach & Blum 2013). Furthermore, the
thermal inertia of this iron-rich material may be reduced in the
case of very fine grain material. However, this hypothesis faces
the problem that the M-type object altered surface materials are
consistent with the Phobos BU, which are generally considered
as fresher areas. Therefore, either the blue unit does not corre-
spond to fresher areas, or an alternative space-weather mecha-
nism is necessary to explain this discrepancy. Finally, the M-type
hypothesis is challenging to reconcile with several properties of
Phobos and Deimos, in particular with regard to compositional
and space-weather alteration trends. Consequently, we conclude
that this hypothesis is relatively unlikely to explain the origins of
Phobos and Deimos. Although the Phobos BU matches the M-
type asteroids spectrally, it appears to be more probable that it is
associated with the P-type asteroid class. This class is spectro-
scopically close to the M-type objects, but it is rarer. This might
result in a possible discrepancy for a statistical comparison.

6. Conclusions

We put forward new hypotheses to explain the origins of Phobos
and Deimos. In the case of captured bodies, it is already well es-
tablished that the Martian moons exhibited spectral similarities
with the primitive D-type asteroids. Based on the spectroscopic
properties, we also explored the hypothesis of a captured origin
based on an M- or Z-type asteroid, or even an extinct comet. In
the case of a giant impact, we expanded the discussion of the
classic giant impact hypothesis to encompass the origins and the
link between Mars trojans and the Martian moons. If some hy-
potheses are more exotic, such as the M-type or comet origins
(which are particularly suitable for explaining the spectroscopic
and photometric properties, but face the problem of explain-
ing the current orbital parameters of the two Martian moons),
some others seems particularly interesting because they can rec-
oncile the spectroscopic, photometric, and dynamical properties
of Phobos and Deimos. In the case of the captured bodies, a Z-
type asteroid from the inner main belt might explain the origins
of Phobos and Deimos. In the giant impact hypothesis, the for-
mation of the Martian moons is linked to the origins of the Mars
trojans from the Eureka family.
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This study demonstrated that although significant progress
was made recently in our understanding of the effects of space
weathering on spectroscopic and photometric properties, a sig-
nificant knowledge gap remains. Visible to MIR spectroscopy
and photometry are widely used techniques for remote-sensing
observations, and also for ground-based observations. The un-
derstanding of the alteration of small bodies is of particular im-
portance for the interpretation of data from space missions, but
also above all to provide a comprehensive interpretation of the
early Solar System. Laboratory experiments made to simulate
space weathering should continue on various extraterrestrial ma-
terials because the composition has a significant impact on the
observed variations, and sample-return missions as currently ob-
tained by Hayabusa, Hayabusa2, and OSIRIS-REx give invalu-
able information on these processes.

The specific environment of Phobos, with its proximity to
Mars and its atmosphere, might also play an additional role in
the spatial alteration and sputtering that occurs on its surface
(Nénon et al. 2019, 2021).

The Martian system is particularly complex in the terrestrial
planet family, with its small intriguing moons and trojans. The
observations of these two targets will help to guide us into an un-
derstanding of these planetary systems, of our Solar System, and
even of the dynamics and evolution of exoplanetary systems. For
the Mars trojans, the capability of the James Webb Space Tele-
scope (JWST), in particular, the sensitivity, spectral resolution,
and spectral coverage (0.6 um to 28 wm when the NIRSpec and
MIRI instruments are combined) might be the missing link. A
mission to the L5 and/or L4 Martian Lagrangian point will be
of particular importance to complete the understanding of the
Martian system (Wickhusen et al. 2019, 2023). For the Martian
moons, the JAXA MMX mission will give us pivotal insights
to finally understand the origins, with the Phobos sample return
scheduled for 2031 (Kuramoto et al. 2022).
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Medium infrared spectra are retrieved by the cited
publication and/or received directly from the au-
thor of the publication. AKARI database 1is accessi-
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Appendix A: List of asteroid observations

Observations used in this work come from several surveys and/or papers. The table in this appendix gives the observed object,
the wavelength range, the associated reference, and the spectral types following the Mahlke et al. (2022) and DeMeo et al. (2009)

taxonomies.

Table A.1: VNIR ground-based spectra used in this study.

Object Spectral type  Spectral type Wavelength Phase References
(Mahlke) (Bus-DeMeo)
(1) Ceres C C 0.435-249um  5.6° MITHNEOS (Unpublished)
(1) Ceres C C 0.435-245um 16.8° MITHNEOS (Unpublished)
(2) Pallas B B 0.435-2.46 um 19°  MITHNEOS (Unpublished)
(9) Metis M - 0.511-245um  3.4° MITHNEOS (Unpublished)
(10) Hygiea C C 0.435-249um  3.2° MITHNEOS (Unpublished)
(10) Hygiea C C 0.435-245um  2.8° MITHNEOS (Unpublished)
(16) Psyche M Xk 0.370-2.45um  22.1° Fornasier et al. (2010)
(16) Psyche M Xk 0.435-247um 13.2° MITHNEOS (Unpublished)
(21) Lutetia M Xc 0.435-245pum 20.1° MITHNEOS (Unpublished)
(21) Lutetia M Xc 0.440-2.49 um  22°  MITHNEOS (Unpublished)
(21) Lutetia M Xc 0.440-245um 1.6° MITHNEOS (Unpublished)
(22) Kalliope M X 0.400-2.49 um  9.6° Fornasier et al. (2010)
(22) Kalliope M X 0.435-246 um 19.6° MITHNEOS (Unpublished)
(24) Themis C C 0.450-2.40 wum  6.4° Fornasier et al. (2016a)
(24) Themis C C 0.435-249 um 12.9° MITHNEOS (Unpublished)
(45) Eugenia C C 0.435-2.45 um 7° MITHNEOS (Unpublished)
(47) Aglaja C X 0.435-245um 17.2° MITHNEOS (Unpublished)
(52) Europa C C 0.435-245pum 15.8° MITHNEOS (Unpublished)
(55) Pandora M Xk 0.435-2.49 um 13° Fornasier et al. (2010)
(55) Pandora M Xk 0.435-249um  9.3° MITHNEOS (Unpublished)
(55) Pandora M Xk 0.435-247um  23°  MITHNEOS (Unpublished)
(56) Melete P Xk 0.435-2.49 um 19°  MITHNEOS (Unpublished)
(65) Cybele P Xk 0.435-249um 1.2° MITHNEOS (Unpublished)
(69) Hesperia M Xk 0.400-2.41 ym 23.2° Fornasier et al. (2010)
(69) Hesperia M Xk 0.435-249um 11.4° MITHNEOS (Unpublished)
(69) Hesperia M Xk 0.435-245um  22°  MITHNEOS (Unpublished)
(72) Feronia P L 0.491-249pum 7.7° MITHNEOS (Unpublished)
(76) Freia P C 0.440-2.47pum  9.9° MITHNEOS (Unpublished)
(77) Frigga M Xe 0.435-249um 4.2° MITHNEOS (Unpublished)
(81) Terpsichore C C 0.435-245pum  7.1°  MITHNEOS (Unpublished)
(87) Sylvia P X 0.435-249 um 17.2° MITHNEOS (Unpublished)
(88) Thisbe P C 0.435-246 um 17.8° MITHNEOS (Unpublished)
(90) Antiope C C 0.450-240um  7.1° Fornasier et al. (2016a)
(90) Antiope C C 0.435-247um 19.3° MITHNEOS (Unpublished)
(96) Aegle P T 0.440-2.47 uym 16.5° MITHNEOS (Unpublished)
(97) Klotho M Xc 0.456-2.49 ym 10.7° Fornasier et al. (2010)
(97) Klotho M Xc 0.490-2.47 uym  20.7° MITHNEOS (Unpublished)
(99) Dike C Xk 0.435-246um 11.7° MITHNEOS (Unpublished)
(110) Lydia M Xk 0.381 -2.41 ym 19.9° Fornasier et al. (2010)
(110) Lydia M Xk 0.435-246 um 13.6° MITHNEOS (Unpublished)
(114) Kassandra M K 0.435-245um  9.9°  MITHNEOS (Unpublished)
(117) Lomia C Xc 0.435-244pum 2.8° MITHNEOS (Unpublished)
(128) Nemesis C C 0.435-2.48 um 14.4° MITHNEOS (Unpublished)
(129) Antigone M Cg 0.400 - 2.50 wum  26.5° Fornasier et al. (2010)
(135) Hertha M X 0.415-249 uym 30.1° Fornasier et al. (2010)
(142) Polana“ C Cb 0.440 - 2.45 pm 10° MITHNEOS (Unpublished)
(153) Hilda P X 0.435-2.45 um 14°  MITHNEOS (Unpublished)
(160) Una P Xk 0.435-245um 21.6° MITHNEOS (Unpublished)
(161) Athor M Xc 0.400 - 2.50 wm  15.2° Fornasier et al. (2010)
(164) Eva C C 0.435-2.45 um 6° MITHNEOS (Unpublished)
(173) Ino P Xc 0.435-2.48 um 21.2° MITHNEOS (Unpublished)
(175) Andromache C Cg 0.435-249 um 13.3° MITHNEOS (Unpublished)
(181) Eucharis P Xk 0.435-248um  6.7° MITHNEOS (Unpublished)
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Table A.1: continued

Object Spectral type  Spectral type Wavelength Phase References
(Mahlke) (Bus-DeMeo)
(191) Kolga C Cb 0.435-249 um 15.3° MITHNEOS (Unpublished)
(201) Penelope M Xk 0.435-248um  10°  MITHNEOS (Unpublished)
(209) Dido P C 0.435-248um 17.4° MITHNEOS (Unpublished)
(210) Isabella C Cb 0.435-248 um 10.9° MITHNEOS (Unpublished)
(213) Lilaea C X 0.435-242um 13.4° MITHNEOS (Unpublished)
(216) Kleopatra M Xe 0.400 - 2.44 ym  22.5° Fornasier et al. (2010)
(224) Oceana M X 0.410-249 um 14.8° Fornasier et al. (2010)
(236) Honoria M L 0.435-248um 3.4° MITHNEOS (Unpublished)
(247) Eukrate P C 0.435-248 um 22.5° MITHNEOS (Unpublished)
(250) Bettina M Xk 0.435-249um  9.6° MITHNEOS (Unpublished)
(261) Prymno M X 0.435-246um  7.3° MITHNEOS (Unpublished)
(269) Justitia Z D 0.435-249 um 18.5° MITHNEOS (Unpublished)
(279) Thule Z D 0.435-245um 10.3° MITHNEOS (Unpublished)
(308) Polyxo P T 0.435-249um  8.6° MITHNEOS (Unpublished)
(325) Heidelberga M - 0.386-2.45um  7.8° Fornasier et al. (2010)
(338) Budrosa M X 0.401-250 um 19.3° Fornasier et al. (2010)
(339) Dorothea B B 0.435-245um  3.4° MITHNEOS (Unpublished)
(347) Pariana M X 0.422-250pum  7.5° Fornasier et al. (2010)
(365) Corduba C X 0.435-247um  20°  MITHNEOS (Unpublished)
(412) Elisabetha C C 0.435-249um 18.9° MITHNEOS (Unpublished)
(441) Bathilde M X 0.400-2.50 ym  4.1° Fornasier et al. (2010)
(570) Kythera D D 0.435-247um  5.2° MITHNEOS (Unpublished)
(596) Scheila P T 0.435-245um  6.4° MITHNEOS (Unpublished)
(679) Pax M L 0.435-245um 14.2° MITHNEOS (Unpublished)
(706) Hirundo M Cgh 0.435-246 um  9.9° MITHNEOS (Unpublished)
(706) Hirundo M Cgh 0.435-247um 21.8° MITHNEOS (Unpublished)
(747) Winchester C C 0.435-249 um 13.6° MITHNEOS (Unpublished)
(773) Irmintraud P T 0.435-248um  5.7° MITHNEOS (Unpublished)
(845) Naema C Cg 0.435-245um  18°  MITHNEOS (Unpublished)
(849) Ara Z D 0.489 -2.50 ym  20.7° Fornasier et al. (2010)
(872) Holda M X 0.420-2.48 wum  17.6° Fornasier et al. (2010)
(908) Buda Z D 0.435-246 um  14°  MITHNEOS (Unpublished)
(944) Hidalgo D D 0.420-2.49 um 17.9° MITHNEOS (Unpublished)
(1015) Christa C Cg 0.435-246um  14°  MITHNEOS (Unpublished)
(1021) Flammario® C B 0.435-245um  7.9° MITHNEOS (Unpublished)
(1076) Viola* B B 0.435-245um  8.2° MITHNEOS (Unpublished)
(1143) Odysseus D D 0.458 -2.49 um  0.6° MITHNEOS (Unpublished)
(1300) Marcelle C Cgh 0.435-247um  7.9° MITHNEOS (Unpublished)
(1300) Marcelle C Cgh 0.435-248 um 15.9° MITHNEOS (Unpublished)
(1406) Komppa Z D 0.435-246 um 13.7° MITHNEOS (Unpublished)
(1508) Kemi C B 0.435-248 um 22.5° Binzel et al. (2019)
(1542) Schalen Z D 0.435-246 um 9.1° MITHNEOS (Unpublished)
(1623) Vivian P C 0.450-2.40 wum  6.5° Fornasier et al. (2016a)
(1768) Appenzella C C 0.435-245um 19.7° MITHNEOS (Unpublished)
(2246) Bowell D D 0.435-247um  5.4° MITHNEOS (Unpublished)
(2378) Pannekoek C Cgh 0.437-241 um 10.5° MITHNEOS (Unpublished)
(3200) Phaethon B B 0.435-245pum 10.6° MITHNEOS (Unpublished)
(3200) Phaethon B B 0.435-245um  9.4° MITHNEOS (Unpublished)
(3200) Phaethon B B 0.435-249 wum  33.6° Marsset et al. (2022)
(3200) Phaethon B B 0.435-249 um 33.1° Marsset et al. (2022)
(3200) Phaethon B B 0.435-249 um 31.2° Marsset et al. (2022)
(3200) Phaethon B B 0.435-245um  9.5° MITHNEOS (Unpublished)
(3200) Phaethon B B 0.435-244pum 12.9° MITHNEOS (Unpublished)
(3200) Phaethon B B 0.360 - 2.44 um 17.3°  MITHNEOS (Unpublished)
(3248) Farinella D D 0.435-247um  3.5° MITHNEOS (Unpublished)
(3317) Paris Z D 0.435-247pum 10.1° MITHNEOS (Unpublished)
(3552) Don Quixote D D 0.400-2.48 um 47.3° Binzel et al. (2019)
(3833) Calingasta C Cb 0.435-245um 23.8° Binzel et al. (2019)
(4660) Nereus? M Xc 0.340-2.44 um 264° Binzel et al. (2004)
(4660) Nereus? M Xc 0.340-2.45um  59°  MITHNEOS (Unpublished)
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Table A.1: continued

Object Spectral type  Spectral type Wavelength Phase References
(Mahlke) (Bus-DeMeo)
(4744) Rovereto Z D 0.437-245pum  6.5° MITHNEOS (Unpublished)
(5330) Senrikyu P B 0.435-2.43 um 2° MITHNEOS (Unpublished)
(6249) Jennifer M Xc 0.435-245um 33.9° MITHNEOS (Unpublished)
(7304) Namiki P D 0.435-2.48 um  22.5° Binzel et al. (2019)
(14402) 1991 DB M X 0.490-2.45um 23.3° Binzel et al. (2019)
(15817) Lucianotesi C - 0.520-2.49 ym  27° Marsset et al. (2022)
(17274) 2000 LC16 P D 0.400-249um 6.7° MITHNEOS (Unpublished)
(17274) 2000 LC16 P D 0.400-2.47 ym  19° Marsset et al. (2022)
(17274) 2000 LC16 P D 0.400 -2.47 um  24.9° Marsset et al. (2022)
(17274) 2000 LC16 P D 0.400-2.46 um 15.5° Binzel et al. (2019)
(20786) 2000 RG62 P Sq: 0.500 -2.45um 16.5° MITHNEOS (Unpublished)
(20786) 2000 RG62 P Sq: 0.505-2.45um 19.9° MITHNEOS (Unpublished)
(65679) 1989 UQ C C 0.435-245um  8.2° Binzel et al. (2019)
(85990) 1999 JV6 C X 0.367-2.45um 16.5° Binzel et al. (2019)
(85990) 1999 JV6 C X 0.367 -2.49 um  34.2° Marsset et al. (2022)
(153201) 2000 WO107 M X 0.400-245um  21° Marsset et al. (2022)
(162173) Ryugu C C 0.385-2.47uwm 31.4° Marsset et al. (2022)
(162173) Ryugu C C 0.385-2.49 um  28.5° Marsset et al. (2022)
(175706) 1996 FG3 C C 0.370-2.45um  23.7° de Ledn et al. (2011)
(175706) 1996 FG3 C C 0.370-2.45um  8.2° MITHNEOS (Unpublished)
(175706) 1996 FG3 C C 0.370-2.46 um 58.4° MITHNEOS (Unpublished)
(175706) 1996 FG3 C C 0.370-2.47 um  14°  MITHNEOS (Unpublished)
(175706) 1996 FG3 C C 0.370-2.47 um 13.9°  MITHNEOS (Unpublished)
(175706) 1996 FG3 C C 0.370-2.47 ym 51.5° MITHNEOS (Unpublished)
(194268) 2001 UY4 P Sr 0.490-2.48 um 18.6° Marsset et al. (2022)

Notes. A dashed means that not enough data were acquired to classify the spectra based on the taxonomy requirements.
Some objects are associated with different spectral types depending on the taxonomy and on the observations: “classified as F-type in Tholen

taxonomy, “classified as E-type in Binzel et al. (2004) and Fornasier et al. (2008), “classified as D-type in Bourdelle de Micas et al. (2022).

Appendix B: List of asteroids properties

We present here the physical and dynamical properties/classes of each asteroids used in this work.

Table B.1: Physical, photometric, and spectroscopic properties of asteroids used in this work.

Object Type* Albedo Albedo refs. D (km) Diameter refs. a (AU) 1 (deg) e (deg) Dyna. class.
(1) Ceres C 0.034 Lietal. (2016) 939.4 Russell et al. (2016) 2.76  10.59 0.08 MBA
(2) Pallas B  0.1512 Berthier et al. (2023) 512.6 Vernazza et al. (2021) 2.76 3492 0.23 MBA
(9) Metis M  0.1798 Berthier et al. (2023) 170.7 Bartczak & Dudzinski (2018) 2.38 5.58 0.12 MBA

(10) Hygiea C 0.0532 Berthier et al. (2023) 428.9 Hanus et al. (2017) 3.13 3.83 0.11 MBA
(16) Psyche M  0.1164 Berthier et al. (2023) 223.1 Shepard et al. (2021) 292 31 0.13 MBA
(21) Lutetia M 0.19  Sierksetal. (2011) 98.0 Sierks et al. (2011) 243 3.06 0.16 MBA
(22) Kalliope M 0.1428 Berthier et al. (2023) 152.8 Vernazza et al. (2021) 2.9 13.7 0.1 MBA
(24) Themis C 0.0507 Berthier et al. (2023) 208.5 Vernazza et al. (2021) 3.14 0.74 0.12 MBA
(45) Eugenia C 0.0384 Berthier et al. (2023) 187.6 Hanus et al. (2017) 271 6.61 0.08 MBA
(47) Aglaja C 0.0499 Berthier et al. (2023) 136.2 Herald et al. (2019) 2.87 497 0.13 MBA
(52) Europa C 0.0377 Berthier et al. (2023) 317.0 Hanus et al. (2017) 3.08 7.48 0.11 MBA
(55) Pandora M  0.2587 Berthier et al. (2023) 70.0 Durech et al. (2011) 275 7.18 0.14 MBA
(56) Melete P  0.0466 Berthier et al. (2023) 119.0 Viikinkoski et al. (2017) 2.59 8.08 0.24 MBA
(65) Cybele P 0.0463 Berthier et al. (2023) 263.5 Marsset et al. (2023) 341 3.56 0.12 OMA
(69) Hesperia M  0.1855 Berthier et al. (2023) 110.0 Shepard et al. (2011) 297 859 0.17 MBA
(72) Feronia P 0.0573 Berthier et al. (2023) 84.0 Viikinkoski et al. (2017) 226 542 0.12 MBA
(76) Freia P 0.0452 Berthier et al. (2023) 151.4 Hung et al. (2022) 34 212 0.17 OMA
(77) Frigga M  0.1602 Berthier et al. (2023) 61.8 Masiero et al. (2014) 2.66 242 0.13 MBA
(81) Terpsichore C 0.0417 Berthier et al. (2023) 117.9 Herald et al. (2019) 285 7.8 0.21 MBA
(87) Sylvia P 0.0389 Berthier et al. (2023) 273.3 Berthier et al. (2014) 347 10.88 0.09 OMA
(88) Thisbe P 0.047 Berthier et al. (2023) 212.6 Hanus et al. (2017) 276 522 0.16 MBA
(90) Antiope C 0.1111 Berthier et al. (2023) 81.0 Herald et al. (2019) 3.14 221 0.17 MBA
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Table B.1: continued

Object Type® Albedo Albedo refs. D (km) Diameter refs. a (AU) 1 (deg) e (deg) Dyna. class.
(96) Aegle P 0.0572 Berthier et al. (2023) 160.2 Marchis et al. (2006) 3.04 1598 0.14 MBA
(97) Klotho M 0.1787 Berthier et al. (2023) 85.0 Hanus et al. (2013) 2.66 11.78 0.26 MBA
(99) Dike C 0.0652 Berthier et al. (2023) 65.5 Hung et al. (2022) 2.66 13.87 0.2 MBA
(110) Lydia M  0.1482 Berthier et al. (2023) 90.8 Hung et al. (2022) 273 596 0.08 MBA
(114) Kassandra M  0.0787 Berthier et al. (2023) 94.1 Herald et al. (2019) 267 494 0.14 MBA
(117) Lomia C 0.0349 Berthier et al. (2023) 163.8 Herald et al. (2019) 298 1492 0.02 MBA
(128) Nemesis C 0.0538 Berthier et al. (2023) 163.0 Vernazza et al. (2021) 274 6.25 0.13 MBA
(129) Antigone M  0.1731 Berthier et al. (2023) 126.0 Hanus et al. (2017) 2.86 1227 0.21 MBA
(135) Hertha M  0.1227 Berthier et al. (2023) 80.0 Hanus et al. (2017) 242 23 021 MBA
(142) Polana C 0.0365 Berthier et al. (2023) 53.0 Herald et al. (2019) 241 224 0.13 MBA
(153) Hilda P 0.0496 Berthier et al. (2023) 166.0 Herald et al. (2019) 396 7.83 0.14 OMA
(160) Una P 0.0624 Berthier et al. (2023) 79.8 Herald et al. (2019) 272  3.82 0.07 MBA
(161) Athor M 0.1706 Berthier et al. (2023) 43.2 Herald et al. (2019) 237 9.06 0.14 MBA
(164) Eva C 0.0507 Berthier et al. (2023) 100.7 Herald et al. (2019) 2.62 2448 0.35 MBA
(173) Ino P 0.0525 Berthier et al. (2023) 145.0 Vernazza et al. (2021) 273 142 0.21 MBA
(175) Andromache C 0.0457 Berthier et al. (2023) 114.2 Herald et al. (2019) 3.18 322 0.23 MBA
(181) Eucharis P 0.0777 Berthier et al. (2023) 113.3 Ryan & Woodward (2010)  3.12 18.89 0.21 MBA
(191) Kolga C 0.0462 Berthier et al. (2023) 92.3 Hung et al. (2022) 2.89 11.52 0.09 MBA
(201) Penelope M 0.1324 Berthier et al. (2023) 69.9 Hung et al. (2022) 2.67 576 0.18 MBA
(209) Dido P 0.0583 Berthier et al. (2023) 118.2 Hung et al. (2022) 3.14 7.17 0.05 MBA
(210) Isabella C 0.0629 Berthier et al. (2023) 69.5 Herald et al. (2019) 271 526 0.12 MBA
(213) Lilaea C 0.0556 Berthier et al. (2023) 83.8 Herald et al. (2019) 275 6.8 0.14 MBA
(216) Kleopatra M  0.1845 Berthier et al. (2023) 118.7 Vernazza et al. (2021) 279 13.12 0.25 MBA
(224) Oceana M  0.1749 Berthier et al. (2023) 56.5 Usui et al. (2011) 2.64 584 0.04 MBA
(236) Honoria M  0.1307 Berthier et al. (2023) 81.9 Hung et al. (2022) 279 7.7  0.19 MBA
(247) Eukrate P 0.0409 Berthier et al. (2023) 150.6 Herald et al. (2019) 273 2496 0.25 MBA
(250) Bettina M 0.1214 Berthier et al. (2023) 109.0 Viikinkoski et al. (2017) 3.13 12.82 0.14 MBA
(261) Prymno M 0.124 Berthier et al. (2023) 45.4 Herald et al. (2019) 2.33 3.63 0.09 MBA
(269) Justitia Z 0.0821 Berthier et al. (2023) 52.0 Hung et al. (2022) 261 547 022 MBA
(279) Thule Z  0.0404 Berthier et al. (2023) 124.3 Herald et al. (2019) 425 233 0.04 OMA
(308) Polyxo P 0.0514 Berthier et al. (2023) 133.1 Herald et al. (2019) 274 436 0.04 MBA
(325) Heidelberga M  0.0774 Berthier et al. (2023) 76.4 Masiero et al. (2012) 321 857 0.15 OMA
(338) Budrosa M  0.1692 Berthier et al. (2023) 61.0 Herald et al. (2019) 29 6.04 0.02 MBA
(339) Dorothea B 0.1373 Berthier et al. (2023) - - 3.01 997 0.1 MBA
(347) Pariana M 0.1995 Berthier et al. (2023) 46.3 Hung et al. (2022) 261 11.69 0.16 MBA
(365) Corduba C 0.0499 Berthier et al. (2023) 84.4 Hung et al. (2022) 279 128 0.16 MBA
(412) Elisabetha C 0.0312 Berthier et al. (2023) 109.7 Marciniak et al. (2023) 276 13.77 0.04 MBA
(441) Bathilde M  0.1333 Berthier et al. (2023) 66.6 Hung et al. (2022) 2.8 816 0.08 MBA
(570) Kythera D 0.0515 Berthier et al. (2023) 94.9 Herald et al. (2019) 341 1.82 0.12 OMA
(596) Scheila P 0.0453 Berthier et al. (2023) 100.4 Hung et al. (2022) 292 14.66 0.16 MBA
(679) Pax M  0.1197 Berthier et al. (2023) 56.3 Hung et al. (2022) 258 2441 0.31 MBA
(706) Hirundo M  0.0657 Berthier et al. (2023) 30.2 Masiero et al. (2020) 272 1443 02 MBA
(747) Winchester C 0.0361 Berthier et al. (2023) 171.0 Durech et al. (2011) 299 1822 0.34 MBA
(773) Irmintraud P 0.0317 Berthier et al. (2023) 109.3 Herald et al. (2019) 2.85 16.66 0.08 MBA
(845) Naema C  0.059 Berthier et al. (2023) 50.8 Herald et al. (2019) 293 12.62 0.07 MBA
(849) Ara Z  0.1739 Berthier et al. (2023) 73.0 Hanus et al. (2017) 3.14 19.54 0.2 MBA
(872) Holda M  0.1571 Berthier et al. (2023) 31.3 Hung et al. (2022) 2.72  7.38 0.08 MBA
(908) Buda Z  0.1373 Berthier et al. (2023) 25.3 Hung et al. (2022) 247 1342 0.15 MBA
(944) Hidalgo D 0.0603 Berthier et al. (2023) 42.0 Herald et al. (2019) 571 4257 0.66 Centaur
(1015) Christa C 0.0337 Berthier et al. (2023) 91.5 Usui et al. (2011) 32 945 0.09 OMA
(1021) Flammario C 0.049 Berthier et al. (2023) 91.7 Hung et al. (2022) 273 15.86 0.28 MBA
(1076) Viola B 0.0452 Berthier et al. (2023) 22.5 Masiero et al. (2021) 247 332 0.5 MBA
(1143) Odysseus D 0.0549 Berthier et al. (2023) 115.3 Grav et al. (2012) 5.22 3.14 0.09 JT
(1300) Marcelle C 0.0453 Berthier et al. (2023) 28.9 Masiero et al. (2014) 277 9.55 0.01 MBA
(1406) Komppa Z  0.0603 Berthier et al. (2023) 26.4 Masiero et al. (2014) 2.69 1243 0.1 MBA
(1508) Kemi C  0.101 Berthier et al. (2023) 14.8 Hanus et al. (2018) 276 28.73 042 MC
(1542) Schalen Z  0.051 Berthieretal. (2023) 44.4 Hung et al. (2022) 3.09 277 0.12 MBA
(1623) Vivian P 0.0564 Berthier et al. (2023) 27.9 Nugent et al. (2016) 314 25 0.15 MBA
(1768) Appenzella C 0.0545 Berthier et al. (2023) 16.6 Hung et al. (2022) 244 325 0.18 MBA
(2246) Bowell D 0.0499 Berthier et al. (2023) 47.7 Ali-Lagoa et al. (2018) 394 6.5 0.09 OMA
(2378) Pannekoek C 0.0404 Berthier et al. (2023) 38.0 Nugent et al. (2015) 2.88 1428 0.14 MBA
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Table B.1: continued

Object Type® Albedo Albedo refs. D (km) Diameter refs. a (AU) 1 (deg) e (deg) Dyna. class.
(3200) Phaethon B 0.1121 Berthier et al. (2023) 5.2 Masiero et al. (2019) 1.27 2229 0.89 NEO
(3248) Farinella D 0.0477 Berthier et al. (2023) 37.5 Masiero et al. (2014) 3.19 109 0.15 OMA

(3317) Paris Z  0.0514 Berthier et al. (2023) 120.7 Ryan & Woodward (2010)  5.22 27.85 0.13 JT
(3552) Don Quixote D 0.0135 Berthier et al. (2023) 28.0 Mainzer et al. (2012) 425 31.07 0.71 NEO
(3833) Calingasta C 0.03 Berthier et al. (2023) 5.7 Ali-Lagoa & Delbo’ (2017) 2.19 12.02 0.39 MC
(4660) Nereus M  0.5129 Berthier et al. (2023) 0.3 Delbé et al. (2003) 1.48 145 0.36 NEO
(4744) Rovereto Z  0.0771 Berthier et al. (2023) 17.7 Hung et al. (2022) 279 102 0.19 MBA
(5330) Senrikyu P 0.0662 Berthier et al. (2023) 16.4 Nugent et al. (2016) 276 33.74 0.16 MBA
(6249) Jennifer M - - - - 1.91 28.11 0.14 MC
(7304) Namiki P 0.0701 Berthier et al. (2023) 7.7  Ali-Lagoa & Delbo’ (2017) 2.61 9.6 0.42 MC
(14402) 1991 DB M  0.1581 Berthier et al. (2023) 0.6 Masiero et al. (2020) 1.71 1141 04 NEO
(15817) Lucianotesi C - - - - 1.32 13.87 0.12 NEO
(17274) 2000 LC16 P 0.0307 Berthier et al. (2023) 3.2 Mainzer et al. (2011) 272 557 0.55 NEO
(20786) 2000 RG62 P - - - - 2.19 6.86 0.25 MC
(65679) 1989 UQ C 0.0299 Berthier et al. (2023) 0.9 Masiero et al. (2020) 0.91 1.3 0.26 NEO
(85990) 1999 JV6 C 0.0705 Berthier et al. (2023) 0.4 Rozek et al. (2019) 1.01 536 0.31 NEO
(162173) Ryugu C  0.041 Yumoto et al. (2024) 0.9 Watanabe et al. (2019) 1.19 5.87 0.19 NEO
(175706) 1996 FG3 C 0.0279 Berthier et al. (2023) 1.7 Wolters et al. (2011) 1.05 197 035 NEO
(401857) 2000 PG3 D 0.0366 Berthier et al. (2023) 4.3 Masiero et al. (2021) 2.82 22.02 0.86 NEO
(153201) 2000 WO107 M - - - - 091 7.77 0.78 NEO
(194268) 2001 UY4 P 0.0525 Berthier et al. (2023) 1.2 Mainzer et al. (2011) 1.45 544 0.79 NEO

Notes. NEO: Near-Earth objects, MC: Mars-crossing asteroid, MBA: Main-belt asteroid, OMA: Outer mainbelt asteroid, JT: Jupiter Trojans.
@ The spectral type is given following the Mahlke et al. (2022) taxonomy.
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Table C.1: Spectral slope in the VIS (0.7-0.9 um) and NIR (1.5-
2.2 um) wavelength range for radiance factor and SSA spectra
of Deimos (Fraeman et al. 2012, 2014).

Appendix C: Comparison between single-scattering
albedo spectrum, radiance factor, and

1320 reflectance spectra of Deimos
Deimos spectra a VIS slope (0.7-0.9 ulm) NIR slope (1.5-2.2 p:tm)
o 0 — [ -
In this work, the single-scattering albedo spectra (SSA) of Pho- Col:rivcvtelfl/p §§ l; 87750 '((1100(? nnrlrg)fl 33 éjﬁgg 22;—1
bos and Deimos were chosen for the analysis (Fraeman et al. Single-scattering albedo ~ — 10.8 %.(100 nm)™" 2.8 %.(100 nm)™!
2014). This choice was made to avoid any contribution of the o o )
observation geometry. In order to assess the reliability of the Notes..The phase angle @ of ob.se.rvgtlons is not indicated for the single-
comparison between SSA and radiance factor, the spectral vari- scattering albedo spectrum as 1t 13 independent of the geometry of ob-
ations between these spectra were investigated using the raw ra- servation by definition.
diance factor spectrum of Deimos taken at a phase angle of 22°
(Fraeman et al. 2012), and the Deimos spectrum corrected for Appendix D: Additional figures for spectroscopic
the geometry to a phase angle of 30° using the Hapke model comparison
1330 (Fraeman et al. 2012). The differences in spectral slope between
the various spectra were found to be minor (Fig. C.1 (top) and We compared also tl}e MEX/PFS spectra of Phqbos and Deimgs
Table C.1), and less important than the uncertainties on re- with best matches in the VNIR among the different asteroid
flectance spectra of asteroids themselves (Fig. D.5). In order to taxonomies (Fig. D.1). This comparison is also important be-
provide a thorough characterisation of the discrepancy between —cause MIR region of Phobos and Deimos are.signiﬁcantly differ-
the SSA and reflectance spectra of Phobos and Deimos, we fur- ent between PFS and TES observations (Giuranna et al. 2011;
ther investigated the variations between these two types of spec- Glotch et al. 2018).
tra obtained by various observers (Murchie 1999; Rivkin et al. The recent J.WST observ.ations of Jupit.er Trojans by Wong et al.
2002; Takir et al. 2022). The result presented in Fig. C.1 (bot- (2024) provide also a unique opportunity to compare the spectra 1350
tom) indicates that all spectra are comparable and consistent with ~ With those of Phobos and Deimos (Fig. D.2). In particular, the
1340 each other within the associated uncertainties. observations cover the 3 um region. The Jupiter Trojans exhibit

a spectral slope similar to the Martian moons for (11351) Leu-
cus, (21900) Orus, (617) Patroclus, and (3548) Eurybates. Eury-
bates, Patroclus, and Polymele display a broad 3 um absorption
band that is not visible in the spectra of Phobos and Deimos. The

spectra of Leucus and Orus bear closer resemblance to those of
< 25F the Martian moons than those of the other Trojan bodies. How-
@ i ever, the latter are observed to be redder in this wavelength range
g,0L which may be the result of an insufficient thermal correction of 1360
“:': the CRISM spectra (Fraeman et al. 2014).
é sl 1 Additionally, observations in the 3 um region were obtained
3 I , 1 from the AKARI database. Fig. D.3 show a magnification of the
o Corrected I/F i =30°, e=0°, a=30°; (Fraeman et al. 2012) ] .
[ —— F @=22°; (Fraeman et al. 2012) 2.55 - 3 um wavelength range of the Fig. 4.
e == sSA(aemenetal20) ]I We also present the result of the best match y; analysis and the
05 1.0 Wavel 1»5th 2.0 25 comparison with the four best asteroids matching the Phobos RU
I 'ave en? ‘“mj] R (Fig. D.4), as well as a comparison between the Phobos BU and
[|=— SSA (Fraeman et al. 2014) (21) Lutetia (F]g DS)
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Fig. C.1: (Top) Comparison between the single-scattering albedo
(SSA) spectrum of Deimos (Fraeman et al. 2014) and the ra-
diance factor spectra (corrected and uncorrected) of Deimos
(Fraeman et al. 2012). The corrected radiance factor spectrum
was corrected using the Hapke model (Fraeman et al. 2012).
(Bottom) Comparison between the SSA spectrum of Deimos
(Fraeman et al. 2014) and the obtained by Murchie (1999);
Rivkin et al. (2002); Takir etal. (2022). As the spectra of
Takir et al. (2022) do not cover the 0.5 - 0.65 wm, we have cho-
sen to normalize at 0.7 um for this figure.
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Fig. D.1: Mid-infrared spectra of best-matched asteroids com-
pared to Phobos blue unit and Phobos red unit spectra observed
by PFES (Giuranna et al. 2011).
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Fig. D.3: 2.6-3 wm region of Phobos and Deimos compared with
AKARI spectra of some of the best asteroid matches. Spectra are
normalized at 2.6 um. In the first panel spectra of Red Unit and
Deimos are shifted by +0.1 and +0.2 respectively.

(944) Hidalgo (1143) Odysseus
T T T T

2.4{— Phobos
—— 24CAS/Hidalgo

2.2 [{— MITHNEOS/Hidalgo
Gaia/Hidalgo

Reflectance
o
T
|
Reflectance
-
o
T

—— Phobos
ECAS/Odysseus

10 ? ] 1o % —— MITHNEOS/Odysseus
Gaia/Odysseus
0.8 1 1 L b 0.8[1 1
05 1.0 15 2.0 2.5 05 1.0 15 2.0 25

Wavelength [um]
(1542) Schalen

Wavelength [um]
(908) Buda
T

Reflectance
>
T
Reflectance

12

—— Phobos
—— Vilas and McFadden 1992/Buda
—— MITHNEOS/Buda

Gaia/Buda

0.8[7 ! 1 1 -
2.0 25 05 1 2.0 25

08l
05 1

0 15 .0 15
Wavelength [um] Wavelength [um]

Fig. D.4: Spectra of the four best matches of the Phobos red unit
among D- and Z- type asteroids.
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Fig. D.5: Comparison between the spectrum of the Phobos BU
and that of the asteroid (21) Lutetia at different phase angles.
The difference in the spectral slope is likely due to the rotational
variability of the asteroid.

Appendix E: Asteroids taxonomy distribution

Based on the spectroscopic comparison with the Martian moons
and several asteroids taxonomies, we also examined the poten-
tial link with dynamical classes (Fig. E.1). Looking at panel (a),
we see the general picture that the analog asteroids of Phobos
and Deimos have higher populations in the outer regions. How-
ever, when we compare the abundance among the candidates as
shown in (b), we see that Z-types and M-types have higher pop-
ulations than D-types in the inner regions, whereas D-types are
predominant in the outer regions.

Thus, the Z-type or M-type progenitor hypotheses newly pro-
posed in this paper suggests that inner and middle main belts are
also plausible source regions of Phobos and Deimos. The pres-
ence of asteroids with spectral properties similar to Phobos and
Deimos, orbiting closer to the Martian system than previously
thought, may support the dynamical capture hypothesis.
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Fig. E.1: Distribution of asteroids across different spectral types. Panel (a) shows the fractions for all spectral types, while panel
(b) focuses on those analogous to Phobos and Deimos (i.e., D, M, P, and Z types). Data are from Table 1 in Mahlke et al. (2022).
Orbital class acronyms: NEA — near-Earth asteroids; MC — Mars-crosser; H — Hungaria; IMB — inner main belt; MMB — middle
main belt; OMB - outer main belt; Cyb — Cybele; JT — Jovian trojans.
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