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Origin of Phobos & Deimos

New constraints on the nature of the martian moons’ building blocks

(a) Intact capture

• Co-planar, circular orbits in Mars’ equatorial
plane are extremely unlikely if they were
captured.
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• Spectral properties indicate they did not
crystallise from a magma phase (Ronnet et
al. 2016). So unlikely to be co-accreted with
Mars.
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(b) Co-accretion
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- but P-types are twice as abundant as Dtypes. Very unlikely that Mars captured
two D-types in non-inclined circular
orbits.
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(c) Large impact
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• Spectrally Phobos & Deimos are most similar
to D-type asteroids.
- D & P-types are thought to have have
formed in primordial trans-Neptunian disk
and migrated inward (Nice model),
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Figure 1. Schematic representation of the expected orbital (left) and spectral (right) characteristics of the martian moons for each of t
three di↵erent scenarios currently invoked for their origin. Note that in the case of Phobos, we display the average spectrum of the red regio
The Phobos and Deimos spectra are CRISM/MRO data that were retrieved from PDS: http://pds-geosciences.wustl.edu/. The lunar ma
spectra were retrieved from: http://pgi.utk.edu/. The meteorite spectra were retrieved from RELAB: www.planetary.brown.edu/relab
The asteroid spectra were retrieved from: http://smass.mit.edu/. (a) The intact capture scenario would likely produce retrograde, lar

resonances excite the orbit of the satellite embryos, favouring close
encounters and subsequent accretion. Embryos that are trapped by
the resonances migrate outwards with them, meeting and accreting
with other embryos to form larger bodies (Fig. 3 and the animations
in the Supplementary Information). They may, however, be pulled
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(Fig.
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present-day orbits after 4Ga, via tidal

Origin of Phobos & Deimos

long-term tidal evolution (see Methods) shows that the orbit of
Deimos can be reached after 4 Gyr, provided the tidal dissipation
factor in the satellites is between 10 5 and 10 4 . Phobos’ orbit
requires a lower tidal dissipation factor (less than 6 ⇥ 10 7 ), which
seems difficult to reconcile with formation at close distance in the
Satellite
embryos/moonlets:
same accretion disc. However, resonances with Mars’ orbit and
15
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Phobos’
eccentricity
, so that
• spin
Several
in number
(this
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110).
higher tidal dissipation factors, consistent with those for Deimos,
• are1required
— 4 km
diameter.
to allow
Phobos to reach its current orbit after 4 Gyr
(Supplementary
Section
4).
• Orbits of inner moonlets
decay after about
Our results provide, for the first time, a working dynamical
5Ma causing
highly oblique
impacts.
framework
for the formation
of two satellites
orbiting Mars from
an accretion disc generated by a giant collision that occurred in

dissipation.
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Figure 2 | Formation of moons from the inner disc below the Roche limit. a–c, Time evolution of the surface density of the inner disc (solid line) and the
masses of the moon (solid black circles) as a function of the distance from Mars. a, After only one year, disc material crosses the Roche limit (at about

Characteristics of Phobos and Deimos are explained if they were
formed in a transient debris disk created by a giant impact.

Craddock (2011), Icarus
Mars Express/HRSC

Elongated craters
• Pseudo-elliptical
• Exclusion zone — ejecta not emplaced
along anti-trajectory.
• Butterfly ejecta pattern
• Horseshoe-shaped central peak

Elongated craters
• Pseudo-elliptical
• Exclusion zone — ejecta not emplaced along
anti-trajectory.
• Butterfly ejecta pattern
• Horseshoe-shaped central peak (occasionally)
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Global Distribution (elongated craters)
248 features, re-visit of database by Bottke et al (2000),
and update by Buchenberger (2011).

Global Distribution (all crater types)
Robbins et al. (2012): 384,343 craters (D ≥ 1km). Elongated craters are ~0.06%.

Digitising

In degraded (up to ~4 Ga for moonlets) terrain, assume crater rim is best approximation of original shape.
Simple to digitise due to sharp illumination and topographic boundaries.

Ellipse-fitting

• Starting ellipse as ‘bestguess’ based on extent
and centroid.
• Grid-search to minimise
sum of polygon-ellipse
distances (d)
• Retrieve azimuth.

d

Atmospheric drag at 4Ga?
• Double-oblique impact. Inferred impact direction (azimuth) is aligned.
• If formed by asteroids, late Hesperian (3-3.7Ga) age is inconsistent with atmospheric drag required to
separate 2 fragments by 12.5 km. Needs several 100 mb, plausible for young Mars.

Fig. 3. Geometry
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point split
O is shifted
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right. of the atmosphere.
A double, oblique impact on Mars
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of the 12.5 km of separation required, it adequately demon
that even the current martian atmosphere could have caus
double cratering event, via a moonlet. Approximations in th
ulation methods, and short period variations in Mars’s atmo
(e.g. seasonal variations, which can amount to several mbar)
easily account for the slight discrepancy. Clearly the 60 mb
mosphere can also account for the event, even if the m
breaks apart much lower in the atmosphere than 100 km
we conclude that the moonlet scenario can explain the form
of this double crater, even under today’s conditions. Indeed
sult falls right out of this well-constrained case.
If a moonlet did form the craters, then (from Table 4) it
have an initial mass of about 5.83 × 1012 kg and, assuming
sity of 1800 kg m−3 , a diameter of about 1800 m, or about 1
if its density were 2500 kg m−3 . In fact, these represent min
Fig. 1. A large (7.5 × 10.0 km) elliptical crater with a smaller elliptical crater (2.0 ×
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sugge
crater. The small crater is approximately 3.5 from directly uprange of the larger
crater.
significant fractions of the projectiles may have ‘ricocheted
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speeds most of them take only a few seconds, up to a few tens of

“Age”

• Moonlets from decaying debris
disk should have orbits that
decay, at most, within few Ma of
each other.
• If elongated craters are from the
same population they should
cluster in time and orbit plane.
• Ages retrieved from most recent
global geology (Tanaka et al,
2014).

Tanaka et al. (2014), USGS
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Results: “Age”
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Results: Latitude
Fig. 4 - Distribution of elongated craters according to
latitude and direction
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Conclusions
If multiple elongated craters formed from multiple moonlets from a debris
disk, within timescales shorter then obliquity variations, they should share
an orbit plane (defined by inclination and RAAN).
Debris disk from a giant impact is expected to be circular, but results would
also highlight craters formed by impactors in similar elliptical orbits.
Crater azimuth is a function of latitude and orbit plane, i.e. Oblique impacts
from a specific orbit plane at a specific epoch have a fixed azimuth field.
Work continues to identify any craters formed in the same azimuth field.

