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Materials and Methods 
SPH simulations for crater-forming impacts  

The mass and velocity distributions of Martian materials ejected by impacts are key to more 
precisely estimating the mass accreting on Martian moons. Here, we used the three-dimensional 
smooth particles hydrodynamic (SPH) method32,33 to perform impact simulations. The SPH 
method can easily trace large deformations and shock waves, which are involved in planetary 
impact phenomena. Our numerical code was the same as that used in Kurosawa et al. (2018)34. It 
can calculate a purely hydrodynamic flow without gravity and material strength. 
 

We numerically calculated an impact of a spherical projectile with a radius of Rp = 10 km onto 
the flat surface of a half-sphere target with a radius of five times the projectile radius. For the 
numerical resolution, 5.2 × 105 SPH particles were used for the projectile, which corresponds to 
about 50 SPH particles per projectile radius (50PPPR). The equal-mass SPH particles were used 
for the target, which corresponds to 3.3 × 107 SPH particles for the target. The Tillotson equation 
of state35 with the parameter sets for granite36 was used for both the projectile and target. For the 
impact conditions, we considered various impact velocities from 6 km/s to 18 km/s with a 3 km/s 
interval and various impact angles from 0 degrees (vertical impact) to 75 degrees with a 15-
degree interval. In total, 30 impact simulations were performed. Although just one set was 
considered for the impactor radius, we are able to convert our results to any size of impactor 
because all hydrodynamic equations can be rewritten in a dimensionless form in cases without 
gravity and strength37. 
 

Figure S1 provides snapshots of the head-on and 45-degree oblique impacts at the impact 
velocity of 12 km/s. The head-on impact develops a symmetric pattern of ejecta, whereas the 
oblique impact produces an asymmetric one in which downstream ejecta dominates. Clearly, 
high-speed ejecta is produced more efficiently by the 45-degree impact than the head-on impact. 
Figure S2 shows the peak pressure experienced by ejected materials. The amount of high-speed 
ejecta that could potentially reach Phobos and experience relatively low peak pressure (e.g., < 10 
GPa) is much greater for the 45-degree impact than for the head-on impact. 
 

Figure S3 shows the ejected mass of the target materials (i.e., Martian materials) whose 
ejection velocity exceeds 3.8 km/s for all impact simulations with various impact velocities and 
angles. Note that a velocity greater than 3.8 km/s is needed for ejected materials to reach the 
current orbit of Phobos. As mentioned in the following section, the radii of Phobos and Deimos 
were expressed as being 50 times larger to save computation costs for estimating the collision 
probability of these ejected materials on Phobos or Deimos. Since the moon has a physical size, 
some particles can reach Phobos with smaller ejection velocity than 3.8 km/s. In order to 
consider the effect of the physical radius of the moon, we use ejecta particles whose velocity is 
larger than 3.5 km/s.  
 

Figure S3 also shows that the ejected mass normalized by the impactor mass (Mimp) increases 
with the impact velocity and has a peak at the impact angle of 45 degrees. At the same impact 
velocity, the ejected mass for a 45-degree impact is more than a factor of 3 greater than that for a 
90-degree vertical impact. It is also important to note that to produce a crater of the same size at 
the same impact velocity (see Eq. (S1)), the impactor size must be increased by 1.15 times (or 
the impactor mass must be increased by 1.153–1.5 times) at the 45-degree impact compared to 
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the 90-degree impact. Therefore, the ejection mass for a crater of the same size is increased by 
more than 3 × 1.5 = 4.5 times for a 45-degree oblique impact compared to 90-degree vertical one 
at the same impact velocity. 

 
We stored the data of velocity and position relative to the impact point for all SPH particles 

having a particle velocity greater than 3.5 km/s, and we used those data as the initial condition of 
the orbital calculations of ejecta from impact point to Martian moons.  

 
In impact calculations, lightly shocked ejecta comes from near the surface of the target; ejecta 

excavated deeper from the surface experienced heavier shock. SPH calculations may have 
difficulty properly resolving the shock levels of near-surface material34. Therefore, to check the 
resolution effects of our 3D SPH calculations, we perform calculations for the high- and low-
resolution cases (100 PPPR and 25 PPPR, respectively) in addition to our nominal case of 50 
PPRP where vimp = 12 km/s with impact angles of θ = 30 and 45 degrees. These parameters are 
reasonable considering that the mean impact parameters used in this work are vimp = 14 km/s with 
θ = 45 degrees. Figure S4 shows the lowest peak pressures of the 2nd, 3rd and 4th upper layers 
from the surface layer (i.e., the 1st layer) of the target (Mars) whose ejection velocities are 3.8 
km/s. The resolution effects of our 3D SPH code have been investigated previously34 and show 
that the relationship between peak shock pressures and ejection velocities for particles initially 
located at layers deeper than the 3rd layer from the free surface is reliable. As seen at infinite 
spatial resolutions (1/NPPPR = 0; Figure S4) obtained from the fitted lines of the three different 
resolution cases (25 PPRP, 50 PPRP, and 100 PPRP) for the different layers, the lowest peak 
pressures for the case of 45 degrees exceed 5 GPa for all the layers studied here. However, the 
lowest peak pressures at the infinite spatial resolutions for the case of 30 degrees shows Ppeak < 5 
GPa. Thus, the Mars ejecta delivered to Phobos includes less shocked (< 5 GPa) and more fragile 
materials than those of the Martian meteorites (> 5 GPa) such that one part of our main results is 
not qualitatively affected by the resolution of the SPH simulations. 
 
Impact conditions 

We considered five fresh craters on Mars as sources of Martian rocks on the moons. Their 
locations and diameters are summarized in Table S1. We searched the set of the impact 
conditions, characterized by projectile diameter Dp, impact velocity vimp, and impact angle θ 
measured from the horizontal, using a Monte Carlo approach to investigate the effects of the 
stochastic nature of impact events. The size distribution of the impactor was taken from the 
crater size–frequency distribution18. We assumed that the impact velocity distribution can be 
approximated as a Rayleigh distribution38. The mean impact velocity onto Mars was estimated to 
be 14 km/s by assuming the dynamical transports of the impactors from !6 mean motion 
resonance in the main-belt region39. The impact angle distribution was taken from sin(2θ)40. To 
combine them with the impact conditions employed in the SPH simulation, we obtained the 
impact velocities and angles discretely from the original distributions. The ranges of impact 
velocity and angle were set to 6 km/s to 18 km/s at a step of 3 km/s and 15 degrees to 90 degrees 
at a step of 15 degrees, respectively.  

 
The transient crater diameter Dtr under a gravity-dominated regime was calculated by the π-

group scaling laws41 as follows: 
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where CD = 1.4, β = 0.17, ρp = 2.7 Mg/m3,	ρt = 2.7 Mg/m3, and g = 3.7 m/s2 are a dimensionless 

scaling constant, a dimensionless scaling exponent, projectile density, target density, and 
gravitational acceleration, respectively. The scaling parameters correspond to the values for 
quartz sand41. We assumed that the projectile and the Martian crust are basaltic rock. An 
empirical equation was employed to estimate the final crater diameter Df from the transient 
diameter: 
 

Df = 1.2Dc
-0.13Dtr

1.13, (S2) 
 
where Dc is the transition diameter from simple craters to complex craters42. The transition 
diameter Dc on Mars was estimated to be 7 km based on remote sensing data43. We extracted 
10,000 events for each crater on Mars, which reproduced the observed diameters to within ±30 
m, from the Monte Carlo calculations. Figure S5 shows Df as a function of Dp. The dispersion in 
Dp comes from the distribution of the normal component of impact velocity (see Eq. (S1)). 
Hereafter, we use the averaged values of the projectile diameters. The standard deviations in the 
projectile diameters are ~20%. The calculations described above provide the absolute values of 
the total mass of high-speed ejecta that reaches Martian moons in combination with a hydrocode 
calculation. Figure S6 shows the high-speed ejecta masses at velocities higher than 3.8 km/s 
calculated by the 3-D SPH computations as a function of the final crater diameters estimated by 
Eqs. (S1) and (S2). The velocity threshold, 3.8 km/s, corresponds to the minimum launch speed 
required to reach the orbit of Phobos. In the case of transport to Deimos, the value is 4.5 km/s. 
The high-speed ejecta mass depends largely on the impact angle. Moderately oblique impacts 
(30–60 degrees from the tangent plane) efficiently produce high-speed ejecta44. We also show 
the total excavated mass as the black line estimated by a combination between Dtr and the 
Maxwell’s Z model45,46 with Z = 3, showing that the total mass of the high-speed ejecta is 1–2 
orders of magnitude smaller than the total excavated mass. Note that the high-speed ejecta mass 
does not depend strongly on the impact velocity, although the point size in the figure corresponds 
to the impact velocities from 6 to 18 km/s (small to large). 
 
 
Two-body orbital calculation 

In this work, we randomly picked up combinations of the large crater-forming impact 
parameters (vimp, mimp, and θimp) to form the crater and orbital phase of the Martian moon (the 
orbital plane was assumed to be on the equatorial plane of Mars). In the case of the five large 
craters, we fixed the crater-forming impact locations at the current crater locations. The impact 
direction of the craters on Mars was chosen randomly, except for the case of Zunil. Because the 
Zunil Crater is the largest known ray crater, with a diameter larger than 10 km47, the geology of 
Zunil and the area around the crater, including the spatial distribution of the ray system and the 
secondary craters, has been studied extensively15,47,48,49. The impact forming Zunil Crater was 
constrained to a moderately oblique impact from the east–northeast49. Thus, the impact direction 
for Zunil Crater in our model was chosen randomly from northeast to east. Also, there is another 
important parameter, the phase angle of the moons at the time of the impacts. The phase angles 
were also randomly chosen from within 360 degrees. In the fully randomized case, the latitude 
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and longitude of the impact were chosen randomly. At each of the five large craters (Mojave, 
Tooting, Corinto, McMurdo, and Zunil) and in the fully randomized case, we performed 10,000 
and 30,000 times Monte Carlo simulations, respectively. 
 

Using the selected crater-forming impact parameters, we found the outcomes of the SPH 
simulations to obtain positions and velocities of the ejecta. Then, we passed this information to 
the orbital calculation as inputs.  
 

In the orbital calculation, we assumed that the ejecta and the moons are massless point particles 
because they are significantly small compared to Mars. Phobos and Deimos were assumed to 
have a circular orbit with the current semi-major axis. A single orbit of the ejecta and the moons 
was solved analytically by considering a two-body problem with Mars. In the two-body problem, 
we could solve the location and velocity at an arbitrary time if we knew the initial position and 
velocity of the ejecta50. To increase the resolution of the impact detection, we inflated the 
diameter of the moons by 50 times (inflation factor f = 50) by following the method employed in 
a previous study20, but we confirmed that the results do not change significantly when f < 100 
(the results of the impact number are finally scaled by f2).  
 

We detected a collision when the relative distance between a Martian moon and ejecta was 
smaller than the radius of the moon. We confirmed that the outcome obtained from our two-body 
analytical approach is consistent with that obtained from a direct N-body calculation where orbits 
of test particles are integrated numerically under the gravity of Mars [the same N-body code is 
used in Hyodo et al., (2015)51 and Hyodo & Charnoz, (2017)52]. Because N-body calculation is 
time-consuming, we used the above analytical approach in this work. 

 
 

Supplementary Text 
S1. Basic physics of the impact debris 

S1.1. Orbits of the impact debris 
Crater-forming impacts produce ejecta from near the surface of Mars. Because the impact 

debris rarely has a velocity vector parallel to the surface of Mars and because a Keplerian orbit is 
a closed orbit (when eccentricity e < 1), the impact debris with velocity smaller than the escape 
velocity of Mars (less than ~5 km/s) intrinsically has a pericenter distance aperi smaller than the 
radius of the impacted planet RMars (Mars radius), and the semi-major axis a and eccentricity e of 
the debris satisfy  
 

3+45) = 3(1 − :) = <=>?5@ , (S3) 
 

where f is smaller than 1. Thus, the debris (e < 1) re-impacts Mars during its single orbit. In 
contrast, if the debris particles have velocities larger than the escape velocity of Mars, they have 
hyperbolic orbits that escape Mars’s gravity. Therefore, in our Monte Carlo simulations, we only 
considered a single orbit of the debris to assess the likelihood of the ejecta being transferred to a 
Martian moon, Phobos or Deimos. 
 

It is also worth mentioning that for an oblique crater-forming impact the debris with small 
angle of velocity vector from the surface of the impacted planet has higher velocity than the 
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debris with an angle more perpendicular to the surface due to small energy damping during the 
collision with the surface. Thus, by the nature of a closed trajectory of a Keplerian orbit of 
debris, higher-velocity ejecta has a pericenter distance close to the radius of the impacted planet 
(f becomes closer to 1) and vice-versa. 
 

S1.2. Minimum and maximum impact velocity of ejecta to the moons 
Assuming the Martian moon has a circular orbit with its semi-major axis amoon, the minimum 

relative velocity between the impact debris and the moon during their orbital crossing is 
established when the orbital plane of the impact debris is the same as that of the moon and the 
orbit of the debris is aligned to that of the moon at their apocenter distance (e < 1) in the 
prograde direction as   
 

3(1 + :) = 3*BBC.     (S4) 
 

Solving Eqs. (S3) and (S4) yields the unique set of orbital elements of the impact debris whose 
relative velocity to the moon is the minimum:  
 

: =
1 − <=>?5@3*BBC
1 + <=>?5@3*BBC

	
				(S5) 

3 =
1
2
(3*BBC + <	=>?5@).				(S6) 

 
The velocity of the impact debris at the apocenter is given by  
 

(?+B = (IJ#
KLM
KNM

$ 	= J OP
Q(KNM) √1 − : =

(*BBC	√1 − :	~ T
2	[km/s] × √1 − :													for	Phobos
	1.35	[km/s] × √1 − :							for	Deimos

		   , (S7) 

 

where (d = JOP
Q
	is the Kepler velocity (G is the gravitational constant). The left panel of Figure 

S7 shows the minimum impact velocity, ()*+,*)C = (*BBC − (+,?+B	, as a function of pericenter 
distance of the debris. For a pericenter distance of ~RMars, the impact velocity becomes ~550 m/s 
and it increases to ~950 m/s as the pericenter distance decreases to ~0.5RMars.  
 

The maximum impact velocity would occur when the orbit of the debris is a hyperbolic orbit (e 
> 1). The velocity of a hyperbolic orbit at the moon’s orbital distance to Mars can be written as  
 

(+,fg+45 = hij>?5@k
2

3*BBC
−

1
3+,fg+45

				,				(S8) 

 



 
 

7 
 

where ap,hyper is the semi-major axis of the debris given by  
 

3+,fg+45 = %
2

=>?5@
−
(m,@n5
ij

&
LK

			,							(S9) 

 

where vD,sur is the velocity of the debris at the surface of Mars (just after the impact), which can 
be larger than the impact velocity. The right panel of Figure S7 shows the expected maximum 

impact velocity of hyperbolic debris with Martian moons, ()*+,*BBC = J(+,fg+45
1 + (*BBC1 		, 

which can be larger than ~10 km/s. 
  

S1.3. Favorable geometrical condition for impact ejecta to strike Phobos 
In this subsection, we discuss the favorable geometrical condition of impact at the surface of 

Mars relative to the orbit of the Martian moons for the impact ejecta to reach the moon Phobos. 
The moon orbits almost on the equatorial plane of Mars. However, asteroidal impacts on Mars 
can occur anywhere at the surface of Mars. It is expected that collision between impact ejecta 
and Phobos would preferentially occur when Phobos is nearly above the impact point at the 
epoch of impact, because the orbital height of Phobos is only about ~1.6 times the Martian radius 
from the surface of Mars. The minimum time duration for the ejecta to reach Phobos is estimated 
as a function of ejection velocity by considering the vertical throw up motion as  
 

pq =
(4r4
s>

= 1104	[s] × %
(4r4

4.1	[km	sLK]
& %

s>
3.711	[m	sL1]

&,														(S10) 

 

where gM = 3.711 [m/s2] is the surface gravity of Mars and veje is the ejection velocity of the 
impact ejecta at the surface of Mars. The most probable ejection velocity for a strike to Mars is 
veje ~4.1 [km/s] (see Section S3). Using these values, we obtain ~1100 [s] to reach Phobos. 
During this time duration, the orbital phase of Phobos changes by only ~15 degrees. However, in 
reality, because the surface gravity decreases as the ejecta travels to a higher orbit and because 
the real orbit is likely a parabolic orbit, it takes more time to reach Phobos. The simulations show 
that a large fraction of the ejecta takes about ~2000–5000 [s] to reach Phobos (the phase of 
Phobos can change by ~26–66 degrees during this time period). 
 

Here, to see clearly the effect of the relative equatorial location between the impact point at the 
surface of Mars and the orbital phase of Phobos on the transferred ejecta mass to Phobos, we use 
the data obtained from the impact forming the Zunil Crater (Zunil is located at the latitude of 
7.7° N). Figure S8 shows the transferred ejecta mass against the relative equatorial location 
between the Phobos phase and Zunil Crater at the time of impact (Phobos phase − longitude of 
Zunil).  
 

As we can see in Figure S8, moderate grazing impacts (impact angles of ~30–45 degrees) are 
the most efficient impacts to deliver impact ejecta to Phobos (Figure S8 also reveals the efficient 
mass delivery at these grazing impacts). The negative values in relative equatorial location 
indicate that Phobos is not above the impact point at the time of impact on the Martian surface, 
that is, Phobos is approaching a point above the impact point. As we discussed above, the phase 
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of Phobos can shift ~30 degrees between the launching of the ejecta from the Martian surface 
and the arrival of the ejecta on Phobos, and this is seen as a discontinuous increase of the mass 
transferred at around −30 degrees in relative equatorial location in Figure S8.  
 
   

S2. Mass transfer from Mars to Martian moon(s) 
S2.1. Impact history of Mars 

Throughout the history of solar system evolution, the planets have experienced continuous 
impact bombardment. Hartmann (2005)18 updated the Martian crater isochron. In this work, we 
used this new Martian crater isochron of the past 1 Gyr to derive that of the past 500 Myr (their 
Table 2). We can assume that the asteroidal flux has been almost constant since 3 Ga (their Table 
2); thus, we simply divided the value of the past 1 Gyr of their crater isochron by a factor of 2 to 
derive that of the past 500 Myr (Figure S9). In order for the impact ejecta to penetrate the 
Martian atmosphere, the size of the crater needs to be larger than ~2 km in diameter44. The 
cumulative number of craters within the past 500 Myr is well fitted by the following exponential 
relationship:   

 
w(x > 2	km) = zxL2 ,   (S11) 

 

where N (D > 2 km) is the cumulative number of craters on the Martian surface with diameter D 
larger than 2 km (solid line in Figure S9). By fitting the date obtained from Hartman’s isochron 
(Figure S9), we derived z = 41325 and { = 1.9096. 

 
Using the Bootstrap method53, our 30,000 Monte Carlo runs can provide an averaged crater 

size to delivered mass relationship (Figure 1 in the main text) as   
 

j|5?C@+B5|(x) = 	}x~ ,  (S12) 
 

where Mtransport is the mass of Martian impact debris that is delivered to Phobos by a crater-
forming event whose crater diameter is D. We found that } = 102.34 ± 0.62 and � = 3.19. 
 

To calculate the total transferred mass of impact debris to Martian moon(s) during the past 500 
Myr, we simply needed to multiply and integrate the above two fitting equations. To obtain the 
“statistical” value where the number of impacts in the Martian isochron is expected to be larger 
than 10 (D < 100 km; see Figure S9), we integrated as follows:   

 

j|5?C@+B5|,|B|?Ä = Å j|5?C@+B5|(x)
ÇÉÑÖ

ÇÉÜá

%
àw(x)
àx

&àx

=
z{}
â − {

äx*?ã
åL2 − x*)C

åL2	ç	~	
z{}
â − {

x*?ã
åL2		,				(S13) 

 

where we used Dmax = 100 km and Dmin = 2 km. We obtain Mtransport,total = 4.9 × 109 kg for the 
statistical value of the past 500 Myr. To find the “stochastic” value where the number of impacts 
is expected to be less than 10 (D > 100 km), we used Dmax = 300 km and Dmin = 100 km.  
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S2.2. Comparison to previous works 

Figure S10 shows the averaged total transported rock from the five recent craters on Mars, 
and the sum of the average total mass was found to be ~4.7 × 108 kg for Phobos and ~9.1 × 106 
kg for Deimos. If uniform mixing of the Martian rocks with the regolith on Phobos is assumed to 
be one-meter-depth20,21, the mixing ratio of the Martian materials to Phobos regolith is estimated 
to be ~150 ppm. By following the same procedure, we estimate that the mixing ratio of the 
Martian materials to Deimos regolith is ~9 ppm. This mixing ratio of Phobos is ~2 orders of 
magnitude larger than the previous estimation of ~2 ppm obtained by Chappaz et al. (2013)20.  
 

This significant upward revision is mainly due to the consideration of the Mojave-forming 
event. Previous studies neglected this event and considered only three smaller large craters 
(Zunil, McMurdo, and Tooting). This was done because the formation age of Mojave had not 
been constrained at the time when the previous papers were researched. The age of Mojave was 
recently determined as 3–5 Ma based on a crater chronology model and the recently obtained 
high-resolution images around Mojave Crater17.  

 
In addition, because we used realistic impact conditions of the grazing impacts and used 3D 

direct SPH simulations to obtain the initial position/velocity distributions of the impact ejecta, 
the total ejection mass was increased by a factor of ~4.5 at an impact angle of 45 degrees 
compared to an impact angle of 90 degrees (Figure S11). Previous works20,21 used the point-
source approximation, which cannot be applied to the launching of high-speed ejecta34,44,46, and 
the ejecta mass distribution as a function of the ejection velocity was obtained from an analytical 
estimation (cone-shape distribution model). Additionally, in this study, the mass distribution of 
the ejecta as a function of the ejection velocity was increased by several factors at the high 
impact probability regime around veje ~ 4.2 km/s (Figure S11). Due to these two effects, the net 
mass transferred to Phobos was increased by 1 order for a single crater-forming event compared 
to the results of the previous works20,21. 
 
 

S3. Impact probability of the ejecta with Martian moons 
Numerous impact ejecta launched from the surface of Mars were assumed to be randomly 

distributed into the space and to cross the sphere whose radius is the semi-major axis of the 
Martian moons. Thus, the average impact probability with Phobos and Deimos can be estimated 
by considering the relative area of cross sections of Martian moons to surface area of the sphere 
as  

 

é	~	
1	(for	e > 1)	or	2	(for	e < 1) × ê=*BBC1

4ê3*BBC1

= 	 ë 3.44 × 10
Lí(for	e > 1)	or	6.88 × 10Lí		(for	e < 1)		for	Phobos

1.63 × 10Lì	(for	e > 1)	or	3.27 × 10Lì		(for	e < 1)		for	Deimos
	,					(S14) 

 
where Rmoon is the radius of Martian moon. The factors of 1 or 2 are due to the nature of the 
closed (e < 1) or open (e >1) Keplerian orbits. When e < 1, orbital crossing between the ejecta 
and the moon can occur at two epochs during a single orbit of the ejecta, when the ejecta travels 
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from its pericenter to apocenter and when it travels from its apocenter to pericenter. In contrast, 
when e > 1, impact occurs only at a single time when the ejecta travels from the surface of Mars 
to infinity (outside the gravity field of Mars).  
 

S3.1. Impact probability for Phobos 
Figure S12 shows the impact probabilities for Phobos obtained in our results from the two-

body orbital calculation for a variety of crater-forming events. The cumulative impact probability 
as a function of the ejection velocity is shown by the dashed lines in Figure S12. The impact 
probability at a specific ejection velocity is shown by the solid lines in Figure S12. The sudden 
jump of probability at ~5 km/s (the difference is by a factor of ~2) is due to the nature of the 
Keplerian orbits. As explained above, if veje > 5 km/s, the orbit of the ejecta is a hyperbolic orbit 
and impact with the moon occurs only when the ejecta is traveling from the surface to infinity; 
however, when veje < 5 km/s, the orbit is an eccentric orbit around Mars and the ejecta can collide 
with the moon at “two epochs” in a single orbit, when traveling from the launching point to the 
apocenter and when traveling from the apocenter back to the pericenter.   
 

In the fully randomized case, the total impact probability is ~6 × 10-7 (dashed line in Figure 
S12), which is consistent with the analytical argument (Eq. (S14)). Note that the overall 
magnitude and behavior of the impact probability (especially for veje > 5 km/s) are consistent 
with those of the previous work20; however, the previous work considered only the specific cases 
of cone-shape ejection with limited ejection angles and velocities. Differently, our results include 
all possible types of ejection with a variety of ejection angles and ejection velocities resulting 
from various crater-forming events by using direct numerical calculations (SPH impact 
simulations and analytical orbital integration). 
 

The impact probability depends on the latitude of the crater-forming event. For example, the 
probability is similar at Mojave, Corinto, and Zunil because their locations are near the Martian 
equator. Also, for the near-equator crater-forming events, the impact results in high ejection 
velocity and the ejecta has a hyperbolic orbit (veje > 5 km/s). In contrast, the impact probability 
for McMurdo with a latitude close to the south pole of Mars is limited within a very narrow 
window of ejection velocity (veje ~ 4–5 km/s). If the ejecta velocity is higher than ~5 km/s, the 
ejecta orbits are hyperbolic (ballistic). From a high latitude such as that of McMurdo, this high-
speed ejecta can reach the orbital plane of Martian moons (equatorial plane of Mars) at only 
much farther distance from Mars, i.e., if you draw a straight line parallel to the local Mars 
surface at sufficiently high latitude, the line only crosses the orbital plane of Martian moon far 
beyond the orbit of Phobos.  
 

S3.2. Impact probability for Deimos 
Figure S13 shows the impact probabilities of the ejecta from the different craters for Deimos. 

Compared to the case of Phobos (Figure S12), the minimum velocity required to reach Deimos is 
shifted to the higher ejection velocity of ~4.5 km/s and the peaks of the probability are also 
shifted to a slightly higher value of ~4.6 km/s. The average impact probability is ~1.5 × 10-8, 
which is consistent with the analytical estimation (Eq. (S14)).  
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S4. Impact velocity to Martian moons 
The distribution of impact velocity of the ejecta at the time of collision with Martian moons is 

important not only for understanding the surface erosion processes of the moons but also for 
understanding the degree of impact sterilization during the delivery of Martian materials to the 
moons54,55. 
 

S4.1. Distribution of impact velocity on Phobos 
Figure S14 shows the cumulative fraction of the impact velocity of the ejecta at the surface of 

Phobos. Most of the ejecta has impact velocities of ~1–20 km/s, and only a small fraction of the 
ejecta has impact velocities smaller than ~2 km/s. The outcome depends strongly on the latitude 
of the crater-forming event. For example, Mojave and Tooting show a similar distribution, but 
McMurdo shows a distribution largely different from the others. As McMurdo is located close to 
the south pole of Mars, the orbits of the ejecta launched from McMurdo and reaching Phobos 
always cross the orbit of Phobos. Thus, the impact velocity of such ejecta is larger than the 
orbital velocity of Phobos (~2 km/s). Also, as discussed in Section 1, when the ejecta has a 
hyperbolic orbit from McMurdo (veje > ~5 km/s and a corresponding orbital velocity at the 
location of Phobos (impact velocity) of vimp > ~3 km/s), the ejecta cannot reach Phobos; thus, the 
impact velocity is limited to ~2–3 km/s for the McMurdo-forming event. In the fully randomized 
case, the impact velocity to Phobos is ~1–20 km/s, as seen in the other cases. The sudden change 
of the slope of the distribution at around vimp ~ 3 km/s is due to the change of orbit from an 
eccentric orbit (veje < 5 km/s) to a hyperbolic orbit (veje > 5 km/s). 
 

S4.2. Distribution of impact velocity on Deimos 
Figure S15 shows the distribution of the impact velocity of the ejecta to Deimos. The overall 

trends are similar to those in the case of Phobos (Figure S14), although the minimum impact 
velocity is shifted to lower values. This shift occurs because the orbital distance of Deimos from 
Mars is larger than that of Phobos. Thus, the relative velocity becomes smaller because the 
orbital velocity of the moon becomes smaller as the distance from Mars becomes larger. The 
change of the slope of the distribution at around ~1.8 km/s clearly seen for the cases of Mojave, 
Tooting, and Corinto is due to the change of orbit of ejecta from an eccentric orbit to a 
hyperbolic orbit. 

 
 
 

S5. Localization of impact on Martian moons 
When the debris has e < 1 and i ~ 0, where i is the inclination with respect to the Martian 

equator, as vPhobos > vapo (Eq. (S7)), an impact with smallest impact velocity occurs on the leading 
side of the moon in the way that the moon catches up to the orbit of the ejecta particle. In 
contrast, on the trailing side (and especially the far side with respect to Mars), it is very difficult 
for ejecta to collide with the moon with an impact velocity smaller than the orbital velocity of the 
moon (~2 km/s for Phobos and ~1.35 km/s for Deimos) because the velocity of the ejecta at the 
apocenter is smaller than the moon’s orbital velocity (Eq. (S7)); thus, the ejecta cannot catch up 
from the trailing side of the moon.  
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When the debris has e > 1 and i ~ 0, the ejecta has a hyperbolic orbit (ballistic orbit). A 
hyperbolic orbit is not closed and the ejecta does not return to Mars. Hence, impact with 
hyperbolic ejecta occurs only on the near side of Phobos and Deimos with respect to Mars.  
 

S5.1. Local impact probability on Martian moons 
In this subsection, we discuss the regional difference of the impact conditions of the ejecta on 

the surface of Martian moons. Both Phobos and Deimos are tidally locked, and the local impact 
condition may differ at the near/far sides or leading/trailing sides of the moons. We define the 
local impact probability per unit area as   
 

éîBÄ,ÄBî?Ä =
wîBÄÄ

NîBÄÄ,|B| × àñ
		 , (S15) 

 
where Ncoll is the number of local collisions at longitude φ and latitude θlat of the moon, Ncol,tot is 
the total number of collisions of the debris with the moon, and àñ = =*BBC1 	ΔφΔθÄ?| sin /Ä?| is 
the local surface area of the moon, where Rmoon is the average radius of the moon. 
 

S5.2. Impact localization on Phobos 
Figure S16 shows the local impact probability for different areas on the surface of Phobos. 

The probability depends strongly on the local area of the moons. The results also change 
according to the different crater-forming events on Mars. When a crater-forming event occurs in 
the northern hemisphere of Mars (e.g., McMurdo), impact between the debris and the moon 
rarely occurs near the polar region of the opposite hemisphere of the moon and vice-versa. When 
a crater-forming event occurs in the near-equatorial region of Mars (e.g., Mojave, Tooting, 
Corinto), a longitudinal dependence also appears because the ejecta that strikes the moon has a 
typical orbit near the orbital plane of the moon. In the case of Zunil, because the Zunil-forming 
impactor struck Mars from the east–northeast, most of the ejecta has a retrograde orbit with 
respect to Phobos and Deimos. Additionally, as the Zunil Crater is located slightly above the 
Martian equator (in the northern hemisphere of Mars), the ejecta is initially launched from above 
the Martian equatorial plane and travels to below the equatorial plane. Thus, only a small 
fraction of the ejecta strikes Phobos when travelling to its apocenter. In contrast, the ejecta 
crosses the equatorial plane when travelling back to Mars, and more ejecta collides with Phobos 
during this epoch. In the case of McMurdo, located near the south pole of Mars, the ejecta 
originated from McMurdo showers Phobos from the direction of the south pole of Phobos. A 
longitudinal dependence is not clearly seen, but a latitudinal dependence appears clearly. In the 
fully randomized case (Figure S16, right bottom), the longitudinal dependence becomes obscure 
compared to the case of the near-equatorial craters because the ejecta is launched from 
everywhere from the surface of Mars. 
 

Figure S17 is similar to Figure S16, but it considers only ejecta with impact velocities smaller 
than 2 km/s. Compared to the all-ejecta case (Figure S16), the longitudinal dependences are 
much more clearly seen in Figure S17. As discussed in Section 2.3, low-velocity collisions (vimp 
< 2 km/s) rarely occur at the far side and the trailing side of Phobos due to the orbital properties 
of the ejecta launched from near the equator. In the case of McMurdo, an impact with impact 
velocity lower than 2 km/s never occurs due to the orbital crossing of the ejecta and Phobos (the 
orbital velocity of Phobos is ~2 km/s).   
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S5.3. Impact localization on Deimos 

Figures S18 and S19 show the local impact probability for the case of Deimos. Figure S18 
considers all the ejecta, and the results are similar to the cases of Phobos (Figure S16). When we 
consider only the ejecta with impact velocities smaller than 2 km/s (Figure S19), the locations of 
impact change compared to the cases of Phobos (Figure S17) because the orbital velocity of 
Deimos is different from that of Phobos. Note that the resolutions of Figures S18 and S19 are not 
as good as those of Figures S16 and S17 because the number of ejecta colliding with Deimos is 
much smaller than that colliding with Phobos.   
 

S6. Impact flux of natural asteroids 
Natural background asteroid impacts take place both on Mars and on its moons. Here we 

calculate the impact flux of natural asteroids on Mars, Phobos and Deimos for the past 500 Myr. 
For this, we calculate the impactor size-frequency distributions (SFD) to Mars from craters on 
Mars using Hartmann isochrons18. The conversion from the crater size to impactor size is described 
in Kurosawa et al. (2019)54. For the calculation, we assume that impacts occur at a velocity of 14 
km/s and an angle of 45 degrees. The densities of the impactor and the surface materials of Mars 
are both assumed to be 2.7 × 103 kg/m3. Figure S20 shows the impactor SFDs for Mars, Phobos, 
and Deimos (dots). We fit the SFD of impactor to Mars using two power-law functions (one for 
x+ < 0.1 km and the other for x+ > 0.1 km, both shown by dashed lines in Figure S20). The 
impactor SFDs for Phobos and Deimos are approximated by the ratios of the cross sections of the 
moons to Mars. To calculate the cumulative total masses of natural asteroidal impacts to Mars, 
Phobos and Deimos (jC?|n5?Ä,)*+,|B|?Ä), we integrate the following equation for Mars, Phobos and 
Deimos: 

 

jC?|n5?Ä,)*+,|B| = Å ö)*+'x+0
àw
àx+

àx+	,
Çõ,ÉÑÖ

Çõ,ÉÜá

 

 
where N is the fitted impactor SFDs for Mars, Phobos, or Deimos; àw is the increment of the 
number of bodies in the interval (x+, x+ + àx+); and ö)*+(xú) is the impactor mass whose 
diameter is x+. x+,*)C = 10Lù km is the minimum size of the impactor considered here. x+,*?ã is 
the diameter whose SFDs equal 1 for Mars, Phobos, or Deimos. Thick lines in Figure S20 show 
the cumulative mass of natural impacts for Mars, Phobos, and Deimos. For Phobos, a total of more 
than ~109 kg of impacts occurred over the past 500 Myr. This mass is larger than that delivered 
from Mars, as impact ejecta, by a single event; the mass of Martian ejecta from the largest Mojave-
forming event is ~108 kg. More detailed and complex study of the impact processes and their 
subsequent dynamics on the moons are necessary to make more precise estimates of mass accreted 
by them; this is beyond the scope of this paper. Importantly, our main results—those regarding 
Martian ejecta embedded in the regolith of Martian moons—are not affected by the number of 
naturally occurring impacts on the Martian moons. 
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Figure S1. Snapshots of two example impacts with vimp = 12 km/s for the case of a head-
on impact (left panels) and a 45-degree impact (right panels). The color 
contours represent temporal particle velocity. All lengths are normalized by the 
projectile radius (Rp). The contact between the projectile and the target occurs at the 
origin. Only SPH particles in a thin cross section with y = −0.02 Rp to 0.02 Rp are plotted. 
Time (t) is normalized by the characteristic time for projectile penetration ts = 2Rp/vimp. 
Projectile materials are shown in light gray.



Figure S2. The cumulative mass of ejecta (Mej (> vej)) as a function of particle velocity (vej). 
Blue and red lines represent head-on impact and 45-degree impact with an impact velocity of 
12 km/s, respectively. Projectile SPH particles are not included in this analysis. Thick solid 
lines and dotted lines represent the cumulative mass of SPH particles with peak pressures 
below 50 GPa and 10 GPa, respectively. Dashed lines represent the total cumulative mass.



Figure S3. Ejected Martian mass whose ejection velocity is larger than 3.8
km/s normalized by the impactor mass for various impact angles and 
velocities.



Figure S4. The lowest peak pressure of each upper layer from the surface of Mars whose
ejection velocity is 3.8 km/s for the case of θ = 30 (red) and 45 degrees (blue). The points are
obtained from our smooth-particle hydrodynamics (SPH) simulations whose resolutions are
25 particles per projectile radius (PPRP), 50 PPRP and 100 PPRP. The dashed lines are 
linear fittings to the SPH results by the least squares method. The intersection points between 
the straight lines and the left Y-axis are those at infinite spatial resolutions.



Figure S5. The calculated final crater diameter as a function of projectile 
diameter. The color scale shows the normal component of impact velocity. The 
name of each crater is shown in the figure. The averaged projectile diameters and 
their standard deviations are shown in the figure as the black filled circles with 
error bars.



Figure S6. The masses of high-speed ejecta at velocities higher than 3.8 km/s as 
a function of the final crater diameter. The color scale and point size indicate 
the impact angle and velocity, respectively. The five craters are shown as black 
filled circles with error bars.



Figure S7. Minimum (left panel for eccentric orbits) and maximum (right panel 
for hyperbolic orbits) impact velocities of the debris on Phobos (solid line) and on
Deimos (dashed line) as a function of their pericenter distance (left panel) and 
velocity of debris near the surface (right panel), respectively.



Figure S8. Transferred mass against relative equatorial location (Phobos phase –
longitude of Zunil) in degrees. The color contour represents the impact angle to
the surface of Mars.



Figure S9. Cumulative number of craters on the Martian surface with age less 
than 500 Myr obtained from the isochron of Hartmann (2005). The blue line
represents a fitted line for craters whose diameter is larger than 2 km.



Figure S10. Average transferred mass from Mars to Phobos (left) and Deimos (right)
as a function of crater diameter for the five largest recent craters. Right y-axis
represents the mixing ratio of the transferred mass within 1-m surface regolith of
Phobos and Deimos.



Figure S11. Ejecta mass against ejection velocity. Red and blue solid lines
represent results obtained from SPH simulations for 45- and 90-degree impacts,
respectively. Black solid line shows the result obtained from the analytical
model (cone-shaped model) in Chappaz e al. (2013). Black dashed line is the
impact probability against ejection velocity.



Figure S12. Impact probability for Phobos as a function of ejection velocity from the 
surface of Mars (solid line). From left to right and from top to bottom panels, the cases 
of Mojave, Tooting, McMurdo, Corinto, and Zunil, and the fully random case are 
shown, respectively. The dashed line shows the cumulative impact probability. Latitude 
and longitude of the craters in degrees are shown in the parentheses in the panels.  
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Figure S13. Same as Figure S12, but for the case of Deimos.
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Figure S14. Cumulative distribution of impact velocity to Phobos as a function of impact 
velocity to Phobos. From left to right and from top to bottom panels, the cases of Mojave, 
Tooting, McMurdo, Corinto, and Zunil, and the fully random case are shown, 
respectively. Solid line represents impact velocity. Dashed and dotted lines represent 
normal and tangential components of the impact velocity, respectively.
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Figure S15. Same as Figure S14, but for the case of Deimos.
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Figure S16. Regional probability of impact on the surface of Phobos considering all the 
colliding ejecta (color contour) as a function of longitude and latitude of Phobos. Assuming 
that Phobos is tidally locked, 0 degrees in longitude represents the center of the far side of 
Phobos to Mars and −180/+180 degrees represents the center of the near side of Phobos to 
Mars. The longitude of +90 degrees points toward the orbital direction of Phobos and that 
of −90 degrees points toward the direction opposite to the orbital direction. From left to 
right and from top to bottom panels, the cases of Mojave, Tooting, McMurdo, Corinto, and 
Zunil, and the fully random case are shown, respectively. Latitude and longitude of the 
craters in degrees are shown in the parentheses in the panels.  
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Figure S17. Regional probability of impact on the surface of Phobos for ejecta with 
impact velocities smaller than 2km/s.
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Figure S18. Same as Figure S16, but for the case of Deimos.
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Figure S19. Same as Figure S17, but for the case of Deimos.
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Figure S20. Impactor SFDs and cumulative impactor masses of the natural
asteroids to Mars, Phobos and Deimos for the past 500 Myr. The dots are the
impactor SFDs of Mars (black), Phobos (red) and Deimos (blue) obtained from
crater SFD on Mars, respectively. Dashed green lines represent fitted lines of
impactor SFD of Mars for D<0.1 km and D>0.1 km. Solid lines represent the
cumulative impactor masses of natural asteroids to Mars (black), Phobos (red)
and Deimos (blue), respectively. Cyan region represents where impactor diameter
is smaller than D<10-4 km. Green region represents where impactor SFD is below
one.



Name Latitude 
(deg)

East Longitude 
(deg)

Diameter 
(km)

Estimated age 
(Myr)

Mojave 7.57 327.4 58 3–5a

Tooting 23.4 207.5 29 2–10b

McMurdo -84.5 0.0 23 2–30b

Corinto 16.9 141.7 13.5 2c–3.2d

Zunil 7.7 166 10.1 0.1–1b

Table S1. The locations and diameters of the five fresh craters on Mars 
considered in this study.

Notes: 
aWerner et al. (2014) based on a crater chronology model.
bHartmann et al. (2010) based on a crater chronology model.
cHartmann et al. (2010) based on the data by Malin et al. (2006).
dGolombek et al. (2014) based on the superposition relationship between the Corinto
secondaries and the older-dated lava unit. 


