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Introduction: Impact cratering has been a perva-

sive process on planetary surfaces since the formation 
of the solar system. On airless bodies, impact bom-
bardment leads to the degradation of craters that al-
ready exist on the surface, causing their appearance to 
become more subdued over time [1]. Such degradation 
is apparent on the Moon, where topographic diffusion 
has been invoked to describe the overall effect of mass 
transport due to small impact bombardment [2-3], and 
age scales have been developed based on assumed im-
pactor fluxes and degradation rates for lunar craters of 
different sizes [4]. 

Degradation of Noachian-aged craters on Mars has 
been studied extensively from both a morphologic and 
morphometric perspective [5-16]. Noachian crater 
topographic profiles reveal a distinctly degraded mor-
phometry with characteristic lowered rim crests, in-
filled floors, and shallower wall slopes [5-6,14]. The 
prevailing interpretation for the cause of this degrada-
tion is one of predominantly fluvial erosion in a warm 
and wet climate [e.g. 7]. Landscape evolution models 
have largely confirmed these interpretations, but the 
models typically predict steeper wall slopes than are 
observed, suggesting that fluvial erosion from runoff is 
aided by diffusive mass transport processes 
[6,8,11,13]. Mechanisms such as rainsplash are fa-
vored [17], but the exact nature of diffusive degrada-
tion on Noachian Mars remains elusive. 

We investigate another diffusive process – the for-
mation of small impact craters – to assess whether such 
a process would have a noticeable effect on Noachian 
crater degradation. Small impact bombardment on 
Mars is limited by atmospheric filtering, which pre-
vents the smallest size fraction of impactors from 
reaching the surface at a sufficient velocity to produce 
impact craters. While the effects of atmospheric filter-
ing on small impactor populations have been studied in 
the past [e.g. 18-20], the contribution of filtered im-
pacts to diffusive degradation on Mars has not been 
considered. We find that, under a predicted Middle–
Late Noachian impactor flux and a range of atmos-
pheric pressures up to 1 bar, topographic diffusion 
from small impact bombardment (“crater splash”) is 
capable of producing significant degradation of Noa-
chian craters. 

Methods: We find numerical solutions to the 2-D 
diffusion equation for digital elevation models based 
on global geometry measurements of fresh martian 
craters [21]. A recent study measures wall slopes on 

low-latitude (35˚N-35˚S) Noachian craters 8-32 km in 
diameter [22]. We mirror this study by simulating dif-
fusive crater degradation on craters 4, 8, 16, and 32 km 
in size, taking the steepest segment in a radial topo-
graphic profile from the crater center to the rim as the 
wall slope. The diffusion equation takes the following 
form in two dimensions: 
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The diffusivity K imparted by each impact is the 
result of the net lateral transport (NLT) it produces, 
which is equal to the proportion of ejecta moved 
downslope divided by the average downslope transport 
distance [11]. Here we assume that, on average, ½ the 
total ejecta volume is transported in the downslope 
direction; the average lateral transport distance is taken 
to be the same as the continuous ejecta deposit, which 
extends about one crater radius from the rim crest [23]. 
For very small impacts, the cavity volume Vc can be 
approximated by a cone, which is then scaled to an 
ejecta volume Ve [24]. Together these can be used to 
define NLT in terms of the crater diameter D: 

 𝑁𝑁𝑁𝑁𝑁𝑁 = 0.00315𝜋𝜋𝐷𝐷2.21 (2) 
The total impact diffusivity K can be found by mul-

tiplying the NLT of a single impact by the number of 
craters in the Mars production function of that size, ND 
[25], expected per unit area with surface age t, and 
summing over the range of diameters being consid-
ered. We use the Hartmann [25] age for the Middle–
Late Noachian boundary of 3.85 Ga: 

 𝐾𝐾 = (∑ 𝑁𝑁𝑁𝑁𝑁𝑁 ∗ 𝑁𝑁𝐷𝐷𝐷𝐷 )/(3.85 ∗ 109) (3) 
The diffusion approximation will break down as 

the size of the crater created by an impact approaches 
the size of the crater being degraded by it [11]. In other 
words, the range of impactor sizes D that can be con-
sidered diffusive in Eqn. 3 is dependent on the size of 
the craters being degraded in our simulations, which 
range from 4-32 km in diameter. We define a maxi-
mum diffusive crater diameter Dmax to be 0.001 of the 
degraded crater diameter in each simulation. 

The atmospheric filtering of small impactors is de-
pendent on the size of the impactor L and the atmos-
pheric pressure P. The threshold diameter Lmin below 
which impactors are filtered by the atmosphere is giv-
en by [23]: 

 𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 = 0.15𝑃𝑃/(𝜌𝜌𝜌𝜌 sin𝜃𝜃) (4) 
ρ is the density of the impactor, taken to be the 

density of basalt (3000 kg/m3), g is the gravitational 
acceleration at the surface (3.7 m/s2 for Mars), and θ is 

2612.pdf50th Lunar and Planetary Science Conference 2019 (LPI Contrib. No. 2132)



the impact angle, taken to be 45˚. We test atmospheric 
pressures 0.006 bar (current Mars), 0.6 bar (estimate 
for a cold and icy Mars climate scenario [26]) and 1 
bar (current Earth scaled to Mars). Finally, we use the 
relation between impactor diameter L and the diameter 
of the resultant crater D for the gravity regime, simpli-
fied slightly by assuming that the density of the im-
pactor and target are similar [27]: 

 𝐷𝐷 = 1.16𝑁𝑁0.78𝑣𝑣sin0.43𝜃𝜃𝜌𝜌−0.22 (5) 
v is the average impact velocity, which is taken as 

9.6 km/s for Mars [28]. Although small impacts would 
likely be dominated by strength, we use the gravity 
scaling relation because the same relation in the 
strength regime requires knowledge of the gravity-to-
strength transition diameter Dsg, which is poorly con-
strained for Mars [28]. Therefore, the gravity scaling 
relation will somewhat overestimate the crater size, 
and thus net lateral transport, that would be possible 
for small impact bombardment. 

Results: The impact diffusivity in a vacuum is sim-
ilar for the different crater sizes we consider, with 
larger craters experiencing slightly more net lateral 
transport because of a larger Dmax. The impact diffusiv-
ity in a vacuum is 3.9*10-6 m2/yr for a 4-km crater; 
4.5*10-6 m2/yr for an 8-km crater; 5.2*10-6 m2/yr for a 
16-km crater; and 6.0*10-6 m2/yr for a 32-km crater. 
These values are the same order of magnitude as the 
estimated diffusivity for craters of similar age on the 
Moon, which is 8.0*10-6 m2/yr at 3.85 Ga [4]. 

The threshold diameter Lmin for atmospheric filter-
ing in the current Mars atmosphere (0.006 bar) is ~1 
cm; for a cold and icy Mars climate scenario (0.6 bar) 
is ~1 m; and for an atmosphere equivalent to Earth (1 
bar) is ~2 m. Degradation of smaller craters by impact 
bombardment is disproportionately affected by the 
presence of an atmosphere since more of their diffu-
sive population is filtered. For example, the diffusivity 
for a 4-km crater decreases by more than a factor of 4 
between vacuum and 1 bar, while that for a 32-km 
crater decreases by approximately a factor of 2 for the 
same increase in atmospheric pressure (Table 1). 

In the absence of an atmosphere, degradation of 
smaller craters will be more effective due to the ineffi-
ciency of diffusive processes as length scales increase. 
For example, the wall slope for a 4-km crater decreases 
by 2.6˚ in vacuum, while for a 32-km crater the wall 
slope decreases by 0.6˚ (Table 2). This is true for any 
diffusive process, but impact bombardment is uniquely 
affected by atmospheric filtering. Even under higher 
atmospheric pressures, however, degradation through 
small impact bombardment is capable of lowering wall 
slopes by up to 1.3˚ for small craters. 

Finally, fluvial erosion tends to maintain or even 
oversteepen crater wall slopes beyond the values that 

might be expected for diffusive degradation [8]. As we 
have not included fluvial erosion in our model, we 
cannot say for certain how the addition of fluvial ero-
sion and crater wall backwasting would affect the low-
ering of crater wall slopes by topographic diffusion. 

Conclusions: The exact nature and significance of 
diffusive mass transport in Noachian craters remains 
unclear. While mechanisms such as rainsplash have 
been considered before, our simulations show that 
topographic diffusion through small impact bombard-
ment is capable of lowering crater wall slopes even in 
the presence of a 1-bar atmosphere. Due to the scale 
inefficiency of diffusive processes, degradation 
through impact bombardment is more effective for 
smaller craters, but larger craters still experience some 
degradation. Small impact bombardment should there-
fore be taken into account when attempting to describe 
the full range of processes leading to the degradation 
of Noachian craters on Mars. 

P (bar) 
D (km) 

0 0.006 0.6 1 

4 3.9 3.2 1.1 0.8 
8 4.5 3.8 1.7 1.4 

16 5.2 4.5 2.4 2.1 
32 6.0 5.3 3.1 2.9 

Table 1. Impact diffusivity (in 10-6 m2/yr) for craters 
with initial diameter D degraded under atmospheric 
pressures P. 

P (bar) 
D (km) 

0 0.006 0.6 1 Fresh 

4 26.2 26.4 27.3 27.5 28.8 
8 25.8 26.0 26.5 26.6 27.8 

16 20.9 20.9 21.1 21.3 22.1 
32 16.8 16.9 17.1 17.1 17.4 

Table 2. Max wall slopes (in degrees) for craters with 
initial diameter D degraded under atmospheric pres-
sures P. 
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