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Abstract. This article presents a method to adapt the lunar production function, i.e. the frequency
of impacts with a given size of a formed crater as discussed by Neukum et al. (2001), to Mars. This
requires to study the nature of crater-forming projectiles, the impact rate difference, and the scaling
laws for the impact crater formation. These old-standing questions are reviewed, and examples for
the re-calculation of the production function from the moon to Mars are given.

1. Crater Forming Projectiles
The modern crater forming projectiles are believed to be presented by three main
populations: asteroids, Jupiter-Family comets (JFC), and long period comets (LPC).
These bodies have different kinds of orbits, and physical and mechanical properties. According to Shoemaker and Wolfe (1982), for Earth and for all terrestrial
planets the JFC impacts play a minor role in the formation of impact craters. Asteroids and long period comets may give comparable contributions to the modern
cratering rate. However, the long period comets’ ﬂux in terms of mass of the projectiles is currently poorly known. Shoemaker and Wolfe (1982) used measurements
of the LPC nuclear size by Roemer (1965, 1966), Roemer and Lloyd (1966) and
Roemer et al. (1966), and the astronomically estimated frequency of ﬂy-by through
the solar system. As the estimated cratering rate from these assumptions was too
high, Shoemaker and Wolfe (1982) ascribed the overestimate to the unresolved
comae of measured LPCs, and drastically decreased the published nuclear diameter estimates by a factor of 3. Consequently, knowing the average probability and
velocity of LPC impacts very well, there remains a severe problem of not knowing
both the size distribution and the formation rate of impact craters by LPCs.
According to Neukum et al. (2001), the size-frequency distribution (SFD) of
craters at best corresponds to the one of asteroids. At the same time, known estimates for the SFD of comet nuclei contradict the planetary cratering records
(Shoemaker and Wolfe, 1982). Thus, as a ﬁrst approximation this article compares
the moon and Mars only for asteroid impacts.
Most asteroids occupy the area between the orbits of Mars and Jupiter, named
the Main Belt (MB; see Binzel et al., 1989, for a review and database). The relatively small sub-population of asteroids that currently cross the orbits of terrestrial
planets are called Planet Crossing Asteroids (PCA).
Chronology and Evolution of Mars 96 87–104, 2001.
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Recently, Morbidelli (1999) has reviewed the evolution of understanding the
PCA origin. The ﬁrst scenario developed by Wetherill (1979, 1988) and interpreted
by Greenberg and Nolan (1989, 1993) assumes the catastrophic collision’s fragment injection to resonance phase space area. Being in a resonance (ν 6 or 3/1),
“new” fragmental asteroids change eccentricities and become PCAs. They further
change orbits due to close encounters with terrestrial planets. The time scale for
the transition from MB to PCA orbits is ∼1 Myr; the life time at the PCA’s orbits
is tens of Myr. If Mars alone controls the orbit evolution, an asteroid begins to
cross the Earth orbit in 100 Myr (“slow track”). If Earth removes an asteroid from
a resonance, the orbit evolves 10 to 100 times faster (1 to 10 Myr, “fast track”).
Later, the “solar sink” was found to be an important mechanism to limit the time
scale of the orbital evolution due to resonances. A chain of papers after Farinellaet
al. (1994), reviewed by Morbidelli (1999), demonstrated that resonances “pump”
eccentricities of PCAs up to a sun-grazing orbit. The recent dynamic model by
Gladman et al. (1997) predicts a median lifetime of 2 Myr for MB asteroids in resonant orbits, while 90% will impact Sun or planets, or will be ejected out of the inner
solar system within 10 Myr. The short lifetime implies a very intensive re-supply
of PCAs from the rest of the MB asteroids. The pure resonant orbital evolution thus
looks like an effective “fast track” to create PCAs from MB asteroids.
The “slow track” interpretation was renovated by Migliorini et al. (1998) and
Morbidelli (1999): Multiple weak resonances lead to chaotic evolution of the MB
asteroids’ orbits that are far from main mean motion and secular resonances with
Jupiter and Saturn. These orbits “migrate” in phase space with a good chance to
become Mars-crossing orbits on a timescale of 25 Myr. Then, Mars-crossers will
evolve to PCAs by close encounters with Mars and other terrestrial planets.
Regarding planetary cratering rate estimates, three comments are important:
1. Before numerical models have accumulated better statistics in the behavior of
small bodies in the solar system, the natural axiom assumed that the currently
observed PCAs present a sensible “time slice” of a stationary distribution of
orbital elements, so that impact probabilities and impact velocities of asteroids
can be estimated from currently observed PCAs. With help of scaling laws the
cratering rate is estimated. Most of the currently observed asteroids never hit
any planet. The time to impact for a typical orbit is about 0.1 − 1 Gyr. Thus, 4
to 10 “generations” of asteroids should replace one another on the same PCA
orbits to create a new crater on one of the terrestrial planets or their satellites.
2. The “fast track” with ejection due to catastrophic collision differs from the
“slow track”, which operates equally for bodies of any size. The fragmentation
ejection into resonant orbits may change the SFD of fragments. Smaller fragments are ejected faster, so that the “fast track” population of PCAs should be
more abundant in small bodies compared to the MB population. In terms of a
close to power law SFD, the PCA’s SFD is “steeper” than the MB SFD.
3. Non-gravitational forces (such as the Yarkovsky effect) also can result in a
steeper SFD for PCAs.
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Figure 1. Cumulative (a) and incremental (b) perihelion distribution of planetary crossing asteroids
(PCAs) of different size (characterized by magnitude H ). The N(q) dependence of PCAs with
H < 15 compromises the completeness of observation and the numerosity at near-Earth orbits.

Below we assume that asteroids from the MB may be treated as best candidates
for the cratering rate comparison. Cometary input is not included in our current
estimates. We also assume that the currently observed population of PCA is stationary (at least for the last 3 Gyr). For more ancient periods, e.g. the end of the
heavy bombardment period, we assume that the relative cratering rates on terrestrial planets in respect to the moon was the same as relative cratering rates for the
currently observed PCA. Each of these assumptions should be taken with care.

2. Projectile Flux Estimate
In the approach of Shoemaker and Wolfe (1982) for short period comets, the set
of observed comet orbits is sorted in perihelion distance q, from which the average impact probability and velocity are estimated. This way, observed orbits
are assumed to represent an ensemble of a statistically “averaged” steady-state
population of PCAs. Here, the list of osculating orbits “astorb.dat”, presented on
http://asteroid.lowell.edu (February 2000), is used.
To remove bias in the observed asteroid population, several techniques have
been developed (e.g., Rabinowitz, 1993, 1997; Rabinowitz et al., 1994; Jedicke
and Metcalfe, 1998; Bottke et al., 2000a, b). Here, PCAs are sorted in their absolute magnitude and the obvious bias in theq-distribution is removed. Figure 1 plots
“incremental” and “cumulative” distributions of the number of PCAs of different
size, presented by magnitude. The incremental number of asteroids is calculated
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as their number per q-bin of width 0.1 AU. Comparing q-distributions of asteroids
with H < 15 and H < 12 reveals similar behavior close to the Mars orbit.
The observations for Mars-crossers with H < 15 appear to be relatively complete, agreeing with theory (Bottke et al., 2000b). A scaled curve derived from
N (q) distributions for H < 15 (Figure 1) and larger bodies ﬁts to the data of N (q)
for larger bodies with H < 12. For Mars-crossers N (q) functions look similar.
For small q the number of H < 12 asteroids drops below 1. This means that the
steady-state number of large NEAs is less than 1 – the delivery rate is smaller
than the lifetime of large bodies, and they only sporadically appear in the Earth’s
vicinity. Here, it is assumed that the q-distribution of asteroids with H < 15 may
be used to estimate the N (q) function for smaller bodies.
The completeness of observation of small bodies on near Earth orbits (NEA)
is now estimated as 40% for H < 18 (Bottke et al., 2000b). At the same time,
the trial ﬁt of N18 (q) with the N15 (q) curve shows a more or less similar behavior
for PCAs. A ﬁrst order correction for PCAs is obtained by multiplication by some
factor close to 2.5, according to Bottke et al. (2000b). For Mars-crossers with
H < 18 the observational bias obviously increases for largerq (Figure 1).
With the procedure described above the impact rates on the moon and Mars are
compared. Impact velocities and probabilities for all Earth crossers withH < 18,
and for all Mars-crossers with H < 15 are calculated. To compare absolute impact
rates on Mars and the moon, Mars estimates for eachq are multiplied with the ratio
N H <15 /N H <18 . This implies that unobserved Earth and Mars-crossers should have
orbits similar to currently observed bodies. Figure 2 illustrates the impact velocity
distribution for Mars and the moon binned in intervals of 1 km/s.
The Öpik formulas, reﬁned by Wetherill (1967) for the general case of elliptic
orbits for both target and projectile, are applied to all bodies in the “astorb.dat” ﬁle.
A random orientation of the nodes latitude is assumed, so that all mutual positions
of inclined elliptical orbits have the same probability. For each target (Mars or the
moon) and projectile (PCA) the impact probability and velocity are calculated. The
total impact probability, corrected for observational bias for small Mars-crossers,
and the average impact velocity are needed to compute the cratering rate.
Before determining size-frequency distributions of projectiles, it helps to compare the estimated impact rate of asteroids of equal size on the moon and Mars.
For the moon the average probability of impact of observed NEA with H < 18
is 1.9 × 10−10 yr−1 . For the total number of projectiles of 155 and the moon radius
of 1732 km the average impact rate (AI R) per year per km2 is AI Rmoon = 0.77 ×
10−15 yr−1 km−2 The average impact velocity is vmoon  = 16.2 km/s.
The AI R estimate is difﬁcult for Mars, because its orbit’s eccentricity varies
in the range of ∼ 0.01 − 0.1 with a period of 2 Myr (Ward, 1992). Currently, this
eccentricity is close to the upper limit e = 0.094, and Mars’ distance to the Sun
varies in the range ∼ 1.4 − 1.7 AU. Figure 1 shows, how the number of Mars
crossers grows with q within limits of the current Mars aphelia and perihelia: The
number of potential impactors is 20 times larger in the aphelia than in the perihelia.
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Figure 2. The impact velocity distribution for the moon and Mars (fraction of impacts per 1 km/s).

The calculations with “astorb.dat” Mars crossers show that the impact rate changes
7 times each Martian year, deﬁning “impact seasons”.
For this reason, the AI R for Mars may either be calculated for shorter periods
assuming a speciﬁc eccentricity, or may be averaged for one Martian year or even
for the cycle of the Martian orbit eccentricity variation of∼2 Myr. The long-time
average, corrected for the unobserved H < 18 Mars crossers, is estimated as
AI RMars = 1.57 × 10−15 yr−1 km−2 .
The average impact velocity is vMars  = 8.62 km s−1 .This number corresponds
to the observed NEA with H < 18, and may present ∼40% of the real impact rate,
as discussed above.
The Mars/moon impact rate ratio, averaged in time, called “R bolide ” or Rb following Hartmann and Neukum (2001), has a value
Rb = AI RMars / AI Rmoon = 1.57/0.77 = 2.04

(1)

for asteroids of the same size. This is the ratio of frequencies of impacts per unit
area. Due to the larger total surface of Mars, the ratio of the absolute numbers of
impacts is larger than the value of Equation (1).
To convert this ratio, Rbolide , to the average cratering rate ratio, R, one needs
to know the scaling law for impact cratering due to the different impact velocities
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and surface gravity on the moon and Mars, and the size-frequency distribution of
projectiles to estimate the R value for equal crater diameters.

3. Scaling Laws
Crater diameters for the impact of the same projectile on the moon and on Mars
depend on the efﬁciency of the cratering at different impact velocity and surface
gravity. Nowadays, the scaling law by Schmidt and Housen (1987) is widely used,
which conveniently is written as
Dt = 1.16(δ/ρ)1/3 DP0.78 (v sin α)0.43 g −0.22

(2)

where Dt is the transient crater diameter, D P is the projectile diameter, ρ and δ are
densities of target and projectile materials,v is the impact velocity, α is the impact
angle, and g is the gravity acceleration (e.g., Pierazzo et al., 1997). For simple
craters formed in the gravity regime their ﬁnal diameter is about D t .
The power law (Equation 2) may be more complex in extreme cases of small
strength craters (D < 50 to 300 m (see Neukum and Ivanov, 1994), and large
modiﬁed (collapsed) craters (see the review by Melosh and Ivanov, 1999).
The strength-to-gravity transition may be incorporated into the scaling law following Schmidt and Housen (1987), Neukum and Ivanov (1994), and Ivanovet al.
(2000). Equation (2) may be rewritten in a form, where for sufﬁciently small events
the crater diameter is directly proportional to the projectile diameter:
(1.16)1/0.78
Dt
=
DP [(δ/ρ)1/3 (v sin α)0.43 ]0.78
[(Dsg + Dt )g]0.22/0.78

,

where Dsg is the characteristic strength to gravity transition crater diameter; craters
Dsg are formed in a strength regime, while craters with D t
Dsg are
with Dt
formed in a gravity regime. After this reduction the generalized form of the scaling
law is
DP

Dt
0.26
(δ/ρ) (v sin α)0.55

=

1.28
[(Dsg + Dt )g]0.28

.

(3)

The scaling law (Equation 3) gives a smooth transition from the gravity cratering
regime (Equation 2) to the assumed strength cratering regime where (for D t
Dsg ) the crater diameter is proportional to the projectile size:
Dt =

1.28
DP (δ/ρ)0.26 (v sin α)0.55
(Dsg g)0.28

.

Such a model assumes that the formation of a small crater on a planetary surface
may be described as the cratering process in a target with a constant strength. In
reality, the strength of near surface rocks may be highly variable due to the presence
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of a regolith and a megaregolith. However, Equation (2) gives an upper limit for
the crater size for a given projectile, implicitly assuming a low cohesion nature of
shuttered and weathered near-surface rocks. Equation (3) gives a lower limit of the
crater size, provided the near surface rocks have some ﬁnite cohesion.
The gravity collapse of a transient cavity makes the diameter of a ﬁnal modiﬁed crater larger in comparison with a hypothetical simple crater which would
be created by the same impact in the absence of the gravity collapse. For simple
estimates one can use the semiempirical model derived by S. Croft (1985; see also
Chapman and McKinnon, 1986) to ﬁnd the transient cavity diameter, D t , for an
observed crater with a rim diameter D:
Dt = D∗0.15 × D 0.85

(4)

for D > D∗ . The value of a critical diameter D ∗ , which deﬁnes the boundary
crater diameter when the collapse begins, depends on the target material strength
and gravity. On Earth, the value of D ∗ is ∼4 km for crystalline rocks. For other
terrestrial planets D∗ varies approximately inversely proportional to the surface
gravity acceleration (Pike, 1980). Using Equation (4) to estimate D t , and Equation (3) for an assumed impact velocity v and impact angle α, one can estimate a
projectile diameter needed to form the crater with a given ﬁnal diameterD.
The best test for the model is to compare the theoretical and observed volume of
the impact melt in well studied terrestrial impact craters. Numerical models of the
impact events enable to estimate the impact melt volume. The results are conﬁrmed
by real underground nuclear tests. The reasonably good coincidence (Figure 3)
between theory and observations gives conﬁdence in the validity of scaling laws
presented here (Ivanov, 1981; Pierazzo et al., 1997).
The general review of the simple-to-complex transition has been published by
Pike (1980). Most of these data reﬂect boundary diameters between ranges of
different morphology styles of impact craters. In general, it is hard to say what
is the best value of D∗ in Equation (4) to estimate the crater diameter increase due
to modiﬁcation on a given planetary body. As a ﬁrst approximation for terrestrial
planets one may use the inverse proportionality of D sg and D∗ to gravity g (Pike,
1980). The recent Mars Global Surveyor data seem to signiﬁcantly improve theD ∗
estimates (Garvin et al., 2000).
4. Cratering Rate Comparison
The rigorous procedure of the interplanetary comparison of crater records consists
of several natural steps.
1. Calculate the shape of the size-frequency distribution of projectiles using one
of the bodies as a reference.
2. Calculate the production curve for new impact velocities and surface gravity,
assuming the SFD of projectiles for the other planet is the same as for the
reference planetary body.
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Figure 3. Comparison of calculated (Ivanov, 1981; Pierazzo et al., 1997) and observed (Grieve and
Cintala, 1992) impact melt volumes in terrestrial craters. The solid line shows the total theoretical
melt production, the dashed line corresponds to an assumption that 50% of the produced impact melt
is ejected beyond the crater rim.

3. Normalize the production function to the average impact rate ratio.
The known lunar production function is discussed by Neukumet al. (2001). The
re-calculations of the Hartmann Production Function (HPF) and the one of Neukum
(NPF) for the case of Mars are presented below. However, before discussing the
relatively accurate procedure, some order-of-magnitude estimates are made.
Model 0 uses power law functions for both the cratering scaling law and the
projectile SFD, and assumes one (average) impact angle and one (average) impact velocity. This was the ﬁrst successful technique to compare impact cratering
rates throughout the solar system (Hartmann, 1977; Hartmannet al., 1981). In this
model, the SFD as function of the projectile’s diameter D P is written as:
N (> DP ) ∼ DP−n

(5)

The crater diameter is expressed as
D ∼ DPα v β g −γ .
The crater’s SFD is also a power law
N (> D) ∼ D −b

(6)

where b = n/α. For a known ratio of numbers of impacts of projectiles of a given
size at a given area during a given time (named R b in Equation 1), one can derive
the ratio of cratering rates for a given crater diameter. Due to differences in the
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impact velocity and surface gravity, craters of the same diameter are formed by
projectiles of different size. On planet #1 (let it be Mars) the crater of a diameter D
is created by a projectile with a diameter
−β/α γ /α
gM

DPM = D 1/α vM

On planet #2 (the moon) the same crater is created by a projectile with the diameter
DPm = D 1/α vm−β/α gmγ /α
Mars gravity is larger, and the average impact velocity is smaller than on the moon.
Consequently, a larger projectile needs to strike Mars to create the same crater.
Larger bodies are less numerous (Equation 5), and the ratio of the cratering rate,
R, is smaller than the ratio of impact rates, R b , by a “planetary” factor, f P , derived
from the scaling law and the size-frequency distributions:
f P = (vM /vm )bβ/α · (gM /gm )−bγ /α
The ﬁnal ratio of cratering rates (Mars/moon ratio, R) is given by the expression
R = f P Rb
To make a bridge to previous estimates for interplanetary comparison of crater
population, we test ﬁrst “old” exponents, used by Hartmann (1977) and Hartmann
et al. (1981): β = 2/3.3 = 0.606, γ = 0.2. For these parameters the ratio of crater
diameters on Mars and the moon for velocities estimated above is
DM /Dm = (vM /vm )β (gM /gm )−γ = 0.694

(7)

The “planetary” factor, f P , depends on the SFD’s steepness (Equations 5 or 6).
For typical values of b = 2 to 3 the Mars/moon cratering rate ratio R varies in
the range
R = (DM /Dm )b × Rb = (0.33 to 0.48) × 4.8 = 1.6 to 2.3

(8)

“Modern” values of exponents in the scaling law (β = 0.43, γ = −0.22 (Equation 2) give close numbers for simple gravity craters:
DM /Dm = (vM /vm )β (gM /gm )−γ = 0.64
R = (DM /Dm )b × Rb = (0.26 to 0.41) × 4.8 = 1.28 to 1.99

(9)
(10)

This comparison leads to the conclusion that the “old” scaling by Hartmann (1977)
gives just the same DM /Dm as more recent scaling laws for simple craters. The
variations in scaling exponents and average impact velocities derived here are close
to compensate one another. The “typical” impact on Mars creates the crater 1.5
times smaller than on the moon. Consequently, the cratering rate ratio is less than
the average impact rate ratio.
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TABLE I
Cratering rate comparison for simple craters for different values of the Mars orbit eccentricity, e, and
time averaged estimates for the period of 2 Myr. M=Mars; m=moon; Rb is the Mars/moon impact
rate ratio; D DP =1 is the crater diameter for vertical impact of an asteroid of 1 km diameter; b is the
exponent in the cumulative size distribution (Equation 6).
Planet

v

Rb

D DP =1

b = 1.8

b

b = 2.2

b

b = 3.82

b

kms−1

km

moon

16.09

15.32

Mars
e = 0.093
e = 0.05
e = 0.01

8.61
10.32
10.86

4.8
2.02
1.73

9.87
10.65
10.88

0.45
0.52
0.54

2.18
1.05
0.93

0.38
0.45
0.47

1.83
0.91
0.81

0.19
0.25
0.27

0.90
0.51
0.47

Time av.

9.59

2.04

10.32

0.49

1.00

0.42

0.86

0.22

0.45

DM
Dm

R

DM
Dm

R

DM
Dm

R

Taking into account the variation of the Mars orbit eccentricity, one can derive
R-values for different slopes of the cumulative SFD providing thesame steepness
of the cratering curve. The data in Table I well represent possible ranges of Rvalues for different Mars orbits and the crater cumulative distribution steepness.
For the current Mars orbit (high e) the R value is in the range 0.9−2.2 for different
ranges of the N (> D) distribution. During time periods, when the Mars orbit is
almost circular, R decreases to values in the range 0.5 − 0.9.
The last section of Table I shows the time averaged cratering rate ratio R for
sinusoidal variation of e with time and for varying N (> D) steepness: R is in the
range 0.45 − 1.0, providing one compares SFD brunches with the same steepness
m. One cannot compare the number of craters on Mars and the moon for diameter
ranges where N (> D) curves have different steepness.
The possible celestial source of uncertainty in these estimates is connected with
possible modulation of the Mars crossers orbital evolution with the evolution of the
eccentricity of the Martian orbit. This modulation in principle may shift the orbital
distribution of Mars crossers, which may shift time averaged impact velocity and
probability for Mars. However, the time scale of the Mars orbit variation is about
2 Myr (Ward, 1992), while the typical time scale for Mars crossers evolution is
about 30 Myr (Migliorini et al., 1998; Morbidelli, 1999).
Model 0 gives a proper general estimate for the values of the Mars/moon cratering rate ratio R due to the bombardment of asteroids. If comets have not the
signiﬁcant input into the cratering rate (see Neukum et al., 2001), it can be concluded that the cratering rates on Mars and the moon are close within a factor of
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1.5. For steep N (D) distributions R ≈ 0.5, in a shallow N (D) diapason, R may be
close to 1.0, if averaged over the time variation of the Martian eccentricity.
The general information given above enables to construct the predictiveN (D)
functions for Martian surfaces of varying ages, as presented in the following.
Model 1 is a simple approach (e.g., Neukum and Ivanov, 1994) to assume that
all impact craters are created with projectiles having one (average) impact velocity
and one (average) impact angle of 45◦ .
In this case, the production functions, HPF and NPF, can be easily recalculated
from the moon to Mars. The procedure includes the estimate of the projectile SFD
using Equations (2 – 3). The derived projectile population is assumed to strike Mars
with the proper larger intensity. Using the average impact velocity for Mars, the
correspondent crater population and the Martian production curve are estimated.
It is important to take into account that the simple-to-complex transition on Mars
occurs at smaller critical diameter D ∗ = 7 km (Garvin et al., 2000), while on the
moon we assume the D∗ value of 15 km (Pike, 1980).
Model 2 is more complex but more exact. It automatically takes the change of
crater scaling into account, which happens in different diapasons of crater diameters at planetary bodies with different gravity and surface mechanical properties.
The most straightforward way is to derive the model SFD for one body and then
include the variation of impact and target parameters to compute the crater SFD on
the other body. The technical problem arises from the fact that craters of the same
diameter may be created by impacts of projectiles of varying size depending on
their impact angle and velocity.
With an analytical expression for the SFD the problem is solved in a more
rigorous style. Ivanov (1999) and Ivanov et al. (1999, 2000) have estimated the
relationship between projectile and crater SFDs using the real observed velocity
distribution of asteroids. The model assumes that:
− The crater diameter is some function, i.e. the scaling law, D = D(D P , v, α)
of the projectile and impact parameters D P (projectile diameter), v (impact
velocity) and α (impact angle, α = 90◦ means vertical impact).
− The probability for a projectile to have the impact velocity in the range from
v to v + dv is f v (v)dv. The minimum impact velocity is equal to the escape
velocity of a planetary body, vesc . The maximum velocity depends on the
orbital parameters of a target body and projectiles.
− The share of impacts in the range of angles from α to α + dα is a function
f α (α). The maximum impact angle is naturally 90◦ (vertical impact). The
minimum angle of impact αmin is deﬁned as an angle, below which craters
become elongated. From the restricted amount of experimental data (Gault
and Wedekind, 1978) αmin = 15◦ can be estimated. Bottke et al. (2000c)
recently have conﬁrmed an angle of order 12◦ as the upper boundary for a
signiﬁcant ellipticity of impact craters.
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Any crater of a diameter D may be formed by impact of projectiles of various
diameters, depending on the impact velocity and impact angle. In differential form
this condition is expressed as
αmax


vmax 
d N d DP
dN
dv
dα
(11)
=
f v (v) f α (α) ,
dD
d DP d D
vmin

αmin

where both values in square brackets should be calculated for the projectile diameter DP (D, v, α), i.e. for the projectile of diameter D P , which creates the crater of
diameter D, impacting with velocity v at angle α.
The integral equation (11) enables to calculate the projectile SFD for a known
SFD of craters, DP (D, v, α), and velocity and angular distributions of impact events.
Then, Equation (11) gives the model impact crater SFD (a production function) for
a given planetary surface from the projectile SFD and the impact velocity spectra.
Scaling laws (Equations 2, 4) simplify the procedure. The analytical ﬁt to the
lunar data derived by Neukum (1983) and recently improved by Ivanov (1999)
and Ivanov et al. (2000) is one example; however, the general equation (11) may
be applied for any input crater distribution. The resulting projectile SFD is also
presented as a polynomial function similar to Neukum’s lunar production function.
From the derived projectile (asteroid) SFD the model SFD for Martian craters is
calculated. Note however, that the same asteroid SFD for Earth-crossers and Marscrossers is assumed. This may not be completely true, if non-gravity effects change,
depending on asteroid size, the populations of fast and slow track delivery routes.
Results. With all the assumptions and simpliﬁcations described above, the model
results in a Mars-to-moon re-calculation of the production functions.
The Hartman Production Function (HPF), recalculated to Mars using Model 2,
is shown in Figure 4 in comparison with the original lunar HPF. Figure 5 plots the
Mars-to-moon ratio for the same crater diameter bins. In the spirit of the lunar HPF,
the production function for Mars may be split into 3 power law branches (for an
“average” lunar mare surface of ∼3.4 Gyr on Neukum’s time scale):
log NH = −2.894 − 3.82 log DL , D < 1.0 km
log NH = −2.938 − 1.72 log DL , 1.0 km < D < 32 km
log NH = −2.146 − 2.20 log DL , D > 32 km

(12)

Note the slight change in the exponent (Equation 12) with respect to the lunar HPF
(Neukum et al., 2001). As Martian craters created with the same projectile are
smaller than on the moon, the boundary diameters of different power law branches
are shifted to smaller sizes compared to the lunar HPF (Equation 1).
As the HPF is presented as the 3 power relationships (Neukum et al., 2001),
the Mars-to-moon ratio has speciﬁc values for each power branch (Figure 5). The
smaller crater dimensions on Mars for the same projectile diameter and the higher
Martian impact rate barely compensate each other for D > 2 km. Thus, the Marsto-moon crater number ratio is close to unity with the accuracy of±20%.
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Figure 4. The Hartman production function for Mars in comparison with the lunar prototype. Crosses
are plotted against the middle of 21/2 diameter bins.
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Figure 5. The Mars-to-moon ratio of a number of impact craters with equal diameter. Hartmann
Production Function (HPF) and Neukum Production Function (NPF) are recalculated from the moon
to Mars using Model 1 (one average impact velocity and one average impact angle of 45◦ ) and
Model 2 (the full ensemble of impact velocities and impact angles). All re-calculations except NPF
(Model 2) use the gravity crater scaling law with the Croft’s collapse model. The NPF (Model 2) is
recalculated assuming the strength-to-gravity cratering regime transition with Dsg at 300 m on the
moon and 100 m on Mars. For details see text.
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Figure 6. Martian “isochrones” based on the Hartmann Production Function (HPF) compared to
the crater counts on the Arsia Mons volcano (square) and at its summit caldera ﬂoor (diamonds)
by Hartmann (1999). The upper curve corresponds to the same age as the “average lunar mare”
(∼3.4 Gyr). Also shown are “isochrones” for surfaces that accumulated 1/10, 1/100, and 1/1000 less
craters. The Arsia Mons caldera ﬂoor accumulated roughly 10 times less craters than surfaces of
lunar mare “average” age. The NPF, derived below, is shown for comparison (small triangles).

The lunar HPF is constructed for the “average mare” surface age, estimated
above as ∼3.4 Gyr. If no excessive accuracy is required, the Martian HPF for
various crater retention ages may be given as fractions of the “average mare” crater
density. Figure 6 illustrates these HPF “isochrones” for Martian surfaces with 1/10
and 1/100 of the “average mare” crater counts. The recent MGS data for the caldera
of Arsia Mons (Hartmann, 1999) corresponds to a crater areal density of 1/10 of
the “average lunar mare”. Martian crater counts are discussed by Hartmann and
Neukum (2001), and Table II presents numerical values of the HPF for Mars.
The Neukum Production Function (NPF) originally is presented in the cumulative form, from which the incremental and R-plot distributions are easily produced. Figure 7 compares the Martian NPF for a 1 Gyr-old surface with the lunar
NPF of the same age. Figure 5 shows this comparison in more detail, as the ratio
of incremental number of craters in the same diameter intervals. The non-power
law NPF has a steepness that differs from the HPF power law. Consequently, the
Mars-to-moon ratio varies in a wider range.
The NPF may be approximated as a polynomial similar to the lunar NPF:
log10 (N ) = a0 +

11


n

an log10 (D) .

n=1

Coefﬁcients ai are listed in Table III; the ﬁt is valid for ∼15 m < D < 362 km.
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TABLE II
Calculated crater number in each crater diameter bin for Mars and the moon according to
Hartmann’s (HPF) and Neukum’s Production Function (NPF) for an age of the “average
lunar mare” (∼3.4 Gyr for NPF) and the ratio of NPF/HPF for Mars and moon.
DL (km)

NH (Mar s)

NH (moon)

(N P F/H P F)Mars

(N P F/H P F)moon

0.0156
0.0221
0.0313
0.0442
0.0625
0.0884
0.1250
0.1768
0.2500
0.3536
0.5000
0.7071
1.0000
1.414
2.000
2.828
4.000
5.657
8.000
11.310
16.000
22.630
32.000
45.250
64.000
90.510
128.000
181.000
256.000

8154
2170
577.4
153.6
40.88
10.88
2.895
0.7702
0.205
0.05454
0.01451
3.787×10−3
1.158×10−3
6.207×10−4
3.326×10−4
1.782×10−4
9.552×10−5
4.902×10−5
2.580×10−5
1.646×10−5
8.821×10−6
4.727×10−6
2.533×10−6
1.357×10−6
6.336×10−7
2.956×10−7
1.379×10−7
6.433×10−8
3.001×10−8

19210
5113
1360
362
96.32
25.63
6.82
1.815
0.4829
0.1285
0.03419
9.098×10−3
2.421×10−3
6.443×10−4
3.453×10−4
1.850×10−4
9.915×10−5
5.313×10−5
2.847×10−5
1.526×10−5
8.177×10−6
4.382×10−6
2.348×10−6
1.258×10−6
6.736×10−7
3.142×10−7
1.466×10−7
6.839×10−8
3.191×10−8

0.21
0.26
0.32
0.41
0.51
0.65
0.79
0.91
0.99
1.02
1.03
1.09
1.04
0.62
0.42
0.33
0.29
0.31
0.39
0.53
0.74
0.90
0.92
0.78
0.66
0.52
0.41
0.33
0.35

0.15
0.20
0.25
0.31
0.39
0.49
0.62
0.77
0.89
0.98
1.02
1.03
1.06
1.14
0.67
0.45
0.34
0.30
0.31
0.38
0.54
0.74
0.90
0.91
0.78
0.66
0.52
0.41
0.32

TABLE III
Coefﬁcients for the Martian NPF
n

an

n

an

n

an

n

an

0
1
2

-3.384
-3.197
1.257

3
4
5

0.7915
-0.4861
-0.3630

6
7
8

0.1016
6.756×10−2
-1.181·10−2

9
10
11

-4.753×10−3
6.233×10−4
5.805×10−5
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Figure 7. The Martian “isochrones” based on the Neukum Production Function (Model 1) with the
gravity/collapse (no strength/gravity transition) scaling of cratering. The dashed line presents the
1 Gyr isochron for the moon. The detailed Mars-to-moon comparison is shown in Figure 5. The
same data as in Figure 5 for the caldera ﬂoor of Arsia Mons are shown for comparison.

The coefﬁcient a0 in Table III is calculated for a crater retention age of 1 Gyr. It
corresponds to the cumulative number of craters larger 1 km
N (1) = 10−3.312 = 4.13 × 10−4 km−2 .
Using the same time dependence as for the moon (Neukum, 1983; Neukum et
al., 2001) one can propose the similar time dependence for Mars
N (1) = 2.68 · 10−14 (exp(6.93T ) − 1) + 4.13 × 10−4 T

.

(13)

The introduction of a possible strength/gravity transition into the cratering scaling law adds some difference in the Mars-to-moon ratio of crater numbers. Figure 5
shows that in this case the Mars-to-moon ratio should increase to the one for crater
diameters near D = 10 m.
Conclusions. According to the models described above, the impact crater number on Mars does not differ more than ±50% from the lunar crater number in the
same diameter bins. The more frequent asteroid impacts on Mars do not result
in a much larger cratering rate: the larger surface gravity and the smaller impact
velocity decrease the crater size compared to the impact of the same body on the
moon. Finally, the cratering rate Mars-moon ratio varies in the range 0.6 − 1.2,
depending on the steepness of the N (D) distribution.
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