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Introduction: The InSight mission’s primary seismol-
ogy oriented goals, to constrain Mars’ surface impact
rate and to use recorded signals to infer properties of the
planet’s interior [1], rely on quantifying the momentum
and energy transfer that takes place during an impact.
Seismic moment is a critical element in describing the
seismic source properties, and hence in distinguishing im-
pacts from marsquakes. Here, we use forward modelling
to establish the relation between impactor properties and
the scalar seismic moment of impact-generated seismic
waves.

Theory: Seismic moment, M, is a six-component ten-
sor defining both the geometry and magnitude of a seismic
event. Here, we employ two different approaches for cal-
culating the scalar magnitude of M: M0 for a simulated
impact event.

The first method we employ was described by Walker
[2] to calculate the magnitude of the horizontal compo-
nents of M for a vertical impact. If we further assume that
for a vertical impact the source radiation pattern is ap-
proximately isotropic, M0 can be computed as a function
of time as follows:
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where ρ is the density of the target material, vr is the ra-
dial velocity of the material at radius r from the impact
site. The integral is evaluated across the entire simulation
mesh at every simulation save time. In this definition, the
value of M0 will increase from 0 as time progresses, be-
fore reaching a constant value at the end of momentum
transfer.

The second approach we use is based on a derivation
by Müller [3] of the equivalent scalar moment of an un-
derground explosion. We exploit the analogy between im-
pacts and explosions to apply this approach to a surface
impact. In this case, the value of M0 can be computed as
follows:
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where K and G are bulk modulus and shear modulus of
the target material, respectively. S1 represents the sur-
face area of a hemisphere with a radius that lies within
the elastic deformation regime surrounding the impact site
and 〈D1〉 is the average residual radial displacement at the
edge of S1.

Modelling: We used the iSALE2D [4–6] shock
physics code to simulate small, idealised meteorite im-
pacts onto a Martian surface. We represented the impactor
as a dense sphere of basalt using Tillotson equation of
state [7]. Impactor radius was varied between 3.5 and 20
cm. Meteorites of this size are heavily decelerated whilst
travelling through the atmosphere. To account for this,
the impactor velocity was varied between 1 and 6 km/s,
which is based on average atmospheric entry velocity dis-
tribution on Mars [8].

The target was modelled as a 50% porous basaltic re-
golith, using the epsilon-alpha compaction model com-
bined with the Tillotson equation of state for basalt. The
strength of the regolith was modelled using the Lund-
borg approximation [9] with a cohesion of 5 kPa, a fric-
tion coefficient of 0.6 and a high-pressure strength limit
of 250 MPa. The simulation domain comprised of 3000
cells in radial and vertical direction. The resolution of the
impactor was 10 cells per projectile radius (cppr). The
impact-generated stress wave generated was tracked until
the edge of the simulation mesh.

Results: Equations (1) and (2) were evaluated at a
number of distances away from the point of impact. An
example for a 1-kg impactor striking Mars at 2 km/s and
forming a 1.5-m crater is given in Fig. 1. Equation (1)
is time dependent and converges to the true value of M0

once momentum transfer is complete. In the example
shown, this occurs by the time the wave is about 6 m from
the impact point. Equation (2) on the other hand, is only
valid in the elastic deformation zone, where it is expected
to be independent of radius. M0 computed in the plastic
deformation zone, before the wave has transitioned into
an elastic wave, results in an over-estimate of M0 owing
to the large (plastic) residual displacements in this region.
For the example shown in Fig. 1, transition from plas-
tic to elastic wave appears to occur at a radial distance of
approximately 8 m. Beyond this distance M0 calculated
using each approach gives the same value within the error
margin of the second method.

A simple, semi-empirical scaling relationship for the
seismic scalar moment of vertical impacts in a uniform
half-space, known as the Gudkova-Lognonné (GL) model
[10–12] is given by:

M0 = Smivicp, (3)

where mivi is the impactor momentum, cp is the seismic
P -wave speed in the target and S > 1 is an empirical
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Figure 1: Two predictions for the seismic scalar moment
as a function of radius away from impact point, computed
using two methods described in the main text. This is an
example for a nominal impactor of mass 1 kg striking the
surface at 2 km/s forming a 1.5 m crater. The black line
represents a final mean value between the two methods.

momentum enhancement factor that quantifies the addi-
tional momentum that is transferred to the target during
an impact by excavated ejecta. Our simulation results in-
dicate that for small impacts on Mars the seismic scalar
moment is almost directly proportional to impact momen-
tum, which is consistent with the GL model for a constant
value of S. For the range of impactor masses and speeds
that we have investigated, and for the target material prop-
erties we adopt, a value of S ≈ 2.3 is the best fit to our
data.

Conclusions: For a nominal case of a 1-kg impactor
of 4.4 cm radius striking the regolith surface at 2 km/s,
which is expected to produce an approximately 1.5-m di-
ameter crater, the generated stress wave becomes elastic at
roughly 7-10 m (equivalent to 9-13 crater radii) away from
the impact location and produces an equivalent scalar seis-
mic moment of 6.5×106 Nm.

We have tested two methods for calculating the mag-
nitude of the seismic moment tensor of an impact M0.
Both methods produce consistent results and show that for
small impacts on Mars M0 is directly proportional to im-
pact momentum, consistent with the Gudkova-Lognonné
(GL) impact-generated seismic source model. Our sim-
ulations suggest that the S parameter in the GL model,
which quantifies that vertical momentum enhancement
provided by the crater ejecta, is approximately 2.3 for the
impactor size and speed range most likely to be detected
by InSight.

Future work will examine the sensitivity of this factor
to target properties, as well as higher impact speeds
and masses. The constraints on M0 provided by this

Figure 2: Seismic scalar moment values produced using
equation (1) as a function of initial impact momentum.
The two lines represent the GL model evaluated with two
different ejecta amplification factors (S), 1 and 2.3. S = 1
represents a fully inelastic impact and S = 2.3 is the best
fit value for our data.

work will inform seismic wave propagation models of
possible impact-generated waves, inform the detectability
of small meteorite impacts at InSight and aid the efforts
to distinguish impacts from marsquakes.
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