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Abstract

Seismology is a powerful tool for understanding planetary interiors. On Earth, the seismicity is

dominated by tectonic earthquakes, with the atmosphere protecting us from meteorite impacts.

However, on Mars, impacts are one of the key processes generating seismic waves. Despite

nominal pre-landing estimates of 1–3 impacts detected per Earth year, recognising impacts

in the InSight seismic data has proven challenging. This thesis focuses on filling the current

gaps in knowledge of impact-generated seismic waves, specifically in the context of the InSight

mission, using numerical modelling.

Firstly, 13 small impacts onto martian regolith, forming craters 1–30 m, are simulated using

iSALE-2D. Their seismic source properties are characterised in terms of impactor properties.

In this size range scalar seismic moment increases almost linearly with impact momentum.

Seismic efficiencies are ∼10−6, dependent on target material properties and impact velocity.

The relatively low seismic efficiency and moment suggest that impact detectability on Mars is

lower than previously assumed.

Secondly, a momentum-based amplitude-distance scaling relationship is derived based on a

dataset containing the artificial impacts on the Moon, the Carancas impact on Earth, and

impacts detected by InSight on Mars. Impacts producing craters <30 m in diameter are less

detectable that pre-landing estimates suggested, whilst larger impacts are more detectable. A

subset of marsquakes recorded by InSight is used to derive a new estimate of the impact rate on

Mars to be ∼3–5 times higher than the estimates based on orbital observations, but consistent

with crater chronology models.

Finally, a further suite of iSALE-2D simulations is used to record displacement seismograms

generated by impacts and compute their power spectra. The frequency content of the signals

decreases with increasing impactor size and velocity, and target porosity. The low-frequency

content of seismic waves generated scales well with impactor momentum, but is also sensitive

to target material properties.
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Chapter 1

Introduction

1.1 Motivation and Aims

Meteorite impact is one of the most common processes in the Solar System, which over time

shapes the morphology of planetary surfaces. During crater formation, there are several other

processes taking place that are not immediately visible to the eye. One of those processes

is the generation of strong shock waves, which eventually decay into seismic (elastic) waves.

These signals can be detected by seismometers at large distances, as shown previously on the

Moon (McGarr et al., 1969), or even felt by people nearby, as was the case following the

Carancas impact in Peru (Brown et al., 2008; Le Pichon et al., 2008; Tancredi et al., 2009).

Therefore, while they can present a hazard, meteorite impacts recorded seismically provide a

unique opportunity to expand our understanding of celestial bodies’ interiors.

Our understanding of the Earth’s internal structure has been established primarily by studying

seismograms from many seismic stations. Central to such analyses is accurate knowledge of an

earthquake’s location, which is achieved relatively easily in instances where there are multiple

seismograph stations. On other planets, without a working seismograph network, locating

seismic sources accurately has proven more difficult. An impact-generated signal can provide

a very well localised source location because it produces a visible crater on a planet’s surface.

Impacts are therefore particularly valuable in planetary seismology.

28



1.1. Motivation and Aims 29

At the time of writing, the InSight lander is the only active seismic station on Mars. It has

been recording seismic signals since early 2019 and to date it has recorded over a thousand

marsquakes. However, unambiguously identifying impact-generated signals has proven more

challenging than previously expected. During the first 2 years of operations, no impacts were

identified in the seismic data, which can be partially attributed to lack of understanding of how

impact properties influence the seismic signals generated. Further modelling work was therefore

needed to address this issue. In the final year of the InSight’s operations, five local impacts

were detected (Garcia et al., 2022). The signals were identified by a frequency-dependent

‘chirp’ following the main seismic arrival, attributed to an atmospheric wave generated during

the impact. This part of the signal also aided the location of corresponding impact craters.

Two very large (D>100 m) distant impacts were also detected both seismically and orbitally

(Posiolova et al., 2022), offering a unique opportunity to test and refine existing models.

Two key seismic source parameters of interest are seismic moment and seismic efficiency. Seismic

moment is a measure of the ‘size’ of a seismic event, and can be related to seismic amplitudes

(Aki and Richards, 2002). It is one of the most useful concepts in seismology for comparing

earthquakes and developing seismic magnitude scales, and is used extensively in the process

of cataloguing seismic events detected by InSight (Böse et al., 2021). It is, however, poorly

constrained for impacts. Teanby and Wookey (2011) proposed that seismic moment scales as

a power law with impact energy. Other previous studies have proposed that seismic moment

is directly proportional to impact momentum (Lognonné et al., 2009; Gudkova et al., 2011;

Gudkova et al., 2015), suggesting it should scale easily with crater diameter. However, that

relationship has not been well defined. Such a relationship would aid searches for both an impact

crater corresponding to a suspected impact event recorded by InSight, and for an seismic event

corresponding to a newly-discovered crater.

Seismic efficiency, defined here as the proportion of energy converted from the impactor’s ki-

netic energy into seismic waves, has been studied in more detail than seismic moment in various

impact and explosion experiments (e.g: Latham et al., 1970a; McGarr et al., 1969; Richard-

son and Kedar, 2013; Güldemeister and Wünnemann, 2017). The resulting values of seismic

efficiency range from 10−6 for artificial planetary impacts (Latham et al., 1970a), to 10−1 for
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underground nuclear explosions (Patton and Walter, 1993), with no clear indication of depen-

dence on specific impactor or target properties. More recently, the InSight team attempted

to record seismically the impacts of balance masses released during the landing of Mars2020

(Fernando et al., 2021a). Whilst the landing was not detected, the experiment placed an up-

per limit on the seismic efficiency of Martian regolith, consistent with previous experiments

(Fernando et al., 2021b). It is unclear how seismic efficiency scales with crater size, but it is

thought to vary considerably with target material properties (Güldemeister and Wünnemann,

2017), making it more difficult to use in the context of InSight, where subsurface properties

may not be well known. Whilst seismic efficiency is a more intuitive concept in the context of

the impact process, it is difficult to relate to seismic source parameters and hence to compare

to other seismic events.

Another issue is the scarcity of impact data available. Laboratory impact experiments in uncon-

solidated sand were conducted on a much smaller scale than natural impacts (e.g., Richardson

and Kedar, 2013; Yasui et al., 2015), which makes them difficult to apply to scenarios expected

on Mars. The cohesionless target material used in these experiments is more representative of

a lunar surface, than the martian regolith. Documentation of natural impacts observed seis-

mically on the Moon and Earth is limited (Brown et al., 2008), and in most cases the initial

conditions, such as impactor velocity, angle and mass, are unknown, obscuring the true in-

fluence of these parameters on the seismic signal. Artificial impacts on the Moon and Mars

(Latham et al., 1970a; Fernando et al., 2021a) provide an alternative approach, where the im-

pact conditions are well known. However, the impactors are usually metal objects, poor analogs

for natural meteorites.

Numerical modelling experiments provide another means to investigate impact-generated seis-

mic waves for impact scenarios relevant for InSight. Wünnemann et al. (2016) used laboratory

impact experiments in quartz sand to validate the numerical models performed in iSALE2D,

specifically in terms of ejecta distributions. Güldemeister and Wünnemann (2017) showed

that iSALE2D simulations can be used to calculate seismic efficiency and quality factors for

impacts onto several porous and non-porous targets. They showed that seismic efficiency for

quartzite and sandstone targets is of the order of 10−3 and is sensitive to target material poros-
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ity. Presence of water inside pores significantly decreased the seismic efficiency of the impact

also resulting in much smaller seismic magnitudes. Chapter 3 of this thesis aims to fill the gaps

in current knowledge using numerical modelling of the shock wave generation and decay for

impact scenarios most relevant for InSight. The modelling results are used to better constrain

the relationships between seismic source parameters and impact properties.

Seismic detection of meteorite impacts is also crucial to constraining the impact rate on the

Mars. This is especially relevant to the wider planetary science community, since impact rates

are often used to determine ages of planetary surfaces (Neukum et al., 2001). They are also

important when considering risks from impact-generated seismic waves to future crewed space

missions. Specifically on Mars, theoretically predicted impact rates (Hartmann, 2005) are

consistently higher than those determined from repeated orbital imaging (Malin et al., 2006;

Daubar et al., 2013). Seismology provides an alternative means of impact detection, and can

be used to better understand current crater production rates by eliminating detection biases in

orbital imagery as well as the uncertainty resulting from extrapolation of chronology models.

A major goal of this thesis aims to help constrain the seismic detectability of impacts on Mars

and the impact rate on its surface implied by events detected by InSight (Chapter 4).

A key property used to differentiate seismic signals generated by different sources is the fre-

quency content. It largely depends on the geometry of the source but is also affected by the

material properties along the waves travel path. The frequency content of impact-generated

waves has been studied using natural impacts detected on the Moon (Gudkova et al., 2011;

Gudkova et al., 2015), where it was found to be sensitive to the target material properties at

the impact site. More recently, Schmerr et al. (2019) concluded that crater clusters are likely

to produce higher frequency seismic waves than single crater-events, suggesting that the fre-

quency content is linked to impactor size, although its dependence on other impact parameters

is unclear. This is addressed in Chapter 5 of this thesis.

In summary, this thesis aims to fill the gaps in the current understanding of impacts as seis-

mic sources and their implications for impact detectability and rate on the surface of Mars,

specifically in the context of impact scenarios relevant to the InSight mission. The key research
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questions addressed in this thesis are:

• What is the relationship between impact parameters and seismic moment?

• What is the relationship between impact parameters and seismic efficiency?

• What is the detectability of small impacts on Mars in the context of InSight?

• What do events detected by InSight imply about the impact rate on Mars?

• How does the frequency content of seismic waves vary for different impact scenarios?

1.2 Thesis Outline

This thesis is structured in 6 Chapters, as follows:

• Chapter 2 presents a literature review of meteorite impacts as seismic sources and a

description of impact cratering process. It also introduces to the InSight mission and its

goals, predictions and results to date.

• Chapter 3 focuses on constraining seismic source properties of small impacts onto martian

regolith and their dependence on impact parameters. The main parameters studied are

seismic moment, seismic efficiency and source time function. The results of this chapter

are used to update seismic detectability estimates of impacts by InSight.

• Chapter 4, discusses the application of the modelling described in the previous chapter to

recently discovered impacts on the surface of Mars. Semi-empirical scaling relationships

for predicting seismic amplitudes generated by impacts are derived and used to update

the seismic detectability estimates. Finally, an estimate of impact rate on Mars is derived

from a subset of seismic events detected by InSight with similar properties.

• Chapter 5 uses an alternative simulation setup to calculate the near field seismograms

for a number of impact scenarios. These seismograms are used to constrain the signal’s

frequency content as a function of impact properties.
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• Chapter 6 summarises the key findings of this thesis and describes potential future work.

1.3 Statement of Originality and Contribution

The work presented this thesis was completed during my PhD at Imperial College London.

Everything included in this thesis is entirely my own, except where clearly stated or referenced.

Large parts of the work presented in Chapters 3 and 4 have been published in a peer-reviewed

journal. All numerical iSALE-2D simulations were performed by me. Prof. Gareth Collins con-

ducted atmospheric entry models to guide input conditions. The post-processing scripts used

to analyse and generate figures in this thesis were written by me. A large part of Chapter 4

contains work currently in preparation for publication in a peer-reviewed journal, in collabora-

tion with members of the InSight Science Team: Géraldine Zenhäusern, Dr Simon C. Stähler

and Dr Ingrid Daubar. All results presented in this thesis were interpreted jointly by me and

my supervisors Prof. Gareth Collins and Dr Ian Bastow.
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Rolland, L., Xu, Z., Wójcicka, N., Spiga, A., Fernando, B., Speth, G., Martire, L.,

https://doi.org/10.1029/2020JE006540
https://doi.org/10.1029/2020JE006540


34 Chapter 1. Introduction
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• Daubar, I. J., Lognonné, P., Teanby, N. A., Collins, G. S., Clinton, J., Stähler, S., Spiga,

A., Karakostas, F., Ceylan, S., Malin, M., McEwen, A. S., Maguire, R., Charalambous, C.,

Onodera, K., Lucas, A., Rolland, L., Vaubaillon, J., Kawamura, T., Böse, M., Horleston,
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Daubar, I., Lognonné, P. H. (2020) The seismic moment and seismic efficiency of small

impacts on Mars. AGU Fall Meeting.
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Seismic Moment and Efficiency of Small Impacts on Mars. 2nd British Planetary Science

Conference.
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Chapter 2

Background and Theory

This chapter presents theory concerning the impact process and the measures used to charac-

terise impacts as seismic sources. The InSight mission is also introduced including its goals and

instruments, which recorded the first impact-generated seismic signals on Mars.

2.1 Impact cratering processes

Crater formation is a continuous process, which can be nominally divided into three main

stages: contact and compression, excavation and modification (Melosh, 1989). Whilst it is

difficult to clearly define the end of one stage and beginning of the next, this division is useful

for understanding the many different physical processes occurring during an impact. This

section summarises briefly the three main stages of crater formation.

2.1.1 Contact and compression

As the impactor strikes the surface at high speed, a supersonic compression wave (a shock

wave) is sent through both the target and impactor, causing pressure and temperature to rise

sharply. These changes are localised to a small volume near the impact point. The behaviour

on either side of the shock front, defined as the advancing edge of the shock wave, is governed
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by the Hugoniot continuity equations. As the impactor penetrates the target, it is decelerated,

causing the target material to be accelerated. A small amount of material is forced out from

the interface between the impactor and target in a process called jetting. During this stage

a large portion of the impactor’s kinetic energy and momentum is transferred to the target.

Once the shock wave reaches the back of the impactor, a rarefaction (release) wave travels back

down to the target, followed by decompression of the material. The contact and compression

stage ends once the high pressures diminish.

The duration of the contact and compression stage depends on several impact properties: im-

pactor size, materials involved and impact velocity, hence it is difficult to precisely define. It

can be approximated as the time the shock wave takes to travel to twice the diameter of the

projectile τ = 2di/U , where di is the impactor diameter and U the shock velocity. Typically

this stage last a short time, of the order of 10−5 − 10−4 s for sub-metre-scale impacts, most

relevant for this work.

2.1.1.1 Shock wave propagation and decay

As the shock wave propagates further away from the impact location, its velocity decays to

subsonic values. The amplitude of the wave also continues to drop as it spreads away from the

impact point. The wave then decays into a plastic and eventually an elastic wave. The plastic

wave, travelling much slower than the shock and elastic waves, permanently deforms the target

material and its kinetic energy diminishes rapidly. On the other hand, once it decays into an

elastic wave, it does not cause permanent deformation in the target and conserves kinetic energy

(in a perfectly elastic medium). The elastic wave is what continues to propagate across large

distances as a seismic wave. From this point onward, its amplitude is diminished by geometric

spreading and attenuation.

2.1.2 Excavation stage

The waves generated during the previous stage cause the material underneath and around the

impact point to start moving, producing an ‘excavation flow’ of material. Material is forced out
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of the crater becoming ejecta. The material deeper under the pre-impact surface is compressed

and displaced in an outward direction.

The further compression and ejection of material from the crater results in formation of a

bowl-shaped “transient crater”. Its depth is the maximum depth achieved during the crater

formation process, before it undergoes collapse and modification. When the excavation flow

has stopped and this maximum depth has been reached, then the excavation stage ends. In

large craters this is caused by the force of gravity, whilst in smaller craters by the strength of

the target material. This stage lasts much longer than the contact and compression stage, of

the order of seconds of even minutes for the largest impactors.

2.1.3 Modification stage

The final stage of crater formation begins when the transient crater has been formed. Depending

on the size of the transient crater, the final shape of the crater varies.

For small transient craters, peaks formed by ejecta around the rim as well as the sides of the

crater collapse due to gravity, sliding down to the floor of the crater. This results in a bowl-

shaped, ‘simple crater’. The floor of these crater is often covered in a breccia lens and loose

debris. The depth to diameter ratio of simple craters ranges from 1:5 to 1:3 (Melosh, 1989).

For large transient craters, the modification stage results in a ‘complex crater’. The material

below the transient crater rises, producing a central uplift. The following collapse of the crater

rim and, in the largest craters the central peak itself, forms a wreath of terraces or a peak

ring. Complex craters are characterised by a significantly smaller depth to diameter ratio than

simple craters.

The duration of the modification stage is linked to the transient crater size, lasting up to several

minutes for the largest craters.
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2.2 Impact crater scaling relationships

The final size and shape of an impact crater are determined by a combination of impactor and

target material properties as well as physical impact parameters such as impactor’s speed and

mass. A number of empirical scaling relationships exist to aid the process of predicting the

impact crater properties for known impact scenarios.

Figure 2.1: An illustration of an impact scenario of an impactor of diameter di, mass mi and
density δ striking the target of strength Y and density ρ, at velocity vi and under gravity g, as
used in π-group scaling. The resulting crater of diameter Drim is produced when a volume V
of target material has been excavated.

A widely used approach describes the cratering process using a number of dimensionless π-

scaling parameters (Holsapple, 1993). When considering a generic impact scenario (see Fig. 2.1),

where an impactor of diameter di, mass m and density δ strikes a target of density ρ at vertical

impact velocity vi, there are three key dimensionless parameters that describe the impact

cratering process:
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• the ‘gravity-scaled impactor size’:

π2 =
gdi
v2i

, (2.1)

• the ‘strength group’:

π3 =
Y

ρv2i
, (2.2)

• and the ratio of target and projectile densities:

π4 =
ρ

δ
. (2.3)

Experimental studies often report the volume (V in Fig. 2.1) excavated during an impact.

Therefore, a ratio between the mass displaced from the crater and the mass of the impactor,

often referred to as cratering efficiency, can be defined as:

πV =
ρV

m
. (2.4)

For the example impact scenario shown in Fig. 2.1, the scaled crater rim diameter (πD, related

to the absolute crater rim radius Drim) can be computed as:

πD =
( ρ

m

)1/3

Drim = 1.3 × 2K1

[

π2π
6ν−2−µ

3µ

4 +
[

K2π3π
6ν−2
3µ

4

]
2+µ
2

]
−µ
2+µ

, (2.5)

where K1, K2, µ and ν are empirically determined constants. A factor of 1.3 is added to convert

the crater diameter from pre-impact level to crater rim level (Holsapple, 1993).

For small (metre-scale) impacts, the strength of the target is large compared to the gravity of

excavated material (π3 >> π2). The gravity-scaled size can hence be neglected when deter-

mining the crater size. This defines the ‘strength regime’ of crater formation (blue region in

Fig. 2.2). In this regime the crater size is independent of π2 and is instead determined by π3

and π4. Equation 2.5 becomes:

πD,strength =
( ρ

m

)1/3

Drim = 1.3 × 2K1

[

K2π3π
6ν−2
3µ

4

]
−µ
2 . (2.6)



42 Chapter 2. Background and Theory

On the other hand for large impacts, the gravity effect is larger than the strength of the target

material (π2 >> π3). This defines the ‘gravity regime’ or crater formation (the orange region

in Fig. 2.2). In this regime the crater diameter is determined by π2 and π4 and equation 2.5

becomes:

πD,gravity =
( ρ

m

)1/3

Drim = 1.3 × 2K1

[

π2π
6ν−2−µ

3µ

4

]
−µ
2+µ

. (2.7)

The transition between the gravity and strength regime occurs when the gravitational and

cohesive forces are of the same order of magnitude, i.e. when Y ∼ gρdi (grey region in Fig. 2.2).
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Figure 2.2: The scaled crater diameter πD as a function of gravity scaled impactor size π2, for
a range of impactor sizes striking target at vertical velocity of 10 kms−1. For small impactors,
the resulting crater size is independent of the gravity scaled impactor size, which indicates the
strength regime of crater formation. For large impacts, the weight of excavated material during
crater formation reduces the crater size as a power law of the gravity scaled size (Holsapple,
1993).
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2.3 Impacts as seismic sources

As described in the previous sections, the impact cratering process involves large amounts of

energy being transferred into the target material. A portion of that energy is radiated away in

the form of seismic waves, which can be detected using seismometers. The characteristics of

these waves vary with impact conditions and constraining this dependence forms a large part

of this thesis.

This section introduces three key parameters used to characterise seismic waves generated by

impacts: seismic moment, seismic efficiency and source time function.

2.3.1 Seismic moment, M

Seismic moment, M, is one of the key parameters used to characterise seismic events. M is a

tensor used in seismology to describe the geometry and magnitude of forces acting at the seismic

source. The tensor consists of 9 elements: three force dipoles (the diagonal components) and

six force couples (the off-diagonal components) and can be expressed as follows:

M =













M11 M12 M13

M21 M22 M23

M31 M32 M33













(2.8)

The form of the seismic moment tensor describes the seismic source mechanism, whilst the

magnitude of the tensor (seismic scalar moment) provides information on the ‘size’ of the

seismic event. The seismic magnitude, MW is defined as a function of seismic scalar moment

M0 as follows:

MW =
2

3
(log(M0) − 9.1) (2.9)

and serves as a simple way of comparing the amount of work done during the ground motions

at a seismic source (Hanks and Kanamori, 1979). A separate magnitude scale has been recently
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developed for Mars using the marsquake data collected by InSight (Böse et al., 2021).

The following subsections explore the different interpretations of seismic moment of impacts.

2.3.1.1 Seismic moment of a buried explosion

A common approximation for explosions and impacts is a point source mechanism. In this

case, the force couples can be neglected the moment tensor consists of the three mutually

perpendicular force dipoles acting in opposing directions parallel to the dipole (Müller, 1973).

An explosive point source in an unbounded medium can be defined in terms of its displacement

potential:

ϕ(R, t) =
F (t−R/cP )

R
, (2.10)

where cP is the P-wave speed, R is the (spherical) radial distance from the source, t is time

after the explosion and F (t) is the reduced displacement potential (Müller, 1973; Shishkin,

2007; Haskell, 1967). An equivalent radiation of seismic waves by three dipoles occurs if their

moment function is:

Me(t) = −4πρc2PF (t), (2.11)

where ρ is the target density. The final value of this dipole moment function, Me(t), defines

the scalar moment of the explosion M1 (Müller, 1973; Shishkin, 2007):

M1 = Me(∞) = −4πρc2PF (∞). (2.12)

M1 can be defined in terms of the average residual radial displacement ⟨D1⟩ = −⟨F (∞)⟩ /R2
1

at any distance R1≥Re, where Re is the elastic radius at which plastic deformation stops and

linear elasticity laws begin to hold. Taking S1 as the surface area of a sphere of radius R1

surrounding the explosion, M1 can be expressed in term of S1, D1 and the elastic moduli of the

target:

M1 = ρc2PS1 ⟨D1⟩ =

(

K +
4G

3

)

S1 ⟨D1⟩ , (2.13)
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where K and G are the bulk and shear modulus of the target material, respectively. This implies

that the seismic moment is proportional to the displaced volume V1 = S1 ⟨D1⟩ (Shishkin, 2007).

Considering stress as a function of radius from a buried explosion also allows the seismic moment

to be defined in terms of the shear strength of the deformed ground σs and the volume of

fractured (or plastically deformed) material Vf = 4πR3
e/3 (Shishkin, 2007):

M1 =
4π

3
R3

eσs

(

cP
cS

)2

, (2.14)

where cS is the S-wave speed. Equivalence between these definitions implies the following

relationship between the residual displacement at the elastic limit and the ratio of shear strength

to shear modulus:

⟨De⟩
Re

≈ σs

3G
. (2.15)

The radiated seismic energy from a buried explosion Es can be defined in a similar manner

(Haskell, 1967) and expressed as a function of the work done to overcome the strength forces

to produce the displaced volume:

Es = bσsS1 ⟨D1⟩ , (2.16)

where b is a constant that depends on the target material (Shishkin, 2007). Comparison of this

equation with equation 2.13 leads to:

Es

M1

= c
σs

G
, (2.17)

where c is another material-dependent constant that is also expected to depend on the source

mechanism.

2.3.1.2 Seismic moment of an impact

An impact differs from an explosion, as considered by Müller (1973), in that it occurs at the

free-surface boundary of a half-space and is therefore spherically asymmetric (Shishkin, 2007).

However, by analogy with a buried explosion the seismic moment of an impact should still
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depend on both the displaced volume (beyond the elastic limit), according to equation 2.13,

and the volume of permanently deformed material, according to equation 2.14, provided the

average Re, and the surface area S1 and the average residual displacement ⟨D1⟩ at this limit,

are defined appropriately.

Walker (2003) presented an alternative definition for the seismic moment of a vertical impact:

a force couple tensor, with the terms of the tensor given by a force multiplied by the couple

distance. For an axially-symmetric wave, the horizontal force couple at the wave front is pro-

portional to the change in horizontal momentum across the wave divided by the time of arrival

(force) times the cylindrical wave-front radius r (distance). This implies that the horizontal

moment should be approximately proportional to the horizontal momentum transfer times the

wave speed. While this force couple can be defined for the two horizontal directions within the

target, the presence of the free surface implies a vertical component for the moment cannot be

defined similarly because the downward component of momentum is not balanced in the other

direction as a force couple. Instead, Walker (2003) showed that by analogy with a spherically

symmetric explosion, the horizontal seismic moment components Mrr +Mθθ can be defined as:

Mrr + Mθθ =
1

t

∫

ρvrrdV, (2.18)

where vr is the particle velocity in the radial (cylindrical geometry) direction, r is the (cylindri-

cal) radial distance from the symmetry axis and t is time since the impact. For a spherically-

symmetric explosion, the vertical moment Mzz can be defined similarly and the scalar moment

M1 = Mzz = (Mrr + Mθθ)/2, implying:

M1 =
1

2

1

t

∫

ρvrrdV. (2.19)

Although there is no net horizontal momentum transferred in a vertical impact, owing to axial

symmetry, horizontal motion is still imparted to the target. Walker (2003) also showed that in

the absence of a definable vertical seismic moment Mzz for an impact, the sphericity (isotropy)
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of loading could be measured by the term:

γ =
Mrr + Mθθ

2pzcP
, (2.20)

where pz is the vertical momentum transferred to the target. A sphericity of loading γ > 1,

which Walker (2003) considers typical for impact loading, implies that more force is delivered

in the outward, radial direction than is delivered vertically.

Assuming an impact-generated signal is similar to one generated by a point force density,

Gudkova et al. (2015) proposed the vertical component of the seismic moment Mzz = pzcP , as

another definition of the seismic moment of an impact. Extending the approach of Lognonné

et al. (2009) and Gudkova et al. (2011) of defining the impact seismic source-time function, this

model relates seismic scalar moment to impactor momentum via:

M1 = SpicP , (2.21)

where pi is impactor momentum and S is an amplification factor to account for additional

momentum imparted to the target by ejecta-debris expelled from the growing crater. S depends

on impact velocity as: S = 1 + η(v/ 1 km/s)0.22. For a vertical impact, Spi is essentially the

vertical momentum, pz, transferred to the target during impact:

pz =

∫

Vt

ρvzdV, (2.22)

where ρ is target density, vz is vertical material velocity due to impact. Vt is the integration

volume representing the target that is not ejected.
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2.3.2 Seismic efficiency, ks

Another parameter often used to characterise the seismic properties of an impact is the seismic

efficiency. Seismic efficiency ks is defined as the portion of impactor’s kinetic energy Ei that is

converted into seismic (elastic) wave energy Es:

ks =
Es

Ei

. (2.23)

During the impact process only a small portion is converted into seismic waves, with the

majority of initial kinetic energy going into heat and excavation of the crater. In the case of

numerical experiments, the total energy of a wave can be calculated by computing the kinetic

energy of the material inside the wave region (of density ρ, moving at speed v), defined as the

region of high pressure behind the wave front. This can be written as follows:

Es =
1

2

∫

ρv2dV. (2.24)

A popular approximation for the energy, Es, radiated as seismic waves from an impact (Schultz

and Gault, 1975; Güldemeister and Wünnemann, 2017) assumes the seismic wave is symmetric

across a hemispherical shell and calculates the seismic energy by integrating the power trans-

ferred to the target at radius R in the elastic domain over the duration of the wave pulse

(Rinehart, 1960). Assuming a triangular wave pulse of pressure amplitude Pmax and half-width

∆t, Es can be defined as:

Es =
P 2
maxπR

2∆t

3ρcP
, (2.25)

where cP is the P-wave speed.

Data compiled from numerical simulations of impacts (Güldemeister and Wünnemann, 2017),

laboratory experiments (Richardson and Kedar, 2013), underground explosions and artificial

planetary impacts (Latham et al., 1970a; Latham et al., 1970b), produced a range of values

for ks spanning 6 orders of magnitude between 10−7 − 10−1 (Fig. 2.3). The main differences

between the seismic efficiency values arise from the different materials involved. Weaker, more
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porous target materials produce generally lower values of ks than stronger, non-porous targets.

This can be attributed to some energy being used to collapse the pores in porous materials.

Additionally, underground nuclear explosions have a stronger coupling to the ground and hence

the highest seismic efficiency.

Teanby and Wookey (2011) estimated the most appropriate seismic efficiency value for Mars

to be 2 × 10−5. Teanby (2015) later revised this value to 5 × 10−4 (marked as solid black line

on Fig. 2.3).

Figure 2.3: Seismic efficiency values (ks) for a number of impact experiments in literature. This
dataset includes laboratory experiments (Richardson and Kedar, 2013; McGarr et al., 1969),
numerical modelling results (Güldemeister and Wünnemann, 2017), artificial impacts on the
Moon (Latham et al., 1970a) and terrestrial missile impacts (Latham et al., 1970b). The solid
black line is the value of 5 × 10−4 proposed as an appropriate value to be used for natural
impacts on Mars by Teanby (2015). The dashed lines show the uncertainty on this proposed
value.
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2.3.3 Source-time function

The source time function in seismology is a representation of the forces acting on the surface

and subsurface at the source during a seismic event, as a function of time (Daubar et al., 2018).

The duration of the seismic source provides a measure of the rate of seismic wave generation

and is often defined as the rate of change of seismic moment. In the case of an impact, this

duration can be related to the shock wave propagation time through the target material, until

it decays into a subsonic wave. On the other hand, the magnitude of the source time function

is linked to the seismic energy released during the event. The source time function is often

used in wave propagation modelling to produce synthetic seismograms that could be recorded

at large distances from source. This approach is similar to modelling of synthetic seismograms

for earthquakes, typically represented by a double-couple source. The source duration is also

a key parameter linked to the frequencies generated at a seismic source as well as the source

region boundary, as demonstrated by Gudkova et al. (2015) and Daubar et al. (2018). The

frequency content generated at the source also depends on the material properties at the source

(Gudkova et al., 2011). In addition, the seismic waveform recorded at the receiver will also be

influenced by subsurface structure along the wave propagation path.

Several models have been proposed for the source time function of an impact source, such as

the GL model (based on momentum transfer during impact Lognonné et al., 2009; Gudkova

et al., 2011; Gudkova et al., 2015) and the SWH model (based on scaling laws derived from

explosion surface tests Shishkin, 2007; Werth and Herbst, 1963; Haskell, 1967).

Using a definition of vertical component of seismic moment of the GL model, the source time

function can also be considered as the rate of momentum transfer (see Sec. 2.3.1, equation

2.21), equivalent to the vertical force acting at the source location:

F (t) =
dpz
dt

, (2.26)

where pz is the vertical momentum transferred to the target during impact. The value of pz

can be determined for an impact by evaluating the integral in equation 2.22 over the source
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region. The source time function derived using equation 2.26 can be represented by a simple

and integrable mathematical function, following the method used in Helmberger and Hadley

(1981). The source time function has a shape of a pulse, and can be approximated with Jeffrey’s

pulse expression (as described in Daubar et al., 2018):

FJP = piαte
−αt, (2.27)

where pi is the impact momentum and α is a time constant, which determines the peak ampli-

tude and duration of the pulse. Daubar et al. (2018) showed that Jeffrey’s pulse closely matches

the source time function measured in small laboratory impact experiments from (Richardson

and Kedar, 2013).
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2.4 Numerical modelling approach

2.4.1 iSALE shock physics code

iSALE is a multi-material, multi-rheology shock physics code based on the SALE hydrocode

(Simplified Arbitrary Lagrangian Eulerian; Amsden et al., 1980). An early version of SALE

only allowed modelling of a single Newtonian fluid. The code was developed to include an

elasto-plastic constitutive model, viscosity model, fragmentation model, several equations of

state (Melosh et al., 1992). Further improvements made by (Ivanov et al., 1997) included

advancing material interface tracking in Eulerian mode, incorporating damage accumulation

and strain weakening as well as implementation of semi-analytical equation of state ANEOS.

These developments were released as SALEB hydrocode, highly capable of simulating impact

events. Collins et al. (2002) improved upon this version by implementing several rheologic

models. This was released as SALES-2. Wünnemann et al. (2002) substantially rewrote large

parts of SALE, implementing addition of third target material (Wünnemann et al., 2003). More

recently, several strength models describing geologic materials were added to iSALE (Collins et

al., 2004) as well as the ϵ−α compaction model for representing porous materials (Wünnemann

et al., 2006; Collins et al., 2011).

Two-dimensional simulation domain In iSALE-2D simulations, the simulation domain

is subdivided into smaller rectangular cells with 4 vertices (Fig. 2.4). The simulation mesh

usually comprises a high resolution zone and an extension zone. In the high resolution zone,

cells have a constant, pre-defined size. This part of the mesh usually contains the impactor

and stretches around the impact point, where the materials likely experience the most extreme

pressures and accelerations. In the extension zone on the other hand, cell width increases by

a pre-defined scaling factor (grid extension parameter) away from the high resolution zone.

This approach allows the simulation mesh to cover areas far away from the crater at a lower

computational cost. In addition it can help minimise reflection effects from mesh boundary.

Because simulations in this work focus on tracking the seismic waves generated during impact
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across the mesh, it is important that high resolution is maintained across the entire domain.

Therefore extension zones are not employed in this work. Typically, impact simulations use an

axially symmetric cylindrical geometry, with the symmetry axis on the left side of the mesh.

Figure 2.4: Schematic representation of cylindrical mesh geometry in iSALE-2D. The mesh is
divided into cells and consists of high resolution zone surrounding the impact point (where cell
size remains constant) and an extension zones (where cell size increases by a constant factor).

As described above, the simulation domain is subdivided into smaller units, called cells. A set of

differential equations is then used to describe the deformation introduced to the material by the

impact. There are two key approaches of describing those deformations: Eulerian, where the

reference frame is fixed and the material is allowed to move across it, and Lagrangian, where the

reference frame moves along with the material. In practice this means that in Eulerian mode,

the simulation mesh dimensions will remain static throughout the simulation, and the material

can move between cells. In a Lagrangian mode however, the material remains inside the original

cell, whilst the simulation mesh deforms. Whilst iSALE is capable of using either description, in
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simulations where strong material deformations are expected, such as hyper-velocity impacts,

using the Lagrangian reference frame can lead to problems such as nonphysically small cell

dimensions. Therefore all simulations in this thesis used the Eulerian mode.

Fundamental equations The three laws forming the basis of shock physics codes, including

iSALE, are: conservation of mass, momentum and energy. In the Eulerian descriptions those

equations can be expressed as:

Conservation of mass
∂ρ

∂t
+ vi

∂ρ

∂xi

= −∂vi
∂xi

, (2.28)

Conservation of momentum ρ
∂vi
∂t

= Fi +
∂σij

∂xj

, (2.29)

Conservation of energy ρ
∂E

∂t
= −P

∂vi
∂xi

+ sijϵ
′

ij
˙ , (2.30)

where ρ is density, x is position in space, t is time, vi is velocity, σij is the stress tensor (consisting

of the hydrostatic pressure P , and the deviatoric part, sij), Fi is the force per unit volume and

ϵ̇′ij is the strainrate. In the Lagrangian descriptions those equations take the foloowing form:

Conservation of mass
Dρ

Dt
= −∂vi

∂xi

, (2.31)

Conservation of momentum ρ
Dvi
Dt

= Fi +
∂σij

∂xj

, (2.32)

Conservation of energy ρ
DE

Dt
= −P

∂vi
∂xi

+ sij ϵ̇
′

ij. (2.33)

Two additional equations are needed to fully describe and solve the system: the equation

of state (EoS) and the constitutive (strength) model. The EoS describes the relationship

between pressure, deformation and internal energy (P = f(ρ, E)) and is discussed in more

detail in Sec. 3.2.2. The strength model relates the deformation (defined by the stress tensor,

σij) as a function of strain ϵij, strainrate ϵ̇′ij, pressure P , energy E and damage D (σij =

f(ϵij, ϵ̇
′

ij, P, E,D)). A more detailed discussion of the strength models used in this thesis is also

presented in Sec. 3.2.2.
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Lagrangian probes As described above, modelling hyper-velocity impact events necessitates

the use of the Eulerian setup. Because it allows the material to move between cells, it is difficult

to recover the history of the state of material. As a solution to this problem, Lagrangian probes

that move with the flow can be used in iSALE simulations to record the history of particular

part of material as a function of time. Probes can therefore be understood to behave as virtual

seismometers. An additional advantage of using probes to record seismic waves in iSALE is

the higher temporal resolution that can be achieved, in comparison to information saved in

each cell. Cell variables are recorded at every save time of the simulation, whilst probes record

information at every timestep. Typically, for simulations in this thesis, a save time contains

100s of timesteps.

Probes can be placed freely at any coordinate within the simulation domain. For example,

in the problems simulated in Chapter 3, probes are placed in a a ‘fan-shaped’ arrangement,

radially away from the impact point. This functionality is further used in Chapter 5 to record

ground motion at high temporal resultion.

2.4.2 Material models

iSALE uses several key relationships to describe the material properties response to changes in

variables such as pressure (P ) or temperature (T ).

Equation of State The Equation of State (EoS) is an equation that describes the relationship

between pressure (P ), density (ρ) and internal energy (E) of the material. The Tillotson EoS

was derived specifically for hypervelocity impact simulations into metal targets, and takes two

forms. The first form applies when the material considered is in a compressed state, where the

density ρ is higher than the initial density ρ0. The pressure is then given by:

Pc =

[

a +
b

E/(E0η2) + 1

]

ρE + A(η − 1) + B(η − 1)2, (2.34)
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where η = ρ/ρ0 is the ratio of compressed and reference densities, a, b, A and B are the material

specific Tillotson parameters. The second form of the Tillotson EoS applies when the material

is in an expanded state, where the density ρ is lower than reference density ρ0. The pressure

in this state is given by:

Pe = α +

[

b

E/(E0η2) + 1
+ A(η − 1)e−β 1−η

η

]

e
−α

(1−η)2

η2 , (2.35)

where α and β are constants. A special case applies when the material considered is in the

partial vaporisation regime, where ρ/ρ0 < 1 and Eiv < E < Ecv. In order to create a smooth

transition between the compressed and expanded regime, the pressure is computed using both

forms of the EoS:

P =
(E − Eiv)Pe − (Ecv − E)Pc

Ecv − Eiv

. (2.36)

Strength model In addition to the EoS, a strength model is necessary to describe the ma-

terials behaviour when subjected to high stresses, such as during an impact. Strength model

describes the relationship between stress σ, strain ϵ, strain rate ϵ̇, pressure P and temperature

T . A measure of damage (or fracturing of the material) is also often included in various strength

models.

The Lundborg strength model (referred to as LUNDD in iSALE) is a simple pressure-dependent

strength model (Lundborg, 1968; Collins et al., 2004). The yield strength Y is defined as:

Y = Yd0 +
µP

1 + µP
Ydm−Yd0

, (2.37)

where P is pressure, µ is the coefficient of internal friction, Yd0 is the cohesion (yield strength

at zero pressure) and Ydm is the limiting strength at high pressure for a damaged material. The

Lundborg strength model is used in this thesis for representing regolith-like materials.

The ROCK strength model is a more complex strength model, which depends on both damage
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and pressure (Collins et al., 2004). The yield strength Y is defined here as:

Y = YdD + Yi(1 −D) (2.38)

where D is a measure of damage ranging from 0 (intact) to 1 (damaged). The behaviour of

D is defined by a separate damage model. The work contained in this thesis used the Ivanov

damage model, which defines D as a function of plastic strain:

D = min

(

ϵp
ϵf
, 1

)

, (2.39)

where ϵp is the accumulated plastic strain and ϵf is the plastic strain at failure. ϵf is defined

as a function of pressure:

ϵf = max (ϵfb, B(P − pc)) , (2.40)

where ϵfb is the minimum failure strain for low pressure state, pc is the pressure above which

compressional failure occurs, and B is a constant.

The damaged material strength Yd is defined as:

Yd = min(Yd0 + µdP, Ydm), (2.41)

where µd is the internal friction coefficient for damaged material and Ydm is the limiting strength

of the damaged material at high pressure. The strength of the intact material is given by:

Yi = Yi0 +
µiP

1 + µiP
Yim−Yi0

, (2.42)

where µi is the internal friction coefficient for intact material and Yim is the limiting strength

of the intact material at high pressure. In this work, the ROCK model was used to model

bedrock-like materials.

The ϵ − α compaction model In order to describe the behaviour of porous materials in

iSALE simulations, the ϵ−α compaction model (Wünnemann et al., 2006; Collins et al., 2011)
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is used. Porosity (ϕ) is represented in terms of the ratio of densities of the solid material (ρs)

and the porous material (bulk density, ρ)

α =
1

1 − ϕ
=

ρs
ρ
, (2.43)

where α is distension. For a non-porous material α = 1 and ϕ = 0, and for a porous material

α > 1 and 0 < ϕ < 1. iSALE computes the properties of the porous material from the EoS of a

solid (non-porous) material (Herrmann, 1969; Carroll et al., 1972; Holsapple, 2008). As such,

the pressure in the porous material, P , is given by the pressure in the non-porous material, Ps,

divided by distension, α:

P =
1

α
Ps(ρs, Es) =

1

α
Ps(αρ,Es). (2.44)

Instead of a pressure-based approach, in order to compute distension iSALE uses a strain-based

approach, referred to as the ϵ− α porous compaction model (Wünnemann et al., 2006; Collins

et al., 2011). Distension is here defined as a function of the volumetric strain ϵV , defined as the

ratio between the change in volume and the initial volume of the material. The model consists

of four regimes, defined as:

Elastic compaction 0 > ϵ > ϵe α = α0 (2.45)

Exponential compaction ϵe > ϵ > ϵX α = α0e
κ(ϵ−ϵe) (2.46)

Power-law compaction ϵX > ϵ > ϵc α = 1 + (αx − 1)

(

ϵc − ϵ

ϵc − ϵX

)2

(2.47)

Compression ϵc > ϵ α = 1 (2.48)

where ϵe, ϵX and ϵc give the the volumetric strain at transition points between regimes. At

ϵ > ϵe, compaction is elastic (reversible) and α is equal to the initial distension. When the

volumetric strain increases beyond ϵe the material enters the exponential compaction regimes,

where compaction is no longer elastic (i.e. irreversible). As the strain continues increasing,

crushing of pore spaces eventually slows, transitioning into the power-law regime. Once ϵ

reaches ϵc, all pore spaces are crushed and the porosity is 0.
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Instead of computing the distension directly using equations 2.45–2.48, iSALE updates α using

the following relationship based on compaction rate dα
dϵ

:

αn+1 = αn +
dα

dϵ

dϵ

dt
∆t. (2.49)

The original ϵ−α compaction model derived by Wünnemann et al. (2006) used the assumption

that distention in the elastic regime remains constant, at the value of initial distension. However,

in reality, porosity decreases slightly as the volumetric strain is increased, even in the elastic

regime, although it can be regained if the material is released. To quantify the change in

porosity in the elastic regime, Collins et al. (2011) defined the elastic compaction rate as:

dα

dϵV
= α

[

1 − c(α)2

cs0

]

, (2.50)

where cs0 is the bulk sounds speed of the solid (non-porous) material at zero pressure, and

c(α) is the bulk sound speed of the porous material also at zero pressure. Following Herrmann

(1969), c(α) is assumed to vary linearly with α:

c(α) = cc0 +
α− 1

α0 − 1
(c0 − cs0). (2.51)
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2.5 InSight mission

The Interior Exploration using Seismic Investigations Geodesy and Heat Transport (InSight)

mission (Banerdt and Russell, 2017) landed on Mars in November 2018, after a 6 month-long

journey. The first few weeks on the surface were used to check the lander’s condition, unravel

the solar panels and gather information about the landing site including taking images of the

surface. Imaging the surface around the lander was a crucial step to determine the ideal location

to deploy the seismometer and heat probe.

Solar panels

SEIS and WTS

HP3

IDA

TWINS

Figure 2.5: Artist’s concept diagram of the InSight lander. The main instruments are labelled
with white arrows: the seismic package SEIS (Seismic Experiment for Internal Structure) cov-
ered by a Wind and Thermal Shield (WTS), the heat probe HP3 (Heat Flow and Physical
Properties Package), the temperature and wind sensors (TWINS). Several other pieces of hard-
ware are also labelled: the solar panels, the Instrument Deployment Arm (IDA) (image adapted
from: NASA/JPL-Caltech).

The two main science objectives of the primary mission were to understand the formation and

evolution of Mars in the past and to measure the current level of seismic activity on the planet.

In order to achieve those, the lander is equipped with a variety of instruments, including the

most relevant for this work seismic package, named SEIS (Seismic Experiment for Internal

Structure, shown in Fig. 2.5; Lognonné et al., 2019). SEIS consists of 2 three-component
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seismometers: a short period (SP) and a very broad band (VBB) sensitive to frequencies 0.01–

50 Hz. The instrument produces very low self-noise, lower than any seismometer placed on a

planetary body to date. This allowed the daily and seasonal seismic noise variation on Mars

to be very well characterised. At the landing site, low noise levels (∼ 1.5 × 10−10 ms−2Hz−1/2)

are observed from early afternoon Local Mean Solar Time (LMST) until midnight. The noise

levels are highest between early morning and late afternoon LMST (reaching accelerations of

∼ 1 × 10−7ms−2Hz−1/2). Overall, the low noise levels on Mars are significantly lower than on

Earth, and allow SEIS to detect marsquakes of moment magnitude 1.8 lower than is possible

on Earth (Lognonné et al., 2020).

Over 1000 marsquakes were detected (Clinton and Euchner, 2021), many of them teleseismic (at

distances > 60◦). This has led to significant advances in our understanding of Mars’ internal

structure, including constraints on the structure of upper mantle (Khan et al., 2021). The

thickness of the martian crust was determined to be between 24–72 km (Knapmeyer-Endrun

et al., 2021). The core-mantle boundary (CMB) reflection (ScS phases) were detected in

several marsquake signals, which led to the discovery of the planet’s core being large (1830 km

in radius) and liquid (Stähler et al., 2021). Regional marsquakes were used to constrain the

shallow properties of the crust. Lognonné et al. (2020) also used the hammering of HP3 to put

constraints on the near-surface soil properties at the landing site.

Seismic detections of meteorite impacts are a valuable tool for determining the internal structure

of the planet, central to more than half of the primary mission goals. Explicitly, one of the

primary goals of the InSight mission was to measure the impact rate on the surface of Mars

within a factor of 2. Meteorite impacts are known to occur more frequently on Mars than on

Earth, due to its thinner atmosphere and proximity to the asteroid belt. Impact-generated

seismic waves were therefore expected to significantly contribute to the seismicity of Mars.

Because meteorite impacts usually form a visible crater on the surface of a planet, an advantage

of an impact source is our ability to find its exact location using orbital imagery. This is in

contrast to marsquakes of tectonic origin, which usually do not produce a visible disturbance on

the surface. A seismically located impact can be used as a calibration for the other seismic events

recorded and provide useful information on the martian internal structure. The properties of
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the crater can also be used to constrain the impactor properties. Measuring the cratering rate

on the planet is also relevant to the wider planetary science community as crater production

rates are used for dating planetary surfaces. As human missions to Mars become reality in the

future, an accurate measure of impact rate will prove to be a crucial element in assessing the

risk to those missions.

2.5.1 Marsquake Classification

The seismic events are classified by Marsquake Service (MQS) based largely on their frequency

content (Clinton et al., 2021), which is heavily linked to the source geometry, but is also in-

fluenced by the structure encountered along the waves’ propagation paths. The two main

marsquake families are: Low Frequency (LF) family, which have energy generally at long pe-

riods; and High Frequency (HF) family, which have energy at high frequencies (usually above

2.4 Hz). The low frequency event family is divided into two types:

• Low Frequency (LF) — characterised by energy on all 3 components below 2.4 Hz.

• Broadband (BB) — characterised by energy on all 3 components below 2.4 Hz but also

at or above 2.4 Hz.

The high frequency family is subdivided into three sub-families:

• High Frequency (HF) — characterised by energy mostly at and above 2.4 Hz, usually up

to 10 Hz, with possible energy below 2.4 Hz.

• ‘2.4 Hz events’ — characterised by energy only at 2.4 Hz. These events are considered to

be small HF events.

• Very High Frequency (VF) — characterised by higher energy at horizontal components

and at frequencies above 2.4 Hz, up to 35 Hz.

Furthermore, seismic events recorded are also assigned a quality between A and D, which takes

into account the visibility of distinct seismic phases and the ability to constrain the distance
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to source (Clinton et al., 2021; Böse et al., 2021). More specifically, each quality is defined

according to the following characteristics:

• Quality A (‘high quality’) — several clear phases and clear polarisation. Those events

can be located both in distance and azimuth, using the approach described in Böse et al.

(2017).

• Quality B (‘medium quality’) — several clear seismic phases, but no clear polarisation

of the signal. Those events can be located in distance, but no back-azimuth can be

determined.

• Quality C (‘low quality’) — no distinct seismic phases identifiable. Those events cannot

be located, but they are clearly observable.

• Quality D (‘suspicious’) — unclear and weak signals, with no observed phases or polari-

sation. Those signals may not be attributable to seismic events.

2.6 Pre-landing predictions

Before the lander’s arrival on Mars, the expected number of detectable impacts had been

estimated using several methods (Teanby and Wookey, 2011; Teanby, 2015; Daubar et al.,

2015; Lognonné and Johnson, 2015). Teanby and Wookey (2011) estimated detectable impact

numbers by combining seismic wave-form modelling, observed cratering rates and an empirical

relationship between crater size and seismic moment. For the most optimistic noise level, they

predicted that a globally detectable large impact would occur once per year. For a nominal

noise, such impacts occur once every 10 years, making it unlikely that one would occur during

InSight’s operations. Teanby (2015) updated the above predictions using a revised value of

seismic efficiency of 5×10−4, concluding that between 0.1–30 regional (at distances < 1000 km)

impacts would be detectable by InSight every year, with nominal values between 1–3 per year.

Daubar et al. (2018) provided a comprehensive review of the present knowledge about impact-

generated seismic signals, and the implications for the InSight mission. The predicted number of
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impact detections was determined to be between few to few tens of impacts over the duration of

the primary InSight mission (1 martian year), in agreement with Teanby (2015) above. Daubar

et al. (2018) also reviewed a number of discriminators that could be used to identify impacts

in the seismic data. These qualities are:

1. positive first motion away from the source,

2. higher P/S amplitude ratio compared to tectonic events,

3. presence of surface waves and high ratio of surface wave magnitude (MS) to body wave

magnitude (mB),

4. frequency spectrum unusual for a tectonic source, such as a high frequency overshoot or

very steep high frequency decay,

5. lack of phases characteristic of deep marsquakes, such as pP, indicating a wave reflected

from the underside of the planet’s surface.

All the above discriminators have been used in the past on Earth to discriminate between

impulsive/explosive sources and tectonic events. Points 3 and 5 can be attributed to the shallow

depth of seismic source in the case of an impact. Point 1, 2 and 4 are caused by the unique

geometry of an impact source. However, because all of the above points can be properties of

a shallow tectonic source, the discriminators can be used to exclude an impact source, rather

than unambiguously confirm it.

2.7 Conclusions

Meteorite impacts provide a unique opportunity to probe and expand our understanding of

planetary interiors using seismology. They can serve as a calibration for other seismic signals

because they can be extremely well localised using orbital imagery. However, the effect of impact

properties such as impactor velocity, size and the materials involved, on the seismic signal

characteristics are poorly constrained. Data recorded from natural impacts on Earth (Brown
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et al., 2008; Kenkmann et al., 2009) and the Moon (McGarr et al., 1969) suffers from unknown

impact conditions. On the other hand, artificial impacts (Latham et al., 1970a; Fernando

et al., 2021a) provide well constrained impact conditions but the often used metal projectiles

are poor analogs for meteorites. Laboratory studies can offer a solution to both of the above

downsides, but they usually focus on smaller scale impact (e.g. Richardson and Kedar, 2013).

Numerical modelling approaches are therefore a key way in which impact-generated seismic

waves on planetary scales can be studied, as shown by Güldemeister and Wünnemann (2017).

This thesis aims to fill the gaps in current knowledge by deriving the relationships between

impact properties and several key seismic signal characteristics, as presented in Chapter 3.

Seismic detections of meteorite impacts are also an opportunity to test our knowledge of the

impact rate on Mars. Impact rates are crucial for determining the ages of planetary surfaces.

They are also becoming increasingly relevant for assessing the risk to future human space

missions. The crater production curves have been determined theoretically, by extrapolating the

crater counts on the Moon over geologic rates (Hartmann, 2005). Current impact rates are being

measured using repeated orbital imaging, where formation of fresh craters can be constrained

to within months or years (Daubar et al., 2013; Daubar et al., 2022). Seismology offers a

new independent way of measuring the impact rate on Mars. Chapter 4 uses a combination

of numerical modelling and impact data recorded on Mars, Moon and Earth to determine the

seismic detectability of impacts. A subset of marsquakes detected by InSight is then used to

derive an implied impact rate.

The frequency content of seismic signals is expected to be linked to the source mechanism, and

in pre-landing assessment it was determined to be one of the key characteristics that can be

used to identify impacts in seismic data recorded by InSight (Daubar et al., 2018). However, the

relationship between impact conditions and the frequency spectrum is unclear. This problem

is addressed in Chapter 5.

The InSight mission is the first successful seismology-based mission on the surface of Mars.

The data recorded during its operations resulted in significant advances in our understanding

of the internal structure of Mars (e.g. Giardini et al., 2020; Stähler et al., 2021) as well as the
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impact cratering process and the impact detectability (e.g. Daubar et al., 2019; Garcia et al.,

2022). The success of the InSight mission paves the way for future seismology-based mission

to Mars and other bodies in our Solar System.



Chapter 3

Seismic source properties of small

impacts on Mars

This chapter is based on a study published in Journal of Geophysical Research: Planets,

Wójcicka et al. (2020), and Lunar and Planetary Science Conference abstract, Wójcicka et

al. (2021).

3.1 Introduction

The InSight lander began measuring seismic signals on Mars in early 2019, providing the first

measurements of martian seismicity (Banerdt et al., 2020). InSight’s seismometer is out-

performing its design requirements, with a lower noise floor than any previous seismometer

deployed on a terrestrial body (Lognonné et al., 2020). However, during the first martian

year of operations, no InSight signals have been unequivocally attributed to meteorite impacts

(Banerdt et al., 2020; Giardini et al., 2020). Nominal pre-landing predictions estimated that in

one martian year between a few and tens of small impacts (forming craters of diameter 0.5–20

m) would be detectable by InSight, the majority of which would be occurring on a regional

scale (Daubar et al., 2018; Teanby and Wookey, 2011; Teanby, 2015). While the uncertainty on

these detection estimates is large (ranging 0.1–30/Earth year), the discrepancy between predic-

67
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tions and observations during the first year of operations suggests that some of the assumptions

relating to impact detectability required revision.

Seismic detectability estimates for small impacts on Mars make assumptions about the seismic

moment and seismic efficiency (the proportion of the impact energy radiated as seismic waves)

of impacts that are likely to occur during InSight’s lifespan. However, neither quantity has

been well constrained for impacts of relevant scale, primarily due to lack of observational and

experimental data. Several scaling relationships relating seismic moment to impactor properties

have been proposed (Shishkin, 2007; Lognonné et al., 2009; Teanby and Wookey, 2011; Gudkova

et al., 2015), but their seismic moment predictions differ by more than an order of magnitude

for small impacts (Daubar et al., 2018).

Seismic efficiency has been measured in laboratory-scale impact experiments (McGarr et al.,

1969; Richardson and Kedar, 2013; Yasui et al., 2015), artificial or missile impact experi-

ments on the Moon and Earth (Latham et al., 1970a; Latham et al., 1970b), in numerical

simulations (Güldemeister and Wünnemann, 2017), and via theoretical scaling relationships

(Shishkin, 2007; Lognonné et al., 2009). However, the resulting seismic efficiency estimates

span four orders of magnitude (10−3–10−7). This is likely due to variations in target and

impactor properties, but a thorough understanding of their influence on seismic efficiency is

lacking. Additionally, up-scaling the results of small scale laboratory experiments to the rel-

evant momentum range is difficult. Teanby and Wookey (2011) suggested a reference seismic

efficiency value for Mars of 2 × 10−5, and used that to estimate the detectability of teleseismic

impacts; more recent work has proposed a nominal value of 5 × 10−4 (Teanby, 2015; Daubar

et al., 2018). Improved understanding of seismic moment and seismic efficiency would enhance

impact detectability models on Mars and provide more robust initial conditions for seismic

wave propagation modelling, and perhaps help explain the current lack of definitive impact

detections from InSight.

This chapter uses the iSALE-2D (impact Simplified Arbitrary Lagrangian Eulerian) shock

physics code (Amsden et al., 1980; Collins et al., 2004; Wünnemann et al., 2006) to simu-

late vertical impacts onto martian regolith in the size range of events expected during the
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InSight mission. For each simulation, the impact is characterised as a seismic source by calcu-

lating the scalar seismic moment and seismic efficiency. The results are also used to examine

the anisotropy of the seismic moment tensor for vertical impacts and hence probe the anal-

ogy between impacts and underground explosions. A smaller subset of simulations is used to

constrain the dependence of impact conditions on the source time function.
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3.2 Methods

3.2.1 Modelling approach

The iSALE shock physics code was used to simulate seismic wave generation by small impacts

on Mars. In this first investigation of seismic signals generated by impacts on Mars a range

of typical impact scenarios likely to be detected by InSight was considered, including the size

range of the newly occurring nearby crater.

3.2.1.1 Impact scenario selection

Following pre-landing impact detection estimates (Teanby, 2015) this study focuses on impacts

most likely to be detected during the InSight mission: those that produce craters of diameter

1–30 m, which occur across Mars ∼1000–10 times per Earth year. Accounting for uncertainty

in target strength (Daubar et al., 2020) and applying well-established impactor crater scaling

equations (Holsapple, 1993), this corresponds to a range in vertical impactor momentum, radius

and mass of 103-107 kg ms−1, 0.03-0.5 m and 0.5-103 kg, respectively (Fig. 3.1).

As the smallest impactors in this size range are likely to be substantially retarded by atmo-

spheric entry, the ground impact velocity and post-ablation mass for each impactor size was

chosen by solving the standard equations of meteoroid entry dynamics (McMullan and Collins,

2019). These calculations assumed a pre-entry impactor speed of 10 kms−1, the average impact

speed on Mars (Le Feuvre and Wieczorek, 2011), an initial impact angle to the horizontal of 45◦

(the most probable impact angle) and an impactor density of 2860 kgm−3 (to be consistent with

the impactor material model, see Section 3.2.2). To simulate seismic wave generation following

ground impact the oblique impact is approximated as a vertical impact, whose associated cal-

culations are significantly less computationally demanding, allowing wave propagation tracking

much further from the impact site than would otherwise be possible. To account for the differ-

ence in crater size between a vertical and oblique impact, this study adopted the widely used

convention of taking the vertical component of the oblique ground impact velocity as the impact
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speed in simulations of vertical impact scenarios (Chapman and McKinnon, 1986; Elbeshausen

et al., 2009). The expected crater size, vertical impact momentum and vertical component of

the impact velocity are shown as a function of impactor radius in Fig. 3.1; the impactor size,

vertical impact speed at the ground and crater size estimates are given in Table 3.1. Of those

considered, scenarios 1 and 2 represent plausible candidates for the 1.5-m crater discovered

∼40 km from InSight (Daubar et al., 2020).
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Figure 3.1: The expected crater size, vertical impact momentum and vertical component of
the impact velocity (for an atmospheric entry velocity of 10 kms−1) are shown as a function
of impactor radius. Crater rim diameter estimates used π-group scaling (Holsapple, 1993) for
cohesionless dry sand and for a porous cohesive regolith with a nominal strength Y = 50 kPa,
with a target density of 1590 kgm−3, an impactor density of 2860 kgm−3 and a surface gravity
3.71 ms−2 (see Section 3.2.2 for detailed material model justification). A 30% enlargement
factor is applied to convert from preimpact-level to rim-level diameter and to account for rim
collapse (Holsapple, 1993).
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Table 3.1: Impactor radius (ri), vertical velocity (vi) and predicted crater diameters for simu-
lations in this work. Listed scenarios were simulated using the large simulation mesh, until the
shock wave decayed into an elastic wave.

Simulation Impactor radius, ri Vertical velocity, vi Rim diameter Rim diameter
number [m] [ms−1] (sand) [m] (regolith) [m]
1 0.035 1350 1.88 1.11
2 0.044 1930 2.56 1.60
3 0.053 2500 3.26 2.14
4 0.072 3300 4.61 3.22
5 0.082 3640 5.31 3.80
6 0.091 3910 5.93 4.33
7 0.10 4150 6.60 4.90
8 0.11 4370 7.21 5.43
9 0.12 4550 7.85 6.00
10 0.14 4860 9.13 7.15
11 0.19 5370 12.1 9.89
12 0.29 5930 17.8 15.3
13 0.49 6380 28.3 25.5

Table 3.2: Impactor radius (ri), vertical velocity (vi) and target material for simulations used
to measure the source time function in this work. These scenarios were only simulated at very
short time scales in order to explore the source time function’s response to individual impact
parameters.

Simulation Impactor radius, ri Vertical velocity, vi Target
number [m] [ms−1] material
2v1000 0.044 1000 regolith
2v3000 0.044 3000 regolith
2v4000 0.044 4000 regolith
2r0.082 0.082 1930 regolith
2r0.12 0.12 1930 regolith
2r0.49 0.49 1930 regolith
2fractured bedrock 0.044 1930 fractured bedrock
2bedrock 0.044 1930 intact bedrock
5fractured bedrock 0.082 3640 fractured bedrock
5bedrock 0.082 3640 intact bedrock
9fractured bedrock 0.12 4550 fractured bedrock
9bedrock 0.12 4550 intact bedrock
13fractured bedrock 0.49 6380 fractured bedrock
13bedrock 0.49 6380 intact bedrock

3.2.1.2 Simulation mesh

Vertical impacts were simulated using a two-dimensional mesh in cylindrical (r-z) geometry.

To capture the impact process and stress wave propagation from the moment of impact until
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the stress wave transitioned well into the elastic regime, a computational domain extending to

>10 times the expected crater radius, >100 times the impactor radius, was required. In most

simulations, the required mesh extended 3000 cells in both horizontal and vertical directions,

affording an impactor resolution of 10 cells per projectile radius (CPPR). Therefore, for a

4.4 cm impactor radius (model 2 in Table 3.1), the cell size was 4.4 mm and the simulation

domain extended to 13.2 m across and below the surface. This spatial resolution has proven

adequate previously to accurately capture stress-wave decay for determining seismic efficiency

(Güldemeister and Wünnemann, 2017). To diagnose the propagation and decay of the impact-

generated stress wave, the state of field variables in the mesh was saved at regular time intervals.

In order to gain a higher temporal resolution record of wave propagation at specific points in

the target material, Lagrangian probes were placed radially away from impact point (circular

markers in Fig. 3.2). In particular, probes measured residual displacement for use in seismic

moment calculations. They also measured pressure-time pulse amplitude and width for use in

seismic energy and efficiency calculations.

A particularly challenging part of this work was tracking accurately the shock wave as it decayed

in amplitude by six orders of magnitude into a very weak stress wave that induced displacements

as small as 2×10−4 impactor radii. Therefore, in most simulations gravitational acceleration and

hence the effect of overburden pressure were neglected. In iSALE’s standard implementation,

including gravity requires the construction of an initial vertical pressure (and density) gradient

in the target that balances the gravitational acceleration to a prescribed tolerance. However,

even a small, unavoidable imbalance can lead to nonphysical stress waves that, while very low

amplitude, are sufficient to contaminate the far-field wave field and prevent accurate tracking

of the impact wave to long distances.

The total number of cells in the simulation mesh employed renders the time taken to fully

simulate the crater formation unreasonably long. This study therefore relies on crater scaling

relationships (Holsapple, 1993) to determine the final crater size. This approach is justified

here because previous work has demonstrated very good agreement between these scaling re-

lationships and the results of iSALE vertical impact simulations in a range of target materials

(Wünnemann et al., 2006; Güldemeister and Wünnemann, 2017; Prieur et al., 2017; Raducan
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et al., 2019).

Of the scenarios in Table 3.1, scenarios 2, 5, 9 and 13 onto martian-like regolith were also

simulated using a smaller simulation domain and high temporal resolution to measure the

source time function of each scenario. The typical simulation mesh in this case comprised 500

cells in horizontal and vertical directions, with the impactor resolved at 10 CPPR, as above.

The smaller mesh was necessary to capture the very sharp rise of force at the source at high

enough temporal resolution of 1× 10−6 s, without rendering data files unreasonably large. The

generated shock wave was tracked for 1 ms after the impact. Fig. 3.3 shows three snapshots

of such a simulation. In addition to the 4 initial impact scenarios, the velocity and impactor

radius were varied individually between 1-4 kms−1 and 0.044-0.49 m, respectively, to investigate

the effect of each parameter on the source time function. The four initial scenarios were also

repeated in fractured and intact bedrock targets, to test the sensitivity of source time function

to target material properties. The specific properties of each material model employed are

described in the following section.

Figure 3.2: Three snapshots of impact-generated stress wave as it traverses the simulation
mesh for a nominal vertical impact of a 1-kg basalt projectile striking the target at 1.93 kms−1.
Markers indicate locations of Lagrangian probes acting as virtual seismometers. Properties of
the three probes highlighted by black squares are shown in more detail in later sections.

3.2.2 Material models

In this work, Tillotson equation of state for basalt was used to describe the impactor’s and

target’s volumetric response (see Table 3.3 for a full list of parameters). Because the impact
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Figure 3.3: Three snapshots of the impact-generated stress wave at the very early stage of
the impact process, for the nominal vertical impact of a 1-kg projectile striking the target at
1.93 kms−1.

velocities considered here are <10 kms−1, they do not necessitate a more sophisticated EoS,

hence the Tillotson EoS is considered to be a reasonable approximation in this work.

Table 3.3: Assumed Tillotson EoS input parametersa for basalt.

Material ρ0 a b A B E0 α β Eiv Ecv

[kgm−3] [GPa] [GPa] [MJ/kg] [MJ/kg] [MJ/kg]

Basaltb 2860 0.5 0.8 19.3 29.3 4.87 5 5 4.72 18.2
a For parameter descriptions see Tillotson (1962)
b Based on parameters given in Benz and Asphaug (1999),
but with revised reference density ρ0, bulk modulus A, b and B parameters.

3.2.2.1 Impactor

In all simulations in this study, the impactor was represented as a nonporous basalt sphere

of density 2860 kgm−3 and a nominal rock-like strength (Britt and Consolmagno, 2003). As

mentioned in the previous section, because the impact speeds considered here are rather low and

do not necessitate a complex multi-phase equation of state, the computationally-fast analytical

Tillotson equation of state (Tillotson, 1962) is used here to describe the impactor’s volumetric

response (see Table 3.3). In this work the impactor’s deviatoric strength was described using a

simple pressure-dependent Lundborg strength model (Lundborg, 1968) (Table 3.4).

Other than the reference density and bulk modulus, the simulation results are expected to be

insensitive to the exact equation of state and strength model used to represent the impactor
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material. Fig. 3.4 compares the Hugoniot curve defined by this equation of state and shock

wave data for non-porous basalt.
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Figure 3.4: Hugoniot curves in pressure-specific volume space used to represent nonporous
basalt impactor (solid line) and regolith target material (dashed line). Symbols show experi-
mental shock (solid symbols) and crush (open symbols) data for analog materials for compar-
ison. The porosity of the granular analog materials is given in parentheses. Shock Hugoniot
for regolith and basalt data from Ahrens and Cole (1974) and Thiel (1977); quartz and pumice
Hugoniot data from Luo et al. (2011) and Housen et al. (2018).

3.2.2.2 Target

The generation and propagation of seismic signals from an impact is likely to be sensitive to the

nature of the martian surface at that location. The purpose of this study is to provide a baseline

assessment of the seismic efficiency and moment of small impacts on Mars within hundreds of

kilometers of InSight. Therefore this study considers a highly simplified target material model,

broadly representative of the upper tens of meters of Mars near the lander. This shallow depth

is most relevant because seismic waves from such nearby impacts will not penetrate deeper into

Mars. The results presented here should therefore provide a general reference frame on which
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future site-specific investigations at other locations with different geology can build.

Remote sensing, geological mapping and analysis of InSight observations (Golombek et al.,

2017; Warner et al., 2017; Morgan et al., 2018; Golombek et al., 2020) shows that beneath

a thin surficial layer of dust and sand is a layer of duricrust of variable thickness (≤10 cm)

and a cohesion of a few to tens of kPa. This is underlain by a regolith of poorly-sorted,

unconsolidated sand and rocks (Golombek et al., 2020). Beneath the landing site, the fine-

grained, high-porosity impact generated regolith is ∼2 m thick (Lognonné et al., 2020) and is

presumed (based on ejecta observations from nearby craters and a nearby scarp exposing a

section of the subsurface) to grade with depth first into coarse, blocky ejecta and then over

meters to tens of meters into fractured basalt flows (Golombek et al., 2017; Warner et al., 2017).

Seismic wave generation and near-field propagation will be most sensitive to changes in porosity,

density and seismic velocity with depth. Initial seismic velocity estimates based on direct

travel-time measurement of HP3 mole hammering signals, and analysis of ground compliance,

suggest a two-layer near-surface structure beneath the lander (Lognonné et al., 2020). The

∼ 2-m thick upper regolith has P-wave velocity ∼ 120 ms−1 and is underlain by a higher-

impedance layer with P-wave velocity in the range 500-1500 ms−1 (Lognonné et al., 2020). For

the meter-to-decameter scale impact craters of interest here, the wave generation region will be

predominantly in the lower of these two layers. This study therefore adopts a one-layer target

material model with a bulk density (ρ = 1589 kgm−3), bulk porosity (ϕ = 44%), bulk sound

speed (cB = 857 ms−1) and P-wave speed (cP = 1088 ms−1) that is likely representative of the

upper tens of meters of Mars near InSight.

For simulations 1-3 with crater diameter ≤ 2 m, a material model with elastic moduli and

seismic velocities closer to those of the shallowest subsurface would be the more appropriate.

However, since the plastic and shock response of the target material is relatively insensitive to

these material parameters, it is expected that the important nonlinear near-field effects, such as

pore collapse and shear failure, are well described by the material model employed here. In the

interest of consistency, the same target properties are used for all impact simulations, although

these properties are most oversimplified for the three smallest impact scenarios. Although this
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material is referred to here as regolith, it is emphasised that this material model approximates

the bulk target stratigraphy from fine-grained regolith, through coarse ejecta to fractured basalt

and not just the upper layer.

The target material strength is described with a simple pressure-dependent Lundborg strength

model (Lundborg, 1968) with a shear strength of 5 kPa at zero pressure, an internal friction

coefficient of 0.6 (approximately equivalent to a friction angle of 37◦ and a high-pressure shear

strength limit of 250 MPa (Table 3.4). The ϵ−α compaction model parameters that describe the

crush behaviour of the target material were determined based on comparison of the Hugoniot

curve of our simulated target material with crush data of analog target materials (granular

pumice and quartz sand) and shock wave data for lunar regolith (Fig. 3.4).

To assess our simulation results’ sensitivity to details of the target material crush curve we

performed additional simulations with different ϵ-α model parameters. To achieve an effective

crushing strength of ∼10 MPa we increased the value of ϵe to −1 × 10−2, and kept other

parameters for ‘porous regolith’ in Table 3.4 the same.

The simulations in Table 3.2, focusing on the first ms of the impact process, are significantly

less computationally expensive. Hence, it is possible to adopt a wider range of target materials

to investigate the response of the source time function to the target material. In total, three

target material models are adopted: porous regolith (as described above), 25% porous fractured

bedrock and non-porous bedrock (Raǰsić et al., 2021). The analytical Tillotson equation of state

for basalt (Tillotson, 1962) is used to describe the volumetric response of the target, combined

with Lundborg strength model (Lundborg, 1968) in ‘regolith’, or ROCK strength model (Collins

et al., 2004) in ‘intact rock’ and ‘fractured rock’. The porous materials also include an ϵ − α

compaction model, with parameters specified in Table 3.4.
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Table 3.4: Impactor and target material properties.

Impactor Target
Porous Fractured Intact
regolith bedrockb bedrockb

Reference density [kgm−3] ρ0 2860 1589 2150 2860
Bulk sound speed [ms−1] cB 2598 857 1559 2598
Bulk modulus [GPa] K0 19.30 1.17 5.22 19.3
Shear modulus [GPa] G0 8.90 0.54 2.41 8.90
Poisson ratio ν 0.3 0.3 0.3 0.3
LUNDD strength model parameters
Internal friction coefficient µ 0.7 0.6 - -
Limiting strength [GPa] Ym 1 0.25 - -
Cohesion [kPa] Y0 5 5 - -
ROCK strength model parameters
Internal friction coefficient (damaged) µd - - 0.67 1.20
Limiting strength (damaged) [GPa] Ydm - - 0.17 3.5
Cohesion (damaged) [kPa] Yd0 - - 0.2 10
Internal friction coefficient (intact) µi - - 1.8 1.2
Limiting strength (intact) [GPa] Yim - - 0.17 3.5
Cohesion (intact) [kPa] Yi0 - - 0.2 10
ϵ− α porosity model parameters
Initial distension α0 1.0 1.8 1.3 1.0
Initial porosity ϕ0 0 0.44 0.25 0
Elastic compaction threshold ϵe - −2 × 10−4 −4 × 10−4 -
Transition distention αx - 1.2 1.1 -
Exp. compaction rate κ - 0.98 0.98 -
Sounds speed ratio χ - 0.33 0.60 -
aDescriptions of material model parameters can be found in
Collins et al. (2004), Wünnemann et al. (2006), and Collins et al. (2011).
bMaterial model derived in Raǰsić et al. (2021).
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3.2.3 Seismic source characterisation

The seismic source signature of the simulated impacts was characterised in simulation data

post-processing. The next sections describe this methodology using the scenario of a 1-kg

impactor striking the surface at 1.93 kms−1 (scenario 2 in Table 3.1).

3.2.3.1 Seismic moment

This study employed three scalar seismic moment calculation approaches, based on equa-

tions 2.13, 2.19 and 2.21. The theory behind each of the approaches is detailed in Chap-

ter 2(Sec. 2.3.1).

The first approach is based on the analogy between an impact and an explosion. Here, the scalar

moment was calculated at a given radial distance from the impact point using the residual radial

displacement:

M1M(R) =

(

K +
4G

3

)

S(R) ⟨DR(R)⟩ , (3.1)

where K and G are the (reference) bulk and shear moduli of the target material, respectively,

S(R) = 2πR2 is the surface area of a hemisphere of radius R, centred at the impact point, and

⟨DR(R)⟩ is the average residual radial displacement of target material at radius R.

To calculate ⟨DR(R, θ)⟩ an array of Lagrangian probes was used (Fig. 3.2). The probes were

positioned at regular intervals of radius R from the impact point and angle θ from vertical (note

that the vertical and horizontal line of probes were shifted to the right and down, respectively,

by a small amount to ensure that the probes were situated inside the computational domain,

not on the boundary). These probes are indexed iR = 1 . . . 10 with increasing radius and

iθ = 1 . . . 10 in the azimuthal direction, from vertically down to horizontal.

Each probe’s displacement in 2D cylindrical coordinates (dr, dz) was converted into displace-

ment in the R and θ directions (dR, dθ). Radial displacements dR as a function of time

recorded by three Lagrangian probes are shown in Fig. 3.5. The residual radial displacement

DR = dR(∞) for each of the probes was calculated at the time when the first impact-generated
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stress wave reached the edge of the simulation domain. The mean residual radial displacement

at a given range R was then computed by averaging the residual radial displacements at dif-

ferent azimuths ⟨DR(R, θ)⟩. The residual radial displacement at each azimuth was weighted

by the fraction of S(R) spanned by that azimuth. Section 3.2.3.4 details further how residual

displacement was derived and used to constrain the elastic radius of impact.
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Figure 3.5: Radial displacements a function of time for three probes marked in Fig. 3.2.

The second method is based on an alternative definition of the seismic moment of an impact,

proposed by Walker (2003). Here, the seismic moment in the horizontal direction was calculated

as:

MrW (t) =
1

2t

n
∑

i

ρ[i]v̄r[i]r[i]V [i], (3.2)

where t is time after impact, ρ[i] is material density in cell i, V [i] is volume in cell i and v̄r[i] is

average (horizontal) radial velocity in cell i. Summation is over all n cells in the mesh, below

the pre-impact target surface level; cells above the pre-impact surface were excluded, removing

ejected material from the seismic moment calculation. MrW (t) was evaluated at the regular

time intervals, at which mesh data were saved.
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The third and final approach for computing the seismic moment of an impact is based on

approximation of an impact as a point force density (Lognonné et al., 2009; Gudkova et al.,

2011). In this approach, the vertical seismic moment is calculated as:

MzGL = cPpz = cP

n
∑

i

ρ[i]v̄z[i]V [i], (3.3)

where this summation is over the same target cells as above; v̄z[i] is the average vertical velocity

in cell i.

For the example simulation, plotting MzGL(t) and MrW (t) as a function of wave front radius

R = cP t for comparison with M1M(R) shows that each measure of the seismic moment converges

at ∼8 m (Fig. 3.6) as the wave transitions from plastic to elastic deformation. The seismic

moment derived from residual displacement at radius R, M1M(R), converges to the true scalar

seismic moment from above; the other two estimates of seismic moment converge to their final

values from below (Fig. 3.6).
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Figure 3.6: Three seismic scalar moment estimates as a function of radius from impact for a
nominal model of a 1-kg impactor striking the target at 1.93 kms−1.



3.2. Methods 83

The three estimates of the scalar seismic moment are consistent within a factor of two. MzGL

and MrW are close to being within the uncertainty in M1M that is attributed to the polar

variation in residual radial displacement. The difference between M1M and the other two

estimates is likely due to oversimplification of our assumption that the fracture surface (elastic

limit) is hemispherical.

3.2.3.2 Sphericalness of source

The ratio of the horizontal (MrW ) to vertical (MzGL) seismic moment components provides a

measure of source sphericalness. This parameter is denoted here as γ. For the example scenario

presented in this section, γ is only slightly greater than one, implying an almost isotropic P-wave

source.

3.2.3.3 Ejecta amplification factor

The vertical momentum transferred to the target pz, calculated in the process of determin-

ing MzGL can also be used to determine S, the amplification factor describing the vertical

momentum transfer enhancement of the ejecta:

S =
pz
pi

=
MzGL

cP
, (3.4)

where pi is impactor momentum. For the example simulation, S ≈ 1.3 implying a 30% enhance-

ment of momentum transfer from ejecta, consistent with the semi-empirical approximation of

Lognonné et al. (2009). Note, however, that the calculated values of S, pz and MzGL are sensi-

tive to the approach used to exclude ejected momentum from the integral of momentum density

over the target. For simplicity, this study assumes all material above the pre-impact level is

ejecta. Moving this threshold altitude up or down by one impactor radius changes pz and its

dependencies by ∼15%.
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3.2.3.4 Elastic radius

Because the MrW (t) moment converges at a radial distance between the other moments, the

MrW convergence distance can be used as a proxy for the elastic radius Re. As MrW (R) is

an average moment over all polar angles at R, our estimate of Re is also an average over all

polar angles and therefore this work assumes a hemispherical geometry for the elastic limit. On

the other hand, the fact that the vertical moment MzGL converges at a smaller radius than the

horizontal moment suggests that the elastic radius may in fact be smaller in the vertical direction

than in the horizontal. Such a geometry is consistent with the inferred extent of fracturing at

Meteor crater, for example, but is inconsistent with the deep and narrow geometry of the elastic

limit assumed by Shishkin (2007).

To verify the above, moment-based, proxy for the elastic radius for the example impact radial

displacement-time paths recorded by probes at different radii from the impact are compared.

The normalised displacement time paths are self-similar in the elastic region, as expected.

Hence, in all further simulations this proxy is used to approximately delimit the elastic region

and derive the scalar seismic moment of the impact for each method by averaging values of

each moment in the elastic region (R > Re).

The radial displacement-time paths recorded by each probe were also used to confirm the zones

of elastic and plastic deformation. To facilitate comparison between displacement recorded at

each probe, the radial displacement is normalised by the radial displacement at the end of the

simulation. The time is converted into a normalised retarded time, τ (Shishkin, 2007):

τ =

(

t− R

cP

)

, (3.5)

where t is the time after impact and R is the radial distance of the probe. In this space, and

away from the target surface, elastic and plastic deformation is clearly distinguishable (Fig. 3.7).

First motion times at all probes are consistent with a P-wave speed close to cP . Displacement

records near the surface are more complex and were excluded to facilitate measurement of the

elastic radius. Probes in the plastic region (red in Fig. 3.7) record a displacement that increases
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continuously with time and is still growing at the simulation end time, whereas probes in the

elastic region (blue in Fig. 3.7) record a rapid initial displacement that then stops before the

simulation end time, in some cases following a small rebound. In the example case, the plastic-

elastic transition occurs between the probes indexed iR = 6 and 7, implying an elastic radius

of ≈ 8.5 m (illustrated in Fig. 3.7b), which is consistent with the convergence of MrW (t) and

M1M(R).

Figure 3.7: (a) Radial displacement normalised by residual radial displacement as a function
of retarded time for probes below the surface. Red lines show data for probes interpreted to
be in the zone of plastic deformation (highlighted in red in (b)). Blue lines are data for probes
interpreted to be in the zone of elastic deformation (blue in (b)). (b) zones of plastic (red) and
elastic (blue) deformation used to define the elastic radius, Re. Near-surface probes omitted
from the analysis of the elastic radius are shown in white.
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3.2.3.5 Seismic energy and seismic efficiency

To calculate the energy radiated from the impact as seismic waves Es, closely following Güldemeister

and Wünnemann (2017), this study employed the triangular pulse approximation (equation 2.25),

to estimate the time integral of the power transferred to the target by the passage of the stress

wave at each Lagrangian probe (Fig. 3.2). When applying equation 2.25, Pmax is defined as

the peak pressure recorded by the probe, ∆t is the full width at half maximum of the pressure

pulse, R is the (spherical) impactor-probe radial distance; ρ and cP are the reference density

and P-wave speed of the pristine target material, respectively. Three example pressure traces

are shown in Fig. 3.8b, including peak pressures and half-widths.

To calculate wave energy at each radius R, wave properties were measured for each probe at that

radius and averaged across polar angles, weighted by the area of the hemisphere spanned by that

angle. Calculated this way, wave energy converges at ∼ Re, consistent with the previous section.

Hence, to calculate the radiated seismic energy and seismic efficiency with this approach, Es

is defined as the average EW at probes with R > Re, and ks as Es/Ei. Although the energy

losses are greatest in the first 2 m from the impact site, the elastic radius in the target extends

well beyond the crater rim.
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Figure 3.8: (a) Ratio of wave energy and impact energy as a function of radius from impact for
a nominal model of a 1-kg impactor striking the surface at 1.93 kms−1. (b) Pressure recorded
as a function of time by three probes highlighted in Fig. 3.2. Black dashed lines mark peak
pressure values used in equation 2.25 and the half-width, dt, of each trace is also marked.
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3.2.3.6 Source time function

The vertical source time function is calculated in post processing for all simulations in Table 3.2,

which comprise a smaller domain and a duration of 1 ms after impact. The force pulse is

computed, following Lognonné et al. (2009), by firstly evaluating the following sum (a discrete

version of equation 2.22):

pz =
n

∑

i

ρ[i]vz[i]V [i] (3.6)

where ρ[i] is the target density in target cell i, vz[i] is the vertical velocity of material in the cell,

and V [i] is the volume represented by the cell. The summation is over n cells in the target below

the pre-impact surface. Equation 3.6 is evaluated at every save time of the simulation, and

combined into a single time series. Differentiating the time series with respect to time returns a

force as a function of time. A time series showing momentum transferred and force at the source

for the example impact scenario is shown in Fig. 3.9. The momentum transferred converges to

a constant value at 1 ms, consistent with the result shown in Fig. 3.6 for a longer simulation of

the same impact scenario. The oscillations seen as the numerical source time function decays

can be attributed to the reverberation of the shock wave inside the impactor, which can be

recorded at high temporal resolution. The peak force reached was Fmax = 2.1 × 107 N and the

source duration was τ ∼ 5 × 10−4 s.

Figure 3.9: (left) Momentum transferred to the target as a function of time; and (right) the
resulting source time function for an example impact scenario of a 1-kg impactor striking the
surface at 1.93 kms−1 (scenario 2 in Table 3.1). A Jeffrey’s pulse approximation of the source
time function is shown as a dashed line.
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As described in Chapter 2, the force pulse can be approximated with Jeffrey’s pulse expression,

which depends on two parameters: impact momentum and time constant α. Equation 2.27 was

fitted to the numerical source time function using a least-squares approach, to find the optimal

α. For the example scenario the value of α was (2.61 ± 0.06) × 104 s−1, with an R2 of 0.78,

indicating a good fit. The Jeffrey’s pulse approximation has a slightly shorter source duration

(∼ 3×10−4 s) and lower peak force reached (Fmax = 1.9×107 N). Integrating the Jeffrey’s pulse

approximation recovers the numerical value of momentum transferred to within 4 %.
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3.3 Results

The above analysis was performed on each of the simulated impact scenarios. The results

characterise impacts as a seismic source for the range in impactor momentum expected to

be typical of impacts that might be detected by InSight. Table 3.5 documents the various

characteristics of the seismic source for each impact scenario.

Table 3.5: Complete results for wave generation models.

Simulation pi[kgm/s] Ei[J] MrW [Nm] M1M [Nm] MzGL[Nm] S γ ks Es[J] Re[ri]
1 7.00 × 102 4.73 × 105 1.09 × 106 1.86 × 106 9.61 × 105 1.26 1.14 1.97 × 10−6 0.93 182
2 1.99 × 103 1.92 × 106 3.19 × 106 5.22 × 106 2.81 × 106 1.30 1.13 1.63 × 10−6 3.13 200
3 4.50 × 103 5.63 × 106 7.18 × 106 1.00 × 107 6.39 × 106 1.31 1.12 1.40 × 10−6 7.87 185
4 1.49 × 104 2.46 × 107 2.51 × 107 4.01 × 107 2.28 × 107 1.41 1.10 1.26 × 10−6 30.85 209
5 2.43 × 104 4.42 × 107 4.08 × 107 6.68 × 107 3.74 × 107 1.42 1.09 1.18 × 10−6 52.2 208
6 3.56 × 104 6.97 × 107 6.08 × 107 9.08 × 107 5.57 × 107 1.44 1.09 1.13 × 10−6 78.6 216
7 5.17 × 104 1.07 × 108 8.67 × 107 1.45 × 108 7.94 × 107 1.41 1.09 1.00 × 10−6 109 236
8 7.03 × 104 1.54 × 108 1.22 × 108 1.97 × 108 1.12 × 108 1.46 1.09 1.10 × 10−6 168 242
9 9.51 × 104 2.16 × 108 1.66 × 108 2.79 × 108 1.52 × 108 1.47 1.09 9.64 × 10−7 209 240
10 1.61 × 105 3.92 × 108 2.85 × 108 3.6 × 108 2.63 × 108 1.50 1.08 9.42 × 10−7 369 222
11 4.45 × 105 1.20 × 109 7.74 × 108 1.32 × 109 7.33 × 108 1.51 1.06 8.75 × 10−7 1050 224
12 1.75 × 106 5.19 × 109 3.17 × 109 5.28 × 109 2.94 × 109 1.54 1.08 8.26 × 10−7 4290 245
13 9.08 × 106 2.9 × 1010 1.65 × 1010 2.66 × 1010 1.54 × 1010 1.56 1.07 9.24 × 10−7 26800 242

3.3.1 Seismic moment

The simulations performed in this study show that each estimate of the scalar seismic moment

is linearly proportional to impact momentum (Fig. 3.10). M1M ≈ 2 × MrW for all impact

momenta. The difference between M1M and MrW can be partially attributed to the polar

variation of residual radial displacement. In order to deduce overall trends in seismic moment

with impact properties, seismic moment values resulting from the three methods, including

respective errors, were combined to produce a single data-set. Using a least squares regression,

a best-fit relationship between seismic scalar moment M1 (Nm) and impact momentum pi

(kg ms−1) is:

M1 = 103.18±0.08p1.02±0.01
i . (3.7)

Pearson’s R value for this relationship is 0.997, indicating good data fit.

Values calculated from our simulations agree very closely with the theoretical GL model (shown
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in Fig. 3.10). For the purposes of this comparison, the GL model assumed η = 0.3, as adopted

in Daubar et al. (2018) and Lognonné et al. (2009).
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Figure 3.10: Three scalar seismic moment estimates for all simulations as a function of impactor
momentum. Solid line: GL model seismic moment prediction, assuming η = 0.3 (following
Lognonné et al., 2009) and cP = 1088 ms−1 (consistent with our target material model).

3.3.2 Sphericalness of source

For the simulated impact scenarios, γ, calculated as the ratio of MrW to MzGL (equation 2.20)

was 1.05–1.15, implying an approximately isotropic seismic moment tensor for vertical impacts.

The value of γ decreased with increasing impact momentum, as shown in Fig. 3.11. The vertical

component of the moment tensor is only 5–15% smaller than each of the radial components.

Because the simulations in this work were restricted to vertical impacts, future work should

explore if these results extend to oblique impacts.
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Figure 3.11: The sphericalness of source as a function of impact momentum, for the suite of
vertical impacts on Mars simulated in this chapter.

3.3.3 Ejecta amplification factor

As shown in the previous sections, MzGL is proportional to the vertical momentum transferred

to the target by the impact (Lognonné et al., 2009; Gudkova et al., 2015). Previous work

has shown that momentum transferred to the ground is amplified by material ejected from

the crater (McGarr et al., 1969), with amplification extent dependent on impactor and target

properties (McFadden, 2005; Raducan et al., 2019). The amplification is characterised by the

ejecta amplification factor S. NB in many previous studies, β is used to denote the ejecta

amplification factor. S is used here for consistency with the GL model (Lognonné et al., 2009).

For the small impacts on Mars simulated here, S increases with impact momentum from 1.25

to 1.6 (Fig. 3.12). These values are comparable to amplification factors derived from ejecta

scaling relationships and used in previous estimates of the impulse applied to the ground by
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impacts (Lognonné et al., 2009). Higher momentum impacts exhibited lower values of γ but a

higher S, so were more isotropic while more momentum was being imparted to the ground.
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Figure 3.12: Ejecta amplification factor as a function of momentum for the impact scenarios
simulated.

3.3.4 Elastic radius of small impacts on Mars

Based on convergence of MrW , the average radius of the plastic-elastic regime transition over

all polar angles, Re, increased with impact momentum from Re ≈180–240 impactor radii

(Table 3.5). This corresponds to 7-11 crater radii, depending on crater scaling assumptions

(Fig. 3.1). The elastic radius analysis based on Lagrangian probes displacement was repeated

for each model to verify the elastic radius Re for each impact scenario determined from the

convergence of MrW . The resulting elastic radii values were self-consistent.

This is substantially larger than the elastic radius equal to the crater radius assumed in the
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analytical model of seismic wave generation of Shishkin (2007), and as suggested by observations

of terrestrial craters (Ackermann et al., 1975; Smith et al., 1999), which found the fracture

radius of ∼2–2.5 crater radii. We attribute this difference to the difference in strength between

target material used in our simulations (∼ 5kPa) and typical terrestrial rocks (∼ 10MPa). For

the very weak material in our simulations, the wave must decay to a lower amplitude, which

occurs at a further distance. Hence this estimate will vary for craters formed in areas with

different target properties than in simulations in this work. Additionally, the elastic radius

determined in this work may be overestimated, due to the absence of overburden pressure in

our simulations.

If the characteristic timescale of seismic wave generation is the time taken for the impact stress

wave to reach the elastic radius (Gudkova et al., 2015), this implies a wave-generation timescale

≈ 10Rc/cP , where Rc is crater radius and cP is P-wave velocity.
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3.3.5 Seismic efficiency

The seismic efficiencies of impact simulated in this chapter are at the low end of previous esti-

mates (Fig. 3.13). They are substantially lower than seismic efficiencies measured in laboratory-

scale impact experiments in sand (McGarr et al., 1969; Richardson and Kedar, 2013) and those

based on missile impacts on Earth (Latham et al., 1970b). The resulting values are comparable

to estimates based on large scale artificial impacts on the Moon (Latham et al., 1970a), which

represent good analogs to those simulations in terms of impactor momentum and energy, and

target properties. However, it must be acknowledged, that the impactors in the artificial lunar

impacts were low density, easily crushed, metal spacecraft. Such impactors are poor analogs

to strong, rocky meteorites used in simulations in this study. Further research is necessary to

determine the effect of individual impactor properties on seismic efficiency.

The simulations in this chapter reveal the seismic efficiency of small impacts is also much smaller

than estimates produced in laboratory experiments of impacts in porous rocks and iSALE

simulations of those experiments (Güldemeister and Wünnemann, 2017). The difference in ks

between this work and that of Güldemeister and Wünnemann (2017), which used a similar

modelling approach, is attributed to the dramatically different properties of assumed target

material, in particular the effective crushing strength pc ≈ −K0ϵe. Here, the martian soil was

represented with a crushing strength (the onset of permanent compaction) of ∼200 kPa, based

on the crushing behaviour of analog materials (Fig. 3.4); the rock targets of Güldemeister and

Wünnemann (2017) were represented with a crushing strength of ∼700 MPa.

Additional simulations performed with different crush curve parameters showed that for a

simulation with an effective crushing strength of ∼10 MPa, more appropriate for a soft rock,

the seismic efficiency was two orders of magnitude larger (Fig 3.13). Seismic moment in those

simulations was only 3× larger. While a more thorough investigation of the effect of target

crushing strength and other material properties on seismic efficiency is required, this suggests

that the detectability of small impacts on Mars might be very sensitive to the proximity to the

surface of dense, strong and high impedance materials.
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The seismic efficiency values from impact simulations in this chapter decrease slightly with

increasing impact energy and impact velocity. This likely reflects the fact that at higher impact

speeds more energy is partitioned into waste heat.

Figure 3.13: Seismic efficiency as a function of impact energy. Our results fall between 8×10−7

and 2×10−6, approximately two orders of magnitude below pre-landing predictions. To illus-
trate the sensitivity of seismic efficiency to the crush curve parameters, a result for a simulation
using crushing strength of 10MPa is also shown at 1–2 ×10−4. (Note that the vertical bars on
the results represent the error bars, for some simulation smaller than the size of the marker.)
Data obtained in previous studies, numerical (Güldemeister and Wünnemann, 2017) and ex-
perimental (Latham et al., 1970b; Latham et al., 1970a; McGarr et al., 1969; Richardson and
Kedar, 2013), are also presented.
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3.3.6 Source time function

Table 3.6: Complete results for impact source models. The subscript indicates which parameter
was changed in the particular simulation.

Simulation pi[kgm/s] Ei[J] Fmax [N] α [s−1] tc [s]
2 2.0×103 1.9×106 1.91 ×107 26062 ± 667 5.45 ×10−5

2v1000 1.0×103 5.2×105 5.65 ×106 14908 ± 386 1.06 ×10−4

2v3000 3.1×103 4.6×106 4.53 ×107 40049 ± 927 4.60 ×10−5

2v4000 4.1×103 8.2×106 8.03 ×107 53114 ± 1112 3.68 ×10−5

2r0.082 1.3×104 1.2×107 6.62 ×107 13986 ± 360 1.20 ×10−4

2r0.12 4.0×104 3.9×107 1.42 ×108 9570 ± 174 1.76 ×10−4

2r0.49 2.7×106 2.6×109 2.41 ×109 2353 ± 35 7.19 ×10−4

2fractured bedrock 2.0×103 1.9×106 3.48 ×107 47679 ± 1003 5.55 ×10−5

2bedrock 2.0×103 1.9×106 4.78 ×107 66161 ± 449 4.35 ×10−5

5 2.4×104 4.4×107 2.32 ×108 26018 ± 569 7.38 ×10−5

5fractured bedrock 2.4×104 4.4×107 3.67 ×108 43297 ± 674 6.91 ×10−5

5bedrock 2.4×104 4.4×107 4.35 ×108 48940 ± 185 6.20 ×10−5

9 9.5×104 2.2×108 7.74 ×108 22174 ± 449 9.06 ×10−5

9fractured bedrock 9.5×104 2.2×108 1.15 ×109 35272 ± 481 8.69 ×10−5

9bedrock 9.5×104 2.2×108 1.33 ×109 37930 ± 177 8.07 ×10−5

13 9.1×106 2.9×1010 2.50 ×1010 7500 ± 97 2.81 ×10−4

13fractured bedrock 9.1×106 2.9×1010 2.81 ×1010 9120 ± 98 2.78 ×10−4

13bedrock 9.1×106 2.9×1010 3.58 ×1010 11364 ± 76 2.69 ×10−4

Table 3.6 lists complete results for the short source simulations. The source time function

was calculated and fitted with Jeffrey’s pulse approximation for each simulation in Table 3.2.

Jeffrey’s pulse was found to be a generally good fit for the impact scenarios simulated, with

R2 values ranging: 0.57 - 0.99. To support this claim, the relationship between peak force

Fmax (approximated by Jeffrey’s pulse) exerted during impact and impact momentum ×α was

tested, where the proportionality constant was found to be only 5% smaller than that predicted

theoretically (Fig. 3.14).

As described in Section 3.2, only one of the impactor size, velocity, impact momentum and

target material was varied in every simulation, with remaining parameters kept constant. The

peak force exerted on the impact site increased with increasing impact momentum, impactor

size and impact velocity. Impacts onto weaker, porous targets exerted lower peak force on the

impact site.

The effects of individual impact properties are shown in Fig. 3.15. The Jeffrey pulses in this plot
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Figure 3.14: The theoretical relationship between peak force exerted during impact Fmax and
impact momentum ×α (green line), compared with our simulation results (black points). A
least-squares fit through our results (blue line) gives a proportionality constant of 0.35, only
5% smaller than predicted theoretically.

have been normalised by the peak force of each model to highlight the differences in pulse width.

The duration of the pulse increased with increasing impactor size (Fig. 3.15c) and decreasing

impact velocity (Fig. 3.15b). For scenarios where both impactor size and velocity were increased

(increasing momentum) the duration of the source increased (Fig. 3.15a), implying that the

impactor size has the dominant effect on the duration. For stronger and less porous target

materials the source time function exhibited shorter duration (Fig. 3.15d).

The main advantage of approximating each pulse with Jeffrey’s pulse is its simple two-parameter

form. Furthermore, the α parameter can be related to other known impact properties. Because

α determines the width of the source time function, it can be considered a measure of the

seismic source timescale of the impact process. It follows that it should be inherently related to

one of the important timescales in the cratering process. As shown in Fig. 3.16, for the range

of scenarios considered in this study, α scales best with the contact and duration timescale of

the impact process, tc, defined here as the time taken for the shock-wave travelling at speed U
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Figure 3.15: Jeffrey’s pulse approximations for impact simulations onto a martian surface, show-
ing the effects of impact properties investigated: (a) impactor momentum, (b) impact speed,
(c) impactor radius, (d) target material properties. The magnitudes have been normalised by
the peak force reached in each model.

in the target material, to travel twice the impactor diameter (tc = 2D/U). The least squares

scaling relation is:

α = 10−0.42±0.15t−1.20±0.04
c , (3.8)

with an R2 value of 0.81. Combining this with Jeffrey’s pulse expression (equation 2.27) gives:

Fz = (10−0.42t−1.20
c )2pite

10−0.42t−1.20
c t, (3.9)
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which now only depends on physical impact properties of the scenario in question.

Figure 3.16: Values of α calculated for each simulation in this chapter, as a function of the
contact and compression timescale tc. Results from simulations of impacts onto martian surface
are marked with blue dots, and results from impacts onto asteroids are marked with blue
squares. The least squares relationship is shown with the dashed line.

The source durations computed in this study are of the same order of magnitude as the results

of an experimental study of Richardson and Kedar (2013). A series of high velocity impacts

was performed at NASA Ames Vertical Gun Range (AVGR). The impact velocities in the

experiments ranged between 1–6 kms−1, which is comparable with impact velocities simulated

in this chapter, whilst the pyrex glass impactor masses were significantly lower than those

simulated here. As shown in Daubar et al. (2018) for an impact at 1000 ms−1 the source

duration is approximately 10−3 s, which is comparable with duration of impact scenario 2v1000,

in spite of significantly smaller impactor than that used in the iSALE simulations. This could

reflect the vastly different material properties of the impactor and target. The source durations

measured here are also significantly shorter than pre-landing estimates suggested Daubar et al.

(2018).
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3.4 Implications for InSight

The simulation results presented in this chapter show a linear relationship between impact

momentum and seismic moment (and therefore ground motion amplitude). The following

section evaluates the implications of this result for impact detectability at InSight.

The expected number of detectable impacts has been estimated in several ways (Teanby and

Wookey, 2011; Teanby, 2015; Daubar et al., 2015; Lognonné and Johnson, 2015; Daubar et al.,

2018). Teanby and Wookey (2011) estimated detectable impact numbers by combining seismic

wave-form modelling, observed cratering rates and an empirical relationship between crater size

and seismic moment (Fig. 3.17a). This empirical scaling relationship relies on three elements:

an empirical relationship between crater size and impact energy, based largely on terrestrial

explosion data (Fig. 3.17b), the seismic efficiency of the impact, and a relationship between

radiated seismic energy and seismic moment, based on small earthquake and nuclear explosion

data (Fig. 3.17c). The results of simulations in this chapter provide an independent test of

these elements.

The radiated seismic energy Es and scalar seismic moment M1 determined from our simulations

is fit well by a linear relationship with a constant of proportionality of 1 × 10−6. Assuming

σs = 5 kPa and G = 0.54 GPa, this implies that for impacts the constant c in equation 2.17

is ≈0.1, which is lower than commonly assumed for earthquakes (0.54) and explosions (0.27)

(Shishkin, 2007). When combined with earthquake and explosion data, our simulation results

follow a power-law trend akin to the Teanby and Wookey (2011) model (TW2011, hereafter).

In the most relevant range of seismic energy (1 − 105 J) the seismic moment predicted by the

TW2011 model is 2-3 times that predicted by our simulations (Fig. 3.17c). To convert between

seismic energy and impact energy, TW2011 adopted a seismic efficiency of ks = 2 × 10−5, ∼20

times higher than determined here for the weak, porous surface of Mars near InSight. When

combined with the difference in Es-M scaling, this results in TW2011 overestimating seismic

moment by a factor of 40-60 for the same size crater.

Although the relationship between impact energy and crater size was not explicitly tested
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here by the iSALE simulations, previous work has shown consistency between the π-group

scaling of crater diameter used here and iSALE simulations of crater formation in regolith-like

targets (Prieur et al., 2017; Raducan et al., 2019). For the impactor parameters adopted here,

which account approximately for deceleration during atmospheric entry, the scaling relationship

between crater size and impact energy used in TW2011 agrees reasonably with our results for

craters of diameter >10 m, but overestimates the impact energy required to produce smaller

craters by up to an order of magnitude (Fig. 3.17b).

When all components of the crater size to seismic moment scaling relationship are combined,

TW2011 predicts a seismic moment 1–2 orders of magnitude higher for a given crater size than

our results. We attribute this difference to a combination of the low seismic efficiency of impacts

into very weak porous regolith shown by our results and the previous work’s extrapolation of

experimental data based on impact energy as opposed to impact momentum. As discussed in

Daubar et al. (2018) an important consideration for reconciling these disparate estimates of

seismic moment is the effect of target material properties and transmission of seismic energy

into bedrock underlying the impacted material. Also shown in Fig. 3.17a are estimates of

seismic moment vs crater rim diameter derived using the GL model and the Shishkin model

(as described by Daubar et al., 2018) that include a total bedrock moment correction factor of

≈ 5 to account for the effect of a typical crustal bedrock (cP = 1000 ms−1, ρ = 2700 kgm−3)

underlying soft impacted regolith (cP = 330 ms−1, ρ = 1500 kgm−3). These lie between our

simulation estimates in a regolith analog that do not include a bedrock correction and those of

TW2011, based in part on data from explosions and impacts directly into bedrock.

For a nominal noise model, Teanby and Wookey (2011) estimated a total impact-generated

seismicity of 1013 − 1014 Nm per Earth year, and one detectable teleseismic range impact every

10 years. Based on the much lower seismic moments predicted by this work, the TW2011

predictions at the lower end of their estimates seem the most likely. These imply a total

impact-generated seismicity of 1011 − 1013 Nm and an average recurrence interval of over 100

years for a detectable teleseismic range impact.

To predict seismic moment from crater size, future studies should avoid using the highly-
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uncertain seismic efficiency. Instead, we recommend a momentum-based approach whereby the

impactor momentum is first determined from crater size using π-group scaling and then seismic

moment is calculated from impactor momentum using equation 3.7. For typical small impacts

on Mars, the relationship between seismic moment and crater diameter found here (Fig. 3.17a)

can be used as a first approximation:

M = 3.5 × 105

(

D

1 m

)3.3

Nm. (3.10)

For impacts into targets that differ substantially from the homogeneous representative target

model employed here, some amplitude correction may be necessary to account for the transmis-

sion/reflection of seismic energy between the impacted target material and the bedrock below

(Daubar et al., 2018).
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Figure 3.17: Scalar seismic moment (a) and impact energy (b) as a function of crater rim
diameter. Simulation results of seismic moment and assumed impact energy are compared to
the scaling relationships developed by Teanby and Wookey (2011), Gudkova et al. (2011) and
Gudkova et al. (2015) (GL model) and Shishkin (2007) (Shishkin model). Note that the latter
two models include correction factors to account for transmission of seismic energy from regolith
into bedrock (Daubar et al., 2018), and incorporate both strength and gravity dominated scaling
relationships of Holsapple (1993) to determine crater size. Horizontal error bars indicate the
range of predicted crater diameter according to pi-group scaling; vertical error bars represent
the range in seismic moment estimates from this work. Red vertical lines in (a) and (b) mark
the size of the newly discovered small crater near InSight, for context (Daubar et al., 2020).
(c) Seismic moment versus seismic energy, alongside data from previous studies of earthquakes
and nuclear explosions (Prieto et al., 2004; Patton and Walter, 1993).
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3.5 Conclusions

To characterise the seismic signal generated by typical small impacts on Mars, a set of small

impacts onto martian regolith was simulated using the iSALE shock physics code. For each

simulation, the impact was characterised as a seismic source using scalar seismic moment, seis-

mic efficiency, ejecta momentum amplification factor, sphericalness of loading, and the radius

of plastic-elastic wave transition.

Three approaches for calculating the scalar seismic moment of an impact from numerical sim-

ulation data (Müller, 1973; Walker, 2003; Lognonné et al., 2009) produced values that agree

to within a factor of two and show that scalar seismic moment scales almost linearly with

impact momentum. Future studies should use either a horizontal or vertical seismic moment

approach: they produce consistent results and obviate the need for Lagrangian probes. Addi-

tionally, MzGL required a shorter simulation to converge, hence this approach may be preferred

if computational resources are limited.

For small impacts, the ratio of transferred momentum to impactor momentum increases from

1.3 for a 1-m crater to 1.6 for a 30-m crater, indicating a small but significant momentum

amplification from ejecta. The leading impact-generated stress wave transitioned from a plastic

to elastic behaviour at ∼10 crater radii. Moreover, the ratio of the horizontal to vertical seismic

moment components is ∼1, implying, for vertical impacts at least, that small impacts on Mars

are well represented by an isotropic seismic moment tensor. However, further work is required

to determine whether this extends to oblique impacts.

The seismic efficiency (the ratio of radiated seismic energy to impact energy) of our simulated

impacts was ∼ 1 × 10−6, decreasing with impact velocity. This is akin to seismic efficien-

cies determined from artificial lunar impacts, but substantially smaller than estimates from

terrestrial missile impacts and laboratory impact experiments. Seismic efficiency was very sen-

sitive to the crushing curve of the target material. In particular, a factor of 50 increase in

crushing strength increased seismic efficiency by about two orders of magnitude, while seismic

moment only tripled. Due, in part, to this sensitivity, seismic moment is a more robust way to
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characterise the seismic source than seismic energy.

The simulation-based estimates of the seismic moment of small impacts on Mars are lower than

pre-landing estimates, while our seismic efficiency results are one-to-two orders of magnitude

below the value assumed in some pre-landing estimates of the seismic detectability of small

impacts by InSight (Teanby and Wookey, 2011; Daubar et al., 2018).

A suite of shorter timescale iSALE2D simulations was performed to investigate the source time

function of small impacts and its dependence on individual impact parameters. The duration of

the source was the most sensitive to the impactor size, with larger impactors exhibiting longer

source duration. The convergence of momentum transferred to target at such small scales

are consistent with convergence of MzGL for similar impact scenarios. The force magnitude

increased with impact momentum and decreased with higher target porosity. The force pulse

was found to be well approximated by a Jeffrey’s pulse approximation. The α constant was

found to scale best with contact and compression timescale of the impact process as a power

law, providing means for an approximated source time function to be derived for other impact

scenarios.



Chapter 4

Current impact rate and detectability

on Mars

Parts of this chapter are based on a study published in Journal of Geophysical Research:

Planets, Wójcicka et al. (2020), a study published in Nature Geoscience, Garcia et al. (2022)

and a manuscript currently in review Zenhäusern et al. (2022).

4.1 Introduction

The current impact rate on Mars is uncertain, with observational estimates (e.g.: Daubar et al.,

2013) varying significantly from theoretical predictions (e.g.: Hartmann, 2005). Impact rates

are of interest to the scientific community because they are vital for determining ages of plan-

etary surfaces. They are also a key aspect of hazard assessment for future space missions. One

of the key goals of InSight was to contribute to constraining of the impact rate by seismically

detecting impacts, which was achieved in the final year of the mission.

The previous chapter explored detectability of small impacts on Mars by analysing iSALE2D

simulation results and characterising the seismic source using several properties, including seis-

mic moment and seismic efficiency. The simulation results show that less energy is transferred

107
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to the target than previously expected, implying lower detectability of small impacts.

In this chapter a different approach is employed to compile the available impact data from

various planetary bodies and develop a semi-empirical detectability model. The seismic moment

scaling relationship developed in the previous chapter is also used here to connect seismic event

magnitudes with corresponding crater diameters. The results are then used to compute the

implied impact rate on Mars resulting from a subset of marsquakes detected by InSight.

4.1.1 First impacts detected seismically by InSight

In late 2021, the InSight team successfully identified the first impact generated seismic signals

on Mars (Garcia et al., 2022). The key characteristic that led to locating corresponding craters

in orbital images was a ‘chirp’ signal following the main seismic arrival. The chirp’s frequency

content changes with time, as different frequencies travel at different velocities. This part of

the signal was attributed to the atmospheric disturbance caused by the impactor striking the

ground. The waves travelled through the atmosphere to the lander, due to a narrow waveguide

structure present in the atmosphere at low altitudes (<1 km; Garcia et al., 2022), allowing the

waves to travel over long distances. The large difference between the seismic and acoustic wave

speeds allowed very accurate source-receiver distance determination. In addition, the strong

polarisation of each recorded chirp (alignment of motion with the incoming direction of the

acoustic wave), lead to confident constraint of the back-azimuth of the event, as demonstrated

in Garcia et al. (2022). The locations estimated using both seismic and atmospheric signals were

searched using satellite imaging and three craters/crater clusters were found, corresponding to

events: S0793a, S0981c and S0986c (Fig. 4.1) (named after the sol during which each event

occurred, using MQS convention; Clinton et al., 2021). Statistical models of atmospheric entry

(Collins et al., 2022) were used to constrain the impact properties, such as momentum and

energy (Table 4.1). Further targeted searches also identified two more crater clusters, associated

with events S0533a and S1034a. All five impacts are located 80-300 km away from the lander,

and all are classified as Very High Frequency (VF) events (Böse et al., 2021).
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Table 4.1: Properties of three of the nearby impacts detected seismically by InSight (Garcia
et al., 2022).

event crater distance impact interquartile impact interquartile
diameter from landerb momentum range energy range

[m] [km] [Ns] [Ns] [J] [J]
S0793a 3.9 91.1 5.5×104 4.31-7.6 ×104 1.6×108 1.2-2 ×108

S0981c 7.2 243.6 2.52×105 2.10-3.41×105 1.00×109 0.70-1.20 ×109

S0986c 6.1a 85.1 2.42×105 2.08-3.00 ×105 7.20×108 5.6-8.9 ×108

a Effective diameter for crater clusters.
b Distances from orbital imaging.

Figure 4.1: Three of the newly detected impact craters, corresponding to events: S0793a,
S0981c and S0986c (figure from Garcia et al., 2022).
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Soon after, the two largest fresh impact craters imaged to date on the surface of Mars were also

detected by InSight (Posiolova et al., 2022). The craters, of diameters 130±12 m and 150±10 m,

were first discovered in MRO Context Camera (CTX) and Mars Color Imager (MARCI) im-

ages, and were later attributed to events S1000a and S1094b, respectively, due to remarkable

agreement in timing and source location. These events occurred significantly further away from

the lander, at ∼3500 km and ∼7000 km, respectively, and were classified as Broad Band (BB)

events (Böse et al., 2021) due to the characteristics of their frequency content. The craters

corresponding to events S1094b and S1000a are shown in Fig. 4.2.

Figure 4.2: HiRISE image of the 150-m crater detected by InSight (Posiolova et al., 2022)
corresponding to event S1094b. (Image credit: NASA/JPL-Caltech/UArizona; HiRISE image:
ESP 073077 2155)
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Figure 4.3: HiRISE image of the 130-m crater detected by InSight (Posiolova et al., 2022)
corresponding to event S1000a. (Image credit: NASA/JPL-Caltech/UArizona; HiRISE image:
ESP 073522 2185)
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4.1.2 Are all VF events impacts?

During its lifetime, InSight has detected 71 VF events, 5 of which have been so far successfully

attributed to impacts (Garcia et al., 2022). This family of events is characterised primarily

by high frequency content (> 2.4 Hz) on all components, with the horizontal components

displaying higher frequencies and higher energies than the vertical (Böse et al., 2021). Most

events also contain a significantly amplified peak at 2.4 Hz (resonance), which is thought to be

caused by the unique subsurface structure at the landing site (Dahmen et al., 2021).Resonance

is defined as an amplification of amplitude at natural resonant frequencies of the medium.

Here, the 2.4 Hz resonance effect is caused by layering of rock with high impedance contrast

under the landing site. VF events are also exclusively regional events, with the bulk of their

distribution determined to originate from distances up to 37◦ (∼2200 km, hollow diamonds in

Fig. 4.4). The magnitudes of VF events increase with distance, implying a distance-dependent

detectability combined with a uniform spatial distribution over the planet’s surface, similar to

what is expected of impacts (Driel et al., 2021). Unlike other families of event, VF events do

not appear to be clustered in space, which would be expected of tectonic events originating at

a particularly seismically active area.

The ‘chirp’ arrival, which led to the identification of the first four impact events is only present

in signals originating closest to the lander, up to 6◦. Out of 6 events followed by a ‘chirp’

signal (circled in Fig. 4.4), 5 have been (so far) identified as impacts. The chirp signal has been

determined to be the signature of either the atmospheric disturbance during crater formation or,

in the case of event S0986c, the shock wave generated by impactor’s atmospheric entry (Garcia

et al., 2022). The chirp’s propagation is sensitive to the atmospheric waveguide structure.

The chirp is also unlikely to be detectable for more distant events, since its amplitude will be

reduced to below the noise level and its arrival time would be long after the seismic signal.

This could suggest that there are other impact-generated events in InSight’s seismic catalog,

which haven’t been categorised as such because they lack the atmospheric arrival, or even that

the entire VF family of events could be attributable to meteorite impacts. In the latter case,

a new constraint can be put on the impact rate on Mars - one of InSight’s primary mission



4.1. Introduction 113

objectives.

This chapter explores the hypothesis that all VF events are impact related and its implications

for the impact rate on Mars using the semi-empirical scaling relationships derived in this chap-

ter. Out of the 71 VF events recorded by InSight during its operations, 59 were deemed to be

quality B or C events (Clinton and Euchner, 2021), according to the convention described in

Sec. 2.5.1. These signals were clear enough to have source distances estimated for them and

only those events are used in further analysis. The most distant events (S0923d and S1337a)

are excluded because their seismic phase arrivals are much less clear than other events. The

largest VF event is also excluded from further analysis, because it is deemed to be an outlier,

as there is a significant gap in magnitude between this event and the rest of the distribution.

The analysis in this chapter is limited to version 12 of the Marsquake Catalogue, which covers

events up to Sol 1277. In the months following this very few seismic events were recorded due

to low lander power and the noisy season on Mars. Hence, further analysis includes 56 events.
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Figure 4.4: All VF events detected by InSight during the mission, for which locations could be
determined (59 events). Moment magnitude is plotted as a function of distance. The coloured
points show the events so far attributed to impacts (Garcia et al., 2022). Black filler in markers
indicate events where the main seismic arrival is followed by a ‘chirp’ signal, identified as an
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4.1.3 Impact rates

Crater counts on planetary surfaces can be used to determine relative ages between surfaces.

In general, the older the surface, the more craters will be present. The first crater counts

were performed on the Moon using large craters (D > 2 km) visible from Earth (e.g., Young,

1940). These early studies showed that the number of craters of a given diameter produces

approximately straight lines on a log-log plot. The assumption of power-law behaviour was

adopted in later studies and quickly became the conventional way of representing cratering

data (e.g.: Hartmann, 1964; Hartmann, 1965). These straight lines in logN vs logD are

equivalent to a power law of the form:

N = kD−b, (4.1)

where D is the crater diameter, and k and b are constants (Neukum et al., 2001). b is the slope

of the straight line on a log-log plot. With the advances in space exploration more crater counts

became available, making it apparent that the complete size-frequency distribution comprises

several sections defined by crater diameter ranges, where different constants k and b apply

(Koenig et al., 1977; Durda et al., 1998). N in equation 4.1 can be defined as incremental

(where counted crater sizes are sorted into pre-defined bins, usually of width
√

2D) or cumu-

lative (where the data are cumulatively summed and the number of craters greater than a bin

boundary is displayed). The rest of this chapter focuses on the cumulative measure of impact

rate.

Typically, impact rates are described in terms of isochrons, defined as as a binned number of

new craters over a specified time interval per unit area (Hartmann, 2005). For example, a

1-year isochron would contain the number of new craters (either incremental or cumulative)

formed over 1 year per unit area. Isochrons are often used for deducing the ages of a surface

of interest by comparing it to observed crater counts. Whilst crater counts only provide a

measure of relative ages, rock samples collected on the Moon were independently dated to

provide a measure of the absolute age of the surface they were collected from and a calibration
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of the crater count curves (Stöffler and Ryder, 2001).

Hartmann (1966) used the size frequency distribution of lunar craters to derive one of the

first expected impact rates on Mars over geologic timescales. These estimates included an

adjustment due to difference in proximity to the asteroid belt of Mars and the Moon. The

Mars impact rate model was subsequently updated in Hartmann (1999) and most recently in

Hartmann (2005), where a correction factor due to atmospheric deceleration of small impactors

(Popova et al., 2003) was included. The latest iteration of isochrons from Hartmann (2005) for

different martian surface ages is shown in Fig. 4.5.
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Figure 4.5: Hartmann isochrons for different ages of martian surface (Hartmann, 2005).

Because isochrons were derived based on counts of large craters on very old surfaces, scaling

them down to shorter timescales (for example 1 year) requires a considerable extrapolation.

Crater counts have to be extrapolated to small sizes where manual counting is intractable and

further complicated by abundant secondary craters. The cratering rate is often assumed to be

constant over the last 1 Gyr or longer, which does not allow for any fluctuations in impact rate
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over shorter timescales.

A widely used method of measuring current impact rates on planetary bodies is to identify

and count newly formed craters using orbital imagery. Usually, new craters are first identi-

fied in lower resolution images by the dark halos and streaks produced when dust is removed

or disturbed around the crater. These low-albedo features are much larger than the craters

themselves and hence easier to recognise in lower resolution images, for example CTX (MRO

Context Camera) with resolution of 6 m/pixel (Malin et al., 2007) (for example the before and

after panels in Fig. 4.1). After impact identification, follow-up images are taken with a high

resolution camera such as HiRISE (High Resolution Imaging Science Experiment) of resolution

of 0.25m/pixel (McEwen et al., 2007) (for example Fig. 4.2). These images provide more de-

tailed information on crater size and morphology and the geology of the surrounding area. To

inform crater production rates, the new crater counts are usually re-scaled by an Area Time

Factor (ATF). An ATF usually comprises an area correction given by the total area searched

and a time correction, given by the length of time the area was monitored, resulting in impact

rates per km2 per year.

The most recent studies of imaging campaigns such as Malin et al. (2006), Daubar et al. (2013),

and Daubar et al. (2015), produced estimates of present impact rates on Mars. Malin et al.

(2006) used MOC (Mars Orbiter Camera) images to identify 20 newly formed craters of diameter

2 - 148 m. Daubar et al. (2013) used CTX (MRO Context Camera) images to identify recent

impact sites on the martian surface. HiRISE (High Resolution Imaging Science Experiment)

images were used to confirm and measure the sizes of 248 new impact craters, 44 of which

were constrained in time with before and after images. The crater diameters were 1.7 - 34 m.

The incremental and cumulative impact rates from this study are shown in Fig. 4.6 as black

circles. Daubar et al. (2013) also showed that ∼56% of impacts on Mars are crater clusters,

where the impactor fragmented during its passage through the atmosphere. In these cases the

effective diameter is used as the representative diameter of the impact, which is calculated as

Deff = (
∑n

i=1 D
3
i )

1/3
, where n is the number of craters in the cluster and Di is the crater

diameter of each crater in the cluster. The effective diameter can be considered as a proxy for

the size of the crater that would be formed if the impactor remained intact until the impact.
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Daubar et al. (2013) observed a lower rate and a shallower slope of the cratering count than

that of Hartmann (2005) isochron (Fig. 4.6). This suggests that for small craters the impact

rate is lower than the average impact rate over geologic time scales, or the Hartmann (2005)

isochron overestimates the yearly impact rate. The most recent cratering counts were presented

in Daubar et al. (2022), who found the slope of the cumulative impact data to be b=2.2, for

craters larger than 8 m in diameter. The searched area for these crater counts is unknown, so

the impact rate per unit area cannot be compared with previous studies.
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Figure 4.6: (a) Incremental and (b) cumulative impact rate estimates based on recent models
(Teanby, 2015), observations (Daubar et al., 2013) and an extrapolation of the Hartmann (2005)
isochron to small crater sizes.

In general, small craters are expected to occur more frequently than large ones. Incremental

cratering rates on Mars based on orbital observations of Malin et al. (2006) and Daubar et al.

(2013) reach a peak between 5 m and 10 m, below which the number of craters begins to fall.

Atmospheric entry modelling (Popova et al., 2003; Williams et al., 2014) suggests that ablation

only significantly affects the smallest of impactors. Therefore the roll-over observed in orbital
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observations is most likely caused by the limit of resolution of the orbital imagery.

More recently, Teanby (2015) considered two models for the present-day rates (Fig. 4.6). Model

1 was based on the crater counts from Daubar et al. (2013) and assumed that these observations

represent the entire scope of cratering on Mars. Model 2 on the other hand, extended these

observation to be take into account the atmospheric ablation modelling for the smallest crater

diameters presented by Popova et al. (2003) and Williams et al. (2014) (Fig. 4.6).
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4.2 Detectability of impacts on Mars

Using seismic observations to derive impact rate on Mars requires two key elements: (a) a

means of converting the seismic signals to a crater size, and (b) a measure of a Area Time

Factor (ATF), which requires an estimate of detectability as a function of crater size, distance

and time. This section uses a number of semi-empirical scaling relationships calibrated by

impacts detected by InSight on Mars, to update the detectability estimates for impacts on

Mars.

4.2.1 Empirical amplitude scaling for seismic amplitudes of impacts

Because impacts were only recognised in InSight data near the end of the mission, impact data

from other bodies have been used to constrain detectability of impacts in preparation for such

discovery on Mars. This section describes those approaches and compares the existing scaling

relationships with newly acquired InSight data.

4.2.1.1 Energy-based approach (Teanby, 2015)

To better constrain the detectability of smaller impacts proximal to InSight, Teanby (2015)

adopted an empirical approach to directly relate impact energy to ground velocity amplitude,

based on data from impact and explosions experiments. Teanby (2015) proposed that peak P-

wave amplitude scaled with square root of the impact energy for both impacts and explosions

shows a decreasing trend with distance in km, where the amplitude falls as x−1.6. This approach

also employed the crater size to impact energy relationship from Teanby and Wookey (2011),

which is shown in Chapter 3 to represent an overly optimistic estimate of impact detections.
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4.2.1.2 Momentum-based approach (Wójcicka et al., 2020)

The numerical simulations presented in Chapter 3 advocate a momentum-based approach for

extrapolating from ground-truth impact scenarios to small impact scenarios on Mars. This

study therefore modified the approach of Teanby (2015) to develop two empirical relationships

between P-wave peak amplitude v, range x and crater size D, based on vertical impactor

momentum, rather than impact energy; one for impacts into a dry cohesionless sand and one

for impacts into a somewhat more robust, weakly cohesive soil (Fig. 4.9). These relationships

use π-group scaling equations to relate impactor momentum (and other properties) to crater

size combined with separate fits to ground motion versus range data.

The impact data used here comprises three sets of impact experiments: the artificial impacts

of the Saturn IV boosters on the Moon (Latham et al., 1970a), for which both the impact

momentum and seismic amplitude is known; the Carancas impact on Earth (Brown et al.,

2008; Kenkmann et al., 2009), where the impactor’s mass and velocity were constrained using

numerical modelling of the crater formation; and recently seismically recorded impacts on Mars

(Garcia et al., 2022), for which impact properties were constrained using atmospheric entry

modelling and are presented in Table 4.1. Fig. 4.7 shows that the data produces a clear trend

with distance from source, where the peak P-wave amplitude vmax scaled by impact momentum

pi (where pi in Ns is scaled to 106 Ns), drops as x−1.56 (where x is scaled to 1 km). The resulting

least squares scaling relationship is:

vmax

(

106Ns

pi

)

= 1.1 × 10−5
( x

1km

)−1.56

. (4.2)

In order to express the above equation in terms of observed crater diameter, π-group scaling

equations are used to relate impactor momentum (and other properties) to crater size (Holsapple

and Schmidt, 1982; Daubar et al., 2020). For cohesionless sand the momentum is given by:

p⊥ = 79.4D3.6
( vi

1000ms−1

)−0.23 ( g

3.71ms−2

)0.61
(

δ

2000kgm−3

)−0.19 (
ρ

1500kgm−3

)1.19

, (4.3)
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Figure 4.7: Peak P-wave amplitude scaled by impact momentum as a function of distance for
artificial impacts on the Moon (black squares, Latham et al., 1970a), the Carancas impact
on Earth (hollow diamonds, Brown et al., 2008; Kenkmann et al., 2009), and the seismically
detected impacts on Mars (coloured markers Garcia et al., 2022). The black solid line shows
the least squares fit to the nearby impact data (the Carancas impact, artificial lunar impacts
and three martian impacts detected by InSight) at distances up to 1200 km. The dashed lines
represent the uncertainty in the scaling relationship.

where x is the range in km, D is crater rim diameter in m, v⊥ is vertical impact velocity in ms−1

and g is gravity in ms−2.

For weakly cohesive soil the relationship is given by:

p⊥ = 821D3

(

v⊥
1000m/s

)−0.23 (
Y

100kPa

)0.62 (
δ

2000kgm−3

)−0.2 (
ρ

1500kgm−3

)0.59

, (4.4)

where v⊥ = 3535 m/s is the vertical impact speed, chosen as the vertical component of velocity

for a typical metre-range impactor (most relevant for this work) on Mars at the most common

impact angle of 45◦. Based on atmospheric deceleration of impactors in this size range from

average atmospheric entry velocity of ∼ 10 km/s, vertical velocities of impacts forming craters

between 1-30 m in diameter are likely to range between 1-6 km/s. Y = 50 kPa is the target
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strength, appropriate for weakly cohesive regolith (Daubar et al., 2020). δ = 2000 kgm−3 is

the impactor density and ρ = 1500 kgm−3 is the target density based on a porous, weakly

cohesive regolith material. Whilst the exact parameters appropriate for each impact scenario

are likely to vary from those chosen here, the crater diameter measurement is the largest source

of uncertainty in the impact momentum estimated. Furthermore, this relationship only applies

to small craters in the strength regime of impact cratering.

The difference between equations 4.4 and 4.3 is shown in Fig. 4.8. The variation in vertical

impact velocity shown was chosen based on typical impacts on the surface of Mars forming

craters between 1-30 m, which are the most relevant for InSight (see Sec. 3.2).
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Figure 4.8: The relationship between impact momentum and crater diameter for impacts in
weakly cohesive regolith (blue) and cohesionless sand (red). The solid lines represent an impact
at vertical velocity of 1 km/s and the dotted lines at 6 km/s.

The two largest impacts detected by InSight (events S1000a and S1094b, Posiolova et al., 2022)

were also the most distant impacts recorded seismically on any planetary surface, at distances

of ∼3000 km and ∼7500 km respectively. These provide an excellent opportunity to test the

amplitude-distance scaling relationships beyond previously available distances. For these two

events, the first arrival P-wave amplitudes could not be measured, because for such distant
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source the waves propagate largely within the mantle and may even reach the core, and can

therefore be subjected to reflection and diffraction. As such for events 1000a and 1094b only

amplitudes of PP (P-wave reflected from the underside of the martian surface) and Pdiff (P-

wave diffracted around the outer core boundary) were measured. These amplitudes scaled by

the impact momenta predicted from observed crater sizes are substantially lower than equation

4.2 predicts. This could indicate a transition to a steeper amplitude-distance power law at

such large distances, although more data in this range is required to confirm or refute this

hypothesis. Because of this, the two large distant events are not included in further analysis in

this chapter.

4.2.2 Revised detectability of impacts on Mars

The seismic data from the four impacts recently detected on Mars, combined with impact data

from Earth and the Moon, provide new estimates of P-wave amplitudes as a function of distance

for several impact scenarios in the range more relevant for InSight (crater diameters between

1-100 m). The two momentum-based empirical scaling relationships (Fig. 4.9a and Fig. 4.9b)

show a much greater variation in peak amplitude with crater diameter than the energy-based

approach (Fig. 4.9a). For a ∼30 m crater diameter, which represents the scenario closest

to the Saturn IV booster impacts on the lunar regolith, the three approaches are relatively

consistent, differing by only a factor of 5. However, when crater size and ground velocity are

scaled by impactor momentum, the peak amplitudes predicted for craters less than 20 meters

in diameter are 10 to 100 times lower than the energy-scaling predictions, depending on the

material properties of the target.

The measured noise at the InSight landing site varies significantly over the course of a day.

Following Teanby (2015) and Daubar et al. (2020) seismic noise in the 1-16 Hz frequency range

can be considered as the most appropriate for small impact craters. The measured seismic noise

at the 4 Hz geometric centre of the range varies from pa=1.5 ×10−9 ms−2 Hz−1/2 during quiet

periods to 1×10−7 ms−2 Hz−1/2 during noisy periods (Lognonné et al., 2019; Lognonné et al.,

2020). This corresponds to peak noise levels in seismic ground velocity of nv=2.9×10−10 ms−1
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to 1.9×10−8 ms−1, using nv = (5/8π)pa
√

1/f1 − 1/f2 from Teanby (2015) for a frequency range

of f1 = 1 Hz to f2 = 16 Hz (horizontal lines in Fig. 4.9).
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Figure 4.9: Predictions of P-wave peak amplitude versus range for different impact crater
diameters using three different scaling approaches. (a) P-wave amplitude is scaled by the
square-root of the impact energy as described by Teanby (2015); crater diameter is related to
impact energy by the scaling relationship of Teanby and Wookey (2011). (b) P-wave amplitude
as measured in lunar SIVB impacts (Latham et al., 1970b), the Carancas impact on Earth
(Kenkmann et al., 2009) and three impacts detected by InSight (Garcia et al., 2022) is scaled
by the impactor momentum (equation 4.2), crater diameter is related to impactor momentum
by π-group scaling (Holsapple, 1993) for cohesionless sand (equation 4.3). The results presented
assume v⊥ = 3535 ms−1, ρ = 1500 kgm−3, δ = 2000 kgm−3. and cohesion is neglected. (c) P-
wave amplitude estimates using the newly detected impacts on Mars, the Carancas impact on
Earth and the artificial lunar impacts. The crater diameter is related to impactor momentum
by π-group scaling (Holsapple, 1993) for a cohesive soil using the same parameters as (b) but
with cohesion Y = 50 kPa (equation 4.4. Horizontal lines and shading represent measured
InSight noise levels at 1-16 Hz from Lognonné et al. (2019) and Lognonné et al. (2020) under
low noise and high noise conditions. The impact energy E or momentum p corresponding to
each crater size is given in the legend.

Fig. 4.10 shows the maximum detectable distance for craters of diameter 1 < D < 150 m (at

low noise conditions), estimated by three detectability models in this chapter. The momentum-

based scaling approach derived here suggests that craters of diameter <30 m are detectable

at much shorter range from InSight than previously proposed. The two momentum-based

scaling relationships also show variation depending on which material properties are assumed
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when converting between momentum and crater size. In the most pessimistic case, where the

impact occurs in a loose, porous and cohesionless target, a 1-m crater >3 km away would be

undetectable, even under low noise conditions. On the other hand, this approach suggests

that craters of diameter >30 m are much more detectable, particularly if the impact were to

occur in a part of Mars with a stronger, denser surface with more efficient ground coupling

of impactor momentum. The cohesive regolith scaling appears to be the best fit to the data

currently available for Mars, as all impact craters accociated with a seismic event lie above the

detectability curve. All impact craters constrained to have occurred during InSight’s operations

using orbital imaging but not detected seismically lie below the detectability curve. In addition

no undetected craters lie significantly above the detectability curve, which would imply they

should be detectable during both low and high noise. The cohesioneless sand scaling appears

to predict a slightly more pessimistic scenario, excluding two of the recently detected impact

craters as undetectable. The energy-based Teanby (2015) approach predicts that several of the

undetected small craters should be detectable at low noise conditions, although this can be

explained by the impacts occurring during high noise part of the sol.

The martian data used in the scaling relationships contains both single craters and crater

clusters. In the case of crater clusters, the effective diameter was used for converting between

impact momentum and crater size, which may be an oversimplification for the most complex

scenarios. Event S0986c in particular was determined to be a very oblique and complex impact

(Garcia et al., 2022). Fig. 4.7 shows that scaling the P-wave amplitude by estimated impact

momentum put the event slightly below the single crater events discovered at similar distances.

Since over 50% of impact on Mars are expected to form crater clusters (Daubar et al., 2013),

it is likely that there are more of such complex impact scenarios in the VF dataset. Finding

these craters and examining their seismic signatures can be further complicated by topographic

features, which may obscure the craters themselves. Future studies should explore in detail

how the difference between crater clusters and single craters, as well as impact angle affect the

amplitude-distance scaling.
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Figure 4.10: Detectability of impact craters of diameter D as a function of distance from
InSight (x in km), at the average low noise level recorded at the landing site (vnoise = 2.9 ×
10−10 m/s). Three models are shown for comparison: energy-based scaling (dotted line, Teanby,
2015), momentum-based scaling for impacts into cohesionless sand target (dashed line) and the
momentum-based scaling for impacts into cohesive regolith target (solid line). Five nearby
impact craters detected by InSight are shown with coloured markers. Other craters discovered
during InSight’s operations, but not detected seismically are also shown as black markers.
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4.3 Impact rate on Mars

The following sections present two methods of achieving the means of converting seismic signals

to crater size: one using peak P-wave amplitudes (Method 1, Sec. 4.3.1), and one using seismic

moment magnitudes (Method 2, Sec. 4.3.2).

4.3.1 Method 1: Impact rate on Mars implied by peak P-wave am-

plitudes

A natural progression from the amplitude distance scaling derived in the previous section is

to use the seismic amplitudes recorded by InSight to predict a crater size of a given event, for

example to aid search for a crater corresponding to a suspected impact event. As shown in the

previous section, the cohesive regolith was determined to be the most appropriate version of

the momentum based scaling (equations 4.2 and 4.4).

Combining equation 4.2 with equation 4.4, and assuming a 45◦ impact angle for converting

between scalar and vertical momentum, results in the maximum distance a crater of given size

D would be detectable assuming noise level vmax:

xmax = 5.53 × 10−6D1.92v−0.64
max . (4.5)

Analogously, for an event at a given distance xevent, producing an amplitude vevent, the predicted

crater diameter Dpredicted is given by:

Dpredicted = 542 v
1/3
eventx

0.52
event. (4.6)

Equation 4.6 is applied to each VF event to obtain its predicted crater diameter.

In this approach, it is crucial to consider the frequency range in which the amplitude is de-

termined. The artificial lunar impact data and the Carancas impact data also used in this



4.3. Impact rate on Mars 129

chapter was Butterworth bandpass filtered with corner frequencies of 1 and 16 Hz, as detailed

in Teanby (2015). In the case of the InSight VF events identified as impacts, the peak P-wave

amplitude was determined using a seismogram filtered with corner frequencies of 3-8 Hz, chosen

to be as close to the frequency range of the other data used here as possible. The Marsquake

Catalogue (Clinton and Euchner, 2021) however, does not contain signal in this frequency range

and extensive reprocessing of seismic data would be required to obtain these amplitudes for all

events. As mentioned in Sec. 4.1.2, VF events contain an amplified peak at 2.4 Hz (A2.4Hz),

which is stored in the Marsquake database. Fig. 4.11 illustrates that when both amplitudes are

scaled by impact momentum, the A2.4Hz is consistently higher than A3-8Hz by a mean factor of

4.9. Hence, using A2.4Hz in equation 4.6 would result in crater diameters larger by a factor of

1.7. To counteract this effect, the amplitudes at 2.4 Hz recorded in the Marsquake Catalogue

are reduced by a factor of 4.9.
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Figure 4.11: Amplitude measured in frequency range 3-8 Hz (filled markers) versus the 2.4 Hz
resonance amplitude (hollow markers), for the four small crater recorded seismically (Garcia
et al., 2022).

To estimate a crater size, equation 4.6 is applied to each of the considered VF events. The

resulting distribution of crater sizes is 3-40 m (Fig. 4.12a). The largest contribution to the
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Figure 4.12: (a) The detectability of craters of a given diameter as a function of distance. The
black circles and triangles are observed but not detected impact craters and crater clusters
(respectively) that are constrained to have occurred during the InSight mission. The coloured
filled in points are observed and detected craters and clusters, colour-coded by event name.
The hollow diamonds in corresponding colours are the predicted crater sizes of detected impact
events based on peak P-wave amplitude. The black hollow diamonds show the distribution of
predicted crater sizes for all other VF events. The solid black line indicates the detectability
curve for noise amplitude of 5×10−11 m/s. This curve defined the Area Time Factor used to
calculate impact rates up to a distance of 37◦. Beyond that distance, no VF events are expected
to be detected. (b) Incremental impact rates resulting from the distribution of predicted crater
sizes for all VF events using peak P-wave amplitude scaling shown in (a). The most recent
imaging based rates from Daubar et al. (2013) are shown by black circles. The solid and
dotted black lines show Teanby (2015) Model 1 and 2 respectively (with grey lines marking
uncertainty). The dashed black line indicates the Hartmann (2005) 1-yr isochron (rescaled
from 1 Gyr isochron). (c) Cumulative impact rates resulting from the distribution of predicted
crater sizes for all VF events using peak P-wave amplitude scaling shown in (a). The dashed
line indicates the 8 m mark for comparison between studies.

uncertainty in predicted crater diameter is due to the conversion from amplitude to impact

momentum. The colour-coded markers indicate a very good match between the predicted and

observed crater sizes for 3 out of 5 events identified as impacts. This method overestimates

the crater sizes for the 2 remaining events (S0986c and S1034a). Both of these events were

attributed to either a crater cluster produced by more than one fragmentation event (S0986c)

or a single crater with an unusually large number of secondary craters (Garcia et al., 2022).

The complexities of these two events may explain the disagreement between the observed and

predicted craters sizes.
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Fig. 4.12a also shows impact craters and crater clusters detected using orbital imaging (black

markers), which have been constrained to have occurred during the InSight mission, but were

not detected seismically. Whilst the majority of these craters lie below the detectability line,

several also lie above it. This could suggest that those impacts occurred during the noisy period

and therefore were not seismically detected. No impact craters without an associated seismic

event were imaged during the mission that lie significantly above the detectability threshold,

supporting the appropriateness of its placement.

Fig. 4.12b and c show the incremental and cumulative impact rates derived from the distribution

in Fig. 4.12a. The incremental rate is computed by binning the data in bins of width D
√

2.

The binned data is then scaled by the Area Time Factor (ATF). An ATF usually comprises

an area correction given by the total area searched and a time correction, given by the length

of time the area was monitored. The ‘searched area’ is computed by assuming that impact

detectability is size and distance dependent. Smaller impacts will stop being detectable at

shorter distances than large ones, as can be seen from distribution of VF events. To account

for this, the maximum distance at which the central crater in a given bin would be detectable

is calculated using equation 4.5 (solid black line on Fig. 4.12a), up to a distance of 37◦ (≈

2200 km, black vertical line on Fig. 4.12a), since no VF events included in this study are seen

beyond that distance. The detectability amplitude was chosen to fall just below the smallest

predicted crater diameter of the VF events, as vmax = 2×10−11 ms−1. The maximum detectable

distance of 37◦ takes effect for craters from approximately 10 m in diameter. The area factor for

the given crater size bin is given by the circular area of radius equal to the detectable distance

around InSight, resulting in impact rates per km2.

The second element of the ATF is the time correction. It is assumed that that due to noise

variation during each sol, VF events are detectable approximately during 1/3 of the day. Be-

cause the VF dataset spans 3 years of recording time, the time factor is assumed to be 1, and

the resulting rates are shown per year per km2. The cumulative rate (Fig. 4.12c) is calculated

as a cumulative sum of the incremental rate (Fig. 4.12b), and is also given per year per km2.

The resulting incremental rate is approximately 4 times higher than the rate measured in
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Daubar et al. (2013) and only slightly larger than the Hartmann (2005) 1-year isochron (Fig.

4.12b). The cumulative impact (Fig. 4.12c) rate predicted by the amplitudes recorded for VF

events larger than previously measured using orbital imaging and the cumulative Hartmann

(2005) isochron rate. The results follow a power law of the form of equation 4.1 and the least

squares fit for crater sizes between 8 and 30 m gives a = 9.7 × 10−4 and b = 2.64. Whilst the

yearly impact rates are higher than those predicted by previous studies, the gradient of the

cumulative rate is in close agreement with that determined in Daubar et al. (2013). The values

plotted in Fig. 4.12 are shown in Table 4.2.

4.3.2 Method 2: Impact rate on Mars implied by the seismic mo-

ment magnitudes

Ideally, seismic magnitudes (i.e., seismic moments) measured at InSight would be used to predict

crater sizes for potential impact events, and to determine detectability of impacts. Magnitudes

are frequency range independent, making them a more robust parameter to be used. However,

magnitude scales derived for Mars using InSight data may need to be revised specifically for an

impact source. This section adapts the above workflow for predicting crater sizes from seismic

amplitudes to one that uses the moment magnitudes.

Seismic moment is related to seismic moment magnitude via the equation:

MW =
2

3
(log10 MMQS − 9.1), (4.7)

where MMQS is the seismic moment assigned to seismic events detected by InSight (Böse et al.,

2021). Results of numerical simulations (Wójcicka et al., 2020), provide a first-order scaling

relationship for the seismic moment generated from small impacts on Mars, as a function of

crater size:

Msource = 3.5 × 105

(

D

1 m

)3.3

, (4.8)

where D is the mean crater size determined for a range of impact scenarios simulated in Wójcicka

et al. (2020), for craters formed in cohesionless sand and weakly cohesive regolith. The range
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of crater sizes due to target material properties assumed provides the uncertainty on D. Com-

bining equations 4.7 and 4.8 results in a relationship between the seismic moment magnitude

and predicted crater diameter.

The impact data recorded by InSight shows that MMQS is broadly proportional to D3.3, con-

sistent with simulation results. The seismic moment values obtained from source numerical

simulations and corresponding to equation 4.8 are however significantly lower than MMQS de-

termined for events recorded at InSight. This is illustrated in Fig. 4.13 for the impact events

detected by InSight, where both the crater size and seismic moment were independently mea-

sured (filled coloured markers). The scatter of the observed data can be attributed to differences

in soil properties directly under the impact site. The Garcia et al. (2022) also used full wave-

form modelling to determine the predicted seismic moment of three of the impacts (s0793a,

S0981c and S0986c). These estimates are between the results of impact source simulations

and the MMQS (shown as hollow markers in Fig. 4.13). This problem was discussed in more

detail in Posiolova et al. (2022), where it was proposed that the seismic moment released in

an event depends heavily on the material properties at the source depth, more specifically the

combination of density and seismic wave velocity. For a marsquake of tectonic origin, the source

depth is likely to be 30-50 km, consistent with magnitude scales developed for Mars (Böse et

al., 2021). For an impact, the depth at which the seismic moment is released is significantly

shallower, approximately equivalent to the crater diameter. For the craters in the size range of

the detected impacts, this depth is of the order of metres or tens of metres. At such depths, the

seismic velocities are of the order of hundreds of ms−1, many times slower than at 30-50 km.

This means that since the equivalent seismic source moment will vary from the one measured

at InSight by a product of P-wave velocity cubed (c3P ) and density at the approximate source

depth, a correction factor of several order of magnitude may be required. A correction factor,

c, is introduced to account for this difference in depth, resulting in the following expression for

the receiver measured moment:

MMQS = c× 3.5 × 105

(

D

1 m

)3.3

. (4.9)

The true value of c is dependent on depth of seismic moment release, which is likely to depend
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on the crater size and exact subsurface structure under the crater. However, because crater

size is unknown for all but four VF events, and this chapter aims to constrain the crater size

distribution based on the seismic moment distribution of VF events, the approach of a crater

size-dependent correction is not feasible. Instead, this study estimates c by using the four

seismically detected impacts near InSight: S0533a, S0793a, S0981c and S0986c. For these

four events, both the measured seismic moment magnitude and the observed crater size are

known independently, and hence they can be used as a benchmark for the most appropriate

value of c. The coloured markers in Fig. 4.13 show the receiver-measured seismic moment as

a function of crater diameter. A least-squares regression was used to find the optimal value of

c to be 2831±900. This approach is further justified, because the four events’ MMQS values

were in the range 1010 - 1013 Nm, which contains most of the considered VF events dataset. By

using a constant c, the crater diameter is more likely to be underestimated for larger events,

and overestimated for smaller events. This is further illustrated by the two very large craters

(Posiolova et al., 2022), whose MQS seismic moment falls below the trend of seismic moment

vs diameter for the smaller events (Fig. 4.13).

Applying equations 4.7 and 4.9 to the VF events dataset returns a distribution of crater di-

ameters between 3 and 30 m. As shown in Fig. 4.14a, the predicted crater sizes for 3 our of

5 detected impacts are consistent with the observed crater diameters. As in the results of

Method 1, the crater diameters for events S0986c and S1034a are underestimated, which can

be attributed to the complexity of these cratering events.

The incremental impact rate implied by the resulting distribution of crater sizes was calculated

using the same approach as in Method 1. The area was calculated using the detectability curve

shown in Fig 4.14a, where the detectability amplitude was chosen to fall just below the smallest

predicted crater diameter of the VF events, as vmax = 4 × 10−11 ms−1. As shown in Fig 4.14,

the resulting incremental rate is only slightly higher than measured in Daubar et al. (2013) and

is in good agreement with the Hartmann (2005) 1-year isochron.

The cumulative rate (red diamonds in Fig. 4.14c) is calculated as a cumulative sum of the

incremental rate (red diamonds in Fig. 4.14b). The cumulative impact rate predicted by the
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Figure 4.13: Seismic moment as a function of crater diameter. The black circles indicate sim-
ulation results from Wójcicka et al. (2020) with the black line as the least squares fit. The
filled coloured markers show the seismic moment determined in the InSight MQS Catalogue vs
the observed crater size for the four nearby impacts (Garcia et al., 2022) and two distant very
large impacts (Posiolova et al., 2022). The silver line shows the least squares fit to these events,
producing c = 2831 ± 900. Hollow markers represent the seismic moment values determined
in Garcia et al. (2022) using full waveform modelling for the three out of the recently detected
events (S0793a, S0981c, S0986c). The hollow dark brown marker indicates the source seismic
moment of event S1094b, determined by estimating the depth of seismic moment release (Po-
siolova et al., 2022).

VF events recorded by InSight is slightly larger than previously measured using orbital imaging

and the cumulative Hartmann (2005) isochron rate. The results follow a power law of the form

of equation 4.1 and the least squares fit for crater sizes between 8 and 30 m gives a = 4.2×10−4

and b = 2.29. The values plotted in Fig. 4.14 are shown in Table 4.2.

Dmin Dmax D Method 1 Method 2
[m] [m] [m] Incremental rate Cumulative rate Incremental rate Cumulative rate

N(D) [yr−1km−2] N(≥ Dmin) [yr−1km−2] N(D) [yr−1km−2] N(≥ Dmin) [yr−1km−2]
3.9 5.5 4.7 (1.3 ± 0.4) × 10−5 (5.3 ± 3.0) × 10−6 (8.8 ± 3.9) × 10−6 (4.9 ± 1.6) × 10−6

5.5 7.8 6.6 (8.0 ± 3.3) × 10−6 (4.7 ± 1.5) × 10−6 (3.9 ± 1.0) × 10−6 (1.8 ± 5.1) × 10−6

7.8 11.0 9.3 (3.3 ± 0.8) × 10−6 (1.5 ± 0.4) × 10−6 (2.1 ± 0.4) × 10−6 (1.2 ± 0.3) × 10−6

11.0 15.6 13.1 (1.8 ± 0.4) × 10−6 (8.3 ± 2.4) × 10−7 (9.6 ± 2.6) × 10−7 (6.2 ± 2.1) × 10−7

15.6 22.1 18.6 (9.6 ± 2.6) × 10−7 (6.2 ± 2.1) × 10−7 (3.4 ± 1.5) × 10−7 (2.1 ± 1.2) × 10−7

22.1 31.2 26.3 (3.4 ± 1.5) × 10−7 (2.8 ± 1.4) × 10−7 (1.4 ± 0.9) × 10−7 (1.4 ± 0.9) × 10−7

31.2 44.2 37.1 (6.9 ± 6.9) × 10−8 (6.9 ± 6.9) × 10−8 - -

Table 4.2: A comparison of the incremental and cumulative rates produced using Method 1
and 2 described in this chapter. Dmin and Dmax represent the left and right bin boundary
respectively, and D is the bin centre.
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Figure 4.14: (a) The detectability of craters of a given diameter as a function of distance. The
black circles and triangles are observed but not detected impact craters and crater clusters
(respectively) that are constrained to have occurred during the InSight mission. The coloured
filled in points are observed and detected craters and clusters, colour-coded by event name.
The hollow diamonds in corresponding colours are the predicted crater sizes of detected impact
events based on seismic moment magnitude. The black hollow diamonds show the distribution
of predicted crater sizes for all other VF events. The solid black line indicates the detectability
curve for noise amplitude of 2×10−11 m/s. This curve defined the Area Time Factor used to
calculate impact rates up to a distance of 37◦. Beyond that distance, no VF events are expected
to be detected. (b) Incremental impact rates resulting from the distribution of predicted crater
sizes for all VF events using seismic moment magnitude scaling shown in (a). The most recent
imaging based rates from Daubar et al. (2014) are shown by black circles. The solid and
dotted black lines show Teanby (2015) Model 1 and 2 respectively (with grey lines marking
uncertainty). The dashed black line indicates the Hartmann (2005) 1-yr isochron (rescaled
from 1 Gyr isochron). (c) Cumulative impact rates resulting from the distribution of predicted
crater sizes for all VF events using seismic moment magnitude scaling shown in (a). The dashed
line indicates the 8-m mark for comparison between studies.
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4.3.3 Impact rates implications

The two methods for determining impact rate from a subset of events detected by InSight

produce a distribution of predicted crater sizes in a similar range ∼3–40 m. Method 1 implies

an impact rate higher than that of Daubar et al. (2013) by a factor of ∼5. Method 2 gives a

rate only ∼3.5 times higher than that determined by Daubar et al. (2013). These results are

consistent with a recent study Collins et al. (2022), which found that the impact rate of small

impacts on Mars might be as high as 1.5–4 times higher than observational estimates. The least

squares approximations to the cumulative rates derived imply that for impact crater diameters

≥8 m, between 565 (Method 1) and 295 (Method 2) impacts can be expected globally. The

slope of the cumulative impact rate is approximately consistent with that of the Hartmann

isochron and the slope determined by Daubar et al. (2022).

Method 2 predicts 4 out of 5 crater diameters correctly, compared to 3 out of 5 when using

Method 1, implying that it is more appropriate for VF events dataset than Method 1. The

differences between results of the two methods can be attributed to the difference in estimating

the impact momentum for each event. In Method 1, the impact momentum (and therefore

crater diameter) is estimated from a scaled amplitude at 2.4 Hz. Fig. 4.11 shows that there is

some scatter in the impact data, which suggests that the scaling factor may not be a constant

for all VF events, and may depend on the exact subsurface structure at each impact site. It is

however difficult to predict its exact effects. Future studies should aim to reprocess the InSight

data and extract the P-wave amplitude at the required frequency to test this relationship. On

the other hand, Method 2 relies on a scaling relationship between seismic moment and crater

diameter, calibrated by the confirmed VF events. Fig.4.13 shows that the data follows the same

trend as the numerical modelling results, but the exact relationship will vary slightly depending

on the subsurface structure.

The cumulative rate determined using Method 2 is within error bars of the Hartmann (2005)

isochron. Assuming that the isochron represents the true rate of meteorite impacts on Mars,

this implies that Method 2 provides a more robust workflow for estimating crater sizes from
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seismic events than Method 1. The differences in the incremental rate can be explained by

small number statistics, as the entire dataset considered here consists of only 57 events. On

the other hand, Method 1 predicts an impact rate higher than the Hartmann (2005) isochron,

which could imply that the scaling factors used to account for the difference in proximity to

the asteroid belt and atmospheric effects between the Moon and Mars should be revised.

The method of using orbital observations to derive crater rates introduces several biases. Firstly,

it assumes that all of the craters in the imaged area have been identified. According to

Sidiropoulos and Muller (2015), only 61% of the martian surface has been imaged three or

more times, with resolution finer than 20 m/pixel. This implies that many craters are likely

missed by the orbital observations. Orbital detections of new craters are restricted to dusty

areas, in which the low-albedo halo can be easily seen. Even in these areas topographic fea-

tures, such as crater rims or shadow zones in interiors, may cause halos around some craters

to be missed by human eye. This is further illustrated by novel machine learning techniques

that have identified previously overlooked new craters in CTX data (Wagstaff et al., 2022).

Additionally the orbiters do not take images of the same area at consistent intervals, meaning

crater formation time can only be constrained to within months or years. This introduces

further complication and could imply a systematic error in determining the ATF needed for

scaling impact rates.

Seismic detections are independent of halo visibility of new craters and we can assume that

all impacts above the detectability condition in the region around the receiver are detected.

Seismic detections are also able to provide a more exact impact time. However, recognising

impacts in seismic data unambiguously is challenging, as tectonic and impact generated events

can be very similar in character. Additionally, seismic detectability of impacts is dependent on

the noise level at the receiver, which has been shown to vary with time of day and season. The

detectability is also sensitive to specific impact conditions, such as impact angle and potential

atmospheric breakup, which were not investigated here.

Why so many more impacts were detected in the second year of InSight’s operations than the

first is debated. This is especially prominent given that two largest impacts recorded in the 16
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years since MRO operations began (>100 m) were discovered just three months apart (Posiolova

et al., 2022). The higher impact rate predicted by the VF events detected by InSight compared

to both orbital imaging and isochron estimates could imply a recently increased impact rate.

This could be related to a recent asteroid breakup in the vicinity of Mars, a comet stream,

or a large impact into one of Mars’ natural satellites causing ejecta to impact Mars. Such

temporarily increased impact rate would not would not necessarily be reflected by crater counts

from orbital imaging as temporal constraints on crater formation are usually long, of the order

of months or years. The 1-year isochron is derived by assuming an unchanged impact rate over

the most recent 1 Gy, so any short terms fluctuations in impact rate would not be reflected in

those estimates. Further uncertainty is introduced by the scaling factor used to extrapolate

lunar crater counts to Mars, to account for Mars’ proximity to the asteroid belt.

The fact that the impact rates implied by the rate of VF events are higher than observation-

based estimates suggests that if all VF events are impact related, then seismology can be a more

effective tool for measuring the rate of meteorite impacts on Mars than orbital imaging alone.

Furthermore, the cumulative seismic rates do not show a significant roll-off that is seen the

orbital imaging based rate. This implies that InSight is able to detect smaller impacts than the

resolution of satellite cameras permits, giving a better insight into the smallest crater production

rate. However, at present, orbital imagery is necessary to identify an impact-generated seismic

event unambiguously. Orbital images also provide important details of the source properties,

which further inform the seismic analysis. If future missions to Mars establish more seismic

stations on the planet’s surface, the dataset of impact-generated seismic events can be expanded

and the uncertainty in impact rate can be further reduced.
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4.4 Conclusions

This chapter uses empirical peak P-wave amplitude scaling relationships to update pre-landing

detectability estimates for impacts on Mars. P-wave amplitudes for impacts on Mars, Earth and

the Moon scaled by impactor momentum show a clear trend with distance, where amplitude

falls as x−1.56. Compared with pre-landing approach of Teanby (2015), where the peak P-wave

amplitude was scaled by impact energy, this approach implies that impacts smaller than 30 m

in diameter are less detectable, but impacts producing craters larger than 30 m in diameter are

more seismically detectable. The momentum-based approach also appears to be more consistent

with the combined satellite observations of new craters and the seismically detected impacts

(Fig. 4.10).

The unique properties of the VF family of events, and the fact that all nearby impacts detected

by InSight to date belong to this family, imply that more or even all of those events could be

impact related. This chapter presented two methodologies for predicting crater sizes of seismic

events. Method 1 is based on converting peak P-wave amplitude into crater diameter using

the amplitude-distance scaling relationship combined with pi-group crater scaling. Method 2

uses seismic moment magnitudes determined for the VF events, instead of amplitudes, and

converts them into crater diameters using a scaling relationship based on simulation results

from Chapter 3.

Method 1 predicts a slightly wider range of crater sizes (3-40 m) than Method 2 (3-30 m), leading

to a higher and steeper impact rate than Method 2 and previous theoretical and observational

estimates. When the cumulative impact rate is approximated with a power law of the form:

N(≥ D) = kD−b, the distribution of VF events returns k = 9.4× 10−4 and b = 2.64. Method 2

on the other hand predicts an impact rate higher than the observational estimates but consistent

within uncertainty with the Hartmann (2005) 1-year isochron. When approximated with a

power law expression Method 2 returns k = 4.2× 10−4 and b = 2.29. Whilst Method 1 predicts

a steeper impact rate than Method 2, both gradients are comparable with previous estimates.

These results show that seismology is a robust tool for measuring impact rates. Future seismic-
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based missions to Mars and other bodies will improve upon this set of impact detections and

provide more insight into the impact rates across the Solar System.



Chapter 5

Frequency content of impact-generated

seismic signals

Parts of this chapter are based on Lunar and Planetary Science Conference abstract Wójcicka

et al. (2022).

5.1 Introduction

5.1.1 Motivation and Aims

As described in previous chapters, identifying impacts in seismic data from Mars has proven

challenging. This can be partially explained by the complex relationship between the sig-

nal/source properties and the impact properties. Some properties of seismic waves at very

short timescales after the impact were linked to impact parameters in Chapter 3. However,

one of the key properties used to classify seismic events on Mars, which was not considered in

previous chapters, is the frequency content of the signal. This depends on a combination of the

frequencies generated at the source and the properties of materials along the propagation path

of the waves from source to the receiver.

142
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In Daubar et al. (2018) the authors determined that impacts could follow the ‘−2 model’,

where the frequency spectrum is flat up to a cutoff frequency, and then decays with a power

of −2 (described in more detail in Sec. 5.3 and shown in Fig. 5.2). Alternative models, such

as the GL model, have shown that the high frequency decay may instead be proportional to

f−3. Depending on the form of the source time function used, the spectrum could show a high

frequency overshoot, where the spectrum is flat at low frequencies, then increases to a peak

amplitude at the cutoff frequency before sharply decaying at higher frequencies (Lognonné et

al., 2009). Previous studies Gudkova et al. (2011) and Gudkova et al. (2015) used seismic data

of impacts on the Moon to suggest that impacts exhibit a lower cutoff frequency when compared

with shallow moonquakes. However, they also found that the cutoff frequency heavily depends

on the geology of the impact site as well as the size of the impact. Schmerr et al. (2019)

found that impact clusters show a higher cutoff frequency than single impacts, implying inverse

dependence on impactor size.

Impact-generated seismic waves are also relevant to other bodies in the Solar System, such

as asteroids. Impact-induced seismic shaking is a phenomenon observed on small asteroids,

where the seismic waves generated during an impact event reverberate inside the target. These

reverberations can affect the surface morphology of asteroids sometimes erasing small craters

(Asphaug, 2008). Knowledge of the frequencies generated during impact is crucial to under-

standing this process. Richardson et al. (2020) used hydrocode simulations to generate synthetic

seismograms and their power spectra for a range of slow impacts onto a 1-km wide asteroid tar-

get. These numerical experiments provided further insight into the dependence of the frequency

content of impact-generated seismic waves on impactor size and target material.

This chapter aims to quantify the dependence of the frequency spectra of impact-generated

seismic waves on the impact momentum, velocity, size and target material. This study repre-

sents the first step in linking the spectra of signals recorded at InSight to impact properties.

Following the approach of Richardson et al. (2020), a suite impacts into a spherical asteroid

target are simulated. The main advantage of using a spherical target, over a half-space similar

to that used in Chapter 3 is the ability to track the seismic wave produced for a longer period

of time needed to generate a frequency spectrum, without contamination from nonphysical
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reflection from the mesh boundary. The final section presents the effect of applying a simple

attenuation model to estimate the expected frequency content at a much larger distance, more

relevant for Mars.

So far, 5 out of 7 impact detected by InSight were categorised as VF events, with the remaining

two distant large impacts classified as BB events. Whilst the previous chapter explored the

hypothesis that all VF events are impact related, it is important to consider the possibility that

impact-generated seismic signals could take very different forms depending on exact impact

conditions.

Since the frequency content is one of the main properties used to differentiate between different

types of marsquakes, it is also a key characteristic that may be used to identify impact-generated

signals in the data.

5.2 Modelling approach

In this study, the shock physics code iSALE2D is used to simulate a range of vertical impacts

onto a suite of spherical targets. All simulations use a two-dimensional simulation mesh in

cylindrical geometry. The spherical, asteroid-like target was chosen here to overcome compu-

tational difficulties related to simulating impacts-generated seismic waves for long periods of

time. Modelling wave propagation from source to far-field seismic signals using a shock-physics

code such as iSALE is very computationally expensive, as the mesh resolution is dictated by

the small (sub-metre scale) size of the impactor. This results in an intractable number of cells

across the simulation domain. A method like this also fails to account for the complex structure

of Mars’ interior. Furthermore, impacts onto a planetary surface are often modelled using a

half-space geometry, which introduces nonphysical reflections from the boundary that contam-

inate the seismic signal. Such simulations can therefore only be extended until the P-wave

reaches the mesh boundary, a timescale limited to usually less than 1 s for sub-metre to metre

scale impacts. In order to avoid these reflections, a spherical target resembling a small asteroid

can be used. The only reflections recorded in such geometry are due to the asteroid’s surface,
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which are physical and form part of the signal in this case. This study follows the approach of

Richardson et al. (2020), who simulated impacts onto an asteroid target with SALES2 (Amsden

et al., 1980; Collins et al., 2002; Collins et al., 2004) in order to investigate their frequency

spectra.

Table 5.1: Impactor radius (ri), vertical velocity (vi) and target material for simulations into
spherical asteroid targets. The first section contains simulation reproduced from Richardson
et al. (2020) (Sec. 5.2.1). The second section contains additional simulations used to investigate
the response of the frequency content to individual impact parameters.

Simulation Impactor radius, ri Vertical velocity, vi Target
number [m] [m s−1] material
4simple 2 100 elastic rock
60simple 30 100 elastic rock
4bedrock 2 100 intact rock
4fractured bedrock 2 100 fractured rock
4regolith 2 100 regolith
16bedrock 8 100 intact rock
60bedrock 30 100 intact rock
4800m/s 2 800 intact rock
46400m/s 2 6400 intact rock

The following sections describe two parts of this chapter: the benchmarking against these

original experiments (Sec. 5.2.1) and the extended suite of simulations used to determine the

seismic signal’s response to impact properties (Sec. 5.2.2).

5.2.1 Benchmarking against numerical experiments in SALES2

The first part of this study focused on reproducing two of the numerical experiments from

Richardson et al. (2020) with iSALE2D. The two scenarios simulated vertical impacts of im-

pactor diameters of 4 m and 60 m, onto a 1-km wide spherical target. These scenarios are listed

in the top section of Table 5.1 as simulations 4simple and 60simple, respectively. The iSALE2D

simulations in this work were run in Eulerian mode, where the material moves across a fixed

simulation grid. This is in contrast to SALES2, a Lagrangian hydrocode used by Richardson

et al. (2020), which distorts the simulation grid to follow material flow.

The impactor was resolved with 15 cells per projectile radius (CPPR) in the case of the 60 m

impactor, and with 10 CPPR in the case of the 4 m impactor. The target resolution and
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individual cell size depended on the size of the impactor. In the 60 m impactor simulation a cell

width of 2 m in each direction was used, resulting in the total simulation domain of 250 cells

in the horizontal direction and 500 cells in the vertical. In the smaller impactor simulation,

the cell width was 0.2 m in each direction resulting in a simulation mesh of 2500 (horizontal) x

5000 (vertical) cells. The state of field variables in the mesh was saved at regular time intervals.

In order to gain a higher temporal resolution record of wave propagation at a specific point

in the target material, a Lagrangian probe was placed 2 m under the surface at the equator of

the asteroid (Fig. 5.1). In particular, the probe measured displacement as a function of time,

acting as a virtual seismometer. The simulation ran for 2 seconds after the impact, and the

seismic wave was allowed propagate across the asteroid a number of times. Three snapshots

of the simulation scenario 4simple are shown in Fig. 5.1, where a P-wave front and the surface

wave front can be seen.

Figure 5.1: Three snapshots of a simulation of impact scenario 4simple (ri = 2 m, vi = 100 ms−1;
Table 5.1) into an asteroid. Seismic waves can be seen progressing across the simulation mesh.
The seismic signal is recorded using a virtual seismometer located at the equator of the target
(blue dot).

The two simulations in this section used an ‘elastic rock’ material model to represent both the

target and impactor, with parameters closely based on those used in the original study. This

model approximates an ‘infinitely strong’ rock and allows us to investigate the elastic response

of the asteroid. A Tillotson equation of state was adapted to match the specific parameters used
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in Richardson et al. (2020) (‘elastic rock’ in Table 5.2). The equation of state was combined

with the Lundborg strength model (Lundborg, 1968). This material model is suitable to study

low velocity impacts, such as those reproduced from Richardson et al. (2020). Richardson et

al. (2020) employed such low speeds in order to ensure stability of the Lagrangian simulation

mesh in SALES2 and to investigate the elastic behaviour of the target material. Whilst these

velocities are significantly smaller than those typical for impacts on Mars, Richardson et al.

(2020) and Richardson and Kedar (2013) argued that impact velocity does not significantly

affect the frequency content generated. For consistency with Richardson et al. (2020) most

of the impact scenarios simulated here have impact speed of 100 m/s, however two additional

speeds are also investigated to examine their effect on the produced spectra.

Table 5.2: Tillotson EoS input parametersa for basalt used in this work.

Material ρ0 a b A B E0 α β Eiv Ecv

[kg m−3] [GPa] [GPa] [MJ/kg] [MJ/kg] [MJ/kg]

Basaltb 2860 0.5 0.8 19.3 29.3 4.87 5 5 4.72 18.2
Elastic basalt c 2200 0.0 0.0 4.89 0.00 0.00 0.00 0.00 2×1099 2×1099

a For parameter descriptions see Tillotson (1962)
b Based on parameters given in Benz and Asphaug (1999),
but with revised reference density ρ0, bulk modulus A, b and B parameters.
c Based on parameters used in Richardson et al. (2020).

5.2.2 Extended range of scenarios

In order to determine the effects of impactor and target properties on the frequency content of

impact-generated seismic waves, a suite of additional simulations was run, where impactor size,

velocity and target material were varied. A full list of impact scenarios is listed in the bottom

section of Table 5.1.

This study considered three target materials (in addition to the idealised elastic material):

porous regolith, fractured rock and intact rock, which were previously used to simulate small

impacts on Mars in Wójcicka et al. (2020) and Raǰsić et al. (2021). The full list of parameters

used is shown in Table 5.3. The volumetric response of the target was described with an

analytical Tillotson equation of state for basalt (see ‘Basalt’ in Table 5.2 in this thesis and

Tillotson, 1962), combined with Lundborg strength model (Lundborg, 1968) in ‘regolith’, or
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Table 5.3: Impactor and target material properties.

Impactor Target
Parametera Non-porous Elastic Intact Fractured Porous

rock rockb rockc rockc regolithd

Bulk density [kg m−3] ρ0 2860 2200 2860 2150 1589
Bulk sound speed [m s−1] cB 2598 1491 2598 1559 857
P-wave speed [m s−1] cP 3302 2000 3302 1981 1100
S-wave speed [m s−1] cS 1764 1154 1764 1059 583
Bulk modulus [GPa] K0 19.3 4.89 19.3 5.22 1.17
Shear modulus [GPa] G0 8.9 2.93 8.9 2.41 0.54
Poisson ratio ν 0.3 0.25 0.3 0.3 0.3
LUNDD strength model parameters
Internal friction coefficient µ 0.7 0.6 - - 0.6
Limiting strength [GPa] Ym 1 1×1090 - - 0.25
Cohesion [kPa] Y0 5 1×1090 - - 5
ROCK strength model parameters
Internal friction coefficient (damaged) µd - - 1.2 0.67 -
Limiting strength (damaged) [GPa] Ydm - - 3.5 0.17 -
Cohesion (damaged) [kPa] Yd0 - - 10 0.2 -
Internal friction coefficient (intact) µi - - 1.2 1.8 -
Limiting strength (intact) [GPa] Yim - - 3.5 0.17 -
Cohesion (intact) [kPa] Yi0 - - 10 0.2 -
ϵ− α porosity model parameters
Initial distension α0 1 1 1 1.33 1.8
Initial porosity ϕ0 0 0 0 0.25 0.44
Elastic compaction threshold ϵe - - - −4 × 10−4 −2 × 10−4

Transition distention αx - - - 1.1 1.2
Exp. compaction rate κ - - - 0.98 0.98
Sounds speed ratio χ - - - 0.60 0.33
aDescriptions of material model parameters can be found in
Collins et al., 2004; Wünnemann et al., 2006; Collins et al., 2011.
b Material model based on Richardson et al., 2020.
c Material model based on Raǰsić et al., 2021
d Material model based on Wójcicka et al., 2020

ROCK strength model (Collins et al., 2004) in ‘intact rock’ and ‘fractured rock’. The porous

materials (‘fractured rock’ and ‘regolith’ in Table 5.3) also used an ϵ − α compaction model.

Because the results of this works are intended to be extrapolated specifically to Mars, the ‘intact

rock’ was chosen as the default target material. Both impact scenarios from the previous section

were repeated in this target (4bedrock and 60bedrock). The range of impactor sizes expected to be

the most relevant for InSight are between few centimetres to ∼2 m in diameter (Daubar et al.,

2018; Wójcicka et al., 2020). Simulating impacts of this size at a reasonable resolution would

require a very large number of cells, rendering the simulation time unsustainable. Instead,

the 4-m impactor was chosen as the benchmark scenario. The recorded response to different
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impact parameters can be used to infer the frequency spectrum of impactors in the range more

appropriate for Mars.

To investigate the effects of impactor size on the frequency spectrum, the impact scenarios list

was extended to include an intermediate impactor radius of 8 m (16bedrock in Table 5.1). To

determine the effect of target material scenario 4bedrock was then repeated in the remaining two

target variants. The response of the frequency spectrum to impact velocity was studied by

increasing impact speed of scenario 4bedrock to 800 m/s and 6400 m/s.
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5.3 Methods

This section describes the data processing methods used to calculate frequency spectra of

displacement seismograms recorded for impact scenarios in this study. To illustrate the data

analysis procedure the two simulations reproduced from Richardson et al., 2020 are used: 4simple

and 60simple (Table 5.1).

5.3.1 Benchmarking against numerical experiments in SALES2

As described in Sec. 5.2, for each simulation a Lagrangian probe placed at the equator 2 m

below the surface. The probe measured displacement as a function of time, saving the data

at every time step of the simulation. In iSALE, the time step length varies throughout the

simulation according to the Courant–Friedrichs–Lewy (CFL) condition, where the timestep is

limited to the time for a sound wave to travel across 1
5

of the smallest cell dimension in the

simulation domain. For the purposes of time series analysis it is important that samples are

equally spaced in time, hence the output time series was down-sampled to dt = 2 × 10−4 s,

resulting in a total of 15,000 samples. This was chosen to match the temporal resolution used

in Richardson et al. (2020).

Figures 5.3(a) and (c) show the resulting horizontal and vertical displacement seismograms for

the 4-m and 60-m impact, respectively. For the smaller impact scenario, the first (P-wave)

arrival is seen at ∼0.3 s, followed by an S-wave at ∼0.6 s and a surface (Rayleigh) wave at

∼0.75 s. In the case of the 60-m impact, the seismic amplitudes are significantly higher and

it can be qualitatively seen that the frequency of the signal is much lower than in the case of

the smaller impactor. This suggests that the frequency content is inversely proportional to the

impactor size. The seismogram is dominated by the surface wave and hence it is difficult to

resolve individual arrivals.

Figures 5.3(b) and (d) show the power spectra of the seismograms in a and c, respectively,

compared with the vertical spectra of Richardson et al. (2020). The Power Spectra Density
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(PSD) is calculated for each seismogram between 0.5 to 2500 Hz with frequency resolution of

0.5 Hz are calculated using Welch’s PSD method with 50% overlap between Hanning-windowed

segments.

In order to quantitatively investigate the dependence of the power spectrum on impact con-

ditions, the PSD is assumed to follow a ‘−2 model’, where the amplitude in the frequency

domain remains ‘flat’ until a ‘corner frequency’ fc (Brune, 1970; Aki and Richards, 2002). For

frequencies higher than fc, the spectrum amplitude decreases as f−2, defined by the following

equation:

A(f) =
A0

1 + f2

f2
c

(5.1)

where the constant A0 is the low frequency plateau amplitude in mHz−1/2, that is linked to the

seismic moment. By using this simple expression, the PSD can be expressed with just 2 free

parameters: A0 and fc, as illustrated in Fig. 5.2.

The smaller impact shows a higher corner frequency of about 200 Hz and significantly more

energy than the SALES2 simulation at higher frequencies beyond 200 Hz. This can be attributed

to high-frequency noise recorded in the iSALE simulation, which could have been caused by the

higher spatial resolution used in the iSALE simulation compared with the SALES2 simulation.

The normalised power spectrum is consistent with the results of Richardson et al. (2020) at

low frequencies, whilst showing slightly higher corner frequency and more energy at higher

frequencies. The larger impact shows a frequency content consistent with Richardson et al.

(2020), with corner frequency of approximately 10 Hz. In this case, the spectrum shows much

less energy at frequencies beyond 100 Hz compared with the results of Richardson et al. (2020).

This could reflect the fact that the 60-m impact was simulated with a much larger cell size than

the one used in the SALES2 simulation.
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Figure 5.2: A normalised power density spectrum represented by equation 5.1. The amplitude,
measured in m, has been normalised by A0 (the low frequency amplitude plateau) and frequency
has been scaled to fc (the corner frequency). The fc is marked with the red circle, and is
equivalent to where the amplitude has decreased by a factor of

√
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Figure 5.3: Vertical (black lines) and radial (grey lines) seismograms recorded from iSALE
simulation of (a) a 4-m impact and (c) 60-m impact, reproduced from Richardson et al., 2020,
and their respective normalised power spectra (b) and (d). The power spectra and the seismic
trace for the smaller impact are compared with numerical simulations results from Richardson
et al. (2020) (dashed lines) for the same impact scenario recorded in the vertical component.
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5.3.2 Extended range of scenarios

The same procedure, as described the in the previous section, for extracting the seismic record

from iSALE output and computing its PSD was followed when processing the remaining sim-

ulations in this chapter.

A least squares regression was performed on all 7 simulations in the bottom section of Table

5.1 to find the best fit values both parameters in equation 5.1. Fig. 5.4 shows the displacement

in both radial and vertical directions for the example simulation 4bedrock. The R2-values for

this scenario were 0.90 and 0.96, respectively, indicating a good fit to data.
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Figure 5.4: The horizontal (a) and vertical (b) PSD recorded at the equator of the 1-km wide
asteroid for the 4-m impactor striking an intact bedrock target at 100 ms−1. Each component
was fitted with equation 5.1 and least squares results are shown as red lines on both panels.
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5.4 Results

The post-processing methodology described above was repeated on the remaining simulations

in Table 5.1. The power spectrum measured at the equator was characterised for each impact

scenario using the two parameters in equation 5.1 and the complete results are shown in Table

5.4.

Table 5.4: Complete results for all simulations.

Simulation Impact momentum Impact energy Corner frequency Low-frequency amplitude
pi [kgm/s] Ei [J] fcx [Hz] fcy [Hz] A0x [mHz−1/2] A0y [mHz−1/2]

4bedrock 9.6×106 4.8×108 43.2 ± 0.6 50.3 ± 1.0 (1.31 ± 0.01)×10−6 (1.07± 0.02)×10−6

4fractured bedrock 9.6×106 4.8×108 10.6 ± 0.1 12.5 ± 0.2 (3.78 ± 0.01)×10−6 (1.25 ± 0.03)×10−6

4regolith 9.6×106 4.8×108 2.3 ± 0.1 1.6 ± 0.1 (5.78 ± 0.06)×10−6 (9.57 ± 0.10)×10−6

16bedrock 6.2×108 3.1×1010 8.4 ± 0.1 10.2 ± 0.1 (4.95 ± 0.03)×10−5 (2.23 ± 0.01)×10−5

60bedrock 3.3×1010 1.6×1012 3.7 ± 0.1 5.8 ± 0.1 (1.17 ± 0.01)×10−3 (2.97 ± 0.05)×10−4

4800m/s 7.7×107 3.1×1010 17.8 ± 0.2 27.0 ± 0.4 (1.59 ± 0.01)×10−5 (5.63 ± 0.06)×10−6

46400m/s 6.2×108 1.2×1012 4.9 ± 0.1 6.8 ± 0.1 (3.05 ± 0.01)×10−4 (1.69± 0.02)×10−4

Fig. 5.5 shows the approximated frequency spectra, fitted using equation 5.1, with the best-

fit corner frequency and long-period amplitudes listed in Table 5.4. The R2 values for all

simulated scenarios ranged between 0.82 - 0.98 indicating a good fit. In particular, all signals

closely followed a high frequency fall-off proportional to f−2. Each panel shows the response

of the signal to a single impact parameter, with all the other parameters kept constant. The

behaviour of each parameter in equation 5.1 with respect to impactor and target properties

were quantified by least squares approximations shown in Fig. 5.6 and 5.7.

The results show that the larger the impactor size, the lower the corner frequency of the

spectrum (Fig. 5.5a). This is consistent with the observations of Richardson et al. (2020) and

simulations reproduced from that study in the first part of this chapter. Increasing the impactor

radius by a factor of 4 results in corner frequency lower by a factor of ∼2.5 and 4 in the horizontal

and vertical directions, respectively. The impactor in scenario 60bedrock has the highest kinetic

energy, so more energy is transferred into the seismic signal, which is illustrated by the larger

area under the displacement spectrum in Fig. 5.5a. Figure 5.6a shows a least-squares fit to the

corner frequency for those three impact scenarios. The vertical and horizontal corner frequency

follows a clear power law with impactor size, with the vertical component decreasing at a faster
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(a) Effect of impactor size

D = 4 m, v = 100 m/s, rock; 
 fcy = 50 Hz; fcx = 43 Hz
D = 16 m, v = 100 m/s, rock; 
 fcy = 10 Hz; fcx = 8 Hz
D = 60 m, v = 100 m/s, rock; 
 fcy = 6 Hz; fcx = 4 Hz
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(b) Effect of impactor velocity

D = 4 m, v = 100 m/s, rock; 
 fcy = 50 Hz; fcx = 43 Hz
D = 4 m, v = 800 m/s, rock; 
 fcy = 27 Hz; fcx = 18 Hz
D = 4 m, v = 6400 m/s, rock; 
 fcy = 7 Hz; fcx = 5 Hz
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(c) Effect of target material

D = 4 m, v = 100 m/s, rock; 
 fcy = 50 Hz; fcx = 43 Hz
D = 4 m, v = 100 m/s, fractured rock; 
 fcy = 13 Hz; fcx = 11 Hz
D = 4 m, v = 100 m/s, regolith; 
 fcy = 2 Hz; fcx = 2 Hz

Figure 5.5: Power spectrum density approximations for simulations in Table 5.1, showing the
effects of individual impact properties: (a) impactor size, (b) impact velocity, (c) target mate-
rial. The solid lines show the vertical component and the dashed lines represent the horizontal
component of ground motion.
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Figure 5.6: Vertical (circles) and horizontal (squares) corner frequency as a function of each
investigated parameter: (a) impactor size, (b) impact velocity, (c) target material represented
by the P-wave velocity for porous regolith, fractured bedrock and intact bedrock, as shown
in Table 5.3. Dashed and dotted lines show a least squares fit to vertical and horizontal
components respectively.

rate than the horizontal and being approximately inversely proportional to ri.

Secondly, the higher the impact velocity, the lower the corner frequency of the impact-generated

seismic signal. Figure 5.5b shows increasing the impact velocity by a factor of 64 (from 100 ms−1

to 6400 ms−1), for meteorites of the same size (ri = 2 m) reduced the corner frequency of the

displacement signal by a factor of 4.5 in horizontal component and a factor of 4 in vertical

component. This is in contrast to previous studies Richardson and Kedar (2013) and Richardson

et al. (2020), who suggested that the corner frequency is independent of impact velocity. As
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shown in Fig. 5.6b the corner frequency follows a power law with impact velocity, similar to

the relationship with impactor radius. The corner frequency decreases with vi at a slower rate

than with ri, suggesting that the effect of impactor size is dominant.

The final impact parameter considered here is the target material. Figure 5.5c shows that

impacts onto a more porous and less cohesive target exhibit a lower corner frequency. Whilst

the overall energy in the signal is higher for impacts onto non-porous bedrock (due to higher

seismic efficiency, see Raǰsić et al. (2021)), the energy is distributed across broader range of

frequencies, up to ∼100 Hz. Impacts onto porous regolith transfer less energy into the seismic

signal, but majority of the energy is concentrated at low frequencies below 3 Hz. As shown in

Fig. 5.6, both vertical and horizontal corner frequency scales as a power law with the P-wave

velocity in the target material, with the vertical component increasing at a steeper rate than

the horizontal.

The scaling relationships shown in Fig. 5.6 allow for extension of this work to a range of other

impact scenarios. For a nominal impact scenario, where an impactor of radius ri strikes a target

of P-wave velocity cP at vertical velocity vi, the vertical corner frequency can be calculated by

combining the effects of the three parameters studied here. The corner frequency can be scaled

from scenario 4bedrock by a series of scaling factors:

fcy,(ri,vi) = fcy,(2 m,100ms−1) ×
( ri

2 m

)−1.05

×
( vi

100 ms−1

)−0.38

×
( cP

3302 ms−1

)2.77

, (5.2)

where ri is given in m, vi in ms−1 and cP in ms−1.

In the horizontal direction this equation becomes:

fcx,(ri,vi) = fcx,(2 m,100ms−1) ×
( ri

2 m

)−1.12

×
( vi

100 ms−1

)−0.46

×
( cP

3302 ms−1

)2.73

. (5.3)

These scaling relationships can be used to predict the approximated power spectrum for a given

impact, based on its properties relative to those of scenario 4bedrock, measured at a distance of

800 m.
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The long period plateau amplitude is inherently related to seismic moment, which was found

to scale almost linearly with impact momentum (Chapter 3). Consequently, it follows that A0

should also scale with impact momentum. Fig. 5.7 shows the horizontal and vertical A0 as

a function of impact momentum for all simulations. The least squares approximation for the

relationship between amplitude and impact momentum is given by:

A0y = 1.13 × 10−11p0.77i , (5.4)

in the vertical component. Analogously, in the horizontal direction this relationship becomes:

A0x = 3.96 × 10−12p0.83i . (5.5)
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Figure 5.7: Vertical (circles) and horizontal (squares) low frequency amplitude A0 as a function
of impact momentum for all simulated scenarios. Dotted and dashed lines show a least squares
fit to vertical and horizontal components respectively.
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Whilst a clear trend can be seen where A0 in both components increases with increasing impact

momentum, there is some variation due to other impact parameters. For impacts of the same

momentum into a porous regolith target, the amplitude of the low-frequency signal (measured

in displacement) is up to 10 times higher than for an impact into intact bedrock. Therefore, the

resulting scaling relationship, which was derived from results of impacts into all targets, is the

most appropriate for impacts into the intermediate strength, fractured bedrock material. In

the case where impact momentum (6×108 kgms−1) and target material (intact bedrock) are the

same, but one impactor is larger (16bedrock) and the other faster (46400m/s), the faster impact

will generate the higher amplitude. In this case the amplitude is approximately 1 order of

magnitude higher, which suggests that more impact scenarios need to be simulated.

5.4.1 Frequency content of impacts at large distances and implica-

tions for InSight

The previous section presented an investigation of the effects of individual impact parameters

on the displacement spectra measured at ∼ 800 m from impacts that produce craters up to

100 m in diameter. To date, the closest marsquake recorded by InSight (event S1034a) was

estimated to be at a distance of 0.8 ◦ (≈50 km) from a crater ≈ 9 m in diameter, implying that

real seismic impact detections are likely to emanate from sources at much larger distances than

those used in simulations in this chapter. At such distances other factors that influence the

frequency content and amplitude of the signal become significant. This section investigates how

signals produced by small impacts would vary if the propagation distance was extended.

In late 2021, four Very High Frequency (VF) events recorded by InSight (S0533a, S0793a,

S0981a, S0986c following standard MQS nomenclature) were attributed to impacts (Garcia et

al., 2022). These events are the first impacts to be seismically detected on another planetary

body outside Earth and the Moon, and as such offer a unique opportunity to test the scaling

relationships presented in this chapter. Statistical modelling of the atmospheric passage of

meteoroids was performed to determine the most likely meteoroid parameters responsible for

the the observed crater size, as detailed in the previous chapter (Table 4.1 in this thesis, and
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Garcia et al., 2022). Two of these impact events (S0793a and S0986c) are considered in this

chapter for the purpose of comparison to modelling results.

Firstly, a simple geometric spreading factor is applied, assuming that the amplitude of seismic

waves decreases as 1/x, where x is distance in km. This factor results in decrease of A0 with

propagation distance. To account for effects of attenuation, an average quality factor Q, defined

in seismology as a measure of energy loss per oscillation cycle, is assumed to be between 2000–

3500 for martian crust (Garcia et al., 2022). The crust is the most relevant here as impacts

are superficial sources, which results in trapping of seismic waves in the crust. Moreover, the

impact events considered here are located in close proximity (< 40◦) to InSight, and hence the

propagation path is likely to be dominated by the crust.

When the two effects described above are combined, the spectra in this work A1(f, x1), recorded

at a distance x1 away from the source, can be scaled by the following expression to compute

the amplitude spectrum A2(f, x2) at a distance x2:

A2(f, x2) = A1(f, x1)
x1

x2

e
−πf(x2−x1)

cQ (5.6)

where c is the wave velocity, assumed assume to be a constant value of 4000 ms−1 (Garcia et al.,

2022).

Fig. 5.8 shows an example of applying the above equation to scenario 46400m/s, which approxi-

mates an impact into an intact bedrock target. The amplitude is reduced across all frequencies.

At low frequencies, attenuation can be considered negligible and the amplitude decrease is pri-

marily due to geometric spreading, whilst at high frequencies attenuation is the dominant effect.

The resulting spectra suggest that at 1000 km such an impact would be expected to produce

seismic signal containing frequencies smaller than 10 Hz.

Each HF-family event recorded by InSight is approximated with the following expression:

A(f) = A0,receiver
1

1 +
(

f
fc

)2 e
−πft∗ , (5.7)
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Figure 5.8: Power spectrum density scaled with distance from source for a 4-m impactor striking
an intact bedrock target at 6.4 kms−1. The seismic signal is measured at a distance of 800 m
(black line). It is scaled using equation 5.6 to distances: 10 km (purple lines), 100 km (green
lines) and 1000 km (yellow lines). The shaded areas represent the range of amplitudes possible
due to the range of quality factors used.

where A0 represents the low frequency plateau in mHz−1/2, fc is the corner frequency of the

source and t∗ is a parameter accounting for attenuation of high frequency as the seismic waves

travel through the planet. t∗ ranges from 0.05 to 0.5 s for VF events (Böse et al., 2021).

Additionally, events in the HF family contain an amplified peak at 2.4 Hz of amplitude A2.4Hz.

This peak is separately fitted with the expression for Lorentz curve:

u(f) =
A2.4Hz

1 +
(

f−f0
w

)2 , (5.8)

where f0 = 2.4 Hz is the central frequency of the peak and w is the width of the peak.

Event S0793a was determined to be associated with a 3.9 m crater formed 91 km away from the

lander. The most probable impactor radius was determined to be 0.096 m with vertical impact

velocity 2807 ms−1 (see Table 4.1 in this thesis or Garcia et al., 2022, for list of other properties).

Using the scaling relationship 5.2 determined in previous section, the vertical corner frequency
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for S0793a at a distance of 800 m away from source is estimated to be 344 Hz for an impact

in intact bedrock, 82 Hz in fractured bedrock and 18 Hz in porous regolith (dashed lines in

Fig.5.9a). The low frequency plateau amplitude A0y = 1 × 10−7 mHz1/2 for an impact onto

a fractured bedrock target. Due to the spread of data for various target materials, a factor

of 2 difference in amplitude was assumed between fractured and intact bedrock, and between

fractured bedrock and porous regolith targets. When the simple attenuation scaling is included,

the vertical corner frequency range becomes: 5 Hz–10 Hz. The low-frequency amplitude is

lowered to A0,receiver = 8 × 10−10 mHz1/2 for a fractured bedrock target. The final spectra

are shown as solid lines and shaded areas in Fig. 5.9a. The power spectrum of the signal

measured at InSight is shown for comparison as a black solid line. The fcy range predicted

here is slightly (approximately a factor of 2) higher than the measured corner frequency for this

event (2.2 Hz). The amplitudes predicted for all three target materials here are between 1–1.5

orders of magnitude larger than the measured amplitudes.

Event S0986c was associated with a crater cluster discovered 85 km away from InSight, with

an effective diameter of 6.1 m (see Table 4.1). The most probable impactor radius to produce

the largest crater in the cluster (5.7 m) was determined to be 0.152 m with vertical impact

velocity of 2068 ms−1 (see Table 4.1 in this thesis or Garcia et al., 2022, for list of other

properties). The estimated corner frequency for event S0986c at a distance of 800 m is 240 Hz

for an impact in intact bedrock, 57 Hz in fractured bedrock and 13 Hz in porous regolith (dashed

lines in Fig. 5.9b). The low frequency plateau A0y = 3 × 10−7 mHz1/2 for an impact onto a

fractured bedrock target. When the attenuation scaling is included the vertical corner frequency

becomes: 5–20 Hz, depending on target material. The low-frequency plateau amplitude becomes

A0y = 1.5 − 6 × 10−9 mHz1/2. The final spectra are shown as solid lines in Fig. 5.9a. The fcy

values are comparable with the measured corner frequency for this event (10 Hz). For this

event, the amplitudes predicted in this chapter are also approximately two orders of magnitude

larger than those measured at the landing site.

The differences in the case of S0986c could be attributed to the complexity of the cluster

event, which contained over 7 craters (Garcia et al., 2022). The above calculation only takes

into account the largest crater in the observed in the cluster, whilst seismic signals generated
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by crater clusters are expected to show higher frequency content than those of single craters

(Schmerr et al., 2019). Future studies should improve on this result for more complex impact

events, such as clusters or very oblique cases.

Whilst for both impacts considered here the corner frequencies are predicted in the correct

range compared to measured signals, the amplitudes predicted are significantly higher than

those measured by InSight. This effect is the opposite to the results of Chapter 3, which found

that the seismic moment amplitudes derived from numerical source simulations are consistently

lower than those measured by InSight. A possible explanation for the discrepancy is the fact

that the seismograms used to produce the spectra in this chapter include a surface wave, of

several times higher amplitude than the P and S waves. No surface wave was recorded by

InSight for the seismic events considered above. Because of the short time separation between

seismic phases, it would be difficult to separate this part of the signal from the rest in the

simulated seismograms. Additionally, in order to produce spectra spanning a wide range of

frequencies, the total length of signal of 2 seconds was required. This could have increased the

value of A0 in the simulated scenarios. Future studies should further investigate the frequency

content of specific seismic phases generated during impact.
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Figure 5.9: Predicted power spectrum densities for two of the recently detected impact events:
(a) S0793a, produced by a 3.9-m crater 91 km away from InSight, and (b) S0986c, caused by a
crater cluster formed 85 km from InSight. The dashed coloured lines show the predicted PSD
at 800 m from the source, whilst the solid lines mark the predicted PSD at the true distance
between impact crater and InSight (91 and 85 km, respectively). The shaded area shows the
variation in amplitude with the range of Q values used here.

InSight’s seismic package Seismic Experiment for Internal Structure (SEIS) consists of two
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seismometers: Short Period (SP) and Very Broad Band (VBB). The sensitivity range of these

sensors extends from 0.01 Hz to 50 Hz. The noise levels at the lander’s location vary over the

course of day, with quietest time in the early evening until midnight Local Mean Solar Time

(LMST) (Lognonné et al., 2019). The lowest noise is observed at frequencies between 0.1 -

1 Hz. At higher frequencies the noise increases significantly, due to the lander noise excited by

wind. This study has shown that sub-metre-scale impacts are likely to deposit a large portion

of their seismic energy into the high frequencies of the order of 10 Hz, or higher if the source

is in denser material such as bedrock. This could lead to lower than expected detectability

of impacts in a number of ways. Firstly, high-frequency signals are likely to be more heavily

attenuated over large distances, with less overall energy arriving at the receiver, making those

signals less detectable. Secondly, even for a local event where attenuation effects are small,

the amplitude of the signal needs to be higher to be detectable, due to higher noise at short

periods. This suggests that impacts of sub-metre to metre scale are less likely to be detectable

at InSight than larger, less frequent impacts.

Recent work has shown that impacts onto less porous and stronger targets transfer more of their

kinetic energy into seismic waves (Güldemeister and Wünnemann, 2017; Raǰsić et al., 2021).

Such impacts would produce higher amplitude seismic waves and hence be more detectable

than impacts onto porous regolith targets. However, simulations in this chapter show that,

whilst more energy is transferred to the seismic waves in impacts onto exposed bedrock, the

additional energy is deposited into higher frequency oscillations (above 10 Hz). This means

that the low frequency amplitude plateau (A0) is likely to be lower for an impact of the same

energy onto bedrock than porous regolith. These results could partially explain lack of impact

detections in the first year of observations.
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5.5 Conclusions

This study used a suite of iSALE shock physics code simulations to compute displacement

frequency spectra for several impact scenarios. The impacts considered were onto a 1-km wide

spherical asteroid. The displacement recorded by a virtual seismometer was measured at a

distance of ≈800 m away and the resultant power spectrum approximated with a two-parameter

expression. The first part of this study was used to benchmark iSALE results against those

from previous numerical experiments (Richardson et al., 2020).

Individual effects of impact parameters on the frequency spectrum were determined by varying

impactor radius (2–30 m), impact velocity (0.1–6.4 kms−1) and target material properties (intact

bedrock, fractured bedrock and porous regolith). The corner frequency of the spectrum is found

to increase with target bulk density and decrease with impact speed and impactor size. The

long period amplitude is found to increase with impactor momentum and target bulk density.

Impacts into less porous targets have higher seismic efficiency, however, due to their higher

corner frequency the long period amplitude is lower than that of the same impact into a more

porous target. Higher frequencies, generated by impacts into denser targets, are also more

attenuated at large distances. This implies that impacts into porous targets could be detectable

at greater distance than impacts into non-porous targets such as exposed bedrock. However,

at those greater distances the attenuation parameters are likely to be different to account for

mantle propagation and scattering, and a more complex interior structure of Mars.

Four scaling relationships are developed to allow for scaling of the frequency spectrum relative

to the baseline scenario simulated, based on the three impact parameters considered. A sim-

plified attenuation model is used to scale the spectra to larger distances, more appropriate for

InSight. A combination of these scaling relationships is used to predict the vertical frequency

spectrum for two of the recently detected by Insight impacts — events S0793a and S0986c. The

resulting spectra have a range of corner frequencies surrounding the corner frequency measured

by InSight, depending on the material properties assumed at the impact location. However, the

predicted amplitudes are several orders of magnitude higher than those measured at InSight,
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which requires further investigation.

Future studies should explore how these results vary for different impact angles and complex

events such as crater clusters. A more realistic Martian interior model should also be imple-

mented to scale the power spectra developed here from source to receiver.



Chapter 6

Conclusions

6.1 Summary of results

The key findings of this work are contained in three chapters 3, 5 and 4. This section provides

the reader with a summary of key results of each Chapter and their implications.

6.1.1 Seismic source properties

Chapter 3 placed novel constraints on seismic source properties of small impacts onto Martian

regolith. The main parameters investigated were seismic moment, seismic efficiency and source

time function. The impactor size and velocity range studied was chosen to be most relevant for

InSight - impacts forming craters between 1-30 m. In total, 13 impact scenarios were simulated

using iSALE2D. The pressure wave generated during the impact was tracked as it decayed

across the simulation mesh. The key findings of this study were:

• The seismic moment was found to be between 106–1010 Nm and was determined to scale

almost linearly with impact momentum in that range.

• The ratio of horizontal to vertical seismic moment tensor components was found to be ∼1,

implying an almost isotropic P-wave source, for vertical impacts. The ejecta amplifica-

168
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tion factor, S, increased with impact momentum from 1.25–1.6, consistent with previous

studies. Higher momentum impacts were therefore more isotropic while more momentum

was imparted to the ground.

• Seismic efficiencies, ks, were found to be ∼ 10−6, dependent on the target crushing

strength and impact velocity. The relatively low seismic efficiency and seismic moment

predictions suggest that the detectability of small meteorite impacts on Mars is lower

than previously assumed.

• Seismic source time function duration and peak force was measured for a subset of impact

scenarios and approximated with a two-parameter Jeffrey’s pulse expression. The effects

of individual impact parameters on the source time function were investigated. The source

duration varied between ∼10−4–10−3 s, increasing with impact momentum, impactor size

and target porosity. Increasing impact velocity had the opposite effect of decreasing the

source duration. The peak force, Fmax, at the source for impacts in the range of most

interest for InSight was determined to be between 106–1011 N. Fmax was found to increase

with increasing impactor momentum, size and velocity, but decrease with target material

porosity. The α parameter in Jeffrey’s pulse expression was found to scale best with

tc, the contact and compression timescale of the impact process, resulting in a scaling

relationship for the source time function approximation comprised of physical impact

parameters.

6.1.2 Impact rate and detectability on Mars

Chapter 4 builds on results of Chapter 3 to further constrain the detectability of small impacts

on Mars. The semi-empirical amplitude-distance scaling relationship were derived based on

peak P-wave amplitude scaled by impact momentum, for impacts on Earth, Moon and recently

discovered impacts on Mars. The momentum based scaling relationships were compared with

energy-based detectability estimates. Because of the special shared characteristics of Very

High Frequency (VF) events, and the fact that the majority of impacts observed visually and

seismically belong to that event family, it is likely that more or all VF events are impact
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related. This chapter combined the amplitude-distance and seismic moment-crater diameter

scaling relationships to predict a crater size for each VF event recorded by InSight using two

methods: one based on peak P-wave amplitudes (Method 1) and one based on seismic moment

magnitude (Method 2). The key results of this chapter are:

• The peak P-wave amplitude scaled by impact momentum produces a clear trend with

distance where amplitude decreases as x−1.56. This approach implies that impacts form-

ing craters smaller than 30 m in diameter are less detectable than pre-landing estimates

suggested. Larger impacts on the other hand are more detectable than pre-landing pre-

dictions.

• Crater diameters for all VF events resulting from Method 1 were between 3–40 m. The

impact rate predicted by Method 1 is approximately 5 times higher than that of Daubar

et al. (2014).

• Method 2 predicts an impact rate that is only 3.5 times higher than the most recent

observational estimates (Daubar et al., 2014), and is consistent with Hartmann (2005)

isochron rates within uncertainty.

• If all VF events are impacts, their rate of detection implies an impact rate that is higher

than previously estimated from spacecraft observations of newly formed craters over the

last 16 years. This could indicate a recent increase, for example due to asteroid breakup

near Mars. Another possible explanation is a systematic error in calculation of the ATF

used to scale crater counts from orbital observations.

6.1.3 Frequency content of impact-generated seismic waves

Chapter 5 aimed to constrain the frequency content of displacement seismograms of meteorite

impacts. This was achieved by using an asteroid target in iSALE2D simulations, which allowed

the simulations to run significantly longer, because a whole body was included in the simulation

domain, and boundary reflections formed part of the signal and did not pose a contamination
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problem. This is in contrast to the half-space geometry (for example the one used in Chap-

ter 3), where the mesh boundary introduces nonphysical wave reflections, which contaminate

the signal. Displacement seismograms were recorded ∼800 m (between 10–200 crater diame-

ters) from impact point for 7 impact scenarios. The power spectrum was found to closely follow

a −2-model, where the amplitude for frequencies larger than the corner frequency decreases

as f−2. The spectrum was approximated by a two-parameter expression, characterised by low

frequency plateau (A0) and corner frequency (fc). The response of the frequency spectrum to

changes in impactor size, velocity and target material was investigated individually. The key

conclusions of this chapter are:

• Corner frequency fc of the signal decreases with increasing impactor size and velocity,

following a power law. Weaker and more porous target materials exhibit lower corner

frequency.

• Low-frequency amplitude A0 was found to scale with impactor momentum, with some

sensitivity to target material properties.

• The power spectrum can be scaled to longer distances, over which impacts are more likely

to be detected, by applying simple attenuation and geometric spreading model. The

corner frequencies predicted for two of the seismically detected impacts are consistent

with observations. However, the predicted amplitudes are significantly higher than those

observed at InSight. This can be attributed to inclusion of the P, S and surface waves in

the simulation spectra.
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6.2 Limitations and future work

The results of Chapter 3 contributed to constraining seismic source properties of small impact

on Mars, specifically in the context of InSight. It is clear however, that a lot of work remains to

be done in order to fully understand the relationships between those seismic properties and the

impactor and target properties. All targets simulated in this work were assumed to be uniform,

which is unlikely to be true at real impact sites. Future studies should explore the effects of

layered targets, for example a porous regolith layer overlaying denser intact bedrock, on seismic

moment and efficiency, as well as other seismic parameters. Another possible approach would

be to use a vertical porosity gradient, where the density of the target material increases as a

function of depth. It should also be noted that gravity was neglected in all simulations in this

work, which is an important component of crater formation especially for larger craters, and

may also have an effect on the seismic source properties of the impact.

In Chapters 3 and 5 the material properties of the impactor were kept constant, as nominal non-

porous basalt of density 2860 kgm−3, which is representative of a rocky meteorite. However,

specific composition of meteorites is likely to vary across different cases, with more porous

impactors or ones containing ice being less dense. Metal-rich meteorites are likely to be much

denser and exhibit very different properties. Whilst the target material is likely to have the

most influence over the generation of the seismic wave during impact, because the generation

takes place inside the target, the impactor may also play an important role. A further study,

investigating the specific dependence of the seismic wave properties, such as seismic moment

and efficiency, should be conducted in the future to further our understanding of this process.

Whilst the simulations in this thesis focus on impact scenarios most relevant for the mission, it

is important to note that all simulations were performed in two dimensions (axially symmetric,

cylindrical geometry). Because of this all scenarios are approximated as vertical impacts, and

the effects of impact angle are neglected. Chapter 3 employed a widely adopted convention of

taking the vertical component of impact velocity. However, especially for directional quantities,

such as seismic moment, and quantities derived from them, such as source sphericity, taking
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impact angle into account may yield very different results. Future studies should therefore

explore if the results presented in this thesis extend to oblique cases, using three-dimensional

simulations. This is particularly relevant for investigations of the largest crater recorded by

InSight (event S1094b) and the complex crater cluster formed 85 km from the lander (S0986c),

both of which show evidence of a highly oblique impact angle. The unique features of each

of the above cratering events, such as the presence of excavated ice in S1094b or the possible

multiple fragmentation of S0986c, also provide room for detailed modelling studies focusing on

how the seismic properties of those complex events vary from other cases.

As demonstrated in Chapters 3 and 4, the seismic moment recorded at the source location

(such as in iSALE simulations) can be very different to the values determined at the receiver.

A working hypothesis is that this is due, in large part, to the source depth correction factor

introduced in Chapter 4, which dictates that the seismic moment generated at a seismic source

is dependent on the seismic wave velocity and density of the material at the seismic moment

release depth. In Chapter 4 this correction factor was assumed to be a constant value for

all events and its value was calibrated using confirmed impact events. This is a reasonable

choice for the small subset of marsquakes considered in this work. However, for other impact

scenarios, this correction factor will depend on the specific material properties at the impact

site as well as the diameter and depth of the crater, making it difficult to determine for a wide

range of impacts. Future studies should aim to investigate whether this correction factor is the

true and complete explanation for the discrepancy between modelling results and observations.

Moreover, further constraining of this factor for the small set of confirmed impact events, by

combining geological knowledge of the area with analysis of the seismic signal and numerical

modelling of the specific impact scenarios, is also needed.

Chapter 4 used a subset of seismic events recorded by InSight to derive a novel estimate of

the current impact rate on Mars. The specific shared properties of the VF events family made

them excellent candidates for impacts. However, it is possible, that there are many more

impact-related seismic signals in the seismic catalogue, which have not yet been recognised.

This suggests that a further search for impact related seismic signals is needed. An example of

a potential dataset would be the Broad Band (BB) events, two of which were already identified
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as large, distant impacts (S1094b and S1000a, Posiolova et al., 2022). Because those events are

much larger and are thought to be located significantly further away from InSight, they can

provide significant constraints on the martian interior structure, especially if the source location

and properties are well constrained by an imaged crater. In addition, such events can be used

to further calibrate the seismic magnitude scales on Mars. However, as shown throughout this

thesis, large and distant craters require additional investigation. Seismic moment derived from

observations of those impacts scales differently to smaller and more local impacts (Fig. 4.9),

primarily due to a different relationship between impact momentum and crater size. Scaled

wave amplitudes also do not follow the same trend as other impact events on Earth, Moon

and Mars (Fig. 4.7). This effect could be explained partially by the large differences in wave

propagation paths between nearby and distant events. However, this could also suggest that

distant impacts follow a different amplitude-distance scaling relationship that that shown in

Fig. 4.7, which can perhaps be generalised to other impact scenarios detected at large distances.

An interesting extension to the work presented in Chapter 4 would be to design an orbital

imaging campaign, focusing on finding more craters corresponding to the VF events. Because

the VF events do not have associated back-azimuth estimates, this would require searching

very large areas around InSight. In addition, if a crater was found, a ‘before’ image may not

be available to sufficiently constrain the impact date. However, even if a small number of fresh

craters could be associated with VF events, this would provide a further evidence that the

whole event family is likely to be impact related.

The work presented in Chapter 5 provided first insight into the dependence of the power

spectrum of seismic signals generated by impacts on specific impact properties. However, the

range of scenarios considered was limited by their computational expense and time constraints.

Because the target size was kept constant in all simulations (1 km wide asteroid), the number of

cells in the domain increases with decreasing impactor size. Using the same approach to produce

spectra of such smaller impacts, more relevant for InSight, would result in prohibitively large

simulation domains, which would need to be tracked for a long time after impact (∼2 s). Whilst

more simulations need to be performed in a more comprehensive study, which would focus on

smaller and more common impacts, the simulations setup will need to be modified to achieve
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this.

The amplitudes predicted for two of the impact events recorded by InSight in Chapter 5, using

the scaling relationships derived in this chapter, are several orders of magnitude than those

recorded by the lander. This could imply that a more complex attenuation model is required to

correctly predict the amplitudes of events on Mars. An alternative approach to this problem is

to focus on simulating smaller-scale impacts using iSALE, and combining the resulting elastic

seismic wave record to a wave propagation code (such as SPECFEM). The iSALE simulation

would need to continue until the generated wave is elastic, in which case a relatively large

simulation domain (such as the ones used in Chapter 3) would be needed. At the end of

the simulation, the ground motion could be extracted and coupled to the wave propagation

software. This would allow for the seismic waves generated in iSALE impact simulations to be

propagated across the planet and generate synthetic seismograms which can be compared with

real data.

The overwhelming success of the InSight mission shows that more seismology-based space

missions are needed in the future. InSight dataset is undoubtedly going to be used and analysed

by scientists for the years to come and will form a basis of the future of planetary seismology.

The mission clearly showed that seismology is a powerful tool not only for locating impacts

which may have otherwise been missed by orbital imagery, but more generally for monitoring

impact rates on planetary bodies. Collaborative efforts between the InSight team and the

various orbital imaging teams resulted in the first dataset of its kind, containing both images

of craters as well as seismic recording of meteorite impacts on Mars. The InSight team also

worked with the Mars2020 mission team in efforts to record the landing of Perserverance on

Mars. These examples will hopefully lead to more inter-mission collaborations in the future.

Impacts have also proven to be extremely valuable as seismic sources for calibrating the distance

and back-azimuth estimates for other events, as well as linking crater morphology to the seismic

signals properties. The specific impact cases recorded by InSight provide unprecedented insight

into the impact process. Now more than ever, there is need for further work to fully understand

the process of generation of seismic waves during an impact.
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