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ABSTRACT 40 
 41 
Impact investigations will be an important aspect of the InSight mission. One of the scientific 42 
goals of the mission is a measurement of the current impact rate at Mars. Impacts will 43 
additionally inform the major goal of investigating the interior structure of Mars.  44 
 45 
In this paper, we review the current state of knowledge about seismic signals from impacts on 46 
the Earth, Moon, and laboratory experiments. We describe the generalized physical models that 47 
can be used to explain these signals. A discussion of the appropriate source time function for 48 
impacts is presented, along with spectral characteristics including the cutoff frequency and its 49 
dependence on impact momentum. Estimates of the seismic efficiency (ratio between seismic 50 
and impact energies) vary widely. Our preferred value for the seismic efficiency at Mars is 5 x 51 
10-4, which we recommend using until we can measure it during the InSight mission, when 52 
seismic moments are not used directly. Effects of the material properties at the impact point and 53 
at the seismometer location are considered. We also discuss the processes by which airbursts and 54 
acoustic waves emanate from bolides, and the feasibility of detecting such signals. 55 
 56 
We then consider the case of impacts on Mars. A review is given of the current knowledge of 57 
present-day cratering on Mars: the current impact rate, characteristics of those impactors such as 58 
velocity and directions, and the morphologies of the craters those impactors create. Several 59 
methods of scaling crater size to impact energy are presented. The Martian atmosphere, although 60 
thin, will cause fragmentation of impactors, with implications for the resulting seismic signals.  61 
 62 
We also benchmark several different seismic modeling codes to be used in analysis of impact 63 
detections, and those codes are used to explore the seismic amplitude of impact-induced signals 64 
as a function of distance from the impact site. We predict a measurement of the current impact 65 
flux will be possible within the timeframe of the prime mission (one Mars year) with the 66 
detection of ~a few to several tens of impacts. However, the error bars on these predictions are 67 
large. 68 
 69 
Specific to the InSight mission, we list discriminators of seismic signals from impacts that will 70 
be used to distinguish them from marsquakes. We describe the role of the InSight Impacts 71 
Science Theme Group during mission operations, including a plan for possible night-time meteor 72 
imaging. The impacts detected by these methods during the InSight mission will be used to 73 
improve interior structure models, measure the seismic efficiency, and calculate the size 74 
frequency distribution of current impacts.  75 
 76 
 77 
Keywords 78 
InSight; Mars; Impact Cratering; Seismology 79 
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1 INTRODUCTION 81 
 82 
The Discovery mission InSight (Interior Exploration using Seismic Investigations, Geodesy and 83 
Heat Transport (Banerdt et al., 2017; this volume) will study the interior of Mars using seismic 84 
signals. These will emanate from not only interior tectonic sources, but from impacts as well. 85 
This paper describes the impact-related investigations being planned for the InSight mission, and 86 
how seismic detection of impact events will further the scientific goals of the mission. 87 
 88 
The scientific goals of the InSight mission include both the direct measurement of impacts and 89 
other science that will benefit from the information impacts provide. Measuring the rate of crater 90 
formation at the surface will achieve the goal of determining the impact flux at Mars. Impacts 91 
will also inform the major goal of investigating the interior structure of Mars, as each impact will 92 
provide a set of seismic signals that have passed through the interior. Locating the corresponding 93 
craters precisely on the surface of the planet will provide a definitive source location, something 94 
that tectonic seismic sources will most likely not be able to accomplish because they are much 95 
less likely to have identifiable surface expressions. This additional information will inform 96 
seismic ray paths, seismic velocities, and the physical properties of the material through which 97 
the rays traveled. 98 
 99 
The InSight seismometer, SEIS (Seismic Experiment for Interior Structure; Lognonné et al., this 100 
issue) is expected to record seismic signals from a number of impactors that regularly hit the 101 
Martian surface, and from these measurements estimate the rate of meteorite impacts on the 102 
surface of Mars. In addition, impacts could add a substantial number of seismic sources to an 103 
otherwise seismically quiet planet, whose natural quake rate estimated to be ~1000 times lower 104 
than on Earth (Golombek et al, 1992; Golombek 2002; Knapmeyer et al.; 2006; Plesa et al., 105 
2018). This is despite the planet being 100 times larger than Moon. See Lognonné & Mosser 106 
(1993), Lognonné & Johnson (2007, 2015), and Lorenz and Panning (2018) for comparisons of 107 
tectonically-driven seismicity and seismic detection perspectives. 108 
 109 
The Impacts Science Theme Group (STG) was formed to oversee all of the impact cratering-110 
related science of the InSight mission. Membership in the Impacts STG is open to any interested 111 
InSight science team member. The purpose of the group is to coordinate scientific analyses 112 
before and during the landed mission, and support operations to ensure the acquisition of impact-113 
related data. Impact-related scientific analyses include the seismic source and waveform 114 
modeling of impact generated seismic signals; detection, localization, and characterization of 115 
impact sources; detection of meteors; modeling of meteor infrasound and acoustic source and 116 
shock signals; and comparative impact signal analyses between Mars, Earth and Moon. 117 
 118 
In this paper, we summarize the current state of knowledge of impact-related seismology based 119 
on terrestrial and lunar studies, and the expectations for Martian impact seismology. The latter is 120 
based on our present understanding of the current impact rate and predictions of the Martian 121 
seismic response from the interior and atmosphere. We present a number of impact-seismic 122 
numerical models, benchmarked against each other in preparation for analysis of InSight data. 123 
Finally, Impacts STG operational and data analysis plans for the mission are also described. 124 
 125 
 126 
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2 BACKGROUND 127 
 128 
Impacts have been recorded seismically only on our own planet and the Moon. Without prior 129 
knowledge of what Martian impact-induced seismicity will look like, we must extrapolate from 130 
our knowledge of those two bodies to predict what InSight will observe on Mars. 131 
 132 
2.1 IMPACTS IN TERRESTRIAL SEISMOLOGY 133 
 134 
Seismic signals from bolides were recognized as early as the beginning of the last century, with 135 
the detection of the seismic coupled airwave of the Tunguska event (Ben-Menahem, 1975, 136 
Chyba et al., 1993). However, in general it is rare to detect seismic signals from meteoroid 137 
impacts on the Earth’s surface, because its substantial atmosphere either ablates, fragments, or 138 
significantly slows the meteoroids before impact (Edwards et al., 2008). Most of the seismic 139 
signals detected from impacts are therefore associated with acoustic waves that have been 140 
converted to seismic waves at the Earth’s surface. Earth is also farther from the asteroid belt than 141 
Mars, so has about half as many meteoroids of a given size impacting the top of the atmosphere 142 
(Davis, 1993; Hartmann, 2005; Williams et al., 2014), although the higher impact velocities at 143 
Earth balance this effect to some degree. This is in addition to the fact that the Earth is 144 
seismically very noisy, primarily due to oceanic, tectonic, atmospheric, and cultural noise 145 
sources (Peterson, 1993). All these factors conspire to make detections of seismic waves from 146 
impact events extremely challenging on Earth.  147 
 148 
A recent example of an impact that gave a detectable seismic signal was the Carancas event in 149 
Bolivia (Brown et al., 2008; Le Pichon et al., 2008; Tancredi et al., 2009), where an impact crater 150 
with a diameter of 13.5 m formed on 15 September 2007. This event had the advantage of being 151 
reported by eye witnesses, so the origin time is well constrained. There is some debate over the 152 
size and speed of the impactor, which may have had its velocity reduced by atmospheric drag 153 
from an original velocity of 10 km/s to subsonic speeds of a few hundred meters per second by 154 
the time of impact. Adding to these complications, the impact was into water-saturated soil. 155 
Therefore, this impact may not be a particularly representative example of the kind of seismic 156 
signal we expect on Mars.  157 
 158 
 159 
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 160 
Figure 1:  161 
Seismograms from the Carancas impact event in Bolivia. (a) Vertical seismogram from the 162 
closest station of the Bolivian Seismic Network. Dashed vertical line shows the origin time and 163 
solid vertical line shows the first arrival direct P-wave. The high-amplitude long-period signal at 164 
70+ seconds is the airwave. (b) Seismogram recorded at the LPAZ GSN station at 106 km offset. 165 
At this distance, the signal is already close to the ambient noise level. (c) Location map showing 166 
impact and station locations.  167 
 168 
Figure 1 shows example seismograms from the Carancas impact recorded at distances of 47 and 169 
106 km. Because the signal is small, the event can only be seen at close distances. Hence, there is 170 
limited separation between phases, making identification and development of impact diagnostics 171 
difficult. Nevertheless, there is evidence of a reduced S-wave amplitude and a late-arriving 172 
airwave.  173 
 174 
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 175 
Figure 2:  176 
Seismograms from the Chelyabinsk airburst event. (a, b, c) Three component seismograms 177 
recorded at AKBAR seismic station. Data have been filtered with a 20–200 s bandpass filter. 178 
Labelled vertical lines are: O, origin time; P, seismic precursor; and A, airwave arrival. The 179 
airwave is a low frequency wave, travelling at the speed of sound in air, with an emergent 180 
character. (d) Location map showing airburst event and station location.  181 
 182 
Airburst events are another potential source of seismic energy for InSight. An airburst occurs 183 
when a bolide enters a planetary atmosphere and abrubtly disrupts and decelerates, depositing 184 
much of its kinetic energy into a propagating acoustic wave in a manner similar to an explosion. 185 
This event is triggered when the dynamic pressure acting on the bolide as it traverses the 186 
planetary atmosphere exceeds the strength of the object. The precise altitude of disruption is 187 
governed partially by the material properties of the bolide and partially by the atmospheric 188 
density.  189 
 190 
Airbursts are relatively common on Earth. The most notable recent event was the Chelyabinsk 191 
superbolide in 2013 over Russia (Brown et al. 2013), which was so large that acoustic energy 192 
coupled into the ground and was able to propagate as seismic energy (Fig. 2). Another notable 193 
example of an airburst that generated both seismic and acoustic detections was the Oregon State 194 
Bolide in 2008, which occurred directly over the US seismic array. It is expected that airbursts 195 
will be a significant source of both seismic and acoustic signals for InSight, given the larger 196 
impactor population and quieter environment (Brown et al., 2013; Stevanović et al, 2017). 197 
Section 4.5 discusses airburst events in detail, including detection plans with InSight. 198 
 199 
2.2 IMPACTS IN LUNAR SEISMOLOGY 200 
 201 
The first extraterrestrial seismic observations were made on the Moon by the Apollo missions. 202 
The Apollo program performed almost eight years of seismic studies from 1969-1977, including 203 
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five years of network observation with four seismic stations. During this time, more than 13,000 204 
events were identified. Among the detected seismic events, meteorite impacts were the second 205 
largest group; approximately 1,800 impacts were identified (Nakamura, 2003). On airless bodies 206 
such as the Moon, impactors fall directly on the ground and generate seismic signals. This is 207 
different from the Earth or Mars, where impactors first interact with the atmosphere. For a m-208 
scale impactor, deceleration in the atmosphere can lead either to an airburst combined with 209 
possible subsonic surface impacts (for most terrestrial impacts), or to both an airburst and 210 
supersonic ground impacts (for Martian impacts). Impactors of this scale can also be entirely 211 
ablated in an atmospheric layer so that no fragments reach the ground. Thus, on planets and 212 
satellites with atmospheres, small meteoroids are potentially more detectable using acoustic 213 
airwaves than seismic waves, and only large impactors reach the surface. On the Moon, the lack 214 
of an atmosphere implies all impacts are detected through their ground displacement alone.  215 
 216 
Figure 3 shows an example of seismic events observed on the Moon recorded by the Apollo 217 
seismic network up to a distance of 3,242 km. Because impacts are superficial events, their 218 
signals propagate through the fractured megaregolith layer (brecciated material 1-3 km thick) 219 
and crust twice: once below the source, and then again below the detecting station. Lunar 220 
seismograms are thus characterized by intense scattering and resulting long, ringing coda 221 
(backscattering waves due to heterogeneities). The scattering mainly occurs in the megaregolith 222 
layer, which has been "gardened" by many impacts and as a result is highly porous and fractured. 223 
Thus impact signals experience more scattering compared to endogenic events such as deep and 224 
shallow moonquakes (Gudkova et al., 2011). The coda of lunar impacts are longer than that of 225 
deep and shallow moonquakes and may last for as long as an hour. Fig. 4 shows an illustration of 226 
the difference between the spectra of an impact and a shallow moonquake, occurring at 227 
comparable distance. Clear differences in the waveform and the coda can be seen, and thus we 228 
can discriminate quakes from impacts (this will be discussed further in Section 6.1).  229 
 230 
The relationship between seismic signals and impact energy was studied using artificial impacts. 231 
During the Apollo missions, the seismometers detected seismic signals generated by the lunar 232 
module ascent stage and Saturn IV B booster impacts (Latham et al., 1970a; 1970b; Toksöz et 233 
al., 1972). These impacts have known event times, locations, and impact energies, so they could 234 
be used to calibrate the relation between the impact energy and seismic energy. Recently, the 235 
Lunar Reconnaissance Orbiter Camera (LROC) imaged the actual craters of these artificial 236 
impacts in high resolution, which gives another constraint on crater size for a known impact 237 
energy (mass and velocity) (Wagner et al., 2017). It should be noted, however, that compared to 238 
natural impacts of asteroids or comets, these artificial impactors had very low average densities, 239 
low impact velocities, and in many cases highly oblique impact angles. For all of these reasons, 240 
the seismic signals produced by the booster impacts may not be representative of natural 241 
impacts, but they are some of the best (only) analogs available with known impact parameters. 242 
 243 
On the Moon, natural impacts are all deduced based on seismic investigations. No crater thought 244 
to be responsible for specific seismically identified events has been detected to date, a task made 245 
nearly impossible by the extremely small fraction of the Moon covered by adequate Apollo 246 
orbital imaging and the large location estimate errors for these events (as much as tens of 247 
kilometers). Identification of exact source locations through images or other independent 248 
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observations will thus be very helpful for the seismic investigations of InSight (see Section 7), 249 
and the first time this will be accomplished on another planet.  250 
 251 
Presumed impact events with high signal to noise ratios have been located through travel time 252 
analyses using the Apollo seismic network. Other impacts with smaller signal to noise ratios 253 
were identified through analyses of coda features and epicentral distances. Out of the 1,800 254 
events listed in the Nakamura catalogue, very few have been located. One of the largest 255 
collections is in Gudkova et al. (2015), with 40 locations. Even fewer natural impacts have been 256 
used for lunar structural inversions (14 in Khan et al., 2002; 19 in Lognonné et al., 2003; Chenet 257 
et al., 2006). 258 
 259 
Despite these limitations, the analysis of the frequency-magnitude collection of seismically 260 
detected lunar impacts has been used to estimate of the flux of meteorites in the Earth-Moon 261 
system (Oberst and Nakamura, 1989; Lognonné et al., 2009; Oberst et al., 2012). Those 262 
estimates were comparable to those obtained from other means. 263 
 264 
Impacts have also provided key data for the determination of the lunar crustal thickness. 265 
Surprisingly, an impact provided the deepest direct seismic ray recorded by lunar seismometry 266 
(Nakamura et al, 1973). For determining the structure of the lunar crust, the best data are from 267 
artificial impacts, for which times and locations are known with high precision. This provided P 268 
and S travel times directly useful for structural inversions (Nakamura et al., 1976; Khan et al., 269 
2002; Lognonné et al., 2003; Gagnepain-Beyneix et al., 2006; Lognonné and Johnson, 2007; 270 
2015; note corrections for timing problems made by Nakamura, 2011). Natural impacts were 271 
also used for these inversions when more than three precise arrival times were measured on the 272 
Apollo network. They could also be used to derive estimates of the crustal thickness at the 273 
impact sites. Chenet et al. (2006) took advantage of this and carried out joint inversions with 274 
seismic and gravity data to construct a 3D crustal thickness map of the Moon. 275 
 276 
 277 
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 278 
Figure 3: 279 
Ground velocity records from the Apollo seismic network of a large natural impact occurring on 280 
November, 14, 1976. Black seismograms indicate the axes with the best signal to noise ratio, 281 
which were used for arrival time readings and seismic velocity models The mass of the impact 282 
has been estimated to about 25-35 tons assuming an impact velocity of 20 km/s (Gudkova et al., 283 
2011). The lunar globe (LROC images; http://photojournal.jpl.nasa.gov/catalog/PIA14011) 284 
shows locations of the Apollo seismic stations (white triangles) and of the impact (white star). 285 
Reprinted from Lognonné & Kawamura, 2015. Note spikes are artifacts of Apollo data 286 
acquisition. 287 
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 288 

 289 
Figure 4: 290 
Comparison of waveforms and spectra from a lunar quake (red) and a lunar impact (blue). 291 
Smoothed spectra are also plotted for comparison (black and gray respectively). Both sets of 292 
data are from Apollo Station 16. The time series on the left are from the short period 293 
seismometer, and the spectra on the right are the combined spectra of long and short period 294 
seismic data. The shallow moonquake is from 1975/1/13/00:28 and the impact is from 295 
1976/1/13/7:14. 296 
 297 
 298 
 299 
3 SEISMIC SIGNALS FROM IMPACTS IN GENERAL 300 
 301 
Seismic signals from impacts differ in several important ways from seismic signals from internal, 302 
tectonic sources. First, the source function for an impact is modeled better by a single source 303 
representing an explosive expansion from a point, rather than the double-coupled force typical of 304 
a quake. This results in spectra with a different frequency content from an impact. Subsurface 305 
material properties have a larger effect in the case of impacts, because a source depth of 306 
essentially zero means the signal travels through the shallow subsurface twice, enhancing the 307 
effects of e.g. a porous or fractured upper layer. Finally, in the specific case of Mars with its thin 308 
atmosphere, atmospheric effects also must be taken into consideration.  309 
 310 
Two different approaches have been developed by the community. The first one uses an 311 
equivalent source function of an impact, which can then be used for modeling of synthetic 312 
waveforms, in a way comparable to using seismic double couple equivalent forces for quake 313 
modeling. This force is generally characterized by its long period dependency and by the 314 
frequency cutoff, where that long period dependency breaks. The second approach is based on 315 
the seismic energy efficiency of an impact. This is related to the amplitude of the seismic waves 316 
and/or equivalent seismic moment of the source generating the waves. Here we present and 317 
compare these two approaches. 318 
 319 
3.1 IMPACT SEISMIC EQUIVALENT SOURCE TIME FUNCTION 320 
 321 
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An impact is a complex process during which some of the impactor's momentum and energy are 322 
transmitted to the target. For small impacts (impactors < 100 m diameter) on planets with a dense 323 
atmosphere, like Earth or Venus, almost all of the impactor’s kinetic energy is deposited in the 324 
atmosphere. For planets lacking an atmosphere, the impactor hits the ground directly, where all 325 
the energy is released (for a general review of impacts in planetary seismology see Lognonné & 326 
Johnson, 2007; 2015). Mars is intermediate, where the kinetic energy of meter-scale impactors 327 
will be released both in the atmosphere during the entry and passage, and on the ground at the 328 
final impact. 329 
 330 

 331 
Figure 5: 332 
An example of an iSALE-2D hydrodynamic simulation showing a 1-m radius basalt impactor 333 
striking Mars regolith at 7 km/s; snapshot 10 ms (a); 15 ms (b) and 20 ms (c) after the impact. 334 
Note the expansion of the hemispherical shock wave; this is the primary source of seismic signal. 335 
The interaction with the free surface is also visible via reduction in the shock pressure close to 336 
the surface. 337 
 338 
The seismic source, or source time function, f(t,r), represents the associated force field acting on 339 
the planetary surface and subsurface during the impact process. Its mean amplitude will depend 340 
on the energy of the impact, and its time dependency will depend on the shock wave propagation 341 
time, during which the seismic energy is radiated. The impact source has been approximated 342 
using a variety of different methods, ranging from permanent volume injection (Richardson et 343 
al., 2005), full hydrodynamic simulations of particle motions and stress (Ivanov and Artemieva, 344 
2002), scaling laws derived from explosive and low-velocity impacts (Teanby and Wookey, 345 
2011), and as a momentum transfer (Lognonné et al., 2009; Gudkova et al., 2011; 2015). Models 346 
of seismic source time function for impacts proposed by Gudkova et al. (2011; 2015) followed 347 
analysis of lunar Apollo seismic data. Another model proposed by Shishkin (2007) is based on 348 
scaling laws and past nuclear explosion surface tests (e.g. Haskell, 1967; Werth and Herbst, 349 
1963). All of these models are a simplified view of the shock wave propagation, which generates 350 
strength failure and plastic displacements during its strong regime, and nonlinear displacements 351 
during its semi-strong regime before it transitions into an elastic wave. Fig. 5 shows a snapshot 352 
of such a shock wave for a numerical simulation of a 1-m radius impactor striking Mars regolith 353 
at an impact velocity of 7 km/s, 10 ms to 20 ms after the impact.  354 
 355 
Gudkova et al. (2011, 2015) (referred to hereafter as model GL) proposed that an impact signal is 356 
similar to the one generated by the release in a small shocked volume of a point force density: 357 
 358 
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𝐅"(𝑡, 𝒙) = 	F"(𝑡)𝛿,(𝒙 − 𝒙𝒔)𝑆𝑚𝐯
23(4)
24

, 359 
with 360 

F"(𝑡) = 	𝑆𝑚𝐯 23(4)
24

, 361 
 362 

 363 
g(t) = H(t +τ1) H(τ1 −t) (1+cos(ω1t)) ,    (1) 364 

 365 
where m and v are the mass and velocity of the impactor, respectively, and S is an amplification 366 
factor related to the ejecta given by Lognonné et al. (2009) as a function of the impact velocity. 367 
The source function g(t) is a cosine function over half a period, ω1 = π/τ1, and H(t) is the 368 
Heaviside function. For an infinite medium, such a source leads to a far field displacement as in 369 
the second column of Table 1. For P waves, it has a seismic equivalent moment provided by:  370 
 371 

M(t) = vp S m v g(t),      (2) 372 
 373 
where vp is the seismic velocity of body waves in the vicinity of the impact location. The 374 
amplitude of the waves is proportional to the time derivative of this moment (Gudkova et al, 375 
2015). Although matching the Apollo signal in the body waves bandwidth, this source 376 
representation is nevertheless not compatible with any static permanent deformation which could 377 
occur near the source location, as the mean of g(t) cancels out. 378 
 379 
Table 1: 380 
Source models used in this analysis for a homogeneous medium. The second, third and fourth 381 
column are those of the impact models of Gudkova et al. (2011; 2015) (GL), Shishkin (2007) 382 
model updating Werth and Herbst (1963) (SWH), and a classical Seismic Moment tensor model 383 
(Aki & Richards, 2002) (SM). For the SWH model, V∞ is the volume of the fractured part of the 384 

crater and can be estimated as 56
,
78
9
:;<
6
=
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. A dot indicates the derivative of the function.  385 
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 387 
 388 
Shishkin (2007), following Haskell (1967) and Werth and Herbst (1963), considered a source 389 
function without discontinuities for displacement, velocity and acceleration (referred to hereafter 390 
as the SWH model). The source function is defined as:  391 
 392 

f(τ) = 1−exp(−τ)(1+τ +τ2/2+τ3/3−Bτ4) ,     (3)  393 
 394 
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where τ is a non-dimensional time, defined as τ = t/𝜏0, where 𝜏0 is the timescale of the shock 395 
wave, comparable to the 𝛼-1 parameter of the Rayleigh pulse model, and B is a parameter that 396 
depends on the material properties of the medium. Such a source is a generalization of the one 397 
discussed later in Section 3.3. This leads to a displacement in an infinite medium as given in the 398 
third column of Table 1. The seismic moment can then be defined as:  399 
 400 

𝑀(𝑡) = B
,
78
9
4𝜋𝜌𝑣T? :

;<
6
=
\
F 𝑓(𝜏) ,    (4) 401 

where 𝜎s, 𝜇, and vp are the strength, shear modulus, and P wave velocity of the impacted surface, 402 
respectively; So is the surface area of the crater, and f(t) is the normalized source function. Note 403 
that the mean of f(t) is non-zero and that these forces are therefore compatible with a static 404 
deformation. 405 
 406 
Figure 6 compares the relationships between crater size and momentum, and between seismic 407 
moment and crater size. For the relationship between crater size and momentum (Fig. 6a), 408 
different study cases are shown. The first set have been computed using the Holsapple and 409 
Housen web tool (http://keith.aa.washington.edu/craterdata/scaling/index.htm), for different 410 
types of impacted target material (lunar regolith, dry soil and soft rocks) and for impacts with 411 
either a constant impact velocity of 10 km/s and increasing masses, or a constant mass and 412 
increasing velocities. Mars gravity (g=3.71 m/s2) and 10 mbar of pressure were assumed, as well 413 
as an impactor density of 3000 kg/m3. These models are compared with the diameter of the crater 414 
of the Apollo SIVB and LM impacts, as measured by Whitaker (1972) and Plescia et al. (2016), 415 
as well as with the relationship proposed by Teanby and Wookey (2011). This suggests that the 416 
Teanby and Wookey (2011) relationship tends to over-estimate crater sizes with respect to the 417 
Holsapple model and lunar observations, although the diameters are within the error bars. 418 
 419 
Figure 6b provides the relation between the crater size and the seismic moment obtained by the 420 
GL and SWH models for different cases compared to those proposed by Teanby and Wookey 421 
(2011). For the GL model, which is shown for the case of 10 km/s impacts in lunar regolith 422 
under Mars gravity, the ejecta amplification is set to (1 + 0.3 × v0.22), with the impact velocity v 423 
in km/s, following Lognonné et al. (2009). This provides an amplification factor of 424 
approximately 1.5. The GL model depends on the target material only through the amount of 425 
ejecta. The SWH model, on the other hand, depends only on the crater surface area and the ratio 426 
between shear strength and shear modulus, taken here to be 0.002. Seismic moments proposed 427 
by Lognonné et al. (2009) for Lunar Artificial SIVB impacts with the GL approach are shown, 428 
assuming for the latter the crater described in Plescia et al. (2016). Moments proposed by Teanby 429 
and Wookey (2011) are also shown but will be discussed later in the section related to seismic 430 
efficiency. As Teanby and Wookey used a moment to energy ratio based mostly on terrestrial 431 
shallow earthquakes, we assume P velocity and density of 5800 m/s and 2700  kg/m3 for their 432 
source region. For both the GL and SWH models, the regolith density and P velocity are set to 433 
2000 kg/m3 and 330 m/s respectively. For the three models, we corrected the moment for a 434 
reference layer with P velocity of 1000 m/s and density of 2700 kg/m3, which is our reference 435 
model for Mars surface bedrock. We find a relatively good agreement between the different 436 
approaches within a factor of 2 in amplitude, which is ±0.2 in magnitude unit. All these 437 
approaches confirm that the seismic moment depends on the impactor momentum to the power 1 438 
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± 0.1 (Figure 6c), and it is roughly proportional to the momentum, in accordance with the 439 
experimental observations presented in Section 3.4. 440 
 441 
 442 

 443 
Figure 6: 444 
(A) Diameter of resulting crater as a function of impactor momentum. The Holsapple web tool 445 
was used for cases shown in black (http://keith.aa.washington.edu/craterdata/scaling/index.htm). 446 
For the cases with constant mass, the velocities increase from 1 km/s to 30 km/s, and a mass of 447 
1571 kg is used, corresponding to a 1 m diameter impactor with density of 3000 kg/m3. For the 448 
case with constant velocity, a velocity of 10 km/s is assumed with increasing mass, all with the 449 
same density of 3000 kg/m3. Different rheologies have been used for estimation of the crater size. 450 
The Teanby and Wookey (2011) relationship is shown in blue. Measurements of artificial lunar 451 
craters are shown in green (Whitaker, 1972) and red (Plescia et al., 2016). (B) Comparison of 452 
the seismic moments from the SWH and GL models (black, solid and dashed lines, respectively). 453 
Note that the moments are very similar and could be adjusted easily with a small change of the 454 
vp velocity or the shear strength to modulus ratio. The apparent bedrock seismic moment using 455 
the Teanby and Wookey (2011) approach is also shown (blue). All moments are scaled  for a 456 
bedrock velocity of 1 km/s and a density of 2700 kg/m3 by using the product of relation (10) and 457 
(11) of section 3.4 (C) Relationship between seismic moment and impact momentum, showing a 458 
dependency close to linear. Note that for Apollo only the vertical component of the impact is 459 
used for momentum. All other examples are assumed to be perpendicular to the surface. 460 
 461 
 462 
3.2 SEISMIC SPECTRA, CUTOFF FREQUENCY, AND IMPACT MOMENTUM 463 
 464 
For the three models discussed in section 3.1, Fig. 7 compares the normalized spectra of the 465 
seismic momentum derivative, as well as the displacement pulses. The case of the Rayleigh pulse 466 
of section 3.1 is also shown. All curves represent the displacement seismogram or spectrum prior 467 
to its damping by seismic attenuation. Normalized source time functions and normalized spectra 468 
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are shown for the GL model and the SWH model. The SWH model is shown with two different 469 
values of B, the parameter in equation 3. Based on experiments with nuclear tests in various 470 
materials (Werth and Herbst, 1963), measured values of B are 0.05 in tuff, 0.17 in rock salt, 0.24 471 
in granite, and 0.49 in alluvium (Shishkin, 2007). Values of B=0.0 and 0.49 are shown in Fig. 7 472 
as they encompass the other results.  473 
 474 

 475 
Figure 7: 476 
(Left) Normalized source functions for a Rayleigh pulse fR(t) (blue), SWH model �̇�(𝑡) (red), and 477 
GL model 𝑓̇(𝑡) (black). The SWH model is shown with three different values of the parameter B: 478 
B=0 (dashed red line), B=0.171 (dotted red line), and B=0.49 (solid red line). Values of B=0.24 479 
and B=0.49 correspond to nuclear tests performed in granite and alluvium, with P velocities of 480 
4.08 and 1.71 km/s, respectively. The solid black line is the GL source function. The parameters 481 
𝛼 (Rayleigh pulse) and τ0 are equal to 20 s-1 and 0.05 s respectively, while τ1 is taken as 0.5 s and 482 
has a cutoff frequency comparable to the B=0.49 SWH spectrum. (Right) Spectra of the same 483 
functions, which all have a similar cutoff frequency of ~2 Hz. Spectra for earthquakes with both 484 
𝜔2 and 𝜔3 mechanisms will have a flat long-period spectrum comparable to those of the 485 
Rayleigh pulse or B=0 SWH models, without the overshoot of SWH when B is not equal to zero.  486 
 487 
The comparison with the GL model is interesting, as within the bandwidth of the Apollo data, 488 
~0.2 Hz-5 Hz, the long period differences between the spectra were likely below the instrument 489 
resolution, and the shape of the spectra are therefore very similar. Note that the SWH models for 490 
large B values have a frequency overshoot at body wave frequencies, which might increase the 491 
amplitudes of 1-2 Hz body waves by a factor of ~4. This is similar to the amplitudes observed in 492 
lunar data. Such overshoot also seems likely on Mars, as low-velocity materials are also expected 493 
in the subsurface (see Section 3.4). 494 
 495 
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The key difference between SWH and GL models is obviously the long period dependency of 496 
the spectrum. SWH spectra are flat at very long periods while the GL has a slope of 20 db per 497 
decade. InSight data will be useful to determine which of the two models is a better match to 498 
observations. A key difference will be whether or not long-period surface waves are generated. 499 
 500 
The cutoff frequency, which is proportional to the inverse of the time-duration of the seismic 501 
excitation process, is defined for the non-zero B SWH or GL models as the peak of the 502 
displacement spectrum. While for B=0 or more classical tectonic quakes with 𝜔2 and 𝜔3 spectra, 503 
it is defined as the frequency for which the spectrum of displacement amplitudes has decayed by 504 
√2. This quantity will scale with the energy and propagation speed of the shock waves. From the 505 
scaling law of the elastic stored energy for the same process, we can expect this scaling to be:  506 
 507 

𝑓ab4cdd = 𝑓Ned I
f

fKgh
M
JB/,

I DE
DEKgh

M
i/,

,     (5) 508 

 509 
where M, vp, and fcutoff are the seismic moment, P-wave velocity, and cutoff frequency, 510 
respectively; and Mref , vpref, and fref are those quantities for a reference event. We assume that the 511 
vp/vs ratio and the σs/µ ratio are equivalent for both events. Fig. 8 illustrates this scaling law for 512 
the lunar impact collection of Gudkova et al. (2015), for vp=300 m/s, fref = 1.15Hz and Mref = 513 
1010Nm. Most likely, the shallow subsurface seismic velocities on Mars will be larger than those 514 
of the Moon due to the less well-developed regolith. Larger velocities by a factor of 50% would 515 
shift the frequencies by a factor of two. Thus a 20 meter diameter crater associated with a 2 × 107 516 
Ns impulse and a 1010 Nm seismic moment might have a cutoff frequency of 2.3 Hz.  517 
 518 

 519 
Figure 8: 520 
Cutoff frequencies for lunar impacts as a function of the reported impactor momentum (circles) 521 
as reported by Gudkova et al (2015). The black line is the best fit scaling law found for vp = 320 522 
m/s and a reference nuclear test performed in alluvium (equation 5). 523 
 524 
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The cutoff frequency of an impact depends not only on the source size, but also on the properties 525 
of the impacted target material (e.g., porosity) (Lognonné et al, 2009; Gudkova et al., 2011). 526 
Modeling the variation in the cutoff frequency with the regolith porosity in the vicinity of the 527 
impact for the Moon shows that the larger the impact, the higher the impact duration, for impacts 528 
occurring in the same area of the surface. However, among impacts in different regions, this is 529 
not necessary valid. Differences between the source cutoff frequencies for impacts with the same 530 
momentum are caused by excitation processes in different geological regions and therefore by 531 
acceleration or deceleration of the shock wave associated with the collapse of subsurface 532 
porosity. The study by Gudkova et al. (2015) suggests a sensitivity of the cutoff frequency to the 533 
regolith porosity: the lower the time-duration of the process, the lower the maturity of the 534 
regolith. Similar analysis of future impact seismic data on Mars might enable remote 535 
investigation of the lateral variations in the Martian regolith. 536 
 537 
3.3 SEISMIC EFFICIENCY 538 
 539 
The second approach developed to estimate the amplitude of seismic waves is based on the 540 
energy of the impact. A large portion of an impact’s energy will be released as heat, and a small 541 
portion will be converted to seismic energy. The seismic efficiency, k, is defined as the ratio of 542 
the seismic energy produced by an impact (Es) to the kinetic energy of the bolide (or the yield of 543 
an explosion, E). This parameter describes the fraction of the kinetic energy of the object that is 544 
converted into seismic energy in the form of seismic waves (McGarr et al., 1969; Latham et al., 545 
1970b; Patton and Walter, 1993; Walker, 2003; Teanby and Wookey, 2011). 546 
 547 
Empirical quantification of k is very difficult as it requires integration of the entire seismic wave 548 
field, and the seismic efficiency differs widely between impacts, surface explosions and buried 549 
explosions. Due to the lack of high signal to noise impact events on Earth, k has been estimated 550 
from numerical models (Walker, 2003; Güldemeister and Wünnemann, 2017) and scaling laws 551 
(Shishkin, 2007), laboratory experiments (McGarr et al., 1969; Richardson and Kedar 2013 and 552 
section 3.4), nuclear detonations (Pomeroy, 1963; Patton and Walter, 1993), missile impacts 553 
(Latham et al., 1970b), and artificial lunar impacts (Latham et al., 1970a). These events can 554 
differ from impacts in their physical processes, temporal and/or spatial scales, and their energies. 555 
The derived values span five orders of magnitude from k = 10-6–10-1. Some of this broad range 556 
can be attributed to incomplete coverage of the seismic wavefield or frequency limitations of the 557 
recording seismic instruments. However, there is also likely to be a large scenario-dependent 558 
component that depends upon the surface material properties and properties of the impactor, such 559 
as density and speed.  560 
 561 
Experimental values range from 10−5 to 10−3 for impacts on bonded sand (McGarr et al. 1969; 562 
Richardson and Kedar 2013). On the other hand, the artificial impacts of the Apollo 12 and 13 563 
Saturn boosters, which had energy seven orders of magnitude larger, gave smaller values of 10−6 564 
to 10−5 (Latham et al. 1970a). Underground explosions have much higher seismic efficiencies of 565 
10−2 to 10−1 (Patton and Walter 1993). While explosive sources may approximate some of the 566 
processes found in impacts, these phenomena clearly differ in their physics. The seismic 567 
efficiencies obtained from chemical and nuclear explosions do not necessarily capture the 568 
momentum transfer dominated source mechanisms found in high velocity impacts. Generally, 569 
though, seismic efficiency is coupled to target properties: high seismic efficiencies (k>10-3) are 570 
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typically found in explosions and nuclear tests in bedrock or highly consolidated materials (e.g., 571 
Patton and Walter, 1993), while low seismic efficiencies (k<10-5) are seen in sediments or 572 
unbonded sands or soils (McGarr et al., 1969; Latham et al., 1970a). Recent studies for the Moon 573 
and Mars have used values of 10−6 (Davis 1993) and 2x10−5 (Teanby and Wookey 2011). 574 
Lognonne et al. (2009) proposed that the seismic efficiency depends on both the seismic velocity 575 
at the point where the impact occurs and the duration of the source. They estimated k=10−5 for a 576 
duration of 0.35 sec in lunar regolith. 577 
 578 
Shishkin (2007) suggests that the seismic efficiency for impacts is on the upper side for small 579 
impacts, with values of 10−3 or more for small impacts at Mach 10 with respect to the P wave 580 
seismic velocities. The GL model provides the ratio between seismic moment M and the kinetic 581 
energy as 𝑘k = 2𝑆 DE

D
. It is therefore 2-3 times the inverse of the Mach ratio and will be about 582 

1/10 for an impact at 10 km/s over a surface with 350 m/s P wave velocity. When combined with 583 
the ratio between seismic energy and moment:  584 
 585 

mn
f
= 𝑐 7

9
      (6) 586 

 587 
with estimated values for c of 0.22, 0.27, and 0.5 for impacts, explosions, and quakes, 588 
respectively, and a ratio 7

9
= 2 × 10J,, we get a seismic efficiency of k = 4 – 5 ´ 10−5. This is 589 

comparable to experimental values (Latham et al., 1970b; McGarr et al., 1969). This ratio might 590 
be smaller on the Moon than on Mars, as impact velocities are larger and subsurface velocities 591 
are smaller, leading to a higher impactor Mach number.  592 
 593 
3.4 EXPERIMENTAL DETERMINATION OF SEISMIC SOURCE TIME FUNCTION 594 
AND SEISMIC EFFICIENCY 595 
 596 
To experimentally measure some of these parameters, it is necessary to simulate the seismic 597 
signals expected from meteorite impacts on the Martian surface. Richardson and Kedar (2013) 598 
carried out a series of high velocity (1-6 km/s) impact experiments at the NASA Ames Vertical 599 
Gun Range (AVGR) facility. The experiments spanned a variety of projectile impact velocities 600 
and angles and were carried out in near-vacuum to mimic Martian atmospheric conditions. 601 
Seismic sensors were embedded in target material analogous to the Martian surface, and they 602 
were digitally recorded at over 100,000 samples per second with seismic data loggers and high-603 
speed cameras. A detailed experiment description will be summarized in a future paper. Here we 604 
summarize the key results and specific implications to the InSight mission. 605 
 606 
In the experiment, 15 accelerometers were embedded in rows horizontally along the surface of a 607 
sand target, as well as below the impact point. These were used to measure signals from the 608 
impacting glass projectiles, which were used to derive both the seismic velocity (Vp=250 m/s) 609 
and quality factor (Q ~= 5) of the medium. We used the record from an accelerometer placed 0.2 610 
m below the impact point to determine the source time function of the impact process. This was 611 
done by deconvolving the impulse response of the medium with the above properties from the 612 
seismic record. Once a source time function, F(t) (force as a function of time), was determined, it 613 
was integrated and compared with the known momentum of the projectile, whose mass and 614 
speed were accurately measured for each shot. Table 2 compares the measured projectile 615 
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momentum and the momentum estimated from the accelerometer records. In addition, seismic, 616 
efficiency was estimated from seismograms of three sensors at 0.2, 0.4, and 0.6 m below the 617 
impact point.  618 
 619 
Table 2 620 
Experimental results for various projectile velocities. Comparison between projectile momentum 621 
measured in the lab and estimated from seismograms, and the resulting seismic efficiency 622 
estimates.  623 
 624 

Projectile 
velocity (km/s) 

Measured projectile 
momentum (kg·m/s) 

Estimated projectile 
momentum (kg·m/s) 

Seismic Efficiency, k 

0.95 0.28 0.37 3.1´10-3±0.7´10-3 
2.23 0.66 0.68 1.3´10-3±0.7´10-3 
2.68 0.80 0.82 1.3´10-3±0.7´10-3 
4.68 1.39 1.43 1.4´10-3±1.0´10-3 
5.47 2.05 2.05 2.1´10-3±2.0´10-3 

 625 
The generally good agreement between the measured and estimated projectile momentum serves 626 
as an independent confirmation of the measured material properties (Vp and Q), and lends 627 
credence to the estimated source time function, F(t). 628 
 629 
Other impact experiments (e.g., Gueldemeister and Wuennemann, 2017) worked in the same 630 
impact speed range as in Table 2 but impacted quartz (k=3x10-3), sandstone with 20% porosity 631 
(k=2.56x10-3), and tuff with 43% porosity (k=2.02x10-3). They used numerical impact 632 
hydrocodes to reproduce these impact events and calculate the seismic efficiencies. 633 
 634 
The large uncertainty in impact seismic efficiency is due to the difficulty in accurately estimating 635 
Es from a seismogram. This requires assumptions about poorly known seismic energy flux, 636 
which depends on source geometry and material properties. However, once F(t) is determined 637 
with a high degree of confidence, it can be used to estimate Es. We do this, using a method 638 
routinely employed in the analysis of seismic waves emanating from an explosion source 639 
(Helmberger and Hadley, 1981), in which a simple yet integrable mathematical function is used 640 
to represent F(t). 641 
 642 
We can represent F(t) by a function known as a Jeffreys Pulse: 643 
 644 

𝑓r(𝑡) = 𝑐𝑡𝑒Jt4        (7) 645 
 646 
Where c is a constant of integration with units of force per unit time, and a is a characteristic 647 
decay time estimated from F(t). By definition, the impact impulse is 648 
 649 

𝑃 ≡ ∫ 𝐹(𝑡)𝑑𝑡 = 𝑚𝑣S
"       (8) 650 

 651 
where m is the mass of the projectile and v is its velocity. Substituting fJ(t) for F(t), it can be 652 
shown that  653 
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𝑐 = 𝛼?𝑃      (9) 654 
 655 
Figure 9 shows a comparison between the estimated F(t) and its representation as a 656 
Jeffreys pulse fJ(t), showing the close match between our estimated source time function and that 657 
measured in the experiment. 658 
 659 

 660 
Figure 9:  661 
A comparison between the estimated source time function (red) for a vertical 1000 m/s shot and 662 
its mathematical representation (blue) as a Jeffreys pulse.  663 
 664 
The seismic efficiency values summarized in Table 2 are a few times larger than the in-crater 665 
estimates (5.7x10-4) obtained in laboratory experiments by Yasui et al (2015). As pointed out by 666 
Yasui et al (2015), however, estimates of the seismic efficiency from measurements outside the 667 
crater rim are substantially lower, which to some degree accounts for the wide range of seismic 668 
efficiencies quoted in the literature. As a result, the use of seismic efficiency in modeling of 669 
impacts introduces a substantial uncertainty. Using the source time function enables a more 670 
accurate estimate of the impact force time history based on a known empirical crater-size – 671 
momentum relationship (Melosh, 1989), and so eliminates the need to rely on the highly variable 672 
seismic efficiency factor. Using this strategy, we anticipate that newly discovered Martian 673 
impacts by InSight could be more accurately used for inverting for Martian interior properties. 674 
 675 
When attempting to link seismic moment to the observed seismic efficiencies from tests, it is 676 
important to take into account that impact sources are not usually located in bedrock, but in 677 
brecciated material with low seismic velocities. For the same seismic moment, this leads to 678 
amplitudes larger by a factor of  679 
 680 
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𝑇k =
C{KDE{K

\

CDE\
,        (10) 681 

 682 
where rbr and r are the densities of the bedrock and regolith, respectively, and vpbr and vp are the 683 
P-wave seismic velocities in each. On the other hand, only a fraction of the amplitude of the 684 
wave will be transmitted to the underlying bedrock and thus could be detected remotely. The 685 
transmission coefficient for this is approximated as  686 
 687 

𝑇k = ?CDE
C{KDE{K|CDE

.       (11) 688 

 689 
When compared to quakes occurring in bedrock, the moment above shall therefore be multiplied 690 
by the two conversion factors, equations 10 and 11. The amplitude then depends only on the 691 
bedrock density and on the regolith and bedrock velocities. For a ratio of e.g. 10 between the 692 
surface velocity and that in the seismic crust, this will lead to magnitudes a factor of 1.5 larger. 693 
For example, a typical 1010 Nm moment impact associated with a 20 m crater would only be a 694 
magnitude 0.65 event. This would be comparable to a quake of magnitude 2.15 in terms of 695 
seismic amplitudes, with a possible overshoot at 1-2 Hz of 4±1 leading to body waves at 1 Hz, 696 
close to those from a magnitude 2.5 seismic event. This type of effect is illustrated in Fig. 6b, 697 
where we compare the three models of seismic sources with the seismic moment provided by 698 
Teanby and Wookey (2011), all scaled for bedrock properties comparable to those of the Moon 699 
(vpbr = 1000 m/s and rbr = 2700 m/s). With these modifications, the two seismic source-based 700 
models, SWH and GL, and the seismic efficiency-based model (Teanby and Wookey 2011) then 701 
agree well with the Apollo recorded observations. 702 
 703 
As the exact value of the seismic efficiency remains by its nature uncertain, we will use a fixed 704 
value of 5x10-4 in InSight impact detection studies when needed. We judge this to be the current 705 
best estimate of k. It is within an order of magnitude of most other literature estimates and the 706 
AVGR impact experiments by Kedar and Richardson (2013) described in this section. As further 707 
evidence that this value is appropriate, it brings disparate methods into rough agreement: Teanby 708 
and Wookey (2011) use a modelling approach to impact detection, whereas Teanby (2015) uses 709 
an independent empirical based scaling relation. Agreement between the two methods is 710 
obtained if k=5x10-4 is used, suggesting this value is a good estimate. There is still likely to be an 711 
order of magnitude error in those results, though, due to scatter in the data used by Teanby 712 
(2015). Given the variations between values found by various authors, we still consider this 713 
value to have an order of magnitude uncertainty, because the efficiency is expected to depend on 714 
properties of the impact (momentum, velocity, impact angle, etc.) and the seismic properties of 715 
the impacted surface material. 716 
 717 
3.5 SHALLOW SUBSURFACE EFFECTS 718 
 719 
Much of the above theory was developed assuming a perfect medium in which the seismic waves 720 
travel from the source (impact site) to the detector (SEIS deployment location at the InSight 721 
landing site). However, the specific material properties of those two locations, as well as the path 722 
between them, will also affect the seismic signals received. This is true for impacts as well as for 723 
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tectonic events, with the difference being that with impacts, we have a chance of identifying the 724 
precise source and then investigating the local geology at that location. 725 
 726 
Understanding the material properties at the landing site are important for interpretation of any 727 
received signals. The presence of a surface layer of fragmented, loose regolith will both amplify 728 
and trap seismic waves; and the relatively high porosity of the regolith will affect the seismic 729 
efficiency. In comparison to earthquakes or marsquakes, these effects might be further amplified 730 
by the fact that the body waves from impacts will likely be relatively high frequency. When they 731 
are detectable, they will be in a frequency bandwidth of 0.5 to 5 Hz (Section 3.2), leading to 732 
possible site effects at high frequencies due to the expected low seismic velocities in the shallow 733 
subsurface (Delage et al., 2017). 734 
 735 
3.5.1 MATERIAL EFFECTS AT DETECTOR SITE 736 
 737 
In general, geophysical knowledge of a priori subsurface structure of Mars is based on a 738 
combination of orbital and in situ observations: HiRISE (High Resolution Imaging Science 739 
Experiment; McEwen et al., 2007), CTX (Context camera; Malin et al., 2007) and CRISM 740 
(Compact Reconnaissance Imaging Spectrometer for Mars; Murchie et al., 2007) images from 741 
the Mars Reconnaissance Orbiter (MRO), the radar and thermophysical properties of the surface 742 
materials, including albedo, thermal inertia and radar reflectivity (and inferred bulk density) 743 
(e.g., Golombek et al., 2008). Our knowledge of the material properties of the local InSight 744 
region come from remote sensing data studied extensively when selecting the InSight landing 745 
site (Golombek et al., 2017). The selected landing site is located in western Elysium Planitia at 746 
4.5°N, 136.0°E at an elevation of -2.6 km. This is just north of the global dichotomy boundary 747 
between elevated heavily cratered southern highlands and lower standing, less cratered, northern 748 
plains. The landing site is on Hesperian basaltic lava plains that are ~200 m thick and are 749 
underlain by sediments. Moderately low thermal inertia and measurement of rocks in high-750 
resolution images show the regolith has few rocks and is composed of dominantly cohesionless 751 
sand or very weakly cemented soils (Golombek et al., 2017). Impact and eolian processes have 752 
created a fragmented regolith 3–17 m thick, which grades into coarse, blocky ejecta overlying 753 
strong, jointed bedrock (Warner et al., 2017). This bedrock is a ~200 m thick stack of layered 754 
lava flows, possibly interbedded by ash and sedimentary deposits (Golombek et al., this issue). 755 
Knapmeyer et al. (2017) used this stratigraphy, along with laboratory measurements (Delage et 756 
al., 2017), to develop a model of elastic properties with a rapid stepwise increase in seismic 757 
velocity and seismic attenuation Q with depth. See also Morgan et al. (this issue) for a pre-758 
landing assessment of regolith properties at the landing site. Data from the HP3 hammering 759 
(Kedar et al., 2017; Spohn et al., this issue) will tightly constrain local regolith properties and 760 
subsurface geology before science monitoring begins. 761 
 762 
3.5.2 MATERIAL EFFECTS AT IMPACT SITE 763 
 764 
Influence on seismic amplitudes 765 
 766 
As noted in Section 3.1 and in Table 1, all source models generate seismic amplitudes that are 767 
proportional to the inverse of the seismic velocities where the source associated with the impact 768 
is released. This amplification effect due to the regolith is essential in the modeling of the 769 
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amplitudes of the waves. In addition, the regolith will trap seismic waves (Fig. 10). This trapping 770 
will not only generate shallow layer surface waves, but also a ringing/reverberation effect of the 771 
direct body waves.  772 
 773 
 774 

 775 
Figure 10: 776 
Wavefield simulation for a short period of 1 Hz for a vertical impact in a 1D model with regolith 777 
(80 m, vp=265-600 m/s), bedrock (1 km, vp=2700 m/s) and a crustal layer (47.2 km, vp=5400-778 
5730 m/s). The color scale in the background indicates the p-wave velocity; the color scale in the 779 
foreground the absolute particle displacement. The shallow layers lead to complex waveforms in 780 
the body waves due to reverberation, and they trap energy due to total reflection acting as a 781 
wave guide. Furthermore, large amplitude short period surface waves with very low phase 782 
velocities are excited, though these can be considered an artifact due to the unrealistic 783 
homogeneity in the shallow layers. 784 
 785 
 786 
Influence on seismic efficiency 787 
 788 
The large variation in empirical estimates of seismic efficiency k is likely to be partially 789 
attributable to differences in surface and subsurface material properties. However, the variability 790 
in scale, source, and material type makes it difficult to isolate the influence of specific material 791 
properties. A notable exception is the influence of porosity and water saturation on k, which were 792 
investigated numerically by Güldemeister and Wünnemann (2017). Compaction of dry and wet 793 
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porosity close to the impact site absorbs energy from the shock wave, reducing the energy 794 
available to be radiated as seismic waves. Numerical simulations of 12-mm diameter iron 795 
impactors striking sandstone targets of various degrees of porosity and water saturation at 4.6 796 
km/s showed a factor of two reduction in seismic efficiency when porosity was increased from 0 797 
to 40%. An order of magnitude reduction in efficiency was seen when the pore space was filled 798 
with water. The rather modest reduction in k with dry porosity may have been influenced by the 799 
model assumption that the shear strength of the sandstone targets was independent of porosity. A 800 
decrease in strength with increasing porosity would likely amplify the observed reduction in k, 801 
and may explain, in part, the low seismic efficiency inferred from impacts in the porous lunar 802 
regolith (Latham et al., 1970b). We expect the InSight region to be covered in fractured regolith, 803 
but not as porous as the upper layers of the Moon. 804 
 805 
3.6 SEISMIC SIGNALS FROM AIRBURSTS AND ASSOCIATED SEISMIC SOURCE 806 
 807 
If an impactor’s mass is comparable to or smaller than the mass of atmosphere it encounters, it 808 
will decelerate, ablate and potentially disrupt. This process rapidly transfers a large proportion, if 809 
not all, the impactor’s kinetic energy to the atmosphere, producing a so-called airburst. Airbursts 810 
release the impactor energy into heat and therefore atmospheric over-pressure with a much larger 811 
efficiency than the seismic efficiency discussed in section 3.3. From Sedov shock wave theory 812 
(Landau & Liftshitz, 1982) and for the Shoemaker-Levy 9 impact on Jupiter, Lognonné et al 813 
(1994) estimated the seismic efficiency of an impact releasing its thermal energy in the 814 
atmosphere as larger than (γ-1), where γ is the adiabatic index. For high temperature CO2, this 815 
produces a seismic moment of more than 0.2 times the impactor energy, and therefore several 816 
orders of magnitude larger than the one associated with the ratio between seismic moment and 817 
energy. For vp, this is equal to 2vpSv for the GL model described in section 3.2, where vp, v and S 818 
are the P wave's velocity, impactor velocity, and ejecta amplification, respectively. However, 819 
only a fraction of the airburst is converted to coupled seismic waves, with transmission 820 
coefficient 𝐶 = ?Ca

Ca|C~DE
   (see section 3.3). For body waves, the ratio between the amplitude of 821 

the seismic waves excited by the impact on the surface and by the airburst near the surface can 822 
then be estimated as: 823 
 824 
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 826 
With vp 2-3 times larger than the sound speed and an impact velocity of Mach 40 (~14 km/s), 827 
this leads to a ratio larger than 10. The amplitudes of seismic waves generated by the airburst as 828 
seismic sources are expected to be at least one order of magnitude larger than those of the 829 
surface impact itself, leading to ~10x as many detections of these phases, as proposed in section 830 
4.5. 831 
 832 
The same is valid for surface waves. This can be shown by comparing the excitation processes 833 
for seismic moment release either below or above the surface. Figure 11 compares these 834 
moments for the different approaches described in sections 3.1-3.2 and compares them to the 835 
moment, as estimated by Lognonné et al (1994) for atmospheric release. This suggests the latter 836 
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is smaller than those of the SWH and GL by a factor of 2 to 4, respectively. On the other hand, 837 
the amplitudes of surface waves for a pressure glut source associated with an explosion will be 838 
proportional to 𝑢ℓ(𝑟")	𝑑𝑖𝑣(𝑢�⃗ ℓ(𝑟�))where r0 is the radius/altitude measured at the surface, rs the 839 
radius/altitude of the source, div the divergence operator,	𝑢�⃗ ℓ	the vector displacement field of 840 
surface wave mode of angular order ℓ, and 𝑢ℓ the vertical component. Figure 12 shows the 841 
amplitude of the fundamental Rayleigh mode 0S2000, 0S3000, 0S4000 and 0S5000, with periods of 4.08 842 
sec, 2.87 sec, 2.28 sec, and 1.95 sec, respectively, as well as the excitation amplitude for a 843 
seismic moment located at a given altitude, either in the solid planet or atmosphere. The seismic 844 
model used is EH45TcoldCrust1 (Rivoldini et al. 2011) with a regolith layer and is described 845 
with more detail by Smrekar et al. (this issue), while the acoustic model is the LD model 846 
described by Lognonné et al. (2016), together with the viscosity and molecular relaxation model 847 
described above. Computations of normal modes are made following Lognonné et al. (1998) and 848 
detailed in Lognonné et al. (2016) for Martian air-coupled Rayleigh waves and modes. Due to 849 
the almost free surface boundary condition, a large drop of the amplitude divergence is observed 850 
at the surface. For the same moment release, the near-surface atmospheric pressure glut 851 
associated with airbursts can be 25-100 (at 4 sec) to 10 (at 2 sec) times larger, depending on the 852 
frequency and altitude. This makes the excitation of surface waves by airbursts in some cases 853 
more effective than moment release in the subsurface. 854 
 855 

 856 
Figure 11: 857 
Comparison of the relation between Seismic Moment and released energy for the Teanby (blue 858 
lines), Shishkin-Werth and Herbst (SWH) (black solid line), and Gudkova-Lognonné (GL) (black 859 
dashed line) models for release in the subsurface, and Lognonné-Dahlen (LD) model (red solid 860 
line) for release in the atmosphere. See text for details of models. For all models based on 861 
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moment release, the atmospheric moment (red) is expected to be 2-4 smaller than the solid 862 
moment (black and blue).  The bedrock correction is made with relations (10) and (11) of section 863 
3.4 with the same densities and velocities as for Fig. 6. 864 
 865 

 866 
 867 
Figure 12: 868 
Amplitude of the fundamental Rayleigh mode 0S2000, 0S3000, 0S4000 and 0S5000, with periods of 4.08 869 
sec, 2.87 sec, 2.28 sec, and 1.95 sec, respectively, in black, blue, red and green. Solid lines are 870 
the real part, while dashed lines are the imaginary parts of the normal mode eigenfunctions. (a) 871 
shows the amplitude of the vertical component from a depth of 50 km (depths are negative on the 872 
y axis) to an altitude of 130 km. Note the attenuation due to viscosity and molecular relaxation, 873 
occurring only at an altitude of ~100 km. (b) is the real and imaginary part of normal modes 874 
close to the surface. Note the quadrature structure of the real and imaginary components of the 875 
vertical component, showing the upward propagative aspects of the normal modes, as well as the 876 
continuity of displacement near the surface. (c) is the same as (b) for horizontal components. (d) 877 
is the amplitude of a mode at the surface of Mars, when the moment release is made at a given 878 
altitude. Note that at 4 sec, the amplitude for a release at 250 m altitude is larger by a factor of 879 
25 than if the same moment is released at 80 m depth. 880 
 881 
 882 
4 IMPACTS ON MARS 883 
 884 
4.1 CURRENT MARTIAN IMPACT FLUX 885 
 886 
Predictions of the Martian impact rate are based on lunar crater densities, which have been tied 887 
to absolute ages with radiometric ages of returned samples (e.g. Hartmann, 1966; 1977; 2005; 888 
Neukum and Wise, 1976; Neukum and Ivanov, 1994; Ivanov, 2001). The calibrated lunar impact 889 
flux can then be extrapolated to Mars, taking into account estimates of the effects of the different 890 
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impacting populations (size distribution and velocities of impactors), differing gravity that 891 
affects the final crater size for a given impactor, and atmospheric blocking at Mars. Until 892 
recently our understanding of the current Martian impact flux depended largely on the 893 
Mars/Moon cratering ratio, a value which was merely estimated based on these models.  894 
 895 
Starting in the last decade with long-lived, high-resolution orbital imaging, new impacts have 896 
been detected appearing between successive images of the same area (Malin et al., 2006; Daubar 897 
et al., 2013). Using this technique, several hundred new, dated impacts have been discovered on 898 
Mars, several of which are very close to the InSight landing site (Daubar et al., 2015; Fig. 13). 899 
 900 

 901 
Figure 13: 902 
Several new, dated impact craters discovered close to the InSight landing site. The final 903 
reference landing ellipse is shown in white (4.5°N, 135.9°E) (Golombek et al., 2017). HiRISE 904 
footprints containing new impact sites dated by before and after images are shown in black. 905 
Basemap is the THEMIS Day IR 100 m global mosaic v.11.5 (Edwards et al. 2011) overlain with 906 
the TES Dust Cover Index (Ruff and Christensen 2002), where red is high dust cover and blue is 907 
low; lower dust cover to the southwest is likely contributing to fewer craters being found there. 908 
HiRISE cutouts are from enhanced false color RDR products with North up; HiRISE images 909 
credit NASA/JPL/University of Arizona. 910 
 911 
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The before- and after-imaging technique measures an impact rate of 1.65 x 10-6 craters/km2/yr 912 
with an effective diameter >=3.9 m (Daubar et al., 2013). Below this size, a drop-off in the 913 
impact rate is seen, which could be due to resolution effects, atmospheric filtering, observational 914 
biases, or other factors.  915 
 916 
In general, this technique allows for a direct measurement of the current impact rate at Mars. 917 
However, that measurement is biased by the limitations of imaging, such as spatial resolution 918 
and coverage. For these new impacts, there is also a detection bias that allows for discovery of 919 
new impacts only when there is a strong albedo contrast in an impact blast zone many times 920 
larger than the crater itself (Daubar et al., 2013). Fading of those low-albedo blast zones may 921 
also contribute to lack of small crater detections (Daubar et al., 2016). A seismic measurement of 922 
the current impact rate would be free of such biases, although there will be different biases in 923 
such a measurement, as discussed in Section 8.4. Lognonné et al. (2009) made such a 924 
measurement for current lunar impacts, and the seismically determined impact flux on the Moon 925 
was found to be within ±50% of that at the top of the Earth’s atmosphere. 926 
 927 
4.2 MARTIAN IMPACTOR CHARACTERISTICS 928 
 929 
The impactors responsible for forming these new dated craters are presumably represented by the 930 
population of Mars-crossing objects (MCOs). This group of objects was studied in the past 931 
(JeongAhn & Malhotra, 2015 and references therein) by selecting a subset of known asteroids 932 
from the Minor Planet Center orbital catalog1. This set of MCOs was chosen to be those with 933 
Q>q_Mars and q<Q_Mars (where q is the perihelion distance, and Q is the aphelion distance). 934 
Additionally, the selection was limited to objects that have been observed for more than one 935 
opposition. This leads to a population of 13,355 MCOs, whose orbital distribution is shown in 936 
Fig. 14. Note  that if we include the MCOs that have been observed during one opposition only, 937 
the  total  number  of MCOs  increases  to  31,207. That population has similar general trends as 938 
the downselected population. The two populations highlighted by previous studies, below and 939 
above i=18°, are clearly visible in Fig. 14. The absolute magnitude distribution shows that most 940 
of known MCOs are in the range 12-24 mag. Additional fainter MCOs are expected from future 941 
surveys, such as LSST (Large Synoptic Survey Telescope; LSST 2018). 942 
 943 

                                                
1 http://www.minorplanetcenter.org/iau/MPCORB/MPCORB.DAT, download performed on Oct. 
30th 2017 
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 944 
Figure 14: 945 
Left: Distribution of inclination (i) vs absolute magnitude (H) of the population of Mars-crossing 946 
object (MCOs), selecting based on perihelion and aphelion. Colors represent the number of 947 
objects with those values. Right: Semi-major axis (a) vs eccentricity (e) of the same population. 948 
Gaps caused by resonances with Jupiter near a=2.06, 2.5, and 3.27 AU can be recognized. 949 
 950 
The impact velocities and directions of MCOs are computed using the Neslusan et al. (1998) 951 
method, the source code for which was kindly provided by the authors. We modified the code to 952 
apply it to Mars. The advantage of this method is that it not only computes relative velocities, but 953 
also the location of the radiant (position of the sky where the impacting MCOs seem to come 954 
from), as well as the Solar Longitude (LS; ecliptic Longitude + 180°; a measure of Martian 955 
season) of the planet at the time of the closest approach. The distribution of the radiants and LS 956 
are showed in Figs. 15 to 18. 957 
 958 
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Figure 15: 959 
Distribution of radiants of MCOs at Mars. RA: right ascension, DEC: declination (J2000). The 960 
colors represent the number of bodies with those parameters. A concentration of radiants can be 961 
recognized near RA~280°, DEC~30°. 962 
 963 
 964 
 965 
 966 
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Figure 16: 967 
The vector directions of relative velocities of MCOs as seen from Mars. The point at [0;0] is the 968 
Mars apex. The Sun is at [-90;0] and anti-Sun at [+90;0]. Bands can be recognized, as a 969 
consequence of low and high inclination populations. 970 
 971 
 972 
 973 
 974 

Figure 17: 975 
Histogram of Mars Solar Longitude (LS) at the time of closest encounter with each MCO. The 976 
maximum around LS=200° is more pronounced if the criterion selection on the number of 977 
observed oppositions is relaxed. 978 
 979 
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Figure 18: 980 
Distribution of the velocity of MCOs at the top of the Martian atmosphere. The median is located 981 
at 10.9 km/s and the mean at 11.7 km/s. Two peaks can be seen at ~6 km/s and ~11 km/s. 982 
 983 
4.3 MARTIAN CRATER MORPHOLOGY 984 
 985 
Impact craters formed during the lifetime of the InSight mission are expected to be small (<100 986 
m) simple craters. These will be similar to primary craters formed on Mars during recent 987 
monitoring by spacecraft (Daubar et al., 2013; 2014). These simple craters are bowl-shaped 988 
depressions, with a breccia lens accumulated at the bottom of the crater, and a depth-diameter 989 
ratio of ~1:5 (Melosh, 1989; Daubar et al., 2014). New small Martian craters seldom have an 990 
appreciable raised rim (Daubar et al., 2014), perhaps due to impacting a more porous upper layer 991 
of the Martian crust. In most cases, any morphological complexity in craters of this scale 992 
originate from inhomogeneities in the target, such as variable strength, density or porosity (e.g., 993 
Quaide and Oberbeck, 1968; Senft and Stewart, 2007). Features resulting from these 994 
inhomogeneities include irregular rims, flat floors, and “benches” or concentric craters (Daubar 995 
et al., 2014). At the InSight landing site, fresh rocky ejecta craters and nested craters indicate a 996 
fragmented regolith 3-17 m thick (Warner et al., 2017) and initial depth/diameter ratios about 997 
half that expected (Sweeney et at., 2016; Golombek et al., 2017), similar to other poorly 998 
consolidated targets on Mars (Watters et al., 2015). 999 
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 1000 
Approximately half of such impacts form a single simple crater, while the other half form crater 1001 
clusters, owing to the meteoroid fragmenting in the atmosphere before reaching the ground 1002 
(Daubar et al., 2013). Given the prevalence of crater clusters, it is possible that a significant 1003 
fraction of single craters also form by impact of a fragmented body, where fragments did not 1004 
separate sufficiently to form separated craters (e.g., Miljkovic et al., 2013). The crater produced 1005 
by such an impact would exhibit a shallower depth than if formed by a single consolidated 1006 
impactor (Artemieva and Pierazzo, 2009). This could account for some of the variation in depths 1007 
of newly formed craters on Mars (Daubar et al. 2014), if shallower craters were created by this 1008 
process. 1009 
 1010 
4.4 MARTIAN CRATER SCALING 1011 
 1012 
To connect the impactor energy and the crater diameter produced, Teanby and Wookey (2011) 1013 
proposed a simple scaling equation relating crater size to the kinetic energy of the impactor, 1014 
based on large-scale impact and explosion experiments. This formulation has the advantage of 1015 
directly linking the observed crater size to seismic energy through the seismic efficiency. 1016 
However, laboratory impact experiments and numerical simulations have shown that crater 1017 
diameter does not scale simply with impact energy (e.g., Schmidt and Housen, 1987; Holsapple 1018 
1993; Wünnemann et al., 2011). The most widely-used and successful crater scaling approach, 1019 
commonly known as pi-group scaling, instead relates crater size to a combination of impactor 1020 
energy and momentum, known as the coupling parameter (Holsapple and Schmidt, 1987). The 1021 
implication is that two impacts with the same kinetic energy but different combinations of 1022 
impactor mass and velocity produce craters of different size. Moreover, the form of the scaling 1023 
equation depends on the gravity, density, and cohesive strength of the target surface. In a 1024 
cohesionless material, such as a dry granular regolith with negligible cohesion, crater size is 1025 
limited by gravity; that is, the weight of the displaced material. In a cohesive soil or rock, on the 1026 
other hand, crater size is limited by both gravity and the strength of the material. In small craters, 1027 
strength is dominant and the effect of gravity can be ignored, but in larger impacts gravity begins 1028 
to dominate and strength effects can be neglected. 1029 
 1030 
Figure 19 compares the impact energy-crater diameter scaling equation proposed by Teanby and 1031 
Wookey (2011) with pi-group crater scaling equations (Schmidt and Housen, 1987; Holsapple 1032 
and Housen, 2007) for the range of crater size most likely to be observed during the InSight 1033 
mission. Pi-group scaling results are shown for three target approximations: a cohesionless 1034 
regolith-like target with a density of 1.5 g/cc and Martian gravity; a cohesive soil/regolith of the 1035 
same density, but with a small cohesive strength of 100 kPa; and a dense (3 g/cc) rocky surface 1036 
with a cohesive strength of 10 MPa. Gravity is neglected in the latter two scenarios. In kinetic 1037 
energy-crater diameter space, the pi-group scaling equations for each target approximation plot 1038 
as a line only for a specific combination of impactor density and velocity. We therefore show a 1039 
band of possible outcomes, bounded above by a slow, dense impactor scenario defined as an iron 1040 
impactor (7.9 g/cc) striking at Mars’ escape velocity (5 km/s). This is bounded below by a fast, 1041 
low-density impactor scenario defined as an icy impactor (1 g/cc) striking at 20 km/s. The 1042 
analysis assumes vertical impact, neglects any deceleration during atmospheric entry, and 1043 
accounts for a 30% difference between the crater diameter at the preimpact level and the final 1044 
rim diameter (Holsapple, 1993).  1045 
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 1046 
The comparison of scaling approximations illustrates that there is nearly a two order of 1047 
magnitude range in impact energy required to produce a given crater size depending on the 1048 
properties of the Martian surface and the density and speed of the impactor. The range of 1049 
uncertainty reduces for larger craters or impacts known to be formed in regolith. Despite its 1050 
simplicity, the energy scaling equation derived by Teanby and Wookey (2011) lies near the 1051 
middle of the range of more conventional scaling approximations and the uncertainty attached to 1052 
it is a good approximation of the variability in crater size scaling from anticipated variations in 1053 
impactor and target properties. We also note that the pi-group scaling equations for cohesionless 1054 
and cohesive soil/regolith intersect at a crater size of approximately 50 m, implying that the 1055 
cohesive strength of the upper tens of meters of the Martian surface will have an important 1056 
control on the size of craters likely to be formed during the InSight mission (<50 m).  1057 
 1058 

 1059 
Figure 19.  1060 
Comparison of crater size scaling relationships for impact craters on Mars shown as a function 1061 
of kinetic energy of the impactor. Pi-group crater scaling equations are shown as bands bounded 1062 
above by a slow, dense impactor scenario and below by a fast, low-density impactor scenario. 1063 
Bands are shown for three target surface approximations: a cohesionless regolith-like target 1064 
with a density of 1.5 g/cc and Martian gravity (grey); a cohesive soil/regolith of the same 1065 
density, but with a small cohesive strength of 100 kPa (blue); and a dense (3 g/cc) rocky surface 1066 
with a cohesive strength of 10 MPa (red). Gravity is neglected in the latter two scenarios. Black 1067 
lines show the impact energy-crater size scaling equation (dotted lines show minimum and 1068 
maximum bounds) derived by Teanby and Wookey (2011).  1069 
 1070 
 1071 
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4.5 FRAGMENTATION IN THE MARTIAN ATMOSPHERE 1072 
 1073 
Unlike the Moon, Mars has enough of an atmosphere for it to be a factor when considering 1074 
impacts and their seismic effects. When cometary or asteroidal material encounters a planetary 1075 
atmosphere, aerodynamic resistance causes deceleration of the impacting body (meteoroid). If 1076 
aerodynamic stresses are high enough, the meteoroid may experience ablation and/or 1077 
fragmentation. Ablation occurs when sufficient heat is generated to vaporize or melt material 1078 
from the surface of the meteoroid. In the thin Martian atmosphere ablation is near insignificant 1079 
for all but very small meteoroids (sub-cm scale) entering at high speeds. Fragmentation is often 1080 
assumed to occur when the stagnation pressure, P=r avm2, in front of the meteoroid is 1081 
approximately equivalent to the meteoroid’s bulk strength. Thus fragmentation is sensitive to 1082 
entry velocity. After fragmentation, the effective surface area of the meteoroid increases as the 1083 
fragments separate, dramatically increasing the rate of deceleration and energy loss to the 1084 
atmosphere. Depending on the nature of fragmentation and rate of separation, such events can 1085 
result in an airburst (a catastrophic disruption in the atmosphere) and/or near-simultaneous 1086 
surface impact of a swarm of fragments to form a cluster or strewn field of craters. If 1087 
fragmentation does not occur or occurs at very low altitude, the meteoroid will strike the ground 1088 
as a basically coherent mass and form a single crater (e.g., Collins et al., 2005; Miljkovic et al., 1089 
2017). 1090 
 1091 
In the absence of ablation and fragmentation, the deceleration of a single intact meteoroid is 1092 
principally controlled by characteristics of the meteoroid (i.e. mass, shape, density) and its 1093 
trajectory (i.e. velocity, angle of entry, atmospheric densities), and is well described by a simple 1094 
drag equation (e.g. Baldwin and Sheaffer, 1971). However, the fate of the meteoroid after 1095 
fragmentation is much more complex to analyze and depends on highly-variable meteoroid 1096 
strength (Popova et al., 2011), style of fragmentation (catastrophic vs. progressive), and the 1097 
interaction between fragments and wake behaviour (Passey and Melosh, 1980; Ivanov et al., 1098 
1997; Chyba et al., 1993; Hills and Goda, 1993; Register et al., 2017; Wheeler et al., 2017). 1099 
 1100 
Of particular relevance to InSight is the fate of meter-scale meteoroids as seismic sources 1101 
(Teanby and Wookey 2011; Stevanović et al. 2017). Forming decameter-scale craters, these are 1102 
able to deliver the energy necessary for seismic detection (tens to hundreds of tons of TNT 1103 
equivalent energy; 1 kton TNT = 4.185 1012 Joules), whilst also being frequent enough that 1104 
several to tens of events are expected throughout the mission (Teanby and Wookey 2011; 1105 
Teanby 2015; Stevanović et al. 2017; Section 6.2). Observations of recently formed craters on 1106 
Mars reveals that approximately half of current impacts of this scale result in single craters, 1107 
while the other half undergo fragmentation in the atmosphere and form crater clusters (Daubar et 1108 
al. 2013; 2018). This proportion of fragmentation events suggests a median effective strength of 1109 
approximately 1 MPa for meter-scale objects entering Mars’ atmosphere, which is consistent 1110 
with estimates of bulk meteoroid strength from terrestrial fireball observations (Popova et al., 1111 
2003; 2011), although a significant fraction of them seem to be weaker than this (Hartmann et 1112 
al., 2017). For an approximately 1-m diameter ordinary chondrite meteoroid, a bulk strength of 1 1113 
MPa would imply a fragmentation threshold entry speed of 8 km/s, assuming a trajectory 45° 1114 
from vertical at atmospheric entry. Meteoroids entering Mars’s atmosphere between this speed 1115 
and Mars’s escape speed (5 km/s) would tend to remain intact, losing less than 5% of their initial 1116 
speed prior to forming a single crater. Meteoroids entering at higher speeds on the same 1117 
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trajectory would fragment at altitudes up to 30 km for an entry speed of 30 km/s. The most likely 1118 
entry speeds for Mars are evenly distributed around peaks at 6.5 km/s and 11.5 km/s (Le Feuvre 1119 
and Wieczorek 2011; Fig. 18). A ~8 km/s breakup threshold, between these two peaks, is 1120 
therefore roughly consistent with the near-equal numbers of single and clustered impacts 1121 
observed by Daubar et al. (2013). However, the mass, momentum and kinetic energy of the 1122 
fragments before they strike the ground is highly dependent on the assumed model of 1123 
fragmentation. If fragmentation is catastrophic, no sizeable fragment may strike the ground, but 1124 
the resulting airburst may still be able to deliver seismic and acoustic signals to the SEIS detector 1125 
depending on its altitude and the rate of energy deposition in the atmosphere (Stevanović et al., 1126 
2017). Hence, three classes of impact-related seismic sources might be recorded by the SEIS 1127 
instrument: (i) surface impact of a single mass (no fragmentation); (ii) near-simultaneous surface 1128 
impact of a swarm of meteoroid fragments, separated by a few tens to hundreds of meters; and 1129 
(iii) airburst caused by catastrophic disruption and rapid energy deposition in the atmosphere. 1130 
The first of these, single impacts, is the canonical case discussed primarily in Section 3 on 1131 
impacts in general, and is nominally assumed in the rest of the paper. In the next sections we 1132 
discuss the physical processes and expected seismic signals from clustered impacts and airbursts.  1133 
 1134 
4.5.1 IMPACT CLUSTERS ON MARS 1135 
 1136 
The seismic source for a cluster would behave differently than a singular impact; the energy of 1137 
the impacts will be distributed over a larger area, typically between 10-1,000 meters (Daubar et 1138 
al., 2018). The source will be partitioned amongst craters of different sizes, and presumably 1139 
bolides of various sizes. Schmerr et al. (2016) have built a seismological model for the predicted 1140 
seismic signatures that would be recorded by seismometers deployed on Mars (Fig. 20). These 1141 
source predictions are created using the measured crater properties from Daubar et al. (2018), 1142 
along with a crater diameter scaling law for the strength regime (Holsapple and Housen, 2007) 1143 
and momentum-driven source model after Gudkova et al. (2011, 2015) to relate the expected 1144 
magnitude of the seismic source to the observed crater properties (See also Sections 3.1 and 4.4). 1145 
The magnitude prediction is then combined with 3-D wave propagation modeling, using the 1146 
Serpentine Wave Propagation Package (Peterson et al., 2010). The resulting theoretical Martian 1147 
models are used to investigate the effect of a distributed source on the expected amplitudes of 1148 
body and surface waves that will be essential for studying Martian internal structure.  1149 
 1150 
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 1151 

 1152 
Figure 20:  1153 
Examples of new, dated impact sites with various numbers of individual craters: A) single 1154 
crater; B) 3 craters; C) 6 craters; D) >100 craters. HiRISE observation IDs are indicated on 1155 
images. For all: North is up; sun is roughly to the west. A and B are from enhanced false color 1156 
RDRs; C and D are from red RDRs. Lower panels show vertical component synthetic 1157 
seismograms for these distributions of craters at various distances, using the model of Schmerr 1158 
et al. (2016) and an impact force transfer source. Clustered impacts are spread artificially over 1159 
2 seconds to simulate non-simultaneous impacts. This spread in time is longer than expected for 1160 
most cases (should typically be «1 second; Daubar et al., 2018), but is used as an extreme upper 1161 
bound here for comparative purposes. Note that background noise is not included in this model, 1162 
so the overall detectability of these events cannot be inferred from these plots. Image credit: 1163 
NASA/JPL/University of Arizona. (Banks et al., 2015; Schmerr et al., 2016) 1164 
 1165 
The resultant source time function was found to be dependent upon the total moment release of 1166 
the multiple impacts, relative timing of impact events, and geographic closeness (dispersion) of 1167 
the clustered impacts. It was found that clusters have smaller peak amplitudes and more short-1168 
period energy in their source spectra compared to single crater impacts. While more numerous 1169 
smaller craters in clusters contribute insignificant energy to the source function, they add to the 1170 



 

 38 

complexity of recorded seismic energies and produce a more diffuse seismic signal (Fig. 20). 1171 
With such diffuse signals, it will be more difficult to identify P wave arrivals and thus will 1172 
add uncertainty to the identification of source location. However, being able to differentiate 1173 
between seismic signals from single crater impacts and the more diffuse and complex signals 1174 
from crater clusters will allow us to predetermine some general characteristics of the impact and 1175 
inform the orbital image search: what to look for and how detectable the impact will be in 1176 
images. Overall, the seismic signal of more dispersed clusters will be less detectable than 1177 
the impact of an intact bolide, and this will reduce the overall number of impacts InSight can 1178 
expect to detect at Mars. 1179 
 1180 
4.5.2 AIRBURSTS ON MARS 1181 
 1182 
On the far end of the fragmentation spectrum lie airbursts. Surface effects of martian airbursts 1183 
have been observed in the form of thousands of small dust avalanches distributed asymmetrically 1184 
around new dated craters (Burleight et al., 2012). The number of airburst events that will be 1185 
detected by InSight seismometers will depend on three main factors; the incident impactor 1186 
population, the process of generating an airburst (which may be said in turn to depend on 1187 
atmospheric and material properties), the Martian acoustic properties, and finally on the 1188 
detection capability of SEIS.  1189 
 1190 
The total overall incident bolide population at Mars is different from that at the Earth due to the 1191 
proximity of the asteroid belt and Jupiter family comets. Other potentially impacting objects may 1192 
be long-period comets sourced from the Oort cloud. By scaling the known size-frequency 1193 
distribution (SFD) from Earth according to differences in impactor source population, planetary 1194 
surface area and impact velocities, we can derive a flux SFD for Mars to be log10(N) = a − b⊕ 1195 
log10E, where N is the cumulative number of impactors per year incident on the Martian 1196 
atmosphere of energy E and a and b⊕ are empirically fitted constants (see Stevanović et al., 2017 1197 
for more details). This can be compared to observed current cratering SFD on Mars to verify the 1198 
relationship (Malin et al., 2006; Daubar et al., 2013). Fig. 21 shows the predicted airburst 1199 
population on Mars along with predicted detection rates. Stevanović et al. (2017) predicted ~10-1200 
200 seismically detectable events, depending on the noise level of SEIS. This estimate contains 1201 
an order of magnitude error resulting mainly from uncertainties in the air-ground coupling 1202 
efficiency factor, atmospheric attenuation of the shockwave, amounts of seismic attenuation, and 1203 
source population estimates. However, seismic signals from airbursts will allow detection of 1204 
many more events than the generation of seismic waves by the impact to the surface alone.  1205 
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 1206 
Figure 21:  1207 
Predicted airburst population and InSight detections. Based on observations of new impact 1208 
craters by Daubar et al. (2013), Stevanović et al. (2017) estimated the number of events that 1209 
would be seismically detectable to be 10 and 200 per year, integrated over the √2 incremental 1210 
yield bins plotted here, for high and low noise cases respectively. This estimate contains an 1211 
order of magnitude error, indicated by the dashed lines. Figure modified from Stevanović et al. 1212 
(2017). Note that airbursts are only predicted to occur for yields between 2×10-5–2 kiloTons 1213 
TNT; larger events always penetrate the atmosphere and impact the surface, and smaller 1214 
impactors are ablated or are slowed by drag to terminal velocity. Note these are based on the 1215 
air-coupled seismic wave. 1216 
 1217 
Compared to Earth, very large differences in the acoustic attenuation occurs because of the CO2 1218 
composition of the Martian atmosphere. As pointed out by Bass and Chamber (2001) and 1219 
Williams (2001), molecular relaxation is the largest source of attenuation for infrasound waves at 1220 
Mars. This is in contrast to Earth, where this attenuation source can be neglected. This results in 1221 
very large attenuation, as illustrated by Fig. 22, which shows the attenuation factor of acoustic 1222 
waves as a function of both altitude and frequency. The attenuation factor is defined as the 1223 
inverse of the distance over which the amplitude decays by e. At 5 Hz, an attenuation factor of 1224 
~1 km-1 will likely prevent remote observations of acoustic waves. At 1 Hz, attenuation factors 1225 
are ~1/200 km-1, thus these frequencies will have more potential for regional airburst detections. 1226 
Short period surface waves (5-10 s) will be weakly attenuated further. 1227 
 1228 
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 1229 
Figure 22: 1230 
Acoustic attenuation in the Martian atmosphere as a function of frequency. Left top: Attenuation 1231 
per cycle. Left bottom: Attenuation factor in km-1. Attenuation due to atmospheric viscosity and 1232 
conduction (dotted line), molecular rotation (dashed line), molecular vibration (thin solid line), 1233 
and the sum of all sources (thick solid line). This illustrates that molecular relaxation has a 1234 
major effect in the upper part of the bandwidth of the APSS sensor (e.g. above 1 Hz) and is 1235 
dominating attenuation; it causes almost 3 orders of magnitude more attenuation than 1236 
atmospheric viscosity at these frequencies. Generally, from 1 Hz to 10 Hz the attenuation is 1237 
significant, with attenuation lengths less than 100 km limiting likely detections of signals from 1238 
purely atmospheric propagation to only those generated in the immediate region of the lander. 1239 
Below 1 Hz, remote detection will be possible, as there is much less attenuation. Right: Total 1240 
attenuation factors at different altitudes (shown with different line thickness), showing 1241 
attenuation is ~20 times larger at 30 km than at the surface.  1242 
 1243 
The previously described modeling by Stevanović et al. (2017) shows that most airbursts occur 1244 
at altitudes below 10 km. Therefore, the final airburst will occur close enough to the ground that 1245 
acoustic waves incident on the surface will only be moderately affected by atmospheric 1246 
attenuation before they are converted into to seismic phases that will propagate through the 1247 
planetary body to the seismometer. Stevanović et al. (2017) estimated this attenuation effect to 1248 
be 0.7 for a moderate airburst and considered it negligible for the largest ones. Fig. 22 shows that 1249 
this is likely a reasonable assumption, at least in the VBB bandwidth, assuming the shock cone 1250 
of the airburst is smaller than 1 km, and the SEIS signal is recorded below 10 Hz. 1251 
 1252 
These phases will travel much more quickly than the airwave, so they are likely to be observed 1253 
as precursor phases of the acoustic waves described in Section 4.5.3. Importantly, they are likely 1254 
to have larger amplitudes than the seismic waves excited by the direct impact on the surface. See 1255 
section 6.2 for further discussion. 1256 

VBB bandwidth
( 0.01-10 Hz)
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 1257 
4.5.3 POTENTIAL FOR ACOUSTIC WAVE DETECTION FROM IMPACTS ON MARS 1258 
 1259 
As described in this paper, many meteorite atmospheric entries will produce surface impacts 1260 
generating acoustic waves at the impact site. In most cases, the continuous sound speed decrease 1261 
with altitude in the Martian atmosphere will not allow these acoustic waves to propagate back to 1262 
the surface. However, various wind jets in the atmosphere may duct back these waves in specific 1263 
directions (Garcia et al., 2017). Moreover, during the night, the surface temperature gradient 1264 
generates a wave guide close to the surface that may allow detection of these acoustic signals far 1265 
from the impact source (Garcia et al., 2017). The acoustic waves created by seismic waves 1266 
following the impacts will also face similar propagation constraints. In addition, their 1267 
amplitude is predicted to be much smaller than the acoustic waves created by the explosion, due 1268 
to the large impedance contrast between the Martian ground and atmosphere (Lognonné et al., 1269 
2016). In the absence of positive identification of an impact (see section 7.2), it will be 1270 
challenging to definitively identify these signals as acoustic waves associated with an impact. 1271 
InSight team members and associates are hopeful that direct acoustic signals from impacts will 1272 
be detectable by the pressure sensor, if they are large enough and in band for the sensor, once the 1273 
background noise level of the APSS sensors have been characterized. 1274 
 1275 
 1276 
5 BENCHMARKING IMPACT SEISMIC WAVEFORMS 1277 
 1278 
5.1 COMPARING MODELS OF SYNTHETIC SEISMOGRAMS 1279 
 1280 
We performed a benchmarking study of different codes being used by members of the InSight 1281 
team to compute synthetic seismograms. The primary objective of this study was to compare the 1282 
results of the various methods in the case of modeling meteor impacts on Mars. This comparison 1283 
leads to a cross-validation of the techniques and a better understanding of their respective 1284 
advantages, limitations, and weaknesses. Secondly, the synthetics provided for the benchmark 1285 
can be used as a catalogue to estimate detection thresholds and characterize impacts as seismic 1286 
sources. 1287 
 1288 
To obtain comparable results, we selected one of the InSight interior structure reference models 1289 
(Panning et al., 2017; Smrekar et al., 2018). This is a realistic one-dimensional model of the 1290 
interior structure of Mars, the EH45TcoldCrust1 model (Rivoldini et al. 2011). The density and 1291 
velocity profiles of the model are shown in Fig. 23a. In the case of impacts, which are seismic 1292 
sources occurring at the very surface of the planet, it is of major importance to consider the 1293 
shallow interior structure. For this reason, we also used a modified version of EH45TcoldCrust1 1294 
that differs from the original in the top 1 km. This modified model includes an 80 m-deep layer 1295 
of regolith and unconsolidated material overlying fractured bedrock (Fig. 23b). The regolith 1296 
layer is characterized by low density and low seismic velocities, which can significantly modify 1297 
the waveforms and amplitudes of seismic signals. Attenuation is also taken into account: we use 1298 
a quality coefficient (a quantity that describes energy loss due to attenuation) for shear waves of 1299 
600 in the crust and 143 in the mantle. Bulk attenuation is neglected. In the regolith layer the 1300 
quality coefficient increases linearly with depth from 100 to 300 over the first 80 m, as proposed 1301 
by Morgan et al. (2018). 1302 
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 1303 

 1304 
 1305 
Figure 23:  1306 
Interior structure models used in the benchmark. (a) Density (black) and velocity profiles (red 1307 
and blue for P-wave and S-wave, respectively) of the EH45TcoldCrust1 model (Rivoldini et al., 1308 
2011). (b) Zoom in on the upper 1 km of the EH45TcoldCrust1 model (solid lines) and the 1309 
modified version including fractured bedrock and regolith (dotted lines). 1310 
 1311 
Two different seismic sources were used. The first was an impulsive explosion at the surface, 1312 
described by a diagonal moment tensor with each component equal to 5 x 1010 Nm. The second 1313 
source was a vertical point force of 4 x 107 N applied at the surface. For both sources, a Dirac 1314 
delta function was assumed for the source time function. These sources were selected to be 1315 
representative of meteor impacts generating craters with diameters 25-40 m (Fig. 6). For both 1316 
sources, synthetic seismograms were computed at epicentral distances of 50, 100, 500 and 2000 1317 
km, with and without the regolith layer. 1318 
 1319 
Here we briefly describe the different codes used in the benchmark; for details, see the respective 1320 
references. Minos is a normal-mode summation code based on the classical Mineos (Gilbert and 1321 
Dziewonski (1975), updated by Woodhouse (1988) and rewritten by Masters) and developed as 1322 
the 1D version of HOPT (Lognonné and Clévédé, 2002; Clévédé and Lognonné, 2003). Direct 1323 
Solution Method (DSM) is a technique used to compute synthetic seismograms (Geller and 1324 
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Ohminato, 1994; Geller and Takeuchi, 1995), recently adapted to the case of Mars. Two versions 1325 
of the DSM code were used in the tests, which were independently modified for Mars. These 1326 
codes are denoted by DSM and DSMv2. DSM requires computation of high-angular order 1327 
coefficients even for low frequencies when we need to calculate the seismograms near the 1328 
surface (e.g. Kawai et al., 2006). DSM automatically truncates the angular order by measuring 1329 
the convergence of coefficients at the surface and is efficiently parallelized for this purpose, but 1330 
with a 0.1 km depth source. DSMv2 manually fixes the angular order and puts the source at 23 1331 
km depth. Herrmann’s Computer Programs in Seismology (CPS, Herrmann 2013) is a package 1332 
for the computation of synthetics in a flat, layered planet. AxiSEM (Nissen-Mayer et al., 2014) is 1333 
a spectral-element based method allowing the computation of seismograms for axisymmetric 1334 
models. GEMINI is a numerical method to compute ground motion through integration of an 1335 
appropriate system of ordinary differential equations (Friedrich and Dalkolmo, 1995). 1336 
 1337 
Not all the methods, however, were used for all computations. This depends on the 1338 
characteristics of each technique and of the targeted synthetics. In particular, DSMv2 was used 1339 
only for the model without regolith and for epicentral distances of 500 km or larger. More 1340 
precisely, due to limits on computational run time, the synthetics were generated with a 1341 
maximum of 18000 radial grid points (~200 m spacing), which precluded resolving the 80 m 1342 
regolith layer. In addition, convergence of the method was affected by the source depth, with 1343 
shallower depths requiring computation to higher angular orders to reproduce the near field 1344 
terms (see discussion in Kawai et al., 2006). For this reason, a source depth in the middle of the 1345 
top layer was used (23 km depth) as a compromise. The far field body-wave wavefield is 1346 
unaffected by this depth shift (see Teanby and Wookey, 2011), and the synthetics beyond about 1347 
500 km converged. However, as a result of this non-zero depth the surface waves are not 1348 
representative of an impact, and a small time lag correction is required. CPS, instead, was used 1349 
only with modal summation, and therefore only surface waves were modeled. Although 1350 
wavenumber integration can be used with this package, the required computation time would 1351 
increase significantly. Finally, for the model with regolith, GEMINI exhibited numerical issues 1352 
at short epicentral distances (50 and 100 km) with unphysical wraparound phases. 1353 
 1354 
 1355 
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 1356 
Figure 24:  1357 
Results of the benchmarking study for the explosive source and the original structure model 1358 
without regolith, using six different techniques as described in the text. In each row, from left to 1359 
right: zoom on the P-wave, zoom on the highest amplitude surface waves, and spectra. The rows 1360 
are at increasing epicentral distances of 50, 100, 500 and 2000 km. All seismic data are in 1361 
vertical velocity and bandpass filtered between 0.05 and 0.2 Hz. The root-mean square noise, 1362 
based on the InSight requirements, is represented by dashed lines whenever smaller than, or 1363 
comparable to, the signal. 1364 
 1365 
The results for the explosion source and the structure model without regolith are shown in Fig. 1366 
24. The synthetic seismograms represent vertical ground velocity and are bandpass filtered 1367 
between 0.05 and 0.2 Hz with a fifth-order Butterworth filter. Results for the radial component 1368 
are not shown, but they are similar to the vertical case. The codes give very similar results in 1369 
terms of amplitudes and waveforms at all epicentral distances, with a few exceptions. CPS was 1370 
used to compute surface waves only, so no P-wave arrival is present. Moreover, at large 1371 
epicentral distances (i.e. 2000 km) a time shift appears relative to the other models, which is due 1372 
to the equivalent flat planet used. As described above, DSMv2 used a source at depth and thus 1373 
surface waves are significantly smaller; also, a difference in the P-wave arrival is produced and 1374 
the synthetics were time-shifted by 3 s. Finally, the GEMINI synthetics needed to be scaled in 1375 
amplitude by a factor of two, which requires further investigation. 1376 
 1377 
For the structure with regolith, we can still observe good agreement between DSM and AxiSEM 1378 
compared to MINOS, which could have suffered from long-period noise before the first arrivals. 1379 
CPS uses Earth flattening, so it is not surprising to have phase delays at large distances. Another 1380 
observation on the comparison will be later phases calculated with Gemini. Since Gemini uses 1381 
the strong form of equation of motion, whereas DSM and AxiSEM use the weak form, the 1382 
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treatment of boundary conditions can be ad-hoc (c.f. Geller and Ohminato 1994; Komatitsch and 1383 
Vilotte 1998). This will cause accumulation of numerical errors at some conditions. If we look at 1384 
the frequency content, there are some significant discrepancies between Gemini and the pair of 1385 
DSM and AxiSEM at certain frequencies. We can explain this phenomenon by introducing 1386 
optimal accuracy of numerical operators: numerical errors in operators will result in a large error 1387 
only in the vicinity of the eigenfrequency of the mass and stiffness matrices, due to a zero 1388 
division of the error propagator of the operator to the resulting waveforms (e.g. Geller and 1389 
Takeuchi 1995). 1390 
 1391 
 1392 
 1393 

 1394 
Figure 25: 1395 
Same as Fig. 24, using the modified structure model that includes a regolith layer. 1396 
 1397 
For the structure model with regolith (Fig. 25), the agreement between the different techniques is 1398 
still good for surface waves, especially for epicentral distances below 2000 km. Body waves 1399 
instead exhibit larger differences between the methods, which show the difficulties of accounting 1400 
for this very-low velocity layer right below the surface. The fit for first P-wave arrivals (time and 1401 
amplitude) is, however, satisfactory. The case of the vertical point force gives analogous results 1402 
(Figs. 26 and 27 for the model without and with regolith, respectively). 1403 
 1404 
 1405 
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 1406 
Figure 26: 1407 
Same as Fig. 24, but for a vertical point force. 1408 
 1409 

 1410 
Figure 27:  1411 
Same as Fig. 24, but for a vertical point force and the structure model including a regolith layer. 1412 
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To summarize, this benchmarking study enables us to better understand the use of standard 1413 
numerical methods to model the seismic signals generated by meteor impacts. In the simple 1414 
example of a planet without regolith, all the techniques able to describe a surface source give 1415 
very similar outputs up to 0.2 Hz in frequency. If this is interesting especially for surface waves, 1416 
it should be noted that most of the body-wave energy is expected to be at higher frequency, 1417 
above 1 Hz. When using CPS, a more careful correction for the flattened models should be taken 1418 
into account to avoid a small time-shift at large epicentral distances. The more realistic case with 1419 
regolith is more complicated: the decay of the signal and the body-wave reverberations are not 1420 
reproduced in exactly the same way by the different codes. However, the maximum amplitudes 1421 
of the signals, as well as their arrival times, compare well. In this respect, it is interesting to note 1422 
that, for the same source, amplitudes are larger in this case: the detection of impacts on Mars will 1423 
most likely be possible thanks to the regolith layer and its behavior in terms of seismic energy 1424 
conversion (see Sections 3.1, 3.3 and 3.4 for more discussion). 1425 
 1426 
5.2 SEISMIC AMPLITUDE AS A FUNCTION OF DISTANCE 1427 
 1428 
The detectability of impacts on Mars is affected by the size of the source (source magnitude), the 1429 
distance of the station from the source (geometric spreading), and the transmission properties of 1430 
the Martian subsurface (intrinsic attenuation and seismic scattering). The seismic amplitudes 1431 
from the impact itself are dependent upon the efficiency of momentum transfer in the impact, 1432 
including the energy lost to damaging of the target materials, removal of ejecta, and heat, and 1433 
efficiency of conversion of impact momentum into seismic ground motion (discussed in Section 1434 
3.3). For a given size impact source, we can estimate the seismic amplitude as a function of the 1435 
epicentral distance of the source using a 1-D wave propagation simulation.  1436 
 1437 
These synthetic wave propagation simulations require the assumption of a background structure; 1438 
here we assume Model-A of Sohl and Spohn (1997) updated with the model from Rivoldini et al. 1439 
(2011) and add a simple 1-layer crust of 50 km thickness, with a S-wave velocity of 3200 m/s 1440 
and P-wave velocity of 5000 m/s. We chose to keep this model simple as the details of the 1441 
Martian interior are not yet constrained. We vary the attenuation structure within these models, 1442 
assuming three background reference levels, high-Q (Q=500), intermediate (Q=100), and low-Q 1443 
(Q=50) to investigate the effect of attenuation structure on wave propagation and detectability 1444 
(Fig. 28). 1445 
 1446 
The highest amplitude waves produced in a seismic event are typically the surface waves. 1447 
Surface waves don’t show up in the lunar data owing to the high degree of scattering in the lunar 1448 
regolith and megaregolith (where they primarily propagate; see Section 2.2). Impact sources 1449 
should generate Rayleigh waves through P-SV coupling (as demonstrated in the synthetics for an 1450 
impact-like source), but not Love waves. The surface waves are quite susceptible to scattering 1451 
and attenuation effects that are particularly strong near the surface, meaning they are lost more 1452 
readily than the body waves that travel below the surface. 1453 
 1454 
In our modeling, the highest amplitude waves produced by impacts are the surface waves. On 1455 
Mars, it is an open issue how these surface waves will be affected by the scattering associated 1456 
with crustal heterogeneities and impact-associated faults. If Mars is Moon-like, we can indeed 1457 
expect the surface waves to be strongly affected by scattering and to have amplitudes 1458 
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significantly smaller than those modeled in 1D cases, as shown by modeling done by Gudkova et 1459 
al. (2010). In addition to the poor long-period sensitivity of the Apollo seismometer when 1460 
operating in the most used peaked mode, this led to no observations of surface waves on the 1461 
Moon. On the other hand, observations of surface to near-surface explosions on the Earth allow 1462 
the recording of both surface waves and body waves (e.g. Hedlin et al., 2002).  1463 
 1464 
To determine the detectability of surface waves as a function of distance, we find their maximum 1465 
amplitude occurring within one hour of the impact source. This is repeated for each epicentral 1466 
distance and attenuation value. Here we assume a 10 m diameter crater-forming impact as our 1467 
reference source. In the near vicinity of the impact, ground acceleration is high and decays 1468 
rapidly with distance from the source. At high frequencies (1 Hz) this effect is large (Fig. 29) 1469 
with 1 Hz waves falling below the expected overall noise level at 15° from the source for 1470 
intermediate attenuation values (Q=100). At longer periods, the waves from a 10 m diameter 1471 
crater should propagate globally with a relatively high signal to noise ratio. For this reference 1472 
source, the amplitude is below the noise requirement for an epicentral distance of 15°, or ~900 1473 
km. Within this distance from the landing site, we can expect reasonable homogeneities in the 1474 
Martian crustal structure. The younger northern terrain, which might be less fractured than the 1475 
lunar crust, might provide more Earth-like than Moon-like conditions for surface waves. 1476 
Therefore surface wave detection from sources to the north may be more likely than on the 1477 
Moon. 1478 
 1479 
 1480 

 1481 
Figure 28: 1482 
1-D wave propagation simulation of impact energy propagating within the interior of Mars. 1483 
Amplitudes are scaled to the peak ground motion in the time/distance window. Positive 1484 
amplitudes are white, negative amplitudes black. Wave propagation is calculated using GEMINI 1485 
(Friederich and Dalkolmo, 1995), scaled in amplitude to match the amplitudes found with all 1486 
other benchmarked modeling techniques. 1487 
 1488 
 1489 
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 1490 
Figure 29: 1491 
Estimated seismic amplitudes from impacts and the sensitivity of the InSight SEIS-VBB to 1492 
detecting waves generated for a seismic efficiency of 0.005 by A) a 10 m diameter crater 1493 
(moment=1.922×1010 Nm), and B) 1 m diameter crater (moment=5.801×107 Nm). Synthetics are 1494 
generated using GEMINI (Friederich and Dalkolmo, 1995), scaled in amplitude and corrected 1495 
from surface amplification as explained in the text, for a 0 km explosive moment tensor source. 1496 
The background models used are from Rivoldini et al., 2011 (described in Section 5.1). The 1497 
seismic moment is calculated for each crater size using the crater scaling of (Teanby and 1498 
Wookey, 2011) and corrected for regolith effects using a scaling factor of 18.2 (as defined in 1499 
Section 3.4, equations 10 and 11, with values from Section 3.2). Data are bandpass filtered from 1500 
0.2 to 0.05 Hz. We measure the peak amplitude of the Rayleigh wave using the first hour of the 1501 
simulated seismogram after applying the bandpass filter. The expected diurnal variation in the 1502 
SEIS-VBB noise floor for our frequency band is indicated in gray to indicate the detectability of 1503 
the impacts (Mimoun et al., 2017).  1504 
 1505 
6 IMPACT DETECTIONS BY INSIGHT 1506 
 1507 
Recognizing impacts in the seismic data from InSight will be challenging at first. For one thing, 1508 
empirical seismic recordings from terrestrial and lunar impact events are limited (Section 2). 1509 
Another source of uncertainty is the largely unknown nature of the shallow and deep structure of 1510 
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Mars. With so many unknowns, we expect an exploratory period early in the mission, during 1511 
which candidate possible impact signals will be identified based on various criteria. If several of 1512 
these events can be confirmed to be impacts with orbital imaging of new craters (Section 7), the 1513 
characteristics of impact-induced seismic signals will be better known, and identification and 1514 
discrimination of these signals will become routine. Prior to data collection, we can plan on these 1515 
various approaches to analyzing the data. 1516 
 1517 
6.1 SEISMIC DISCRIMINATORS OF IMPACTS 1518 
 1519 
Seismic signals from impacts differ in several important ways from interior, tectonic quake 1520 
sources. An important feature of impacts is that they are exogenic, superficial events. This will 1521 
be an important a priori constraint for the source location, as the depth is always near zero. Here 1522 
we present several other features of seismic records such as this, which can be used to 1523 
discriminate between tectonic and impact generated seismic events in the InSight SEIS data 1524 
streams. This will no doubt evolve during the mission as our understanding of Mars and impact-1525 
generated seismic signals increases. To help with developing these impact diagnostics, we have 1526 
drawn on the extensive work undertaken to monitor the nuclear test ban treaty. However, we 1527 
note that most of the methods developed to discriminate nuclear explosions from earthquakes 1528 
rely on a global network of seismometers, dense arrays, and infrasound detectors. With InSight, 1529 
we will be limited to a single seismic station, necessitating a different strategy.  1530 
 1531 
We have developed the following set of diagnostics that can be used to reject the hypothesis of 1532 
an impact. These will be used in operations to reduce the number of candidate impact events for 1533 
further analysis, event data requests, and orbital image crater searches. These diagnostics are 1534 
based on first principles, explosive analogs, and lunar impacts.  1535 
 1536 
Diagnostics to reject an impact hypothesis: 1537 
 1538 
• First motion: An impact event will create a positive pressure impulse at the source, which 1539 

will result in a positive first motion (away from the source) for the P-wave. Therefore, in 1540 
principle, a negative first motion can be used to rule out an impact event. However, in 1541 
practice, this is unlikely to be effective. Even on the Earth, where there are typically many 1542 
stations available at various distances, this is considered unreliable because seismic noise can 1543 
obscure the very first arrival, and so the direction of motion can be wrongly identified. Also, 1544 
earthquakes or marsquakes can produce either a positive or negative first motion depending 1545 
on the source mechanism as well as the back-azimuth and take-of angle defined by the source 1546 
/ station geometry and structure.   1547 

• S wave energy: Impacts are likely to produce stronger P-waves relative to S-waves when 1548 
compared to tectonic events, so high S-wave energy could be used to reject an impact source. 1549 
However, the P/S amplitude ratio is also a strong function of fault orientation and source/ 1550 
station geometry, which will introduce uncertainty in this diagnostic. 1551 

• Magnitude ratio: On Earth, one of the most reliable diagnostics for explosive versus natural 1552 
sources is comparing the body wave magnitude, mb, to the surface wave magnitude, Ms. An 1553 
earthquake (or marsquake) will produce more surface waves than an explosion (or impact). 1554 
Therefore, a plot of Ms versus mb can potentially be used to diagnose source type. 1555 
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Unfortunately, body wave magnitude will be difficult to estimate accurately from a single 1556 
station due to the radiation pattern effect.  1557 

• Frequency content: Impacts and quakes clearly differ in terms of their source mechanisms. 1558 
Quakes, which commonly occur as slip on a fault, are typically expressed as a double 1559 
coupled force, while impacts are better explained with a single force (Section 3.1). This 1560 
results in different frequency content of the seismic signal (Section 3.2). The source time 1561 
function of faults is expressed with a step function. The spectrum is flat up to a certain corner 1562 
frequency and then rolls off above the corner frequency. The spectrum is commonly 1563 
expressed using 2-model, which the spectral power decay with power of -2 (e.g. Aki and 1564 
Richards, 2002). The model well explains terrestrial quakes as well as deep moonquakes 1565 
(Aki and Richards, 2002; Kawamura et al., 2017). On the other hand, Section 3.1 shows that 1566 
source time functions of impacts, either from the GL or SWH models, are expected to be 1567 
either derivative or with a high frequency overshoot. This difference in the seismic spectra is 1568 
shown in Fig. 7. The spectrum of a quake is flat at low frequencies, similar to those with 1569 
B=0, while that of an impact has an increase in the power in ~1-2 Hz. Fig. 4 also shows an 1570 
example of spectra from shallow moonquakes and impacts, showing the much smaller cutoff 1571 
frequency of the impact spectrum compared to the quake. If these characteristic spectral 1572 
features can be observed in the data, we can discriminate impacts from quakes through 1573 
spectral analyses as we are locating the source. 1574 

• Depth phases: For deep marsquakes, in addition to the direct wave, there should be 1575 
reflections from the underside of the surface that are sufficiently separated in time to be 1576 
identified. For example, the P phase will be followed by the pP phase. If these phases can be 1577 
identified in an event, then an impact source can be rejected.   1578 

 1579 
It should be noted these discriminating criteria can be effective if Martian seismograms prove to 1580 
be impulsive, like on Earth. If we observe more Moon-like seismograms (Section 2.2, Fig. 3), 1581 
where scattering in the regolith produces very emergent long duration signals, it is highly 1582 
unlikely any discriminator that relies on clear phase identification can be used. This only leaves 1583 
the frequency content analysis (Fig. 4). 1584 
 1585 
When applying these criteria, the usefulness of requested high frequency “event data” in addition 1586 
to the continuous 2 samples/sec data (Section 7.1) will depend largely on the event size. For very 1587 
large distant impacts, the continuous data should be adequate, as phases will be well separated 1588 
and frequency content would be quite low (higher frequencies will be attenuated). In any case, 1589 
such a large signal would no doubt be prioritized highly for downlink of event data, whether it 1590 
was thought to be a quake or impact. For the more numerous regional events (<1000 km range), 1591 
event data would be needed. The most diagnostic positive trait is likely to be the frequency 1592 
content. This is likely to be >1 Hz for small events, so event data would be necessary.  1593 
 1594 
With only a single station on Mars, each of these diagnostics alone will have limited use, but by 1595 
combining multiple diagnostics, many candidate impact events should be able to be rejected. 1596 
Also, once a substantial catalog of marsquakes and impacts has been built up, some of the 1597 
uncertainty associated with the fault double couple radiation pattern orientation could be 1598 
mitigated if the event can be located and some estimate of regional stress could be incorporated 1599 
to predict the mostly likely fault strike orientation. These diagnostics will naturally be refined 1600 
during the mission, as more is learned about the seismic characteristics of a Mars impact. 1601 
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 1602 
Once a seismic event is determined to be a candidate impact based on these diagnostics, an 1603 
estimate of its location will be necessary to find it on the surface. The Marsquake Service (MQS) 1604 
will determine, whenever possible, locations and sizes of meteorite impacts from the seismic 1605 
signals by applying methodologies and magnitude scales developed by Böse et al. (2017) and 1606 
Böse et al. (in review). Locations will be determined using independent approaches for distance 1607 
and azimuth which are subsequently combined. Distance estimates include methods that use 1) 1608 
identified body and surface wave phases and 2) multi-orbit surface waves. The latter will only be 1609 
available for the largest events, and hence will almost certainly not be used for impact events.  1610 
Errors can be included in the single-station event body phase-based distance estimates, as there 1611 
are challenges in correctly identifying seismic phases, and there are significant model 1612 
uncertainties. Additional errors stem from pick uncertainties. Wrong phase identification can 1613 
lead to large errors in locations that are difficult to quantify and are typically not included the 1614 
location uncertainty. The probabilistic framework of Böse et al. (2017) quantifies the remaining 1615 
uncertainties as probability density functions. The key distinguishing features of impacts will be 1616 
their spectral content and their shallow depth. It is extremely challenging to constrain event 1617 
depth at distance using a single station, but a general indication can be provided by comparing 1618 
the relative amplitudes of body and surface waves (Böse et al. in prep.). As discussed above, 1619 
crustal reflection/depth phases play a critical role in constraining event depth, and these markers 1620 
will be identified if possible.  1621 
 1622 
Preliminary tests (Böse et al., 2017) indicate that the errors in the estimated event locations are 1623 
small enough to meet the Level 1 requirements of the InSight mission, if multiple clear body and 1624 
surface phases are identified. These requirements specify that epicentral distances and back 1625 
azimuths are to be determined to accuracies of ±25% and ±20o, respectively (Banerdt et al., 1626 
2013). Very large (and thus very rare) impacts that generate identifiable multi-orbit surface 1627 
waves could result in location accuracies as small as 1° (60 km) in distance and 10° in azimuth 1628 
(Panning et al., 2015); however, this size impact is exceedingly unlikely to be seen by InSight. 1629 
The successful identification and location of meteorite impacts in orbital images is crucial to 1630 
generate ground truth locations that will strongly constrain structural models of Mars. 1631 
Approximate locations of suspected meteorite impacts will be used as targets for the collection of 1632 
high-resolution orbital images to enable visual identification and determination of exact impact 1633 
locations (Section 7). The iterative refinement of Mars interior models with every meteorite 1634 
impact and marsquake observed during the InSight mission will lead to improved event locations 1635 
and reduced uncertainties (Khan et al., 2016). 1636 
 1637 
Airbursts will be even more challenging to detect in seismic signals. When recorded at a seismic 1638 
station, the most distinctive feature of an airburst is the arrival of the acoustic airwave. To 1639 
distinguish an airwave arrival from other parts of the coda, it is necessary to examine the group 1640 
velocity of the arrival. This should correspond to the local atmospheric sound speed. One 1641 
potential difference between detection of an airwave on the Earth and Mars is the higher rate of 1642 
attenuation in the Martian atmosphere, which may mean that it is difficult to detect this signal 1643 
over large distances (Section 4.5.2). It is therefore imperative that the seismically coupled energy 1644 
is well understood. If the airburst is large enough, acoustic energy will couple into the ground 1645 
and propagate as seismic waves. These will be recorded as precursor signals before the arrival of 1646 
the direct airwave. This air-to-ground coupling may produce an emergent waveform, due to the 1647 
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nature of the coupling along an extended raypath and not simply a point source. The precursor 1648 
seismic signals are subject to all of the same principles as impacts, because acoustic-to-seismic 1649 
coupling will have a similar effect as a direct surface impact. Further discussion of likely airburst 1650 
characteristics can be found in Stevanović et al. (2017).  	1651 
	1652 
To detect acoustic waves from impacts, we will examine data from the pressure sensor data on 1653 
InSight. The pressure sensor will be continuously sampled at 20 samples per second (SPS), and 1654 
its instrument response should cover the infrasonic frequency range. The sensor will have good 1655 
response to signals <~5 Hz.  The sampling limits it (with Nyquist sampling) to <10 Hz.  The 1656 
plumbing on the inlet, and a low-pass filter in the sensor electronics, both limit it to <~5 Hz.  We 1657 
were unable to verify this in the laboratory, as the calibration system only successfully 1658 
modulated the tested pressures at up to ~1 Hz.  The precise cutoff frequency will be assessed 1659 
after landing. Consequently, this sensor may detect acoustic waves created by impacts. However, 1660 
only data at 2 SPS will be sent back to Earth continuously. To monitor pressure signals at 1661 
frequencies above 1 Hz, the energy of pressure variations in the 1-10 Hz frequency range will be 1662 
computed on the lander and sent back to Earth at 1 SPS. This energy channel, named ESTA for 1663 
Energy Short Term Average, will be analyzed by the science team to detect high frequency 1664 
infrasound signals. Then, a request for high rate data will be sent to the lander to recover the time 1665 
windows containing candidate infrasound events. 1666 
 1667 
 1668 
6.2 EXPECTED FREQUENCY OF SEISMIC IMPACT DETECTIONS 1669 
 1670 
The frequency of impact seismic signals InSight will detect is based on several factors: the 1671 
incipient bombardment rate (Section 4.1); the efficiency of partitioning the impact energy of 1672 
those impacts into seismic energy (Section 3.3); the nature of an impact’s source time function 1673 
(Section 3.1); propagation effects between the impact and the SEIS location and associated 1674 
amplitude reduction due to geometrical spreading, attenuation, and scattering; and, last but not 1675 
least, the amplitude of the resulting signals compared to the noise level of SEIS (Section 5.2). 1676 
Large uncertainties on all of these factors makes it very difficult to determine the efficacy of 1677 
InSight’s monitoring of natural impacts. However, general trends can be predicted. For example, 1678 
the larger the impact, the farther away it will be able to be detected. Using an overall impact rate 1679 
and taking these factors into account, a detection rate can be estimated. 1680 
 1681 
Teanby (2015) and Daubar et al. (2015) use independent approaches to estimate the relationship 1682 
between seismic detectability and crater size. Teanby (2015) use empirical scaling laws based on 1683 
lunar/terrestrial impacts, missile tests, and explosions to determine a relation between impact 1684 
energy and seismic amplitude as a function of distance. Daubar et al. (2015) use estimation of the 1685 
amplitude from Apollo impact observations, corrected for a priori differences between Mars and 1686 
the Moon. See Lognonné and Johnson (2015) for details. The predictions of the two methods are 1687 
compared in Table 3 and Fig. 30. These two approaches differ from the modeling hypothesis. 1688 
These preliminary estimates are dependent on various unknown parameters such as the noise 1689 
levels of the SEIS instrument, seismic efficiency, and attenuation in the Martian interior, so have 1690 
large uncertainties. In any case, small impacts will only be detectable within a very limited range 1691 
of the InSight landing site. Only impacts producing craters >~30-40 m in diameter will be 1692 
detected at very far distances.  1693 
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 1694 
Table 3: 1695 
Distance at which an impact forming a crater of a given diameter is estimated to be detectable 1696 
by SEIS, using two different methods of estimation. These preliminary estimates are dependent 1697 
on various unknown parameters such as the noise levels of the SEIS instrument, seismic 1698 
efficiency, and attenuation in the Martian interior. 1699 
	1700 
Crater 
diameter 
(m) 

Distance 
(km), 
Teanby 
2015 

Distance 
(km), 
Daubar et 
al. 2015 

1 61 10 
5 295 100 

10 580 500 
15 862 1000 
20 1141 1400 
25 1419 1800 
30 1696 2100 
35 1971 2523 
40 2246 2909 
45 2519 3296 
50 2792 3682 

 1701 

 1702 
Figure 30: 1703 
Distance at which an impact forming a crater of a given diameter is estimated to be detectable 1704 
by SEIS, using two different methods of estimation. See text for details about the two methods. 1705 
These preliminary estimates are dependent on various unknown parameters such as the noise 1706 
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levels of the SEIS instrument, seismic efficiency, and attenuation in the Martian interior, so have 1707 
large uncertainties. 1708 
 1709 
When the dependence between size and distance for detectable impacts (Fig. 30) is combined 1710 
with the best measurements of the current impact rate (Section 4.1), we can calculate an overall 1711 
estimate of the number of impacts detectable by SEIS per year (Fig. 31). Several estimates of this 1712 
rate have been published (Davis, 1993; Teanby and Wookey, 2011; Lognonné & Johnson 2015; 1713 
Teanby, 2015; Daubar et al., 2015). Results are shown in Fig. 31 for cumulative impact detection 1714 
rate per year for various of these models. Two factors balance each other out in the calculation of 1715 
total detections. Many small impacts are occurring on Mars, but the detection distance is the 1716 
limiting factor. There is very low likelihood that even a small impact will occur very close to 1717 
InSight. The chances are also low of forming a crater large enough to detect even at great 1718 
distances. In the last decade of monitoring the dusty areas of Mars, only a few craters have been 1719 
observed to form that are larger than 30 m in diameter; the largest new impact to be found with 1720 
before and after images thus far is 60 m. However, these observations are limited to dusty areas, 1721 
and require multiple images spaced in time to capture the event. The Hartmann and Daubar 1722 
(2017) production function predicts ~6 craters larger than 30 m occur somewhere on the entire 1723 
planet Mars each Earth year, but not all of those are observed in orbital images. 1724 
 1725 

 1726 
Figure 31: 1727 
Predicted number of cumulative SEIS impact detections per Earth year for a given crater 1728 
diameter, made using various models and published production functions (size frequency 1729 
distribution; SFD) to estimate the current impact rate. The Teanby (2015) model is for the SP 1730 
(short period) sensors in SEIS, which has a sensitivity to impacts approximately eight times 1731 
lower than the VBB (Very Broad Band) sensors, which the other models use. All of these 1732 
estimates have an order of magnitude uncertainty. See text for more details. 1733 
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 1734 
The models shown here differ in several ways. Lognonné & Johnson (2015) used data from the 1735 
Apollo Network (Lognonné et al., 2009) to calculate impact amplitudes as function of the impact 1736 
momentum and distance to station. They then corrected these amplitudes for the difference in 1737 
seismic attenuation between Mars and the Moon, noting however that the latter is not major, as 1738 
the source cutoff of impacts is likely the major frequency cutoff for impacts recorded at several 1739 
thousand kilometers. Detections were then modeled with Monte-Carlo simulations using the 1740 
impact flux of Lefeuvre and Wieczorek (2011). Both Teanby and Wookey (2011) and Daubar et 1741 
al. (2015) used the impact flux based on the recently occurring impacts observed by MRO. This 1742 
flux has been discussed in section 4.1 and is approximately three times smaller than that of 1743 
Lefeuvre and Wieczorek for the size impactors generating observable signals. For this reason, 1744 
the Lognonne and Johnson (2015) results are also shown in Fig. 31 divided by a factor of three to 1745 
correct for that lower observed rate. 1746 
 1747 
Daubar et al. (2015) used the same relationship between momentum and observed seismic 1748 
amplitude as Lognonné & Johnson (2015), but used different published size frequency 1749 
distribution (SFD) models of the impact rate. In contrast, Teanby and Wookey modeled the 1750 
seismic waves using the Direct Solution Method and then estimated the amplitude of seismic 1751 
waves on the seismic efficiency figure. Based on this measured rate of impacts, Teanby and 1752 
Wookey (2011) predict a total impact-induced seismicity of Mars of 1013–1014 N m per year. 1753 
Teanby (2015) extrapolated this down to smaller impacts, which have not been observed from 1754 
orbit, but that may be detectable seismically (their Model 2). Another difference between the 1755 
Teanby (2015) model and the other two sets of models is that Teanby (2015) used a noise level 1756 
of 10-8 m/s2/sqrt(Hz), which is a conservative value appropriate for the SP (short-period) sensors 1757 
in SEIS. The Lognonne & Johnson (2015) and Daubar et al. (2015) models use predicted noise 1758 
limits for the VBB (Very Broad Band) sensors. At these frequencies, ~0.5–~2-3 Hz, the VBB is 1759 
a factor of ~10 better than the SP in detected amplitude and therefore in detected seismic 1760 
moment (Mimoun et al. 2017). Thus the VBB may detect ~8 times more impacts than the SP. 1761 
However, the highest frequencies from these small events will be above 1 Hz, which is 1762 
approaching the higher ambient/instrument noise crossover. Explosion/impact data from Teanby 1763 
(2015) had peak frequencies ~1–16 Hz. The upper end of this range is not critical, as most of the 1764 
data had peaks in the 1–4 Hz range (e.g. the Apollo impacts ~2 Hz; Fig. 4). So some degree of 1765 
enhanced detection from the VBB over the SP is expected, but drastically lower noise levels may 1766 
not be achievable for frequencies ~1–2 Hz. For the ambient noise, this could be challenging. 1767 
 1768 
For this and other reasons, the resulting overall estimates of seismic impact detections (Fig. 31) 1769 
are uncertain to several orders of magnitude because of the undetermined seismic properties of 1770 
Mars such as attenuation, seismic coupling efficiency, and uncertainty in the current impact rate 1771 
itself. Additionally, although the noise levels of SEIS have been modeled (Murdoch et al. 2017; 1772 
Mimoun et al. 2017) and tested on the Earth to verify the required noise levels will be met, the 1773 
true noise of the system will not be known until the seismometer is deployed on the surface of 1774 
Mars. Given those uncertainties, Teanby (2015) estimates somewhere between ~0.1–30 impacts 1775 
per Earth year will be detectable at moderate distances of less than ~1,000 km. Lognonne & 1776 
Johnson (2015) predicted ~10 impacts per year using the impact flux of Lefeuvre and Wieczorek 1777 
(2011), which would be reduced to ~3 per year when using the latest constraints on the impactor 1778 
flux. For very large events that could be detected globally, Teanby and Wookey (2011) estimate 1779 
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these occur only once every 1 to 10 years. Daubar et al. (2015) derived a similar estimate of ~4-8 1780 
total impacts would be detected per Earth year (~8-16 in the primary InSight mission).  1781 
 1782 
It should be noted that all of these estimates assume single-crater, unfragmented impactors. 1783 
Atmospheric fragmentation leading to clusters of impacts will affect the seismic detectability of 1784 
approximately half of current Martian impactors (Daubar et al., 2018; Schmerr et al., 2016) 1785 
(Section 4.5). 1786 
 1787 
Another factor that will reduce the number of detections is the low seismic moment associated 1788 
with small impacts, and the fact that their high frequency energy is still limited by the source 1789 
cutoff, a few Hz for the smallest detected by Apollo (Fig 8). Scaling laws (Fig. 6) predict that the 1790 
detectability of an impact drops by a factor of 102.5-103 for every order of magnitude drop in 1791 
crater diameter. Even this detectability assumes a relatively quiet background; the Martian 1792 
environment is contaminated by abundant wind noise in the 10-6 m/s2 amplitude range as 1793 
detected by Viking 2 on the lander deck (Anderson et al., 1976; Nakamura and Anderson, 1979). 1794 
However, this noise level is three orders of magnitude larger than the expected InSight noise 1795 
level at 1 Hz (Mimoun et al., 2017), so Viking's non-detection is easy to understand. For InSight, 1796 
noise may be even lower than the requirement during the relatively quiet nights. Thus impacts 1797 
generating smaller craters could be detected by InSight if they occur nearby, during periods of 1798 
low wind activity, or in the night time. 1799 
 1800 
 1801 
7 OPERATIONAL PLANS 1802 
 1803 
7.1 ROLE OF IMPACTS SCIENCE THEME GROUP 1804 
 1805 
The Impacts Science Theme Group (STG) has two main tasks: to coordinate scientific analyses 1806 
by the InSight team related to impact cratering; and to ensure sufficient and appropriate data are 1807 
acquired during the mission to perform those analyses. For the latter task, the Impacts STG will 1808 
support surface operations of the InSight mission by participating in the science planning 1809 
process. In the science monitoring phase, these operations are on a weekly cycle that is mainly 1810 
focused on prioritizing downlink of high temporal resolution SEIS event data. The full 1811 
operational process is described in Banerdt et al. (this issue). The Impacts STG will be made 1812 
aware of potential impact detections via the Mars Quake Service (MQS, Clinton et al., 2018). 1813 
Relative prioritization among candidate impact events will be made at a weekly Impacts STG 1814 
telecon prior to the Event Selection meeting. The Impacts STG will then send a representative to 1815 
the Event Selection meeting to advocate for our highest priority event data. On a more long-term 1816 
strategic timeline, the Impacts STG will have a representative at the Science Operations Working 1817 
Group (SOWG) meetings. The Impact theme group’s weekly telecons will also be used to 1818 
organize and prioritize orbital image requests and collaborate on ongoing research activities.  1819 
 1820 
Certain scientific investigations are desirable for impact science, but they are not part of the 1821 
baseline mission plan of operations. For example, imaging at night to search for meteors as 1822 
described in Section 7.2 will require additional planning and resources. The Impacts STG will 1823 
seek approval for special activities such as these via Science Activity Requests. These requests 1824 
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will be prioritized by the science team and, based on those priorities, inserted into the tactical 1825 
planning process.  1826 
 1827 
During normal operations, the Impacts STG will prioritize event data for candidate impact 1828 
events. Data acquired by SEIS is stored and processed by the flight software on board InSight. 1829 
Two types of data are treated differently for downlinking: 1830 
 1831 

1) Continuous data are low temporal resolution (i.e. decimated) (2 samples/sec) data 1832 
processed and downlinked daily with no time gaps within the data. 1833 
 1834 

2) Event data are full-resolution raw scientific data acquired and filtered from the 1835 
instrument. Time segments of this full-rate data can be extracted, filtered, compressed, 1836 
and then downloaded on request. Those segments are called event data. 1837 

 1838 
Because the high-frequency SEIS data cannot all be downlinked due to data volume limitations, 1839 
individual events must be identified in the lower resolution continuous data and prioritized for 1840 
high-frequency event data retrieval; high-frequency SEIS data is stored on the spacecraft for 1841 
approximately one month before it is overwritten. The STGs will prioritize this high-frequency 1842 
event data for downlink within the data volume constraints each week. 1843 
 1844 
During routine operations, the SOWG (Science Operations Working Group) and the APAM 1845 
(Activity Plan Approval Meeting) meetings lead to the definition of an Activity Plan containing 1846 
placeholders for Event Requests. Those placeholders are filled with ERPs (Event Request 1847 
Proposals) submitted by the Science team during the week. Any scientist can submit an ERP that 1848 
will be reviewed and ranked among others during the Event Selection Meeting. 1849 
 1850 
The Event Selection Meeting is led by the long-term planner (LTP) and chaired by the SEIS and 1851 
mission PIs. Participants include PIs from SEIS, Temperature and Wind for InSight (TWINS), 1852 
IFG (InSight Fluxgate), and PS (Pressure Sensor), STG leads pertinent to event selection, 1853 
representatives from MQS (Marsquake Service), MWS (Mars Weather Services), SEIS 1854 
community, and public outreach. See Banerdt et al. (this issue) and Lognonné et al. (this issue) 1855 
for more details on these operational meetings. The role of the Impacts STG during this process 1856 
will be to prioritize among various candidate impact events identified by the MQS or science 1857 
team members, and advocate for the highest-priority event data potentially related to impacts. 1858 
Priorities may be based on the estimated size and distance to the impact (larger or closer events 1859 
will be a higher priority), or any unusual aspects of the signal as seen in the continuous data.  1860 
 1861 
7.2 ORBITAL IMAGING 1862 
 1863 
Once InSight detects an impact in seismic data and a location estimate is available, images will 1864 
be requested from one of the currently-orbiting spacecraft around Mars with the goal of 1865 
pinpointing the exact impact location via visual detection of newly formed crater(s). High 1866 
resolution images will allow for characterization of the craters’ morphology. Exact locations and 1867 
sizes of the new craters will allow for determination of the ray paths and thus calibrate interior 1868 
structure models and seismic attenuation. This will drastically reduce the uncertainties in our 1869 
knowledge of Martian interior structure. Any successful detections will provide a link between 1870 
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the crater size (and thus impact energy) and seismic coupling of impacts, calibrating the seismic 1871 
efficiency. Each impact site characterized from orbit will additionally reduce the uncertainty on 1872 
the crater sizes, distances and azimuths estimated by the Marsquake Service. For these reasons, 1873 
orbital imaging of seismically-detected impact sites will be of high scientific importance. 1874 
 1875 
7.2.1 OPERATIONAL PROCESS 1876 
 1877 
Using the various techniques described in Section 6.1, suspected impact events will be 1878 
distinguished from internal marsquakes in the continuous data from SEIS (Fig. 32). The MQS 1879 
will provide the science team the estimated location of the detected event, with uncertainties, as 1880 
well as its type (impact vs. quake). Once an impact event is identified, the Impacts STG will 1881 
prioritize the downlink of that time period of high-frequency SEIS event data, which is stored on 1882 
the spacecraft for later retrieval. The initial detection will be accompanied by an estimate from 1883 
the MQS of the location in azimuth (target uncertainty is ±20°), distance (target uncertainty is 1884 
±25%), and the equivalent tectonic magnitude. These uncertainties are conservative and will 1885 
improve drastically through the mission using known event locations confirmed in orbital 1886 
images. Actual uncertainties will also be provided. These are dependent on the number and 1887 
quality (temporal uncertainty) of the identified phases, the signal-to-noise of the various phases, 1888 
and the uncertainty in the structural models. The model uncertainty should be reduced as well-1889 
located tectonic and impact events are added to the emerging event catalog. The largest and 1890 
closest events will have smaller uncertainties in terms of area. The location uncertainty could be 1891 
as small as 10° in azimuth and 1° in distance (Panning et al., 2015) for very large events (~1 km 1892 
diameter crater). However, impacts this large are exceedingly unlikely to occur within the 1893 
InSight primary mission: on average, a 1-km crater is formed on Mars approximately once every 1894 
10,000 years (Hartmann and Daubar, 2017). In any case, these uncertainties will be reduced after 1895 
just a few well-located events are detected and more is learned about the Martian interior.  1896 
 1897 
If the resulting images can provide a crater location and size, these independently-determined 1898 
parameters will be used to improve the algorithms and procedures used by the MQS. When an 1899 
impact has been confirmed by orbital images, the known position, elevation, and event type 1900 
(impact) will be entered into subsequent MQS catalogs as fixed values. Further, the magnitude 1901 
will be recomputed against these location parameters. Most crucially, this fixed and known 1902 
impact location can be used by the MSS to constrain interior properties of Mars and hence refine 1903 
candidate models of the Martian structure. These improved models will be used to provide 1904 
updated seismicity catalogues with improved locations (Section 8.1). 1905 
 1906 
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 1907 
 1908 
Figure 32: 1909 
Schematic of operations planned for impact detection. The color of each step indicates the team 1910 
responsible. Once a potential impact is detected by the MQS in the continuous SEIS data, two 1911 
separate flows are initiated. The Impacts STG requests the event data through the weekly event 1912 
selection process, and also requests orbital images based on the estimated location of the 1913 
impact. If event data are required to either confirm an impact, or more precisely estimate its 1914 
location, the image requests will follow acquisition of event data (dashed line). The results of 1915 
analyzing either the high resolution event data and/or the orbital images will improve estimates 1916 
of impact locations (double line), and will be used to provide measurements of cratering 1917 
efficiency and interior properties. Likewise, the constraints on interior models will be fed back 1918 
into the analysis of new events to improve initial identifications (dashed double line).  1919 
 1920 
Based on the estimated size of the crater, the appropriate imager will be contacted (Table 4). 1921 
Orbital images will be searched for the extended blast zone around the impact site, which is ~10 1922 
to ~100 times larger than the craters themselves (Ivanov et al. 2010; Bart et al., 2013); the craters 1923 
themselves will not be resolved in these initial search images. Very large impacts will be able to 1924 
be detected in lower-resolution data. The location uncertainty is a percentage of the estimated 1925 
distance; thus more distant events will be less well-constrained in areal extent. However, it 1926 
would be a waste of resources to attempt to search vast areas with many high-resolution images. 1927 
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The number of images needed to cover the location estimate will also depend on the orientation 1928 
of the region of the location estimate with respect to the spacecraft groundtrack; if the region is 1929 
elongated along-track, for example, it will be easier to cover with fewer images. The location of 1930 
the impact will also be taken into account: dusty areas are known to exhibit extended low albedo 1931 
blast zones around new impacts, aiding their detection in lower-resolution images (Malin et al., 1932 
2006; Daubar et al., 2013, 2016). The same size impact in a dust-free area will require higher-1933 
resolution images to detect (see Section 7.2.2 for more details). 1934 
 1935 
For impacts relatively close to the InSight lander, CTX (6 m/px; Malin et al., 2007) or even 1936 
HiRISE (25 cm/px; McEwen et al., 2007) images will be requested. Impacts that occur very far 1937 
from the InSight lander will necessarily be much larger to produce a detectable seismic signal; 1938 
these may even be detectable in data from Mars Color Imager (MARCI; 1-10 km/px; Bell et al., 1939 
2009). MARCI has detected new craters before: a ~40 meter crater was discovered that formed 1940 
between MARCI images on subsequent days 1941 
(https://www.jpl.nasa.gov/news/news.php?release=2014-162). InSight could also request follow 1942 
up images from THEMIS (THermal EMission Imaging System on Odyssey; Christensen et al., 1943 
2004) for intermediate-sized impacts. Images from the Colour and Stereo Surface Imaging 1944 
System (CaSSIS) on the Trace Gas Orbiter (TGO) (Thomas et al., 2017) will also be requested; 1945 
however, that camera’s inability to point more than a few degrees off-nadir will limit targeting 1946 
opportunities.  1947 
 1948 
Table 4 1949 
Orbiting camera most appropriate for a given impact crater size and distance. Note that 1950 
individual craters are not expected to be resolved in these data, rather the goal will be to detect 1951 
the extended blast zone around the impact.  1952 

Imager Pixel size Footprint size 
(approx) 

Corresponding 
crater diameter 

Distance range 

MARCI 1-10 km global map > 40 m Global 

THEMIS 18 m 20 km ~20-40 m ~1500-2500 km 

CTX 6 m 30 km x 160 km ~1-10 m <500 km 

CaSSIS1 5 m 8 km ~1-10 m <500 km 

HiRISE2 0.25 m 1.2 km x 10 km All, follow up All, follow up 
1CaSSIS has limited ability to point off-nadir or target observations.  1953 
2HiRISE will be requested as a follow up in all cases to measure exact crater parameters. 1954 
 1955 
HiRISE images will be requested for follow-up images, after an impact blast zone is detected in 1956 
lower-resolution data (with the possible exception of extremely close impacts estimated to be 1957 
within one HiRISE image width of the InSight lander). Once a new crater is found in lower 1958 
resolution data, a representative of the Impacts STG will create a target in the public targeting 1959 
tool HiWish (www.uahirise.org/hiwish/; McEwen et al., 2010), which is available to any 1960 
member of the scientific or public community. From there, the target will go to the HiRISE team 1961 
for prioritization and acquisition. 1962 
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 1963 
7.2.2 IMAGE ANALYSIS 1964 
 1965 
Currently-forming Martian impact craters are relatively small in size (typically <40 m in 1966 
diameter) (Daubar et al., 2013). For the most part, these new craters will only be resolved in 1967 
images from the High-Resolution Imaging Science Experiment (HiRISE, 0.25 m/pixel). 1968 
However, the initial identification of impacts detected by InSight will likely involve detection of 1969 
the extended “blast zone,” a low-albedo area of disturbed dust around the impact, as has been 1970 
used in the past for new impact detection (Malin et al. 2006; Daubar et al., 2013; 2016). These 1971 
blast zones enable use of a wider range of imagers for detection of these new impacts and 1972 
comparison to previous surface conditions. The size of a blast zone relative to the crater size 1973 
varies widely, ranging from ~10 to ~100 times larger (Ivanov et al. 2010; Bart et al., 2013). The 1974 
InSight landing site is conveniently located in a dusty area (Golombek et al., 2017), the type of 1975 
surface on which these blast zones form. Dust covers most of area north of InSight, from the 1976 
northwest to the southeast, but areas to the south and southwest are not dusty (Fig. 33).  1977 
 1978 
Impacts in areas without a surface layer of material with an albedo contrast are much more 1979 
difficult to detect. Witness the strong bias in detected dated impacts towards dusty areas of Mars 1980 
(Daubar et al., 2013). Having a relatively high resolution “before” image demonstrating the lack 1981 
of a crater is thus even more important in dust-free areas. For this reason the number and 1982 
resolution of images requested, and the thoroughness of search required, will differ depending on 1983 
whether the estimated location based on seismic data is in a dust-covered or dust-free area.  1984 
 1985 
Previously acquired images will be critical for positively identifying a fresh-looking impact site 1986 
as new since the most recent image. CTX onboard MRO has covered 99% of the surface of Mars 1987 
with >90,000 6 m/px images (https://mars.nasa.gov/news/prolific-mars-orbiter-completes-50000-1988 
orbits/), so there are few gaps where “before” CTX images are not presently available. In support 1989 
of the landing site selection process, the InSight landing ellipse region has complete CTX and 1990 
>90% HiRISE coverage (Golombek et al., 2017). Farther from InSight, CTX coverage is nearly 1991 
complete as well: as of the time of this writing, only a few gaps in coverage remain within a 1992 
~3000 km radius of the InSight landing ellipse (particularly to the north and northwest) (Fig. 33). 1993 
However, some of the acquired images are poor quality due to dust or haze in the atmosphere. 1994 
Additional orbital image data will be used to fill those gaps due to missing or poor-quality 1995 
images. These include data from the THEMIS visible and infrared imaging systems, HiRISE, 1996 
Mars Orbiter Camera (MOC) (Malin et al., 2010), and the High Resolution Stereo Camera 1997 
(HRSC) (Neukum and Jaumann 2004; Jaumann et al. 2007; Gwinner et al., 2016). As these 1998 
images are of various ages, the most recent images will be the most valuable. 1999 
 2000 



 

 63 

 2001 
 2002 
Figure 33: 2003 
CTX image coverage (PDS-released images available in JMARS (Christensen et al. 2009) as of 2004 
January 2018) with (A) detectability of impacts and (B) dust coverage in the InSight landing site 2005 
area. White areas indicate gaps in CTX coverage at the time of this writing. (A) Colors indicate 2006 
the distance at which a given size impact can be located, using the relationships estimated in 2007 
Section 6.2. (B) Thermal Emission Spectrometer dust cover index (DCI) (blue = less dust; 2008 
DCI<0.96 = green, yellow, orange, and red) (Ruff and Christensen, 2002). Map centered at 2009 
InSight landing site at 4.5°N, 135.9°E (red dot). MOLA shaded relief base courtesy of 2010 
NASA/JPL/Goddard. 2011 
 2012 
Remote sensing data for the InSight landing site in western Elysium Planitia suggests it is 2013 
moderately dusty (Golombek et al., 2017). The relatively high albedo of the InSight landing sites 2014 
(0.24) argues for a thin coating of dust similar to the dusty portions of the Gusev cratered plains, 2015 
which have an albedo of 0.26 (Golombek et al. 2005). The TES dust cover index (DCI) (Fig. 33), 2016 
which includes a more explicit measure of the presence of a thin dust layer (Ruff and Christensen 2017 
2002), of the InSight landing site is similar to the VL2 landing site and only slightly dustier than 2018 
VL1 and Spirit. This value (DCI=0.94) is consistent with a thin coating of dust. The bulk thermal 2019 
inertia limits the dust layer to less than 1-2 mm thick, and it is more likely a very thin but 2020 
optically thick veneer of fine grained (< few micrometers) dust (Golombek et al., 2017). Impacts 2021 
detected in before and after visible images are preferentially found in areas with DCI<0.96 2022 
(Daubar et al., 2013). Maps show that most of the surface within 3000 km of the landing site 2023 
have DCI values < 0.96 (fairly dusty) and a relatively high albedo of > 0.2 (green, yellow, orange 2024 
and red in Fig. 33B). Thus new impacts in these areas should be detectable in visible images 2025 
from orbit because they should form a darkened blast zone around the impact site, based on past 2026 
experiences with new dated impacts on these types of surfaces (Daubar et al. 2013; 2016). Areas 2027 
~1000 km south of the landing site in (blue in Fig. 33B) have a higher dust cover index and 2028 
lower albedo, both of which imply less dust coverage. This will potentially make orbital 2029 
detection of new impacts more difficult here. 2030 
 2031 
Orbital images will be manually searched for new impacts by the Impacts Science Theme Group. 2032 
In dusty areas, fresh impacts are easily recognizable from the low-albedo "blast zone" (Fig. 13). 2033 
Thus in dusty areas, this search will be fairly straightforward as long as previous images are 2034 
available, as discussed above. In non-dusty areas, the search will need to be more intense. In both 2035 
dusty and dust-free areas, if prior images of sufficient quality and resolution are not available, a 2036 
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fresh-appearing impact site found in the area will have a high likelihood of being associated with 2037 
the event. 2038 
 2039 
7.2.3 AUTOMATED IMAGE SEARCH 2040 
 2041 
As a supplement to manual searching, and to assist in difficult searches, software is being 2042 
developed to perform automated image searching. This search will use the Mars Impact 2043 
Detection Algorithms (MIDA) software developed at Centre National d'Etudes Spatiales 2044 
(CNES), USGS Integrated Software for Imagers and Spectrometers (ISIS) (e.g., Becker et al., 2045 
2013), and in-house image processing that integrates MIDA, ISIS, a geoserver, and a front-end 2046 
interface. New images of the impact event area will be automatically compared to pre-existing 2047 
base maps consisting of previous images at global and regional scales. Image information will 2048 
come from HRSC mosaics (20 m/pixel) at global scale, CTX mosaics (6 m/pixel) up to 20° 2049 
(~1000 km) from the lander site, and all available observations that may be available from 2050 
CaSSIS/TGO (6 m/pixel) and HiRISE (25 cm/pixel) inside a circle 5° (~300 km) around the 2051 
lander site. These basemaps are undergoing pre-processing and will be ready for the beginning of 2052 
the landed mission in November 2018.  2053 
 2054 
The MIDA software uses these basemaps as the basis of comparison for change detection. To 2055 
produce these, raw CTX images are radiometrically corrected to adjust for mean values of 2056 
central detectors that are higher than those on the edges of the swath. Each image is 2057 
orthorectified, sampled at exactly the same pixel size (5 m), and given an equirectangular 2058 
projection. Images are then georeferenced to the 100 m Mars Odyssey THEMIS global mosaic 2059 
(Edwards et al., 2011) and mosaicked. Algorithms have been built to detect new impacts relative 2060 
to these basemaps, despite changing sun illumination. It is fairly easy for a human to detect 2061 
impacts in dusty areas, so the challenge for this software is to detect impacts in non-dusty areas. 2062 
Machine learning approaches are under study to enhance the detection rates while reducing the 2063 
number of false positives. For more details on this software, see May et al. (2018, submitted.) 2064 
 2065 
The automated image search workflow pipeline will be triggered when new image data are 2066 
available, associated with a MQS event alert of a candidate impact. As we intend to continuously 2067 
update the basemaps as new orbital observations become available, the MIDA software will also 2068 
be able to detect new impact craters and/or surface signature changes, even outside the official 2069 
framework of MQS seismic alerts. The workflow can also be triggered on request by team 2070 
members. 2071 
 2072 
7.3 METEOR IMAGING 2073 
 2074 
Meteoroids come in all sizes, including those small enough to ablate completely in the thin 2075 
Martian atmosphere. These may not be large enough to create craters and seismic signals, but 2076 
InSight's cameras could still detect the passage of those meteors across the night sky. This would 2077 
be a direct empirical measurement of the micrometeoroid flux at Mars, which would constrain 2078 
models of the distribution of small particles in the solar system as a function of distance from the 2079 
Sun, contributing to constraints on models all sizes of interplanetary bodies.  2080 
 2081 



 

 65 

Night time meteor imaging was first attempted by the MER Rovers, with an initial report of a 2082 
meteor detection (Selsis et al., 2005). Unfortunately, this was later found consistent with the 2083 
morphology and size distribution of cosmic rays (Domokos et al., 2007), thus resulting only in an 2084 
upper limit of the meteoroid flux at Mars. InSight represents another opportunity to pursue this 2085 
scientific goal at the surface of Mars, and the improved camera sensitivity over those used on 2086 
MER makes this a promising pursuit. 2087 
 2088 
Predictions of Martian meteor showers bright enough for possible detection by the InSight 2089 
mission were performed following Vaubaillon et al. (2005) and Vaubaillon (2017). The results 2090 
are shown in Table 5. The best opportunities result from comets 260P, 49P, and C/1854 L1 2091 
Klinkerfuess. However, the first two are long period comets, causing the stream to spread over 2092 
huge distances, and therefore reducing the meteoroid spatial density.  2093 
 2094 
Table 5.  2095 
Prediction of meteor showers at Mars. d: Closest distance in astronomical units (AU) between 2096 
the center of the meteoroid stream and the planet’s path. Date: Date of shower (Earth UTC), 2097 
ZHR: Level of intensity of the shower, i.e. number of meteors a human would witness with the 2098 
naked eye each hour, under perfect conditions. Conf_index: confidence index as defined in 2099 
Vaubaillon (2017): a leading “G” for Global indicates that the whole stream is taken into 2100 
account; Y for Year indicates all predictions are for specific years indicated; following O for 2101 
Observations, the number of observations of the body is compared to the number of simulated 2102 
returns; and finally “CUX.XX” provides information regarding the close encounters the parent 2103 
body has encountered before it was observed: X.XX=0.00 indicates that the orbit is fairly well 2104 
known, and the higher the number X.XX, the higher the uncertainty regarding its past orbit.  2105 
 2106 
Parent d (AU) Date ZHR Conf_index 
260P -0.01976 2018-12-13T02:14 111 GYO0/4CU0.10 
4D/Biela 0.01717 2018-11-24T20:10 2 GYO3/38CU0.00 
LONEOS-2001R1 0.02453 2018-12-24T18:55 1 GYO0/28CU0.00 
252P/Linear -0.01940 2019-11-16T08:35 5 GYO0/49CU22.58 
4D/Biela 0.00074 2019-12-11T21:11 3 GYO3/38CU0.00 
49P 0.00844 2019-06-11T13:11 112 GYO6/6CU0.00 
2005 ED318 0.02483 2019-07-24T16:33 1 GYO1/21CU0.00 
C/1854 L1 0.00655 2019-09-26T22:29 41 GYO0/9CU0.00 

 2107 
InSight has two cameras that would be available to image meteors (Maki et al., this issue). The 2108 
Instrument Deployment Camera (IDC) and Instrument Context Camera (ICC) on the Insight 2109 
lander are both flight spare units from the Mars Science Laboratory (MSL) engineering camera 2110 
development program (Maki et al., 2012), which are copies of the Mars Exploration Rover 2111 
(MER) engineering cameras (Maki et al., 2003). The IDC is a flight spare MSL Navcam, and the 2112 
ICC is a flight spare Hazcam. The InSight project has replaced the MSL monochrome detectors 2113 
with Bayer color filter array (CFA) detectors, removed the neutral density filters, and replaced 2114 
the visible cutoff filters with IR cutoff filters. The color upgrade has resulted in two main 2115 
differences relative to the MER/MSL cameras: 1) red, green, and blue bandpasses centered at 2116 
wavelengths of approximately 450, 550, and 620 nm, respectively, and 2) a factor of five 2117 
increase in responsivity. This puts the InSight cameras on par with the MER Pancam L1 filter, 2118 
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the most sensitive of the Pancam filters. Other than the color upgrade, the cameras are essentially 2119 
identical to the MER/MSL versions. For more information on the InSight cameras, see Maki et 2120 
al. (this issue). 2121 
 2122 
Domokos et al. (2007) found that the MER Pancam L1 (broadband visible) filter could be used 2123 
to detect meteors to a limiting magnitude of 0.5 to 1.6, corresponding to meteors of 0.1-0.2 g. 2124 
For that range, they predict 1.4 × 10−5 to 5.7 ×10−5 meteoroids km−2 h−1 for a limiting magnitude 2125 
up to 1.61 and estimate an upper limit value of <5.4×10−6 meteoroids km−2 h−1 for a limiting 2126 
magnitude up to -4.01. However, because they could not determine that all streaks were cosmic 2127 
rays with their methodology, Domokos et al. (2007) caution that the real upper limit may be a 2128 
few times higher. The InSight cameras are roughly as sensitive as the Pancam L1 filter, and 2129 
should be sensitive to slightly smaller meteors due to the larger IFOV (at the same angular speed 2130 
a meteor spends more time within a single IDC or ICC pixel). Due to the larger FOV (FOV of 2131 
45° x 45°), an IDC image will cover ~8 times more sky compared to Pancam; aimed at the same 2132 
elevation (typically ~38° in the MER meteor searches) the IDC could reproduce the MER results 2133 
with a total exposure time of about 20 minutes (possible in 4 images). Although the wide field of 2134 
view (124° x 124°) of the ICC camera offers a larger view of the sky above the horizon, it is 2135 
fixed mounted to the lander, nominally pointing to the south and only includes low elevations 2136 
due to aiming for workspace context. The arm-mounted IDC offers the possibility of aiming 2137 
based on predicted meteor radiants, as well as aiming at elevations with less extinction in dusty 2138 
times. 2139 
 2140 
Cosmic ray hits are an important source of confusion for meteoroid detection imaging campaigns 2141 
(e.g., Domokos et al., 2007). We will attempt to identify cosmic rays by exploiting the fact that 2142 
cosmic rays have no optical point spread function (PSF) as they deposit their energy directly on 2143 
the detector (effectively bypassing the camera optics), while meteor trails are imaged through the 2144 
lens system and thus have an optical PSF. We note that, instead of discriminating against cosmic 2145 
rays via their PSFs, Domokos et al. (2007) relied on pairs of images using two filters of very 2146 
different sensitivity, and found no paired detections and statistically equivalent distributions of 2147 
streaks between the two images; they could not specifically rule out faint streaks in the sensitive 2148 
L1 images if the streaks would not have been detectable in the paired image. Another method to 2149 
rule out cosmic rays might be to perform simultaneous observations with two separate cameras, 2150 
such as InSight together with MER or MSL. However, such a joint campaign would take 2151 
significant multi-mission resources. 2152 
 2153 
The Impacts Science Theme Group intends to submit Science Activity Requests to first 2154 
characterize the meteoroid background and then concentrate imaging campaigns on times when 2155 
the meteoroid flux is expected to be highest (see Table 5). We will use groups of long exposures, 2156 
with the exposure length chosen to optimize the detectability of potential meteoroids in light of 2157 
dark current, read noise, system sensitivity, and cosmic ray flux. Based on the camera sensitivity 2158 
compared to Pancam, we anticipate that a notional sequence that obtains 20 minutes of 2159 
integration time over 4-7 images would typically see 1-3 background meteors and require 16-28 2160 
Mb of downlink. It is not yet certain whether enough power and data volume will be available 2161 
for such an imaging campaign to be feasible.  2162 
 2163 
 2164 
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8 IMPACT CHARACTERIZATION AND ANALYSIS PLANS 2165 
 2166 
8.1 VALIDATING INTERIOR STRUCTURE MODELS 2167 
 2168 
In the framework of the InSight mission, impacts will be located by one of several orbiting 2169 
cameras, which will provide a known location. This will enable the direct inversion of all 2170 
differential travel times with respect to P arrival times. If we have epicentral distance and origin 2171 
time and are able to identify body wave phase arrival times, we have enough information to 2172 
perform body wave travel times inversion for one dimensional crust and mantle velocity 2173 
structure along the ray path, using very minimal a priori information. The known location of an 2174 
impact will enable this analysis, compared to marsquakes that will have much less well-2175 
constrained locations.  2176 
 2177 
To test how well an inversion can resolve structure using a limited dataset of only a few impact 2178 
events, we first invert for the P-wave velocity profile of the Moon using the travel times from 2179 
artificial impacts acquired by the Apollo 12 station. The artificial events were generated by the 2180 
impact of the Lunar Modules and the upper stage S-IVB of the Saturn V rockets with the lunar 2181 
surface, and most of these impacts correspond to relatively short epicentral distances (Δ<300 2182 
km). Our study uses 6 artificial impacts for which dates, locations and arrival times can be found 2183 
in Table 1 of Lognonné et al. (2003). For each ray path, the first P wave arrival is considered. 2184 
The reading error attributed to the arrival time estimates is 1 s. Second, to characterize what we 2185 
could learn about Mars interior structure with only one station, we performed several inversions 2186 
using a synthetic Martian seismic model, and impacts occurring at different epicentral distances. 2187 
The Martian model is derived from the Dreibus-Wänke mineralogy profile (Dreibus and Wanke, 2188 
1985) using the ‘hot’ end-member temperature profile of Plesa et al. (2016).  2189 
 2190 
The inverse problem consists in a Markov chain Monte Carlo approach, which forms the basis 2191 
for most of the planned modeling of the Mars Structure Service (MSS) (Panning et al., 2017). 2192 
This technique allows us to investigate a large range of possible models and provides a 2193 
quantitative measure of the models’ uncertainty and non-uniqueness. The algorithm that we use 2194 
is explained in Drilleau et al. (2013) and Panning et al. (2015, 2017). The reader is referred to 2195 
these papers for further details on the practical implementation of the method. The 2196 
parameterization is done with Bézier points (Bézier, 1966, 1967), which are interpolated with C1 2197 
Bézier curves. The advantages of such a parameterization are that it relies on a small number of 2198 
parameters that do not need to be regularly spaced in depth, and it can be used to describe both 2199 
gradients and sharp interfaces. The forward problem consists in a basic ray tracing algorithm 2200 
(e.g. Shearer, 2009). The priors on the parameters are uniformly distributed over wide domains. 2201 
We chose to invoke as few prior constraints as possible to gauge which particular feature is most 2202 
probable. 2203 
 2204 
The results of the Apollo data inversion are shown in Fig. 34. The plot is a probability density 2205 
function (PDF) of the accepted models. The vp profile is well defined down to 150 km depth but 2206 
not deeper, due to the short epicentral distances where the artificial impacts occurred. The 2207 
maximum of the PDF shows a vp gradient down to 80 km depth. Below this depth the profile has 2208 
a constant value of ~8.1 km/s. The change in slope could be interpreted as the base of the crust. 2209 
However, this interpretation must be taken with care because here the depth of an interface is not 2210 



 

 68 

strictly a model parameter but a useful feature that can be picked in any sampled model. Within 2211 
the 80-100 km depth interval, we observe a trade-off between the depth of the slope change and 2212 
the vp value. This trade-off means, unsurprisingly, that the data fit equally well when the crust-2213 
mantle boundary is deeper and vp is higher, or vice-versa. Note that the secondary arrivals, which 2214 
are very sensitive to sharp interfaces, were picked with very large uncertainties on Apollo data. 2215 
This was due to the intense scattering in the low-velocity, high-Q upper crust (Dainty et al., 2216 
1974) which led to a prolonged, incoherent signal after the initial P arrival. Without the use of 2217 
such phases, we can only constrain a smooth averaged profile. For comparison, previously 2218 
published Moon internal structure models of Garcia et al. (2011), Khan et al. (2014) and 2219 
Matsumoto et al. (2015) are represented in Fig. 34. These three models are made with a layered 2220 
parameterization. With the exception of the two crustal interfaces of Garcia et al. (2011)’s model 2221 
and the crust-mantle boundary of Khan et al. (2014)’s model, the three profiles matches well 2222 
with our recovered vp distribution within the 1σ uncertainty. Note that between 20 and 50 km 2223 
depth, several models show a discontinuity, as shown by the extension of the lower probability 2224 
blue region of the PDF to higher velocities in this depth range. They are not the most probable 2225 
models, but they are also able to explain the data within their uncertainty bounds. 2226 
 2227 

 2228 
Figure 34:  2229 
Inversion results using travel times from artificial impacts on the Moon recorded at Apollo 12 2230 
station. Red and blue colors show high and low probability density function (PDF), respectively. 2231 
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The black line is the median profile of the vp distribution as a function of depth, and the black 2232 
dashed lines represent the interval between ±1σ standard deviation. Previously published Moon 2233 
internal structure models of Garcia et al. (2011), Khan et al. (2014) and Matsumoto et al. (2015) 2234 
are shown for comparison. 2235 
 2236 
The results of the inversion of synthetic P waves travel times to retrieve Mars interior structure 2237 
are presented in Fig. 35. Once the InSight lander is operational on Mars, the strategy will be to 2238 
iteratively improve the interior model as more data becomes available. Considering the case at 2239 
the beginning of the mission, we first show a pessimistic scenario where we investigate what 2240 
could be retrieved using a single impact event, located at Δ = 100 km, 500 km and 2000 km (Fig. 2241 
35a, 35b and 35c). The reading errors are considered to be 1 s, 2.5 s and 5 s, respectively. In the 2242 
three cases, the PDFs are the highest and the 1σ uncertainties are the lowest at the depths of the 2243 
turning point of the ray paths. These depths are approximately 5 km, 55 km and 200 km for Δ = 2244 
100 km, 500 km and 2000 km, respectively. The mode of the distributions and the medians 2245 
(black lines in Fig. 35) match the input model (white lines in Fig. 35) well at these depths. We 2246 
also consider a more optimistic scenario likely later in the mission, where we record several 2247 
impact events located at different epicentral distances. This produces a dataset sensitive to the 2248 
structure at different depths. Fig. 35d and 35e show the inversion results for two impact events 2249 
located at Δ = 100 km and 500 km, and three impacts events located at Δ = 100 km, 500 km and 2250 
2000 km, respectively. In Fig. 35d, we observe that the combination of the two events at Δ = 100 2251 
km and 500 km gives a better estimation of the vp profile from the surface down to 35 km depth, 2252 
compared to the inversion of the Δ = 500 km event alone. With this combination, the model is 2253 
retrieved down to 80 km depth. Below this depth, the PDF is broader due to the lack of 2254 
sensitivity of the data. If a third impact with a larger epicentral distance is added (Fig. 35e), the 2255 
PDF is tightly constrained down to 300 km depth. As for the Moon (Fig. 34), the median profile 2256 
we obtained is smooth compared to the input model, because of the lack of secondary arrivals. 2257 
However, the PDF is broadened between 80 and 140 km depth, which indicates a potential 2258 
change in slope. The good agreement between synthetic and tested data shows here a clear 2259 
potential to resolve a first order velocity structure of the Martian crust and mantle, using P wave 2260 
arrival times of impacts at known locations. 2261 
 2262 
a) Δ = 100 km b) Δ = 500 km c) Δ = 2000 km 
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d) Δ = 100 and 500 km e) Δ = 100, 500 and 2000 km f) Δ = 100, 500 and 2000 km 

   
 2263 
Figure 35: 2264 
Results of vp probabilistic inversions using travel times computed for a Martian synthetic model. 2265 
(a), (b) and (c) show the results performed using only one travel time generated by a single 2266 
impact, for an epicentral distance of Δ = 100 km, Δ = 500 km and Δ = 2000 km, respectively. (d) 2267 
and (e) show the distributions obtained using 2 impacts at Δ = 100 and 500 km, and 3 impacts at 2268 
Δ = 100, 500 and 2000 km, respectively. Red and blue colors show high and low probability 2269 
density functions (PDF), respectively. The black line is the median profile of the vp distribution 2270 
as a function of depth, and the black dashed lines represent the interval between ±1σ standard 2271 
deviation. The white line is the synthetic model that was input. (f) shows the median and the ±1σ 2272 
standard deviation of the vp distribution when the error on Δ is equal to 0, 1, 5 and 10%. 2273 
 2274 
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We also investigated to what extent the error on the location would affect the inversion’s result. 2275 
As an example, Fig. 35f shows the median vp profile and the 1σ uncertainties, considering an 2276 
error of 0%, +1%, +5%, and +10% on the locations of the three impacts. To compensate for the 2277 
larger epicentral distances, the vp values are higher than in the case where the true epicentral 2278 
distance is used (black lines). Errors of +1%, +5%, and +10% on the locations lead to a vp 2279 
increase between 0.050-0.074 km/s, 0.27-0.33 km/s, and 0.55-0.60 km/s, respectively. 2280 
Consequently, neglecting the complexities of the three-dimensional structure, we consider that 2281 
the Level 1 requirement, which is to determine the seismic velocities in the upper 600 km of the 2282 
mantle to within ±0.5 km/s, is met when the error on the epicentral distance is less than ~10%. 2283 
Low location errors such as these will easily be achievable with impacts that are successfully 2284 
imaged from orbit. 2285 
 2286 
Another benefit of superficial events such as impacts is that inversions such as this can be used 2287 
to constrain the crustal thickness at the impact site. In seismic investigations of crustal thickness 2288 
such as Chenet et al. (2006), the best-constrained location will be the crustal thickness below the 2289 
seismic station, in this case at the InSight landing site. Because the seismic signals from craters 2290 
also penetrate through the crust at the impact site, the data can also be used to constrain the 2291 
crustal thickness there. This will yield additional constraints for lateral variation of the crustal 2292 
thickness.  2293 
 2294 
8.2 MEASURING IMPACT-SEISMIC EFFICIENCY 2295 
 2296 
Impact-seismic coupling is one of the key aspects in understanding impacts as a seismic source. 2297 
The seismic efficiency k, is not well constrained, with values in the literature ranging from 10−6 2298 
to 10−2 (see Section 3.3 for discussion). Given that no artificial impact is expected during the 2299 
duration of the InSight mission, we will not be able to calibrate seismic efficiency directly in the 2300 
way Apollo boosters were used (e.g. Latham et al., 1970a). On the other hand, we will be 2301 
searching for craters associated with seismic events to obtain image data for each impact. This 2302 
will give us a relationship between crater sizes and seismic energy. The relationship between 2303 
crater size and impact energy is relatively well known (e.g. Holsapple, 1993; Section 4.4), and 2304 
thus we will be able to indirectly evaluate the seismic efficiency.  2305 
 2306 
To precisely evaluate seismic efficiency, sufficient knowledge of the attenuation of Mars is 2307 
needed. Attenuation is expressed by a quality factor Q. The Q value of Mars will be evaluated 2308 
through spectral analyses of seismic signals as an activity of the Mars Structure Service (Panning 2309 
et al., 2017). We will be referring to their model for the correction.  2310 
 2311 
8.4 MEASURING IMPACTOR SIZE FREQUENCY DISTRIBUTION 2312 
 2313 
If sufficient impacts can be detected seismically and imaged in high resolution to resolve their 2314 
diameters, a measurement of the current impact rate can be made. The impact flux (number of 2315 
craters of a given size per area, per time) will need to be corrected for the distance at which any 2316 
given crater diameter is detectable to SEIS. Estimates of these detection limits are discussed in 2317 
Section 6, but will need to be updated with the real performance of the seismometer on the 2318 
ground at Mars. For example, noise levels at the time of writing can be estimated, but these will 2319 
not be known with certainty until operation of the seismometer on the surface of Mars. Noise 2320 
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levels will most likely vary with time of day, being lower at night when thermal noise is lower 2321 
(Murdoch et al. 2017). Another potential observational bias is reduced detections of clustered 2322 
impacts (Section 4.5.1), which comprise half the known impact events at Mars currently (Daubar 2323 
et al., 2013). These biases will need to be taken into account in the ultimate detection rate 2324 
calculation. This measurement of the impact flux will be independent of previous measurements 2325 
that were based on orbital images.  2326 
 2327 
8.5 MORPHOLOGIC STUDY OF NEW CRATERS 2328 
 2329 
Images of new craters detected seismically will be used to accurately determine the impact 2330 
location in longitude and latitude, then converted to offset and azimuth with respect to the 2331 
location of the SEIS instrument. Once the exact location of the new crater is identified, requests 2332 
for stereo data will be sent to HiRISE on MRO and CaSSIS on TGO. If stereo images can be 2333 
obtained, a digital topographic model (DTM) will be created over the area of interest. This can 2334 
be accomplished using several photogrammetric applications including SOCET SET (Kirk et al., 2335 
2003) and Ames Stereo Pipeline (Shean et al., 2016). An estimation of the DTM uncertainties 2336 
will be performed, similarly to error analysis done for terrestrial data (e.g., Lucas et al., 2015).  2337 
 2338 
If the crater(s) are large enough to be resolved in the data, high resolution images and DTMs will 2339 
permit several analyses. Images alone will yield a measurement of the crater diameter. Three-2340 
dimensional analysis of DTMs will provide the depth, diameter, and excavated crater volume. 2341 
(Rim height is unlikely to be resolvable, if it is even significant, for these craters.) If DTMs are 2342 
unavailable or cannot resolve the craters, shadow length measurements can be done to measure 2343 
the crater depth with less precision (e.g. Daubar et al., 2014). Ejected material and blast zones 2344 
can be characterized in visible images (spatial extension, directivity) (e.g. Daubar et al., 2016). 2345 
However, directional blast zones indicating the direction of impact are rare (Daubar et al., 2018). 2346 
The ejecta is unlikely to be resolved at this scale, thus volume measurements of ejecta will not be 2347 
likely. If present as a cluster, the geospatial characteristics of the cluster can be studied to reveal 2348 
impact direction and angle (Daubar et al., 2017; 2018). Characterization of the new craters’ 2349 
morphology and ejecta, together with seismic analyses, may eventually allow an evaluation of 2350 
the impact velocity and direction, impact energy, the mass of impactor, and the porosity of the 2351 
impacted sub-surface. Geological maps of the area bracketing the position of SEIS and the new 2352 
crater will also be used to assess the geological context (type and age of the terrains, crustal 2353 
thickness, regolith depth, etc.) of the impact area and the terrains where waves propagated. The 2354 
exact location of the impact, the impact direction and energy, and estimation of the sub-surface 2355 
porosity will help interpret the seismogram recorded by SEIS, including amplitude and arrival 2356 
time, and constrain lithosphere and regolith models for wave propagation (Section 8.1).  2357 
 2358 
 2359 
9 CONCLUSIONS 2360 
 2361 
Detecting and studying impacts with Insight will be a challenge, but the wealth of information 2362 
they will provide about Mars make this a worthwhile pursuit. We will use impacts to achieve the 2363 
mission goals of measuring the current impact rate at Mars, and also to illuminate the interior 2364 
structure. A known source location, something that tectonic seismic sources will most likely not 2365 
be able to accomplish, will enable calibration of the models used to interpret all seismic signals, 2366 
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from marsquakes as well as from impacts. Several impact-specific parameters will be 2367 
constrained with real data, for example, the source time function (Section 3.1) and cutoff 2368 
frequency (Section 3.2). The relationship between the cutoff frequency and impact momentum 2369 
will be assessed using a known crater size that can be connected to impactor momentum. We 2370 
will also be able to measure the seismic efficiency (Section 3.3), using scaling relationships 2371 
associating the size of the crater to the impact energy. We will then be able to evaluate the 2372 
accuracy of our preferred value for the Martian seismic efficiency, 5 x 10-4.  2373 
 2374 
We have predicted the frequency of impacts (Section 6.2) and the seismic response of Mars 2375 
(Section 5.2) based on our observations of terrestrial (Section 2.1), lunar (Section 2.2), and 2376 
experimental impacts (Section 3.4). However, the true Martian seismic properties such as 2377 
seismic efficiency, seismic attenuation, and subsurface velocity structure will not be known until 2378 
we reach Mars, detect an impact seismically, and calibrate our estimates with orbital images. 2379 
Enough such detections will also achieve one of the scientific goals of the InSight mission, to 2380 
measure the impact flux at Mars. This independent measurement of the current impact rate will 2381 
be free of the biases in previous measurements done using orbital images alone, help us to better 2382 
understand the chronology of Mars, and clarify the impact hazard to future exploration. Based on 2383 
current estimates of the Martian impact rate, we predict this measurement will be possible within 2384 
the timeframe of the prime mission (one Mars year) with the detection of ~a few to several tens 2385 
of impacts. Similar measurements of the airburst frequency may also be possible to compare to 2386 
the predictions we present here (Section 4.5.2). Detection of impact-induced acoustic waves may 2387 
be possible as well (Section 4.5.3).  2388 
 2389 
The modeling codes to be used in analysis of the seismic signals from impacts have been 2390 
benchmarked, and we endorse them for use in future work (Section 5). We outlined the processes 2391 
the InSight Impacts Science Theme Group will follow during mission operations to discriminate 2392 
impacts from marsquakes (Section 6.1); follow up on impact seismic detections (Section 7.1); 2393 
request event data and orbital images (Section 7.2); search those images for the impact site 2394 
(Sections 7.2.2 and 7.2.3); and finally analyze those data (Section 8). A plan for possible night-2395 
time meteor imaging is also presented (Section 7.3); this valuable, but not required, experiment 2396 
would provide a direct measurement of the small end of the size distribution of the Martian 2397 
impact flux. 2398 
 2399 
Using data from InSight, these analyses will lead to better understanding of the shallow 2400 
subsurface structure, physical and seismic properties of the interior, the seismic efficiency and 2401 
other seismic-impact parameters, and the current impact flux at Mars.  2402 
 2403 
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