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Abstract Seismic activity generated by impacts depends on impact conditions and properties of the

impact site. Here, we combined mapping of the regolith thickness with numerical impact simulations to better
estimate the seismic efficiency and seismic moment generated in small impact events in the uppermost crust
on Mars. We used mapping of crater morphology to determine the regolith thickness that craters formed in.

We found that local regolith thickness in the late Amazonian units is between 4 and 9 m. Combined with
previous estimates for the NASA InSight landing site, we composed a more realistic uppermost crust analog
and implemented it in numerical impact simulations. We estimated the seismic efficiency and seismic moment
for small craters on Mars impacting a non-porous or fractured bedrock overlaid by 5, 10, or 15 m thick regolith.
Seismic energy showed more dependence on target properties. Three orders of magnitude more energy were
produced in stronger targets. The seismic moment does not depend on target properties, and we confirm that
seismic moment is almost proportional to impact momentum. The resulting seismic moment is in agreement up
to a factor of 4 between different target types. We improved the scaling relationships developed from numerical
simulations used in seismic moment approximations by constraining its dependence on more realistic target
properties.

Plain Language Summary Small impacts form in the top few meters of the crust of Mars. From
the NASA InSight mission data, we learned that the uppermost crust of Mars is layered. Here, we mapped and
used rocky ejecta craters as a proxy to estimate the thickness of this top layer. We demonstrated that a younger,
late Amazonian geological unit, has a thinner top regolith layer (4—9 m) compared to an older, Hesperian

unit (3—17 m). We modeled several target scenarios, constrained by mapping results, and performed a suite

of numerical simulations of small impacts. From these simulations, we determined a relationship between
impact-generated seismic energy and the seismic moment for different types of Martian upper-crust analogs.
Our models show that impact-generated seismic energy strongly depends on target properties (three orders of
difference among different analogs investigated here). On the contrary, seismic moment shows agreement up to
a factor of 4 in different targets. We discussed our modeling results to the newly detected impacts on Mars, and
confirmed that our models are reliable for predicting seismic moments of small impacts. Our results contribute
to the understanding of the size and energy of impact-generated seismic sources in different target analogs.

1. Introduction

Impact cratering is a complex process during which the impactor's momentum and kinetic energy are delivered
to the target (e.g., Melosh, 1989). Understanding the transfer of the impact's kinetic energy to the target on a
planetary body helps estimate the seismic properties of the planet's crust. Several hundreds of impacts were previ-
ously detected in Apollo seismic data (e.g., Duennebier & Sutton, 1974; Latham et al., 1970). The investigation
of the Apollo seismic data showed that the understanding of impact-induced seismic source-time function (e.g.,
Gudkova et al., 2015), seismic moment (e.g., Teanby, 2015, and references there in), and the seismic efficiency in
a target medium (e.g., Latham et al., 1970) are a prerequisite to describe impacts in seismic data.

Interest in natural impacts on planetary surfaces and their seismic signatures has increased with the placement
of NASA InSight's seismometer on Mars in late 2018 (e.g., Banerdt et al., 2020). It was expected that one of the
possible sources of seismic activity would be impacts (e.g., I. Daubar et al., 2018, and references therein). Since
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the NASA InSight landing on Mars (Banerdt et al., 2020), several hundreds of seismic events were recorded
(Clinton & Euchner, 2021). During the first year of InSight operating on Mars, none of these events were related
to impacts (I. Daubar et al., 2020). Recently, several impacts were confirmed in seismic data (Garcia et al., 2022;
Posiolova et al., 2022). Detectability of small impacts on Mars in seismic data can be better constrained with
further investigations of: (a) the impact-generated pressure wave decay, (b) the seismic efficiency in target media,
(c) the relationship between seismic moment and impact momentum, and (d) the relationship between seismic
moment and seismic energy.

The seismic efficiency, &, is quantified as the fraction of the impact energy turned into seismic energy (e.g.,
McGarr et al., 1969; P. Schultz & Gault, 1975). Estimates of seismic efficiency of impacts from a variety of
studies range widely, from 107 to 107! (I. Daubar et al., 2018; Giildemeister & Wiinnemann, 2017; Hoerth
et al., 2014; Matsue et al., 2020; McGarr et al., 1969; Pomeroy, 1963; Richardson & Kedar, 2013; P. Schultz &
Gault, 1975; Shishkin, 2007; Yasui et al., 2015). In previous work (Rajsi¢, Miljkovié, Collins, et al., 2021; Rajsic,
Miljkovié, Wéjcicka, et al., 2021), appropriate for analogs of the uppermost crust on Mars and the Moon, we
showed that the seismic efficiency varies three orders of magnitude between non-porous, bedrock-like targets
(~1073), and highly porous targets that represent regolith (~107°), assuming a homogeneous target.

In this work, we consider strictly vertical impacts and focus on calculating the vertical component of the seis-
mic moment as proposed by previous works (Gudkova et al., 2011, 2015; Lognonné et al., 2009). Comparing
data from impact simulations and previously published data (e.g., Teanby & Wookey, 2011, and refs therein),
Wojcicka et al. (2020) presented the relationship between seismic moment M (Nm) and impact momentum p;
(kg m s71), for impacts into regolith-like targets:

M = 103.1:().08pi1,0t0,01 (1)

Teanby and Wookey (2011) derived a relationship that relates seismic moment (M) and seismic energy (E,)
using published data on small earthquakes, numerical simulations, and nuclear explosions (Abercrombie, 1995;
Mayeda & Walter, 1996; Patton & Walter, 1993; Walker, 2003):

E; = 4.8177 x 1077 M 124001 )

For regolith-like targets, Wojcicka et al. (2020) proposed the following relationship, that was derived for small
impacts in single porous (44% porosity) target analogs:

Es — 10_7'6M1'2 (3)

Numerical simulations were also compared to artificial impacts on the Moon (Rajsi¢, Miljkovié¢, Wdjcicka,
etal., 2021). The seismic efficiency was calculated for lunar regolith-like targets to be on the order of 1076, which
is consistent with lower estimates of Latham et al. (1970). Similarly, the seismic moment was estimated to be at
the order of 4 x 10'® Nm, which was in agreement with Equations 2 and 3 (Teanby, 2015; Wojcicka et al., 2020)
for regolith-like targets.

For a variety of other geological units, ages, and types, the regolith thickness may be diverse. Crater mapping
and geological observations showed that a layer of regolith covers Martian surface, and that in the vicinity of
the InSight lander, the top regolith layer ranging between 3 and 17 m in thickness covering stronger substrates
(Golombek et al., 2020; Warner et al., 2017). This was a regional/local estimate (early Hesperian unit (Tanaka,
Skinner, Dohm, et al., 2014)). There seems to be a discontinuity in the target strength between layers that can
affect the cratering process and final crater morphology. In comparison to the homogeneous analogs investigated
before, layered targets may exhibit different seismic properties.

In this work:

e We estimated the regolith thickness in a younger, late Amazonian volcanic unit, to complement the regolith
thickness estimation for the older Hesperian unit, where InSight landed; We combined our regolith thickness
estimates with those of Warner et al. (2017), and applied layered target analogs in our numerical models;

e We made a series of numerical impact simulations of small craters on Mars formed in layered targets;

e We quantified seismic energy and seismic moment produced by small impacts in layered upper crust analogs
on Mars;
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¢ We defined a relationship between impact momentum and seismic moment, and between seismic moment and
seismic energy, in a range of layered Martian upper crust analogs, expanding on previous works;

¢ Finally, we show that newly detected impacts in seismic data on Mars fit within our numerical modeling
estimates of the seismic moment.

2. Regolith Thickness Mapping

Estimates of the regolith thickness have been done in the past using morphological observations (e.g., Bart
et al., 2011; Quaide & Oberbeck, 1968; Yasui et al., 2015), crater mapping (e.g., Shoemaker et al., 1969), and
lunar seismic data (e.g., Cooper et al., 1974; Watkins & Kovach, 1973). Here we investigated rocky ejecta
craters (RECs), characteristic of bedrock excavation during cratering (e.g., Rennilson et al., 1966; Shoemaker
& Morris, 1970; Wilcox et al., 2005). Their identification on planetary surfaces suggests distinct layering with
depth from regolith to bedrock and can be used to estimate the thickness of the top regolith layer. While RECs
can be used to estimate regolith thickness, there is still concern about how long they have been exposed to the
surface and, thus, to erosion or burial processes. In this work, the REC method to estimate the regolith thick-
ness was combined with additional classification on the degradation of the craters as recommended in Warner
et al. (2017). While Warner et al. (2017) uses five different degradation classes, where class one being the least
degraded and class five being the most degraded, we focused our search of RECs only on the freshest ones, that
is, classes I and II (Figures 1 and 2 in this work, and Figure 12 in Warner et al. (2017)).

We first classify craters as REC and non-rocky ejecta craters (nREC). RECs were used to estimate the maximum
regolith thicknesses, and nRECs to confirm the onset diameter where a weaker layer is excavated. The lack of
boulders in the ejecta of nRECs indicates that they did not excavate stronger substrate beneath the regolith, so
we use them to calculate the minimum regolith thickness. In both cases, we focus our search on the freshest
craters (class I and II of Warner et al. (2017)). Although secondary craters resulting from distal ejecta of large
impacts might exhibit boulders and be identified as RECs, they do not form with the same impact conditions
as primary craters (velocity, angle). To ensure that the boulders around RECs come from the excavation of the
stronger substrate rather than from another crater in the vicinity of the mapping area, only craters where boulders
were around the crater rim, on the rim, and falling back to the crater cavity were mapped (Figure 1, red arrows
and circles). In addition, we mapped an area outside of major secondary crater clusters identified by Lagain
et al. (2021) using a machine learning crater identification algorithm (Benedix et al., 2020). To estimate the
regolith thickness, Warner et al. (2017) used an approach that suggests that ejecta is sourced from 0.084 times the
measured crater diameter. Here, we bounded regolith estimates using a factor derived by Warner et al. (2017), but
we also considered experimental works that suggested a lower (0.06) and higher bound (0.09) (Grieve et al., 1981;
Hermalyn & Schultz, 2011; P. H. Schultz & Anderson, 1996). The same method showed that the top regolith layer
is between 3 and 17 m in thickness, proximal to the InSight lander (Golombek et al., 2020; Warner et al., 2017).

We mapped RECs 700 km away from the InSight lander at 6.5°N, 148°E. For mapping, we used High-resolution
imaging experiment, McEwen et al., 2007) image: ESP_047376_1865 (Figure 3), with a pixel scale of 0.5 m/
pixel. This area was selected because one new crater was confirmed in CTX images between August 2019 and
September 2020 (before: K20 061156 1866 XN 06N212W (13 August2019); after: N10 066088 1840
XN 04N211wW (01 September 2020) (I. Daubar et al., 2022)). We mapped the older HiRISE image because, at
the time of the CTX confirmation, it was only available, and we aimed to see how thick the regolith layer in the
area was and how it would affect the detectability of the formed impact, following our work in Rajsi¢, Miljkovi¢,
Collins, et al. (2021). This impact was not confirmed in the seismic data, so we used our regolith thickness esti-
mates to compare to Warner et al. (2017) regolith thickness measurements and to make more realistic numerical
models.

For crater mapping, we used the Environmental Systems Research Institute's (ESRI's) ArcMap (ArcGIS), version
10.6, with included the Crater Tools extension (Kneissl et al., 2011). Crater Tools were used to record crater
diameters. Crater diameters were digitized using the “circle by points” method. In this method, using any three
points on the crater rim, the tool approximates a circle and records the diameter of the crater. This tool is useful
since it eliminates errors caused by different map projections (Kneissl et al., 2011).

We measured the diameters of 1,155 simple craters and classified them as rocky ejecta (RECs) and nRECs (list
of all the mapped craters is in online repository Rajsi¢ (2022)). RECs were used to estimate maximum regolith
thickness and nRECs minimum (Warner et al., 2017). The smallest crater had a diameter of 2 m and the largest
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Figure 1. Characteristics of the rocky ejecta craters classified as the first class according to Warner et al. (2017) (HiRISE image ESP_047376_1865). Note these are
both very fresh-looking craters. On both craters, rocks around the crater and falling back to the cavity are marked. The Crater rim is fresh, and rocks are exposed to it.

103 m. The median diameter was 10 m. Most of the measured craters are between 5 and 15 m in diameter. Of
these, only 1.4% (16 craters total) were RECs (Table 1). The smallest and largest RECs were 15.3 and 103 m in
diameter, respectively. The smallest and largest nREC were 2 and 48 m in diameter, respectively.

Table 1 shows the measured REC diameters used to estimate the crater excavation depth. The lower bound for
the regolith thickness estimate was measured as crater diameter multiplied by a factor of 0.06 and for the upper
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Figure 2. Characteristics of the rocky ejecta craters (RECs) classified as the second degradation class according to Warner et al. (2017) (HiRISE image
ESP_047376_1865). Note these are both very fresh-looking craters. The main difference is the slow degrading of the crater rim and infilling of the cavity, which can
be followed by the presence of younger craters superposed on the rim or the ejecta of the second class REC.

bound, the diameter was multiplied by a factor of 0.09 (Grieve et al., 1981; Hermalyn & Schultz, 2011; P. H.
Schultz & Anderson, 1996). For the lower bound estimate, 0.06, the regolith thickness varied between 0.92 and
6.16 m. If the ejecta material was sourced from a larger depth (factor 0.09), the regolith thickness varied between
1.37 and 9.24 m. An average estimate was made with the approach of Melosh (1989), where the excavation
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Figure 3. Geological map of a wider area surrounding the InSight landing site (early Hesperian transition Unit). Mapped
area is approximately 1,000 km eastern from the lander (late Amazonian volcanic unit). (For details about notation used for
geological units, see Tanaka, Skinner, et al. (2014)). Geological unit map overlays the Mars Orbiter Laser Altimeter shaded
relief (Smith et al., 2001).
depth was considered to be 0.084 times the crater diameter. In this case, the
regolith thickness is estimated to be between 1.28 and 8.62 m. However, to
compare with previous works, the cut-off regolith thickness is considered
Table 1 to correspond to the maximum nREC diameter. The largest nREC crater in

Rocky Ejecta Crater (Rocky Ejecta Craters) Diameters Obtained From
Crater Mapping and Estimated Regolith Thicknesses

REC Regolith Regolith Regolith
Crater  diameter thickness thickness thickness
ID (m) (exp. lower) (m) (theory) (m)  (exp. upper) (m)
471 73 4.36 6.10 6.54
488 75 4.49 6.28 6.73
582 103 6.16 8.62 9.24
679 28 1.68 2.35 2.51
768 52 3.13 4.39 4.70
775 34 2.03 2.84 3.04
893 44 2.66 3.73 4.00
894 61 3.69 5.16 5.53
895 31 1.87 2.62 2.80
896 44 2.64 3.69 3.96
897 73 441 6.17 6.61
898 19 1.11 1.55 1.66
899 15 0.92 1.28 1.37
900 58 3.48 4.87 522
990 47 2.80 39 4.20
901 36 2.15 3.01 3.22

Note. The minimum regolith thickness was calculated with a factor of 0.06
of transient crater diameter, average with a factor of 0.084, and maximum

with a factor of 0.09 (Melosh, 1989; Warner et al., 2017). For details see:
Rajsié (2022).

this area is 48 m in diameter. Thus, we adopted the lower bound of excava-
tion depth for the whole area to be between 2.9 and 4.3 m using different
factors in the regolith thickness-crater diameter relationship. Images of the
mapped REC craters used in this work are part of Figures S1-S8 in Support-
ing Information S1.

Our mapping area is in the late Amazonian volcanic unit (e.g., Tanaka,
Skinner, Dohm, et al., 2014), while InSight landing site (3—17 m regolith
thickness (e.g., Warner et al., 2017)) is in early Hesperian transition unit.
This result suggests that the younger geological units may have a thinner
regolith layer, most likely due to shorter exposure to impact gardening, one
of the main processes involved in regolith production. We combined our esti-
mate (since these units surround InSight lander) with the estimate of Warner
et al. (2017) and vary regolith thickness between 5 and 15 m in our numerical
models to be applicable to a wide variety of targets in the InSight region.

3. Numerical Simulations of Small Impacts in Layered
Targets

We present impact simulations focused on pressure wave propagation in
layered targets. The simulations were made using the shock physics code
iSALE-2D (e.g., Amsden et al., 1980; Collins et al., 2004; Wiinnemann
et al., 2006). The numerical impact setup was similar to our previous works
made for calculating pressure propagation to several crater radii, without
focusing on the crater formation itself (Rajsi¢, Miljkovié, Collins, et al., 2021;
Woijcicka et al., 2020). It is considered that at this distance, pressure ampli-
tude is comparable to the strength of the material (e.g., Holsapple, 1993;
Rajsi¢, Miljkovié, Collins, et al., 2021; Yasui et al., 2015). The purpose was
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Table 2 to observe the pressure wave dissipation at a distance from the impact point.

Impact Conditions Used in This Work

This required a large numerical mesh. The size of the computational domain

varied between 3000 x 3000 cells and 4000 x 4000, depending on the projec-

Impactor Vertical Rim diameter Rim diameter o ) . R )
Simulation  radius (m)  velocity (m s™) (sand, m) (regolith, m) tile size. Here, we model impacts with projectiles between 4.4 and 49 cm in
radius (Table 2) using the resolution of 10 cells per projectile radius to offset
1 0.044 2,000 2.56 1.60 . . .
the computational demand for the large mesh. Numerical resolution tests for
2 0.072 3,300 4.6l 3.22 this kind of simulation were made in our previous works (Rajsi¢, Miljkovié,
3 0.10 4,150 6.60 4.90 Collins, et al., 2021).
4 0.19 R 12.1 9-89 During the lifetime of the InSight mission, it was expected that the largest
5 0.49 6,380 28.3 25.5 crater diameter to form would likely be smaller than 30 m in diameter (.

Note. Following Wojcicka et al. (2020), these are derived from impact crater Daubar et al., 2013; I. Daubar et al., 2018; L. J. Daubar et al., 2014), except
scaling relationships and include atmospheric effects on incoming impactor  for the most recent two 130—150 m craters (Posiolova et al., 2022). For rocky

size and speed.

meteoroids that could form craters up to 30 m, the atmospheric drag and

ablation are expected to substantially reduce the impact speed on the ground

from an average of 11 to approximately 2-5 k m s~! (I. Daubar et al., 2020;
Wojcicka et al., 2020). These values were defined assuming a typical meteoroid density of 2,700 kg m~3, pre-entry
speed of 10 k m s~! and angle of 45° (McMullan & Collins, 2019). Here, we simulated five different impact
scenarios, where final crater sizes were estimated from known scaling laws (see, Wojcicka et al. (2020)). Input
parameters and crater sizes are shown in Table 2.

All impact scenarios were simulated in several different upper-crust Martian analogs. Here, we investigated
possible impact scenarios needed to form craters up to 30 m in diameter in single-layer, bedrock, and frac-
tured bedrock targets, as well as in layered targets appropriate for REC morphology. We applied a two-layered
approach, where the upper layer of regolith varies in thickness between 5, 10, and 15 m. All impact conditions
were tested in 5 and 10 m regolith thickness, while a layer of regolith 15 m thick was used for larger craters only
(diameters between 5 and 26 m). This is due to the pressure wave not being able to reach the underlying layer
at ~10 crater radii away for the craters smaller than 5 m. In the first set of simulations, the underlying substrate
was 0% porous bedrock. In the second set of simulations, the underlying layer was represented as 25% porous
fractured bedrock. The total combinations of target and impact conditions resulted in 36 different impact simu-
lations (Table 3).

All target representations used the revised Tillotson equation of state for basalt (Wojcicka et al., 2020). Bedrock
and fractured bedrock were both described using the ROCK strength model (Collins et al., 2004) Table 4. Density

of non-porous basalt was 2,860 kg m~3, and bulk speed of sound (C, = \/g , where B is the bulk modulus)
2,600 m s~!. Fractured bedrock included 25% porosity which was incorpo-

Table 3 rated via € — a porosity model (e.g., Wiinnemann et al., 2006) (Table 5).
Simulations Used Single or Two-Layered Crustal Structure The density of the fractured bedrock was 2,150 kg m~3, and the bulk speed
Simulation of sound was 1,558 m s~!. For all scenarios, impactor material remained the
_ . . — -3 v s e 3
Target 1 ) 3 4 s samt?, non-porous basalt with density p = 2,860 kg m~ (Rajsi¢, Miljkovié,
Collins, et al., 2021).
Bedrock (B) (] (] [ (] °
Fractured bedrock (FB) ¢ ¢ ¢ ¢ * 3.1. Seismic Properties in Layered Targets
5 m regolith over B . . . ° .
i The seismic efficiency and seismic moment were calculated for all impact
5 m regolith over FB . . . . . . .. . . .
) scenarios. The seismic moment was estimated using the approach described
10 m regolith over B . . . ®* * by Wojcicka et al. (2020) and Raiji¢, Miljkovié, Woéjcicka, et al. (2021) to
10 m regolith over FB O O O O C determine the vertical component of the seismic moment (M) (Gudkova
15 m regolith over B . . . et al., 2015; Lognonné et al., 2009): M, = 27 Cyplilo:[i1V[i], where pli]
15 m regolith over FB o o o is the density of material in the cell, v [7] is the cell-centered vertical veloc-

Note. Impact conditions for each simulation number can be cross-referenced
with Table 2. Pressure wave in Simulations 1 and 2 could not reach the

ity component, V[i] is the cell volume, C, is the P-wave velocity, and the
summation is over all n cells in the target (below the pre-impact level). For

bedrock in case of 15 m regolith overlying (fractured) bedrock at ~10 crater vertical impacts, this means that seismic moment is defined as M, = Cl,[)z,
radii away. Therefore, they were not performed in these layered target cases. where p, is the momentum transferred to the target by the impact (Gudkova
Bullet point (e) denotes which simulations are matched with what target layer etal., 2015; Lognonné et al., 2009; Wojcicka et al., 2020).

combination.
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Table 4 To c.alculate the seismic effic%ency k, we applied the same ‘a[.)proa.cl.l as ‘in
The Strength Model Parameters Used in Simulations for Bedrock (ROCK, previous works (e.g., Gilildemeister & Wiinnemann, 2017; Rajsi¢, Miljkovic,
Collins et al., 2004) and Regolith (LUNDD, Lundborg, 1968) Collins, et al., 2021; Wojcicka et al., 2020): k = nszzAt/(pCpEk), where x is
Rl the distance from the impact point (in case of layered targets, always meas-
Parameter Bedrock bedrock Regolith ured in the lower layer), P is the pressure amplitude, At is the duration of the
Stissgih gt ROCK ROCK LUNDD pressure pulse mez.isured %t fu.ll-w1dth half ma).umum, p is the bulk density of
) the target, and E, is the kinetic energy of the impactor. Data used for calcu-
Bulk porosity Non-porous 25% 44% . - .. .
lating seismic efficiency was recorded at pre-selected cells (gauges) posi-
R e v 1w tioned equidistant diagonally through the target. Seismic efficiency reported
Friction damaged 0.6 0.67 0.7 in Table 6 is the average value between the three last gauges (in the case of
Damaged limiting strength (GPa) 3.5 0.17 0.25 layered targets positioned in the lower, stronger layer). So, the calculation of
Intact strength (MPa) 10 02 _ density and speed of sound represents the local measurements in the lower
Intact friction 1.2 1.8 - layer.
Intact limiting strength (GPa) 33 0.17 = Figure 4 (left) shows how seismic moment varies between different
Crushing strength (kPa) - 2% 103 100 single-layered scenarios (bedrock, fractured bedrock, and regolith) for differ-

Table 5

ent impact conditions. Among these single-layered representations, seismic

moment varies within an order of magnitude for the same impact momen-
tum. Figure 4 (middle) shows the seismic moment in bedrock, regolith overlying bedrock, and regolith targets.
The seismic moment in all layered targets is in agreement up to a factor of 1.3. For small impacts on Mars (smaller
than 30 m in crater diameter), the target layering does not have an effect on the seismic moment produced by
these impacts. Seismic moment calculated in layered targets shows similar relationship with impact moment
shown in Figure 4 (left) for fractured bedrock targets. In Figure 4 (right) we compare the seismic moment and
impact momentum relationship in bedrock (the target with the highest calculated seismic moment for all impact
scenarios), regolith overlying fractured bedrock, and regolith (target with the lowest calculated seismic moment)
are shown. Again, layered targets show a similar relationship with the impact moment calculated for fractured
bedrock targets (dotted line Figure 4 (left)). Overall, the relationships shown in Figure 4, indicate that layering
plays an effect on seismic moment up to a factor of 4. All the presented relationships between seismic moment
and impact momentum were done using the least squares fitting method (R? = 0.99).

These results provide more information on how seismic moment depends on impact momentum in different
target materials (bedrock, fractured bedrock, and layered targets). Scaling relationships shown in Figure 4 are
in agreement with Equation 1, showing that the effects of target properties on seismic moment calculated from
simulations are negligible. Moreover, these results confirm that seismic moment is very much proportional to the
impact momentum, as previously shown on impacts detected in seismic data on the Moon (Gudkova et al., 2011;
Lognonné et al., 2009).

Figure 5 shows the relationship between seismic moment and seismic energy. The seismic energy (E,) is

calculated from seismic efficiency (k = % ) For all impact conditions investigated here, seismic efficiency
k

in bedrock targets is of the order of 1073, These results account for a 1.7 correction factor for the bedrock
target to include resolution effects as shown in Rajsié, Miljkovié, Collins,
et al. (2021). In fractured bedrock, the seismic efficiency is of the order
of 5 x 107, and in layered targets, this parameter is comparable to the

The € — a Porosity Model Parameters Used in Simulations for Different regolith-only targets (k ~ 107%) (Rajsi¢, Miljkovi¢, Collins, et al., 2021;

Porosity Targets Wiinnemann et al. (2006) Rajsi¢, Miljkovi¢, Wojcicka, et al., 2021; Wojcicka et al., 2020) as well as

B Fractured bedrock Regolith lunar observations (Latham et al., 1970; McGarr et al., 1969).

Initial bulk porosity 25% 44% We compared seismic energy calculated in this work to the results of

Initial distension, a, 1.33 1.8 Wojcicka et al. (2020) for regolith like targets, and previous measurements

Elastic threshold. e —4x 104 _10-* from earthquakes and explosion experiments (Abercrombie, 1995; Mayeda &

s L€
. . L. Walter, 1996; Patton & Walter, 1993; Prieto et al., 2004). In bedrock targets,

Distension at transition, a, 1.1 1.15 L. K . K .
seismic energy was up to three orders higher than in the case of regolith-like

Constant, 0.98 0.98 . .. ..
and layered targets for the same impact conditions. In bedrock targets seismic

Speed of sound ratio, ¥ 0.6 0.33 energy, E_ scales with the seismic moment, M, as:

Note. All parameters are unit-less.
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Table 6
Pressure Amplitudes, P, Pressure Pulse Duration, At, and Seismic Efficiency, k, Calculated for Different Targets (Cross
Reference Numbers With Table 3), and Impact Conditions (Cross Reference Numbers With Table 2)
Simulation P (Pa) At (s) k Target
1 802,897.2 5% 1073 7.9 x 10™* Bedrock
2 2,276,971 8.87 x 1073 1.16 x 1073
3 3,487,742 1.23 x 10~* 1.77 x 1073
4 4,503,881 2.36 x 10~ 1.78 x 1073
5 2,933,324 7.16 x 10~* 1.16 x 1073
1 19,579.68 3.44 x 10~ 3.9 %10 Fractured bedrock
2 34,673.48 7.1x 107* 5.83 x 107
3 32,500.54 1x1073 4.09 x 10=°
4 38,631.52 29 %1073 5.4x107°
5 55,088 7.9 x 1073 6.36 X 10~°
1 4,332.9 1x1073 5.3 %1077 5 m regolith + bedrock
2 8,451.06 1.9 x 1073 2.3 %1077
3 55,076 39x%x 1073 1.96 x 1076
4 50,991 2.98 x 1073 1.17 x 10-°
5 90,144.22 22x 1073 1.1 x 107
1 10,481.07 1x1073 5.95 x 1077 Sm
2 6.922.09 1x 107 5.09 x 107 regolith + fractured
bedrock
3 9,601.19 3x1073 1.17 x 10~
4 25,597.15 3.04 x 1073 3.12x 10°¢
5 36,809.14 7.4 %1073 3.9x10°°
1 8,106 7.4 %107 6.7 x 1077 10 m
) 71784 2%10° 2.15x 107 regolith + bedrock
3 5,571.03 3.6 x 1073 1.5 x 1077
4 7,519.2 8.3 x 1073 1.3 x 1077
5 21,822.33 4.6 x 1073 8.8 x 1077
1 8,328.35 1.4 x 1073 1.59 x 10-° 10 m
D) 2779 2 % 102 1.9 % 107 regolith + fractured
bedrock
3 4,832.82 2.98 x 1073 3.07 x 1077
4 6,708.12 5.5%x 1073 4.09 x 1077
5 29,936.72 7.12 x 1073 3.99 x 10-¢
3 5,474.72 8.4x 1073 3.6 x 1077 15 m regolith bedrock
4 7,402.5 6.6 x 1073 1.4 x 1077
5 22,772.8 6.6 x 103 2.08 x 1077
3 3,433.6 2.5% 1073 1.6 x 1077 15 m regolith fractured
4 10,484.93 62x 107 62 %1077 bedrock
5 24,105.5 3.6 x 1073 8.27 x 1077
E,=2x10"*M “
In layered targets (Figure 5), the seismic energy, E_ scales with the seismic moment, M, as:
E,=1x10""M" )
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I

M=1031pj10 7
(W2020)

10°

Seismic moment (Nm)

10

10° 10 10° 10’ 10° 10
Impact momentum (kg ms™1)

Figure 4. Seismic moment, M, as a function of impact momentum, p; in: (left) bedrock, fractured bedrock, and regolith
targets; (middle) bedrock, regolith overlying bedrock, and regolith targets; (right) bedrock, regolith overlying fractured
bedrock, and regolith targets Regolith data is taken from Wojcicka et al. (2020) for comparison with our models (marked as
W2020).

which is similar to Equation 3 for the regolith-only targets. This implies that having the weaker layer on top of the
bedrock consumes most of the impact energy and results in less seismic energy produced for impacts of the same
size. Previous works (Rajsi¢, Miljkovi¢, Collins, et al. (2021)) showed that pressure wave decay with distance
from the impact point is much faster in the porous targets.

Using scaling from Figure 5, the seismic energy estimates in different targets as a function of impact momen-
tum are shown in Figure 6. Three orders of magnitude more seismic energy are produced in non-porous targets.
However, the scenarios of having impacts on pure bedrock are highly unlikely. Bedrock outcrops alone are rare,
and the chances of impacting straight on these outcrops are even smaller. Moreover, the pressure wave generated
by the impact also needs to go through different media to be detected on the seismometer. We know that InSight

16 =« Es=2x10*M, this work
= Es=1x10"8M*2, this work
-=-=-: Teanby&Wookey (2011)
13 —-— Wojcicka et al. (2020)
B bedrock
@ layered and fractured bedrock target

earthquakes&explosions
10 (Prieto et al. 2004, Abercrombie, 1995,
10 X Myeda and Walter, 1995,
Patton and Walter 1993)

Seismic energy (J)
<)

-
o
i

—
o_\

10 10 10" 10®  10® 10" 10"

Seismic moment (Nm)

Figure 5. Seismic energy as a function of the seismic moment, in bedrock (squares), fractured bedrock, and layered targets
(filled circles). Red lines are from this work, and black lines are from Wojcicka et al. (2020) (W2020) and Teanby and
Wookey (2011) (TW2011). Previous works (Abercrombie, 1995; Mayeda & Walter, 1996; Patton & Walter, 1993; Prieto

et al., 2004) on earthquakes and explosions show a good fit with layered/regolith target analogs (marked with x).
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is located in a regolith-covered region. Therefore, the seismic moment gener-
ated from impacts on Mars would most likely be in the ranges proposed for
layered and regolith-like targets.

4. Comparison Between Modeling Results and the New
Impacts Confirmed in Seismic Data

During the operation of NASA's InSight Mission on Mars, several small
impacts were identified in both seismic data collected by the seismome-
ter instrument (the Seismic Experiment for Interior Structure [SEIS]) and
images taken by orbiting spacecraft (Garcia et al., 2022). The diameters of

10
—~
S
=
= 45
> 10
<2
5]
c
[5)
Q
3
§ 10 T
T & B bedrock
%) ’,/" L @ fractured bedrock
o X X layered targets
; T e —— bedrock, E; = 1.24p}%°
10 e —— fractured bedrock, E; = 3x10~3p}1
* ---- layered targets E; = 1x10~3p}058
4 5 6 7
10 10 10 10

Impact momentum (kgms™1)

Figure 6. Seismic energy as a function of

(black line), fractured bedrock (dash-dotted black line), and layered targets
(dashed black line). Two orders of magnitude more seismic energy are
produced in stronger targets for the same impact momentum. Markers are
denoted for the impact momentum of the scenarios investigated in this work.

Table 7

Seismic Moment as Measured From SPECFEM2D-DG-LNS (Martire
et al., 2022) Models for Different Seismic Quality Factor (Q = 100 and

craters first detected using seismic data (seismic events S0793a, S0986¢, and
S0981c; InSight Marsquake Service (2022b)) were measured from orbital
images to be 3.9, 6.1, and 7.24 m, respectively. The distances between SEIS
and these craters were measured to be 85.1, 91.1, and 244 km. Two much
larger fresh impact craters (130-150 m diameter, at distances of 3,460 and
7,455 km from InSight lander) were also recently detected on Mars (Posiolova
etal., 2022). Both impacts produced large magnitude seismic events (moment
magnitude > 4), making them two of the largest seismic events detected on
Mars (Horleston et al., 2022; InSight Marsquake Service, 2022a) by InSight.
These new impact detections provide the opportunity for comparison with
the results of our numerical impact models.

the impact momentum, in bedrock

The small impacts reported in Garcia et al. (2022) have moment magnitudes of 1.4, 1.6, and 1.2, assigned by MQS
(InSight Marsquake Service, 2022b). The seismic moment calculated from these moment magnitudes results in
an overestimation (order of 10’5 Nm, Bose et al., 2021) because these moment estimates are computed with an
a priori source depth of 50 km instead of the surface location of impact, and are valid only for source distances
further than 150 km. In addition, MQS calculations of the seismic event magnitude were made from epicentral
distances that are different to distances confirmed in orbital imaging (see Garcia et al. (2022)). Therefore, in
Garcia et al. (2022) SPECFEM2D-DG-LNS (Martire et al., 2022) models were used to estimate seismic moment.
Here, we report updated values of seismic moment estimates with a complete 2D-3D correction instead of the
approximation used in Garcia et al. (2022). These improved seismic moment values are a factor of 10-20, smaller
than previously estimated. This correction is significant but similar to the one-order-of-magnitude error induced
by our poor knowledge of the seismic quality factors in the crust.

The new seismic moment values are shown in Table 7. Seismic moment estimates from models using different
seismic quality factors Q show ~6 times difference in the case of impact events detected at ~80-90 km from
SEIS (S0986c and S0793a). Because impact event S0981c was detected at much larger distance (244 km) than
the other two events, the sensitivity of the seismic moment to the Q used in
SPECEFEM2D-DG-LNS is much higher (~2 orders of magnitude difference
between low and high Q moments). This is also observed in Figure 7, where
SPECEFEM2D-DG-LNS models with Q = 2,000 are consistent with results
from our iSALE models, and the S0981c shows two orders of magnitude

Q = 2,000) R Do o K
difference when lower seismic quality is considered.
Median vertical Estimated Seismic Seismic
Impact ~ impact momentum  distance  moment (Nm) moment (Nm)  The closer, large impact reported in Posiolova et al. (2022) (S1094b),
=il 7 — —
e lmms ) (o ) gLy -2ty detected at a distance of 3,460 km from InSight lander, was used for further
S0793a 27,000 85.1 1.85 x 10® 3.08 x 107 seismic source analysis. For this magnitude 4 event, MQS estimated a seis-
S0986¢ 89,500 91.1 4.56 % 10° 7.36 % 107 mic moment of ~10'> Nm, using seismic velocities at 50 + 30 km depth
S0981c 202,000 044 8.66 % 1010 549 % 108 (Bose et al., 2021). Because seismic attenuation at this large distance plays

a significant role, SPECFEM2D-DG-LNS models were not made for this

Note. The new models include 2D-3D correction, which resulted in 10-20
times smaller measurements than reported in Garcia et al. (2022). The
results are compared to iSALE-2D models in Figure 7. Impact momentum
and estimated distance from the seismometer are as reported in Garcia
et al. (2022).

event. However, additional seismic source modeling suggested the appropri-
ate seismic source depth of the impact-generated wave was ~50 m Posiolova
et al. (2022). Correcting the seismic moment for the large difference in seis-
mic velocity and density between 50 m and 50 km resulted in a moment of
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10" ~10'3 Nm, approximately two orders of magnitude lower than the MQS seis-
1 mic moment (~10' Nm). The depth corrected seismic moment reported by
10

<« S0981c

Seismic moment, M (Nm)
S

(Posiolova et al., 2022) is in good agreement with results from our numerical
models (Figure 7).

Overall, our results show agreement with seismic moment meas-
ured for artificial impacts on the Moon (Lognonné et al., 2009; Plescia

ey — et al., 2016) and depth-corrected moment values for the seismic source of
—= M=10>%p}%, layered

e the large impact event (Posiolova et al., 2022). For closer, small-impact

10° gﬂ ------- M= 10%1p3, regolith (W2020) events results of our models agree with seismic moments derived from
8 : : Sig'.ia';?;ifi?:;:i,.“j;’;’; al, 2022) SPECFEM2D-DG-LNS models when Q = 2,000 is applied. However,
10 ‘ \/ SHECSEEBISE, €S the SPECFEM2D-DG-LNS models show that further direct comparison
7 i A SPECFEM2D-DG-LNS, Q=2000 . A A )
10 between seismic moment measurements requires a better understanding of
10° 10’ 10° seismic attenuation in the Martian crust.
Impact momentum, p; (kg ms™1)
Figure 7. Seismic moment, M, as a function of impact momentum, 5. Conclusion
p;» compared to the results of the SPECFEM2D-DG-LNS (Martire
et al., 2022) models that included different seismic quality factor (reverse The work presented here included estimates of regolith thickness using REC
triangles—Q = 100, triangles—Q = 2,000). Our results show an agreement (RECs). We mapped 1,155 simple, fresh craters with diameters between 2.2
with depth-corrected MQS measurements for large impact reported in and 103 m. They were classified according to the presence of the boulders in

Posiolova et al. (2022) and with artificial impacts on the Moon (Lognonné

et al., 2009; Plescia et al., 2016).

the ejecta into REC and nREC. The RECs provided a thickness of the rego-
lith layer. The nRECs provided a lower limit for the regolith thickness, given
they had not excavated any stronger layer underneath. We find that 1.4% of
total counted craters are REC (16 craters among 1,155 mapped in total). All RECs are fresh and were identified to
belong to the first two degradation classes, according to Warner et al. (2017). Using the factor of 0.084 and meas-
ured crater diameters, we estimated regolith thickness to be between 4 and 9 m. Mapping of craters and regolith
thickness estimate was done in the vicinity of one of the recently formed impact craters on Mars. The geological
unit of interest was the Late Amazonian unit. This unit is younger than early Hesperian unit where the InSight
lander is situated. Consequently, regolith thickness observed in this small area was two times thinner (4-9 m) than
previously estimated for the InSight landing site (3—17 m, Warner et al., 2017).

The second part of the paper was focused on numerical simulations using iISALE-2D shock physics code.
We adopted regolith thickness estimates and developed layered target models. Impact momentum was varied
between 7 x 102 and 9.08 x 10° kg m s~! to simulate pressure wave propagation for impacts that would form
craters between 1.5 and 26 m in diameter. These scenarios were tested in single-layered targets bedrock (0%
porosity) and fractured bedrock (25% porosity), as well as in layered targets. Layered targets were modeled
as two layers, where regolith (44% porous basalt) varies in thickness between 5, 10, and 15 m. The under-
lying layer was also varied; it was either bedrock or fractured bedrock. These results were also compared to
the data made for regolith-like targets in previous works (Rajsi¢, Miljkovié, Collins, et al., 2021; Wojcicka
et al., 2020).

We found that the presence of the upper, low-cohesion layer consumes more impact energy and momentum,
which results in less seismic energy produced in layered targets than in single-layer bedrock-like targets. Both
the duration of the pressure pulse and the pressure wave amplitude are affected by a shock wave moving radi-
ally through the regolith layer. So, the resulting seismic efficiency for small craters on Mars in regolith-like
and layered targets is of the order of ~107%. In fractured bedrock target it is half an order of magnitude
higher while for non-fractured, bedrock targets it is three orders of magnitude higher (~1073). Unlike seismic
energy, the seismic moment shows less dependence on target properties and more on the impact momentum.
Even between single-layer bedrock targets and regolith-like targets, the resulting seismic moment is in agree-
ment up to a factor of 4. Simulation outcomes suggested a relationship between seismic moment and impact
momentum and seismic moment and seismic energy. These newly constrained relationships were applied to
the first newly formed craters on Mars observed in seismic data. This extensive numerical modeling work,
developed for a range of upper Martian crust analogs, could be used to estimate impact detectability in seis-
mic data.
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