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W) Check for updates

PLANETARY SCIENCE

Seismically detected cratering on Mars: Enhanced

recent impact flux?

Ingrid J. Daubar'*, Raphaél F. Garcia?, Alexander E. Stott?, Benjamin Fernando?, Gareth S. Collins?,
Colin M. Dundas®, Natalia W6jcicka4, Géraldine Zenhiusern®, Alfred S. McEwen’,
Simon C. Stihler®, Matthew Golombek?®, Constantinos Charalambous®, Domenico Giardini®,

Philippe Lognonné’, W. Bruce Banerdt®

Seismic observations of impacts on Mars indicate a higher impact flux than previously measured. Using six con-
firmed seismic impact detections near the NASA InSight lander and two distant large impacts, we calculate ap-
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propriate scalings to compare these rates with lunar-based chronology models. We also update the impact rate
from orbital observations using the most recent catalog of new craters on Mars. The snapshot of the current im-
pact rate at Mars recorded seismically is higher than that found using orbital detections alone. The measured rates
differ between a factor of 2 and 10, depending on the diameter, although the sample size of seismically detected
impacts is small. The close timing of the two largest new impacts found on Mars in the past few decades indicates
either a heightened impact rate or a low-probability temporal coincidence, perhaps representing recent fragmen-
tation of a parent body. We conclude that seismic methods of detecting current impacts offer a more complete

dataset than orbital imaging.

INTRODUCTION
Impact cratering is an ongoing process continuously modifying
planetary surfaces throughout the Solar System. Knowledge of the
recent impact rate, even if only over a narrow window in time, can
be applied to chronology systems to help calibrate crater count-
based estimates of surface ages [e.g., (I, 2)]. These are a valuable
addition to other methods such as radioisotope dating of returned
samples, which are limited by available materials. The nature of the
current impact flux is also important in terms of understanding the
physical processes modifying planetary surfaces now and in the past
and for understanding the cosmic environment of the inner Solar
System as an exploration and terrestrial hazard [e.g., (3, 4)]. Exam-
ples of the implications of this work for that area are the orbital evo-
lution of impactor reservoirs and breakup events of parent bodies.
New craters on Mars are detected by comparing repeat images of
the surface to identify albedo changes indicative of newly formed
impact sites (5-7). These have recently been cataloged, including
crater diameters and before and after images constraining their for-
mation time (7). Those data can now be used to calculate an updated
impact rate using methods of Daubar et al. (6) applied to a broader
range of time and diameter and with updated debiasing techniques.
Recently, new impacts have also been found on Mars using seis-
mic data from the Seismic Experiment for Interior Structure (SEIS)
(8) on the NASA InSight lander (9). Using a combination of seismic
indicators that allowed estimation of the distances and azimuths of
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the events (10, 11), plus orbital imaging searches, positive identifica-
tions were made of new craters at the predicted locations and con-
strained with images to have formed within a window of time
containing the seismic signals (Fig. 1). Thus, the formation of these
craters was established to be responsible for the seismic events.
Short-range detections using dispersive acoustic signals located four
impact sites near InSight (10, 11). All of these are less than 289 km
from the lander. Two very distant (teleseismic) detections of large
marsquakes by the InSight Mars Quake Service (12) led to the dis-
covery of two unusually large impact events (130 to 150 m in diam-
eter craters) (13). Whether or not these large events were actually
statistically unusual is one of the questions we address in this work.
Premission estimates of impact detection rate were lower than the
rate implied by these eight impact detections, although at least one
order of magnitude uncertainty was associated with those initial es-
timates (14). Observational biases of seismic detections differ from
those of orbital image-based searches; we discuss those biases and
how we account for them to directly compare resulting equivalent
current impact rates from these different datasets.

RESULTS

We present two datasets of confirmed new Martian craters: one
identified seismically by the InSight mission and confirmed by or-
bital imaging and another based solely on orbital detection of date-
constrained impact sites by the Context camera (CTX) on the Mars
Reconnaissance Orbiter (MRO). Each dataset was scaled separately
to an area-time factor (ATF) that represents the total possible time
and area over which a search could have been considered to be com-
plete (see Materials and Methods). The resulting equivalent annual
impact rates are shown in Fig. 2 and compared to previously pub-
lished isochrons.

For craters with diameters > ~10 m, impact rates using updated
orbitally constrained impact crater (CTX-CTX-2023) (7) are high-
er but within error bars of those measured using a smaller dataset
previously reported (CTX-CTX-2014) (15). At smaller diameters,
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Fig. 1. HiRISE images of new impact craters detected in InSight seismic data. Excerpts from enhanced color RDR products. Full RED images inset for two large impacts
(top row). Note that scale bars differ between images. North is up, and images have been stretched for contrast. Images: NASA/JPL/University of Arizona. For details, see

Table 1.

impact rates measured with the updated data are slightly lower than
those measured from the first part of the MRO mission (Fig. 2).

Seismically detected impacts show evidence of a significantly
higher cratering rate at Mars than was previously documented using
orbital images alone, although the sample size of seismically detect-
ed impacts is small. The measured rates differ between a factor of 2
and 10, depending on the diameter (Fig. 2). The density of small
(D ~ 1 to 10 m) impacts near InSight and that of larger (D ~ 100 to
200 m), more distant impacts are both remarkably close to the com-
monly used martian cratering rate models of Hartmann and Daubar
(2). The annualized impact rate for the seismically detected impacts
is not far from the 1-year isochron for Mars based on radiometri-
cally calibrated lunar cratering densities (2, 16), especially when the
uncertainty in those absolute ages is considered [estimated as a fac-
tor of 2 to 8 (2)]. The InSight-detected cratering rate is also consis-
tent with recent models of small crater formation on Mars that
account for atmospheric entry effects and assume a meteoroid flux
based on terrestrial fireball observations and a Mars/Earth impactor
flux ratio of 1.3 to 1.6 (17, 18) . The nearby impacts follow nearly the
same slope as model predictions, which have been adjusted for at-
mospheric loss (16).

Daubar et al.,, Sci. Adv. 10, eadk7615 (2024) 28 June 2024

The flattening of the cumulative curve (rollover of the differential
curve) at small diameters (D < 10 m) in the orbital detections is not
present in the seismic detections (Fig. 2, left). For the two large, dis-
tant impacts, the resulting rate is either much higher than or very
close to the model predictions, depending on whether the two dis-
tant impacts are scaled to the timeframe of the InSight mission (3.1
Earth years) or MRO observations (16.1 Earth years).

DISCUSSION

Considering first only the orbitally detected impacts (brown sym-
bols in Fig. 2), these results indicate that the impact rate over the
timespan of the MRO data used (2006 to 2021) is lower than that
measured previously using only the first part of the mission’s data
(2006 to 2013). If this difference reflects the real impact rate, then it
could point to short-term variability. However, it is more likely that
the orbital dataset has been incompletely searched using manual
methods. The InSight-MRO collaboration demonstrated that, even
when an impact location is fairly well constrained from seismic
data, it can be difficult to identify the impact site in orbital images
[e.g., the impact for seismic event S1034a was partially obscured by
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Fig. 2. Impact rates on Mars derived from different data sources. Annualized cumulative (37) (left) and differential (38) (right) SFDs showing the current impact rate.
Impacts detected using an updated global dataset of CTX before and after constraining images (7) (brown open squares) are compared to previous results (75) (brown
filled squares) as well as those detected using seismic-acoustic chirp signals (green filled circles) and those detected teleseismically (red and purple triangles normalized
assuming temporal baselines of 3.1 and 16 years, respectively). Observed annual impact densities are compared to 1-year isochrons predicted based on lunar chronology
adapted to Mars (2, 16). Effective diameters are used for clusters; craters are combined in \/2 diameter bins. Datasets are each scaled to the relevant ATF (see Materials and

Methods). Error bars are standard counting errors.

topography (11)]. A recent work applied machine learning tech-
niques to find new impacts and found 69 new impact sites that had
previously been undetected, and that work examined just a small
fraction of the identified candidates (19). These detections indicate
a largely untapped potential application for more in-depth search of
CTX images for new impacts.

When we compare the orbitally measured impact rate to that de-
tected by InSight using nearby events, we conclude that the rate In-
Sight measures is several times higher. This is especially evident at
the smallest sizes. At D < ~10 m, we see a marked rollover in the
cumulative size-frequency distribution (SFD) and drop-off in the
differential SFD of orbitally detected impacts with decreasing crater
diameter. This is at least partly due to resolution limitations causing

Daubar et al.,, Sci. Adv. 10, eadk7615 (2024) 28 June 2024

fewer small impacts to be detected in images. In the seismic detec-
tions, we do not see such a resolution rollover or drop-oft. Atmo-
spheric filtering, deceleration, and ablation will reduce the small
crater impact rate at diameters D < ~30 m (17, 18), but such a
marked rollover/drop-oft is expected only for crater diameters of
<1 m (18). The difference between orbital and seismic observations
at larger sizes (D > ~10 m) could indicate a change in impact rate
over a timescale of years to decades but more likely stems from the
completeness of the respective datasets. It is also possible that the
calculated ATF for the nearby seismic detection is an underestima-
tion, which would result in a higher inferred impact rate than the
one we derive. The presence of a seismic-acoustic chirp in the seis-
mic data robustly eliminates false positives in the list of seismically
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detected nearby impacts. We are therefore confident that the im-
pacts detected in this manner represent the lower bound of impact
frequency nearby.

The coincidence of the InSight-detected impacts with the Hart-
mann model prediction is remarkable. Those model isochrons are
known to include an unquantified contribution of unrecognized,
distant secondaries (2, 16, 20). While that contribution may average
out over a long time interval during which many secondary-forming
events happen, that is not the case for the crater size range and
timescale relevant for the rates presented here. Seismically detect-
ed impacts are uncontaminated by secondaries, so they represent a
minimum measurement of the primary impact flux. It is implausible
that older surfaces are free of secondary craters; hence, models of
the long-term total primary plus secondary crater population need
to be adjusted upward. Applying such an adjusted model to crater
counts of older surfaces would result in younger model ages for
those surfaces.

In addition, on older terrains, it is not possible to reconstitute
clusters of primary impacts into their combined effective diameters,
as is possible with recent crater observations. This is because the
surficial albedo markings formed in the impact event fade relatively
quickly (21). Instead, the individual craters in an older cluster of
primaries would be counted as separate impact events rather than
one. This would steepen the resulting long-term crater SFD (6). This
effect on the SFD may be somewhat compensated for by correcting
for the unintentional inclusion of unrecognized secondaries, as dis-
cussed above.

The two distant impacts that InSight detected are the largest nat-
ural craters known to have formed anywhere in the Solar System in
the era of space exploration. [Note that a crater with a diameter of
148 m (5) previously reported as new was later revealed to contain
well-developed aeolian ripples, indicating a much older formation
time (22).] Calculating a long-term rate based on two impacts is ob-
viously problematic. However, we also cannot discount them com-
pletely. We present an impact rate based on these craters here, but it
should be viewed with caution. Particularly, in this case, the relevant
timescale over which the rate is calculated (the time used in the ATF
scaling) is highly influential. The seismic events generated by these
impacts are amongst the largest in the catalog and could have been
observed at any time while the seismometer was recording (23),
which includes 3.1 Earth years of data. InSight could be considered
necessary to the discovery of these large impacts because they were
found after focused regional and temporal searches in orbital imag-
es that were prompted by seismic findings. The cratering rate im-
plied by the timescale of InSights seismic search is substantially
higher than the Hartmann cratering rate. Craters with larger diam-
eters are considered to be better constrained in the martian crater-
ing rate model as the relevant counts use older terrains and are less
fraught with the complications of cluster formation (6). It is there-
fore unlikely that this high rate is representative of the long-term
average. On the other hand, if the full timeframe of the MRO mis-
sion thus far (16.1 Earth years) is used for the ATF scaling, then the
resulting rate is very close to that predicted by the martian cratering
rate model. If the longer timeframe is used for scaling, then no ad-
ditional explanation is needed as this is quite close to the model
prediction.

As an extreme, we consider the time between the two large im-
pact events, which is just 97 Earth days. If the two events were en-
tirely uncorrelated and randomly distributed in time, then we could

Daubar et al.,, Sci. Adv. 10, eadk7615 (2024) 28 June 2024

use a Poisson distribution to model the impact frequency. [This is a
simplification, most notably because the impact rate is likely elevat-
ed near aphelion due to the proximity to the main asteroid belt
(1, 24, 25).] Given a recurrence interval of 10.645 Earth years for
this size range (diameters of 125 to 176 m) based on the Hartmann
production function (16), there is only a 0.03% chance of two im-
pacts of this size happening within 97 days (fig. S1). Within the In-
Sight mission timeframe (3.1 Earth years), the probability of getting
exactly two impacts is 3%. However, over the full timeframe of the
MRO mission thus far (16.1 Earth years), there is a 25% chance that
two impacts would have occurred. If the Hartmann production
function was an underestimate of the current impact rate, as indi-
cated by the InSight data as discussed above, then these probabilities
would all increase somewhat.

The unlikely coincidence in timing of the two large impacts
could be explained if the two events were related in some way. For
example, it is possible that the two impacts were caused by frag-
ments of a larger asteroid that recently broke up due to tidal stresses
during a close approach with Mars or impact fragmentation on their
progenitor. However, the time separation is large enough that there
is not an obvious orbital association (i.e., Mars traveled about an
eighth of the way around its orbit between the two events).

We find two indications of a higher recent impact rate as mea-
sured by InSight: The nearby impacts have an SFD higher than the
primary-only chronology model (Fig. 3) and the two large distant
impacts possibly show a higher rate than models predict. If these
indications of a higher recent impact rate are correct, then we could
imagine several sources of an enhanced impactor population. This
could be evidence of a recent asteroid breakup and subsequent grav-
itational capture of two or more decameter-sized bodies. A relation-
ship to a cometary stream can be dismissed for several reasons: No
known meteoroid showers coincide with this timing within 10° Lg
(26); 97 days is much longer than the expected length of a meteor
shower on Mars [10 to 50 hours (27)]; and particle sizes in a come-
tary debris stream are generally much smaller than the impactors
that created these new craters (28). A recent impact into Phobos or
Deimos could have ejected a material that then impacted Mars over
a short time period; however, such an impact would have had to be
substantially larger than even these two large craters, which is ex-
ceedingly unlikely for those small targets.

It is entirely possible that other impact-generated signals re-
main unrecognized in the marsquake catalog. Zenhiusern et al.
(29) examined the hypothesis that all InSight events in the very
high frequency (VF) category are caused by impacts. These are a
category of marsquake with common characteristics and a shallow
but as yet uncertain source mechanism. The six smallest con-
firmed impacts of the eight discussed here are all associated with a
VE-type marsquake. The resulting impact rate implied by the rate
of all VF events is very similar to the rate reported here: several
times higher than that of previous imaging-only studies and simi-
lar to cratering models that include unrecognized field secondar-
ies (Fig. 3). The close agreement between the impact rate implied
by VF events and the rate measured by confirmed impacts further
supports the idea that the VF group of seismic events can be large-
ly attributed to impacts. The best-fit power law slope of the cumu-
lative VF event impact rate (—2.35) is lower than that of the
orbitally confirmed seismic impact rate near InSight (—3.06), indi-
cating that some very small impact events might as yet be unrec-
ognized in the InSight catalog.
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Fig. 3. Impact rates on Mars measured by InSight. Cumulative SFD showing the
current annual impact rate using confirmed impacts nearby (green circles) and dis-
tant (red and purple triangles) to the lander, compared to the rate of VF events
translated into equivalent impact sizes (blue diamonds) (29). One-year model iso-
chrons are shown for comparison (2, 16). All other details as in Fig. 2.

VF events are predicted to correspond to crater sizes 3 to 40 m in
diameter, located up to 45° (~2700 km) away from the lander. To
date, only small/local or large/global impacts have been detected
both orbitally and seismically. This is because the small/local im-
pacts were recognized due to their distinctive seismic-acoustic
“chirp” signals, which have distance-limited detection (see Materials
and Methods), and large/global impacts are rare enough that none
happened to occur close to InSight. The VF event dataset would fill
a portion of the gap in both distance and crater size between the
confirmed impacts (Fig. 3). However, there is still a “deficit” of new
craters with diameters of ~50 to 125 m. Recurrence intervals for this
size range are only on the order of several Earth years [0.47 years for
D > 44.2 m, 1.34 years for D > 62.5 m, and 3.71 years for D > 88.3
m using the Hartmann cratering model (16); these recurrence times
would be shorter if the primary rate was higher]. There are almost
certainly more new craters in this size range that have formed in the
past few years, which have not yet been identified in the data. The
latest image-based catalog (7) only has seven new impacts with Deg
> 48 m, but if the model rate was consistent for these sizes, then this
suggests that there should have been ~30 impacts of this size across
Mars during MRO’s time of observing and 6 to 7 during InSight’s
time of observing. To be missed in MRO’s orbital data, these could
be located in areas where extended blast zones do not form, such as

Daubar et al.,, Sci. Adv. 10, eadk7615 (2024) 28 June 2024

low-albedo/low-thermal inertia regions (7), and/or they have just
been unrecognized thus far. Impacts of this size would likely have
been detected globally with SEIS (8). Thus, to be missed in InSight’s
seismic data, these could have occurred during times when the seis-
mometer data were extremely noisy, or they could have frequency
and/or source characteristics that have not yet been recognized to be
consistent with an impact source.

Seismic studies of Mars by InSight have revealed an additional
dimension to the red planet. Our view of martian cratering, in par-
ticular, has evolved with these new data that reveal the small impact
rate more completely than remote sensing from orbit has allowed in
the past. Seismic data have proven to be a powerful tool in this re-
gard as it has been demonstrated that (i) large teleseismic impact
events can be detected globally, despite noise levels, and (ii) a seis-
mometer can identify and locate impacts within a few hundred kilo-
meters through the presence of a seismic-acoustic chirp signal. The
latter is relevant to any planet with an atmosphere and thus may be
applicable to future geophysical investigations of Titan or Venus for
example. In the future, an array of seismometers would be an effec-
tive way to monitor the current impact rate on other planetary bod-
ies. This is an additional aspect of the scientific value of geophysical
data to our understanding of other planets.

MATERIALS AND METHODS

Crater measurements

Following a previously published method (6), the full catalog of new
impacts was narrowed down to include those with CTX images as
both before and after constraints, within dusty areas of Mars. Diam-
eters and before/after image constraints of CTX-CTX constrained
craters were taken from the Daubar et al. catalog (7) with updates as
listed in data S1. Diameters of seismically detected impact craters
(Table 1) were measured on RED HiRISE reduced data record
(RDR) products (25 cm/pixel) (22) in (30) ArcGIS using the three-point
tool of the CraterTools plugin (31). Uncertainty on the individual
crater diameter measurements is less than a few pixels or 0.5 m. In-
dividual diameters of craters in simultaneously forming clusters
were combined using an effective diameter, the size of the crater that
would have formed if no atmospheric fragmentation had occurred.
This is defined as Deg = (Z:Di3 )1/3, where the sum is over all indi-
vidual crater diameters of >1 m in the cluster, D; (6). This approxi-
mation is based on scaling for strength-dominated impacts and has
been shown to be within 80% of the unfragmented diameter (the
diameter of the crater that would have formed had it not broken up
in the atmosphere) for Deg < 1 m, and Deg is within error bars of the
unfragmented diameter for Deg > 10 m (18).

Area-time factor

The ATF is used to normalize the SFD of crater diameters to pro-
duce a cratering rate per unit time per unit area, following a previ-
ously developed method (6). This method identifies areas over
which new impacts could have been detected in CTX images. Each
unit area is multiplied by the time difference between successive
images and the total summed to derive a factor by which to scale
the measured SFD. For the CTX-CTX constrained impacts, the
Planetary Data System (PDS) catalog release mrox_4015 was used
to calculate the ATF as that release contains images taken through
2021-01-26T15:51:09.236, and the latest “after” image among the
CTX-CTX constrained impact sites in the latest catalog (7) was
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Table 1. InSight seismic event names (47) and details for each seismically detected impact on Mars.

Distance to InSight (km) (77)
InSight event designator

Crater diameter (m) (effective HiRISE observation ID

diameter for clusters)

S0533a
S0793a
S0981c
S0986¢
$1000a
S1034a
$1094b
S1160a

dated 2021-01-26T00:56:23.636. We limit the search area to where
the dust cover index (DCI) (32) is <0.96, as was done previously (6),
because the detected impacts are found mainly in dusty regions.
Latitudes were also limited to +£60° due to seasonal processes eras-
ing new impact blast zones quickly in the polar regions (21, 33),
leading to incompleteness of new impact detections in those re-
gions. These limits were used on the imaging data used to calculate
the ATF as well as to select the impact sites included in the SFD.

For the InSight-detected impacts, ATF values are calculated by
considering the time over which it would have been possible to de-
tect them and the estimated area over which each type of event was
detectable. The teleseismic events are large enough that they would
have been seismically detectable anywhere on Mars; thus, for these
impacts, we use the entire surface of Mars as the relevant area. Those
two distant impacts are also so large that it is possible they could
have been detected using orbital images at any point in the MRO
mission while the Mars Color Imager (MARCI) has been imaging.
Although it is uncertain how thoroughly MARCI is searched for
new impacts, we used the full length of that mission to date (16.1
Earth years) as an upper limit on the possible detection time period
as well as the time that the InSight seismometer SEIS (8) could have
detected them. For these large impacts, the applicable time is the full
period of data recorded by SEIS. This includes data from the time
the wind and thermal shield was placed on top of SEIS on 2 Febru-
ary 2019 until the final data were returned on 13 December 2022,
after which communications were lost. Over the mission, a total of
3.1 Earth years of data were recorded as the time SEIS could be pow-
ered on was reduced in the final year of operations due to power
constraints.

For local impacts, the presence of the seismic-acoustic chirp ap-
pears to be confirmatory of an impact event. The scaling time for the
local impact detections is, therefore, the duration of data where the
noise level was low enough to observe the chirp. To calculate this, we
calculated the root mean square (RMS) seismic velocity of the verti-
cal component in the 0.4- to 2-Hz range (where the impact acoustic
chirp is most prominent). The threshold for which the chirp signal
can be observed is defined as A,, < 2.0 X 107 m/s. Figure 4 shows
the cumulative distribution function (CDF) of the RMS seismic ve-
locity over the mission, indicating that the noise level was below the
threshold for 22% of the mission. This leads to a total time of 0.7
Earth years for which the detected local events could be confirmed
as impacts by observation of the seismic-acoustic chirp.
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11.9 (cluster) (70)
3.9 (single) (70)
7.2 (single) (10)
‘6.1 (cluster) (10)

ESP_070864_1895
ESP_070073_1845
ESP_072644_1805
ESP_072222_1840
ESP_073522_2185
ESP_074701_1840
ESP_073077_2155
ESP_076877_1850

9.2 (single) (17)
150 (single) (13)
3.2 (cluster) (17)

1.0
0.8
206
"
[
[
o
0.4
o —— RMS velocity CDF
—— Chirp detection threshold
0.0 + .
-11 -10 -9 -8 -7

Velocity log,, (m/s)

Fig. 4. Cumulative time InSight ambient seismic noise was below a given level.
CDF of the vertical component of the RMS seismic velocity in the 0.4- to 2.0-Hz
bandwidth over the whole InSight mission. Between marsquakes, this velocity is
the ambient seismic noise level. Black box indicates the region below the detection
threshold for the seismic-acoustic chirp of A,, < 2.0 X 107" m/s. This represents
22% of the total mission data.

The impact acoustic chirps are detectable out to at least the dis-
tance to the farthest one (289 km). This is a lower limit of detect-
ability though, so to improve on this, we calculate the theoretical
detectability limit of chirps from various size impacts at different
distances and use that to scale each diameter bin individually. The
distance at which acoustic-seismic chirp signals from a given impact
are detectable depends on the momentum of the impact. To calcu-
late this distance for each of the diameter bins in the SFD, we estab-
lished a scaling law between crater diameter and acoustic signal
recorded by SEIS through vertical ground velocity (in meters per
second) in the 0.5- to 1.5-Hz frequency range. The acoustic energy
E is related to the crater diameter D, according to the formula
E = yD?3, with y a proportionality parameter to be estimated. The
exponent 3.3 is deduced assuming that the acoustic energy has a
similar dependence on crater diameter as the seismic moment. This
dependence was estimated by scaling numerical simulations with
previous impact records (34). The exponent in this power law is also
broadly consistent with empirical relationships derived from nucle-
ar explosion data that predict an exponent of 3 (35).
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The propagation effects on the amplitude of acoustic waves
trapped in the atmosphere waveguide close to the surface is taken
into account through the following formula

p_ B _
A, (D,d)=E——e =yD>* —¢™

Vd Va

The scaling law with distance (d) is obtained from trapped waves
propagating close to the surface, and the dimensionless attenuation
parameter o at 1 Hz on Mars close to the surface is estimated to be
1077, at pressure and temperature conditions of Mars surface during
nighttime (36). Then, we estimate for the unknown product B = yf
through the following formula, using the six nearby impact events
recorded by SEIS

(1)

B=yp=A,VdD e 2)

The results are in good agreement with each other, averaging to a
value of B of 2.65 X 10~ + 7.15 x 10™°. The stability of the B esti-
mates as a function of distance can also be used to constrain the at-
tenuation parameter o in the range 0.5 X 107 to 2 X 107°. We use
the average value for B to then calculate the signal strength for vari-
ous size impact craters at different distances using Eq. 2 (Fig. 5). The
intersection of these curves for a given crater diameter with the
noise threshold of A,, = 2.0 X 107% m/s is used as the maximum
distance at which an acoustic signal from that size impact would
be above the noise level. This distance was then used as the ra-
dius (r) along the surface of a sphere with Mars’ mean planetary
radius (R) to calculate the area (A) in the ATE, using the formula

A =2xnR? (1 —cosy ) Note that this value is different for each di-
ameter bin. Resulting ATF values for all datasets are shown in
Table 2.

SFD plotting methods
SFD plots are constructed according to standard techniques
(37-39), with the added feature of normalization by time via the

ATF as has been done previously (5, 6, 40). In this application, how-
ever, the ATF value varies by diameter D for the seismically detected
impacts because the detectability varies by diameter and distance, as
discussed above and enumerated in Table 2. This complicates the
differential SFD, which is normally defined in relation to the cumu-
lative SFD C(D) as (37)

[C(D,) — C(Dy)]
(Dy, = D,)

for the bin with diameter limits D, and Dy, (D, > D,),and D = 4/D,D;, .

Here, we are plotting C(D)/ATF instead of merely C(D) to get an

annualized global impact rate. If the ATF is also a function of D,
then the differential becomes

F(D) = (3)

1x107%
05 Crater
1x10 diameter (m)
or 11.05
1x10"
Z? —_—T7.81
\E’N X 10 —5.52
< —3.91
1x107% 2.76
1.95
1x10710 —1.38
......... Noise

1x 107"
100
Distance (km)

1000

Fig. 5. Amplitude of the acoustic signal for a given size impact as a function of
distance. Amplitude of the vertical component of velocity (A,,, in meters per sec-
ond) of the acoustic wave as a function of distance (in kilometers) from the impact
point, for various sized impact craters (colored solid lines, labeled with diameter in
meters). These diameters were chosen to match the lower bin boundaries for the
SFDs plotted in Figs. 2 and 3.

Table 2. ATF values for various datasets used in SFDs. N/A, not applicable.

Dataset, scenario Area (kmz)

Time (Earth years) Resulting ATF (km2 yr)

Large distant two impacts 1.44 x 10% (total area of Mars)

16 (MRO dataset length)

D.1.38m 8.58 x 10%
D 1.95m 479 % 10%
D276 m 1.40 x 10%
Dc391m 2.96 x 10
D.5.52m 520 x 10%
D.7.81m 8.16 x 10®
D 11.05m 1.18 x 10%
Dc15.63 m 1.63 % 10%
CTX-CTX constrained impacts, lat < 60,DCI < 096 """
2014
2023 N/A
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3.94 x 10%
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[C(D,) /ATE(D,) — C(Dy) / ATE(Dy)]
(Dy, — D,)

Normally, in cases where adjacent bins in the cumulative SFD are
equal [i.e., C(D,) = C(Dy)], the differential value is zero. However, if
the above definition (Eq. 4) is used in a case such as this where ATF
varies with D, then adjacent bins could have equal values of C(D)
but differing ATF values, resulting in a nonzero value for F(D). It
would be misleading to show a nonzero data point in a diameter bin
where the number of craters is actually zero. Thus, we instead plot
the differential SFD using

F'(D)=

4)

[C(D,) — C(Dy)] / ATE(D
Dy, - D,)

)

F'(D) =

©)

In the case where ATF does not vary with D, Eq. 5 is equivalent
to Eq. 4 but, in our application of varying ATEF, still results in the
expected zero values for F'(D) where C(D,) = C(Dy). We use the
ATF value at the geometric mean of the bin extrema (Dyp,) in Eq. 5
for F'(D). This is because SFD points are plotted against the geomet-
ric mean of the bin extrema in the differential plot, which reduces
bias that would be introduced were the points to be plotted against
the bin extrema or center (38). SFD points are plotted against the
bin minima in the cumulative plot, which avoids that bias.

Supplementary Materials
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Fig. S1

Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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