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The Lomonosov Crater Impact Event: A Possible
Mega-Tsunami Source on Mars

F. Costard (), A. Séjourné' (), A. Lagain™? (", J. Orm&°>, J.A.P. Rodriguez*, S. Clifford* (2,

S. Bouley", K. Kelfoun® ("), and F. Lavigne®

'GEOPS-Géosciences Paris Sud, Université Paris-Sud, CNRS, Université Paris-Saclay, Orsay, France, 2School of Earth and
Planetary Science, Curtin University, Perth, Western Australia, Australia, 3Astrobiology Centre, Instituto Nacional de
Técnica Aeroespacial, Torrejon de Ardoz, Spain, 4Planetary Science Institute, Tucson, AZ, USA, *Laboratoire Magmas et
Volcans, OPGC, UBP-IRD-CNRS, Aubiére, France, *Université Paris 1, Panthéon-Sorbonne, Laboratoire de Géographie
Physique, UMR 8591, Meudon, France

Abstract Recent research suggests that major meteorite impact events into a Late Hesperian/Early
Amazonian ocean likely produced a mega-tsunami that would have resurfaced coastal areas in
northwestern Arabia Terra. The orientations of the associated lobate deposits, a conspicuous type of
landforms called Thumbprint Terrain, suggests that if an impact event triggered the mega-tsunami, the
most likely location of the source crater is within the northern plains regions situated north of Arabia
Terra. This study focuses on the identification of impact craters that impacted into the ocean and are
likely to have produced the tsunami. We selected 10 complex impact craters, based on their diameters,
location, and geomorphic characteristics. Of those, the Late Hesperian ~120-km-diameter Lomonosov
crater exhibits a unique topographic plan view asymmetry (compared to other similar-sized and
similar-aged craters in the northern plains such as Micoud, Korolev, and Milankovic). We attribute its
broad and shallow rim, in part, to an impact into a shallow ocean as well as its subsequent erosion from
the collapsing transient water cavity. The likely marine formation of the Lomonosov crater, and the
apparent agreement in its age with that of the Thumbprint Terrain unit (~3 Ga), strongly suggests that it
was the source crater of the tsunami. These results have implications for the stability of a late northern
ocean on Mars.

1. Background
1.1. The Northern Plains of Mars and the Tsunami Hypothesis

The hypothesis that the northern plains may have been covered by a Late Hesperian/Early Amazonian
ocean remains one of the most interesting, but also controversial, issues in Mars exploration. Geologic
evidence of a putative northern ocean includes the identification of possible paleoshorelines at two
elevations (Contacts 1 and 2, —3,760 and —3,940 m, respectively; Citron et al., 2018; Clifford & Parker,
2001; Parker et al., 1993, 1989, 1; Figure S1 in the supporting information. However, the identity (and con-
tinuity) of the proposed “shorelines” as water-related landforms has been questioned (Carr & Head, 2003;
Ghatan & Zimbelman, 2006; Malin & Edgett, 1999). Recently, Sholes et al. (2019) claim that the putative
shoreline terraces do not follow an equipotential surface and are not laterally continuous. Finally, a long-
lived ocean in the Late Hesperian/Early Amazonian is difficult to reconcile with existing climate models,
which suggest that such an ocean would have frozen and sublimed away in a geologically short period of
time (Turbet & Forget, 2019; Wordsworth, 2016).

Arabia Terra (centered at 45°N and 10°E) includes numerous examples of thumbprint terrains (TT) along its
northern border, close to Contact 2 (see S1). That unit includes curvilinear ridges and hills with concentric
lobes that are 10 to 20 m thick. They have been interpreted as mud volcanoes (Salvatore & Christensen, 2014;
Tanaka et al., 2014), moraines or ice-cored ridges associated with a former glacial environment (Guidat et al.,
2015; Lucchitta, 1981), but their exact origin is still debated. Rodriguez et al. (2016) and Costard et al. (2017)
independently mapped the distribution of TT lobate deposits and found that they extend up to 150 km
beyond the location of the proposed paleoshoreline, climbing local slopes and reaching elevations of over
~100 m. These lobate deposits exhibit features characteristic of terrestrial tsunami runup deposits, which
suggests a similar origin (Costard et al., 2017; Rodriguez et al., 2016).
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Figure 1. Comparative analysis of the normalized width of crater rims for different northern plains impact craters (see
Table 1). Linear best fits are shown that both include and omit (in red) Lomonosov. Lomonosov appears distinct from
other craters with diameters >100 km (Mie, Nicholson, and Milankovic) by having a relatively wider rim (normalized to
crater diameter). Note that Lyot crater was not taken into account due to the fact that its diameter (250 km) places it in the
peak ring crater category, so different from the complex crater morphology.

The orientations of the TT lobate deposits indicate that, if an impact event triggered the mega-tsunami, the
source crater should be located to the north of the Highland-Lowland boundary in Arabia Terra. However,
the identification of a marine target is complicated by the long and complex geological history of the north-
ern plains (Tanaka et al., 2014). During the Late Hesperian, the Vastitas Borealis Formation covered most of
the planet's northern plains (Tanaka et al., 2014). This geologic unit consists of sedimentary material pro-
duced from multiple episodes of outflow channel discharge (e.g., Baker et al., 1991; Carr & Head, 2003;
Clifford & Parker, 2001). Episodic reflooding of the northern plains by outflow channel activity may have
persisted well into the Early Amazonian (Warner et al., 2009; Rodriguez et al., 2014, 2015). During the
Late Amazonian, significant variations in Martian orbital parameters are thought to have induced cyclic
accumulations of ice in different areas of the northern plains. Later, the high latitudinal regions of the north-
ern plains were covered by an ice-rich and geologically young (0.4-2.1 Ma) latitude-dependent mantle that
smoothed the topography (Head et al., 2003; Kreslavsky & Head, 2002; Mustard et al., 2001).

In the absence of plate tectonics, it seems likely that Martian tsunamis

Table 1 would have been formed by large impacts into the proposed northern
Impact Craters Used in Our Morphometric Approach (See Figure 1) ocean (Ormo et al., 2004, 2002; Mahaney et al., 2010). Some potential mar-
Crater Craiie dbemsies Rim width ine impact source craters have been identified within areas encompassed
name Latitude Longitude (km) (km) by Contact 2, especially the “shelf” area of Arabia Terra (Ormo et al., 2004;
Lomonosov  64.9°N 9.2°W 120 - Villiers et al., 2010), several of which were used as the basis for tsunami
Micoud 509°N  343.7°W 50 6 propagation simulations (Costard et al., 2017; Iijima et al., 2014; Matsui
Crater #2 64°N 349°W 42 5 et al., 2001; Figure S1).

I\K/I;lrirlf‘?wc 547;:§ iggzzg 1;3 12 The numerical tsunami propagation models of Costard et al. (2017) sug-
Nicholson 02°N  163.6°W 105 15.5 gested three potential source craters (Figures 1, S1, and S5) that may have
Mie 48.5°N  220.4°W 100 15 formed within a shallow (<1 km) ocean: Lomonosov crater located at
Petit 12.39°N  173.87°W 95 14.5 64.9°N, 9.2°W (D = 120 km); Micoud located at 50.9°N, 343.7°E (D = 50
Stokes 559°N 188.8°W o £l km); and an unnamed crater #2 located at 64°N, 349°W (D = 42 km).
Kunowsky 57.1°N 9.7°W 66 8.9

These craters were identified based on their locations and apparent age
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and state of degradation, relative to the proposed shorelines (Figure S1). These craters are characterized by
degraded rims, partially filled interiors, and lack clear ejecta blankets. Of these three craters, Lomonosov
appears be the best candidate source crater because its modeled inundation and backwash areas best match
the mapped distribution of the TT (Costard et al., 2017).

The present study is a logical progression of our previously published work (Costard et al., 2017) which con-
cluded that the TT unit originated from one or more impact-generated tsunamis. In the present study, we
consider a variety of potential source craters for these tsunamis. The objectives of this work are to (1) study
several complex impact craters in the northern plains of Mars by determining their ages and comparing their
morphology with that of known marine impacts on Earth and (2) discuss the consistency of a potential mar-
ine origin of these Martian craters with the current evidence for a Late Hesperian/Early Amazonian north-
ern ocean. To gain a better understanding of the dynamics of marine crater formation, a more detailed
discussion of the main geological and morphological characteristics of terrestrial marine impacts follows.

1.2. Tsunami Generation by Marine Impacts on Earth

The ability of terrestrial marine impacts to generate tsunamis capable of leaving recognizable long-term
traces on ocean shores has been extensively discussed (see review in Wiinnemann et al., 2007).
Considering the main physical processes of impact tsunami generation, the magnitude of the tsunami boils
down to two main factors: (a) the size and proximity of the impact and (b) the rate at which the wave's energy
decays with distance. A marine impact generates tsunamis in two principal ways: (1) by the displacement of
water during the excavation phase, as the rim of the transient cavity propagates outward (i.e., “rim-wave tsu-
nami”) and (2) by the in-rush and rebound of water—forming a second tsunami (i.e., the “collapse wave tsu-
nami”)—following the collapse of the transient cavity (Wiinnemann et al., 2007). The height of a rim wave
tsunami may be very high near the origin of the impact (e.g., 2 km for the Lockne impact in central Sweden;
Shuvalov et al., 2005), but will soon break and dissipate most of its energy relatively close to the impact site
(Wiinnemann et al., 2007).

In contrast, the subsequent collapse wave tsunami will generate a wave with a longer wavelength that can
travel greater distances. Thus, the collapse wave tsunami is considered to be a greater hazard than the rim
wave tsunami, despite its often smaller initial amplitude (Wiinnemann et al., 2007). However, for a collap-
sing wave tsunami to form, the relative water depth at the location of the impact event must be very deep. Of
the known marine impact craters on Earth that have been numerically simulated, none are known to have
generated a collapse wave tsunami. The Lockne impact had the deepest relative target water depth (i.e.,
equal to the projectile diameter; Lindstrom et al., 2005; Ormo et al., 2007, 2010; Shuvalov et al., 2005).
Still, the target water depth was not great enough to allow the collapse wave to overcome the ongoing water
resurge over the crater rim area (Lindstrom et al., 2005; Ormo et al., 2010; Shuvalov et al., 2005). The same is
likely true of all the other known impacts that occurred at shallow (relative to the projectile diameter)
water depths.

There are a few craters on Earth that appear to be associated with distal tsunami deposits—for instance, the
Rochechouart crater (Schmieder et al., 2010), the Alamo impact site (no preserved crater; e.g., Warme &
Kuehner, 1998), the Kaluga crater (Dypvik et al., 2004), and the Tookoonooka crater (Bron, 2009). The lar-
gest known marine impact crater on Earth is the 150-km-diameter Chicxulub crater, buried deep beneath
the coast of the Yucatan Peninsula in Mexico (e.g., Smit, 1999). Its age corresponds to the Cretaceous-
Paleogene boundary (K-Pg boundary), 66 million years ago. The impact devastated the Gulf of Mexico
region with a shock wave and air blast that radiated across the ocean. It generated substantial tsunami
deposits and landforms in many areas around the Gulf of Mexico and the Caribbean, up to several hundred
kilometers from the impact site. However, much of these tsunami effects were likely generated by the sec-
ondary collapse of the submarine shelf (i.e., the Campeche escarpment) due to seismic shaking from the
impact (Smit, 1999). Wave heights greater than 200 m with subsequent backwash could have spanned the
Gulf of Mexico (Matsui et al., 2002). The tsunami waves propagated more than 100 km inland into the main
embayments of the Gulf of Mexico (Bourgeois et al., 1988) with subsequent deposition of sediments several
meters thick. The sedimentary characteristics of the Chicxulub tsunami deposits can be observed along the
Cretaceous-Palaeogene (K-Pg) boundary in the La Popa basin, Mexico. There, distal impact ejecta beds
include some typical erosion and deposition features from violent ejecta-rich hyperconcentrated density
flows caused by tsunami waves (Schulte et al., 2011). The deposits from subsequent tsunami backwash
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surges show an erosive base with multiple-graded bedding structures.

66°N

64°N

Mega-tsunami deposits initiated by the Chicxulub impact event are
also commonly observed along the Mississippi Embayment (Campbell
et al., 2008; King & Petruny, 2007) and were formed by the reworking of
hot ejecta (Spherule beds) deposited soon after the impact
(Clayton formation).

1.3. Geomorphological Signatures of Marine Impact Craters

Detailed geological, geophysical, experimental, and numerical investiga-
tions of marine impact craters on Earth have helped to constrain the mar-
ine impact process and allow estimates of the resulting crater morphology
(e.g., see review by Ormo & Lindstrom, 2000). These studies reveal that
the crater morphology, especially that of the rim, is affected by the marine
target setting during both the crater excavation and modification stages.
The effects depend primarily on the relative depth of the water (e.g.,
Lindstrom et al., 2005). For shallow water depths, the crater morphology

Figure 2. Topography of Lomonosov crater (Mars Orbiter Laser Altimeter

closely resembles that of an impact on land (e.g., Ormo & Lindstrém,
2000) which are the conditions expected for the three candidate marine
impact craters we have identified in the northern plains of Mars

digital elevation background). Courtesy of NASA/JPL/USGS. (Costard et al., 2017). According to Gault and Sonett (1982), at water

depths equal the projectile diameter, the crater may develop a concentric
morphology with a smaller, nested crater inside a shallow, somewhat wider outer crater. The nested crater
rim in these craters may be relatively low due to poor or absent structural uplift of the target rocks below the
rim, while the part of the rim formed by ejected material may be broader than that produced by a similarly
sized impact on land (e.g., Ormd & Lindstrom, 2000). This effect is particularly evident at the Lockne crater
marine impact in Sweden (e.g., Lindstrom et al., 2005).

Conversely, the most conspicuous geomorphological features of a marine impact crater are the “resurge”
gullies formed by inward flowing water during the collapse of the transient cavity (e.g., Dalwigk & Ormo,
2001; Ormo et al., 2007). Nevertheless, as a likely consequence of the poor preservation state of most terres-
trial marine impact craters, few examples of such gullies have been reported (see review by Ormd &
Lindstrém, 2000).

Although morphological features may give a strong indication of a marine impact crater, only the identifica-
tion of resurge deposits in the crater infill as well as an unchanged marine facies of stratigraphically coeval
sediments immediately below and above the impact can provide unambiguous confirmation (Ormo et al.,
2002). Such confirmation is not currently possible for Martian craters.

In the next few sections, we will examine all of these morphometric criteria in relation to the potential mar-
ine impact craters we have identified in the northern plains of Mars and their consistency with the inferred
geographic distribution and depth of a putative northern ocean.

2. Methods

Mars Orbiter Laser Altimeter (MOLA) gridded global digital elevation data were used for regional topo-
graphic analysis (463 m/pixel) while detailed local topographic considerations were obtained through
MOLA PEDR laser shot analysis (vertical uncertainty of about ~1 m, horizontal precision ~100 m, with dis-
tance between individual shots on average 300 m; Smith et al., 2001). The topographic analysis has been per-
formed by using the MOLA gridded global digital elevation data (463 m/pixel; Fergason et al., 2018). The
images (Figures 2 and 3) and the DEM were processed, calibrated, and georeferenced using the USGS
Integrated Software for Imagers and Spectrometers (ISIS 3; Anderson et al., 2004).

We conducted an analysis of the width and volume of different crater rims for a number of different northern
plains impact craters (Figures 1, 4, and S3-S5). The contour lines and rim height for each crater were calcu-
lated from the MOLA DEM. For the rim volume calculation, the base height was defined as the elevation
where the rim begins (Lomonosov at —4,700 m, Micoud crater at —4,000 m, unnamed crater #2 at —4,600
m). The area of each crater was then divided into four quadrangles with two different orientations for better
statistical analysis.
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Caption :

O ejecta deposits

O Separated terraced segments
of the complex crater

(O craterfloor

——— Rim crest and terrasces along
faulting structures

Figure 3. Geologic map of the Lomonosov complex impact crater. The rim
shows some structural alignments and troughs consistent with typical
structural terraces of complex crater rims. These localized rim collapse are
potentially the cause of the infilling of the water from the surrounding sea
just after the rim collapse. Courtesy of NASA/JPL/USGS.

In order to characterize the morphology of 10 complex impact craters in
the northern plains (Figure 1), our analysis is based on the “standard” geo-
metry of a complex crater rim with some terracing, using the methodology
proposed by Sturm et al. (2016) to calculate ejecta thickness and structural
uplift. Our measurements of rim height and ejecta thickness were made
for craters larger than 40 km. According to Sturm et al. (2016), the
ejecta-boundary contacts along the crater walls can be identified by ana-
lyzing the change in slope angle between the resistant uplifted bedrock
and the overlapping friable ejecta blanket.

Sturm et al. (2016) calculated the relation between the radius of Martian
complex impact craters and their associated structural rim uplift and
ejecta thickness. These two parameters generally increase with increasing
crater radius. They follow a power law and have been defined empirically
for complex impact craters with diameter lower than 50 km. If we assume
that these power laws can be applied for complex craters up to 120 km in
diameter, we can compare the ideal morphometry of a crater of this size
with its actual morphometry. Thus, we measured the structural rim uplift
and the ejecta thickness for a variety of different craters (Figure 5) and
considered whether these characteristics were consistent with a marine
impact into an ocean with a depth of <1 km.

We dated the Lomonosov and TT units by the application of standard cra-
ter counting techniques (Figure 6). The TT unit covers an area of ~44,000
km? that includes 81 craters >1 km in diameter. The crater size-frequency
distribution (CSFD) measured on Lomonosov was based on craters with

diameters >350 m for its crater floor and craters with diameters >1 km for its ejecta blanket. For the
CSFD measured on the ejecta blanket, an isochron (Hartmann, 2005) was fitted between 2- and 14-km-
diameter bins. All crater counting was performed using the CraterTools module (Kneissl et al., 2011), while
isochron fitting was done using CraterStats (Michael, 2013; Michael & Neukum, 2010)

3. Morphometric Analysis of Northern Complex Impact Craters on Mars

We conducted a comparative analysis of the average width of crater rims (normalized to the crater diameter)
for the 10 complex craters (with diameter wider than 42 km, see Table 1) that were included in our study
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Figure 4. Volume calculation of Lomonosov's rims from the base elevation of —4,700 m. (a) Topographic map of Lomonosov crater. Contour lines have been cal-
culated from MOLA DTM (displayed as the background with THEMIS imagery in transparency) and displayed with a 250-m interval. (b) Rim volume calculation
above the elevation —4,700 m according to four directions (see thumbnail). (c) The volume calculation is the same but the four quadrangles have been rotated 45°.
The SW part of the rim appears to be underrepresented compared to the other parts of the crater rim.
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Figure 5. The relationship between the rim structural uplift, ejecta thickness, and total rim height versus crater radius for
10 large impact craters (with diameters between 42 and 120 km) located in the northern plains compared with the
empirical relationship determined by Sturm et al. (2016) for craters smaller than 50 km in diameter (in orange). For each
plot, two power laws have been fitted: in blue, by taking into account all impact craters, in green, by removing the
Lomonosov crater from the fit. The structural rim uplift and the ejecta thickness are smaller for Lomonosov compared to
other impact craters. When Lomonosov is taken into account for the fit (black diamonds), the fit is not a good match for
the relationship found by Sturm et al. (2016). Conversely, a fit taking into account all other craters without Lomonosov
(red diamond) produces a fit closer to this empirical law.

(Figures 1 and S5). The crater rim versus crater diameter ratio is between 0.14 to 0.15 for nine of the craters,
but Lomonosov exhibits a notably wider crater rim This is a ratio >0.18, which is a much higher ratio than
the similarly sized Milankovic crater (whose ratio is 0.15). Lomonosov's crater rim also exhibits some inter-
esting asymmetries in plan view, as evident in the MOLA topographic data (Figure 4). The volume of the S
and W part appears to be significantly smaller, by a factor of 2, compared to the other parts of the crater rim
(Figure 4). We have performed the same detailed volume calculations for our two other marine impact can-
didates following Costard et al. (2017) (Figure S1): Micoud (D = 50 km, rim width =~ 6 km, rim height ~ 500
m) and the unnamed crater #2 (D = 42 km, rim width ~ 5 km, rim height ~ 500 m). However, unlike
Lomonosov, their rims are relatively symmetric in their volume distribution (Figures S3 and S4).

We also conducted a morphometric analysis of the relation between the structural rim uplift, ejecta thick-
ness, and total rim height. Our results are presented in Figure 5 and show a strong deviation between
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Figure 6. Crater size-frequency distribution (CSFD) of the three crater candidates and comparison with CSFD of the
thumbprint terrains (TT), according to Hartmann's (2005) isochrons. Lomonosov crater is the only one to exhibit a
CSFD as close to that of TT unit.

Lomonosov's theoretical structural rim uplift and ejecta thickness, and its measured values based on the
MOLA data. The measured structural rim uplift is 20% less than its theoretical value, and the ejecta
thickness is 75% less. Lomonosov's total rim height is therefore about half what it should be according to
Sturm et al. (2016). Finally, our analysis points to an unusual morphometry of Lomonosov in comparison
to the other northern craters. The comparative analysis of the width of the crater rims (normalized to the
crater diameter; Figure 1) for these similarly sized northern impact craters demonstrates that
Lomonosov's geometry is distinct from the others with its relatively broad and low crater rim. Fresh
complex craters on the Moon generally exhibit greater topographic variability than simple lunar craters
(Kalynn et al., 2013). And while a comparison between the observed dimensions of Martian craters with
the power law relations of Sturm et al. (2016) suggests that there is an increase in topographic variability
with increasing crater radius, Figure 1 clearly shows that the normalized rim width of Lomonosov is
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Table 2

significantly greater than that of the three other craters having diameters >100 km (Mie, Nicholson, and
Milankovic), which generally follow the same trend as smaller impact craters.

4. Lomonosov Crater: A Potential Marine Impact Crater

Lomonosov is an ~120-km-diameter impact crater characterized by a relatively shallow, but broad, rim and a
relatively small central peak area (Figure 2). At the ejecta’s outer limit, its surface roughness, as determined
from an analysis of MOLA data (Kreslavsky & Head, 2000), is notably smoother at 2.4-km scales than its sur-
roundings (Figure S2). The ejected impact material is widely distributed, extending over four crater radii,
and the ejecta blanket is very thin. In comparison, the rim is associated with a higher roughness (at 19.2-
km scale; Figure S2).

Lomonosov crater shows a subdued rim suggesting that something caused a deviation from the expected cra-
ter geometry, either during the cratering process, or by later modification due to erosion, or both. We pro-
pose that this subdued appearance was due to the presence of an ocean of liquid water at the time of
the impact.

According to our previous simulations, the ocean shoreline would have been at —3,860 m so if the seafloor at
Lomonosov was at —4,700 m, the ocean depth would have been about 840 m. From the model, the estimated
projectile diameter was about 15-20 km, resulting in a transient cavity diameter of 70 km and a final crater
diameter of 120 km. The total rim height of Lomonosov is about 900 m—so approximately equivalent to the
depth of the ocean. According to Gault and Sonett (1982) and Hoffman et al. (2005), for (d/h) > 1.0 (d: crater
diameter, h: water depth), the presence of a water column is negligible in terms of its effect on the cratering
process. So Lomonosov would correspond to a shallow water impact.

The rim shows separate terraced segments with linear rim crests and many gaps through the rims (Figure 3).
Lomonosov has a relatively broader rim, a lower structural uplift, ejecta thickness, and rim height than other
comparable craters in the northern plains (e.g., Micoud, Korolev, and other craters >50 km in diameter).
Taken together, these morphological characteristics are similar to those of marine impact craters on
Earth, indicating a likely marine origin for Lomonosov (Table 2).

The distinct geometrical characteristics of Lomonosov could be the result of erosion/deposition activity after
its formation. A radically different rheology of the impacted material is excluded as an explanation of
Lomonosov's “anomaly” because all the other examined impact craters were formed in the same geological
unit (northern plain unit, Vastitas Borealis Formation).

5. Crater Count Methods and Results

From our morphometric analysis, it appears that Lomonosov presents an unusual morphology, distinct from
the other complex impact craters in the northern plains. We tested the consistency in age of Lomonosov, and
the two other potential candidate source craters identified in our previous numerical study (Costard et al.,
2017), with the age of the inferred tsunami deposits (TT) identified along the dichotomy boundary, north

A comparison of the Geomorphological and Main Sedimentological Characteristics of Terrestrial Marine-Target Impact Craters Versus Lomonosov

Marine impacts (Earth)

Lomonosov
(Mars)

Concentric morphology (“inverted sombrero”) with deep nested crater surrounded by shallow outer crater

Shallow rim due to relatively low structural uplift

Broad rim due to relatively more extensive ejecta flaps

Gaps through the flaps due to tangential stresses (rip-apart) during excavation and/or resurge flow

Poorly developed ejecta blanket due to ejecta landing in water and subsequent resurge erosion. At very shallow water depth fluidized ejecta

S I )

(i.e., lobate ejecta morphologies) may form

Resurge gullies (often in connection with the rip-apart gaps, but may form more extensive erosional features beyond the crater rim)
Resurge deposits (Hard to discern in remote sensing, but submarine fan or delta features could evolve. They must be linked to the crater

D D

formation and not later fluvial processes.)
Continuous marine sedimentation (Can only be seen in outcrop or drill core) ?
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Figure 7. Proposed formation of the Lomonosov marine impact crater on Mars. (a) Formation of the transient cavity in a
shallow ocean, development of the ejecta curtain. (b) Propagation of the rim-wave tsunami. (c) Localized rim collapse can
cause openings for the surrounding sea with crater infilling. (d) Present morphology of the crater after withdrawal of the
ocean.

of Arabia Terra. We measured the CSFD of the TT unit, and the ejecta blankets of our different source crater
candidates. The CFSD of the TT unit indicates an Early Amazonian (~3 Ga) age (Figure 6), while Micoud
and the unnamed crater #2 both show a Late Amazonian age—the latter two being clearly distinct from
the age of lobate tsunami deposits (TT unit). These results indicate that Lomonosov was formed during
the transition between the Late Hesperian and the Early Amazonian at about ~3.1573? Ga (Figure 6).
There is a clear agreement between the age of Lomonosov and the age of the inferred tsunami lobate deposits
(TT unit), dated at ~3.02102 Ga (Figure 6)—consistent with the belief that Lomonosov was the source crater

that generated the tsunami that deposited the TT lobes (Costard et al., 2017; Rodriguez et al., 2016).

The presence of small craters on Lomonosov's ejecta suggests that they date the time by which the northern
ocean had disappeared. The shape of the CSFD measured on the ejecta blankets of the three candidate
source craters does not show any inflection in the crater population >2 km in diameter (Figure 6), which
would indicate a postimpact resurfacing episode. Because the CSFD fits the production function for the 2-
km bin, it means that any resurfacing activity that occurred in this area since the emplacement of
Lomonosov is not sufficient to obliterate 2-km craters. Thus, we conclude that any resurfacing processes that
were at work here were not sufficient to significantly alter the morphology of Lomonosov.

We therefore conclude that the likely explanation for the differences between the theoretical and actual rim
uplift and ejecta thickness of Lomonosov is not due to its 3 Gyr of erosion history but to the dynamic pro-
cesses affecting its morphology during its emplacement.

6. Discussion

Based on our morphologic and morphometric analysis, we believe that Lomonosov was formed by a marine
impact and is the most probable source of the tsunami that created the lobate deposits of the TT. Our mor-
phometric approach shows that Lomonosov exhibits an unusually broad and low concentric rim at an eleva-
tion equal to that inferred for the past ocean level, which would have resulted in the infilling of the crater.
Our previous numerical models (Costard et al., 2017) indicate that the formation of Lomonosov would have
required an impact into a shallow ocean (<1 km deep) which supports our conclusions.

In summary, Figure 7 shows the principal stages, including (1) the impactor's penetration into the target and
the development of the transient cavity (Figure 7a) and (2) the generation and propagation of tsunami waves
(Figure 7b). The broad and low rim would be the result of erosion from the infilling of the crater after the
collapse of the transient cavity (Figure 7c). The forceful erosion of the crater rim by the in-rushing water
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may have resulted in the formation of radial resurge gullies. Unfortunately, we did not observe evidence of
any such features associated with Lomonosov, possibly due to the lack of high-resolution coverage in that
area but perhaps due to the presence of the more recent latitude-dependent mantle deposit. As noted by
Ormo et al. (2004), in the absence of evidence of diagnostic resurge deposits and a continuous episode of
marine sedimentation before and after the impact, recognition of a marine impact crater must be based
on the identification of possible morphological features such as crater concentricity, low and broad rim,
and radial (resurge) gullies, as well as other evidence supporting a marine target setting. Interestingly, we
can observe many gaps through Lomonosov's rims (Figures 2 and 3) that show some analogy to potential res-
urge valleys of terrestrial marine impact craters. The other morphometric criteria are a crater's concentricity
and its low and broad rim, which are clearly characteristics of the morphology of Lomonosov (see Table 2).

The relatively poor development of the central peak and the broad rim of Lomonosov are best explained by a
target layering consisting of relatively thick and poorly consolidated marine sediments (Hopkins et al.,
2019), covering a more rigid basement. In such a case, terrestrial investigations clearly show that extensive
collapse of the sedimentary strata can expand the size of the crater to several times the diameter of the initial
crater in the basement. This could be the case with the Vastitas Borealis Formation in the northern plains.
The strong slumping of sediments may both cut and cover the basement crater rim. This is especially evident
at the Chesapeake Bay Impact Structure in the United States (e.g., Collins & Wiinnemann, 2005; Horton
et al., 2005), and has been suggested as an explanation for the morphology of craters on Mars that are
believed to have formed in a volatile-rich, albeit not necessarily marine, environment (Horton et al., 2006).

These results also have important implications for understanding the stability and duration of a late north-
ern ocean on Mars. The good agreement between the crater count age of the Lomonosov crater floor and
ejecta and the TT unit implies a northern ocean during the Amazonian/Hesperian transition. This is also
the timing of peak outflow channel activity (Warner et al., 2009), and is thus consistent with the presence
of a transient northern ocean ~3.2 Ga (Clifford & Parker, 2001).

7. Conclusion

Our previous work (Costard et al., 2017; Rodriguez et al., 2016) concluded that the most plausible explana-
tion for the origin of the TT lobate deposits, with runups, found along the dichotomy boundary, especially in
Arabia Terra, was tsunami deposits. The Late Hesperian/Early Amazonian Lomonosov crater is the best
candidate for a marine impact crater discovered outside of Earth. Interestingly, this impact crater exhibits
a volume anomaly with a broad and subdued concentric rim suggesting the collapse of the transient cavity
under marine conditions. The likely marine origin of Lomonosov, and the correspondence in time with the
TT unit (approximately 3 Ga), strongly suggests that Lomonosov was the source crater for the tsunami.

However, further investigations are still required to fully assess and validate the marine origin of the
Lomonosov crater. The southern rim asymmetry might reveal new details with higher-resolution data sets.
Furthermore, to refine the diagnostic morphologic criteria, we plan to conduct numerous high-resolution
impact simulations to match the fine-scale geomorphology not just in bed form patterns but also in
mass distributions.

The evidence for the occurrence of these tsunamis supports the belief that an ocean occupied the northern
plains of Mars as recently as ~3 billion years ago. This has implications for the total inventory of water on
Mars, how it evolved with time, and the potential for the origin and survival of life on the Red Planet. In
the near future, we will investigate some other sites where this method could be used to identify marine cra-
ters. If there was a Late Hesperian/Early Amazonian ocean on Mars, then the presence of other craters with
similar properties would be expected. Thus, their presence of absence could provide further evidence regard-
ing the existence of a northern ocean.
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