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OPEN Evidence of an oceanic impact

and megatsunami sedimentation
in Chryse Planitia, Mars

J. Alexis P. Rodriguez'™, Darrel K. Robertson?, Jeffrey S. Kargel®, Victor R. Baker?,
Daniel C. Berman?, Jacob Cohen?, Francois Costard*, Goro Komatsu®, Anthony Lopez?,
Hideaki Miyamoto® & Mario Zarroca’

In 1976, NASA’s Viking 1 Lander (V1L) was the first spacecraft to operate successfully on the Martian
surface. The V1L landed near the terminus of an enormous catastrophic flood channel, Maja Valles.
However, instead of the expected megaflood record, its cameras imaged a boulder-strewn surface

of elusive origin. We identified a 110-km-diameter impact crater (Pohl) ~900 km northeast of the
landing site, stratigraphically positioned (a) above catastrophic flood-eroded surfaces formed ~ 3.4 Ga
during a period of northern plains oceanic inundation and (b) below the younger of two previously
hypothesized megatsunami deposits. These stratigraphic relationships suggest that a marine impact
likely formed the crater. Our simulated impact-generated megatsunami run-ups closely match the
mapped older megatsunami deposit’s margins and predict fronts reaching the V1L site. The site’s
location along a highland-facing lobe aligned to erosional grooves supports a megatsunami origin. Our
mapping also shows that Pohl’s knobby rim regionally represents a broader history of megatsunami
modification involving circum-oceanic glaciation and sedimentary extrusions extending beyond the
recorded megatsunami emplacement in Chryse Planitia. Our findings allow that rocks and soil salts at
the landing site are of marine origin, inviting the scientific reconsideration of information gathered
from the first in-situ measurements on Mars.

NASA’s 1971 Mariner 9 spacecraft discovered on Mars the first extraterrestrial landscapes of likely fluvial origin,
including probable catastrophic flood channels (outflow channels) of enormous proportions!™. This discov-
ery and interest in the potential for life prompted the selection of an outflow channel in the Chryse Planitia
region, Maja Valles, as NASA's first landing site®. In 1976, the Viking 1 Lander (V1L, a.k.a. Mutch Memorial
Station, https://www.jpl.nasa.gov/missions/viking-1) settled on its downstream reaches (Fig. 1a).

Early>®® and recent!® remote-sensing investigations suggest that the V1L site should be on a catastrophic
flood outwash deposit, generally dated as Late Hesperian (~3.61 to ~ 3.38 Ga)'. However, the landscapes imaged
by the lander do not show expected megaflood features, such as imbricated boulders or streamlined islands!!.
Instead, NASA discovered that the site occurs within a boulder-strewn plain (Fig. S1), interpreted as the top of
a multimeter-thick breccia'!®. An early attempt to explain the region’s absence of fluvial features hypothesized
that the site was on thick crater ejecta'®. However, nearby craters were insufficient to account for the high boulder
abundance'?. In addition, while the deposit was then explained as extrusive and near-surface basaltic igneous
rocks that were mechanically and chemically weathered, unambiguous lava fragments were found to be rare'2.
Consequently, the landing site’s orbital and in-situ observations remained poorly reconciled and lacking in con-
sensus during the V1Ls 6 years of operation on Mars, giving rise to an enduring mystery in planetary exploration.

The outflow channel-forming catastrophic floods were later considered to have generated a Late Hesperian
northern plains ("Deuteronilus">!®) ocean!’~°. This hypothesis prompted a subsequent mapping investigation
to postulate that the V1L site could be on an ancient marine margin®. For the first time, that research suggested
a possible connection between a Martian landing site and the proposed flood-generated ocean'>""’. However,
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Figure 1. (a) View of the Chryse Planitia region showing the margins of older and younger megatsunamis
(ie., unit members IHI, [solid red line] and IHL, [solid yellow line] as mapped by Rodriguez, et al.?) and the
location of Pohl crater, Wahoo crater, Maja Valles, and Kasei Valles. The red-circled white dot indicates the
location of the Viking 1 Lander (V1L). The map base is a MOLA DEM overlying a shaded relief (460 m per
pixel, credit: MOLA Science Team, MSS, JPL, NASA). (b) Close-up view on panel (a) showing the revised extent
of the older megatsunami (frontal margins [solid red line], covered areas [dashed red lines]). The white dotted
lines indicate the margins of a Kasei Valles channel dissecting the deposit. The red-circled white dot marks the
location of the V1L. The orange arrows reconstruct the overall flow direction from Kasei Valles (Figs. S4 and
S5). The base image is part of a THEMIS Day IR (infrared) Global Mosaic (http://www.mars.asu.edu/data/,
100 m per pixel, credit: Christensen, et al.”). We produced this figure using Esri’s ArcGIS 10.3 (http://www.esri.
com/software/arcgis).

Scientific Reports|  (2022) 12:19589 | https://doi.org/10.1038/s41598-022-18082-2 nature portfolio


http://www.mars.asu.edu/data/
http://www.esri.com/software/arcgis
http://www.esri.com/software/arcgis

www.nature.com/scientificreports/

because the extent of the proposed breccia deposit'® at the V1L site was still unknown, its precise source, and
therefore its possible association to the ocean, remained difficult to establish.

Here, we reinterpret the V1L site as part of a megatsunami deposit and document new insights into the ocean’s
evolution and history. Recent investigations suggest that megatsunamis formed within this water body®?!-*4.
Mapping by Rodriguez et al.® indicates that the Chryse Planitia Highland-Lowland Boundary (HLB) plains
include two deposits potentially emplaced by impact-triggered megatsunamis, which were sourced from then-
undetermined locations within the northern ocean (unit members IHI, and IH], in Rodriguez, et al.?). These
potential megatsunami deposits have typical widths and lengths reaching several hundred kilometers and exhibit
relief gains of a few hundred meters®. Hereon, we refer to these geologic deposits as the older and younger
megatsunami deposits.

Rodriguez, et al.® suggested that the older megatsunami propagated up from a paleoshoreline at ~ — 3800 m,
and a much later one, extending from a regressed marine margin at ~ — 4100 m, emplaced the younger deposit
(Fig. S2). Both paleoshoreline stands fall within the elevation range of Contact 2 (Deuteronilus level) at
- 3760 m 1560 m proposed by Parker, et al."® based on the early mapping of potential paleoshoreline features
and topography then available from Viking Orbiter data.

The published mapping® shows that the older deposit’s margin between the terminal areas of Kasei and Maja
Valles is within ~ 25 km of the V1L (Fig. 1a), raising the prospect that the lander could be on the megatsunami
deposit. However, exploring this hypothesis requires simulations determining the megatsunami’s run-up extents
from its source region plus a more detailed mapping reassessment of the landing site region.

Numerical and geologic investigations®>** identified Lomonosov crater (centered at 65° 1' N; 9° 24’ W) as a
candidate for a Late Hesperian megatsunami source impact. This identification was grounded mainly on simu-
lation work that successfully reproduced run-up distances inferred from the mapping of widespread highland-
facing lobes in northeastern Arabia Terra. These lobate deposits were mapped by Rodriguez, et al.° to be part of
the younger megatsunami deposit.

Until now, the identification of the older megatsunami source impact has remained elusive. Recognizing
marine impact craters within the Martian northern plains is challenging. Most of these crater candidates occur
within Arabia Terra?>2%; hence, their formation likely occurred due to impacts into the shallow margins of a
proposed Noachian ("Arabian"'>!®) ocean (~>3.7 Ga)*>?, significantly predating the Late Hesperian ocean.
Furthermore, many northern plains craters are superimposed on the Vastitas Borealis Formation (VBF)!*?, an
Early Amazonian (~ 3.37 to ~ 1.24 Ga) geological unit interpreted as the Late Hesperian ocean’s frozen residue®.
Consequently, most of these craters likely postdate the liquid state of the ocean. Particularly relevant to our study
are long recognized, buried northern plains craters***, which, in addition to abundant Noachian populations
(~4 Gato~3.72 Ga), could also contain a subset of Late Hesperian marine craters.

Analyses and results

In this section, we present (1) geological evidence of an impact crater holding the stratigraphic and spatial char-
acteristics expected for an older megatsunami’s source impact (Figs. 2, 3), (2) numerical models of this crater’s
impact-generated megatsunami wave (Figs. 4, 5), and (3) geologic observations consistent with the modeled
numerical predictions (Figs. 1b, 4a, 6, 7).

Morphologic mapping approach. To produce our broad geologic characterizations and maps, we utilized
the publicly available global seamless Mars Reconnaissance Orbiter (MRO) Context Camera (CTX)*? (5.6 m per
pixel) visible light mosaic from the Murray Lab® (http://murray-lab.caltech.edu/CTX/), and the Mars Odyssey
Thermal Emission Imaging System (THEMIS)** nighttime and daytime infrared image mosaics™ (100 m per
pixel), in combination with Mars Global Surveyor (MGS) Mars Orbiter Laser Altimeter (MOLA)-Mars Express
(MEX) High-Resolution Stereo Camera (HRSC) blended Digital Elevation Model (DEM, 200 m per pixel)*. We
also produced multimeter-scale geologic characterizations using images from the Mars Reconnaissance Orbit-
er’s High-Resolution Imaging Science Experiment®’.

We performed our mapping at a 1:750,000 scale using Esri’s ArcGIS 10.3 (http://www.esri.com/software/
arcgis). We mapped the sedimentary unit where the V1L site is located (Fig. 1b). The CTX visible light mosaic
from the Murray Lab did not exist when Rodriguez, et al.® conducted their regional survey using lower reso-
lution THEMIS IR. To determine key stratigraphic relationships utilized in our geologic reconstructions, we
mapped (1) the streamlined features of Chryse Planitia (Fig. 2a) and (2) significant knob clusters mainly situated
between the upper and lower paleoshoreline stands (i.e., — 3800 and — 4100 m®) (Fig. 3a). The number and spatial
distribution of knobs between the two paleoshorelines are generally much greater than above the higher one.
However, relatively less extensive clusters of knobs are scattered over some highland sections above some upper
paleoshoreline sections. These are Noachian features connected to a much older resurfacing®® and are excluded
from our mapping. To avoid cluttering the figure, we only mapped enough knobs between the shoreline eleva-
tions to identify their clustering and widespread distribution.

A Late Hesperian marine crater in the Chryse Planitia region. We mapped the distribution of
streamlined mesas within Chryse Planitia, a region of previously recognized catastrophic flood convergence
into the northern plains'®?’. Our mapping shows that these areas comprise Mars’ most extensive landforms due
to catastrophic flooding, with a maximum width of ~ 1300 km from the northwestern margin of Kasei Valles to
the southeastern margin of Ares Valles (Fig. 2a). Furthermore, these terrains form a seaward extension of the
circum-Chryse outflow channels (Fig. 2a), hence, highlighting the former existence of a potential submarine
platform submerged below the proposed ~-3800 m Late Hesperian sea level (Parker, et al.'>, Rodriguez, et al.’,
Fig. S2).
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Figure 2. Physiographic and geologic setting of Pohl. In each panel, the crater’s center is indicated by a red triangle. (a)
View of Chryse Planitia showing widespread streamlined features (shaded brown) produced by catastrophic flooding into
the northern plains. The black lines delineate the approximate lateral extents of these fluvial terrains. The white and blue
dashed lines delineate the lower (— 4100 m) and upper (- 3800 m) paleoshoreline stands mapped by Rodriguez, et al.c.

The lower of these, ~ 130 km northeast from Pohl, marks the abrupt termination of the region’s catastrophic flood surface
features. Combined color and shaded-relief MOLA DEMs (460 m per pixel, credit: MOLA Science Team, MSS, JPL, NASA).
(b) Close-up view of Pohl showing that it forms a significant discontinuity of the regionally scoured landscapes’ topography.
The black and white arrows identify streamlined features downstream and upstream from Pohl. The white dashed line traces
the lower shoreline (~— 4100 m) mapped by Rodriguez, et al.°. The red arrow identifies the streamlined island shown in

Fig. S3c. Combined color and shaded-relief MOLA DEMs (460 m per pixel, credit: MOLA Science Team, MSS, JPL, NASA).
(c) View showing the younger megatsunami deposit regional upper reaches covering and embaying Pohl (unit member 1HI,
in Rodriguez, et al.?). The deposit’s surface appears dark in this nighttime thermal infrared image, and a yellow dotted line
delineates its upper boundary. THEMIS nighttime IR global layer (http://www.mars.asu.edu/data/, 100 m per pixel, credit:
Christensen, et al.”). We produced this figure using Esri’s ArcGIS 10.3 (http://www.esri.com/software/arcgis).
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Figure 3. (a) View of Chryse Planitia showing the upper and lower paleoshoreline stands (blue and white lines,
respectively). The black lines mark the margins of the regional surfaces affected by outflow channel dissection.
The red symbols identify numerous knobs forming an extensive field within and north of a proposed paleo-
oceanic area of regression from the higher to the lower paleoshoreline. Pohl is one of the field’s several knobby-
rim craters (green star symbols). Color MOLA DEM (460 m per pixel, credit: MOLA Science Team, MSS, JPL,
NASA) over a THEMIS nighttime IR global layer (http://www.mars.asu.edu/data/, 100 m per pixel, credit:
Christensen, et al.”). (b) Close-up view of one of the knobby-rim craters located outside the areas of outflow
channel dissection. The knobs, such as observed at Pohl, exhibit no flow-related streamlining, suggesting

that catastrophic flood erosion did not lead to the field’s formation. Color-coded shaded-relief MOLA digital
elevation model (460 m per pixel, credit: MOLA Science Team, MSS, JPL, NASA) over part of a CTX mosaic

(6 m per pixel, credit: NASA/JPL/Malin Space Science Systems (https://www.msss.com/mro/marci/images/tips/
mediatips.html) and a THEMIS daytime IR global layer (http://www.mars.asu.edu/data/, 100 m per pixel, credit:
Christensen, et al.”). (c) View of possible debris-covered glaciers with evidence of multiple directional flow
patterns (e.g., white arrows) around and along the margins of knobs and mesas within the northeastern-most
part of the mapped field, suggesting that glacial erosion contributed to its formation. Color-coded shaded-relief
MOLA digital elevation model (460 m per pixel, credit: MOLA Science Team, MSS, JPL, NASA) over part of a
CTX mosaic (6 m per pixel, credit: NASA/JPL/Malin Space Science Systems (https://www.msss.com/mro/marci/
images/tips/mediatips.html). We produced this figure using Esri’s ArcGIS 10.3 (http://www.esri.com/software/
arcgis).
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«Figure 4. Megatsunami simulations of impacts into the northern ocean (120 m deep). (a-c) Simulation frames
showing an impact into the weaker ground (supplementary movies 2 & 3). An asteroid 3 km in diameter (impact
velocity: 10.6 km/s; density: 2.63 g/cc) is required to form Pohl. Details on the strength models are given in the
supplementary material. The lack of residual strength results in the formation of a large Worthington®! central
jet of pulverized rock and the generation of transient oscillations, pushing the crater rim to about twice the
diameter of the initial transient crater. The pulverized rock "waves" spilling over the incipient rim (b,c) trigger a
megatsunami (c), and the collapsing ejecta curtain (b) generates debris-laden water. (a’-¢’) Simulation frames
showing an impact into the stronger ground, in which a 0.01 MPa residual strength of pulverized rock inhibits
the development of a central jet of pulverized rock and transient oscillations (supplementary movies 5 & 6). The
final crater extends slightly beyond the initial transient crater as the base of the ejecta curtain (lip) collapses to
form the peak ring. Consequently, in this case, a 9 km asteroid (impact velocity: 10.6 km/s; density: 2.63 g/cc) is
required to form Pohl. In this scenario, the collapse of the incipient peak ring on the surrounding ocean drove
the megatsunami. In addition to the ejecta fallout, we consider that both the collapse of the central jet and rim
materials could have contributed to the megatsunami’s densification. (d,e) 1-D GEOCLAW simulation using the
shallow water solver for long-range propagation, onshore run-up, and an idealized bathymetry from Pohl crater
to the V1L site. Panel (d) shows the megatsunami transfer of the megatsunami from the impact simulation into
weaker ground to the shallow water solver. Panel (e) to the shallow water solver, which shows that the megatsunami
initially reached ~ 500 m in height and propagated to ~ 250 m above sea level, overrunning the V1L site. Figure 5
shows 2-D simulations for both megatsunamis accounting for varying topography. Profile and horizontal
velocity data is available in the supplementary material.

Within this platform, we identified a ~ 110-km-diameter impact crater centered at 34° 3' N; 37° 1' W
(Figs. 1a, 2a,b), recently named Pohl by the International Astronomical Union (IAU) Working Group for Plan-
etary System Nomenclature (WGPSN). The impact locally obliterated the outflow channels and, consequently,
postdates them and the northern plains’ oceanic inundation produced by their cataclysmic floods. In addition,
the younger megatsunami deposit (Fig. 2c) embays and superposes the crater’s rim and covers most of the pro-
posed marine platform. These stratigraphic constraints allow us to place the impact event between the cessation
of ocean-forming floods and the ocean’s regression to the — 4100 m paleoshoreline, implying that it most likely
occurred into the ocean.

Our inferred stratigraphic relationships also suggest that Pohl could have experienced resurfacing connected
to the proposed — 3800 m to — 4100 m marine regression (Fig. S2)°. The crater’s knobby ridge (Figs. 2b; S3a,b)
is part of a vast knobby field (hereon, Pohl knobby field) between these paleoshoreline stands (Fig. 3a). The
field contains other similarly degraded crater rims beyond Chryse Planitia’s catastrophic flood-dissected areas
(Fig. 3a,b), suggesting regionally extensive post-catastrophic flood resurfacing. In addition, knob clusters locally
superpose younger megatsunami-covered streamlined mesas, indicating that knob development persisted after
the younger megatsunami’s emplacement (e.g., red arrow in Fig. 2b; white arrow in Fig. S3c). Hence, we propose
that the modification of Pohl’s rim into a knobby topography was part of protracted regional history that involved
widespread, episodic coastal erosion and deposition. Furthermore, numerous pitted cones (i.e., possible mud
volcanoes®) superpose younger megatsunami surfaces at and near Pohl (e.g., Fig. S3e). Consequently, sedimen-
tary extrusions could have also contributed to the knobs’ generation.

Simulating Pohl’s impact-triggered megatsunami. Our northern plains survey recognizes Pohl as
the only candidate crater with a regional stratigraphy suggestive of an impact history that could have produced
the older megatsunami. Here, we present simulation studies that further test this hypothesis.

Numerical tools and simulation grid setup.  'The impact cratering simulations and initial megatsunami formation
used the ALE3D hydrocode®’ from Lawrence Livermore National Laboratory (accessible to the U.S. Government
only). Similar results should be obtainable with another hydrocode (e.g., iSALE*, accessible to academia). Our
simulations used a fixed mesh (Eulerian) and are 2-D axisymmetric, which, while significantly less computation-
ally taxing than a 3-D approach, restricts the impact to a vertical entry. The mesh has a 10 m resolution on the
water surface and increases with distance from sea level so that the resolution is approximately 1/10th of the
altitude or depth out to a maximum cell size of 500 m. The radius of the impact simulation domain is 300 km.

Choice of paleophysiographic and atmospheric parameters. Our simulation setup adopted a paleoshoreline at
— 3800 m, positioning the formation of Pohl into a shallow (~ 120 m deep) part of the Late Hesperian northern
ocean. Previous publications support the validity of this choice of sea level. For example, Rodriguez, et al.® found
that the — 3800 m elevation forms the lowest extents of the oldest megatsunami lobes and superposed backwash
channels. This elevation also matches the average elevation of Contact 2 (i.e., — 3760 m+560 m) proposed by
Parker, et al.’>. Numerical models*?, while still debatable®?, suggest the formation of Tharsis and true polar wan-
der did not significantly warp the HLB region where the V1L is located, further validating the paleoshoreline’s
likely accuracy.

Other potential Hesperian paleoshorelines at higher elevations, for example, as suggested by Duran, et al.*,
might indicate a more extensive oceanic phase within the northern plains. However, there are no paleoshorelines
superposed over the older megatsunami deposit, suggesting that those possible higher paleoshoreline stands
likely predated its emplacement.
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Figure 5. (a) View of the Chryse Planitia region. The dark blue area is a reconstruction of the northern ocean with a
paleoshoreline at — 3800 m. The adjoining brown areas show the mapped older megatsunami areas of overland deposition
(IH1,) mapped by Rodriguez, et al.®. The locations of the V1L and the Mars Pathfinder (MPF) Lander are indicated. Numbers
1-5 identify the megatsunami’s largest lobes. (b-d) Weak Ground (WG) simulation (zero residual shear strength), 3 km
asteroid (supplementary movie 1). (b’-d’) Strong Ground (SG) simulation, (0.01 MPa residual shear strength), 9 km

asteroid (supplementary movie 4). The simulations show megatsunami propagation directions and extents that closely match
the mapping shown in panel (a). Both simulations predict inundations over the V1L site as well as close to (WG simulation) or
over (SG simulation) the Pathfinder site. All the panels use MOLA DEM bases (460 m per pixel, credit: MOLA Science Team,
MSS, JPL, NASA). The topographic ranges in the DEMs shown in the simulation panels (b-d, b’-d’) represent the regional
relief with a zero-meter base. We produced this figure using Esri’s ArcGIS 10.3 (http://www.esri.com/software/arcgis).
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Figure 6. (a) View of an extensive streamlined mesa forming the base of Wahoo crater in Chryse Planitia
(Wahoo crater is identified in Fig.1a). The dashed white lines demark channeled slopes facing towards the
northern plains. These are mostly not connected upstream to outflow channels. (b) Close-up view on panel (a)
showing some of the channels (dashed white lines). The elevation profile S-S’ along one of the channels shows
a~ 140 m relief gain ~ over 20 km (~ 0.4°). Panels (a,b) Color MOLA DEM (460 m per pixel, credit: MOLA
Science Team, MSS, JPL, NASA) over a THEMIS daytime IR global layer (http://www.mars.asu.edu/data/,

100 m per pixel, credit: Christensen, et al.”). (c,d) Parts of simulation in Fig. 5 showing WG movie 1, timesteps
3.4 and 6.4 h. During the time interval, the megatsunami recedes from the Wahoo crater’s northern margin. The
predicted backwash happens where the noted channels occur. We produced this figure using Esri’s ArcGIS 10.3
(http://www.esri.com/software/arcgis).
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Figure 7. (a) CTX perspective view showing the V1L site (red-circled white dot) along the uppermost fringes
of the remapped older megatsunami marginal deposit (V1LD, in Fig. 1b; Fig. 1a shows the deposit’s original
mapping®). Features diagnostic of run-up flow include (1) a scoured wrinkle ridge segment (dashed ellipse)
separating (2) highland-facing lobate smooth areas and (3) a lower, scoured deposit section with raised margins.
The image is rotated for better viewing (see north arrow orientation). This terrain assemblage is consistent with
a megatsunami lobe propagating and decelerating over a wrinkle ridge, generating localized erosion on the ridge
and lobate deposits beyond it. (b, north is up) Close-up of the region within the dashed ellipse in panel (a). The
region includes west-trending lineations (red arrows) consistent with scouring by a unidirectional flow that
started within the northern plains. The topographic profile X-X’ shows a relief measurement of the wrinkle ridge
crest (~40 m), providing an approximation of the local overflowed topography. The image is a Digital Terrain
Model (DTM) created from CTX images G02_018887_2026 and J04_046170_2025 (~24 m post spacing) using
the Ames Stereo Pipeline superimposed on associated CTX orthorectified images (6 m per pixel, credit: NASA/
JPL/Malin Space Science Systems (https://www.msss.com/mro/marci/images/tips/mediatips.html). (c-e, north
is up) HiRISE ESP_072321_2025 (25 cm per pixel), close-up views at and near the proposed scoured section

of the wrinkle ridge crest. The red arrows identify possible dissection marks, some which cut into the crest, as
shown in panel (e). The presence of craters with dissected rims (e.g., yellow pointers) indicates that the flow
must have been extremely energetic and mostly erosional over the basement uplifted during wrinkle ridge
formation. We produced this figure using Esri’s ArcGIS 10.3 (http://www.esri.com/software/arcgis).

The atmosphere was modeled as carbon dioxide in hydrostatic equilibrium up to an altitude of 72 km, with
a surface pressure of 0.1 bar and an isothermal temperature of 283K*. The 0.1 bar surface pressure falls within
a previously predicted range of 0.04-1 bar*>*6. However, a different value would have likely caused negligible
variation in the crater size because even 1 bar is much less than the 4.5 bar at 120 m depth of water on Mars and
2400 bar at 20 km depth of basalt at maximum transient crater depth. The density of even 1 bar CO, is about
0.1% that of liquid water, so the air pressure would also have a negligible effect on the megatsunami propagation,
which is just a gravity driven interfacial wave.

Determining sensitivity of megatsunami characteristics to impact parameters. 'The choice of impact parameters
(e.g., ground properties, impactor size, speed, density) is essential in determining the dimensions of a crater and
megatsunami characteristics. To investigate the sensitivity of megatsunami sizes and run-ups to impact param-
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eters, we ran two simulations into a weak ground model and two into strong ground. The simulations extended
100 km deep, so the mantle, below 120 km deep, was not modeled. The assumed geotherm was linearly interpo-
lated between 283 K at the surface and 1650 K at 120 km.

In the weak and strong ground models, the residual shear strength of the crushed rock is zero and 0.01 MPa,
respectively (see supplementary materials for further details). The two weak ground simulations assumed a
3-km-diameter asteroid (2.63 g/cc, an average value for ordinary chondrite, https://neoproperties.arc.nasa.gov/)
with a vertical impact velocity of 10.6 km/s, an average asteroid impact speed on Mars*”:

Case 1 60-km-thick crust (2.8 g/cc) over 3.2 g/cc upper mantle.

Case 2 120-km-thick basalt lithosphere (3.2 g/cc)*.

The two strong ground simulations assume that the entire 120-km-thick basalt lithosphere had a 3.2 g/cc
density®.

Case 3 9-km-diameter asteroid (2.63 g/cc) with a vertical impact velocity of 10.6 km/s*.

Case 4 10.132-km-diameter icy comet (0.5 g/cc; =50% porosity ice, without any dense minerals) with a verti-
cal impact velocity of 21 km/s*.

Each simulation was briefly run implicitly to establish equilibrium, after which the impactors were added,
and the simulations were then run with explicit timesteps. After some violent oscillations, the impact-generated
megatsunami waves settled down into shallow water waves, traveling with wavelengths much greater than the
water depth and a horizontal particle velocity that is uniform with depth to the seafloor (supplementary files of
WG (Weak Ground) and SG (Strong Ground) water surface and horizontal particle velocity). The uniformity
with depth means the shallow water equations can be solved as a surface wave, orders of magnitude faster than
continuing the hydrocode’.

At this point, the water surface and horizontal particle velocity were extracted from the hydrocode simula-
tions and used to input the shallow water solver (Fig. 4, supplementary movies and supplementary files of WG
and SG water surface and horizontal particle velocity). Finally, the shallow water equations were solved using
the GEOCLAW package®', downloadable from https://www.clawpack.org/.

The strong ground models do not form the flat-bottomed basins seen in craters with dimensions similar to
Pohl’s; therefore, additional physics, such as acoustic fluidization, is often invoked to temporarily reduce the
residual strength of failed material so it can flow down from the crater walls. In this simulation, we neglected
acoustic fluidization since it is the megatsunami outside the crater that is of interest. Furthermore, the seafloor
friction can be a tuning parameter to adjust the run-up distance for a given tsunami. Seafloor friction depends,
for example, on the cohesiveness of the seafloor, velocity and turbulence of the tsunami, debris entrained in the
flow, and gravity. In these simulations, it was set to a minimal value due to the lower gravity on Mars, but it also
remains an item for future investigation.

Selecting the simulations. We find that both weak ground impacts produced similar megatsunamis and that
those generated in the two strong ground impacts were almost identical. These simulations show that ground
strength, especially the residual shear strength of pulverized rock, strongly affects the size and energy of the
impactor required to produce the craters. However, the similarity of the resulting megatsunamis demonstrates
that the crater diameter is a key control on waves’ characteristics, including run-up extents (supplementary
movies).

For the same ground model, various impactor size, density, impact velocity, and angle combinations could
have delivered similar energy and momentum, producing the same size crater. In such a case, differences in
megatsunami sizes would have likely resulted from varying magnitudes in the collapse and the overflow of
crater rim material.

In this article, we present and discuss results concerning cases 1 and 3 above. Hereon, we refer to these
cases as Weak Ground (WG) and Strong Ground (SG) simulations. Both formed craters 110 km in diameter,
hence, matching the size of Pohl. The crater’s formation in the strong ground required a 9 km asteroid carry-
ing ~5.6 x 10%* J=13 million megatons of TNT energy. On the other hand, its formation in the weak ground
resulted from a 3 km asteroid releasing ~ 2.1 x 10*! ] =0.5 million megatons of energy.

Pohl as the source of the older megatsunami. Our simulations reveal megatsunami run-ups with
excellent general correspondence to the mapped megatsunami margins (Fig. 5). Their spatial agreement
occurs over ~ 4000 km of topographically diverse HLB terrains, including reconstructed coastal areas as close
as~200 km and as far as~ 1500 km from the center of the impact site, all of which support the formation of
Pohl as the older megatsunami’s source. The WG model returned an almost complete match (Fig. 5, supplemen-
tary WG movies 1-3). While the SG simulation also produces run-up distances that approximate the mapping
results, they also predict significant landward inundations within Kasei Valles and Simud/Tiu Valles (Fig. 5;
supplementary SG movies 4-6).

Viking 1 landing site reinterpretation and Pathfinder landing site considerations. Our 1D and
2D simulations indicate that the distal extent of the megatsunami reached the V1L site, nearly 900 km from
the impact (Figs. 4, 5; supplementary WG movies 1-3, SG movies 4-6), suggesting the potential presence of
run-up materials. We find that the V1L site occurs within a previously unrecognized broad deposit, which we
refer to as the Viking 1 Lander Deposit (V1LD, Fig. 1b, Fig. S4). The deposit’s highland-facing margin indicates
that it might be a run-up lobe. A channel extending from Kasei Valles separates the VILD’s base from the older
megatsunami deposit as initially mapped in 2016°. Hence, we consider that, before this channel’s formation, the
V1LD comprised the older deposit’s upper boundary (Fig. 1b, Fig. S4) and attribute its origin to later dissection.
Catastrophic floods postdating the older megatsunami would have preferentially flowed through the lowest,
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most deeply dissected floors of Kasei Valles (Fig. S4). However, the older megatsunami deposits intruding these
floors lack indications of post-emplacement overflow or dissection (Fig. S4).

Alternatively, the dissection resulted from megatsunami backwash. Such a backwash pattern is predicted in
our WG simulation to have extended from the southern terminal area of Kasei Valles (Fig. S5; supplementary
WG movie 1: timestep 4 to 5 h). A similar backwash trend is also present in the SG simulation (supplementary
SG movie 4: timestep 4.2 to 6.3 h). Although evidence of backwash in Chryse Planitia does not appear to be
widespread®, we also recognize the presence of abruptly-appearing channels at an area of simulated backwash
along the northern plains-facing margins of a broad mesa where Wahoo crater is located (Fig. 6; supplemen-
tary WG movie 1: timestep 2.5 to 4.5 h), thereby reinforcing the simulations’ accuracy. In the context of these
observations and simulations, we suggest that the V1L site’s bouldery plains comprise the older megatsunami’s
upper reaches.

The SG simulation also predicts megatsunami inundation zones, including at the Pathfinder site (Fig. 5; sup-
plementary SG movie 4: after timestep 3.3 h). The regional megatsunami inundation raises the possibility that
its backwash flows could have contributed to the emplacement of imbricated boulders near this landing site,
previously exclusively attributed to catastrophic floods®. In addition, the simulated megatsunami also reaches
multiple large basins in southern circum-Chryse, suggesting that its ocean-displaced waters could have sourced
interior regional lakes or an inland sea®.

Regional evidence of megatsunami run-up at the Viking 1 landing site. The V1L sits on the margin of a broad,
lobate front (Fig. 7a), forming the uppermost reaches of the V1LD (Fig. 1b, Fig. S4). The lobe extends westward
from a scoured section of a wrinkle ridge that regionally intersects the VI1LD orthogonally to its overall west-
ward orientation (Fig. 7a). The scour marks include lineations extending downhill over an elongate section of the
VL1D (Fig. 7a,b). However, these do not appear to significantly mark the lobe’s surface. These observations are
consistent with an uphill, fast-moving flow, which decelerated as it overran and eroded the wrinkle ridge.While
the energy dissipation during the wrinkle ridge overflow would have resulted in dominantly erosional features,
some lineations may include deposits from when the flow’s energy and carrying capacity diminished.

At multimeter scales, the wrinkle ridge’s scoured zone includes aligned ridges and grooves (Fig. 7c—e). Some
grooves transect craters, demonstrating that unidirectional erosion contributed to their formation. Furthermore,
local curvilinear erosional patterns (e.g., yellow pointers in Fig. 7c,d) suggest topographic modulation of flow
directions, consistent with dissection by fluids.

We suggest that the regional landscape at the V1L site retains terrains connected to the older megatsunami’s
emplacement. The 2D megatsunami simulation uses the MOLA DEM base topography. Hence, the hydrodynam-
ics that it predicts should have higher accuracy at broader spatial scales. However, a simulation indicates some
southwest-trending flows at and near the V1L site (supplementary WG movie 1: timestep 5.3 to 6.4 h).

In the context of this interpretation, we propose that the megatsunami decelerated because the wrinkle ridge
(~40 m in relief, Fig. 7b) partially obstructed its propagation, thereby leading to the lobe’s emplacement. Thus,
we interpret the rocky plains recognized in images returned by the V1L in the 1970s'>"* as megatsunami bed-
load materials. Furthermore, our hypothesis offers an explanation for the boulders” high and puzzling diversity
identified in those early images'%.

The formation of megatsunami debris flow fronts. Our multimeter scale remote sensing observa-
tions reveal that the lobe is a poorly sorted, bouldery deposit (Fig. S6), which is consistent with the lander
observations''*. The boulder-rich bedload’s emplacement into a lobate deposit suggests propagation as a coher-
ent, unidirectional fluidized mass movement, which we interpret as a run-up debris flow. Here, we assess various
mechanisms for the generation of debris flow fronts within the older megatsunami’s wave train. Our 1D simula-
tions show that, from its initiation, the megatsunami height exceeded the ocean depth (Fig. 4; supplementary
WG movies 2, 3; SG movies 5, 6). Consequently, it would have been turbulent and erosive from the start. While
turbulent dissipation was not modeled in shallow water equations, the equations we used have been shown
to reasonably predict the run-up of breaking waves and tsunamis on shorelines®. Turbulence on the leading
edge could have eroded and transported abundant sediment, probably generating catastrophic debris flow fronts
within the megatsunami (Fig. 8a-c).

Significant sources of wave-densifying sedimentary sources could have included Pohl’s ejecta (Fig. 4b,c) and
collapsed rim materials (Fig. 4c’), both potentially contributing to the megatsunami waves. Furthermore, the
impact likely generated quakes with vertical accelerations greater than Mars’ gravity (3.721 m/s?) to distances
extending up to 150 km from the impact rim. The powerful seismicity could have injected some seafloor materials
into the megatsunami, thereby also increasing its bedload (supplementary SG movie 6, Fig S7).

Fluxes in bedload acquisition could have produced significant density zonation within the megatsunami,
ranging from water to debris flows (some icy) of varying rheologies and variable sediment types. We propose
that a debris flow front emplaced the VILD; therefore, the megatsunami sedimentary setting around the V1L
could potentially include geologic materials derived from distant ocean floor terrains present along its propaga-
tion pathway.

Discussion

Absence of widespread backwash channels in Chryse Planitia megatsunami deposits. The
older megatsunami did not produce widespread backwash channels in the Chryse Planitia region®. Two critical
factors likely contributed to this regional sparsity: (1) Our simulations (supplementary WG movie 1; SG movie
4) consistently indicate that the furthest megatsunami inland inundation occurred within outflow channel inte-
riors. Backwash flowing along the channels would have produced erosional features aligned to catastrophic flood
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Figure 8. Schematic reconstruction showing the history of megatsunami formation and modification

in the Chryse Planitia region. (a) Pohl crater forms within a shallow marine environment, (b) triggering
megatsunami water and debris flow fronts. (c) The wave fronts extensively inundate the highland lowland
boundary plains, including a section ~ 900 km southwest of the impact site. (d) The ocean regresses to

~ — 4100 m, accompanied by regional glacier dissection, which erode the rims of Pohl and other craters. (e)
The younger megatsunami overflows Pohl and parts of the older megatsunami. Glaciation continues, and mud
volcanoes later source and emerge from the younger megatsunami deposit. (f) ~ 3.4 billion years later, the
Viking 1 Lander touches down on the edge of the older megatsunami deposit.

features (i.e., towards the northern plains), thus complicating their recognition. Hence, regional backwash flow
directions and distribution can be most readily assessed where these flows formed outside outflow channels.

(2) The backwash flow rate correlates to the megatsunami depth at their uppermost reaches and the average
slope between these reaches and the paleoshoreline. Our simulations, which track the megatsunami depth at
each timestep, indicate that the uppermost reaches are generally shallower than 10 m (Fig. S8). In addition, the
average slopes are shallow (e.g.,~ 0.1 degrees between the V1L site and its nearest — 3800 m paleoshoreline).
Consequently, the maximum backwash flow rates would have been a few meters per second, which would be
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insufficient to remobilize the boulder-rich megatsunami deposits and form networks of deeply excavated back-
wash channels in these materials. In other words, the run-up and backwash are asymmetric in their correspond-
ing flow speeds and energies available to transport sediment.

History of megatsunami deposit modifications in the Pohl knobby field. The morphogenetic
disconnect between the Pohl knobby field and catastrophic flood erosion calls for an alternative formational
mechanism affecting the area intervening the two paleoshoreline stands (i.e., from — 3800 to — 4100 m). In this
section, we do not propose a single origin to all the knobs within the field; instead, we consider mesas and hills,
formed during circum-oceanic glaciation lasting and postdating the paleoshoreline regression, and later megat-
sunami deposit-sourced mud volcanoes as possible contributors.

Late Hesperian circum-oceanic glaciation in Chryse Planitia. We find that along the Pohl knobby field north-
eastern margin (Fig. 3), there are lobate aprons, surrounding knobs, and mesa clusters. These aprons are gener-
ally considered to be debris-covered glaciers®>~®!, and the presence of multi-directional flow fronts (e.g., white
arrows in Fig. 3¢c) is consistent with the intersecting dissection patterns necessary for the generation of the
knobby topography.

In addition, the younger megatsunami deposit in the vicinity of Pohl exhibits superposed low, linear to gently
sinuous troughs containing ridges (e.g., Fig. S3d). These features are possible subglacial "tunnel channels" and
medial eskers. Similar feature interpretations throughout the northern plains®® are consistent with resurfacing
due to wet-based glacier erosion and deposition®*~%°. On Earth, eskers form when highly pressurized water erodes
subglacial channels both into the bed and upward into the ice. As hydraulic pressure declines, the ice tunnel starts
to close plastically. Finally, glacio-fluvial sediment (an esker) is deposited in the remaining narrower tunnel.

Therefore, we hypothesize that Late Hesperian circum-oceanic glaciation®**¢”% may have contributed to the
knobby field. The glaciated belt probably developed during the — 3800 m to — 4100 m marine regression® and
persisted after the younger megatsunami deposit’s emplacement (Fig. 8d-f).

Kreslavsky and Head®® and Kargel et al.*® argue that the northern ocean could have frozen into a stable,
long-lasting residue. In agreement with their hypothesis, our mapping reveals the abrupt termination of the
Chryse Planitia’s fluvial landscapes at the lower paleoshoreline elevation (Fig. 2a) (~ — 4100 m°), suggesting that
the ocean’s region-wide stabilization and end of its regression probably happened at this elevation. Likewise,
circum-oceanic ice sheets could have stabilized long-term so that some of their residues still exist (or existed
until recently). In the context of their possible protracted stabilization, we interpret that the glaciers” surface
ages ranging from the Late Hesperian (~3.61 to ~3.38 Ga'®)® to the Late Amazonian (~0.328 Ga to the present
time)’*”! might, at least in some cases, represent stages of episodic flow and elevated sublimation and not neces-
sarily their time of emplacement.

Megatsunami deposits as a possible source of mud volcanism. The Pohl knobby field includes widespread pit-
ted cones previously interpreted as possible mud volcanoes®. These cones form large clusters on (1) the younger
megatsunami deposit (Fig. S9), including an extensive occurrence within the floor of Pohl (e.g., Figs. S3b,e;
S9), and (2) the hypothesized lower-lying frozen ocean (see the termination of streamlined mesas in Fig. 2a)
(Fig. S9). In contrast, the clusters are absent from sampled older megatsunami areas (Fig. S9). Hence, we propose
that the long-term retention of voluminous, briny seawater frozen during the younger megatsunami’s run-up,
as postulated by Rodriguez, et al.5, could have facilitated their formation and high regional abundance (Fig. 8f).
Furthermore, the bimodal clustering distribution (i.e., on the younger megatsunami deposit and frozen ocean
residue) is also consistent with long-term mud volcanism, suggesting a protracted eruptive history that probably
postdated the ocean’s freezing. It is also possible that the deposit’s rapid, post-emplacement compaction con-
tributed to regional mud volcanism?*. However, we identified possible mud volcanoes partly covering regional
polygonal trough sections (e.g., Fig. S3e), indicating a formation that must have long postdated the megatsu-
nami’s emplacement and its early tectonic modifications (Fig. 8f). Hence, we propose that a sizable subset in
their population was likely connected to a gradual, multi-stage formation history.

Paleoenvironmental and astrobiological considerations. Marine deposits at the Viking 1 Lander site
as constraints to the ocean’s chemistry. The V1L chemistry and imaging experiments suggested that soil clods
are largely phyllosilicates, including nontronite, lightly cemented by sulfate, chloride, and carbonate salts’. The
clods are presumably young sedimentary aggregations; however, their source and compositional makeup could
be ancient. A possibility is that they are composed of a combination of global aeolian dust’® and volcanic exhala-
tive alteration phases”™.

However, hydrated minerals have also been identified in connection to ancient water-rich settings at Meridiani
Planum”, Gusev crater””, and Gale crater’®””. Hence, we consider the alternative that clods formed by freeze-thaw
and hydration-dehydration of soluble seawater salts transported onshore by the megatsunami.

The presence of the VI1LD’s lobate front implies a history of long-term primary morphologic retention,
arguing in favor of relatively minor post-emplacement compositional modifications. The deposit’s deeper zones
would have been more likely to retain seawater salts and megatsunami marine bedload, given their relatively low
exposure to impact gardening, aeolian activity, and possible freeze-thaw cycles during high-obliquity phases.

Consequently, the V1L soil salt compositions” could hold information connected to Mars’” Late Hesperian
northern ocean. For example, cold brine chemistry modeling work of such salt assemblages suggests that the
ocean was likely a Mg-Na-Ca-Fe?*-SO,-Cl-CO;-Br-rich brine”>’®. This solution type is unlike Earth’s seawater
but like some hypersaline continental brines’*®. Their sulfate saturation at ocean temperatures between the
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mid-260s and low-270s K”>% could have potentially supported life. For example, on Earth, some hypersaline
brines with halotolerant taxa are known®"%2,

Furthermore, as the brine cooled and ice and salts precipitated, the dregs could have remained liquid to lower
temperatures by fractionating to a chloride solution, e.g., ~252 K for a Na-Cl brine’® or even colder perchlorate
solutions®, perhaps enabling the long-term retention of an ice-covered ocean. While the progressively colder and
more hypersaline conditions might have been hostile to life, freeze-dried minerals might still preserve biological
signatures. For example, viable halobacteria have been detected within completely dried brine residues after their
rehydration and within brines melted after freezing at 203 K®.

Our model invoking the possibility of a preserved paleo-oceanic chemistry at the V1L site is not necessar-
ily directly relevant to a controversial updated interpretation suggesting that the V1L-sampled soils contained
viable life®. Still, it supports eventual reconsideration of those results by further in-situ exploration, given the
implication that the regional geology likely was connected to early Mars habitable environments.

Pohl crater: submarine hydrothermalism, wet-based, coastal glaciation and mud volcanism. The Late Hesperian
ocean may have been sourced from much older, probably Noachian, highland aquifers through the outflow
channels**181%5386-%0_Tf guch aquifers developed during early Mars, when the planet’s habitable environments
were presumably widespread, their expelled, constituent materials comprise important astrobiological targets.
Therefore, we consider that the northern ocean sediments potentially could bear biosignatures, particularly if
habitable conditions persisted long-term.

The formation of Pohl as a marine crater would have provided long-term hydrothermal heat, perhaps repro-
ducing aquifer conditions suitable for thermophiles. Abramov and Kring’! numerically simulated the post-impact
cooling for craters 100 km in diameter formed in submerged targets (Pohl is 110 km). Their simulations indicate
that the impact-dispersed heat could have sustained hydrothermal activity for ~ 300,000 years. In connection to
Pohl’s regional stratigraphy, our results suggest that marine sediments, mostly consisting of submerged portions
of the older megatsunami, covered the crater and its surrounding (Fig. 8e). Subsequently, these deposits were
largely buried by the younger megatsunami as it overran Pohl with materials expelled long after the ocean formed,
also suggesting that at that time voluminous mud-rich strata likely covered the ocean floor (Fig. 8e). Hence,
Pohl and its periphery might include marine strata of diverse ages, potentially bearing information on how the
ocean’s habitability and possible life evolved.

Mud volcanoes over these materials could include cryogenic evaporitic or freeze-driven chemical precipitates,
some perhaps containing pristine fluid inclusions of frozen seawater. These materials could yield specific informa-
tion on the ocean’s composition and temperature as well as include potential chemical or physical biosignatures.

Conclusions

The circum-Chryse outflow channels are considered to be the primary source of Mars’ Late Hesperian northern
ocean'’"". These outflow channels converged into the Chryse Planitia northern lowland region', where they
comprise the most extensive contiguous catastrophic flooding landscape on the planet (Fig. 2a).

Our paleophysiographic reconstructions indicate that the Chryse Planitia outflow channel floors occur
beneath the previously hypothesized higher paleoshoreline stand at — 3800 m (Fig. 2a). Therefore, these ter-
rains comprise the only catastrophic flood geologic record on Mars that was likely submerged beneath the Late
Hesperian northern ocean. Furthermore, the younger megatsunami deposit covers most of these outflow channel
sections; hence, the area provides a unique stratigraphic framework consisting of marine sedimentation over
ocean-generating flood features.

We identified an impact crater, Pohl, which superposes the outflow channel floors and underlies the younger
megatsunami deposit (Fig. 2), characterizing it as a highly probable marine crater. Our numerical simulations
indicate that Pohl produced a megatsunami that extensively inundated the Chryse Planitia HLB plains. The
modeled megatsunami upper reaches closely match the older megatsunami margins as mapped by Rodriguez,
et al.%, supporting the simulation’s accuracy (Fig. 5). These simulations predict that the megatsunami reached the
Viking 1 Lander site, thereby explaining the presence of regional run-up overflow indicators. These include (1)
a highland-facing lobe on which the lander sits and (2) scour marks on an adjoining wrinkle ridge that extend
over an elongated deposit forming part of the VI1LD upper reaches. In addition, the run-up erosional patterns
also include scour marks clearly recognizable in high-resolution (decameter-scale) views (Fig. 7). The simula-
tions also suggest that the megatsunami backwash could have produced the boulder imbrication observed at
the Mars Pathfinder lander site (Fig. 5).

Our paleophysiographic reconstructions suggest that the Chicxulub impact is an Earth analog to Pohl. It
also (1) occurred within a shallow marine environment (~ 200 m)®, (2) had a transient cavity diameter of ~ 100
km?, similar to Pohl, and (3) produced a similar simulated megatsunami (~ 200 m onshore height, inland surges
of ~ 300 km with elevation gains of ~ 150 m)°%

Our mapping results also carry important paleoenvironmental implications connected to the modification
history of the megatsunami record in Chryse Planitia. For example, we find that Pohl’s knobby rim is part of a
vast field of knobs and mesas scattered throughout the — 3800 m to — 4100 m regression areas of Chryse Planitia
(Fig. 3). Some knobs superpose outflow channel streamlined islands (Fig. 3), and many occupy terrains outside
the outflow channels, indicating that the field’s formation postdated outflow channel activity. At some locations,
the field includes apparently glaciated terrains (Fig. 3), suggesting that a previously proposed circum-oceanic
glacial erosion®®*¢7%8 contributed to the field’s origin. Furthermore, the presence of possible tunnel channels
and eskers superposed on the younger megatsunami deposit (e.g., Fig. S3d) would indicate that the glaciation
phase persisted after the ocean’s coastal regression.
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Another form of megatsunami resurfacing concerns the high abundance of previously proposed mud

volcanoes® over the younger megatsunami deposit (e.g., Fig. S3e) (proposed to mostly consist of waves that
froze during run-up). We consider a causative association in which the gradual release of entrapped seawater
could have facilitated the eruptions (Fig. 8f).
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