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Abstract

Oceans cover three-quarters of the Earth’s surface, yet geological evidence for deep ocean
impact events is scarce. Tectonic subduction has wiped away essentially all of the oceanic
crust that is older than 150 million years, and most of the seafloor crust that remains is still
very poorly mapped. In fact much of the evidence we have regarding ocean impacts is from
ejecta and tsunami deposits on nearby shores, essentially only from the Eltanin and Mjglnir
events. In an effort to understand what kinds of signatures we might expect from deep-
ocean impacts, a large number of numerical calculations have been performed. I shall
survey the results for impactors of various compositions and sizes from 250 m to 1 km
diameter, and speak of expectations specifically regarding tsunamis. The differences among
calculations done by various groups largely arise from the uncertainty in the initial coupling
of the kinetic energy of the impactor to the creation of the transient crater and the
production of a propagating wave. Because the kinetic energy per unit mass is very much
larger than the latent heat of vaporization of water, it is extremely important to have a very
good equation of state for water in order to perform reliable calculations. In the best
calculations done to date, a substantial fraction of the impact energy is immediately carried
away into the atmosphere by explosive vaporization. This fraction depends only on the
speed of the impactor and not on its size, and therefore impacts of small size are very
inefficient generators of long-wavelength teletsunamis. The conclusion of this work is that
asteroids of size smaller than about 500 m diameter do not pose a significant risk for the
production of ocean-wide tsunamis, although such an impact could be very dangerous if it
occurred near a populated coastline.

I. Asteroid impacts in the deep ocean - Introduction

Perhaps surprisingly, despite the fact that oceans cover most of Earth’s surface, evidence for asteroid impacts in
the deep ocean is scant. Partly this is due to the fact that tectonic subduction of the ocean floor has erased most
of the record older than 150 million years old, and partly this is due to to the lack of high-resolution studies of
much of the existing ocean floor. Erosional processes in the soft sediments that cover much of the ocean floor
may also contribute to the erasure of impact traces. The most important factor, of course, is the fact that the
ocean is a thousand times denser than the atmosphere, and therefore much more efficient at stopping an asteroid
than the atmosphere is. Only a truly giant impactor (>10 km) coming at a nearly vertical impact angle would
penetrate the deep ocean with enough energy remaining to excavate a noticeable crater. The number of craters
known on land (or in very shallow water) with ages less than 150 million years that could have been caused by
such a large impactor is small, perhaps half a dozen. Most such impacts are of course oblique.

The Eltanin asteroid impact occurred in deep water in the Bellingshausen Sea, 1300 km west of the southern tip
of South America, some 2.5 million years ago (Gersonde et al. 1997, 2002, 2003). Estimates of the projectile
size vary, but the debris that has been collected locally point to a minimum diameter of about 1000 kilometer
(Kyte 2002a,b), and there is no crater on the sea floor. Wave heights of several hundred meters have been
calculated for this event within a few tens of kilometers of the impact point (Shuvalov 2003), but these die off
quickly with distance from the source. No unambiguous tsunami deposits have been recovered on land from this
event. However, some extinct Cenozoic microfossils in Antarctica may be ejecta from the impact



(Gersonde1997).

The Mjelnir impact structure was formed in the late Jurassic in relatively shallow water (on the continental shelf)
off the northwest coast of Norway (Tsikalas et al.2002). The asteroid is thought to be of 1.6 km diameter, and
the impact would also have produced waves hundreds of meters in amplitude near the impact point, decaying
quickly away with distance (Glimsdal et al.2005). The Chicxulub impact structure in the Yucatan Peninsula of
Mexico, produced by an asteroid of 10 to 15 km diameter and associated with the Cretaceous-Tertiary mass
extinction, occurred in water a few hundred meters deep and produced tsunamis that bounced around the Gulf of
Mexico and the then-narrow Atlantic basin and left many deposits.

Apart from these confirmed events, there have been reports in the literature suggesting evidence of other asteroid
impacts in the ocean. These include the Silverpit crater in the relatively shallow North Sea (Stewart & Allen
2002), the Bedout structure on the continental shelf off the Northwestern coast of Australia (Becker et al. 2004),
and some wedge-shaped sediment deposits in Madagascar called chevrons (Masse et al. 2006 AGU abstract) that
have been postulated as due to tsunamis from an impact at an unknown location in deep water. None of these are
well established as impact events due to lack of other evidence. Other explanations are currently preferred.

The fact that there are no other firm candidates yet for evidence of deep ocean asteroid impacts suggests that the
tsunami hazard from these sources is most likely smaller than the popular press would have one believe.
Nevertheless it is a subject worthy of study, and in particular it is important to determine how great the danger
from asteroid-impact-induced tsunamis really is, and whether the international community should worry about
tsunamis from the much more numerous population of asteroids less than 500 m in diameter.

In this work we calculate the characteristics of tsunamis that might be produced by the impacts of asteroids of a
variety of sizes and compositions into deep water. Because asteroids and comets on collision course with earth
are traveling at speeds greater than 11 km/s (earth’s escape velocity), they are hypersonic not only in the
atmosphere (sound speed 330 m/s) but also in the ocean (sound speed 1500 m/s). Shocks are therefore produced,
both in the atmosphere and in the ocean, and the development of the water cavity must be followed using fully
compressible hydrodynamics (Landau & Lifshitz 1959). Moreover, since the square root of the specific latent
heat of vaporization of water is comparable to the sound speed, a substantial portion of the deceleration of the
asteroid occurs through the vaporization of water, and this becomes a very significant contributor to the
dynamics. It is absolutely clear that the calculation must be done with a fully compressible multi-material
hydrocode that, at the very least, includes a very good equation of state for water, with all the appropriate
physics.

The water vaporized from the transient crater of course becomes unavailable for the production of tsunamis, but
this is a relatively small effect compared to the energy expended in vaporizing it. Possibly more important is the
effect of water vapor upon the atmosphere, as it is an important greenhouse gas, but that contribution is beyond
the scope of the calculations reported here.

I1. The SAGE hydrocode

The SAGE hydrocode is a multi-material adaptive-grid Eulerian code with a high-resolution Godunov scheme
originally developed by Michael Gittings for Science Applications International (SAIC) and Los Alamos
National Laboratory (LANL). The grid refinement is continuous, cell-by-cell and cycle-by-cycle throughout the
problem run. Refinement occurs when gradients in physical properties (density, pressure, temperature, material
constitution) exceed user-defined limits, down to minimum cell sizes specified by the user. With the computing
power concentrated on the regions of the problem which require higher resolution, very large computational
volumes and substantial differences in scale can be simulated at relatively low cost.

SAGE runs in several geometries: 1-D Cartesian and spherical, 2-D Cartesian & cylindrical, and 3-D Cartesian.
Because modern supercomputing is often done on clusters of many identical processors, the parallel
implementation of the code is supremely important. For portability and scalability, SAGE uses the widely
available Message Passing Interface (MPI). Load leveling is accomplished through the use of an adaptive cell
pointer list, in which newly created daughter cells are placed immediately after the mother cells. Cells are
redistributed among processors at every time step, while keeping mothers and daughters together. With M cells
and N processors, this gives very nearly M/N cells per processor. As neighbor-cell variables are needed, the MPI
gather/scatter routines copy those neighbor variables into local scratch.

In a multi-material code like SAGE, every cell in the computational volume can contain all the materials defined
in the problem, each with its own equation of state (and strength model, as appropriate). There are a number of
equations of state available, analytical and tabular. In general we use the LANL SESAME tabular equations of



state for most materials in the problem, and for water we use a special tabular equation of state produced by
SAIC.

A variety of boundary conditions are available, the most important being reflective boundary walls, reflective
internal boundaries, and “freeze regions” which allow specified inflows and unrestricted outflows of material.

I11. Asteroid impact simulations with SAGE

While asteroid impacts as tsunami sources are much less frequent than endogenous sources of tsunamis, they are
expected to occur frequently enough in earth’s history to produce traces in the geological record. The Mjelnir
and Chicxulub events, mentioned before, are shallow-water impacts that left tsunami trace. No other known
oceanic impact, particularly none in deep water, has left any definitive tsunami deposit.

We have performed a large number of two-dimensional simulations of ice, stone, and iron projectiles of various
diameters and speeds plunging vertically into deep water. We have additionally performed a few three-
dimensional simulations to examine the effects of impact angle. We have also performed simulations of tsunamis
induced by landslides and by underwater volcanic explosions with the same code and similar setups (Gisler et al
2006a, b)

A three-dimensional simulation of a 1-km diameter iron asteroid impacting a 5-km-deep ocean at a 45-degree
angle at 20 km/s is illustrated in a montage in Fig. 1, from Gisler et al. 2003. The asteroid, started 30 km above
the ocean surface, is not substantially decelerated until it reaches the water. Explosive vaporization of the water
produces a transient crater that begins asymmetrically but rapidly symmetrizes. Water vapor expands vertically
out of the transient crater, and liquid water pushed aside forms a nearly vertical splash or crown. The crown
subsequently collapses to produce a precursor rim wave. The maximum crater diameter of 25 km is reached at 37
seconds, after which the transient crater itself collapses. A central jet is produced when the water rushing in from
all sides meets itself in the middle. This jet rises to a height of about 40 km. The collapse of the jet gives rise to
the principal tsunami wave, which expands out from the impact point in circular symmetry, independent of the
angle of impact.

Fig. 1. Montage of 9 separate images from a 3-d run of the impact of a 1-km iron bolide at an
angle of 45 degrees into an ocean of 5-km depth. These are density raster graphics in a two-
dimensional slice in the vertical plane containing the asteroid trajectory. Note the initial
asymmetry of the water crater and its disappearance in time as the debris curtain collapses.



That the wave resulting from the collapse of the central jet spreads out in circular symmetry is a crucial
difference with respect to tsunamis produced by processes such as earthquakes or landslides. Classical
(“endogenic”) tsunamis are usually highly directional. In an earthquake this is because the line source along the
fault produces destructive interference in all directions except in the direction perpendicular to the fault. In
landslides this is because the directed momentum of the slide, and its dipolar nature (down at the top, up at the
bottom) similarly sets a preferred direction. Earthquakes are especially good at producing tsunamis with
devastating effect at very great distances because of the focused directivity. Impact events produce waves that
are not directive, and therefore decay geometrically with distance away from the source.

The asteroid enters the water at a speed much greater than that of sound, and the rapid dissipation of its kinetic
energy is very much like an explosion. Shocks propagate outward from the cavity in the water, in the basalt crust
and in the mantle beneath. Multiple reflections of shocks and acoustic waves between the material interfaces
complicate the dynamics severely, and induce turbulence that steals energy from the tsunami.

To examine the dynamics at better resolution, and because the wave produced from oblique impacts ends up
being circularly symmetric anyway, we have done most of our subsequent calculations in two dimensions,
cylindrical symmetry, for asteroids of various compositions and diameters impacting the ocean vertically at
various speeds. Some of this work has been reported in the work cited previously, and this paper covers a set of
new runs.

The new runs are 27 in number, with 3 projectile compositions (iron, dunite, and ice, all pure), 3 projectile
diameters (1000m, 500m, and 250m), and 3 projectile speeds (20 km/s, 15 km/s, and 10 km/s). The target is the
same in all cases, consisting of a 5 km deep ocean above 7 km of basalt and 6 km of mantle material, and
beneath a US Standard Atmosphere of 7 km scale heigh and 42 km vertical extent. The projectiles have energies
ranging from 90 Megatons TNT equivalent to 200 Gigatons, and the volume of the transient crater produced
varies from 6 to 2000 cubic kilometers. The initial wave heights produced, at a distance of 10 km from the
impact point, range from 200 meters to 20 kilometers, that is, from 4% of the ocean depth ranging up to 5 times
the ocean depth. Clearly these waves cannot be treated by the conventional low-amplitude, long wavelength
approximations used for classical tsunamis.

These runs are summarized in Table I, where are listed the asteroid composition, diameter, and initial speed as
input parameters.

All calculations were done with the asteroid starting at 30 km altitude, well up in the atmosphere. Because the
lower-mass asteroids are somewhat decelerated during their passage through the atmosphere, we list the
measured kinetic energy at the time of impact with the water and use that in the graphs that follow. The last two
columns of Table I give the characteristics of the tsunami, the wave height at 10 km distance from the impact
point and the wave period, both measured from the behavior of Lagrangian tracer particles distributed initially
along the surface of the water.

The role of the basalt and mantle in the calculation is to transmit, modify, and reflect shocks and acoustic
(seismic) waves that are produced by the impact. The way in which they do this is only weakly affected by the
values chosen for their bulk and rigidity moduli, but it is important that these layers have some strength. The
atmosphere makes an appreciable contribution to the deceleration of the asteroid only for the lightest, slowest
projectiles. But in all cases, the preheating of the atmosphere and the development of shocks in it, turns out to be
important in the subsequent development of the tsunami.

The asteroid, whatever its composition, was assumed to have no strength, and the normal density for the material
of which it was composed. Equations of state were taken from the LANL Sesame library for all materials (basalt,
mantle, air, and asteroid) except water, for which a more accurate equation of state from SAIC was used. A
hydrostatic equilibrium solution was applied to the entire grid before initialization of the asteroid.

Our computational volume is a cylinder of radius 102 km and total height 60 km. The adaptive mesh refinement
produced a grid fine enough to follow the wave evolution for all cases, checked by a resolution study on the
smallest and largest impactors used.



Table I. Parameter study of 27 two-dimensional deep water asteroid impact runs.

o . speed klnetfc Cnergy wave height (m) wave
composition | diameter (m) (km/s) ?tl(l, :If}‘ll)\?;; at 10 km period (s)
iron 1000 20 1.95E+11 2.10E+04 146.87
iron 1000 15 1.10E+11 1.11E+04 135.82
iron 1000 10 4.88E+10 4.92E+03 124.84
iron 500 20 2.43E+10 3.65E+03 125.33
iron 500 15 1.37E+10 2.41E+03 101.29
iron 500 10 6.08E+09 1.52E+03 105.05
iron 250 20 3.00E+09 2.44E+03 103.12
iron 250 15 1.69E+09 1.17E+03 105.90
iron 250 10 7.54E+08 4.69E+02 110.48
dunite 1000 20 8.27E+10 8.94E+03 140.15
dunite 1000 15 4.65E+10 9.95E+03 133.52
dunite 1000 10 2.07E+10 3.41E+03 127.49
dunite 500 20 1.02E+10 2.27E+03 93.89
dunite 500 15 5.74E+09 1.56E+03 96.51
dunite 500 10 2.56E+09 1.11E+03 108.19
dunite 250 20 1.24E+09 8.17E+02 107.53
dunite 250 15 7.03E+08 5.20E+02 103.68
dunite 250 10 3.15E+08 3.31E+02 88.00
ice 1000 20 2.45E+10 3.10E+03 122.01
ice 1000 15 1.39E+10 2.66E+03 102.37
ice 1000 10 6.22E+09 1.54E+03 98.65
ice 500 20 2.89E+09 1.09E+03 101.77
ice 500 15 1.69E+09 9.29E+02 107.29
ice 500 10 7.66E+08 5.33E+02 117.11
ice 250 20 2.66E+08 2.07E+02 76.75
ice 250 15 1.69E+08 1.97E+02 73.77
ice 250 10 8.72e+07 1.77E+02 86.60
IV. Results

For all compositions, diameters, and speeds, we find that the mass of water displaced during the formation of the
cavity scales as the 3/4 power of the asteroid kinetic energy (Fig. 2). A fraction of this displaced mass is actually
vaporized (Fig. 3) during the explosive phase of the encounter, while the rest is pushed aside by the pressure of
the vapor to form the crown and rim of the transient cavity.
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Fig. 2. The mass of displaced water scales as the 3/4 power of the projectile kinetic energy,
independent of the projectile composition or density.

Because the vaporized mass fraction scales almost linearly with the asteroid kinetic energy, there is a somewhat
smaller fraction of the displaced water mass available to contribute to the tsunami for larger impacts, but this is a
small effect, since the vaporized mass is never more that a few percent of the total crater mass. A larger effect
comes from the energy that is used in the vaporization process. Water has a very high latent heat of vaporization,
and it is important to take this into account in the energy budget for the production of tsunamis.
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Fig. 3. The total mass of vaporized water in the target scales very nearly linearly with the
projectile kinetic energy.

It is of interest to examine the so-called z-scaling used frequently in the literature (see, for example, Melosh
1989) for these projectiles. In the plane of crater-to-projectile mass (cratering efficiency, or ! |, in Melosh) versus

Froude number (roughly the inverse of ! ), defined as v2/gr, the square of the projectile velocity divided by the

product of gravitational acceleration and projectile radius, our runs tend to separate out by projectile composition
(Fig. 4), while generally following the trend !, o< ! 2‘0'65 given in the Melosh book.
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Figure 4. In the so-called “Pi scaling” plot of the ratio of crater-to-projectile mass, often
referred to as ! |, versus Froude number, the inverse of ! ,, the three types of projectiles tend to

separate out according to their composition. The 0.65 power-law relation between these
quantities, indicated by the straight line is from Melosh (1989) for cratering in water.

The initial tsunami amplitude is found to scale as the 2/3 power of the asteroid kinetic energy (Fig. 5). The wave
trains are initially highly complex (Fig. 6) because of the multiple shock reflections within the water and
interactions with the seismic waves propagating through the crust and with the shock waves and winds in the
atmosphere that are in part introduced during the asteroid’s plunge, and in part by the explosive vaporization of
the water in the transient crater.
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Fig. 5. The initial wave amplitude scales as the 2/3 power of the projectile kinetic energy.



Fig. 6. A portion of a density plot from one of our two-dimensional asteroid impact runs
(dunite, 1 km diameter, 20 km/s), shortly after the collapse of the transient crater at left,
illustrating the complexity of the wave train. The phenomena are influenced by reflections and
interactions of multiple shocks propagating through the water, the atmosphere, and the basalt
crust. The bulk wavelength is not long compared to the water depth, nor is the amplitude small.
It is therefore not amenable to treatment by shallow-water approximations or linear theory.

As the waves leave our computational box they are found to be decaying roughly as 1/d’, where d is the
distance of propagation from the impact point (Fig. 7). We feel that this is actually an underestimate to their true
decay rates because the effects of bottom friction, wave breaking, and viscosity are not taken into account in
these calculations.

This wave-train complexity, the fact that the wavelength of the wave is not very much longer than the basin
depth, and the fact that the wave amplitude is larger than the usual approximations would allow, imply that these
waves cannot be treated by the usual methods for calculating tsunamis. In fact, though they are very large and
dangerous waves, they are not really classical tsunamis at all. The wave phase velocity falls significantly short of
the shallow-water wave speed in the 5-km-deep ocean (Fig. 8). Because of their lower velocities, shorter
wavelengths and periods, and the early rise of high-frequency components in their wave trains, the long-distance
propagation of asteroid-impact “tsunamis” cannot be taken from conventional tsunami propagation calculations.

The large scatter among the points in Figures 7 and 8 comes from the use of surface tracers to diagnose the wave
characteristics. Because of the highly turbulent nature of the flow, these tracers do not execute wave-like orbits,
and a significant amount of randomness is introduced by the choice of initial positions for them.

Further, the initial very large amplitudes mean that these waves will break in the open ocean. Some evidence of
that is seen in Fig. 6 above, and is readily apparent in our movies of these calculations. If the bottom is irregular,
the effects of breaking will be significantly greater.
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Fig. 7. The wave heights produced by asteroid impacts decay roughly as d™° independent of
projectile size, composition, or energy.
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Fig. 8. Asteroid impacts do not produce classical tsunamis with the shallow-water wave speed
\/gD (=221 m/s in the 5 km deep ocean). Waves produced by asteroid impacts have shorter
wavelengths and lower speeds.

However, because it is still of interest how dangerous asteroid-impact induced “tsunamis” can be across ocean
basins, we can take the decay index of —1.5 from Fig. 7, the 10-km wave height from Fig. 5, and extrapolate to a
distance of 1000 km (Fig. 9). I emphasize that this is not a wave propagation code, and the raw extrapolation is
likely to exaggerate the wave heights at great distance because of the effects mentioned above, so the advice



given here is highly conservative. Further, recall that the waves produced by impacts are not tsunamis because
they have much shorter wavelengths and periods. Accordingly, propagation over such great distances is
extremely uncertain, and run-up effects will be significantly less important. These waves, if they make it to a
distant shore, will much more closely resemble the storm surges from great tropical storms than classical
tsunamis.
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Fig. 9. Long distance propagation of asteroid impact tsunamis suggests that the right threshold
for worry is ~500m for a projectile of ordinary composition and speed. Comets at much higher
speeds could be trouble at even lower diameters, however.

The result of the extrapolation suggests that 300 m diameter asteroids with ordinary composition (stone or ice or
a combination) and speed (less than 25 km/s) are unlikely to produce 1m waves on distant shores, comparable in
other words to storm surges. The threshold for worry about devastating ocean basin effects is well over 500 m
diameter for asteroids of ordinary composition and speeds. Of course comets, at much higher speeds, may be
trouble at significantly smaller diameters.

The asteroid that produced the Eltanin deep-water impact, which was probably greater than a kilometer in
diameter, should still have produced significant waves on the coasts of Chile and Antarctica. Deposits from these
have not as yet been found, but they may be difficult to recognize.

V. Conclusions

Waves produced by asteroid impacts in the deep ocean, though commonly called tsunamis, are significantly
different from classical (“endogenic”) tsunamis in at least three respects:

(1) Their radiation pattern is circularly symmetric, even from oblique impacts, unlike the highly directional
nature of tsunamis produced by earthquakes and landslides. This implies that the energy of the wave will be
evenly spread in all directions and therefore free of the devastating focusing effects seen in tsunamis from great
earthquakes.

(2) The hypersonic nature of the source means that the coupling of energy into the wave is much less efficient
than in endogenic tsunamis. A significant amount of energy goes into vaporizing water and generating winds and
turbulence in the atmosphere. Shocks in the water, and mutually communicated between the water and the
basement, also steal energy from the wave.

(3) The waves produced are of initial amplitude significantly greater, and wavelength significantly shorter, than
endogenic tsunamis, and their long-distance propagation will not be as effective. Such strongly peaked waves
will break in the open ocean, especially when the sea bottom is irregular, and interaction with atmospheric winds



(Kelvin-Helmholtz instabilities, in particular) will steal energy from these waves.

The calculations done for this paper, and our previous work, lead us to the following conclusion. Across ocean-
basin distances, asteroids of diameter less than 500m should not be considered a catastrophic threat. “Ordinary”
civil defense measures, such as applied by regional authorities in tropical storms, should be adequate to deal with
the waves from smaller bodies for most exposed populations. Additionally, warning times of days (or hours in
the worst case) will be available for preparations to be made. Cities significantly near an impact point for such an
event are of course in dire straits, but regional evacuations can (at least in principal) cope with the problem.

It is only for asteroids of diameters significantly greater than 500 m (and comets of significantly lower mass if
they come in at twice the speed) that possible ocean-basin-wide danger exists, requiring international
preparations. This threshold may be revised upwards if no Eltanin tsunami deposits are found.
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