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Abstract-Probability arguments would indicate that about T of the meteorite influx would land in 
the oceans, yet there is no obvious and compelling evidence for such events, especially for ~ =
that would, on land, be of the scale of tens of kilometers. The most dramatic effect of such a large 
impact would perhaps be the generation of a large tidal wave. This question can be studied by analogy 
with other, better-known phenomena. 

The formation of the transient crater should be similar to crater formation on land except for scaling 
due to the different response of the water to the shock wave generated upon impact. By analogy with 
underground and underwater explosions, crater shape should correspond to those on land, although 
the penetration of the meteorite and hence depth of burst is about greater in the oceans. 

The creation of the transient crater acts as a source for the oceanic waves; for small amplitude 
deformations, this is a well understood problem of classical fluid mechanics. For craters with depths 
on the order of the ocean depth, that formalism may be inappropriate. Nonetheless, it serves as a 
good guide to the possible generation of waves. 

The propagation of the oceanic waves is perhaps the aspect of the problem with the firmest theo-
retical foundation, a fact which may be read as an indictment. The complexity arises because of the 
manifest nonlinearity of the waves and the concommitant problem of deciding on the appropriate 
terms to be retained in the solution. This is complicated by the fact that the large waves encountered 
are not decisively in a particular regime of wave description. 

Smaller amplitude waves travel unimpeded; larger amplitude waves are significantly distorted by 
both frequency and amplitude dispersions. Examples are given of solutions for which these distinct 
modes of dispersion balance and thus yield steady state waves. It is apparently true that these waves 
become more localized than would be indicated by a simple scaling up of the linear equations. This 
concentration and the attendant somewhat delicate balance of forces may be interpreted as a desta-
bilizing influence on the waves as they shoal and approach shore. If this conjecture is true, it would 
imply that although solutions to the nonlinear wave equations are efficient propagators of energy in 
the open ocean, they are inefficient in transmitting that power to the shore. 

As noted above, there are several unsubstantiated hypotheses in this study; the point is to indicate 
the complexities of the problem and try to show how these difficulties might result in a conversion 
of the coherent wave energy into turbulence and thus tend to disparage catastrophic run-up. Some 
observations that may be relevant to this problem are given; most notably, the waves generated by 
oceanic volcanoes. 

When large meteorites strike the earth's surface they create an impact crater. 
These features have been intensly studied in the past decade and the phenom-
enology of such events is well understood. The impact of a large meteorite into 
the 70% of the earth's surface which is oceanic is less well understood. Most 
land impacts have been identified by a combination of criteria, including obser-
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vations of circular features in topography and geology and the identification of 
high pressure polymorphs and other shock debris. There is insufficient data for 
a similar search on the ocean floors; most of the sensing of the ocean floors has 
been magnetic in character, with the impetus provided by a search for the mag-
netic lineations characteristic of sea floor spreading. Given this bias-an attempt 
to search for linear features, and the aforementioned paucity of data-it is not 
surprising that there is, as yet, no indisputable oceanic impact crater. 

Previous studies of the dynamics of hypervelocity impacts and crater formation 
have shown the relative insensitivity to target material and of the necessity of 
employing hydrodynamic considerations in the calculation of the development of 
the cavity. Thus it should not come as a surprise that a transient crater formed 
in water is not so dissimilar in shape and size than its landed analogue. This is 
essentially the approach applied when the problem was first examined (Strelitz, 
1973) and repeated in brief here. 

The next section represents a departure from standard cratering work; here the 
unique properties of water are of interest. More precisely, the transient crater 
calculated above is permitted to relax and act as a source of oceanic surface 
waves. The formulation of this section is a straightforward adoption of Kranzer 
and Keller (1959) (and Lamb, 1932) who solved the problem of water waves 
generated by an initial deformation of the ocean surface. A previous report (Stre-
litz, 1973) pursued these waves to the shore and calculated run-ups, thereby 
answering the chief query of this problem-"Will a large meteorite impact gen-
erate catastrophic tsunami-like waves?" This result is briefly mentioned here; in 
its stead, there is a lengthy discussion on the adequacy of using linear wave 
theory for large amplitude waves and the potential that this change in hydrody-
namic regimes has for altering the results of the earlier report. In short, the effects 
of these new calculations are such that now it is not reasonable to look at possible 
run-ups. 

This is not a rigorous study or complete computation simulation of the mete-
orite impact in the ocean problem although at times it does assume some of those 
trappings. Rather than offering conclusive proof, we seek to show when it is 
appropriate to scale up or apply certain simplified equations and when it becomes 
important not to do so. 

CRATER FORMATION 

Under the conditions of hypervelocity impact, it is not unreasonable to assume 
that the gross behaviour of the target material will be the same for typical geologic 
materials as it is for water. Hence, the transient crater in the ocean will be similar 
in excavation and shape but not size to its landed counterparts. This is the fun-
damental assumption of this report, and represents expediency as well as insight. 
Without detailed knowledge of the crater shape as it develops [see Fig. 1 for a 
small scale experiment], there is no point in speculating about the details of the 
formation; furthermore, the mathematics describing how such a crater would 
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Fig. l. Experimental study transition between initial cavity and outgoing wave train due 
to an explosion at x = 0, y = .5 [distances in feet; water depth = 8']. Times are in 
1/64 of seconds. [From LeMehaute, 1970.J 

relax and thus act as a wave source includes the initial deformation as an ad-
justable parameter [eq. 4]. 

It should be noted that the derivation is for an impact into a half-space of fluid 
and consequently neglects effects due to both the bottom of the ocean and the 
finite size of the oceans. It is unclear just how severely this might curtail the 
range of bodies studied. 

With these caveats in mind, the true nature of this exercise may be revealed: 
to calculate the size of the transient crater for a given impact. The dimensions 
in tum are related to the depth of burst, or in impact terms, the point at which 
the rarefaction wave behind the shock wave in the meteorite has traversed the 
entire impacting body and thus effectively unloaded it into oblivion. This is ad-
mittedly a highly simplified scenario, but it should suffice. 

The passage of the shock wave in the meteorite may be determined by applying 
the relevant conservation equations from continuum mechanics. Following Shoe-
maker's (1960) analysis, the system can be described in terms of the particle 
velocities and compressibilities. The necessary parameters for this work include 
(eq. 9, p. 430 Shoemaker) 

D 2 . (p 1 ). - = - (u - µ,)(1 - SJ-~+ mo1Pxo 
L Um 
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where Dis the depth of penetration, L is the "length" of the meteorite, u is the 
shock velocity into the ground, µ, is particle velocity, and Ox is the compression 
of target, and where u and µ, are related to the initial velocity of impact v by 

(2) 

(3) 

The values for Om and Ox come from the Hugoniot curves (in this case, they 
are extrapolated well beyond the prudent level) for iron, assuming a metallic 
meteorite (Altshuler et al., 1958) and water (Walsh and Rice, 1957). After solu-
tion, the value of D/L can be seen to be similar to that of an impact on land, 
albeit deeper (Table 1). 

From this analysis, it would seem that the oceanic and terrestrial craters are 
similar. However, if one includes the zero cohesive strength of the water, much 
of the excavation may be due to the detached shockwave subsequent to the 
complete disintegration of the impacting body. Such defects could increase the 
size by up to an order of magnitude according to the results of O' Keefe and 
Ahrens (1979) on Sand and other weakened material. The lack of strength might 
also manifest itself in an increase in the amount of material removed along the 
sides, thereby making the crater more shallow (Schultz, pers. comm.). Because 
these both imply a much longer formation time, the approximation that the crater 
is an instantaneous creation may be inadequate. Even so, this is the approach we 
will use. 

INITIAL RELAXATION 

Once the transient crater has stopped growing or expanding, the ocean surface 
will return to equilibrium. The fluid in the vicinity of the source will overshoot 
the initial level of the ocean, fall again and continue to pulsate for some time. 

Tobie 1. Comparison of impact effects of an iron meteorite of mass M, mean 
dimension L into targets of sandstone and water at a velocity of 15 km/s. 

Event Sandstone Oceanic 

1. Penetration of shock into ground 1.48L 2.08L 
2. Leading face penetration .94L 1.5L 
3. Tailing face penetration .4L .9L 
4. Additional mass penetrated by break-up .5M .26M 
5. Compressive flow penetration 3.0L 4.2L 
6. Hydrodynamic flow 3.5L 5.0L 
7. Total of 6 + 7 6.5L 9.2L 
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This is depicted in Fig. 1 (taken from LeMehaute, 1970) based on photographs 
of the near source region following an underwater explosion experiment at a very 
small scale. 

The mathematical description of the waves due to the deformation is straight-
forward and can be found in Lamb (1932), the source book for much of the 
hydrodynamic discussion that follows. 

There are several essential points of interest in this analysis. First, it should 
be noted that the derivation of the source is for small scale perturbations for 
which horizontal accelerations may be neglected, a direct consequence of the 
matching of the source phenomena to the propagation effects. 

The next point is that the fundamental wavelength is on the order of the size 
of the disturbance. This sets up an upper limit on the wavelengths observed; 
dispersion introduces smaller wavelengths, so that the number of crests and 
troughs in each wave packet sensed increases with time and correspondingly, 
with distance from the source. Exclusive of geometric spreading, the total surface 
area is constant, a fact which may be derived from the uncompressibility of water 
and the fixed depth of the ocean. This converts conservation of mass to conser-
vation of volume. Consequently, the waves decrease in height at a rate controlled 
by both the distance and dispersion. Since dispersion is a function of wavelength, 
the size of the source plays a critical role in the development of the problem. 

Returning to the problem of the source, or more aptly, the effects of the non 
linear aspects of the source, it seems clear that the major effects would be to 
push a high but narrow mound of water outward from the source and to introduce 
a great deal of turbulence at the source as the horizontal velocities of the water 
inward crashed the opposite walls together, in contrast to the primarily vertical 
motion of small perturbations. 

The significance of these deviations from the mor~ standard case is hard to 
judge without doing the complete calculations although it is most probable that 
the net effect would be to decrease the amount of energy available for wave 
generation. 

Finally, there has been no mention of any coupling between the atmosphere 
and oceans. The shock wave (or pressure wave) confined to the near interface 
region can be a source of wave energy (Harkrider and Press, 1967) by acting as 
a moving variation in pressure. The magnitude of the waves thus raised depends 
on the velocity of this wave and its amplitude in relation to the relaxation time 
of the ocean. Observations of the waves raised by this coupling (ibid) indicate 
that it is not a trivial effect, but will very probably not result in catastrophic run-
up, unless the ultimate wavelength generated is much greater than that of Krak-
atoa, a result of the fact that run-up is sensitive to both wavelength and amplitude 
as well as to the coastal geometry. 

Despite these provisos and potential objections, the standard source model can 
be used as a first approximation, if only to give the flavor of the arguments. For 
smaller events (on the order of meteorite craters or about 1 km in radius), the 
formalism presented by Kranzer and Keller (1959) or Carrier (1977) is probably 
adequate at a distance from the point of impact. (A very nice derivation of 
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the simplified equation below is found in LeMehaute, 1970.) Starred quantities 
are measured and unstarred quantities (save D) are normalized to the ocean depth 
D 

1 kV(k) _ 
11(r,t) = dV/dkK=,\ 17(A) cos (Ar - t VA · tanh A (4) 

11 = 17*/D normalized wave height 
t = t* j g/D normalized time 
r = r*/D normalized distance 
k = 2TT/A = 27T/(A*/D) normalized wave number 
17 is the normalized Hankel transform of the initial displacement function 

(5) 

and V(k) = -1 v~k_ta_n_h_k + __ k_ l 
2k 2 cosh2k Vk tanh k 

(6) 

the particular value of k represents a steepest descent approximation to the actual 
integration over wave number and is found by determining the value of k such 
that 

V(k) = r/t (7) 
is satisfied. 

Despite its formidable appearance, there is no real computational barrier to the 
calculation of the wave train at any point. Again, the Green's function formu~ 
lation is suitable for small deformations for which the linear wave theory must 
be compatible. 

WAVE PROPAGATION 

The study of oceanic wave propagation is well developed but certainly not fin-
ished; indeed, the most interesting problems still extant are those most germane 
to this study. In view of this topicality and my own lack of expertise, I will not 
strive for definitive results but rather try to outline some of the problems en-
countered in the nonlinearity. 

Water waves are intrinsically nonlinear, arising not from the equations of mo-
tion in a homogeneous region but rather from the application of the boundary 
conditions at the air water interface. In the limit of small disturbances in ampli-
tude, the equations may be linearized; this is not the case in the meteorite impact 
problem. 

The difficulties alluded to above are not the result of any shortcoming of the 
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theory or equations describing the forces acting on the ocean surface; instead, 
the drawback lies in the decision as to which terms are to be retained in the 
equations and which approximations are to be made and how these relate to 
determining the domain of the applicability of the equations. It is unfortunate 
that the range of waves considered here are not unarguably in one particular 
range but rather straddle the most complex region of propagation (see Fig. 2). 
Because of this, it would be interesting and informative to know how the waves 
pass from one regime of propagation to another. This is quite beyond the scope 
of this report(er) and will consequently be considered only in the briefest and 
most naive fashion. 

There are two major classifications of oceanic waves: long waves (or shallow 
water waves) and deep water waves. The distinction is made on the basis of the 
parameter /3 = h2 /A 2 where his the water depth and 'A. is the wavelength, identified 
here with the size of the initial disturbance. Because this report is restricted to 
those impacts which do not penetrate the ocean floor, the depth of the crater is 
limited to h; as a result, 'A. is on the order of 3-5 times h. At the lower range of 
the crater size, /3 is quite large and deep water theory is applicable. In terms of 
the eventual fate of the wave energy, this case is more easily disposed of and will 
therefore be considered first. 

For small amplitude waves, the propagation of short waves is best described 
in terms of the dispersion relationship: 

I 
5 
I 

6¾ 

w 2 = (gk tanh kh)½ k = 21r/'A.. 
c2 = w2/k2. 

stokes 
waves 

max depth assumlnQ 77= A=l:5 

j 'I) )1., 1,5 

spray formation 

steepening a bore 
cnoidal waves formation 

sinusoidal '-:: 

2 5 8 
Alh 

II 15 

Fig. 2. Schematic diagram at propagation regime versus wave parameters. From Light-
hill (1958). 
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The second equation (eq. 9) gives the dependence of the phase speed on the 
wavelength, showing that the longest waves travel fastest. Thus as the energy 
propagates outward, the longest waves lead and the length of the wavetrain in-
creases. In other words, the waves disperse. In consequence, the average height 
of the waves must decrease because the water is incompressible and thus the 
area of the ocean (or in 1 dimension, the length of the ocean including the wave) 
must be constant. Briefly stated, as the actual number of peaks and troughs 
proliferate, the initial deformation must be distributed throughout the wavetrain 
which leads to a more rapid diminution of amplitudes than would be observed in 
the non dispersive case. 

It may be noted that the above analysis did not include the effects of large 
amplitudes. These effects will be considered below in the discussion of long 
waves. Finally, at the end of this section, the impact of the short wavelength on 
the eventual runup will be touched upon briefly. 

For longer waves, the effects of dispersion are very much decreased, enough 
so that one might not consider dispersion to be significant. For the values of /3 
appropriate to the problem at hand, these effects can not be altogether ignored. 
However, it is the introduction of the large amplitudes that causes a further kind 
of distortion, sometimes referred to as amplitude dispersion. It occurs, in a crude 
sense, in response to the variation in pressure due to the position in the wave 
above and below the equilibrium level, and generally results in a change in the 
wave shape. To quote Murty (1978-p. 13): 

The existence of periodic waves is limited by amplitude dispersion. That is, there is a tendency for 
each value of 'Y/ (the wave height) to propagate with a speed (g'Y))½ appropriate to the local depth 
(rather) than the speed (gh)½ appropriate to the mean depth. This dispersion, and the fact that the 
particle velocity is forward when 'Y/ is greatest and backward when 'Y/ is least leads to steepening of 
the wave until it becomes a hydraulic jump or bore. 

In essence, this is a description of wave breaking and the probable dissipation 
of the wave's energy into turbulence. However, the implications of the above 
statement are not strictly true in that there are other solutions to the long wave 
equation for large amplitude disturbances. These solutions include the joint ef-
fects of both frequency and amplitude dispersions and are best described using 
the Boussinesq or Kortweg-de-Vries (KdV) equations. The genesis and devel-
opment of these equations and all their many kindred is given a clear exposition 
in Whitham (1974, chap. 13); rather than try to repeat that herculean feat, we will 
just touch on some of the highlights. 

The study of the nonlinear wave is the study of the solutions of the KdV 
equation and its variants. The most straightforward of these solutions is that 
given by Kortweg and de Vries in their 1895 paper and is given in terms of the 
elliptic function 'cn(x)', hence the term cnoidal waves. For small amplitude 
waves, the en function becomes indistinguishable from the cosine function and 
hence describes ordinary sinusoidal waves. On the other hand, for situations in 
which the ratio of the waveheight to the wavelength (YJ/A = a) is close to {3, the 
wave function approximates a sech function and is called a solitary wave. 
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A more sophisticated analysis of the KdV equations has been performed more 
recently by several groups (Gardner et al., 1967; Zakharov and Shabat, 1972); 
their solution is similar in form to the solitary sech wave but, unlike that result, 
describes waves that do not interact and are thus pseudo-linear. These waves are 
called solitons and are the subject of much interest due to their apparent stability. 
In some descriptions (Yuen and Lake, 1975) these are really envelope solutions 
or modulations of the wave group for which the envelope is stable and propa-
gating, rather than the individual waves that compose the envelope. The results 
of Hammack and Segur (1977) and those reported by Whitham (1974) indicate 
that the number and amplitude of these solitons may be determined from the 
shape of the initial deformation and furthermore, for those initial conditions for 
which the original disturbance is everywhere below the level of equilibrium,. no 
solitons are formed. Thus, if solitons are generated, they are due to the lip and 
rim, not to the bowl-shaped crater. Since this depends on the time scale of the 
formations and the coherence (fallback vs. overturning), it represents a significant 
complication of the problem, requiring further study. At any rate, it should be 
realized that the solitons will be due to the coherent, positive features, not the 
main crater. 

One further question arises here: since the solitary sech waves are similar in 
both appearance and derivation (though possibly not identical) to solitons, it 
might be that sech waves are similarly unexcited by the crater like initial dis-
turbance. 

There is some reference in the literature (Whitham, 1976) to another putative 
source of difficulties in solitons, namely, the problem of the inherent instability 
of these waves as described by Benjamin and Feir (1967). This paper led some 
to make statements as follows: 

"There is an irony here. In the early years of this century, a vigorous controversy raged between 
Rayleigh and Burnside as to whether truly steady-state solutions existed that represented a finite-
amplitude surface wave train. It was finally proved by Levi-Civita in 1921 that such solutions did 
exist; now [in light of the Benjamin and Feir paper] it turns out that they are unstable." (Phillips, 
1974-p. 210). 

However, in a later work by Lake et al. (1977), this instability was further studied 
with the surprising result that the waves reformed or remodulated implying that 
what was thought to be a destabilizing process was really a cyclic one and there-
fore less deleterious. 

There are other forms of large amplitude long waves, a fact which can be seen 
graphically in the diagram from Lighthill (1958) (Fig. 2) giving the appropriate 
regimes for wave propagation. The most important of the as yet unconsidered 
areas on that chart belongs to the family of solutions describing Stokes' waves 
which results from modifications to the linearized long wave equations. To a 
certain degree, the method of solution is to expand the equations about a per-
turbation in the amplitudes and generate a sequence of equations. The problem 
that arises is just when this method of solution is appropriate. A simple analysis 
of the wave' s dynamics leads to a solution that describes the wave as eventually 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1979LPSC...10.2799S


1
9
7
9
L
P
S
C
.
.
.
1
0
.
2
7
9
9
S

2808 R. Strelitz 

and inevitably breaking because of the amplitude dispersion mentioned by Murty 
(1978) above. Yet such waves are seen to exist and thus there is some confusion 
in the field as to the real nature of the stability of these waves. To wit: (Whitham, 
1974; p. 457). 

This breaking phenomena is one of the most intriguing long-standing problems of water wave theory. 
First, when the gradients are no longer small, the approximation (of an expansion to first order in /3) 
is no longer valid, so the solution of the simple nonlinear wave equation should cease to apply long 
before the breaking occurs. Yet breaking certainly does occur and in some circumstances does not 
seem too far away from the description of the nonlinear equation; moreover, bores, breakers and 
hydraulic jumps are sometimes well described by the associated shock conditions. But the shallow 
water theory goes too far: it predicts that all waves carrying an increase in elevation break. Obser-
vations have long established that some waves do not break. So an invalid theory seems to be right 
sometimes and wrong sometimes. It is not hard to see how the neglected dispersion effects inhibit 
breaking in the simple theories including some of these effects, they in turn go too far and show that 
no waves break. 

It is hard to judge just what happens to finite amplitude waves in the deep ocean. 
They do tend to change shape and do attain maxima and sharp edges or comers 
but exactly what leads to stability or instability depends on the details of the 
structure. In view of this uncertainty, it might be reasonably inferred that there 
is a degree of inherent instability in the formation of Stokes waves. What form 
this instability takes, especially in the rapidly changing conditions of the approach 
to the shore, is a problem that will be considered in the section on run-up. 

In a very simplistic fashion one can examine the sort of scale lengths involved 
in the breaking of the Stokes waves by using some simple approximations. The 
dispersion relationship for waves with non-negligible lengths and amplitudes is 
(Whitham, 1974). 

w 2 = gk tanh Kh [1 + f(K) K2a2 + .. ]. 
f(K) = (9 tanh4 Kh - 10 tanh2 Kh + 9)(8 tanh4 Kh). 

(10a) 

(10b) 

For values of the wavelength at about h, the hyperbolic tangents are close to 1; 
for longer waves (to about 5h), f(K) is quite close to 1. In view of this, we shall 
neglect dispersion for the moment; in practice, this entails setting tanh kh = 1 

(11) 

In this case, the dispersion is due only to the waveheights, if the term in µ, is 
ignored. In another derivation, Officer (1976) gives the velocity, this time in 
nonnormalized units as 

a= VgD(l + ~;). (12) 

The significance of this distortion may be determined by considering a case 
which does not really exist but will illustrate the point. High amplitude waves do 
not propagate as pure sinusoids; nonetheless, consider an initially sinusoidal wave 
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of length A and height TJ. Using Eq. 12, we will calculate the number of wave 
periods that the wave can propagate before the trough and crest line up. 

At any time t, the position of the crest (TJ > 0) is relative to a coordinate system 
with its origin at the point midway between the crest and trough 

- >../4 + at = - + VgD ( 1 + ½TJID )t (13) 

(see Fig. 3). Similarly, for the trough 

>../4 + at = A/4 + VgD(l - 3/2 TJID)t. (14) 

Equating the two and setting t in terms of wave period or mean velocity a 

A 
t =mT =m--VgD (15) 

_ r-:;::;: m>.. ( 3 TJ ) A . r-:;:;; m ( 3 TJ ) -A/4+vgv-- 1+- =-+vgD-- 1--VgD 2D 4 VgD 2D 
(16) 

or solving for m 

m = Dl6TJ. (17) 

For a 100 m wave in an ocean 3.6 km deep, m = 6 (Fig. 4). This is an upper 
limit because a wave becomes unstable long before it becomes vertical and turns 
into a hydraulic bore, another unstable form fraught with turbulence and other 
dissipative mechanisms. 

RUN-UP 

If the calculation of wave shape on a homogeneous ocean is difficult, then the 
determination of the effect of an arbitrary coastline and beach profile (transition 

T 
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I 

0 
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Fig. 3. Change in wave profile according to simplified nonlinear theory. 
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Fig. 4. Graph of m, number of wave periods until bore develops, versus T/, wave height 
(m) for 1st order linear large amplitude wave theory in an ocean of D = 3.6 km. 

between ordinary ocean bottom and the shoreline) must be inseparable. More-
over, since the parameter of interest is when the waves will break, it is nearly 
unthinkable to consider the problem. Even with these difficulties, some state-
ments can be made about the effect of run-up. 

First, it is true that the shortest waves break farthest from the shore, and thus 
fail to deliver their energy to the shore. The cutoff point for when the wavelength 
permits a close approach to shore is a difficult quantity to calculate. Nevertheless, 
it is clear that the source area of meteorite impact is quite (300 km2) far removed 
from that of a large undersea earthquake ( ~3 x 104 km2) and thus the wavesizes 
and length will be markedly different. 

Considering the diagram by Lighthill (1958) (Fig. 2), for propagation in the 
deep ocean the evolution of the wave can be described best by a nearly vertical 
line as attenuation dominates wavelengthening. By the same token, encounter 
with an inclined coastal profile would be described by a horizontal if the wave 
did not change shape or height. This is clearly not the case, but it might help 
illustrate the point. The range most appropriate to somewhat diminished waves 
away from the source is bordered to the right by turbulent flow in the form of 
bores. The cnoidal waves are stable for small values of h but are of ever decreas-
ing amplitude, similar to those of the lower amplitude sinusoidal waves. With this 
admittedly naive argument and Jeffreys (1924) statement that breaking is depen-
dent on the amplitude of the approaching wave, it might be argued that the 
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comparatively steeper and hence more prone to instability meteorite waves are 
more likely to break offshore than the more tractable and sinusoidal waves due 
to undersea earthquakes. 

TSUNAMIS 

Perhaps the most forceful argument for the potentially catastrophic consequences 
of meteorite impact in the ocean is the existence of tsunamis from earthquake 
sources (primarily) and, to a lesser extent, storms and volcanoes. A comparison 
between these variegate phenomena is consequently in order. 

Although the most dramatic evidence for motion in an earthquake is along the 
fault trace, there is appreciable deformation over a wide region surrounding the 
visible fault, especially for the thrust events which are generally conceded to 
have the most tsunamigenic potential. Thus the source region for a large earth-
quake is many times larger than the fault length. It is this large source area and 
concommitant large volume of water displaced that causes the widespread dam-
age due to tsunamis. This is a result of two effects, the first of which concerns 
the ''piling up of water'' by the long waves as the forward part slows down in 
response to the decreasing depth, which is more severe for the longest waves 
which travel fastest. The other issue concerns the position at which waves break; 
the longest waves can approach closer to the coastline without breaking and thus 
dissipating. This latter approach is one put forth by Jeffreys (1924); one difficulty 
with both these analyses is that they are for initially linear waves. In essence 
then, the potency of earthquakes as sources of tsunamis is the result of the large 
source area. 

More relevant to the discussion of large meteorite impacts is the effect of 
volcanoes that erupt in an undersea or coastal environment. There are two ex-
amples which leap forth: Krakatoa and Santorini (Them), both of which occurred 
in historic times. In each case, both from direct evidence such as accounts and 
archeology and indirect sources such as continuity in the historic record, it is 
clear that damage was limited to sites near the source. In particular for Krakatoa, 
the preponderance of the wave borne damage was felt in the Sunda Strait (see 
Fig. 5); there are no reports of catastrophe on other parts of the archipelago 
(Wilcoxson, 1966). For Thera, although Crete was very hard hit, there is no 
record of comparable damage in Egypt, Carthage, Sicily or other contempora-
neous civilizations. Indeed, from the statements in the Atlantis legend that the 
nation destroyed was very far away, it may be inferred that these nearby civili-
zations emerged nearly unscathed from the calamity. 

The question of how to describe the source is much more complicated than has 
been considered previously. The source is generally treated as concentrated, 
static phenomena-either a deformation of the surface with no initial velocity or 
a localized pressure source. For a shock wave source, it is not clear that the 
approximation that the fluid immediately beneath the surface layer is unperturbed 
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Fig. 5. Map of the Krakatoa region. Towns marked were sites of catastrophic tsunamis 
(>30 m). Other areas were not so grossly affected, giving an indication of the localization 
of effects and the rapid transition from nonlinear, large amplitude waves to a more 
normal wave regime. 

is valid; again, the problem is essentially the dichotomy between analytic models 
and complex numerical integration schemes. For small impacts, on the order of 
Meteor Crater in Arizona for which the transient crater does not impinge upon 
the bottom, there is justification for this approach, both from an analysis of the 
magnitude of terms and from scaled tests. For larger events in which the finite 
depth of the water has a palpable effect, it is probable that the source is much 
less easily described. It is analogous to cut-off sizes for melt sheets, rings and 
central peaks for terrestrial (land) craters. The most likely effect is that for these 
events the source cannot be described in terms of a simple relaxation and equi-
librium of the water's surface. The ultimate effect of this is well beyond the scope 
of this report. 

Finally, if the high amplitude waves break in the open ocean or far from shore 
and dissipate a large but unknown amount of energy into turbulence, it is still 
important to know the eventual fate of the wave energy. Given the complexity 
in calculating nonlinear waves and in determining the conditions for breaking and 
bore formation and evolution, it is not possible to write an expression for the run-
up due to an arbitrary impact. I have tried to indicate the flavor of the arguments 
in this preliminary report in an attempt to explain the lack of obvious catastrophic 
run-up evidence, assuming, of course, that the earmarks of the quarry were 
known. 
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