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To date, no attempt has been made to explore possible constraints 
on maximum water depths for tsunami-generated sedimentary 
structures of various sediment grain sizes, in terms of estimated 
wavelength and amplitude of potential bedforms. This paper ex
plores some possible quantitative limits on threshold velocities for 
sediment movement at specified water depths, assuming Airy wave 
theory which treats tsunami waves as shallow-water, small- 
amplitude, long-wavelength waves. Such a treatment suggests that 
the passage of tsunami waves is unlikely to entrain sediment 
coarser than fine sand to coarse silt in water depths in excess of 
200 m. Although fraught with theoretical difficulties and a lack of 
observations of modern sedimentary bedforms attributable to 
known tsunamis, this paper is presented to stimulate debate rather 
than provide definitive answers.

‘T sunam i’ is th e  Japanese  w ord fo r ‘harbou r w ave’, derived 
because o f the  am plification o f  w ater level com m only 
associated w ith th e  passage of such waves from  th e  open  sea 
in to  restric ted  coastal em baym ents. T sunam is a re  genera ted  
by catastrophic, geologically instan taneous, d isplacem ents of 
th e  seafloor. T h e  largest tsunam is are  re la ted  to  seism ogenic 
activity associated w ith large-scale faulting and  displacem ent 
o f  th e  seafloor over large areas , ra th e r than  to  explosive 
volcanism .

M eteorite  im pacts in or n ear th e  sea can genera te  
tsunam is, as postu la ted  for th e  ‘tsunam i deposit’ a t th e  
C re tac eo u s-T ertia ry  boundary , B razos, Texas (B ourgeois et 
al. 1988). B ourgeo is et al. (1988) calculated  th a t a 10 km  
d iam eter m eteo rite  im pacting in th e  ocean up  to  5000 km  
aw ay could have produced  th e  conditions necessary  for 
deposition  o f th e  sandstone bed (two am algam ated  beds) in 
Texas. T hey  no ted  th a t a m ore proxim al im pact in shallow er 
w ater o r o f a sm aller ob jec t could p roduce th e  sam e effect.

O f the to ta l num ber o f seism ic events affecting the 
seafloor, relatively few actually  p roduce d e tec tab le  tsu n a
mis. T he m ost tsunam i-prone region o f th e  w orld today  is 
th e  Pacific O cean  basin which is rim m ed by active 
continental m argins, island arcs and m arginal basins.

D uring  a tsunam i-generating  seism ic even t, th e  vertical 
d isplacem ent o f th e  seafloor m ay be d is tribu ted  over a w ide 
a rea  from  w hich waves p ropagate  ou tw ards. A fte r a  few 
hundred  k ilom etres o f travel from  th e  ep icen tre , the 
w aveform s ap p ea r to  p ropagate  as radially-spreading waves. 
In th e  Pacific O cean , w here w ater dep th s a re  generally  
ab o u t 5.5 km , typical wave speeds are  ab o u t 230 m s -1 (c. 
15% speed o f sou n d ), with observed nearsho re  w ave periods 
o f  15-100 m inutes (A pel 1987).

In  Jap an , th e re  is a large database  on tsunam is 
(inundation  o r run -up  heights), and  it has been  found  th a t 
th e  inundation  values vary no t only regionally  bu t also

locally for a single even t w ithin a 10-20 km stretch  of 
coastline. This variation  is a function o f w ave refraction , 
resonance and  non-linear effects due to  topographic 
irregularities on  various scales (K ajiu ra  1983).

Tsunam is have long w avelengths (o f th e  o rd e r o f 
200 km ), and in th e  open  ocean sm all am plitudes 
(decim etres); thus tsunam is a re  essentially  undetec tab le  by 
ships a t sea. A s tsunam is approach  th e  shelf and coast, 
how ever, th e  ab ru p t shoaling o f w ater dep ths causes a 
d ram atic increase in w ave am plitude as the uniform ly 
d istributed  w ave energy  (from  top  to  bo ttom ) is 
com pressed. T sunam i waves m ay be  enhanced  if they are  in 
phase w ith th e  sem idiurnal tidal cycle.

A  critical p rob lem  concerns possible aspect ratios 
(am plitude/w avelength) o f  sed im entary  structu res produced 
by tsunam is, the  solu tion  to  which depends upon obtaining 
reliable data rela ting  w ave heigh t to  w ate r dep th . Such data 
can then  be used to  infer w avelengths o f tsunam i deposits in 
specified w ater depths. A lthough  d a ta  o f th is kind have been 
available fo r som e tim e, they  have n o t yet filtered into the 
geological lite ra tu re  to  b e tte r  constrain  discussion of 
tsunam i-generated  sedim entary  sfructures.

This paper considers, using A iry w ave theo ry  and some 
data  from  know n historic tsunam is, th e  aspect ratios of 
sedim entary structures form ed in certa in  grain-size popula
tions, which m ay result from  the  passage o f a  tsunam i over 
th e  seafloor. Secondary w ater m ovem ent, such as tha t 
generated  by backflow from  shallow -w ater and  coastal 
set-up, together w ith offshore-directed surges and associated 
sedim ent gravity flows (e .g . tu rb id ity  cu rren ts) , will be 
capable o f generating  a big range in bedform  aspect ratios. 
It seem s intuitively likely th a t back-flow  surges could be of 
sufficient m agnitude to  m ove all norm ally  available grain sizes 
and  to  p roduce a very heterogeneous assem blage of bedform s. 
Such secondary bedform s m ay form  th e  bulk  o f  tsunam i
generated  structures, bu t are beyond  th e  scope o f th is paper.

Chilean tsunami, 24 May 1960. O ne o f th e  best docu
m ented tsunam is o f historic tim e was th a t w hich resulted 
from  a m ajo r C hilean ea rth q u ak e  on 24 M ay 1960 (see 
papers in T akahasi 1961). T ha t ea rth q u ak e  was o f m ag
nitude 8.5, orig inated  on th e  continen tal shelf betw een 
Concepcion (37°S) and C astro (43°S) off C hile, and the 
w ave fron t travelled  across th e  Pacific O cean as show n in 
Fig. 1. Off th e  C hilean coast, th e  ea rth q u ak e  caused local 
uplift o f 1 m , and subsidence elsew here o f abou t 1.6 m 
(T akahasi &  H ato ri 1961).

A  study o f th e  arrival tim es fo r th e  tsunam i along the 
coast of Japan  (T akahasi & H a to ri 1961) show  th a t there 
was a tim e delay caused by th e  refraction  o f th e  wave 
fron t over the  Izu -B o n in  and M arianas island arcs. Inun 
dation  heights fo r the tsunam i waves along th e  Japanese 
coast w ere up to  3.8 m , w ith rep o rted  inundation  heights 
a t Isla M acha and M ehuin , C hile, o f m ore  than  20 m and 
15 m , respectively. Typical rep o rted  w ave periods range 
betw een 40-80  m inutes (tab le  4 , T akahasi &  H atori 
1961). T he inundation  heigh t is no t th e  sam e as th e  wave 
height p rio r to  th e  tsunam i w ave surging and breaking 
onto  th e  coast: th e  wave heigh t will be  considerably less, 
bu t its value for a given w ater dep th  offshore is rarely 
docum ented.

Tsunam i waves are reflected  no t only at th e  coast bu t 
as a result o f im pinging upon  subm arine ridges. W ave
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Fig. 1. Wave front of 1960 Chilean tsunami in the 
Pacific Ocean. Arrival times for the initial rise or 
fall of the mean w ater level shown as Greenwich 
Mean Time (GMT) from epicentre X. Redrawn 
from Takahasi (1961).

reflection appears m ost effective w hen the  w idth o f a 
ridge, a t typical shelf dep ths, is 0 .1 -0 .2  o f th e  wave len
gth (Takahasi &  H a to ri, in T akahasi 1961, p. 23). T he 
C hilean tsunam i o f 1960, w ith a w avelength o f ab o u t 
500-800 km and  w ave period  o f up  to  80m in , shoaled  from  
4500 m w ater dep th  to  im pinge on th e  Izu -B o n in  island 
arc  (ridge) w ith a  w idth o f 100-150 km . Since the  ra tio  of 
ridge-w idth to  w avelength was 0 .1 -0 .1 5 , th e  long period  
waves w ere reflected  very effectively a t the  Izu -B o n in  is
land arc.

Ida  & O h ta  (In  T akahasi 1961, p . 108) calculated  tha t 
th e  C hilean tsunam i caused a w ave o f  c. 40 cm am plitude 
from  a wave o f period  60m in  in a w ater dep th  o f 1000 m , 
about 35 km  off th e  coast o f Jap an  a t M aisaka. F u rth e r
m ore, they calcu lated  th a t a  w ave o f period  60m in  w ould 
produce an approxim ately  65-70  cm am plitude w ave in 
200 m w ater dep th  (figs 6 &  7, p . 117, Id a  & O h ta  1961).

Wave parameters, water depth. T h e  long w avelength of 
tsunam i waves com pared  to w ater d ep th , even in the 
deepest parts o f th e  oceans (an o rd e r o f m agnitude 
difference), and  the ir sm all am plitude, allows th e  applica
tion o f shallow -w ater (sinusoidal) A iry w ave theory . T he 
equations used h ere  a re  m ainly those sum m arized in tab le  
l- I I I  by A llen (1984), M asuda & M akino (1987) and from  
Clifton & D ingier (1984).

In shallow  w ater, th e  w avelength o f  a  w ave can be 
expressed as (D yer 1986):

g T 2
L  =  tanh  (kh )

2 k
(1)

w here L  =  w avelength in  w ate r dep th  h; T  =  w ave period ; 
tanh  =  hyperbolic function  (e* -  e~*)/(e* +  e - *); k  =  rad ian  
wave num ber =  2k / L .

F or deep-w ater w aves, w here  h «  L  ( h /L  >  0 .25), tanh  (k h )  
tends tow ards un ity , th e re fo re  eq . (1) simplifies to:

L
~  2 k

w here L 0 = w avelength in  very deep  w ater.

(2 )

L  can also be expressed as a function  o f  L„ and h  (this 
form ula is an approxim ation , K om ar 1976 pp . 4 2 -4 4 ), such 
that:

L  =  L 0[tanh (k0/z)]c (3)

w here k 0 = 2k / L 0.
W ave heigh t, H , in a know n w ater d ep th , h, can be 
expressed as a function  o f the w ave heigh t in very deep 
w ater, H 0:

(4)H  =
(4 k 0h f

E quation  (4) is based o n  th e  assum ption th a t th e  energy flux 
of a w ave (tsunam i w ave in this case) rem ains constan t as 
th e  bo ttom  shoals. In reality , there  m ay be  a significantly 
large am ount of energy dispersion due  to  w ave in teraction  
w ith th e  bo ttom  sedim ents, bu t this will serve only to  reduce 
th e  w ater dep ths a t which tsunam i waves can m ould 
bedform s on th e  seafloor. D yer (1986 p. 99) expresses the 
energy flux per un it length  of Crestline o f  a  w ave, E , as 
E  = pga2/ 2, w here p  =  fluid density , g =  gravitational 
acceleration , and a =  w ave am plitude, a = H /2  and  the 
energy flux is thus p ropo rtiona l to  cH 2, w here c = wave 
celerity. F or shallow  w ater w aves, c  =  (gh )05, which gives:

H 2(ghxf 5 = H 2(gh2f 5 o r H \h x =  H \h 2 (5)

T he heigh t of a tsunam i w ave in th e  open  ocean , say in a 
w ater dep th  o f H x, is ob ta ined  such that:

H \ = H2(h2l h 1f (6)
w here h¡ = ocean w ater dep th ; H2 =  w ave heigh t above the 
shelf; h 2 =  shelf depth.
For exam ple, if H2 = 6 m , h i = 5000 m , and h 2 — 10 m , then 
Hi is approx . 1.27 m.

W hile A iry wave theory  is specifically applicable to 
relatively small am plitude waves in deep  w ater, it  does 
provide a reasonable  approxim ation to  m easured  orbital 
d iam eters, and near-bo ttom  maxim um  velocities, for waves 
o f finite am plitude in  shallow  w ater (C lifton & D ingier 
1984). In A iry wave theory , the o rb ita l d iam eter a t the
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seafloor, d 0, is re la ted  to  th e  w ave am plitude, H , w ater 
dep th , h, and w avelength, L ,  in a  specified w ater dep th  as 
follows:

d  H  m
0 sinh(2  n h /L )

w here sinh is th e  hyperbolic function 0.5(e* -  e~*). 
Calculating d 0 and  assum ing orb ita l w ave theo ry  (w here d0 is 
re la ted  to  characteristic  length  o f a bedfo rm , A) allows an 
estim ate of th e  w avelength o f a bedfo rm  (M iller & K om ar 
1980), using th e  em pirical equation :

A =  0.65do (8)

This equation  m ay be inapplicable to  very  long-w avelength, 
low -am plitude, bedform s for which no observational data 
are  available. C lifton  & D ingier (1984) suggest th a t orbital 
ripples are re la ted  to  th e  m ean  grain size D , and  form  under 
conditions w here th e  ratio  o f d j D  is in th e  range 100-3000 
o r m ore. O rb ita l ripples have a w avelength  th a t can be 
expressed as som e function  of th e  orb ita l d iam eter o f the  
oscillatory fluid m otion  th a t generates the bedform . Finally, 
an estim ate o f th e  m axim um  horizontal o rb ita l velocity near 
the seafloor for shallow -w ater, um, can be ob ta ined  (W iegel 
1964, tab le  I-III in  A llen  1984):

-  ■
H e  
2 h (9)

wave speed =  (gh)05\ g  =  
h =  w a te r dep th ; H  =  wave

= w a t e r  d e p t h  ( m e t r e s )

w here c =  shallow -w ater 
gravitational acceleration; 
height.

U sing the above equations and  available d a ta  fo r m easured  
wave heights in estim ated  w ater dep ths, it is possible to  
calculate th e  w ave param eters H 0 and L 0, using eqs. (1) and 
(2) fo r the  very deep  open  ocean , th en  substitu te  these 
values in to  eqs. (3) to (7) to  estim ate  the  w ave param eters 
fo r any specified w ater dep th .

A ssum ing a w ave period , T  =  4 0 m in  (2400 s), a  wave 
height, H  = 6 m , w ater d ep th , h = 10 m , w avelength in very 
deep  w ater, L 0 from  eq. (2) (based  on  d a ta  from  th e  1960 
C hilean tsunam i along th e  SE  coast o f Jap an ) , th en  using 
eq . (4), the w ave height in very deep  w ater, H 0 =  0 .44m . 
T hus, a wave heigh t o f 6 m in coastal w aters would be only 
of th e  o rder o f decim etres o u t in  th e  open  ocean . O btaining 
a value for H a (0.44 m ) enables a calculation  o f  the  wave 
height in any given w ater d ep th , say 500 m , H 500 = 2.28 m, 
from  eq. (4).

T he near-bo ttom  orbital d iam eter, d0, is calculated from 
eq. (5), i.e . for the  conditions above, in 500 m w ate r depth, 
w ith L  =  1 . 7 x l 0 5 m ob ta ined  from  eqs. (2) and (3), such 
th a t d0 =  122 m. T he equilibrium  w avelength  associated with 
this orbital d iam eter, from  eq. (6), would be abou t 80 m. 
T hese values w ould give a m axim um  orb ita l velocity a t the 
substrate , from  eq. (7), u m -  0.16 m  s -1 for a  w ater depth  of 
500 m.

U sing reasonable  values o f tsunam i w ave height in

Fig. 2. Graphs of maximum orbital velocity, um in m s-1 , at the sea 
floor against water depth, hx in metres. These graphs show that at 
depths greater than about 200 m maximum, velocities and related 
shear stresses at the seafloor would probably not be sufficient to 
entrain/transport sediment coarser than silt-grade. Cohesive muds 
would also be difficult to erode.
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coastal w aters, it is possible to  construct a  series o f graphs 
fo r u m against w ate r dep th , h (Fig. 2). T he principal 
conclusions th a t can be  draw n from  such graphs are: (a) for 
reasonable values o f  H  and T, it is unlikely th a t velocities at 
th e  seafloor w ould be  sufficient to  m ove sand g rea te r than  
coarse silt to  very  fine sand in w ater dep ths g rea te r than  
200m  (i.e ., below  th e  shelf b reak), and (b ) th e  w avelength 
o f bedform s associated  with the passage o f tsunam is over 
th e  seafloor will typically be o f th e  o rd e r o f 50-100  m.

Discussion. A lthough , in theory , bedform s produced  as a 
direct result o f  th e  passage o f tsunam i waves over the 
seafloor m ay possess predictable bedfo rm  aspect ratios 
tha t are re la ted  to  th e  wave param eters, th e  coastal set-up 
o f  w ater and th e  subsequent back-surge offshore m ay be 
of sufficient m agn itude  to  genera te  o th e r sandy bedform s 
in any w ater d ep th . U ndoubted ly , the back-surge o f w ater 
can generate  various sedim ent gravity (unidirec tional) 
flows which in te rac t with th e  essentially long-period  (os
cillatory) w ave activity o f the tsunam i. Such structures 
p robably  possess attribu tes th a t a re  difficult to  quantify  
and pred ict, b u t m ay be sim ilar to  those  in ‘tem pestites’ 
produced  by storm -surge ebb currents.

T he topography  o f the seafloor im m ediately  p rio r to 
th e  passage o f a tsunam i w ave will be an  im portan t factor 
in controlling th e  natu re  o f any sedim entary  structures 
which might be  genera ted . A  know ledge o f b o ttom  fric
tion  under w ave action  is required  in o rd e r to  fully u n d er
stand sedim ent m ovem ent and w ave m odification. T he 
case fo r lam inar flow is reasonably  well understood , 
w hereas the struc tu re  of th e  tu rb u len t frictional boundary  
layer under oscillatory flow is poorly investigated  (K ajiura 
1968), a case th a t is perhaps m ore ap p rop ria te  to  tsu n a
mis. Bagnold (1946), using an em pirical fo rm ula, p re 
sen ted  a quadra tic  friction law fo r oscillatory flow in the 
presence o f artificial ripples in which th e  friction 
coefficient decreases w ith increasing partic le  excursion dis
tance , i.e . w here  th e re  is an increase in  w ave period 
a n d /o r  the am plitude o f the velocity oscillation. This 
theoretical and experim ental w ork re la tes to  shallow  w ater 
w ave conditions and there  are insufficient d a ta  to  assess 
th e  rea l applicability to oscillatory flow associated w ith the 
passage of tsunam i waves.

Palaeocurren t analysis will prov ide th e  only reliable 
m ethod  of assessing the o rien tation  and  position  o f the 
shoreface/coastline  relative to  th e  shoaling d irection  o f 
tsunam i waves. T he shear stress at th e  loose boundary , o r 
sed im ent surface, associated w ith the  passage o f a tsunam i

will possess a strong  velocity-tim e asym m etry th a t renders 
any predictions ab o u t th e  in te rna l arch itec tu re  o f a macro- 
bedform  ra ther uncerta in . T he p robab le  scale o r  aspect 
ra tio  fo r tsunam i-generated  bedform s, assum ing A iry  wave 
theory , should be  k e p t in  m ind during field observations 
of suspected ancient analogues. F inally , w e accept tha t 
A iry wave theory  m ay n o t p rov ide  th e  best fram ew ork  to  
describe tsunam i-generated  m acroform s, and th a t for such 
structures X = 0.65do m aY also be inapplicable. M ore 
theoretical w ork m ust be  tied  to  field observations before 
o u r predictive m odel can  be  im proved.
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