Recommendations for future research on volcanic tsunami deposits

James E. Begét

Alaska Volcano Observatory

and

Dept. of Geology and Geophysics 

University of Alaska

Fairbanks, AK.  99775-5780

ffjeb1@uaf.edu

Nature and Significance of Volcanic Tsunamis


Tsunamis are produced by a variety of eruptive and non-eruptive processes
 at volcanoes.  Volcanic tsunamis, like tectonic tsunamis, typically occur with little warning
 and can devastate populated coastal areas at considerable distances from the volcano.  About five percent of all historic tsunamis, including some of the most destructive tsunami waves ever seen on Earth, were produced at volcanoes by eruptions or other volcanic processes.  There have been more than 90 volcanic tsunamis in the last 250 years (Beget, 2000xx).  Altogether, about 25% of all fatalities directly attributable to volcanic eruptions during the last 250 years have been caused by volcanic tsunamis (Table 1).

Volcanic tsunamis transmit the energy of volcanic eruptions to great distances from the volcano, producing much more devastation than would occur from the direct effects of the volcanic eruption alone.  Historic volcanic tsunami waves have been comparable in height to those produced by very large earthquakes, with waves as much as 30 m high.  These waves attenuate with distance in a manner similar to tsunami waves generated by earthquakes.  Volcanic tsunamis typically inundate low-lying coastal areas at distances of tens to hundreds of kilometers from source volcanoes.   However, no trans-oceanic volcanic tsunamis as large as the 2004 Indian Ocean tsunami or the 1960 Chilean tsunami have occurred in historic time.


The most devastating historic volcanic tsunami was generated by the eruption of Krakatoa in 1883.  This tsunami resulted in more than 36,000 causalties, some at distances of up to 800 km from the volcano.  Today, a repeat of the Krakatoa 1883 eruption and tsunami would surely produce many more fatalities because coastal populations have increased.   
Major scientific issues for understanding volcanic tsunamis processes:  source mechanisms


There are at least nine different mechanisms by which volcanoes produce tsunamis, including volcanic earthquakes, eruptions of undersea volcanoes, travel of pyroclastic flows into the sea, caldera collapse, debris avalanches and landslides, large lahars entering the sea, phreatomagmatic explosions, coupling between water and turbulent air waves traveling from an explosive eruption, and collapse of lava benches during effusive lava eruptions (Beget, 2000).   Most volcanic tsunami waves have been produced by extremely energetic explosive volcanic eruptions in or near water, or by flow of voluminous pyroclastic flows or debris avalanches into the sea (Table 2).



The height of volcanic tsunami waves, like earthquake tsunami waves, is strongly influenced by the morphology of the coastline on which they impinge.  In some cases the waves can more than double in height where the wave energy is focused and amplified into bays and coves.   The velocity of volcanic tsunamis is directly proportional to water depth, reaching typical speeds of between 10-100 km/hr in shallow, coastal areas and up to 800 km/hr when crossing deeper waters.   

Mega-tsunamis:  Edifice Collapse and Stability 


Some field evidence and concomitant tsunami modeling suggest that “mega-tsunamis” much larger than any historic tsunamis have been been produced in the geologic past by huge landslides from the flanks of mid-ocean volcanoes in the Hawaiian, Canary, and Aleutian Islands, and at other sites as well.  

The geologic and volcanic evidence for edifice collapse is strong.  Terrestrial mapping on the volcanoes and submarine multi-beam imaging in adjacent seas show that landslide blocks and debris can be traced away from the volcanoes for tens of kilometers into the deep ocean.  

What is less well understood is the tsunamigenic potential of such events.   The mechanics of the giant slides from the volcano, and particularly the velocity of such slides, is a matter of debate.  Enormous waves have been simulated through computer modelingof landslides at the Canary and Hawaaiin Islands. However, much additional work is needed to corrorborate assumptions made about the coupling between the volcanic landslides and the tsunamis waves.  Searches for possible mega-tsunami deposits have identified boulder beds, sometimes with blocks of marine corals, at high elevations above the sea in several sites around Hawaii.  However, these interpretations remain controversial.

Volcanic Tsunami Deposits:  Priorities for Future Research

Volcanic tsunamis are not generated in the same way as tectonic tsunamis.  Because the source mechanisms differ, volcanic tsunami waves and tectonic tsunami waves may have different characteristics.  In particular, volcanic tsunamis are typically generated within a very small geographic area on the flank of a volcano, and may even be modeled as a point source (Kienle et al., 1987).  In addition, volcanic tsunamis are often generated in quite shallow water, and on occasion, as at Krakatoa, within enclosed bays.  


This source mechanism problem for volcanic tsunamis is very complicated, because there are so many different volcanic processes which are known to generate tsunamis mechanisms.  In general, volcanic tsunamis are produced when part of the tremendous energy released during volcanic explosions and mass movements is directly or indirectly transmitted to the sea.  One of the simplest mechanisms involves the generation of impulse waves by the displacement of water when debris avalanches and pyroclastic flows enter the sea and rapidly displace huge volumes of sea water.  Water is also displaced and waves generated during explosive eruptions which occur in underwater environments, as may occur during eruption of undersea volcanoes, eruptions through crater lakes, and phreatomagmatic eruptions from shallowly submerged, nearshore vents.   Less commonly, tsunamis result when volcanic large lahars enter the sea, when avalanches of recent tephra falls or collapse of lava benches displace water, and when water waves are coupled with with explosive atmospheric waves.  The tsunami waves and coeval tsunami deposits produced by each of these different volcanic processes may have different characteristics.  


At the present time, we are not aware of any comprehensive studies that have been made of any volcanic tsunami deposits.  Volcanic tsunami deposits have been identified at local sites from the 1883 Krakatoa eruption, the 1883 Augustine eruption, the ca. 3500 yr BP Santorini eruption, and other volcanic events, but no complete study of the regional variability of volcanic tsunamis deposits have been made anywhere.


We suggest that volcanic tsunami deposits should be recognized as an important element of any future effort to study tsunami deposits.  Our group identified two major targets for future study:  proximal and distal tsunami deposits.

Proposed studies of distal volcanic tsunami deposits:  

ONE:  DISTAL VOLCANIC TSUNAMI DEPOSITS CORRELATED BY TEPHROCHRONOLOGY

Distal volcanic tsunami deposits need to be examined to answer the same type of questions that exist for tectonic tsunami deposits.  Issues concerning tsunami deposit origin, preservation, alteration, and mechanical link to the tsunami wave are poorly understood.  It is important to determine if there are characteristics of distal volcanic tsunami deposits that are diagnostic of their origin, such as the incorporation of volcanic clasts or the travel distance or run-up pattern of the waves.

In some cases, distal volcanic tsunami deposits can be dated and correlated over large areas using tephrochronology.  For instance, the 1883 Krakatoa eruption produced a regionally extensive ash fall during the period when multiple tsunami waves were generated during the eruption.  We believe a study should be undertaken to describe the regional variability of the tsunami deposits from this important volcanic event, using the ashfall as a tool to recognize and describe the wave deposits, including the changes in thickness, areas of erosion and deposition, post-depositional modification, etc. 

A similar study could be done on the 1883 tsunami produced during the eruption of Augustine Volcano in Cook Inlet, Alaska.  A contemporary description of the 1883 tsunami wave notes the wave occurred, and then  Augustine volcanic ash rained out a few hours later (Beget, 2004xx).   The link between the tephra layer and the tsunami deposits provide a tool to recognize the tsunami deposits, and to describe regional variability of the deposits.

Two:  Proximal volcanic tsunami deposits.

A scientifically important opportunity exists to study proximal tsunami deposits produced by volcanic eruptions.  Unlike the source areas of tectonic tsunamis, like the 2004 Sumatra event in the deep sea off Sumatra, subaerial features and deposits at the source areas of volcanic tsunamis can often be accessed and studied.  

We suggest that proximal volcanic deposits should be studied (1) to better understand the coupling between the volcanic events which generated the tsunami waves, and the nature of the deposits themselves, and (2) to characterize the wave height and velocity of the proximal tsunami waves and better understand the processes of erosion and sedimentation which can accompany very large tsunami waves, and (3) to calibrate computer models of volcanic tsunami generation by obtaining field data which can be used to check the output of the models.  This result is important in evaluating the potential hazard of volcanic tsunamis, including mega-tsunamis like those which might be generated by edifice collapse in the Hawaiian and Canary Islands..

Potential sites for such studies might include recently recognized proximal volcanic tsunami deposits on Augustine Island resulting from the 1883 tsunami and two prehistoric tsunamis, proximal erosional features delineating 40 m wave heights from the ca. 2000 years old Volcanic tsunami at Okmok Volcano in the Aleutian Islands, deposits of the 1792 volcanic tsunami at Unzen Volcano in Japan, as well as other sites.


Volcanic tsunamis have probably affected the development of human societies around the world.  One of the earliest known carvings from archeological sites in North America illustrate an erupting volcano (Fig. 1).   This carving, dating to about 500 years ago, was excavated at a paleo-Aleut archeological site on Kodiak Island in Alaska, and appears to show a volcanic eruption associated with a tsunami wave (Fig. 1).  This carving is about the same age as an eruption at Augustine Volcano on Augustine Island which sent a large debris avalanche into the waters of Cook Inlet.  In Europe, a large tsunami is thought to have been produced ca. 1628 B.C.  by the Bronze age eruption of Santorini Volcano on the Greek island of Thera in the Mediterranean.  The explosive eruption destroyed the original volcanic island, buried a thriving bronze age Minoan-style city, Akrotiri, and left a partly submerged caldera, perhaps accounting for the origin of the legend of Atlantis.  A tsunami as much as 30 m high produced by the eruption is thought to have destroyed coastal areas near the Cretan Bronze age city of Knosses, contributing to the collapse of the advanced Minoan civilization which dominated the Mediterranean at the time.      

II.  Examples of different volcanic processes which can produce tsunamis


A.  Submarine eruptions (Kick ‘em Jenny, Caribbean Sea).


Although there are many more submarine than terrestrial volcanoes, there are very few instances in which tsunamis can be confidently attributed to individual submarine eruptions.  The best known and best studied examples involve the Kick ‘em Jenny submarine volcano in the Caribbean Sea.  While not all of the processes by which volcanoes produce tsunamis are well understood, direct observations have clearly linked submarine volcanic eruptions and small tsunamis at Kick ‘em Jenny.  


The tsunami waves at Kick 'em Jenny submarine volcano are apparently generated by multiple mechanisms.  Direct transfer of seismic and explosive energy produced during hydromagmatic eruptions to the ocean appears to  produce most tsunamis.  Less frequently, large steam bubbles form above the vent and generate waves either by submarine cavitation and collapse or by rapid ascent to the surface.  Also, masses of ocean water can be heated near the vent and rise convectively to the surface,  producing waves.  On one occasion a scientific submersible vessel became trapped in a rapidly rising hotwater mass, and only narrowly escaped.    


In recent years eruptions of Kick ‘em Jenny have occurred approximately every 5-10 years.  These eruptions were typically quite small (VEI = 0-1), and eruption columns rarely rose through the water to the atmosphere.  Waves as much as several meters high have been produced and constitute a significant and well known hazard to local shipping and yacht traffic among the Windward Islands of the southeastern Caribbean Sea.   


 The size of hydromagmatic eruptions at Kick ‘em Jenny are limited because the summit of the volcano lies at a depth of approximately 150 m below sea level, where hydrostatic pressures inhibit the occurrence of large hydromagmatic explosions.  The energy of these explosions may also be minimized because of high water-to-magma ratios during the submarine eruptions.  The volcano currently rises about 500 m above the surrounding sea floor, and has been increasing in height by ca. 4 m/yr.  If Kick 'em Jenny volcano continues to erupt and  grow in height its’ submarine explosive eruptions are likely to become more energetic as it approaches the ocean surface and hydrostatic pressures decrease, and the local tsunami hazard may increase.  


 The documentation of submarine eruptions and a concomitant tsunami hazard at Kick 'em Jenny raises questions about the number, distribution, and eruptive style of other submarine volcanoes around the world, as well as the possibility of associated tsunami hazards.  The number and distribution of active submarine volcanoes is poorly known, but is probably at least comparable to the total number of terrestrial volcanoes.  In the Kurile arc south of Kamchatka, detailed surveys by Russian scientists identified at least 90 fresh-appearing submarine volcanic cones in the sea besides the many island volcanoes rising above the sea.  There are likely hundreds of other submarine volcanoes along oceanic arcs, spreading ridges, and hot spots,  including Lohii Volcano east of Hawaii and vents such as Surtsey volcanoes along the mid-Atlantic Ridge near Iceland.  


Is it possible that an eruption of a submarine volcano may someday result in a major catastrophic event, even though no major historic tsunamis are known to have been produced by submarine volcanoes?  The largest known wave from a submarine eruption capsized boats in 1781 off Sakurajima near the island of Kyushu, Japan.  Unfortunately, at the present time there is no reliable way to predict the location or likelihood of such events, and no submarine volcano is continuously monitored by a volcano observatory.


B.  Tsunamis produced by eruptions through lakes (1996 eruption of 
Akademia Nauk Caldera, Kamchatka).


As originally defined, the Japanese term “tsunami” applied only to great waves produced in the ocean.  However, eruptions can also produce high waves in lakes, and these are now also referred to as volcanic tsunamis.   Volcanic eruptions often occur through large caldera lakes, and occasionally eruptions are initiated through pre-existing non-volcanic lakes.  Such eruptions may be characterized by violent hydromagmatic explosions, especially where the lake is shallow but large in size.  In some cases high tsunami waves have been produced.  For instance, during a day-long sequence of hydromagmatic eruptions in  January 1996  through the 60-m- deep and 8 km2 area  Karymskoye Lake in the Akademia Nauk caldera at the foot of Karymsky Volcano in Kamchatka, waves with a maximum height of more than 30 m were generated.  These waves stripped vegetation and sediment from beaches and cliffs around  the shore of the lake, and also overtopped the lake outlet and flooded down the Kamchatka River for many kilometers.  Smaller waves were produced on at least five separate occasions by phreatomagmatic eruptions and base surges during eruptions in 1965 through the Taal Cadera lake in the Philippines.


An unusual tsunami was produced during the gas eruption at Lake Nyos in Cameroon in 1986.  The sudden release of about 3 million m3 of carbon dioxide from the lake waters produced a wave from 25-75 m high. 


Occasionally eruptions occur through lakes which have not previously been volcanic vents.  In the 1886 Tarawera eruption in New Zealand, a 17-km-long fissure eruption cut across older vocanic vents and adjacent non- volcanic areas, producing phreatic explosions which enlarged and excavated what is now Lake Rotomahana.  The eruption was immediately preceded by a small wave about 30 cm high on nearby Lake Tarawera.  This seiche was apparently produced by earthquakes just prior to the main eruption, as Lake Taraweera was not in contact with either the faulting or the fissure eruption.   


Although volcanic tsunamis in lake basins are much more restricted in their potential travel distance than those in the ocean, lake basins may be densely populated.  Some caldera lakes are surrounded by agricultural developments, population centers and recreation facilities.  If  tsunamis of similar size to those at Karymskoye Caldera lake were  produced by eruptions through the Taal Caldera lake in the Philippines, the Towada and Toya Caldera lakes in  Japan, the Taupo or Rotorua calderas in New Zealand, or Yellowstone Lake in Yellowstone Caldera, or many other other caldera lakes around the world, significant damage and casualties would result. 


C.  Landslides and debris avalanches (Unzen, Japan in 1782: Mt. St. 
Helens, Washington in 1980;  Mt. St. Augustine, Alaska in 1883).


Volcanic debris avalanches generate impulse waves as they enter the sea by displacing huge volumes water.  The precise nature of the interactions and processes which generate waves during giant landslides is not well understood, as they have never been directly observed or measured.   Physical models of these processes are also difficult to develop, as little information is available on multiple factors which can each influence the eventual size of waves.  These include beach aspect, coastal morphology and water depth, the size and shape of the lake or bay where the avalanche occurs,  and the thickness,  density, mass, and velocity of the debris avalanche itself.   The nature of the interaction between the front of the landslide debris and the propagating wave front in the ocean is also poorly understood.  For instance, avalanches which are thicker than the water which they enter must act as a wall sweeping the water before them, while avalanches which dive into deeper water must displace the water in a much different way.  The travel distance of the avalanche mass as it moves into the water, and the magnitude of possible explosive interactions between hot rock debris in the debris avalanche, any associated blast or surge, and the seawater may also influence the size of the resultant wave. 


If the mass of the avalanche is very large relative to the size of the body of water, then masses of water can be totally displaced in a “splash” or surge of water, producing an exceptionally high, although volumetrically small, impulse wave.  For instance, during the Mt. St. Helens eruption in 1980 one arm of the debris avalanche completely crossed the Spirit Lake basin and produced a wave which reached as as high as 260 m up the hills surrounding the lake.  The wave swept back downhill across the surface of the debris avalanche, crossed the lake basin and sloshed upslope towards the volcano, and continued to oscilliate for some time in the lake basin.


A similar but smaller well-documented debris avalanche and tsunami occurred in 1883 at Mt. St. Augustine in Cook Inlet, south-central Alaska.   The debris avalanche travelled ca. 5 km into the waters of Cook Inlet on the north side of Augustine Island.  Recent computer modelling suggests the wave generated by the debris avalanche at Augustine Volcano was as much as 30 m high when generated at the leading edge of the debris avalanche, and attenuated to heights of 7-9 m as the wave travelled towards the Kenai Peninsula and the mainland of Alaska.  The computer models are in very good agreement with contemporary records of the tsunami waves.  About an hour after the avalanche occurred, several tsunami waves as much as. 7-9 m high struck the small, native village of Port Graham at the southwest end of the Kenai Peninsula some 80 km southeast of Augustine Island.  The waves inundated houses built along the beach and carried away fishing boats.  Cook Inlet has the second largest tidal range of any inlet on earth, with tidal cycles of 8 m.   The debris avalanche and tsunami occurred at dead low tide, minimizing the impact on the small settlements which existed around Cook Inlet at that time.  While only a few villages and scattered settlements were present around Cook Inlet in 1883, tens of thousands of people live around the shores of Cook Inlet today. 


 Geologic studies at Augustine volcano indicate the the 1883 debris avalanche was just  the latest of at least 12 debris avalanches which have occurred during the last 2000 years.  This unusual pattern of activity in part reflects a very high sustained eruption rate of 2-3 cubic kilometers per thousand years.  The pattern of frequent eruptions and high eruption rate have continued to the present, as the horseshoe-shaped crater left by the 1883 debris avalanche has been filled in and the volcano summit has regrown to the elevation it had as a result of five subsequent dome-building eruptions.  If the volcano continues the same pattern of activity it has exhibited over the last 2000 years it is highly likely to collapse again into Cook Inlet and produce a tsunami wave.  Indeed, a scientific prediction has been made that Augustine volcano will probably collapse and generate a tsunami again sometime during the 21st century, making this the only volcano on earth where a volcanic tsunami is predicted to occur in the near future.     


In some cases large rockfall avalanches can occur from volcanic   edifices with little or no accompanying eruptive or seismic activity.   Catastrophic events which happen without any warning are particularly dangerous to nearby human populations.   A rockfall avalanche, possibly triggered by an earthquake, occurred without warning from Mount Maruyama dome on the Shimabara Peninsula in Japan in 1792, about a month after lava eruptions had ended on nearby Unzen Volcano.   The debris avalanche went through the historic town of Shimabara, and travelled several kilometers into the Ariake Sea, generating a tsunami.  The wave swept away numerous farmhouses and villages at elevations more than 30 m above the sea and produced an estimated 14,000 casualties.


D.  Explosive Eruptions (Krakatoa, Indonesia, 1883).


 The largest and most devasting volcanic tsunami of the last 250 years was produced by the August 26, 1883 eruption of Krakatoa Volcano.  This extremely energetic explosive eruption produced multiple tsunami waves as much as 37 m high, among the greatest tsunami waves seen in recent historic time.  The waves raised large ships to 10 m above sea level and carried them as far as 3 km inland.  These waves deluged more than 250 villages in western Java and eastern Sumatra, killing more than 36,000 people.  Fatalities due to waves occurred as far as 800 km from the volcano (Fig. 3).   Small tsunami waves were recorded throughout the Pacific Ocean, and small sea level oscillations were measured at sites thousands of kilometers away in the Indian Ocean, France and England. 

-----------------FIGURE 3 NEAR HERE---------------------------- 


The precise mechanisms associated with the generation of specific waves during the Krakatoa eruption remains controversial, as at least five different processes may have been involved.  First, the magmatic and phreatomagmatic explosions which destroyed the summit edifice were among the greatest volcanic explosions ever documented, being audible up to 4600 km away, and recorded on barographs around the world.  These energetic explosions may have directly generated waves.  Second, coupling between the sound waves and the ocean surface may also have generated tsunamis and seiches.  The small waves recorded at very remote sites such as England and France almost certainly were formed by coupling between the sea and atmospheric shock waves, while larger waves may have been produced closer to the eruption.  Third, after the explosion, several cubic kilometers of sea water from the Sundra Strait rushed into the caldera crater, filling it, and perhaps producing a giant bore which propagated away from the crater as a tsunami.  Fourth, debris avalanches were generated during caldera collapse at Krakatoa,  and may have produced  tsunamis as they were emplaced into the sea around the caldera.  And fifth, recent field investigations, including submarine fieldwork done by scuba diving, have identified an extensive ignimbrite sheet preserved beneath the sea surrounding the caldera.  Rapid emplacement of voluminous, hot pyroclastic flows into the ocean floor radially around the caldera evidently displaced huge volumes and water and gave rise to tsunami waves.  

III.  Future research in volcanic tsunamis and evaluation of tsunami hazards


Volcanic tsunamis, like many volcanic hazards, occur rarely but can be highly dangerous and destructive.   In order to realistically evaluate future tsunami hazards at active volcanoes, it is desirable to learn much more about the frequency and magnitude of past tsunamis, as well as more about the behavior of potentially hazardous volcanoes around the world which generate tsunamis and the processes of tsunami generation, travel, and wave run up.   


Information on volcanic tsunamis comes mainly from historic events within the last 250 years, but it is desirable to examine the geologic record for the last several millenia or longer to learn more about the frequency and magnitude of volcanic tsunami events.   Unfortunately, tsunamis typically leave thin and discontinuous geologic deposits which are extremely difficult to find and unambiguously characterize.  It can be difficult to find deposits from tsunamis only weeks after their occurrence, and is likely to be much more difficult after centuries or millenia have passed.   All evaluations of volcanic tsunami hazard must therefore integrate both investigations of ancient volcanic tsunami deposits and studies of volcanic eruption history of island volcanoes and volcanoes lying near coastal areas, to connect records of volcanic activity with the much more fragmentary geologic record of past tsunamis.


Much more also needs to be learned about the multiple processes which can trigger tsunamis.  While it appears that some volcanic processes are more likely to trigger large tsunamis than others (Table 2), the actual physics of the interactions between water and all types of volcanic phenomena is poorly understood.  Similarly, the behavior of large waves is a complicated mathematical problem.  In particular, the amount of run up which can occur at specific locations along a coast is very difficult to estimate, as the height of tsunami waves usually increases as they near the shore in response to shoaling and refraction in bays and along curved coastlines.  The wave height at the beach (run-up height) may be 3-10 times greater than wave amplitudes in the open sea.    

-----------------TABLE 2 NEAR HERE---------------------------  


The processes which trigger volcanic tsunamis are also poorly understood.  Volcanic earthquakes are among the most prolific causes of volcanic tsunamis (Table 2), but usually generate only relatively small seiches.  Volcano-seismic events are predominantly caused by magma movement and its effects on conduits and surrounding rocks within volcanoes.  Such processes are very unlikely to result in fault displacements in undersea areas which directly displace water and generate tsunamis.  Also, although thousands of volcanic earthquakes typically accompany an eruption, the maximum known volcano-seismic events are ca. Richter magnitude 7, and such large events are relatively rare.  Earthquakes of this size generally produce tsunamis that have less than a 1 m runup height, while seismic events of lesser magnitude are associated with even smaller tsunamis, so that seismic events large enough to trigger tsunamis are, fortunately, uncommon.       


 As discussed above, the potential hazards from submarine volcanoes are extremely poorly understood.  During the last 250 years about 20 percent of all volcanic tsunamis have apparently been produced by eruptions of submarine volcanoes (Table 2).  Much more work is needed to identify possibly hazardous submarine volcanoes, as well as learn more about the processes which generate tsunamis during undersea eruptions.  
The debris avalanche from the Maruyama dome at Unzen in 1792 raises the possibility that some volcanoes can collapse, essentially without warning, and generate  destructive tsunamis.  The magnitude of such hazards is important to evaluate for several reasons, including: (1) most volcanoes in arcs around the world are located on islands or near mainland coasts, producing numerous potential debris avalanche sites; (2) active volcanoes tend to grow through time producing increasingly higher and steeper edfices; (3) polygenetic cones typically consist of interstratified lava and pyroclastic rocks with variable hydraulic and geotechnical properties.  Zones of weakness are probably present within most volcanic cones;  (4) geothermal activity and high heat flow within volcanoes can alter rock to clay and further facilitate the development of zones of weakness within volcanic cones.  Finally (5), most volcanic arcs are strongly affected by great subduction zone earthquakes, so the possibility that incipient debris avalanche can be triggered by giant seismic events without volcano eruptions must be evaluated.    The 1792 debris avalanche and tsunami at Maruyama dome near Unzen Volcano raises questions about the proclivity to failure and collapse of volcanic edifices and the likelihood of tsunami generation by debris avalanche, even when volcanoes are not in eruption. 


Based on the patterns of volcano tsunami generation during recent time, it appears that large, destructive volcano tsunamis with waves more than 5 m in height are most likely to be generated by eruptions which produce voluminous pyroclastic flows or debris avalanches, or which are highly explosive and produce calderas at the sites of former volcanic islands (Table 2).  Explosive submarine eruptions or submarine avalanches may also have the potential to produce large tsunamis, although there are no well-documented historic examples of this type of event.   Phreatomagmatic eruptions in lakes have also produced high tsunamis, although the potential for damage has been limited by the generally small size of lake basins.   The other volcanic processes which are known to produce tsunamis have, in historic time, shown less ability to generate large, regionally destructive waves, and research is also needed to confirm if these types of volcanic events and eruptions actually present less hazard from tsunamis.
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Table 1.  Characteristics of selected volcanic tsunamis.

Table 2.  Processes of volcanic tsunami generation.

Figures

Figure 1.  
Reproduction of a carving on a ca. 500 year old wooden box excavated from an archeological site on Kodiak Island, Alaska, showing an erupting volcano and a large wave.  This carving is virtually identical in age to a large eruption of Augustine Volcano which sent a debris avalanche into the waters of Cook Inlet (see fig. 2).  This paleo-Aleut carving is the oldest known illustration of a volcanic eruption and volcanic tsunami in the western hemisphere.

Figure 2.  The 500 year-old West Island debris avalanche deposit, viewed from the summit of Augustine Volcano, buried the former coastline of Augustine Island and travelled 5 km farther into the waters of Cook Inlet.   Debris avalanches of this size typically generate tsunami waves which run up to elevations of 5-30 m above sea level at distances of 80-100 km. 

Figure 3.  Travel times (hours) and wave heights (meters) of the devastating Krakatoa tsunami as it propagated along the coastline away from the volcano.  More than 36,000 people were killed by the tsunami wave as it inundated low lying coastal areas.  Note the significant differences in maximum wave height at similar distances from the volcano, due to local variations in coastal aspect and morphology and their effect on wave run up.     

--------------------------

Destructive waves have also been produced by eruptions whch occurred within caldera lakes and other lakes, or at volcanoes adjacent to lakes.

Volcanic Glossary


tsunami:  Japanese term which can be directly translated as “long 

wave in a harbor.”  The term was originally applied to seismic 

sea waves, but it’s usage has been expanded to include 

waves of volcanic origin generated in the ocean or in lakes.


impulse wave:  a wave generated by energy and momentum 

transfer from a rapidly moving debris avalanche, lahar, or 

pyroclastic flow to water. 


seiche:  an oscillating wave in an enclosed or semi-enclosed basin 

(i.e. a lake, bay or harbor) with a period of minutes to hours.  

Seiches in volcanic areas are typically initiated by 

earthquakes and may continue for some time after the 

triggering event.  



run up:  the maximum vertical height which a wave attains as it 

floods the shore.  The run up height may be somewhat greater 

than the actual height of the wave as it is affected by both the 

potential energy (height) and kinetic energy (velocity) of the 

shoaling tsunami wave.  Run up heights may also be increased 

if wave energy is focussed or channelized at the shore. 


bore:  a high wall-like wave of water caused by the meeting of two 

bodies of water.  Displacement of water by volcanic processes 

can produce bores, although they are more usually generated by 

tidal action in narrow channels. 


hydromagmatic:  hydromagmatic eruptions involve interactions 

between magma and water, and can result in production and 

explosive expansion of steam.   Hydromagmatic eruptions in 

oceans and lakes often produce tsunamis.


volcanic explosivity index (VEI):  a measure of the magnitude 

and energy of volcanic eruptions based on several basic 

parameters, including eruption duration and style, volume of 

eruptive products, and the eruption column height.        
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