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ABSTRACT

Massive flank failures of island stratovolcanoes are extremely rare phenomena and none have
occurred within recorded history. Recent numerical modeling studies, forecasting mega tsunami
generation from postulated, massive slope failures of Cumbre VigainLaPama, Canary Islands, and
Kilauea, in Hawaii, have been based on incorrect assumptions of volcanicisland slopeinstability, source
dimensions, speed of falure and tsunami coupling mechanisms. Incorrect input parameters and
treatment of wave energy propagation and dispersion, have led to overestimates of tsunami far field
effects. Inappropriate media attention and publicity to such probabilistic results have created
unnecessary anxiety that mega tsunamis may be imminent and may devastate densely populated
coastlines at locations distant from the source - in both the Atlantic and Pacific Oceans.

The present study examines the assumptions and input parameters used by probabilistic numerical
modelsand evaluatesthethreat of megatsunami generation from flank failures of island stratovol canoes.
Based on geologic evidence and historic events, it concludes that massive flank collapses of Cumbre
Vigaor Kilauea volcanoes are extremely unlikely to occur in the near geologic future. The flanks of
these island stratovolcanoes will continue to slip aseismically, asin the past. Sudden slope failures can
be expected to occur along faults paralleling rift zones, but these will occur in phases, over a period of
time, and not necessarily as single, sudden, large-scale, massive collapses. Most of the failures will occur
in the upper flanks of the volcanoes, above and below sea level, rather than at the basal decollement
region on the ocean floor. The sudden flank failures of the volcanoes of Mauna Loa and Kilauea in
1868 and 1975 and the resulting earthquakes generated only destructive local tsunamiswith insignificant
far field effects. Caldera collapses and large slope failures associated with volcanic explosions of
Krakatau in 1883 and of Santorinin 1490 B.C., generated catastrophic local tsunamis, but no waves of
significance at distant locations. Megatsunami generation, even from the larger slope failures of island
stratovolcanoes, is extremely unlikely to occur. Greater source dimensions and longer wave periods are
required to generate tsunamis that can have significant, far field effects. The threat of mega tsunami
generation from massive flank failures of island stratovol canoes has been greatly overstated.
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INTRODUCTION

In recent years, there has been interest on the potential for mega tsunami generation from asteroid
impact, large underwater slides and massive slope failures of oceanic island stratovol canoes. Improved
technology for sea floor mapping has helped identify features on the ocean floor that are indicative of
large-scal e kinematic processesin the distant geologic past. New satellite technol ogy has hel ped identify
slow processes of crustal subsidence and gradual slope failures of island volcanoes. Progress in the
numerical simulation of tsunamis has been phenomenal. Supercomputers now provide realistic
simulations of tsunami generation from asteroid impact and from expl osions. Sophisticated software has
allowed themodeling of all typesof new tsunami generative mechanisms- leading to the devel opment of
better models of tsunami hazard assessment.

In spite of the advances, and in order to apply effectively the new computer technology for tsunami
simulations, researchers must still make realistic assumptions of various generative mechanismsand use
correct input functions in their models. Furthermore, in publicizing the results of probabilistic
numerica modeling studies, there should be aclarification of what constitutes anear-term tsunami threat
from that which may be caused from rare events, hundreds, thousands, or even hundreds of thousands of
years from now. In order to plan and effectively mitigate the effects of the tsunami hazard, the
assessment of risk must stay in the realm of what it is realistic now or in the near future (Pararas-
Carayannis, 1988). Inappropriate media attention and misinterpretation of probabilistic research results
for postulated rare events, can create unnecessary anxiety and negate present disaster mitigation efforts.

In view of extreme forecasts of mega tsunami generation and media publicity about the threat to
coastal communitiesfrom the collapse of stratovolcanoes- the present study reviewsthe capabilitiesand
limitations of numerical modeling, in general, in making accurate tsunami forecasts. More specifically
examined are the input parameters and assumptions that were used in modeling tsunami generation from
postul ated massive flank collapses of the Cumbre Vigjavolcano ontheisland of LaPalmain the Canary
Islands and of the volcano of Kilauea, on theisland of Hawaii. Based on available geological dataand a
review of historical events, the present study further examinesthe likelihood that such massive volcanic
flank failures can indeed occur in the foreseeable future, as postulated. Further evaluated are the
reliability of the numerica models in smulating realistically the tsunami coupling mechanism and in
forecasting accurately near and far field tsunami effects. The 1868 and 1975 earthquakes along
Kilauea's southern flank are examined as to the type of slope failures that occurred and the resulting
tsunami wave generation. Also, the caldera collapses and large slope failures associated with the
volcanic eruptions of Krakatau in 1883 and of Santorinin 1490 B.C., arereviewed for thetype of waves
they generated and for the near and far field tsunami effects. Finally, conclusions are presented on
whether the postulated flank failures at LaPalma and Kilauea can occur in the near future and whether
these can generate mega tsunamis that pose a realistic threat to densely-populated coastlines, far from
the source region.

POSTULATED COLLAPSES OF STRATOVOLCANOESAND PURPORTED THREAT OF
MEGA TSUNAMI GENERATION

Stratovolcanoes in the Canary, Cape Verde, Hawaiian, Reunion, and other oceanic islands , show
common constructional and structural features, such asrift zones, progressive slope instability and past
flank gravitational collapses (Carracedo, 1999; Moore et al, 1989, 1994, 1995; Moore & Clague 1992;
Moore & Chadwick, 1995). At least ten major flank collapses have occurred in the Canary Island chain
in the past million years. Based on this, it was estimated that a major collapse can occur somewhere in
the Canaries every 10,000 yearsor so (Day et al. 1999). The volcano of Cumbre Vigjaon the island of
La Palma was identified as unstable and as a likely site for a major collapse that would presumably
generate amegatsunami (Ward & Day, 2001).

Similarly, there is evidence that major landslides have occurred in the Hawaiian islands in the past.
The Kilaueavolcano on the island of Hawaii was identified as another site where amajor flank collapse
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would generate a mega tsunami (Ward, 2001). Although no specific time frame for these postulated
collapses has been provided, it was inferred that they could be induced by the next volcanic eruption of
Cumbre Vigiaon LaPalma, or by the next mgjor earthquake near the Kilauea volcano in Hawaii.
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Figure 1. LaPamaand the other Canary idands

The postulated collapse of the Cumbre Vigja volcano on the island of La Palma: The
volcanism that has formed LaPalma and the rest of the Canary islands, is the result of transition from
continental (Africa) to oceanic (Atlantic) lithosphere. LaPalmais an intraplate oceanic island built by
composite volcanoes on the continental rise of the Northwest African Margin. It is the largest of the
western Canary Islands, rising 6500 m. above the surrounding ocean floor (Fig 1). The Cumbre Viga
volcanoon LaPalmaisavery activestratovolcano. Studiesof theevolutionary structural development of
Cumbre Vigasrift zones (Day, et a, 1999), indicate changes in zone geometry, disparities in activity,
underlying dyke swarms along the North-South trending main zone, and - following a 1949 eruption -
the development of a normal fault system along the crest of the volcano. The geometry of this fault
system and the timing of itsformation, in relation to episodes of vent opening during the 1949 eruption,
have led to the interpretation that thisis not a surface expression of volcanic dike activity, but the result of
a developing zone of weakness and of deformational instability. The observations resulted in concern
that the volcano's steep western flank could undergo a large-scale, gravitational collapse which could
occur suddenly with little or no precursory deformation.

The postulated collapse of the Kilauea volcano on the island of Hawaii: Measurements
obtained by satellites of the Global Positioning System, documented that a 12 by 6-mile area
(amounting to about 72-square-miles) of the south slope of Hawaii's Kilauea V olcano moved 3.5 inches
toward the sea, over a36-hour period in November 2000. Theevent, termed asa"silent earthquake,” had
energy equivalent to that of an earthquake with moment magnitude of 5.7. (Cervelli, eta., 2000)." This
aseismic dip event has been interpreted as a possible prelude to the triggering of another sudden,
massive dope failure of the underwater portion of Kilauea's southern flank.

Purported threat of mega tsunami generation: Based on the interpretation of geological and
volcanological observations on the island of LaPalma, a subsequent numerical tsunami modeling study
was undertaken by Ward & . Day (2001), postulating that a massive landslide, with avolume of up 500
cubic km, could be triggered by the next major eruption of Cumbre Vigja. The study concludes that the
collapse of Cumbre Vigjaswestern flank would generate a destructive megatsunami which would strike
both sides of the North and South Atlantic. Waves of upto 50 m. in height were estimated for Florida
and the Caribbean islands, and more than 40 m. for the northern coast of Brazil. Although not as high,
destructive waves have been forecast for the western coast of the Iberian Peninsula, Franceand Britain's
Atlantic coastline. Presumably, in certain areas, the tsunami waveswould travel asmuch assix to seven
km. inland, destroying everything in their path.

The aseismic dlip event on the southern coast of the island of Hawaii, was aso interpreted as
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possible prelude to the triggering of another sudden, massive slope failure of Kilauea's southern flank.
Computer modeling of such postulated, massiveflank failure (Ward, 2001) forecaststhat aPacific-wide,
mega-tsunami would be generated. The study concludes that most of the energy of the mega tsunami
will be directed toward the southeast, in the direction of Ecuador, but that coastlines as far away as
California, Chile, and Australiawill be also endangered. Waves as high as 30 m have been forecast for
the west coast of North America, and up to 20 m. high for the southwest Pacific.

Unfortunately, media publicity of these estimates has inadvertently created unnecessary public
anxiety, by further implying that thethreat to coastal communities may beimminent, inboththe Atlantic
and the Pacific. The subsequent analysis demonstrates that these estimates are incorrect and that the
threat of mega tsunami generation from the dope failures of stratovol canoes has been greatly overstated.

EVALUATION OF NUMERICAL TSUNAMI MODELING METHODS - CAPABILITIES
AND LIMITATIONS

Before evaluating the threat of mega tsunami generation from the postulated flank collapses of island
stratovolcanoes, it isimportant first to review - in general - the capabilities and limitations of numerical
modeling methods in making such predictions.

Thereisno doubt that, regardless of the nature of atsunami's source mechanism, computer modeling
has made the job of predicting near and far field wave effects particularly easier, especialy when
verification and calibration with historical tsunami data can be accomplished. However, problems till
exist and errors and artifacts may be introduced which may affect significantly the modeling results
(Kowalik, 2002). The accuracy of numerical models in estimating near and far field tsunami effects,
depends on initial input parameters derived from realistic assumptions of generative mechanisms. For
example, the simplest of the hydrodynamic models are usually based on linear dispersive wave theory
which acceptably describes tsunami propagation and energy flux in the deep water. Input condition of
the maximum elevation of water surface of the leading waves is correlated to source ground motion
characteristics, as well as to the distance of the site from the source. What models like these cannot
describe adequately, isthe shallow water effects, which are due to the nonlinear nature of the tsunami.
These are phenomena such as mach stem, bores, etc., in which nonlinear effects are essential. Also,
considering the nonlinear aspects of tsunamis, numerical models have to consider accurately mesh,
various grids for deep and shallow water, mesh refinements, irregular meshes, and the input functions
which may be derived from the nonlinear models.

In determining tsunami propagation and runup heights, finite difference models have been used
extensively with varying success. Comparison of the output of such models with analytical models,
while necessary, does not aways warrantee that the model is satisfactory. Most applications described in
the scientific literature, allow for the moving boundary, the shoreline, to avoid the introduction of high
gpatial frequencies. Assumptions are usually made about spatial conditions existing in the neighborhood
of a moving boundary resulting in the development of a flooding scheme which allows the governing
differential equationsto be applied without prejudice, uniformly across the computational grids.

Recently, great progress has been achieved in numerical tsunami simulations. For example, using
supercomputers, researchers at the U. S. Los Alamos National Laboratory and Science Applications
International Corporation, developed acompressible Eulerian hydrodynamic code which permitsthree-
dimensional modeling of tsunami generation, propagation and inundation from a variety of tsunami
source mechanisms - including asteroid impact (Weaver et a, 2002). These new models provide for
very realistic graphic representations - in the form of three-dimensional moving simulations- showing
the result of finite differences at every time step. Viewing of such graphics allows evaluation of the
model performance, the detection of computational anomalies, the adaptation of mesh refinement
techniques, and the assessment of spatial and temporal coherency. Also, these new methods allow for
various formulations of the nonlinear advection term to be tested for stability and to examine the effects
by filtering.

In summary, therefore - and to be realistic - all numerical studies of tsunami source coupling wave
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propagation and terminal effects must make valid assumptions on the correlation of the initial water
displacements to tsunami wave length and period in the source region, regardiess of the generative
mechanism - whether an earthquake, a landslide, or an impact event such as a rockfall or an asteroid.
Various source models and scenarios of generation/impact must be examined. Terminal characteristics
of the tsunami and flooding can only be approximated by linear calculation for a given shore which is
close to the source. However, such terminal tsunami characteristics, require nonlinear treatment when
dealing with distant sources. Verifications of the models is essential through the use of analytical
solutionswith experimental results. 1f possible, such verification should be accomplished with historical
data - as presently being done for the National Tsunami Hazards Mitigation Program -. or even with a
pneumatic landslide generator, asit wasdonefor the 1958 LituyaBay tsunami (Mader 2001; Mader &

Fritz, 2002).

Unfortunately no model verification can be obtained for mechanisms of massive lateral collapses of
vol canicisland stratovol canoes, as none - having the postul ated source parameters- have occurred within
recorded history. Although extremely useful, ultimately the accuracy of all numerica models in
determining near and far field tsunami effects - regardless of apparent sophistication - is based on
assumptions of initial input parametersrelated to the tsunami source mechanism. And thisiswherethe
problem lies with modeling tsunamis from postulated slope failures of island stratovolcanoes. As
demonstrated in the following sections, improper assumptions of source parameters and unrealistic
coupling mechanisms, can often result in erroneous input parameters in modeling tsunami generation.
Mistreatment of dispersion and of nonlinear shallow water effects, can further result in unrealistic
estimates of both near and far-field tsunami terminal effects.

ANALYSISOF ASSUMPTIONSAND INPUT PARAMETERSUSED IN MODELING MEGA
TSUNAMI GENERATION FROM POSTULATED COLLAPSES OF THE OCEANIC
ISLAND STRATOVOLCANOES OF CUMBRE VIEJA ON LA PALMA, CANARY
ISLANDS, AND OF KILAUEA, IN HAWAII

As previoudly stated, sudden and massive flank failures are extremely rare phenomena. Thereis
evidencethat the flanks of island stratovol canoesfail, but there is no scientific consensus on why or how
this happens. Furthermore, there is no valid geologic evidence documenting that prehistoric collapses
generated mega tsunamis with significant far-field effects. The recent numerical studies (Ward & Day,
2001; Ward 2001) forecasting mega tsunami generation from recurrences of large massive volcanic
island flank failures, are based on unrealistic assumptions of present slope instability of Cumbre Vigja
on LaPalma and Kilaueain Hawaii, of source dimensions, of speed of failure, and of tsunami coupling
mechanisms. Incorrect treatment of input parameters and of wave energy propagation and dispersion,
produced incorrect estimates of near and far field terminal effects - thus overstating the tsunami threat.

In order to evaluate the threat of megatsunami generation from the postul ated massive flank failures,
we much review the assumptions and input functions used by the recent modeling studies. First, wewill
examine if massive volcanic collapses are possible at the present time and if they can occur, as
postulated. Subsequently, we will review if the models developed correctly the necessary input functions,
and if proper coupling mechanisms were used to arrive at the source dimensions and initial modeling
parameters. Then, wewill examineif realisticinput conditionswere properly appliedin calculating wave
travel, energy distribution, geographical spreading and dispersive effects, andinforecasting near and far
field tsunami heights. Finally, in assessing the validity of the above numerical models, we would need
verification with historical events. Historical tsunami runup data can help assess on whether effects of
gpatial and temporal coherency were taken into consideration by these models, and generally evaluate
model performance and prediction capability - for both near and far field effects. Unfortunately, this
cannot be done as massive flank failures of volcanic island stratovolcanoes are extremely rare events.
Purported deposits of paleo-tsunami runup activity on the islands of Lanai, Molokai and elsewhere
(McMurtryaet a. 1999), areof questionable validity. Therefore, comparisonswill be made with some
recent historical events, for which thereis data.
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Present volcanic flank instabilities and past collapses. The recent numerical studies (Ward &
Day, 2001, Ward 2001) - forecasting megatsunami generation - are based on incorrect assumption that
the underwater flanks of the Cumbre Viga and Kilauea volcanoes are extremely unstable and that
massive failures can occur in the near future.

Indeed, in the distant geol ogic past, massive slides occurred in the Canary, Cape Verde and Hawaiian
islands as well as elsewhere in the Atlantic, Pacific and Indian oceans. Prehistoric, massive landslides
and flank failures of oceanic idland stratovol canoes have been extensively studied and documented in the
scientific literature (Moore et a, 1989, 1994, 1995; Moore & Clague 1992; Lipman, 1995; Moore &
Chadwick, 1995; Clague et al., 1998; Carracedo et al. 1999; Dartnell & Gardner, 1999; Day et al.
1999; Day et al. 1999b; Mehl & Schmincke, 1999; Moss et al., 1999; Rileya et al 1999; Smith et al.
1999; Stillman, 1999). However, the mechanisms of prehistoric volcanic flank failures are not fully
understood and are still under scientific investigation.

More frequently, stratovol canoes appear to dide fairly easily along the bases - often aseismically.
Generally the movement is continuous. However, occasiona locking has been responsible for some
rather large slope failures and destructive earthquakes. When the failures occur suddenly, they are not
particularly massive. Although local destructive tsunamis are often generated, within historic times,
volcanic flank failures have not generated destructive waves for shorelines distant from the source region.

Aswith all oceanic island stratovolcanoes, the underwater flanks of Cumbre Vigjaand Kilauea are
composed mostly of layers of pillow lavas, interspersed with smaller volumes of pyroclastics.
Ordinarily, these materials are relatively stable and not susceptible to massive, monolithic failures.
Presently, there is no sufficient geological evidence to support that La Palma's west flank or Hawaii's
southern flank are critically unstable or that a massive failure can be expected. However, partial flank
failures, as in 1868 and 1975 in Hawaii, may be expected every two hundred years or even more
frequently (Pararas-Carayannis, 1976a, 1976b).

Flank instability of La Palma: The evolution of the western Canary islands, especially in their
earlier stages of growth, has included giant lateral flank collapses (Carracedo, et al 1999). LaPama,
together with El Hierro and Tenerife, are the youngest of the western Canary Islands and still in their
active shield volcanic stage, which began almost 7.5 Ma ago (Stillman, 1999), with zones which were
subsequently underlain by swarms of dikes and other minor intrusions (Walker, 1999). LaPamahas
rugged topography with peaks rising to several thousand meters. A brief review of La Palma's geology
indicatesthat it wasformed by three stratovolcanoes. The northern part of the island was formed by the
shield volcano Taburiente, about two millionyearsago (Figure2). Thegiant Calderade Taburiente, is
a large depression 5 km across, with an area of 30 sg. km, and 2 km deep, increased to this size by
extensive erosion and landslides. The central and southern part of La Palma were formed by the two
other volcanoes, Cumbre Nuevaand Cumbre Vigja. Giant landslides and erosion during the past million
years have removed more than half of the total sub aerial volume of LaPalma. At least one catastrophic
collapse, the Cumbre Nueva giant landslide, occurred about 560 ka ago. The collapse removed some 200
km3 of the central-western part of La Palma, forming alarge embayment. (Carracedo, et d., 1999).

Recent eruptive activity on La Palma occurs on Cumbre Vigja, which has a concentrated volcanic
center aligned primarily along awell-defined, N-Strending rift zone - in which major dike emplacement
has taken place (Stillman, 1999). The structural reconfiguration of Cumbre Vigjasrift zones - which
begun about 20 ka ago - the development and high activity of the dominant south trending rift, the
underlying dike swarms, and surface changes which followed the 1949 eruption, have led to the
conclusion that the volcano's western flank is presently at an incipient stage of flank instability (Day et
a,.1999).

Indeed, Cumbre Viegja's western flank appears to be relatively unstable. However, and in spite of its
apparent instability, it highly unlikely that a maor flank collapse will occur in the near future -
particularly onethat could be greater than the prehistoric Cumbre Nuevalandslide, of about 560 ka ago.
Further review of La Palma's geologic structure indicates that the island is composed of two main rock
layers separated at about 427 m above sealevel. The lower layer is made of pillow lavas, cut by basdltic
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Figure 2. Relief Map of the idand of La Palma showing the volcanoes of Taburiente, Cumbre Nueva
Cumbre Vigaand the north-south trending rift zone and secondary faults.

dikes. The thickness of the pillow lavas ranges from 10 to 350 m. The upper layer consists of basaltic
lavas and pyroclastic rocks. In certain areas, asin the Calderade Taburiente, strong erosion over time
has resulted in the accumulations of large volumes of gravels, mixed with basatic lavaflows. Similar
erosion, but to alesser extent, has taken place also along Cumbre Vigjas flanks. Therefore, amassive
surfacefailure on Cumbre Vigjasflank isvery unlikely to occur. Theexisting basaltic flowsand dikes,
the latter located within 3 km on the west coast of the island and extending underwater, would limit
significantly the volume of material of any slope failure, above or below the water. Surface flank
failures on La Palma would have limited dimensions and would occur, either in a step-like form or
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contained by ring dikes - as those observed along the flanks of the Piton de LaFournaise volcano on
Reunionidand in the Indian Ocean (Fig 3). Asfor amassive failure of the western flank along a deeper
detachment surface, thereisstill not sufficient or conclusive geologic evidence that it can happeninthe
near future - as postulated by the tsunami modeling studies.

Fig. 3. Reunion Idand in the Indian Ocean and the Piton De La Fournaise vol cano showing extensive
erosion, subsidence and an arcuate coastline suggestive of underwater dope failure.(Source: GEOSAT
photos)

Flank instability of Hawaii: Review of the submarine geology of the island of Hawaii, shows
evidence of debris avalanches on the ocean floor aong the southwestern flank of the Mauna Loa
volcano. Thedebrisavalanches- composed of large blocks, pulverized rock, and water - areindicative of
large prehistoric slides. (Mooreet al. 1989, 1994; Lipman, 1995; Moore and Chadwick, 1995; Clague et
a., 1998; Dartnell and Gardner,1999). Above water, the slope of Mauna Loaisunusually steep. There
are no large escarpments or faultsto indicate gradual dlippage in recent times (Lipman, 1995) . However,
gradual subsidence has occurred in the past along the southern flank. The magnitude 8.0 Kau
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earthquake of 1868, resulted in extensive subsidence of the southern flank of Mauna Loa, which also
affected the southern flank of Kilauea

Review of the coastal geology along Kilauea's southern flank, indicates a different pattern of
kinematic processes. A number of coastal fault scarps, some as high as 500 m., parallel the Punarift
zone and are the tops of an extensive fault zone known as the Hilina Fault System, along which
substantial movement has occurred in the past (Fig. 4). Largefault blocksaretilted back, by as much as
8° towards the rift zone, indicating a pattern of gradual subsidence. This subsidence has created the
feature known as Hilina Slump. Papa u Seamount is the submarine expression of the active Hilina
Slump (Morgan et al 2001 ) (Fig. 5).

MAUNA LOA

Figure 4. Hawalii's southern slope showing coastal faults parallel to the east rift zone of the Kilauea
volcano, and the Hilina Slump along which dope failures have been occurring (Modified after Morgan
et al. 2001).

Paleomagnetic studies of changes in lava flow directions on the Hilina Fault scarps have helped
determine the pattern and speed of subsidence along the southern flank of Kilauea. In addition to
subsidence, these studies have determined a pattern of counterclockwise rotation, indicating slippage
between blocks, occurring aong listric normal faults ( Rileyaet a., 1999)
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Fig. 5. Oblique sidescan view of the Papa’ u Seamount (M odified after(Smith et al, 1999)

During the 1990's, Kilauea appeared to be dliding easily along its base, in aseaward direction, at an
average speed of about 10 cmayear. Theaseismic slip event - which was detected in November 2000
by GPS measurements along this southern slope - occurred gradually over a 36-hour period. Although
indicative of some degree of instability, the motions were imperceptible and occurred along the upper
slope of Kilauea's southern flank (Cervelli et al, 2000). Such slow aseismic movements have probably
occurred over thousands of years. These imperceptible kinematic changes are now being detected and
measured, only because new satellite technology and instrumentation have made it possible.

In summary, thereisno indication that Kilauea's southern flank is unusually unstable at thistime, or
that acatastrophic massive, failure can occur as postul ated by the recent tsunami modeling studies (Ward
2001). The subsidence process on the Hilina Slump appears to be continuous and gradual. High-
resolution side scan surveys of Kilauea's southern slope (Clague et al 1998; Dartnell and Gardner 1999)
show a number of cuspate normal faults near the head of the slump, as well as grabens and horsts.
Theseareindicative of past successive, crustal movements- some associated with major earthquakes. As
documented in a subsequent section, not even the large earthquakes of 1868 and 1975 were associated
with large-scale slope failures along Hawaii's southern coast. Neither of these two significant
earthquakes generated a destructive Pacific-wide, mega tsunami (Pararas-Carayannis 1976a, 1976b,
Pararas-Carayannis and Calebaugh, 1977). However, it should be pointed out that a repeat of the 1975
flank failure and associated large earthquake, can be expected on the south flank of Kilauea every 200
years or even more frequently (Pararas-Carayannis, 1976a, 1976b).
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EVALUATION OF MASSIVE VOLCANIC FLANK FAILURESALONG DETACHMENT
FAULTS

The recent numerical studies (Ward & Day, 2001, Ward 2001) - forecasting mega tsunami
generation - are based on incorrect assumption that the flanks of the Cumbre Vigja and Kilauea
volcanoes are extremely unstable and that massive failures along detachment surfaces can be expected in
the near future.

As stated, recent research indicates that stratovolcanoes can move or slide along their bases. The
movements are relatively continuous and result in gradual subsidence and slumps. Much of this
movement appears to take place at the volcano/sea floor boundary or along parallel zones of weakness
inside the volcano. These zones of weakness are often referred to as detachment faults, along which
limited subsidence often occurs. Occasional locking and subsequent sudden slippage along these
internal zones of weakness, or near the sea floor base, can cause sudden movements and large
earthquakes. Both LaPalmaand Hawaii appear to have such zones of weaknessand, asshown, massive
flank failures occurred in the distant past. However, no catastrophic flank collapses along detachment
faultshave occurred within recorded history. Recent flank failuresin Hawaii have been limited in extent.
Although Cumbre Vigja, on La Palma, appears to be diding in a seaward direction at the present time,
the volcano is stable during inter-eruptive periods. Thereisno indication that amassive collapseaong a
detachment surface will occur when the volcano again erupts.

Evaluation of postulated massive flank collapse along a detachment fault zone on La
Palma: The tsunami modeling study (Ward & Day, 2001) is based on a massive flank collapse
initiating along a detachment fault on La Palma . An extensive rupture - with maximum offset of 4
meters- along Cumbre Vigjas crest isthe purported surface expression of amajor discontinuity along
which the collapse will occur (Figure 3).

Aswith Kilauea, the Cumbre Vigavolcano appearsto be diding in a seaward direction. However,
contrary to Kilauea - where palis of up to 500 min height can be found - there no extensive fault system
paralleling Cumbre Vigjas major N-S trending rift zone. Furthermore, thereisno seismic or geologic
data to support that the 4 m near-summit rupture on Cumbre Vigja is indeed the purported zone of
weakness along the western flank - or that it extends to the volcano's base, as postulated. Indeed the
summit rupture resulted in west-facing normal faulting during the 1949 eruption (Day et a.,1999). Its
geometry and the timing of its formation in relation to episodes of vent opening during the eruption
suggests the possible devel opment of a discontinuity beneath the volcano's western flank, along which a
collapse or substantial slope failure may occur in the distant future. However, the apparent seaward
displacement measurements by a ground deformational network and by the Global Positioning System
are within the error-margins of the techniques employed (Moss et a. 1999). Although the apparent
movement vectors do suggest a coherent westward displacement to the west of the 1949 fault system, the
results are not conclusive as to the instability of Cumbre Vigja's western flank, or that a collapse is
imminent.

There is nothing to support that any massive type of failure will soon occur along this detachment
boundary - if indeed it extends to the volcano's base - as postulated. Further review of La Pama's
geology shows that all of the recent historical volcanic eruptions on La Palma were associated with
about 120 volcanic vents which are distributed along the crest of Cumbre Vigiasrift zone. In view of
this distribution and the absence of seismic data, it isalso conceivable that the near-crest rupture that
developed in 1949, is only a shallow geomorphological feature, rather than the surface expression of a
deeper discontinuity surface. It may have been caused by superficial gravitational settling, such asthat
whichforms double step calderas, or from partial collapses of magmatic chambersthat supplied lavato
the numerous vents, along the vol cano's north-south trending rift zone. Furthermore, evenif thisrupture
isindeed a surface expression of an extensive, deeper discontinuity, thereisstill no basisthat a flank
collapse can occur along this zone of weakness asasingle, massive event. A maximum offset of only 4
meters cannot be evidence of substantial failure or extreme instability. In spite of magmatic intrusions
from Taburiente's magmatic chamber to the north, and other than the Cumbre Nueva giant landslide, of
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560 kaago, none of the known major historical eruptions of Cumbre Vigja, the latest in 1971, triggered
any significant flank or slope failures (Fig. 6). There is no sufficient data to support that a major
collapse of Cumbre Vigawill occur aong the postulated discontinuity, when the volcano again erupts.

Bl Historc sruplion
Hecanl sediments 1712
Cumbre Vigja Seres
Cumbre Nueva Serias

B Gsjenado Seras
Tabudente volcano

I Basal complex

-+ Ciitf or sleap ridge

1971

Figure 6. Geological map of LaPamaidand showing sites of historic eruptions of the Cumbre Vigja
volcano from vents along its north-south trending rift zone.

Evaluation of the postulated massive flank collapse along a detachment fault zone on
Hawaii: Tsunami modeling by Ward (2001) is based on the premise of a massive flank failure along a
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detachment surface along Kilauea's southern flank in Hawaii. Incontrast to LaPalma, in Hawaii thereis
geologic evidence of an extensive zone of flank weakness, primarily along the southern flank of Kilauea.
Paralleling the Puna rift zone, there is an extensive system of coastal faults (palis) which appear to be
gravitational features associated with ongoing subsidence caused by both seismic and aseismic events -
the latter al so documented by recent GPS satel lite measurements. Thereisalso evidence of other parallel
submarine volcanic rift zones, formed in an evolutionary sequence (Reynolds et a. 1998). Marine
geophysical data, including SEA BEAM bathymetry, HAWAII MR1 sidescan, and seismic reflection
profiles, indicate that the southern slope of Hawaii comprises the three active hot spot volcanoes Mauna
Loa, Kilauea, and Loihi seamount and is the locus of the Hawaiian hot spot (Smith et al, 1999). As
stated, the Hilina Slump is the offshore continuation of the mobile Kilauea volcano south flank and has
resulted from subsidence and slope failure along a deeper detachment surface. The sub-aerial portion of
the Slump creeps seaward at arate of approximately 10 cm/year. The south flank is characterized mostly
by frequent, low-intensity seismicity. Most of the sudden crustal movements which have generated
strong shallow earthquakes in the past, appear to be triggered by intrusions and lava movements in the
magmatic chambers below the volcano. However, in spite of the apparent instability, a massive flank
failure of Kilaueaalong a detachment fault zone - as postulated (Ward 2001) - isvery unlikely to occur.
Neither the 1868 nor the 1975 earthquakes were associated with massive flank failures of Mauna L oa or
Kilauea or generated an ocean-wide mega tsunami (Pararas-Carayannis 1976a, 1976b, Pararas-
Carayannis and Calebaugh, 1977).

EVALUATION OF TRIGGERING MECHANISMS OF VOLCANIC FLANK FAILURES
AND COLLAPSES

Tsunami modeling (Ward & Day, 2001; Ward, 2001) is based on assumptions that a major volcanic
eruption on La Palma, or a major earthquake in Hawaii, will trigger massive flank collapses on these
isands. Thereis no mention of what lateral or vertical forces are needed to initiate the failures. Also,
inferred by the modeling studies are: @) that the triggering forces act on the center of an unstable flank
mass - otherwise there could not be a monolithic movement; and b) that the unstable flank mass has
monoalithic coherence - even though composed of pillow lavas and loose pyroclastics.

Slope instahilities, slope failures and gravitational flank collapses of island stratovol canoes can be
caused by different mechanisms, individually or in combination. Triggering mechanisms may include
isostatic load adjustments, extensive erosion, gaseous pressures, violent phreatomagmatic eruptions,
magmastatic pressures, gravitational collapse of magmatic chambers, dikeand cryptodomeintrusionsas
well as buildup of hydrothermal and supra hydrostatic pore fluid pressures.

Basic physics of slope failure: Assuming that amassive, monolithic slopefailure of anisland can
indeed occur along a deeper "detachment surface", we must still ook for the forces that are needed to
trigger it. Review of slope failure mechanism can only be based on the following considerations (Fig.
7). If only gravity is the acting force, there are two components. One component is acting
perpendicularly to the slope of this detachment surface, the other is acting tangentially. The
perpendicular component of gravity (gp) holdsthe potential slide material (pyroclastics, pillow lavas) in
place. The tangential component of gravity (gt ) causes ashear stress parallel to the slope - which tends
to pull an unstable block in the downd ope direction.

If the slope (along which failure can occur) increases, the tangential component of gravity on that
potential mass of slide (gt ) increases, and the perpendicular component of gravity (gp) decreases. The
forcesresisting downward movement would be shear strength, which includesfrictional resistanceand
cohesion among the particles that make up the mass of the potential slide. When the shear stress
becomes greater than the combination of forces holding the mass of the slide on the slope or along a
detachment surface, then the slide or a collapse are triggered. The failure will occur more readily on
steeper slope angles which increase the shear stress. Any other external influence that would tend to
reduce shear strength - such as lowering the cohesion among the particles of the mass or lowering the
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frictional resistance - could be atriggering mechanism for the failure.

Fig. 7. Physics of Slope Instability

The modeling studies of aLa Palma collapse (Ward & Day, 2001) do not comment on forces needed
to overcome the shear strength and mass inertia of a postulated 500 cubic km block of material, or at
which point of this unstable mass the forces must act to trigger its movement and subsequent collapse.
Since the modelstreat theinitial flank failure as monolithic, as stated previoudly, the inference isthat the
force of an event - whether a volcanic eruption or an earthquake - triggersit by acting near the center of
the mass. However thisis an unrealistic assumption because for movement or a collapse to occur, slope
failure must initiate closer to the base of the mass, or at least near the center of mass (if monolithic)
rather than at its upper portion.

Magmatic chamber collapse mechanism: Gravitationa collapse of unsupported magmatic
chambers can exert shear forces primarily in the direction parallel to the postulated failure, rather at the
more effective right angle. However massive caldera collapses are usualy associated with violent
Strombolian, Surtsean, Plinian and Ultra-Plinian volcanic eruptions rather than with eruptions of shield
volcanoes. The triggering mechanism of the last violent paroxysmal eruptive phase of a colossal or
super-collosal volcanic eruption such as those of Krakatau and Santorin, may be hydromagmatic or the
result of extreme gaseous pressures building below high viscosity magmatic residues. Usually, caldera
collapse occurs by the engulfment of the unsupported upper cone into the drained magmatic chambers of
a volcano after the final paroxysmal phase. However, in the case of the Krakatau or Santorin, the
estimated volumes of gected pumice and other pyroclastic debris were considerably less than the
volumes of the caldera depressions (Pararas-Carayannis, 2002). The volume discrepancy suggests a
possible mechanism for the explosive removal of the upper volcanic cone, rather than its total engulfment,
or perhaps a combination of the two processes. Also, the volume discrepancy may berelated to the size
of empty magmatic chambers, to lateral material movement, and to adjacent underwater slope failures.
Caldera collapse is not necessarily a sudden and total process. Often, the collapse process occurs in
phases. Thismay result in the formation of ring dikesindicating post-collapse magmatic intrusion along
fractures formed by the subsidence of the roof of the magma chamber.

Regardless of the form or severity of volcanic explosive activity, collapse processes on any volcano
may create large depressions that resemble Krakatoan calderas, or double pit craters such as those
observed at the summit of shield volcanoes like Kilaueain Hawaii, or Taburiente on LaPalma. Erosiond
processes and slides, as with the extinct Taburiente or Koolau volcanoes, can contribute significantly to
the post-eruption enlargement of calderas.
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Thereis no evidence of significant magmatic chamber collapse along the crest of Cumbre Vigja, as
the apparent reservoir of magma appears to be under the Taburiente volcano to the north. So this does
not appear to be a potential mechanism for large scale flank failure on LaPalma. On Kilauea's summit,
thereisalarge calderawhich isindicative of magmatic chamber collapse. However the present caldera
appearsto be quite stable. Limited crater collapses have occurred along Kilauea'srift zone, but again this
is not considered to be an effective mechanism for triggering any massive type of collapse.

I sostatic mechanism: Although the main force responsible for any slope failure is always gravity,
an event of considerable force is needed to trigger the movement of alarge mass, as postulated. Slope
failure due to gravity alone, is a function of the angle of repose at which the volcanic materials were
deposited astheislands built up. On the flat ocean floor surface, the force of gravity acts downward, so
nothing moves. On ayoung volcanicisland - still inits shield building phase - extruded lava flows find
their own natural angles of repose, above and below the water. Excluding the influence of other forces,
underwater slopes of young volcanoes are relatively stable, consisting mainly of pillow lavas. As a
stratovolcanic island builds up and loads the earth's crust, isostatic adjustments cause flank subsidence,
buckling of the ocean floor, and offshore deeps and arches. For example, the morphology and
structural evolutionary development of the Hilina Slump, off Kilauea's southern coast, suggest an active
isostatic adjustment process. The Hawaiian Trough and the Hawaiian Arch are exampl es of isostatically-
caused buckling of the ocean floor around the island of Hawaii. Although accountable for the continuous
mobility of the volcanic flank, as observed along the southern coast of Hawaii, this mechanism is too
slow to trigger sudden collapses.

Erosional mechanism: As a volcanic island gets older, extensive erosion takes place. The
deposited materials consist primarily of unconsolidated sediments, gravels, rocks, pyroclastics, or lavas
flows reaching the sea from subsequent flank or summit eruptions. Where alarge accumulation of loose
material occurs, theflank becomeslessstable. Gravity alone, or thevertical and horizontal accelerations
of an earthquake, can trigger landdlides.

Erosion during the Miocene period played akey rolein the evolution of Fuerteventuraand Lanzarote,
the oldest of the easternmost Canary Islands. Giant landslides reduced them considerably in height
(Stillman, 1999). Even on La Palma, El Hierro and Tenerife, the younger western islands, which are
still in their shield stage, substantial amount of erosion has occurred. On LaPalma, hundreds of meters
of sedimentary material - primarily gravel - has accumulated on the western slope of the island
primarily due to extensive erosion of the Taburiente caldera. The gravel is mixed with basaltic lave
flows, atrend which appearsto continue into the ocean. A large surface landslide could betriggered by a
large earthquake. However the existing volcanic dikeswould render some stability. Overall theerosion
mechanism can be effectivein triggering landslides, particularly on the older islands, but not on flanks of
volcanoes, still in their shield building stage. Therefore, it is very unlikely that a massive surface
landslide of great dimensions can occur by this mechanism on either La Palma or Hawaii. In Hawaii,
for example, the major earthquake of 1868 only triggered a surface landslide on Mauna Loa that was
only three mileslong and thirty feet thick.

Gaseous pressure mechanism: To overcome the shear strength of 500 cubic km of material on
LaPalma, aspostulated, would requireavery largetriggering event and atremendous|ateral shear stress.
Gaseous pressures do not built up on shield type of volcanoes as they do prior to the paroxysmal Plinian
and Ultra-Plinian eruptions of the Krakatoan variety. Most of the eruptions of Cumbre Vigja and
Kilauea are non-explosive types and involve primarily extrusions of pahoehoe and aa lavas, with only
small amounts of pyroclastics, usually from secondary vents.

In the case of LaPalma, amajor volcanic eruption of Cumbre Vigja, either near the summit or along
vents of its rift zone, would not build up great gaseous pressures and could not  exert sufficient shear
stressto trigger failure at the base of the postulated mass - most of which isunderwater. Recent eruptive
activity on Cumbre Vigja occurs along a concentrated volcanic center aligned primarily with a well-
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defined North-South trending rift zone in which major dike emplacement has taken place (Stillman,
1999). Deformation by intruding magma can indeed create a local stress field which may result in
predominantly dip-slip motion and form a rupture - as the one resulting from the 1949 eruption.
However, such triggering mechanism will affect the upper portion of the volcano and can only result in
partial flank failure.

Phreatomagmatic mechanism: Phreatomagmatic eruption activity dueto ground water intrusion -
from increased rainfall activity, caused by climatic changes - has been proposed as another possible
triggering mechanism for volcanic flank failures and giant landslides (McMurtrya et a. 1999). Asthe
magmatic system comes into contact with the hydrothermal system, the expansion of water - inthe form
of superheated steam - resultsin an explosive type of activity that tends to weaken avolcano, perhapsto
the point of collapse. This would be particularly true for continental type of volcanoes that involve
Strombolian, Vulcanian, Peléean or Plinian type of eruptions, but not so much on oceanic shield
volcanoes. At thelatter, phreatomagmatic activity isusually limited to secondary cone eruptionsand the
emissions of tephraor ephritic lava. Furthermore, on oceanic island volcanoes, this mechanism tendsto
initiate primarily sub aerial collapses which may be usually limited to the upper flanks or along
secondary vents aong therift, which may be nearer to the coast.

Additionally, and regardless of climate changes and wetter periods, relatively young volcanicislands
such as Cumbre Vigiaand Kilauea- still in the shield building stage - retain little ground water because
of greater rock porosity. Most of the rain water runs off and islost. There is no extensive water lens at
the base, as with older and highly eroded volcanic islands. On the younger volcanic islands rainfall
water collects in pools, surrounded by impermeable dikes - usually in the upper slopes. Any violent
phreatomagmatic activity is usualy limited to a few vents near the summit or the upper flanks of the
volcano and involves only shallow magmatic chambers. In fact, in 1949, there was a 5-week-long
magmatic and phreatomagmatic eruption activity aong Cumbre Vigjas ridge (White & Schmincke,
1999). Therewas no evidence of large scale collapse.

The 1949 eruption begun with emission of ephritic lavafrom five vents at the Duraznero crater onthe
ridge top of Cumbre Vigja (1880 m above sea level). After these vents shut down abruptly, activity
shifted to an off-rift fissure at the LIano del Banco crater, located at 550 m lower elevation and 3 km to
the northwest. The new eruptive center emitted initially tephritic aa but later emissions were basanitic
pahoehoe lava (Kllgela et al, 1999). Two days after the initial basanite emissions began at Llano del
Banco, the Hoyo Negro crater (at 1880 m above sealevel ), located 700 m north of the Duraznero crater
along the rift, begun producing ash and bombs of basanitic to phonotephritic composition, in violent
phreatomagmatic explosions (White and Schmincke, 1999). However, the covariance in the eruption
rates of vents that was observed during Llano del Banco's and Hoyo Negro's simultaneous
phreatomagmatic activity, isindicative of arather shallow hydraulic connection and of alimited ground
water supply. Other than afew modifications within the southwestern margins of Hogo Negro'scrater -
50to 100 m lower (White & Schmincke, 1999), the phreatomagmatic components of the 1949 eruption
did not cause any large failure of Cumbre Vigjas flank. Similarly, there have been no large-scale
hydromagmatic eruptions on Kilauea and no landslides of any significance have been generated. In
view of these observations, it can be concluded that phreatomagmatic activity is limited on active
stratovol canoes and will not cause massive flank collapses.

Forced dike injection mechanism: Theforced injection of dikes and the concurrent devel opment
of mechanical and thermal pore fluid pressures along the upper flank or at the basal décollement region,
combined with associated magmastatic pressures at the dikeinterface - as proposed by Elsworth & Day
(1999) - can indeed contribute to significant destabilization of the flank of an active stratovol cano, such
as Cumbre Viga or Kilauea. Whether a shallow flank or a deeper basal décollement failure will
eventually be triggered, will depend on additional complementary destabilizing effects of mechanical
magma "piston like push" at the rear of the weakened block, and the buildup of therma and supra
hydrostatic pore pressures - if below the water table. Depending on the geometry and horizontal extent
of dikeintrusion and itsthickness, aswell as on the extent of contributing hydrothermal and mechanical
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factors, such combined forces can indeed become an effective primary triggering mechanism for
larger-scale vol canic flank failures and subsequent tsunami generation.

Thereisevidence that large, prehistoric flank failures were triggered by such mechanisms. Dike and
cryptodome intrusion, as well as hydrothermal alteration in the crater area, probably weakened and
further triggered the flank collapse of the Roque Nublo stratovolcano on Gran Canaria Island during the
Pliocene period (Mehl & Schmincke, 1999). The massive, prehistoric, collapse of the Monte Amarelo
volcano on Fogo, in the Cape Verdeisland group, appears to have been induced by radial rift zonesfed
by laterally propagating dikes (Day et al 1999b). More recent eruption on Fogo, in 1951 and 1995,
appear to be associated with episodes of flank instability caused by now vertically propagating dikes
which manifested in normal faulting near the volcano's rift zone.

Proper interpretation of seismic datais crucial in making reasonable predictions of volcanic flank
instability associated with forced dikeinjection, before or during amajor eruption. For example, seismic
data was used successfully to distinguish between brittle fracture of cold host rock and deformation in
thevicinity of intruding magmafor the 1995 Fogo eruption in the Cape Verde Islands (Heleno da Silva
et al., 1999). Based on composite seismic focal mechanism analysis, the size, depth and direction of the
dike feeding the eruption were identified. From this, an estimate of the associated stress field was
obtained and correlated with the volcano's flank topography.

Lateral magma migration appears to have occurred on La Palma, beginning in 1936. Stronger
seismic harmonic tremors begun in early March 1949. Their foci distribution suggests that magma
ascended from chambers beneath the Taburiente volcano and moved along the north-south-trending rift
of Cumbre Viga(Klugelaet a, 1999). Asalready mentioned, amaor eruption, with phreatomagmatic
activity, begun at Duraznero crater on the ridge top (1880 m above sea level) on June 24, 1949. The
occurrence of xenoliths aimost exclusively near the end of the eruption is indicative of wall-rock
gravitational collapse at depth. The eruption was associated with subsidence and |eft a two kilometer-
long fracture near the summit.

The volcanic evolution of the 1949 eruption of Cumbre Vieja seemsto be typical for LaPalma. Prior
to and during each eruption, there appears to be considerable shallow magma migration, which is
manifested by strong seismicity, intense faulting, and the opening of closely spaced vents (Kllgelaet a,
1999). However, it should be noted that none of the historic eruptions in 1430/40, 1585, 1646, 1677,
1712, 1949 or in 1971, triggered a large size slope collapse. on the island. Although the flank of
Cumbre Vigjla may have been somewhat destabilized by the 1949 and 1971 eruptions, there is no
indication that acritical condition hasbeen reached, or that the next major eruption will trigger amassive
flank failure.

In all cases, forced injection of dikes and kryptodomes - and the concurrent development of
mechanical and thermal porefluid pressures- appear to result in seaward movement of the volcanic flank
and may eventually result in partial failures of larger scales. It is believed that mechanica magma
intrusion, primarily, and buildup of thermal and supra hydrostatic pore pressure, secondarily , arethe
more effective mechanismsfor the sudden and larger scale vol canic flank failuresthat can generate local
destructive tsunamis. Such was the apparent mechanism for major past flank failures of Mauna Loaand
Kilaueavolcanoes along the southern coast of Hawaii, and the cause of the 1868 and 1975 earthquakes -
neither of which generate a destructive Pacific-wide mega tsunami (Pararas-Carayannis, 1976a, 1976b,
2002). Finadly, it should be noted that even the colossal and super-collosal, Plinian and Ultra-Plinian
eruptions of Krakatoa and Santorin volcanoes in 1883 and 1490 B.C. - which were associated with
massive flank failures - generated a megatsunami that was destructive far away from the source regions
(Pararas-Carayannis, 2002).

EVALUATION OF SOURCE DIMENSIONS OF POSTULATED FLANK COLLAPSES
The recent tsunami modeling studies (Ward & Day, 2001, Ward 2001) used unrealistic source

dimensions of flank collapses that are even greater than those of prehistoric events. The postulated
Cumbre Vigjacollapseis based on amassive monoalithic slide block 15-20 km wide, 15-25 km long and
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up to 500 cubic Kminvolume. Similarly unrealistic are the source dimensions for the postulated flank
collapse of Kilauea along Hawaii's southern coast.

Indeed, there is abundance of geologic evidence indicating that several large-scale flank collapses have
occurred inthedistant past, inthe Canary, the CapeVerde, the Hawaiian and other volcanicislands. The
prehistoric flank collapse of the Monte Amarelo volcano on Fogo island inthe Cape V erde archipel ago,
had an estimated volume of at least 150-200 km3 (Day et al 1999b). The Pliocene, flank collapse of the
Roque Nublo volcano on Gran Canariaisland left debris deposits of at least 14 km3, covering an area of
about 180 km2, in the southern half of the island (Mehl & Schmincke, 1999). There was at least one
known catastrophic collapse on La Palmaabout 560 kaago. Thiswas the Cumbre Nuevagiant landslide,
which removed an estimated 200 km3 of the central-western of the island, forming a large embayment.
(Carracedo, et a 1999).

The Hilina slump is the only large submarine landslide in the Hawaiian Archipelago thought to be
still active. Over millions of years, the slump is estimated to have covered an area of 2100 km2 and a
displacement having avolume of 10,000-12,000 km3 (Smith et al. 1999). However, its geomorphol ogy
indicates that slope failures occurred from numerous discrete small events, over a period of time. Also,
superimposed on the Hilinaslump are horsts and grabens - indicative of gravitational subsidence and of
lateral pressure effects from dike and cryptodome intrusion originating from shallow magmatic
chambers of Kilauea and Mauna Loa volcanoes. As discussed in the next section, al of the known
historical earthquakes on the southern part of the island of Hawaii involved relatively limited slope
failures and generated only destructive local tsunamisin 1823, 1868 and in 1975 (Pararas-Carayannis,
1967, 1976a,b). In 1989, this same region again experienced smaller, damaging earthquakes, but with
limited subsidence and no significant tsunami generation. Although the overall dimensions of the Hilina
dump are great, the distinct historical episodes of dope failures had limited dimensions.

The April 2, 1868 slope failure of Mauna L oa: The most destructive tsunami of the 19th Century
was generated by alocal earthquake (Pararas-Carayannis, 1967, 1975) with an estimated magnitude of
7.75 (Furumoto, 1966). The shock wasfelt throughout the Hawaiian islands, as far as Niihau some 350
miles away. On the island of Hawaii, strong ground motions triggered a landslide, which was three
miles long and thirty feet thick. The slide swept down ahill killing thirty-one people and thousands of
cattle, sheep, horses, and goats. Later, on April 28, lavabroke out on the southwest flank of the Mauna
Loavolcano and created a 15-mile flow to the sea.

The 1868 earthquake was associated with considerabl e subsidence along the flank of the Mauna Loa
volcano. According to Brigham (1868), the most destructive tsunami effects were observed over a
distance of 50 milesalong Hawaii's southern coast. Brigham could not determine whether the "shoreline
has been raised or depressed” but all indications arethat it was depressed, sincethe water first recessed
before wavesinundated the coast. Tsunami waves struck the coast from Hilo to South Cape, being most
destructive at Keauhou, Puna, and Honuapo; 180 houses were washed away, and 62 people lost their
lives. A 10-foot-high wave carried wreckageinland 800 feet. At Honuapo all houseswere destroyed. A
stone church and other buildings were destroyed at Punaluu. The place presently known as the Keahou
Landing on the southern part of Hawaii iswhat Bingham refersin his description as Keahou. Maximum
tsunami wave height there was 65 feet, the highest observed in Hawaii to date (Pararas-Carayannis, 1967,
1975).

The November 29, 1975 slope failure of Kilauea: The major earthquake of November 29, 1975
(surface wave magnitude of 7.2), somewhat to the east of the area affected by the 1868 event, involved
uplift, subsidence and slopefailure. It generated another destructivelocal tsunami. Maximum horizontal
crustal displacement was approximately 7.9 meters. Near Keauhou Landing, maximum vertical
subsidence was approximately 3.5 meters. The displacements decreased to the east and west from this
area. Infact, subsidence rapidly decreased to the west. At Punalu'u, the shoreline actually uplifted by
about 10 centimeters (Pararas-Carayannis 1975).  Subsequent surveys determined a subsidence of
about 3 metersat Halape Park totheeast. A large coconut grove area adjacent to the beach subsided by
as much as 3.0 and 3.5 meters. Further to the east, the subsidence decreased to 1.1 meters at
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Kamoamoa, 0.8 meters at Kaimu, 0.4 meters at Pohoiki, and 0.25 meters at Kapoho. According to the
Volcano Observatory of the U.S. Geological Survey, even the summit of Kilauea subsided by about 1.2
meters and moved towardsthe ocean by about the same amount. A small, short-lived eruption took place
insde Kilaueda's caldera

The affected offshore block was approximately 70 km long, and 30 km wide with the long axis of the
displaced block being parallel to the coast. This entire offshore region rose approximately 1.2 meters.
The total volume of displaced material was roughly estimated to be only 2.52 cubic km (Pararas-
Carayannis 1976a,b). Furthermore, inspection of tide gauge records showed the initial wave motion to
be upwards at all stations. The significance of this observation is that the offshore crustal displacement
was an uplift, asthe onshore section subsided and moved outward. Thiswasindicativethat the resulting
slope failure and earthquake were not entirely due to gravitational effects of instability, but may have
been partially caused by compressional lateral magma migration from shallow magmatic chambers of
Kilauea. or by lateral magmastatic forces along an arcuate failure surface or along a secondary zone of
crustal weakness on the upper slope of the Hilinaslump. In fact, recent paleomagnetic studies show that
differentia rates of movement and rotation occur between sections of the dump (Rileyaet a., 1999).

Finaly, it isinteresting to further note that Hilo was greatly affected by the earthquake shock wavesin
1868 and in 1975, but not by the tsunami waves. Thisis suggestive of the directionality of slumping
and of the limited dimensions of distinct slope failure events along the southern flanks of Kilauea and
Mauna Loa. Neither of these two dlope failures generated a mega tsunami that posed a threat at
locations distant from the source. Slope failures and subsidences along Kilauea southern flank have
occurred with frequency. However, thefailures appear to have occurred in phases, over aperiod of time,
and not necessarily assingle, large-scale events, involving great volumes of material.

Slope failures from the volcanic explosions of Krakatau in 1883 and Santorin in 1490 B.C. :
The violent colossal and super-collosal, Plinian and Ultra-Plinian, volcanic explosions of Krakatau in
1883 and of Santorin in 1490 B.C. resulted in large caldera and flank collapses. Combined with
atmospheric shock waves, they generated the most destructive local tsunamis of volcanic origin, in
recorded history. Although the source dimensions and volume of material involved were great, it should
be noted that the flank failures were significant but not particularly massive.

The explosion/collapse of Krakatoa generated formidable tsunami waves that wereup to 37 m in
height. However, the tsunami was only destructive locally in Indonesia. Only small waves were
recorded away from the source region (Pararas-Carayannis 2002). Similarly, the great explosion/collapse
and flank failures of Santorin generated a very destructive tsunami estimated to be 40-50 m high near
the source area. However, at Jaffa-Tel Aviv, 900 km away, the maximum height of the tsunami had
attenuated to about 7 m tsunami (corrected for eustatic change) (Pararas-Carayannis, 1973, 1992).

EVALUATION OF SLIDE SPEED

Tsunami modeling of the La Palma collapse (Ward & Day (2001) is based on the conjecture that a
massive failure of alarge crustal block - up to 500 cubic Km in volume - cascades 60 km out to seain
only 10 minutes, by rafting on ahighly pressurized layer of mud or fault gouge breccia, before reaching
rest at the flat portion of the ocean, at 4,000 meters. A similarly high slide speed is used to model
tsunami generation from a massive collapse aong Kilaueas Hilina Slump region, in Hawaii (Ward,
2001). The models treat the slides as monolithic rotations along "detachment faults’, rather than
turbulent movements of large size materials, such as pyroclastics and pillow lavas. The effects of water
turbulence behind the slides masses, are ignored. It is further assumed that the dlides move,
monolithically, for thefirst 15 km, at a specified constant vel ocity of more than 250 km/hour (about 70 -
100 m/s).

The models ignore cohesion among the particles of the mass that would tend to resist movement.
The postulated slide speeds of 70-100 m/sec - which have appeared also elsewhere in the the scientific
literature - are based on conjecture. They are unredlistic asthey would aready be the speed of a tsunami
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in 50 m of water depth. Furthermore, the speed of atsunami in 50 m is the speed of potential energy
propagating on the surface of the ocean, while the speed attributed to the slidesis that of kinetic energy
along the bottom.

Since the postulated collapses are presumably rotational along detachment faults, there is also an
implicit assumption that the slope of the failing surface is reduced with depth. However, the modeling
studies do not take into proper consideration the effect that slope reduction would have on the dlide's
speed. Reduction of slope would slow down the dlide rather than accelerate it to 100 m/sec. Large
boulders of pillow lavas cannot possibly move that rapidly. Frictional effects which would tend to slow
down the slide's speed, are overlooked by assuming lubrication from instantaneously-formed fault gouge
breccia

The speed of flank failure used by the models, is ssimply unrealistic. The maximum speed of the
1929 Grand Banks slide was less than 80 km/h. whichis lessthan the postulated slide speeds used for
La Palma and Hawaii dlides. Furthermore, the Grand Banks slide involved unconsolidated sediments
which could move rapidly downslope as turbidity currents with much less friction (Piper et a 1988).
Themostly, large size particles of pyroclastics and the pillow lavas of CumbreVigaor Kilauea, cannot
move as fast as turbidity currents. Finally, rapid crustal movements, usually of the upper portion of a
stratovol cano'sflank, could only occur along fault fracturestriggering an earthquake, dikeintrusion, or a
magmatic chamber collapse - either as alinear features or along aring dike. Such mechanisms would
tend to limit the extent, dimensions and speeds of a potential slide. Failures would result either from
compressional effects or from gravitational adjustments. The time history of such failures would be
fairly short in duration. Frictional effects - which would tend to put the breaks on dlides - are
disregarded by the numerical models. Ultimately, the efficiency with which waves can be generated will
depend on how close the dide speed is to the tsunami speed in that depth of water.

EVALUATION OF LANDSLIDE COUPLING MECHANISM AND INITIAL TSUNAMI
AMPLITUDE

The numerical models (Ward & Day, 2001, Ward 2001) further assume that the initial tsunami
amplitude can be estimated on the basis of being proportional to the vertical center of a dide's mass
displacement (Murty, 1979; Watts 1998, 2000). However this would be a reasonable approximation
only if the sope failure was a monoalithic event, and the mass moved as a unit downslope without
disintegrating in the process - and without taking into consideration the effects of water turbulence
behind the slide or the effects of bottom friction. However, thisisnot how slope failuresactually occur
in nature. Furthermore, and as mentioned previously, moving 500 cubic Km of material, as postulated
for LaPalma, would require atremendous triggering force acting on the center of gravity of ablock, and
the dide would need to start from aresting position.

Asaresult of incorrect assumptions on source dimensions, slope instabilities and dide speeds, the
numerical tsunami models(Ward & Day, 2001, Ward 2001), overestimatetheinitial parametersof slide-
to-water coupling. The problemisfurther exacerbated by the manner of the numerical computation. For
example, in devel oping the model's depth grids, depth averaging isused - whichisan acceptable method
when used to simplify tsunami generation by an earthquake. However, this cannot work for landslide
failure mechanism because of differences in time scales. As a slide moves downslope, water flows
around it in the opposite direction. But depth averaging assumes that slide and water move together,
which leads to an incorrect coupling mechanism in these models.

EVALUATION OF TSUNAMI FAR-FIELD EFFECTSFROM POSTULATED COLLAPSES
OF STRATOVOLCANOES

The combined effects of erroneous assumptions on source dimensions, source ground motions,
speeds and coupling mechanisms of the La Palma and Kilauea collapse models (Ward & Day, 2001,
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Ward 2001) produce initial leading tsunami waves that are far too high. By treating the resulting
tsunami asashallow water wave, themodel streat incorrectly wave height attenuation with distance away
from the source. The models further overlook the following basic principles.

Regardless of generative mechanism, there is aways scattering and dispersion of energy over a
wider geographical areaastsunami waves propagate away from asource region. Changesare due to
refraction primarily (large refractive indices tend to produce correspondingly large dispersions), but
geometrical spreading will also affect tsunami wave heights and, ultimately, runup at a distant shore.
Source dimensions, geometry of the tsunami generating area and coupling mechanisms, determine the
initial heights and periods of the resulting waves and whether these will propagate as shallow or
intermediate waves. If the wavelengths are short, dispersion will have a greater effect in attenuating
heights away from the source region. In general, dispersion increases toward shorter wavel engths, and
varies approximately inversely with the cube of the wavelength.

Also, because of the earth's sphericity, geometric spreading reduces the wave energy - and wave
height - with distancetraveled. The tsunami energy will begin converging again at adistance of
90 degrees from the source. Geometrical spreading will have a greater effect for long period tsunami
waves. For example, for two dimensional (X, Z) dispersive tsunami waves, the maximum height decay

with distance is theoretically proportional tox'l’2 at great distances from the source. For three-
dimensional (r, S) dispersive tsunami waves, the height-change rel ationships with distance conforms to

r'l. The width of such three dimensional tsunami waves, propagating away from their generating
source, at any timewill be;

S=258, sin @

Where So = widest wave front at an arcual distance of 90 degrees away from the source and (6) is the
greet circle distance expressed in degrees.
For a constant depth ocean, the tsunami amplitude A isrelated to:

1
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where Sisthe width of the tsunami wave front.

Even though the ocean does not have a constant depth, afirst order approximation of offshore
tsunami height with distance can be obtained, assuming a direct path and only spreading. Also, the lesser
the width of the tsunami wave front and greater the distance away from the source, the greater will bethe
wave height attenuation. Recent modeling studies of tsunami generation from asteroid impact confirm

that the height-change relationships with distance conforms to r'l, in accordance to linear dispersive

wave theory (Weaver et d., 2002).
The La Palma and Kilauea collapse models (Ward & Day, 2001, Ward 2001) treat the resulting
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tsunami as a shallow water wave and also produceinitial leading tsunami wavesthat arefar too high. As
aresult, far field tsunami effects are greatly overestimated. For example, within two minutes after the
postulated La Palma failure begins (15-25 km wide; mass 500 cubic km.), the model estimates a water
dome 900 meters high on top of the monalithic dide block. After five minutes, and after traveling 50 km,
on top of the now disintegrating block of material, the leading wave height drops to 500 meters. After
ten minutes of travel - when the slide hasreachesitsrest on the ocean floor - the leading wave has grown
to 250 kmin diameter. By thistime, purported megatsunami waves of several hundred metersin height
have already struck the other Canary islands. The leading wave of 200 meters propagating away from
the sourceregion, isfollowed by positive and negative wavesthat are now 2-3 times greater - 400 to 600
meters in amplitude. According to the model, mega tsunami waves of up to 50 m. in height reach
Florida and the Caribbean islands and more than 40 m. the northern coast of Brazil (See Fig. 2). The
modeling of the Kilauea collapse (Ward 2001), forecasts mega tsunami heights of up to 30 m for the
west coast of North America, and up to 20 m for the southwest Pacific.

Thefar field forecasts of these models are erroneous for the following additional reasons. Even with
the overstated source dimensions, the postul ated coll apse mechanism can generate only an initial wave of
short wavelength. Maximum period cannot be more than 3-4 minutes. The wave will behave as an
intermediate rather than a shallow water wave (Mader, 2001). By treating the resulting tsunami as a
shallow water wave, the model s only describe the geometric spreading and not the significant dispersion
that shorter period waves undergo with distance away from the source. Thus, the models treat incorrectly
wave height attenuation. The wave height is treated as being proportional to the square root of wave
energy. Presumably, asthewave height increases during the postulated monolithic failure and coupling
mechanism, the mass of water involved in the wave and its height above normal sea level, increases.
Water turbulence behind the mass of the slide - which would tend to decrease both the energy and the
wave height - isignored. Essentially such modeling presumesthat, somehow, waves generated from the
postulated slides of LaPalma or Kilauea will increase in energy as they propagate away from their
sources - in other words more energy will be generated than initially imparted. This is simply not
possible.

Another implicit, erroneous assumption isthat the wave energy decreases linearly with distance (in an
ocean of constant water depth), and therefore dispersion will decrease the wave height with the square
root of distance from source - thus much more slowly than predicted by linear dispersive wave theory.
Furthermore, that this effect of dispersion will only decrease the wave height by 2/3rd or 3/4th of the
root of distance from the source - further assuming incorrectly that the dominant wavel ength increases -
so that the eventual impact of the tsunami wave as it comes ashore is not so greatly reduced.

Thus, these models forecast incorrectly tsunami far field effects. Shallow water effects, which are due
to the nonlinear nature of the tsunami, are treated as linear and overestimated. Only waves of much
longer wavel ength can propagate effectively acrossocean basins. Eventhough local destructive tsunami
waves can result from the postulated mechanisms, waves of such short periods will rapidly decay away
from the source region with considerable height attenuation.

Subsequent modeling by Mader (2001) confirms this and provides realistic estimates of tsunami far-
field effects for the same hypothetical La Palma dlide. Using the wave profile output obtained from a
high speed (110 meters/second), pneumatic landslide generator of the Swiss Federa Institute of
Technology at Zurich, Switzerland (Fritz, 2001), and based on a "worst case” scenario for La Palma
(650 meter high, 20 kilometer radius water wave after 30 kilometers of travel), Mader's numerical model
treatsthe resulting tsunami as an intermediate wave of short wavel ength and period - taking into account
both dispersion and geometric spreading effects. Specifically, the shorter period and wave amplitudesin
his model, result in significant wave height attenuation with distance - to less than one-third of the
shallow water amplitudes. The upper limit of his modeling study shows that the east coast of the U.S.
and the Caribbean would receive waves|essthan 3 metershigh. The European and African coastswould
have waves less than 10 meters high. However, full Navier-Stokes modeling of the same La Pama
failure, brings the maximum expected tsunami wave amplitude off the U.S. east coast to about one
meter.
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SUMMARY AND CONCLUSIONS- ASSESSMENT OF THE MEGA TSUNAMI THREAT
FROM POSTULATED COLLAPSESOF ISLAND STRATOVOLCANOES

Sudden, catastrophic, flank collapses of idand stratovol canoes are extremely rare phenomenaand
none have occurred within recorded history. Numerical modeling of megatsunami generation (Ward &.
Day, 2001, Ward 2001) has been based on unrealistic scenarios of massive flank collapses of volcanoes
in LaPalma, Canary islands, and theisland of Hawaii. Indeed, stratovol canoes appear to move or slide
along their bases. However, most of their flank movements are relatively continuous and result in
gradual subsidence and slumps - often aseismically. Much of the movements appear to take place at the
volcano/sea floor boundary or along zones of weakness, paraleling volcanic rift zones. Occasional
locking and subsequent sudden slippage along internal zones of weakness or near the sea floor base can
cause sudden movements and large earthquakes. However, volcanic slope failures occur in phases, over
along period of time, and not necessarily as single, sudden, large-scale events. Most of the sudden
failuresin historic times have been limited in extent and did not involve great volumes of material. They
have been shallow phenomena, usually occurring in the upper flanks, rather than at the basal decollement
region. Overall, subsidences and slides appear to be triggered by gravitational settling,, by partial
collapses of empty volcanic magmatic chambers, by isostatic adjustment processes, by magmastatic
pressures at the dike interface but, principally, by the forced injection of dikes and kryptodomes and the
concurrent development of mechanical and thermal pore fluid pressures along the upper flanks or at the
basal décollement region of stratovol canoes.

Review of geology and of historic events of LaPalma, does not support claimsthat theisland's western
flank is particularly unstable or that the next large volcanic eruption of the Cumbre Viga volcano will
trigger amassive failure along adetachment fault. There is no seismic data to support that an observed
rupture along the crest of the volcano is the surface expression of a major weakness zone along which
detachment and major failure can occur in the near future. A summit or flank eruption cannot exert
sufficient shear strength to trigger the movement of up to 500 cubic km of material - as postulated.
None of the eruptions of Cumbre Vigjaon LaPalmain 1646, 1712, 1949 or 1971 triggered alarge size
slope collapse or generated amegatsunami. The 1929 Grand Banks landslide, which involved 300-700
cubic km of material, generated only a local tsunami with insignificant far-field effects. The 1958
rockfall that caused the 524 m. impact tsunami inside Lituya Bay was hardly noticeable outside the
source region. The gigantic Plinian and Ultra-Plinian volcanic eruptions of Krakatau in 1883 and of
Santorin in 1490 B.C. involved large scale dope failures and generated catastrophic local mega-tsunamis,
but thewavesrapidly decayed asthey traveled from the source. The maximum waverecorded in Batavia
(presently known as Jakarta), from the Krakatau explosion/collapse was only 2.4 meters. The waves at
JaffaTel Aviv in the eastern Mediterranean from the expl osion/collapse of Santorin were only 7 meters
high.

A similar review of the geology and of historic events of theisland of Hawaii, does not indicate that
Kilauea's southern flank is unusually unstable or that a massive collapse is possible in the foreseeable
future. None of the strong earthquakesin Hilo in 1834, in MaunaLoain 1938, or along the K ona coast
in 1951, triggered an underwater slope failure or generated a tsunami. Neither of the 1868 or the 1975
major earthquakes on the southern coast of Hawaii resulted in major flank collapses. The slopefailures
were large but not massive. Other than local destructive tsunamis, these two events did not generate
destructive waves at great distances away from the sourceregion. The 1975 tsunami did cause limited
damageto boats on Catalinaisland, near the Californiacoast, but no waves of significance occurred there
or anywhere else.

It isextremely unlikely that massive collapses on the idands of La Palma, or Hawaii will occur inthe
foreseeable future, as postulated. The modeling studies forecasting megatsunami generation (Ward &.
Day, 2001; Ward 2001) are based on erroneous assumptions of volcanic island slope instabilities,
source dimensions, speed of failure, and tsunami coupling mechanisms. Incorrect input functions led to
inaccurate output estimates as to near and far field tsunami effects. Even if the collapses occur as
postulated, they can only generate waves of short wavelengths and periods that will be only locally
destructive. Thesewavescan only behaveasintermediate rather than as shallow water waves. Thus, the
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model s treat incorrectly wave dispersion with distance and have overestimated greatly the far field effects.
Dispersion will be significantly greater for waves of shorter periods and wavelengths that can be
generated from the postulated mechanisms - even with the overstated source dimensions. The waves
will rapidly decay and will not be amajor threat away from the source regions.

A collapse of Cumbre Vigja will not generate waves of up to 50 m. in height in Florida and the
Caribbean idands, or more than 40 m along the northern coast of Brazil, . Mega tsunami generation from
the postulated collapse of Kilaueais equally unrealistic. Waves of up to 30 m for the west coast of
North America, and up to 20 m for the southwest Pacific are not possible. Proper modeling of
dispersive effects (Mader 2001) - provides much more realistic far-field wave estimates, in the unlikely
event of alarge-scale, LaPalmaslope failure. Mader'smodel of alLaPalmasdlide estimates that the east
coast of the U.S. and the Caribbean would receive tsunami waves of lessthan 3 meters and the European
and African coasts would receive waves less than 10 meters high. However, this represents the upper
limit. Full Navier-Stokes modeling brings the maximum expected tsunami wave amplitude off the U.S.
east coast to about one meter. Even with shoaling effects, atsunami from aL.aPalmasdlidewould still be
of concern but does not present an unmanageable threat or asignificant far field hazard.

The threat of mega tsunami generation from collapses of oceanic idand stratovol canoes has been
greatly overstated. No megatsunamis can be expected - even if the lateral collapses of Cumbre Vigjain
LaPalma and Kilauea, in Hawaii island occur, as postulated. Greater source dimensions and longer
wave periods are required to generate tsunami waves that can have significant, far field effects.
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