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Abstract 
An annotated bibliography of references relevant to tsunami hazard in Canada has been compiled. 
The bibliography lists published papers, books, monographs, theses, and readily available 
manuscript reports. Conference abstracts are generally included only when the information is 
unavailable elsewhere. Each entry includes a bibliographic reference as well as either an abstract 
(where available), summary, conclusions, introduction, preface or contents. The bibliography 
consists of two main parts. The first part includes the results of a thorough literature search for 
references pertaining directly to tsunami hazard in Canada. The references are arranged 
regionally, with different sections for Canada-wide references, and the Pacific, Atlantic, and 
Arctic coasts. Within each regional section, a list of general references is followed by more 
specific sections, e.g., for the Pacific coast: earthquake-induced tsunamis, landslide-induced 
tsunamis, meteorological tsunamis, and Pacific far-field sources. In turn, each regional section 
may include sub-sections pertaining to studies of historical and/or potential future tsunamis. Part 
2 of the bibliography is a less exhaustive compilation of general tsunami references covering 
topics of tsunami science, tsunami hazard analysis, and studies of historical and pre-historic 
tsunamis from elsewhere in the world that may have relevance to studies of Canadian tsunamis. 
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INTRODUCTION: GEOLOGICAL TSUNAMI SOURCES FOR CANADA 
 
 

Introduction 
The Geological Survey of Canada (GSC) is undertaking a National Tsunami Hazard 

Assessment (within the Public Safety Geoscience Program) in order to produce a first-order 

national tsunami hazard map for Canada, and to identify key areas for future research. As a first 

step in this process, we have compiled the following annotated bibliography of tsunami 

references with relevance to tsunami hazard in Canada. In this section, we summarize the 

geological sources of tsunamis that may pose a threat to the coasts of Canada. 

Canada has the longest coastline of any country in the world, and it is susceptible to 

tsunamis generated in three different oceans – the Pacific, Atlantic and Arctic (Fig. 1). Of 

primary concern are tsunamis generated tectonically by earthquakes in both near- and far-field 

regions; such tsunamis have the potential for widespread destruction (e.g., Table 1; Clague et al. 

2003). However, landslide-generated tsunamis, which may be seismically triggered, also present 

a significant hazard over more localized coastal areas of Canada (e.g., Table 1; Mosher 2009). 

Inland, landslides also present a tsunami hazard along steep-sided rivers and lakes with active 

submarine fan-deltas and/or unstable surrounding slopes; past events in B.C. and Quebec have 

caused fatalities (Table 1; Evans 2001), but we only discuss the marine/coastal phenomena here. 

Meteorological tsunamis are now also recognized as a potentially destructive and likely common 

regional hazard (e.g., Montserrat et al. 2006; Stephenson and Rabinovich 2009). As these are 

atmospheric rather than geological phenomena, and are likely ubiquitous rather than having a 

distinct source area, we do not discuss meteorological tsunamis further. Also possible, but much 

less probable, are tsunamis generated by volcanic eruptions and asteroid impacts. 

 

Tsunami Sources for the Pacific Coast of Canada 
The Pacific coast is considered to have the largest tsunami hazard in Canada, from both 

near- and far-field sources. A recent compilation (Stephenson et al. 2007; 2010) updates the 

catalogue of tsunamis documented on the Pacific coast of Canada since A.D. 1700, building on 

the work of Soloviev and Go (1975) and Wigen (1983). The greatest tsunami hazard comes from 

local megathrust earthquake-generated tsunamis similar to the devastating 2004 Indian Ocean 
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tsunami, but also significant are tsunamis from local crustal earthquakes and far-field subduction 

earthquakes, as well as local landslide-generated tsunamis. 

 

Earthquake Sources 

Large tsunamis resulting from M~9 megathrust earthquakes on the Cascadia subduction 

zone (Fig. 1) have likely impacted the Pacific coast of North America regularly throughout the 

Holocene, most recently in A.D. 1700. Although prior to historical time, Native American oral 

records document a shaking/flooding event between 1690 and 1715 (Ludwin et al. 2005) that 

correlates with a damaging tsunami recorded in Japan (Satake et al. 1996) and paleoseismic 

evidence from submerged trees, buried soils, and sand layers in coastal marshes (e.g., Atwater et 

al. 2005). Coastal marshes and offshore turbidite deposits provide evidence that similar great 

earthquakes and tsunamis have occurred throughout the Holocene, with a return period that 

averages ~500 years but ranges from ~200 to ~800 years (e.g., Goldfinger et al. 2010; Leonard et 

al. 2010). Tsunami modelling of a Cascadia megathrust source shows that the west coast and 

inlets of Vancouver Island are most at risk. Modelling of a tsunami due to release of 500 years of 

accumulated strain suggests wave amplitudes of 5-8 m on the southwest coast of Vancouver 

Island (16 m predicted at one location) and currents up to 17 m/s in narrow channels and near 

headlands (Cherniawsky et al. 2007). Wave amplitudes in the Strait of Georgia are expected to 

be only ~20% of the outer coast values (e.g., Ng et al. 1992), but inundation depends strongly on 

bathymetry; for this model, waves > 4 m are expected in the harbours of Victoria, B.C. 

(Cherniawsky et al. 2007). 

 The tsunami potential further north along the Explorer-North America boundary and 

southern Queen Charlotte fault (Fig. 1), both of which have oblique convergence, is poorly 

understood as yet. A Mw 6.6 earthquake 150 km offshore within the Explorer plate in 2004 had a 

thrust component that generated a small tsunami (~10 cm on the west coast of Vancouver Island), 

and a Mw 6.1 thrust earthquake that occurred near the southern portion of the Queen Charlotte 

fault in 2001 caused a tsunami with maximum recorded amplitudes of 23 cm (Rabinovich et al. 

2008). Thus, the potential for damaging tsunamis from larger earthquakes on these and nearby 

sources cannot be discounted. The largest historical earthquake in Canada was along the west 

coast of the Queen Charlotte Islands (Haida Gwaii) in 1949, M8.1. It had mainly strike-slip 
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transform fault motion so the rupture displacement produced only a small tsunami. This event 

triggered many landslides on the Queen Charlotte Islands so undoubtedly also produced 

submarine landslides, but none was large enough to produce a significant tsunami. 

Crustal earthquakes within the North America plate can lead to tsunami generation if they 

cause vertical seafloor displacement and/or if they trigger mass movements that disturb the water 

column. Vertical offsets have been documented on active faults in the Strait of Georgia and 

eastern Juan de Fuca Strait, including the transpressional Devil’s Mountain – Leech River fault 

system (Mosher et al. 2000; Johnson et al. 2001). The 1946 Ms 7.3 central Vancouver Island 

mainly strike-slip earthquake (Fig. 1) triggered landslides and submarine failures, some of which 

generated tsunami waves, drowning one man when his boat was tipped over, and causing some 

damage and flooding (Hodgson 1946; Rogers and Hasegawa 1978; Mosher et al. 2004). 

Far-field tsunamis generated by earthquakes elsewhere in the Pacific (Fig. 2) represent a 

significant hazard to parts of the B.C. coast, particularly where resonance amplification occurs in 

coastal inlets, notably the Alberni Inlet (Fig. 1) (e.g., Henry and Murty 1995). The tsunami from 

the Mw 9.2 1964 Alaska earthquake caused considerable damage (~$10 million in 1964 dollars) 

to Port Alberni and other communities on western Vancouver Island (White 1966; Thomson 

1981). The trans-Pacific tsunami generated by the Mw 9.5 1960 Chile earthquake also caused 

some damage on the west coasts of Vancouver Island and the Queen Charlotte Islands, but 

maximum wave amplitudes were significantly smaller (1.3 m at Tofino, west coast Vancouver 

Island, compared to 2.4 m in 1964, Wigen 1960) due to the longer distance from the source and 

the more oblique propagation direction. Small tsunamis from other far-field locations around the 

Pacific Ocean are detected regularly on the B.C. coast, e.g., 11 out of 16 tsunamis recorded 

between 1994 and 2007 were far-field events, originating in Japan, the Kuril Islands, Chile, 

Mexico, Peru, Indonesia, and the Tonga Islands (Stephenson and Rabinovich 2009). Additional 

far-field sources include Kamchatka and the Aleutian Islands; some modelling suggests that a 

tsunami generated in a large subduction earthquake on the Aleutian trench could be even more 

damaging to the B.C. coast than the 1964 Alaska event (Dunbar et al. 1989). 
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Landslide Sources 

Subaerial and submarine landslides are a potential source of locally destructive tsunamis 

on the Pacific coast (Mosher 2009). Fjords along the mainland coast (Fig. 1) are particularly at 

risk. For example, the 1975 submarine slide in Kitimat Arm produced a tsunami with amplitudes 

up to 8.2 m, resulting in substantial local damage (e.g., Murty 1979; Skvortsov and Bornhold 

2007). In Knight Inlet a rock avalanche generated a tsunami that destroyed the First Nations 

village of Kwalate, probably in the 16th century (Bornhold et al. 2007).  

The Strait of Georgia, including low-lying parts of greater Vancouver, is potentially at 

risk from submarine landslide tsunamis (Fig. 1). In particular, the foreslope of the Fraser River 

Delta has been identified as unstable (e.g., Mosher et al. 1997). Modelling of tsunamis from 

hypothetical underwater landslides from the delta foreslope suggests that waves up to several 

metres high could strike the nearby mainland coast, with waves up to 18 m in amplitude reaching 

the Gulf Islands of Mayne and Galiano across the Strait (Rabinovich et al. 2003). 

Continental slope failures have been mapped along the deformation front of the Cascadia 

subduction zone offshore Vancouver Island (Fig. 1), as well as further south along the margin 

(e.g., Goldfinger et al. 2000; McAdoo and Watts 2004). Future landslides could result in locally 

destructive tsunamis, or, if synchronous with megathrust rupture, could contribute to locally-

increased amplitudes of tsunamis generated by megathrust seafloor displacement. 

Landslides off the shores of the Hawaiian Islands (Fig. 2) have likely resulted in very 

large local tsunamis in the past (e.g., Moore et al. 1994). Although some suggest that a large 

flank collapse could generate a tsunami with significant far-field effects (e.g., Ward 2001), the 

waves would likely attenuate significantly before reaching the west coast of North America 

(Pararas-Carayannis 2002). Modelling of potential large submarine mass flows off the Aleutian 

Islands (Fig. 2) by Waythomas et al. (2009) suggests possible generation of transoceanic 

tsunamis with waves several metres in amplitude reaching the west coast of North America. 

 

Tsunami Sources for the Atlantic Coast of Canada 
Tsunami hazard along the Atlantic coast of Canada is considered to be significantly lower 

than for the Pacific. Few tsunamis have been documented in historical time (e.g., Ruffman and 
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Peterson 1988). There are no active plate boundaries nearby to generate tsunamis by tectonic 

displacement of the seafloor, but submarine landslides triggered by earthquakes can produce 

locally devastating tsunamis, as demonstrated by Canada’s most tragic historical 

earthquake/tsunami in 1929 (e.g., Hodgson and Doxsee 1930; Fine et al. 2005; Mosher et al. 

2006; Mosher and Piper 2007). In the historical record, the number of tsunamis generated in the 

Atlantic Ocean is about one fifth of those generated in the Pacific (Gusiakov 2009). 

 

Earthquake Sources 

Potential earthquake sources of a far-field tsunami impacting Canada’s east coast include 

the source of the 1755 Lisbon earthquake/tsunami, and interplate faults in the Caribbean (Fig. 2). 

The M~8.5-8.7 Lisbon earthquake (Johnston 1996; Solares and Arroyo 2004) involved thrusting 

along a complex part of the African-Eurasian plate boundary off Gibraltar, although a general 

consensus has yet to be reached on which fault(s) were the source (e.g., Gutscher et al. 2006; 

Zitellini et al. 2009). The resultant tsunami caused much damage along the eastern Atlantic 

coasts from the British Isles to Morocco, and it was also observed on western Atlantic coasts in 

Brazil and the Caribbean; in Bonavista, Newfoundland, Canada, an unusual rise and fall was 

noted in the harbour, along with flooding of low-lying areas (Ruffman 2006; Roger et al 2010). 

Simulations of this tsunami result in wave heights over 1.5 m at several coastal Newfoundland 

locations, and up to 2.5 m or more on parts of the Bonavista peninsula (Barkan et al. 2009; Roger 

et al. 2010). 

In the northeastern Caribbean (Fig. 2), locally catastrophic tsunamis have resulted from 

interplate thrust earthquakes along the Hispaniola trench, but along the Puerto Rico trench 

earthquake slip tends to be more oblique with a relatively small thrust component (ten Brink and 

Lin 2004). Simulations by Knight (2006) and the Atlantic and Gulf of Mexico Tsunami Hazard 

Assessment Group (2008) show that a M~9 thrust earthquake on the Puerto Rico trench (bigger 

than observed in the 500-year history, e.g., O’Loughlin and Lander 2003) could produce 

damaging waves along the U.S. Atlantic coast (~0.5-1.5 m at the shelf edge with significantly 

higher runup expected). Similar values could reasonably be expected to result in Atlantic Canada 

where the shelf edge is almost orthogonal to the main expected tsunami propagation direction. 
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Landslide Sources 

In 1929, an Ms 7.2 earthquake at the edge of the Grand Banks south of Newfoundland 

(Fig. 1) triggered a large submarine landslide-turbidity current that broke 12 seafloor telegraph 

cables (e.g., Heezen and Ewing 1952). The landslide triggered a tsunami that struck the Burin 

Peninsula in southern Newfoundland with 3-8 m waves and runup of up to 13 m; 28 people were 

killed, and property and cable damage was estimated at $400,000 in 1929 dollars (e.g., Ruffman, 

2001; Fine et al. 2005). Future locally destructive tsunamis may result from other submarine 

landslides along the continental shelf edge, where mass failures much larger than the Grand 

Banks deposit have been mapped (e.g., Piper and Ingram 2003; Mosher et al. 2010a). Such 

failures would likely also be triggered by earthquakes; recurrence intervals for a 1929-size event 

are estimated at between a few hundred and 1000 years (e.g., Clague et al. 2003), but not all 

earthquakes of this size will necessarily trigger a tsunamigenic landslide. 

The region of the St. Lawrence Estuary, Quebec (Fig. 1), is characterized by widespread 

Quaternary sediments, moderate seismicity concentrated in the Charlevoix seismic zone 

underlying the estuary, and at least a million people at risk from tsunamis (e.g., Poncet et al. 

2010). Tsunamis could be triggered by seismic displacements or landslides; of numerous mass 

failures along the banks and submarine slopes, many have been linked to an M~7 earthquake in 

1663 (e.g., Locat et al. 2003). Modelling of earthquake and landslide sources suggests that 1-2 m 

waves are likely (El-Sabh et al. 1988; Chassé et al. 1993), with local amplitudes up to ~5 m 

(Poncet et al. 2010). 

Large volcanic flank collapses off the Canary Islands offshore northern Africa (Fig. 2) 

have been proposed as a source of far-field tsunamis with potentially catastrophic consequences 

for the Atlantic coast of North America (up to 10-25 m waves; Ward and Day 2001). However, 

turbidite evidence suggests that smaller landslides are more likely (Wynn and Masson 2003). 

More recent modelling of such a collapse implies that very large, short-period local waves would 

strongly dissipate with distance, leading to less catastrophic, though still potentially damaging, 

wave amplitudes of up to 3 m striking the east coast of North America (Mader 2001; Gisler et al. 

2006). Topographic steering may play a role in focussing future far-field tsunamis towards the 

Canadian Atlantic coast; during the 2004 Indian tsunami, the Mid-Atlantic Ridge acted as a 

waveguide to generate the highest recorded tsunami waves in the North Atlantic at Halifax, Nova 
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Scotia, 20,000 km from the source (~0.8 m after sampling correction; Rabinovich et al. 2006; 

Thomson et al. 2007). 

 

Tsunami Sources for the Arctic Coast of Canada 
Very little is known about the tsunami history and hazard of the sparsely-populated 

Arctic region of Canada. There is only a very recent written history and very limited and recent 

tide gauge monitoring. Hazard is likely much lower than both the Pacific and Atlantic coasts, 

particularly as the common presence of extensive sea ice is expected to attenuate tsunami waves. 

Concentrated seismicity occurs beneath the Beaufort Sea (interpreted to be the result of deep 

extensional faulting due to sediment loading; Hasegawa et al. 1979) and in the Baffin Bay area 

(postglacial extensional faulting on eastern Baffin Island and mainly strike-slip faulting in Baffin 

Bay; Bent 2002) (Fig. 1). Tectonically-generated tsunamis are unlikely from either of these 

sources, but Hyndman et al. (2005) suggest the potential for large thrust earthquakes beneath the 

Mackenzie Delta that could act as a trigger. Locally-damaging landslide tsunamis may be 

generated by earthquakes or other processes. Landslide tsunamis have been documented in the 

Disko Island region off western Greenland (Ruffman and Murty 2006), and several failures have 

occurred in the fjords of eastern Baffin Island (Syvitski et al. 1987, and references therein). A 

large mass failure has also been mapped along the Mackenzie Delta front (Hill et al. 1982; 

Bennett et al. 2008), and significant mass transport deposits were recently imaged within the 

shallower sediments of the deep Canada Basin (Hutchinson et al. 2009; Mosher et al. 2010b). 
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Table 1. Damaging tsunamis (from geological sources) documented in Canada. 
Date Source Location Impact Location 

(Canada) 
Tsunami Source Earthquake 

Magnitude 
Wave Height 

(m) 
Runup 

(m) 
Damage References 

COASTAL - WIDESPREAD IMPACT 
Jan 26 1700 Cascadia 

subduction zone, 
N. CA - S. BC 

W. coast, esp. W. 
Vancouver Is. and 

inlets 

Local megathrust 
earthquake 

M~9.0 ~5-8; 
up to 16* 

min. 3† Widespread fatalities; 
destruction of villages 

e.g., Satake et al. 1996; 
Hutchinson et al. 1997; 
Cherniawsky et al. 2007  

May 22 1960 Southern Chile W. Vancouver Is. 
and Queen 

Charlotte Is. (QCI) 

Far-field megathrust 
earthquake 

Mw 9.5 1.3# (Tofino) 0.1-2.1 Flooding Wigen 1960; Stephenson 
et al. 2007 (& references 

therein) 

Mar 27 1964 Prince William 
Sound, Alaska 

W. Vancouver Is., 
esp. Port Alberni, 

and QCI 

Far-field megathrust 
earthquake 

Mw 9.2 2.4# (Tofino); 
min. 5.2# (Pt. 

Alberni) 

0.1-8.0 ~$10m damage (1964) Wigen and White 1964; 
Stephenson et al. 2007 (& 

references therein) 

Nov 18 1929 Grand Banks, off 
Newfoundland 

Burin Peninsula, 
Newfoundland 

Earthquake-triggered 
landslide 

Ms 7.2 3-8 13 28 fatalities; $400k damage 
(1929) 

e.g., Ruffman 2001; Fine 
et al. 2005 

COASTAL - LOCAL IMPACT 
Bornhold et al. 2007~16th century Knight Inlet, BC Same as source Rock avalanche n/a ~2-6§ ? Many fatalities; destruction 

of village  

Jun 23 1946** Deep Bay, Strait 
of Georgia, BC 

Same as source Earthquake-triggered 
submarine landslide 

Ms 7.3 1-2 ? 1 fatality; local flooding 
and damage 

Hodgson 1946; Murty 
1977 

Apr 27 1975 Kitimat Arm, BC Same as source Submarine landslide n/a 8.2; 6-11§ ? Substantial local damage Murty 1979; Skvortsov 
and Bornhold 2007 

Nov 03 1994†† Skagway, AK Same as source Construction-induced 
submarine landslide 

n/a 5-6 9-11 1 fatality; $16-21 million 
damage to harbour/docks 

Lander 1995; Kulikov et 
al. 1996 

LAKES/RIVERS - LOCAL IMPACT 
Aug 13 1905 Spences Bridge, 

Thompson R., BC 
Same as source Riverbank landslide n/a 4.5-6 22.5 15 fatalities; 20 houses 

destroyed 
Evans 2001; Septer et al. 

2007 (& refs therein) 

Apr 26 1908 Notre-Dame-de-
la-Salette, Lièvre 

R., QC 

Same as source Riverbank landslide n/a ? 15 27 fatalities; 12 buildings 
destroyed 

Evans 2001 

Jun 23 1946** Landslide Lk., Mt. 
Colonel Foster, 

Vancouver Is., BC 

Same as source Earthquake-triggered 
rock avalanche 

Ms 7.3 ~29 51 Forest destruction up to 3 
km from the lake 

Evans 1989 

Oct 06 1998 Troitsa Lake, BC Same as source Underwater delta-front 
landslide 

n/a 2 ? Damage to boats and 
wharves 

Schwab 1999 

Dec 04 2007 Chehalis Lake, BC Same as source Landslide n/a > 10 ? Destruction and damage of 
campgrounds 

Stephenson and 
Rabinovich 2009 

* Modelled values for release of 500 years of accumulated strain.
† Runup from tsunami deposits likely lower than actual runup.
# Wave height measured peak-to-trough; other values are wave height above state of tide.
§ Modelled values, not observed. 
** Several tsunamis in lakes and inlets triggered by different landslides set off by the same earthquake.
†† Not in Canada; included because fjord environment is similar to much of BC coast, and facilities were Canadian-owned. 
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Figures 
 

 
 
Figure 1. Potential sources of local tsunamis on the Pacific, Arctic, and Atlantic coasts of 

Canada. Megathrust plate boundaries are shown in red (other boundaries in black). 
Figure prepared with the aid of GMT software (Wessel and Smith 1995). 
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Figure 2. Potential sources of far-field tsunamis for the Pacific (left) and Atlantic (right) coasts 

of Canada. Plate boundaries as in Fig. 1. Figure prepared with the aid of GMT 
software (Wessel and Smith 1995). 
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PART 1. REFERENCES SPECIFIC TO CANADIAN TSUNAMI HAZARD 
 
CANADA WIDE 
 
Scientific Books and Articles 
 
Adams, J., 1996, Paleoseismology in Canada: a dozen years of progress, Journal of 

Geophysical Research, v. 101, no. B3, p. 6193-6207. 
Abstract: Canadian studies in paleoseismology have led to the publication of over 40 papers in the last 12 years, 80% of 

which have appeared since 1989. Considerable progress has been achieved by confirming that the last great 
earthquake on the Cascadia subduction zone happened about 300 years ago and by working toward a chronology of 
prior earthquakes from their tsunami and turbidite records. As-yet-sparse evidence suggests that the geological 
effects of large crustal earthquakes are also recorded in southwestern British Columbia, but there is as yet no 
chronology. In the stable craton of eastern Canada, studies of silt layers in lakes that are floored by organic 
sediments have shown considerable potential to provide local earthquake chronologies that can be tested against the 
more sporadically preserved evidence from liquefaction, landslides and other possible indicators of paleoshaking. 
By contrast, research using more traditional techniques, involving direct examination of faults through 
geomorphological studies or trenching, has been hampered by the difficulty of identifying active faults in the first 
place. On the basis of the past dozen years, an accelerating pace of discovery should be expected in the next decade. 

 
Clague, J.J., Munro, A., and Murty, T., 2003, Tsunami hazard and risk in Canada, Natural 

Hazards, v. 28, p. 433-461. 
Abstract: Tsunamis have occurred in Canada due to earthquakes, landslides, and a large chemical explosion. The Pacific 

coast is at greatest risk from tsunamis because of the high incidence of earthquakes and landslides in that region. 
The most destructive historical tsunamis, however, have been in Atlantic Canada – one in 1917 in Halifax Harbour, 
which was triggered by a catastrophic explosion on a munitions ship, and another in 1929 in Newfoundland, caused 
by an earthquake triggered landslide at the edge of the Grand Banks. The tsunami risk along Canada’s Arctic coast 
and along the shores of the Great Lakes is low in comparison to that of the Pacific and Atlantic coasts. Public 
awareness of tsunami hazard and risk in Canada is low because destructive tsunamis are rare events. 

 
Jones, R.L., 2000, Canadian disasters: an historical survey, CMOS Bulletin, v. 28, no. 2, p. 35-

44. 
Abstract: We identify only the cause and the type of important Canadian disasters from 1500 to the present. We define 

general criteria for the disasters. Twenty simultaneous deaths or more is the principal criterion. The other important 
criterion is that the event must have taken place within Canada or within 200 miles of the coastal economic limit. 
We exclude events such as wars, epidemics and battles between natives and European colonists during colonization. 
These criteria have the effect of reducing the events to a manageable number. We present the results of a wide 
search for references and we give a brief description of certain disasters. We take an historic point of view to 
illustrate the disasters which were common at the beginning of the history of Canada, as well as those produced in 
modern times. We draw conclusions about the types of natural and anthropogenic disasters that are likely to occur in 
Canada in the future. 

 
Lamontagne, M., Halchuk, S., Cassidy, J.F., and Rogers, G.C., 2008, Significant Canadian 

earthquakes of the period 1600-2006, Seismological Research Letters, v. 79, no. 2, p. 211-
223, doi:10.1785/gssrl.79.2.211. 

Conclusions: The list of earthquakes created in this project (Lamontagne et al. 2007) provides the most up-to-date 
compilation of significant Canadian earthquakes and their impacts. The list was used to update the earthquake pages 
contained in the Atlas of Canada Web site and related paper products. Most significant Canadian earthquakes have 
occurred in recognized seismically active areas, a fact reflected in the seismic zoning maps used in the National 
Building Code of Canada. Consequently, modern buildings include earthquake resistance in their designs. To date, 
the damage caused to man-made structures has been limited, except for buildings constructed with unreinforced 
masonry. In general, Canadian homebuilders have used sturdy construction practices, even in pre-building-code 
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times, partly to withstand strong winds. Canadian earthquakes have caused very few direct casualties (possibly two), 
partly due to the remoteness from inhabited regions of most events, to the low population density on most of the 
Canadian territory, and to the wood-frame construction of most homes, which provides some earthquake resistance. 
Most indirect deaths were caused by tsunamis with potentially many more in pre-historical times. In addition, 
landslides and mass movements triggered by earthquakes pose a hazard in many parts of the country, including the 
western Cordillera and on the quick clay deposits in the St. Lawrence lowland areas. 

 
Mosher, D.C., 2009, Submarine landslides and consequent tsunamis in Canada, Geoscience 

Canada, v. 36, no. 4, p. 179-190. 
Summary: Canada has the longest coastline and largest continental margin of any nation in the World. As a result, it is 

more likely than other nations to experience marine geohazards such as submarine landslides and consequent 
tsunamis. Coastal landslides represent a specific threat because of their possible proximity to societal infrastructure 
and high tsunami potential; they occur without warning and with little time lag between failure and tsunami impact. 
Continental margin landslides are common in the geologic record but rare on human timescales. Some ancient 
submarine landslides are massive but more recent events indicate that even relatively small slides on continental 
margins can generate devastating tsunamis. Tsunami impact can occur hundreds of km away from the source event, 
and with less than 2 hours warning. Identification of high-potential submarine landslide regions, combined with an 
understanding of landslide and tsunami processes and sophisticated tsunami propagation models, are required to 
identify areas at high risk of impact. 

 
Murty, T.S., 2003, A review of some tsunamis in Canada, In: Yalçiner, A.C., Pelinovsky, E.N., 

Okal, E., and Synolakis, C.E. (eds.), Submarine Landslides and Tsunamis, Kluwer 
Academic Publishers, p. 175-183. 

Abstract: Some past tsunamis in various regions of Canada have been reviewed. These tsunamis have occurred from a 
variety of sources: under-ocean earthquakes, sub-marine landslides and human-made inadvertent large chemical 
explosions. Resonance amplification of the tsunami has been identified as important in the Alberni Inlet on 
Vancouver Island, British Columbia and also in the Burin Inlet in Newfoundland. The results of the various 
numerical models for tsunami generation, propagation onto the shelf and into the coastal inlets that formed the 
scientific basis for the British Columbia tsunami warning system have been briefly discussed. 

 
Murty, T.S., Nirupama, N, Nistor, I., and Rao, A.D., 2005, Conceptual differences between the 

Pacific, Atlantic and Arctic tsunami warning systems for Canada, Science of Tsunami 
Hazards, v. 23, no. 3, p. 39-51. 

Abstract: Canada has coastlines on three of the four oceans on the globe, namely, the Pacific, Atlantic and Arctic oceans. 
The Pacific and Atlantic oceans are connected to the Arctic Ocean in the north, but still they are three distinct oceans, 
and need three individual tsunami warning systems. Tsunamis in the Arctic Ocean are not as well documented as in 
the Pacific and Atlantic oceans. From what is known, tsunamis in the Arctic Ocean are rare and probably are small 
in amplitude. Because of very low population density, around the Canadian Arctic, at present, there is no priority for 
a tsunami warning system for Arctic Canada. For the Pacific Ocean, a tsunami warning system is in existence since 
1948. In at least one sense, the warning aspects of the tsunami warning system for the Pacific coast of Canada, is 
relatively simple and straight forward, because it involves only the federal government (PSEPC) and the provincial 
government of British Columbia (PEP). For the Atlantic Ocean, a tsunami warning system is now being established. 
The warning aspects will be some what more complex for eastern Canada, since it not only involves the federal 
government, but also five provinces, namely, Newfoundland and Labrador, Nova Scotia, New Brunswick, Prince 
Edward Island and Quebec. The Alaska tsunami warning center (ATWC) in Palmer, Alaska, provides tsunami 
warnings for both Pacific and Atlantic Canada. 

 
Palermo, D., and Nistor, I., 2008, Understanding tsunami risk to structures: a Canadian 

perspective, science of Tsunami Hazards, v. 27, no. 4, p. 1-11. 
Abstract: The potential catastrophic effects of tsunami-induced loading on built infrastructure in the vicinity of 

shorelines have been brought to the fore by recent global events. However, state-of-the-art building codes remain 
silent or provide conflicting guidance on designing near-shoreline structures in tsunami-prone areas. This paper 
focuses on tsunami-induced loading and its effect on structures within the Canadian context. The mechanics of 
tsunami-induced loading is described based on knowledge gained during reconnaissance visits after the 2004 south-
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east Asia Tsunami, as well as post-construction visits to countries significantly affected by the destructive forces of 
the tsunami. To gain an appreciation of the magnitude of tsunami-induced bores for a given seismic event along the 
western coastal region of Canada, structural analysis of a simple near-shoreline structure was performed considering 
a proposed loading protocol for tsunami-induced hydraulic bores. These loads were further compared to seismic 
loading in order to provide an estimation of the tsunami risk and its impact. The work was complemented by 
experimental results from a large-scale testing program conducted with the purpose of estimating the forces 
experienced on structural components. Square-, rectangular-, and diamond-shaped columns were used to study the 
influence of shape. Furthermore, results from debris impact testing are also discussed. 
 

Reports, Government Publications, and Theses 
 
Brandsma, M., Divoky, D., and Hwang, L., 1979, Tsunami atlas for the coasts of the United 

States, Technical Report NUREG/CR-1106, U.S. Nuclear Regulatory Commission, 235 p. 
Executive Summary: Coastal power plant siting and safety analysis requires consideration of wave action and extreme 

water levels, both high and low. The run-up of large amplitude long waves, such as tsunamis, may pose a hazard to a 
coastal facility through direct dynamic effects on plant structures, through destruction of protective breakwaters and 
beaches, and the like. Extreme low water levels are of concern in design of coolant intake structures. The importance 
of tsunamis in these analyses, especially along Pacific coasts, makes specification of potential tsunami histories 
necessary. The present report addresses this problem. A large hypothetical earthquake is defined by appeal to history 
and tectonic theory. This canonical source serves as input to a numerical hydrodynamic model which computes the 
resulting wave history anywhere within the ocean basin. This procedure is repeated for a number of potential source 
locations, chosen according to degree and type of seismic activity. In this way, hypothetical coastal histories of great 
tsunamis emanating from any potential source area are simulated. The results of this study are offshore incident 
wave systems and do not include the complex, site-dependent, nearshore transformations. Users must account for 
such local effects in any specific application. 

 
Clague, J.J., 2001, Tsunamis, In: Brooks, G.R. (ed.), A Synthesis of Geological Hazards in 

Canada, Geological Survey of Canada, Bulletin 548, p. 27-42. 
Abstract: Tsunamis are waves produced by earthquakes, landslides, volcanic eruptions, and meteorite impacts. Large 

tsunamis strike the British Columbia coast on average once every few hundred years. Some, including one for 
Alaska in 1964, are produced by distant earthquakes beneath the Pacific Ocean. Most, however, are triggered by 
earthquakes at the Cascadia subduction zone, which extends along the Pacific coast from Vancouver Island to 
northern California. Smaller, more localized tsunamis in British Columbia are triggered by landslides. Tsunamis are 
uncommon on the Atlantic and Arctic coasts. In 1929, however, an earthquake beneath the Grand Banks, 250 km 
south of Newfoundland, triggered a large submarine slump that set off a tsunami that damaged 40 communities in 
Newfoundland and claimed 28 lives. Tsunamis cannot be prevented, but the damage they cause can be reduced 
through a variety of nonstructural and structural measures, including zoning, property relocation, emergency 
preparedness, public education, dyking, barrier construction, floodproofing, and tsunami-resistant construction. 

 
Dunbar, P.K., and Weaver, C.S., 2008, U.S. States and Territories National Tsunami Hazard 

Assessment: Historical Record and Sources for Waves, National Oceanic and Atmospheric 
Administration, National Geophysical Data Center Technical Report No. 3, U.S. 
Department of Commerce, 59 p. 

Conclusions: This report provides a national qualitative assessment of the United States tsunami hazard at a regional 
level by examining the record of historical tsunamis and earthquakes, the predominant cause of tsunamis, at the 
State and territory level. Two different sources of information were compiled to assess the United States tsunami 
hazard. The NGDC historical tsunami database was first examined and resulted in a qualitative tsunami hazard 
assessment based on the distribution of runup heights and the frequency of tsunami runups. The NGDC tsunami 
database contains reported tsunamis and is therefore limited to written records existing for an area. The hazard 
assessment also used the USGS National Seismic Hazard Map (NSHM) databases to partially extend the time 
interval. These databases made it possible to estimate the rate of occurrence of larger magnitude earthquakes that 
could generate a tsunami. Based on the total spread of events, runup amplitudes, and earthquake potential, we 
assigned a subjective hazard from very low to very high. These assessments recognize that tsunami runups of a few 
tens of centimeters have a lower hazard than those with runups of a few to many meters. This hazard assessment 
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reinforces the common understanding that the U.S. Atlantic coast and the Gulf Coast States have experienced very 
few tsunami runups. In contrast, all U.S. coasts in the Pacific Basin as well as Puerto Rico and the U.S. Virgin 
Islands have a “moderate” to “very high” tsunami hazard based on both frequency and known runup amplitudes. 
The total number and the large number of runups greater than 3.0 m observed in Alaska and Hawaii justified 
assigning a “very high” hazard for these two States. We assigned a “moderate” hazard to the Pacific island territories 
due to the rare occurrence of events with amplitudes greater than 3.0 m. Both the frequency and the amplitudes of 
tsunami runups support a qualitative “high” hazard assessment for Washington, Oregon, California, Puerto Rico, 
and the Virgin Islands. The “high” value for Oregon, Washington, and northern California reflects the low frequency 
(~1 per 500 years) but the potential for very high runups from magnitude 9 earthquakes on the Cascadia subduction 
zone. Although tsunami deaths are a measure of risk rather than hazard, we compared the known tsunami deaths 
found in our NGDC database search with our qualitative assessments based on frequency and amplitude. As our 
understanding of the tsunami hazard facing the United States improves, this document will be updated. Updates will 
be required as additional knowledge is obtained of possible sources in the Atlantic Basin and offshore southern 
California. Updates will also be required as knowledge increases of the Cascadia subduction zone earthquakes. A 
complete tsunami hazard and risk assessment, called for in the Framework report, brings together the hazard 
assessment, the exposure of people and structures, and their combined vulnerability. The next step is to determine 
what is at risk from tsunamis. NGDC, in partnership with States and territories and other federal offices, plans to 
examine the exposure, vulnerability, and, finally, the risk of people and structures to tsunamis on the coasts of the 
United States. 

 
Etkin, D. (ed.), 2009, Canadians at risk: our exposure to natural hazards, Canadian assessment 

of natural hazards project, 225 p. 
Summary: This book deals with risks that result from natural hazards such as earthquakes, floods and tornadoes. It’s the 

third part of a project conducted by many of Canada’s leading scientists in the field of hazards research and is meant 
to inform people about the risks they face, some of the ways we adapt to them and actions we can take to reduce our 
vulnerability to them. Canadians are more vulnerable to natural disasters than they could or should be. We have the 
knowledge and skills to make our communities safer. There are things we can do to reduce the potential for disaster, 
enhance preparedness for disasters that do happen and improve our ability to respond to and recover from them. We 
can modify risky behaviours and policies that increase our vulnerability to disasters. Disaster losses are now 
measured in the billions and rising steadily. The human toll, though less quantifiable, is also large. Even more 
damaging events are predicted for the future as the climate changes. There is a need for action. Protecting ourselves 
against disasters demands increased awareness, cooperation and commitment from everyone—governments, 
corporations, community groups and individuals. In the past, most disaster-related efforts in Canada have focused 
primarily on preparedness, response and recovery. These will remain important activities but there’s an urgent need 
to shift the emphasis to mitigate risk and hazards, with a more proactive approach. 

 
Evans, S.G., 2001, Landslides, In: Brooks, G.R. (ed.), A Synthesis of Geological Hazards in 

Canada, Geological Survey of Canada, Bulletin 548, p. 43-79. 
Abstract: Canada has a wide range of landslides reflecting the diverse geological and geomorphological environments 

in the nation's landscape. Rock avalanches and rockfalls are extremely rapid landslides that are common in 
mountainous regions. Debris avalanches and channelized debris flows, typically triggered by heavy rains, form 
another group of rapid landslides. Rapid slides and earthflows (flowslides) in Quaternary sediments include 
landslides in leda clay of the St. Lawrence Lowland. Slumps and earthflows are slow landslides. Landslides occur in 
permafrost terrain and are sensitive to environmental change. Geotechnical failures in waste dumps, embankments, 
and excavated slopes form an important group of damaging landslides. Underwater slides are common in Canada's 
lakes and ocean margins. The secondary effects of landslides (landslide dams and landslide-generated displacement 
waves) extend the impact of a landslide beyond its debris. Landslides have caused significant loss of life in Canada 
and have had impacts on Canada's infrastructure, environment, and resources. 

 
Lamontagne, M., Halchuk, S., Cassidy, J.F., and Rogers, G.C., 2007, Significant Canadian 

earthquakes 1600-2006, Geological Survey of Canada, Open-File Report 5539, 38 p. 
Abstract: This Open File provides the most up-to-date information on the significant earthquakes of Canada. 

Earthquakes are considered significant if their magnitude exceeded 6 on the Richter scale or if they had been felt by 
many Canadians at Modified Intensity VI or stronger. A total of 161 events were selected for the period 1600-2006. 
The information is provided in a Microsoft Excel sheet that provides for each event: the source information (Origin 
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Time Latitude, Longitude, Depth, Region, Magnitude); the impact (associated landslide(s), tsunami, damage to 
buildings, deaths, Maximum Modified Mercalli Intensity in Canada); a description of the event; the source of 
information and web links for additional information in English and French. 

 
Lander, J.F., and Lockridge, P.A., 1989, United States Tsunamis (including United States 

Possessions), 1690-1988, Publication 41-2, National Geophysical Data Center, Boulder, 
Colorado, 265 p. 

Summary: The preparation of this history was undertaken because of the evident need for an up-to-date and 
comprehensive compilation. The previously available history of tsunamis in the United States and environs was 
scattered through several regional catalogs, research papers, and unpublished works. The continued research of 
several people has improved these now-dated catalogs. The present history incorporated all works known to the 
compilers into a single, comprehensive volume. The regions described in this volume are: (1) Hawaii; (2) Alaska; 
(3) West Coast of the United States; (4) American Samoa; (5) Other United States Possessions and Current and 
Former Trust Territories in the Pacific Ocean; (6) East Coast of the United States; (7) Puerto Rico and United States 
Virgin Islands. Each section consists of a descriptive text and a table of events. Each section includes all effects 
known to have been observed in that region, for both remote and local sources of the tsunamis. The regions vary 
considerably with respect to the degree and nature of the risk and the completeness of the history. 

 
Conference Proceedings and Abstracts 
 
Locat, J., Bornhold, B., Byrne, P., Hart, B., Hughes Clarke, J., Konrad, J.-M., Lee, H., 

Leroueil, S., Long, B., Mosher, D., Piper, D., Phillips, R., Popescu, R., and Thomson, R., 
2001, COSTA-Canada, a Canadian contribution to the study of continental slope stability: 
an overview, In: Proceedings of the 54th Annual Canadian Geotechnical Conference: An 
Earth Odyssey, p. 730-737. 

Abstract: This paper describes the main outline of the COSTA-Canada project (www.costa-canada.ggl.ulaval.ca) which 
aims at studying the stability of submarine slopes in the framework of a cooperative program with American and 
European partners. This 4 year project covers issues from submarine slide inventory, their signature, their triggering, 
mobility, extent and consequences (e.g. tsunami). All these issues will be integrated a geotechnical risk assessment 
approach. 

 
Mereu, R., and Mooney, W., 2005, The seismicity and tsunamis of Canada: 1663-2005, Eos 

Transactions, American Geophysical Union, v. 86, no. 52, F1441, abstract S51D-1038. 
Abstract: Evaluations of seismic risk on national and regional scales are an important factor in preventing and 

mitigating natural disasters caused by earthquakes. We review the history of earthquakes and tsunamis in Canada 
and summarize the current knowledge of seismogenic zones, the frequency of large events and the risk of tsunamis. 
We also describe the response of the Canadian government, universities and industry to better understand the 
seismic risk in the country. This includes the current Canadian monitoring and research activities using the National 
Canadian Seismograph Networks as well as the more specialized Southern Ontario Seismic and POLARIS 
(portable) networks. In addition to the research carried out to improve our understanding of seismicity, we discuss 
briefly the work done in the past twenty years by the LITHOPROBE (deep crustal exploration) project which was 
designed to help clarify the tectonic history of the country. The paper concludes with a description of the current and 
planned applications of advanced technology to mitigate earthquake and tsunami hazards in Canada. 

 
Mosher, D.C., 2008, Submarine mass-movements in Canada: geohazards with far reaching 

implications, Proceedings of the 4th Canadian Conference on Geohazards: From Causes to 
Management, Presse de l’Université Laval, Québec, p 55-62. 

Abstract: Canada has the longest coastline and largest continental margin of any other nation in the World. As a result it 
is vulnerable to marine geohazards, such as submarine landslides and consequent tsunamis. Coastal landslides 
represent a specific threat because of their possible proximity to societal infrastructure and high tsunami potential. 
They occur without warning and with little time lag between failure and possible tsunami impact. Continental 
margin landslides are common in the geologic record but rare on human timescales. Some ancient submarine 
landslides are massive but more recent events indicate that even relatively small slides on continental margins can 
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generate devastating tsunamis. Tsunami impact can be 100’s of km away from the source event. Identification of 
high potential submarine landslide regions, combined with an understanding of landslide and tsunami processes and 
sophisticated tsunami propagation models are required to identify areas of high risk of impact. 
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PACIFIC COAST 
 
Scientific Books and Articles 
 
Clague, J.J., 2005, Tsunamis; Lessons learned from the disaster in South Asia, Geoinformatics, 

v. 8, no. 2, p. 6-9. 
Summary: With casualties > 225,000, the South Asian tsunami was by far the worst tsunami disaster in human history, 

but unfortunately was not unique. A tsunami triggered by the 1960 M9.5 Chile earthquake claimed ~ 200 lives in 
Japan. The 1964 Alaska tsunami from an M9.2 earthquake caused extensive damage to coastal communities on 
Vancouver Island and fatalities as far away as N. California. In 1896, waves up to 35 m high struck E. Japan, 
destroying > 100,000 houses and drowning 27,000 people. The tsunami from the 1946 M7.3 Alaska earthquake 
wiped out a lighthouse and radio antenna 10 m and 35 m above sea level, respectively. It also killed 159 people and 
caused millions of dollars damage in Hawaii. Fortunately, tsunamis of this destructiveness are rare. Of the 176 
tsunamis recorded in the Pacific Ocean between 1900 and 1970, only 9 caused widespread destruction, and only the 
1964 event significantly damaged British Columbia. The Sumatra earthquake was very similar to those that occur on 
the Cascadia subduction zone. The history of large Cascadia earthquakes/tsunamis has been reconstructed through 
studies of buried peaty soils and overlying sheets of tsunami sand and gravel at > 20 tidal marshes from N. 
California to Vancouver Island. Average recurrence is about 500 years. The most recent earthquake occurred on 
January 26, 1700, from the written record of its tsunami in Japan. Sand sheets from A.D. 1700 and 1964 are the 
youngest Vancouver Island tsunami deposits, with nine older sand/gravel probable tsunami deposits at Port Alberni. 
Simulations of distant subduction tsunamis produce waves typically several metres high on the west coasts of 
Vancouver Island and the Queen Charlotte Islands, and on the central mainland coast. Major population centres on 
the Strait of Georgia are not at risk because of dissipation through Juan de Fuca Strait and the Gulf Islands. 
Simulations suggest even larger waves for a great Cascadia earthquake. Maximum wave heights on western 
Vancouver Island for an M8.5 earthquake with a northern Cascadia epicentre would be ~ 5 m. Amplification up to a 
factor of 3 is possible for some inlets. Wave heights fall to ≤ 1 m by the time the waves reach Seattle and Vancouver. 
Predictions may err by a factor of two or more, and tsunami run-up can vary by a factor of 5 or 10 over even short 
stretches of coast. The A.D. 1700 tsunami deposit on Vancouver Island shows that waves were largest at the heads 
of inlets and in some coastal bays. Waves were considerably smaller on straight stretches of the outer coast, 
especially those fronted by relatively deep water. About 300,000 coastal residents and many tourists would be 
affected by a Cascadia tsunami. The U.S. National Tsunami Hazard Mitigation Program focuses on: (1) assessing 
the tsunami threat to specific coastal communities; (2) improving early detection of tsunamis; and (3) educating 
people in coastal communities. 

 
Darienzo, M., Aya, A., Crawford, G.L., Gibbs, D., Whitmore, P.M., Wilde, T., and Yanagi, 

B.S., 2005, Local tsunami warning in the Pacific coastal United States, Natural Hazards, v. 
35, no. 1, p. 111-119, doi:10.1007/s11069-004-2407-z. 

Abstract: Coastal areas are warned of a tsunami by natural phenomena and man-made warning systems. Earthquake 
shaking and/or unusual water conditions, such as rapid changes in water level, are natural phenomena that warn 
coastal areas of a local tsunami that will arrive in minutes. Unusual water conditions are the natural warning for a 
distant tsunami. Man-made warning systems include sirens, telephones, weather radios, and the Emergency Alert 
System. Man-made warning systems are normally used for distant tsunamis, but can be used to reinforce the natural 
phenomena if the systems can survive earthquake shaking. The tsunami warning bulletins provided by the West 
Coast/Alaska and Pacific Tsunami Warning Centers and the flow of tsunami warning from warning centers to the 
locals are critical steps in the warning process. Public knowledge of natural phenomena coupled with robust, 
redundant, and widespread man-made warning systems will ensure that all residents and tourists in the inundation 
zone are warned in an effective and timely manner. 

 
Dohler, G.C., 1988, A general outline of the ITSU Master Plan for the tsunami warning system 

in the Pacific, Natural Hazards, v. 1, no. 3, p. 295-302. 
Conclusion: The successful implementation of all or part of the Master Plan depends on the degree of sophistication, 

number of warning centres, number of tide and seismic stations, type of educational material and the technical 
assistance from developed member states. For this, provision of funds from international agencies or through 
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bilateral arrangements are essential factors. However, the enthusiasm and willingness of all participating member 
states, ensuring that the affected population is made continuously aware of the dangers caused by tsunamis, is 
perhaps the most important factor to be considered. 

 
Dunbar, D., LeBlond, P.H., and Murty, T.S., 1989, Maximum tsunami amplitudes and 

associated currents on the coast of British Columbia, Science of Tsunami Hazards, v. 7, no. 
1, p. 3-44. 

Abstract: Maximum tsunami water levels and currents along the British Columbia outer coast have been computed for 
waves originating from Alaska, Chile, the Aleutian Islands (Shumagin Gap), and Kamchatka. Three computer 
models have been developed to generate and propagate a tsunami from each of these source regions in the Pacific 
Ocean to the continental shelf off Canada’s west coast, and into twenty separate inlet systems. The model 
predictions have been verified against water level measurements made at tide gauges after the March 28, 1964 
Alaska earthquake. Simulated seabed motions giving rise to the Alaskan and Chilean tsunamis have been based on 
surveys of vertical displacements after the great earthquakes of 1964 (Alaska) and 1960 (Chile). Hypothetical 
bottom motions have been used for the Shumagin Gap and Kamchatka simulations. These simulations represent the 
largest tsunamigenic events to be expected from these areas. Maximum wave and current amplitudes have been 
tabulated for each simulated tsunami at 185 key locations along the British Columbia coast. On the north coast of 
British Columbia, the Alaska tsunami generated the largest amplitudes. In all other regions of the west coast, the 
largest amplitudes were generated by the Shumagin Gap simulation. Wave amplitudes in excess of 9 m were 
predicted at several locations along the coast and current speeds of 3 to 4 m/s were produced. The most vulnerable 
regions are the outer coast of Vancouver Island, the west coast of Graham Island, and the central coast of the 
mainland. Some areas, such as the north central coast, are sheltered enough to limit expected maximum water levels 
to less than 3 m. 

 
Dunbar, D., LeBlond, P., and Murty, T.S., 1991, Evaluation of tsunami amplitudes for the 

Pacific coast of Canada, Progress in Oceanography, v. 26, no. 2, p. 115-177. 
Abstract: Maximum tsunami water levels and currents along the British Columbia outer coast have been computed for 

waves originating from Alaska, Chile, the Aleutian Islands (Shumagin Gap), and Kamchatka. Three computer 
models have been developed to generate and propagate a tsunami from each of these source regions in the Pacific 
Ocean to the continental shelf off Canada’s west coast, and into 20 separate inlet systems. The model predictions 
have been verified against water level measurements made at tide gauges after the March 28, 1964 Alaska 
earthquake. Simulated seabed motions giving rise to the Alaskan and Chilean tsunamis have been based on surveys 
of vertical displacements after the great earthquakes of 1964 (Alaska) and 1960 (Chile). Hypothetical bottom 
motions have been used for the Shumagin Gap and Kamchatka simulations. These simulations represent the largest 
tsunamigenic events to be expected from these areas. Maximum wave and current amplitudes have been tabulated 
for each simulated tsunami in 185 key locations along the British Columbia coast. On the north coast of British 
Columbia, the Alaska tsunami generated the largest amplitudes. In all other regions of the west coast, the largest 
amplitudes were generated by the Shumagin Gap simulation. Wave amplitudes in excess of 9 m were predicted at 
several locations along the coast and current speeds of 3 to 4 m/s were produced. The most vulnerable regions are 
the outer coast of Vancouver Island, the west coast of Graham Island, and the central coast of the mainland. Some 
areas, such as the north central coast, are sheltered enough to limit expected maximum water levels to less than 3 m. 
The computer models developed in this study are sufficiently general to be applicable to other tsunami-affected 
regions on the globe. 

 
Hay, D., 1983, Tsunamis, The BC Professional Engineer, v. 34, no. 12, p. 17-20. 
Summary and Conclusions: The coast of British Columbia is exposed to the threat of damage by tsunamis. The threat 

is greatest to those areas directly exposed to the Pacific Ocean and its seismically active trenches. Tsunamigenic 
earthquakes and submarine slides pose a less likely threat to those areas protected by Vancouver Island. While 
tsunami damage can be devastating, tsunami prone areas can prevent major losses through tsunami protection 
barriers, tsunami proofing of structures, and restricting development in tsunami inundation areas. The Province has 
identified coastal areas of low, medium and high risk of inundation by tsunamis and regulates development in these 
areas through Section 82 of the Land Titles Act. The areas most threatened by tsunamis include Port Alberni, BC 
because the configuration of the coastline leads to an amplification of the waves. The international tsunami warning 
system is an invaluable network, allowing coastal communities in the Province to be forewarned about the threat of 
a distantly generated tsunami. Such a system does not give sufficient warning for locally generated tsunamis. Within 
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BC the risk of seismically-generated local tsunamis is low. However, the risk of submarine slide-induced tsunamis 
in locations of recent and relic deltas requires assessment as new developments are undertaken in these areas. BC 
Hydro & Power Authority are aware of the hazards of landslide-generated tsunamis in reservoirs and have 
undertaken extensive studies to examine the degree of the hazard and commensurate mitigative measures. 

 
Johnston, D., Paton, D., Crawford, G.L., Ronan, K., Houghton, B., and Bürgelt, P., 2005, 

Measuring tsunami preparedness in coastal Washington, United States, Natural Hazards, v. 
35, no. 1, p. 173-184, doi:10.1007/s11069-004-2419-8. 

Abstract: A survey of over 300 residents’ and visitors’ (non-residents) perceptions of tsunami hazards was carried out 
along the west coast of Washington State during August and September 2001. The study quantified respondents’ 
preparedness to deal with tsunami hazards. Despite success in disseminating hazard information, levels of 
preparedness were recorded at low to moderate levels. This finding is discussed in regard to the way in which people 
interpret hazard information and its implications for the process of adjustment adoption or preparedness. These data 
are also used to define strategies for enhancing preparedness. Strategies involve maintaining and enhancing hazard 
knowledge and risk perception, promoting the development of preparatory intentions, and facilitating the conversion 
of these intentions into sustained preparedness. A second phase of work began in February 2003, consisting of a 
series of focus groups which examined beliefs regarding preparedness and warnings, and a school survey. 
Preliminary findings of this work are presented. 

 
Murty, T.S., 1992, Tsunami threat to the British Columbia coast, In: Geotechnique and 

Natural Hazards, BiTech. Publishing, Vancouver, B.C., p. 81-89. 
Abstract: Tsunami threat to the coast of British Columbia due to tsunamis originating in distant sources as well as local 

sources is considered and reviewed. Most past studies ignored the important aspect of flooding of land by the 
tsunami waves, mainly for mathematical convenience in the numerical models. Such omission of land flooding tends 
to over-estimate the tsunami amplitudes and through the related continuity equation, under-estimate the horizontal 
velocity field. Some recent studies have made attempts to include land flooding, although it is fair to say that this 
problem is far from being solved. 

 
Murty, T.S., and Rapatz, W., 1986, Marine geodetic processes on the Pacific coast of Canada, 

Marine Geodesy, v. 10, no. 3-4, p. 219-230. 
Abstract: Marine geodetic processes are occurring on the west coast of Canada, as in other places on the globe, with a 

wide range of time scales. To understand the causative forces, various geological, oceanographic, and ocean-
atmosphere interaction problems have to be considered. In this brief review, the effects of tides, storm surges, 
tsunamis, and increases in atmospheric and ocean temperatures due to atmospheric carbon dioxide buildup are 
considered. 

 
Murty, T.S., and Stronach, J.A., 1989, State of tide and tsunami threat to the Pacific coast of 

Canada, Natural Hazards, v. 2, no. 1, p. 83-86, doi:10.1007/BF00124759. 
Summary: There has been a lot of discussion and speculation on the serious tsunami threat to the Pacific coast of 

Canada both from distant earthquakes (Dunbar et al., 1989) and from local earthquakes (Cooper, 1987). It is 
recognized that distant tsunamis do not enter the Strait of Georgia either from the north through the Johnstone Strait 
or from south through the Juan de Fuca Strait, with any appreciable energy. However, a local earthquake, especially 
if it occurs in the Strait of Georgia or on the east coast of Vancouver Island, can cause a tsunami in the Strait of 
Georgia. For warning purposes, one has to know the total water level and not just the tsunami amplitude, i.e. the 
combined water level due to the tsunami and the tide. Both the tsunami as well as the tide varies with time and also 
varies from one location to another. Considering the fact that the geographical distance between a representative 
location on the outer coast of the Vancouver Island (Tofino) and at Point Atkinson near Vancouver (a representative 
location in the Strait of Georgia) is typically of the order of 100 km or so, one might expect the state of tide to be 
roughly the same at both locations. But this is not so and this difference in the state of the tide has some serious 
repercussions from the point of view of emergency preparedness, as well as to possible evacuation during a real 
tsunami event, or during a storm surge generated by an extra-tropical cyclone (Murty, 1984). Simply put, this 
difference in the state of the tide at Vancouver as compared to the outer coast can be stated as follows. At Point 
Atkinson, the lowest low waters occur in daytime during summer and at night during winter (at Tofino, the opposite 
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situation arises). Note that on the outer coast, the diurnal tide is weaker compared to the semi-diurnal tide. On the 
other hand, at Point Atkinson, the diurnal tide is comparable to the semi-diurnal tide. 
 

Rabinovich, A.B., and Stephenson, F.E., 2004, Longwave measurements for the coast of British 
Columbia and improvements to the tsunami warning capability, Natural Hazards, v. 32, no. 
3, p. 313-343. 

Abstract: A few years ago the Canadian Hydrographic Service initiated a major upgrade to all tide gauges and tsunami 
stations on the coast of British Columbia (B.C.). This program was undertaken to address shortcomings of the earlier 
digital systems and was driven by concerns about emergency response continuity in the year 2000. By 1999, thirteen 
tide gauge stations had been installed and were operational. Three of these stations (Tofino, Winter Harbour, and 
Langara) were selected for use as tsunami warning stations. Several years of continuous, high quality data have now 
been collected at these stations and used for analysis of long waves in the tsunami frequency band. Careful 
examination of these data revealed two weak tsunamis recorded by several B.C. stations: a distant tsunami of June 
23, 2001 generated by the Peru Earthquake (Mw = 8.4), and a local tsunami of October 12, 2001 induced by the 
Queen Charlotte Earthquake (Mw = 6.3). Spectral characteristics of these two tsunamis are compared with the 
spectral characteristics of long waves generated by a strong storm (October, 2000) and of ordinary background 
oscillations. The topographic admittance functions (frequency responses) constructed for all stations showed that 
most of them (in particular, Winter Harbour, Tofino, Bamfield, Port Hardy, and Victoria) have strong resonance at 
periods from 2.5 to 20 min, indicating that these locations are vulnerable to relatively high-frequency tsunamis. The 
Winter Harbour station also has two strong resonant peaks with periods of 30 and 47 min and with amplification 
factors of about 7. The estimated source functions show very clear differences between long waves associated with 
the seismic source (typical periods 10–30 min) and those generated by a storm, which typically have shorter periods 
and strong energy pumping from high-frequencies due to non-linear interaction of wind waves. 

 
Rapatz, W.J., and Murty, T.S., 1987, Tsunami warning system for the Pacific coast of Canada, 

Marine Geodesy, v. 11, p. 213-220. 
Abstract: The Tsunami Warning System for the Pacific Coast of Canada, which is part of the International Tsunami 

Warning System for the Pacific Ocean, is reviewed and major problems are identified. The efficiency of the present 
warning system is examined in view of the prediction by the international seismological community that major 
earthquakes are likely to occur in various seismic gaps around the Pacific rim in the near future. Whereas the present 
system is more or less adequate for the outer coast, at present there is no warning system for tsunamis generated 
locally in the Straits of Juan de Fuca and Georgia, or in Puget Sound. 

 
Slaymaker, O., 1999, Natural hazards in British Columbia: an interdisciplinary and inter-

institutional challenge, International Journal of Earth Sciences, v. 88, p. 317-324. 
Abstract: Although British Columbia experiences many natural hazards, there is as yet no unified policy to promote 

natural hazard management in the province. The problem is not in the quantity and quality of geoscience assessment 
of natural hazards, but instead, it is suggested, in the isolation of that work from broader risk perspectives and in the 
lack of clarity of division of responsibilities between various levels of government. The example of recent changes 
in perception of the terrain stability problem illustrates how natural hazard problems are driven by social and 
political priorities rather than by geoscience priorities. 

 
Sokolowski, T.J., 1999, The U.S. west coast and Alaska tsunami warning center, Science of 

Tsunami Hazards, v. 17. no. 1, p. 49-55. 
Abstract: The Alaska Tsunami Warning Center (ATWC) was established in Palmer, Alaska in 1967 as a direct result of 

the great Alaskan earthquake that occurred in Prince William Sound on March 27, 1964. In 1996, the responsibility 
was expanded to include all Pacific-wide tsunamigenic sources which could affect California, Oregon, Washington, 
British Columbia and Alaska coasts and the center became the West Coast/Alaska Tsunami Warning Center 
(WC/ATWC). An on-going project at WC/ATWC is the prediction of tsunami amplitudes outside the tsunami 
generating area described in Science of Tsunami Hazards 14, 147-166 (1996). The basic idea behind this technique 
is that pre-computed tsunami models can be scaled by recorded tsunami amplitudes during an earthquake to give a 
reasonable amplitude estimate outside the source zone. Tsunami models for moment magnitude 7.5, 8.2, 9.0 
earthquakes have been computed along the Pacific plate boundary from Honshu, Japan to the Cascadia subduction 
zone. The modeling technique was verified by comparison to historic tsunamis from different regions. At present, 
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the results from the scaled models are not distributed to the emergency officials during warnings, but are used only 
internally as an aid in canceling or extending warnings. Another current project at WC/ATWC is to receive tsunami 
data from the Pacific-wide tsunami sites via a satellite phone system. Due to the current delay of 1 to 3 hours in 
receiving tide data from NOS gauges, selected windows of data can be received from these tide sites using a satellite 
phone, antenna, PC computer and special hardware inserted into the current NOS field packages. This will permit 
obtaining data from selected tide sites nearest the tsunami source. WC/ATWC conducts a community preparedness 
program which provides advice and training sessions to coastal citizens and emergency managers to aid in pre-event 
planning. The aim of the program is to educate the public to help themselves if they are caught in the middle of a 
violent earthquake and/or tsunami, and to be aware of the safety procedures, safe areas, and the limitation of the 
Tsunami Warning System. 
 

Stephenson, F.E., 2004, ITSU XIX National reports: Canada, Tsunami Newsletter, v. XXXVI, 
no. 4, p. 4-8. 

Summary: Canada maintains a network of 13 Permanent Water Level Network stations on the Pacific coast. Two of 
these are also designated as tsunami warning stations, as is the station at Langara Island. During the intersession 
period all stations except Langara Island provided a 100% data return. The Langara station has a very exposed 
location and is now more than 30 years old. Although it is recording tides relatively well, long waves in the tsunami 
frequency band are strongly distorted, likely due to deterioration of the sensing (bubbler) system. A funding 
proposal ($75K) was recently made to rebuild the Langara tsunami station. Canadian network gauges provided high 
quality records of tsunami from earthquakes on October 12, 2001 (Mw =6.3, Queen Charlotte Islands, Canada) and 
January 22, 2003 (Mw = 7.4, Colima, Mexico). The 2001 earthquake is the first pure thrust earthquake recorded in 
the Queen Charlotte Islands region. New broadband stations were used to determine a robust focal mechanism and 
seismic moment for the event. The region is primarily a transform boundary, but significant convergence allows 
thrust earthquakes to occur. A 3 year modelling study is underway to predict coastal sea level changes and currents 
in southern BC harbours due to a tsunami resulting from a megathrust earthquake on the Cascadia Subduction Zone 
(CSZ). A shallow-water wave model is used (MOST; Titov and Synolakis, 1998), as used by NOAA to study 
tsunami effects along the west coast of the U.S. and in contiguous inland waters. The present modelling effort uses 
finer-resolution bathymetric grids than previous studies, allowing us to see variations within harbours not previously 
possible. The study will model those harbours on the west coast of Vancouver Island most susceptible to CSZ 
tsunamis. Much of the effort so far was directed at digitally converting and validating existing hydrographic survey 
information. Initial modelling covered harbours where digital data was already available, including Victoria and 
Esquimalt Harbours, which have excellent multibeam coverage. The model shows that maximum amplitudes outside 
the harbours in Juan de Fuca Strait are about 2 m, but maximum amplitudes are ~3 m in Victoria Harbour and nearly 
5 m in Esquimalt Harbour. Maximum currents in both harbours exceed 5 m/sec (10 knots.) The study is now in its 
final year and the digital data conversion for the west coast of Vancouver Island is nearly complete. The modelling 
of two more harbours is complete and high-resolution grids are being prepared for another three. A major focus of 
the past year has been the compilation and validation of historical data for a Canadian tsunami catalogue, in 
partnership with the P.P. Shirshov Institute of Oceanography. The first phase of the project validated and expanded 
upon the pre-1981 work done by Wigen, Soloviev and Go. The second phase of the project is focusing on 
identifying all tsunami events since that time. The present modelling studies and the tsunami catalogue will provide 
valuable information for public education and mitigation planning. 

 
Stephenson, F.E., and Murty, T.S., 1990, Positioning requirements for the tsunami warning 

system, Marine Geodesy, v. 14, no. 4, p. 285-295. 
Abstract: Canada has increased the number of tsunami warning stations on the Pacific Coast from two to three. The last 

gauge was installed at the north end of Vancouver Island, thereby filling a large gap previously existing and 
providing full coverage along the coast. The record of gauges at two of the three locations is accessible either by 
telephone or by means of meteor burst communication, alleviating the difficulties experienced during the tsunami 
threat of May 6, 1986, when telephone communications were disrupted by heavy use. The gauge at Langara Island 
will be relocated in a more accessible and also a more tsunami-responsive location in Rennell Sound in the Queen 
Charlotte Islands. All tsunami gauges also serve as tide gauges, recording the water level every 15 min. In the event 
of a tsunami, the recording interval can be altered to every 60 s. Suggestions have been made that Canada attempt a 
deep-sea recording of tsunamis off its Pacific Coast. Although this would be of great scientific value, no such 
program is contemplated at this time. 
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Stephenson, F.E., and Rabinovich, A.B., 2009, Tsunamis on the Pacific coast of Canada 
recorded in 1994-2007, Pure and Applied Geophysics, v. 166, no. 1-2, p. 177-210, 
doi:10.1007/s00024-008-0440-7. 

Abstract: In the last 15 years there have been 16 tsunami events recorded at tide stations on the Pacific Coast of Canada. 
Eleven of these events were from distant sources covering almost all regions of the Pacific, as well as the December 
26, 2004 Sumatra tsunami in the Indian Ocean. Three tsunamis were generated by local or regional earthquakes and 
two were meteorological tsunamis. The earliest four events, which occurred in the period 1994–1996, were recorded 
on analogue recorders; these tsunami records were recently re-examined, digitized and thoroughly analysed. The 
other 12 tsunami events were recorded using digital high-quality instruments, with 1-min sampling interval, installed 
on the coast of British Columbia (B.C.) in 1998. All 16 tsunami events were recorded at Tofino on the outer B.C. 
coast, and some of the tsunamis were recorded at eight or more stations. The tide station at Tofino has been in 
operation for 100 years and these recent observations add to the dataset of tsunami events compiled previously by 
S.O. Wigen (1983) for the period 1906–1980. For each of the tsunami records statistical analysis was carried out to 
determine essential tsunami characteristics for all events (arrival times, maximum amplitudes, frequencies and 
wave-train structure). The analysis of the records indicated that significant background noise at Langara, a key 
northern B.C. Tsunami Warning station located near the northern end of the Queen Charlotte Islands, creates serious 
problems in detecting tsunami waves. That station has now been moved to a new location with better tsunami 
response. The number of tsunami events observed in the past 15 years also justified re-establishing a tide gauge at 
Port Alberni, where large tsunami wave amplitudes were measured in March 1964. The two meteorological events 
are the first ever recorded on the B.C. coast. Also, there have been landslide generated tsunami events which, 
although not recorded on any coastal tide gauges, demonstrate, along with the recent investigation of a historical 
catastrophic event, the significant risk that landslide generated tsunami pose to coastal and inland regions of B.C. 

 
Stephenson, F.E., Solovieva, O.N., Rabinovich, A.B., Yakovenko, O.I., and Kulikov, E.A., 2010, 

Tsunamis on the Pacific coast of Canada, 1700-2005, Advances in Natural and 
Technological Hazards Research, v. 24, Springer, 225 p., in press. 

Summary: Tsunamis are among the world’s most dangerous and destructive natural phenomena. The catastrophic 
tsunami of December 26, 2004 claimed over 300000 lives. These numerous catastrophic tsunamis have caused a 
significant increase in scientific interest of this natural hazard. About 85% of all tsunamis occur in the Pacific Ocean 
and are the products of submarine earthquakes around the Pacific Rim, where collisions of tectonic plates form 
highly active seismic subductive zones. The Great Cascadia Earthquake of January 26, 1700, which occurred near 
the west coast of Canada, produced a catastrophic tsunami which affected the entire coast of the Pacific Ocean. 
Assembling data on observed tsunamis and cataloguing historical tsunamis are key problems for scientific 
examination of tsunami waves, estimation and mitigation of tsunami risk for coastal areas, and improvement of the 
existing Tsunami Warning Service. The purpose of the present book is to present the historical and modern data on 
the Canadian coast of the Pacific Ocean and to complete the existing tsunami database. At the same time, the book is 
intended to present some modern achievements in instrumentation, data analyses, numerical modelling, and 
estimation of tsunami risk and may be of interest for specialists in wave dynamics, seismology, geophysics, coastal 
engineering and natural hazard mitigation. Chapters include: (1) Tsunami sources; (2) Description of tsunami 
events; (3) Two destructive tsunamis on the coast of British Columbia; (4) Spectral analysis of tsunami records for 
the coast of British Columbia; (5) Numerical modelling and estimation of tsunami risk for the coast of British 
Columbia; (6) Tsunami Warning Service for the Pacific coast of Canada. 

 
Thomson, R.E., 1981, Chapter 9. Tsunamis (Tidal Waves), In: Thomson, R.E., Oceanography 

of the British Columbia coast, Canadian Special Publication of Fisheries and Aquatic 
Sciences, no. 56, p. 129-135. 

Summary: This chapter details the basics of tsunami science, with special emphasis on British Columbia. The following 
topics are covered: tsunami generation (by earthquakes, e.g., Alaska 1964; by landslides, e.g., Kitimat 1975; by 
volcanoes, e.g., Krakatoa 1883); wave travel; height at sea; height near shore; proximity to source; shoaling; tide 
influences; natural oscillations (e.g., natural resonant frequency of Trevor Channel and Alberni Inlet matched the 
1964 tsunami, causing amplification); ignorance (e.g., avoidable Crescent City deaths in 1964); population; details 
of the tsunami warning system for the Pacific Ocean. 
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Wessel, P., 2009, Analysis of observed and predicted tsunami travel times for the Pacific and 
Indian oceans, Pure and Applied Geophysics, v. 166, no. 1-2, p. 301-324, doi: 
10.1007/s00024-008-0437-2. 

Abstract: I have examined over 1500 historical tsunami travel-time records for 127 tsunamigenic earthquakes that 
occurred in the Pacific and Indian Oceans. After subjecting the observations to simple tests to rule out gross errors I 
compare the remaining reports to simple travel-time predictions using Huygens method and the long-wave 
approximation, thus simulating the calculations that typically take place in a tsunami warning situation. In general, I 
find a high correspondence between predicted and reported travel times however, significant departures exist. Some 
outliers imply significantly slower propagation speeds than predicted; many of these are clearly the consequences of 
observers not being able to detect the (possibly weak?) first arrivals. Other outliers imply excessively long predicted 
travel times. These outliers reflect peculiar geometric and bathymetric conditions that are poorly represented in 
global bathymetric grids, leading to longer propagation paths and consequently increased travel times. Analysis of 
Δt, the difference between observed and predicted travel time, yields a mean Δt of 19 minutes with a standard 
deviation of 131 minutes. Robust statistics, being less sensitive to outliers, yield a median Δt of just 18 seconds and 
a median absolute deviation of 33 minutes. Care is needed to process bathymetry to avoid excessive travel-time 
delays in shallow areas. I also show that a 292 arc minute grid yields better results than a 595 arc minute grid; the 
latter in general yielding slightly slower propagation predictions. The largest remaining source of error appears to be 
the inadequacy of the point-source approximation to the finite tsunami-generating area. 

 
Whitmore, P., Benz, H., Bolton, M., Crawford, G., Dengler, L., Fryer, L., Goltz, J., Hansen, R., 

Kryzanowski, K., Malone, S., Oppenheimer, D., Petty, E., Rogers, G., and Wilson, J., 2008, 
NOAA/West Coast and Alaska Tsunami Warning Center Pacific Ocean response criteria, 
Science of Tsunami Hazards, v. 27, no. 1, p. 1-21. 

Abstract: New West Coast/Alaska Tsunami Warning Center (WCATWC) response criteria for earthquakes occurring in 
the Pacific basin are presented. Initial warning decisions are based on earthquake location, magnitude, depth, and - 
dependent on magnitude - either distance from source or precomputed threat estimates generated from tsunami 
models. The new criteria will help limit the geographical extent of warnings and advisories to threatened regions, 
and complement the new operational tsunami product suite. Changes to the previous criteria include: adding 
hypocentral depth dependence, reducing geographical warning extent for the lower magnitude ranges, setting special 
criteria for areas not well-connected to the open ocean, basing warning extent on pre-computed threat levels versus 
tsunami travel time for very large events, including the new advisory product, using the advisory product for far-
offshore events in the lower magnitude ranges, and specifying distances from the coast for on-shore events which 
may be tsunamigenic. This report sets a baseline for response criteria used by the WCATWC considering its 
processing and observational data capabilities as well as its organizational requirements. Criteria are set for tsunamis 
generated by earthquakes, which are by far the main cause of tsunami generation (either directly through sea floor 
displacement or indirectly by triggering of slumps). As further research and development provides better tsunami 
source definition, observational data streams, and improved analysis tools, the criteria will continue to adjust. Future 
lines of research and development capable of providing operational tsunami warning centers with better tools are 
discussed. 

 
Wigen, S.O., 1983, Historical study of tsunamis at Tofino, Canada, In: Iida, K., and Iwasaki, T. 

(eds.), Tsunamis – Their Science and Engineering, Terra Scientific Publishing, Tokyo, p. 
105-119. 

Abstract: Procedures proposed by the International Tsunami Information Center have been applied to the historical 
study of tsunamis at Tofino, Canada. Using the list of 1500 known and possible tsunamigenic events compiled by 
the Center, the marigrams from the Tofino tide station have been systematically searched for each possible event. 
Forty-three tsunamis have been identified in a 75-year period of records. Systematic data have been extracted for 
these events, including initial and maximum wave heights, periods and travel times from sources. Tidal 
contributions to the recorded wave heights have been removed, to allow valid comparison of the events. Smallest 
tsunamis identified show a maximum wave, trough to crest of 6 cm; the largest, a wave height of 240 cm. All 
tsunamis were identified with distant generated areas within the Pacific region, and none with local submarine 
seismic sources. A logarithmic plot of maximum wave heights appears to be linear and this is applied to establish a 
magnitude-frequency relationship. 
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Reports, Government Publications, and Theses 
 
Anderson, P.S., 2006, British Columbia tsunami warning methods: a toolkit for community 

planning, publication prepared for the Tsunami Integrated Preparedness Project, B.C., 121 
p. 

Executive summary: The Emergency Program Act of British Columbia requires all local authorities (Municipalities and 
Regional Districts), to develop emergency plans for their jurisdiction. The Local Authority Emergency Management 
Regulation within the Act, requires that those local authority emergency plans, “establish procedures by which those 
persons who may be harmed or suffer loss are notified of an emergency or impending disaster.” There is not one 
right solution or strategy for emergency notification that works in all communities equally. The unique features of 
each community require unique solutions. The purpose of this toolkit is to provide British Columbia local authorities 
and communities with information that will allow them to evaluate the many options available to provide 
notification and warning to the public of a potential or impending Tsunami wave. In general, notification options fall 
into 2 categories: (A) Mass Notification Methods -common alerting to an area, such as sirens; (B) Addressable 
Notification Methods -targeted alerting such as pagers. While this toolkit was developed specifically with tsunami 
hazards in mind, it may also be applicable to many other hazards that could impact communities. Large tsunami 
waves are incredibly powerful and destructive. Early warning and notification are key to the successes in preventing 
injury and loss of life. The tsunami event in South Asia in December 2004, created a new awareness worldwide of 
the potential of tsunami waves. It also led to significant discussion about the need to warn those people who may be 
at risk from future events. British Columbia has had a Tsunami Warning System in place for a number of years. 
Tsunami warnings for Coastal British Columbia are initiated by the West Coast Alaska Tsunami Warning Centre 
(WCATWC). The B.C. Provincial Emergency Program, upon receipt of a Tsunami warning from WCATWC, 
notifies local authorities, coastal communities, the media and stakeholders by a combination of warning methods, 
including telephone, fax, and Internet. Local authorities are then required to implement their warning and alerting 
plans to advise the public at risk. This “Toolkit” provides descriptions of notification methods and options, brief 
discussions of their advantages and disadvantages relative to other methods, implementation considerations and 
costs. The type of method(s) of notification that each community uses, will be shaped by several factors, including: 
the physical location and nature of the population (e.g. residents vs. non-residents), time of day, budget, geographic 
location, available supporting infrastructure, local customs, economic and social activities, etc. To achieve effective 
warning there should be complete and timely coverage, redundancy, and seamless meshing of new and existing 
systems. Regardless of the warning and alerting method(s), it is critical that there be consistency in its application 
and message, widespread and current public knowledge of the potential local area risks as well as continuous 
education about the alerts. No matter how expensive or sophisticated, a warning system can never be totally 
effective without education. Whatever methods are chosen, all groups that are part of the notification process should 
be involved in the planning, implementation and operation of their systems. It is important to recognize that a 
warning is the trigger for all of the subsequent activities that will occur during the emergency period, including 
response, rescue, relief and recovery. The warning portion (initial alert to the all-clear) may be relatively short or 
could go on for a prolonged period depending upon the nature of the hazard incident. Investing wisely in flexible, 
robust, redundant, multi-purpose communication system can yield dividends for all emergency needs. 

 
Anderson, P.S., and Gow, G.A., 2004, Tsunamis and coastal communities in British Columbia: 

an assessment of the B.C. tsunami warning system and related risk reduction practices, 
Public Safety and Emergency Preparedness Canada, Ottawa, Ontario, 75 p. 

Summary: The threat of tsunami along the west coast of Canada has prompted the federal government and the Province 
of British Columbia to participate with other members of the international community in the Pacific Tsunami 
Warning System (PTWS). The B.C. Tsunami Warning System is, in effect, a regional component of the PTWS that 
consists of three functional subsystems for detection, emergency management, and public response. Together these 
critical links establish a three-stage detection and dissemination network to alert local populations along the B.C. 
coast to the threat of a potential or imminent tsunami. This study is intended to provide a baseline assessment of the 
B.C. tsunami warning system and related risk reduction practices in light of socio-economic developments along 
B.C. coast, and evaluated according to recognized best practices and key principals and aims of Canada’s National 
Disaster Mitigation Strategy. Key findings are as follows. (1) Canada’s involvement in the Pacific Tsunami Warning 
System provides effective monitoring and alerting capability for telegenic tsunamis affecting the B.C. coast. 
Effective alerting for locally-generated tsunamis remains problematic. (2) Current inundation mapping and related 
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mitigation efforts are focused primarily on selected communities on Vancouver Island. (3) Local warning 
capabilities are extremely limited in B.C. coastal regions. The capacity for broadcasting local warnings is extremely 
limited in many rural coastal areas and telephone-based notification schemes may also be problematic in small 
communities. (4) Planning and response for tsunamis in transient and remote communities is evident in only a few 
cases where these have been developed on a voluntary, uncoordinated basis. (5) In the absence of an effective 
warning system for near-source tsunamis, a special awareness and education program about tsunami risk and 
appropriate response should be implemented. This would need to be communicated to residents, workers (seasonal 
and year-round), regional visitors (especially tourists), and transient populations, many of whom may have a 
different exposure to the tsunami hazard. (6) A successful mitigation strategy requires continuing commitment from 
local governments and other local authorities, as well as by individuals, industry and the recreational and tourism 
sectors in tsunami-prone areas. (7) An essential element of tsunami mitigation is public awareness of the tsunami 
hazard and what actions are to be safely undertaken when a tsunami is expected. Scientific support may also be 
required when applying models and when interpreting inundation maps. (8) Much benefit can be gained from 
current mitigation efforts underway in neighbouring U.S. states that face similar challenges to British Columbia. (9) 
Significant current gaps in knowledge include the communications infrastructure of local coastal B.C. populations, 
tsunami preparedness of coastal populations, and federal and provincial legal obligations with respect to their “duty 
to warn”. 
 

Barlow, D.P., 1992, Tsunami: annotated bibliography, Province of British Columbia, Ministry 
of Environment, Lands and Parks, Floodplain Management Branch, 28 p. 

Summary: The bibliography was prepared for internal use by the Ministry of Environment, Lands and Parks of the 
Province of British Columbia, as background to a study of the regulation of development of hazardous coastal lands. 
It includes: (1) The nature of tsunamis, generation, propagation and termination; (2) Astronomical tides, storm 
surges; (3) The statistics of historical infrequent events and risk analysis; (4) Coastal management in other 
jurisdictions, especially the west coast of North America and Hawaii; (5) Tsunami warning systems; (6) Regulation 
in British Columbia; (7) Construction in high hazard zones. 

 
Clague, J.J., Hutchinson, I., and Lesemann, J.-E., 2005, Tsunami hazard to Richmond and 

Delta, British Columbia, Canada, Report presented to the Corporation of Delta and the 
City of Richmond, 25 p. 

Summary: Concern has been raised that populations and property in Richmond and Delta close to the shorelines of the 
Fraser River delta could be at risk from tsunamis. The main sources for these waves are: a) plate-boundary 
earthquakes at the Cascadia subduction zone; b) plate-boundary earthquakes at other subduction zones around the 
Pacific Rim; c) upper-plate faults in the Strait of Georgia; d) subaqueous slides on the western foreslope of the 
Fraser River delta. In order to assess this risk, we examined historical records, native oral traditions, and simulation 
models of tsunami behaviour. Most importantly, evidence of tsunami inundation was sought in the geological 
archives of the Fraser River delta in Richmond, Delta, and Surrey. Sites such as marshes and bogs that are most 
likely to record and preserve tsunami deposits were targeted for coring. The 33 cores collected in the summer of 
2005 preserve sediments dating as far back as 4000 years ago. Analysis of the sediment sequences in the cores was 
supplemented by a re-evaluation of the sediment sequences in the Fraser River delta marshes and bogs described in 
the scientific literature. A computer simulation model indicates that a great earthquake art the local plate boundary 
(Cascadia subduction zone) would generate tsunami waves 1-2 m high in Boundary Bay south of Delta, but only 0.5 
m high at the western shore of the delta bordering Richmond. The last great earthquake occurred in AD 1700. No 
deposits from the tsunami generated by this event, or those generated by earlier plate-boundary earthquakes, were 
found in the bogs in Delta and Richmond municipalities, or in the tidal marshes of Boundary Bay, Mud Bay, and the 
Campbell River estuary. The absence of deposits suggests that the threat to Richmond and Delta by tsunamis from 
this source at the Fraser delta shoreline is slight. Historical records show that earthquakes at plate boundaries 
elsewhere in the Pacific Ocean (such as the Alaska tsunami of 1964) do not represent a threat to Richmond and 
Delta. Ruptures on suspected upper-plate faults underlying the southern Strait of Georgia might generate tsunami 
waves at the Fraser delta shoreline. The lack of evidence of tsunami inundation around Boundary Bay and in 
western Richmond, however, indicates that no significant tsunamis have been generated from this source in the last 
4000 years. Computer models of large subaqueous block slides on the western foreslope of the Fraser delta indicate 
that waves about 2 m high would strike adjacent shorelines shortly after the landslide. No evidence of such waves 
was detected in the geological record, suggesting that such waves, if they occur, are extremely rare. 
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Dunbar, D., LeBlond, P.H., and Hodgins, D.O., 1988, Evaluation of tsunami levels along the 
British Columbia coast, Final Report, prepared for Department of Fisheries and Oceans, 
Institute of Ocean Sciences, Sidney, B.C., by Seaconsult Marine Research Ltd., Vancouver, 
B.C. 

Summary: Maximum tsunami water levels and currents along the British Columbia outer coast have been computed for 
waves originating from Alaska, Chile, the Aleutian Islands (Shumagin Gap), and Kamchatka. Three computer 
models have been developed to generate and propagate a tsunami from each of these source regions in the Pacific 
Ocean to the continental shelf off Canada’s west coast, and into twenty separate inlet systems. The model 
predictions have been verified against water level measurements made at tide gauges after the March 28, 1964 
Alaska earthquake. Simulated seabed motions giving rise to the Alaskan and Chilean tsunamis have been based on 
surveys of vertical displacements made after the great earthquakes of 1964 (Alaska) and 1960 (Chile). Hypothetical 
bottom motions have been used for the Shumagin Gap and Kamchatka simulations. These simulations represent the 
largest tsunamigenic events to be expected from these areas. Maximum wave and current amplitudes have been 
tabulated for each simulated tsunami at 185 key locations along the British Columbia coast. On the north coast of 
British Columbia, the Alaska tsunami generated the largest amplitudes. In all other regions of the west coast, the 
largest amplitudes were generated by the Shumagin Gap simulation. Wave amplitudes in excess of 9 m were 
predicted at several locations along the coast and current speeds of 3 to 4 m/s were produced. The most vulnerable 
regions are the outer coast of Vancouver Island, the west coast of Graham Island, and the central coast of the 
mainland. Some areas, such as the north central coast, are sheltered enough to limit expected maximum water levels 
to less than 3 m. 

 
González, F.I., Sherrod, B.L., Atwater, B.F., Frankel, A.P., Palmer, S.P., Holmes, M.L., Karlin, 

R.E., Jaffe, B.E., Titov, V.V., Mofjeld, H.O., and Venturato, A.J., 2003, Puget Sound 
tsunami sources – 2002 workshop report: a contribution to the inundation mapping project 
of the U.S. National Tsunami Hazard Mitigation Program, NOAA OAR Special Report, 
National Oceanic and Atmospheric Administration/Office of Oceanic and Atmospheric 
Research/Pacific Marine Environmental Laboratory, 36 p. 

Executive summary: Potential tsunami sources in Puget Sound were reviewed by a 23-person panel of geoscientists, 
oceanographers, and emergency managers who participated in a 1-day workshop. Their goal was to lay scientific 
groundwork for hazard assessment in coastal areas threatened by tsunamis and, in so doing, assist emergency 
managers that seek to comply with the spirit of the Washington State Growth Management Act, which instructs 
officials to seek out and consider the "best available science." The panelists recommended that tsunami modelers 
focus on several kinds of sources, and they also recommended improvements in source identification and modeling. 
Tsunami Modeling Recommendations: (1) Earthquakes on the Seattle fault zone, the Tacoma and South Whidbey 
Island faults, and other structures that generate tsunamis by tectonically raising or lowering the floor of Puget Sound, 
consistent with best estimates that may include fault parameters used in the USGS National Seismic Hazard Map 
and paleoseismic estimates of land-level change. (2) Delta slope failures of the Puyallup, Duwamish, and 
Snohomish River deltas, with parameters based on the 1894 Commencement Bay event and a scaled-down 1964 
Valdez event. (3) Submarine landslides associated with Quaternary faults (not deltas), with parameters based on 
currently unpublished seismic profiling data and maps. (4) Subaerial landslides, with parameters based on the 1949 
Tacoma arrows landslide. (4) Tsunami modelers should develop these source scenarios in close collaboration with 
geoscience experts on earthquakes, slope stability, and paleotsunami evidence in Puget Sound. Science 
Improvement Recommendations: (1) Use LIDAR data to update deformation estimates for A.D. 900 Seattle Fault 
earthquake and for other fault ruptures. (2) Do additional fieldwork to document coastal deformation and constrain 
the eastern end of the Tacoma Fault. (3) Expand the existing program of slope instability mapping to increase the 
geographical coverage and improve the quality of submarine and subaerial landslide assessments, including the 
acquisition of multibeam bathymetry and sediment cores. (4) Improve estimates of wave height and water velocity 
of prehistoric and recent tsunamis through combined use of sedimentology and inundation modeling. (5) Do 
additional fieldwork to check for tsunami deposits at Lynch Cove, Lake Washington, Lake Sammamish, and other 
Puget Sound area sites. (6) Make and update summary maps that incorporate all available field evidence for tsunami 
deposits, coseismic deformation, and submarine and subaerial landslides. (7) Develop methods to assess the 
sensitivity of coastal areas to tsunami inundation, based on multiple simulations that reflect the possible range of 
variations in the source parameters. (8) Hold yearly workshops to review the best available scientific information 
and develop updated recommendations for tsunami inundation mapping in Washington State. 
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Lander, J.F., Lockridge, P.A., and Kozuch, M.J., 1993, Tsunamis affecting the west coast of 

the United States, 1806-1992, Key to Geophysical Records Documentation No. 29, National 
Geophysical Data Center, Boulder, Colorado, 242 p. 

Summary: This catalog of tsunamis affecting the west coast of the United States was compiled to provide a more 
accurate and complete information base on these phenomena for scientific and hazard mitigation purposes. The 
catalog builds on the section treating the west coast in United States Tsunamis, 1690 to 1988 (Lander and Lockridge, 
1989). Detailed description information is included to better characterize the tsunami hazard. A simple listing of the 
occurrence, maximum heights, number of casualties, and dollar losses is not adequate to fully understand the hazard. 
This understanding is a necessary but not always observed first step toward mitigation. 

 
Lockridge, P.A., and Smith, R.H., 1984, Tsunamis in the Pacific basin, 1900-1983 (map and 

tables), National Geophysical Data Center and World Data Center A for Solid Geophysics, 
Boulder, Colorado, scale 1:17,000,000. 

Preface: The tsunami event list and validities assigned are based on work done by Doak C. Cox, University of Hawaii, 
Honolulu; Kumizi Iida, Aichi Institute of Technology, Nagoya, Japan; S.L. Soloviev, Institute of Oceanology, 
Academy of Sciences, U.S.S.R.; and George Pararas-Carayannis, International Tsunami Information Center, 
Honolulu, Hawaii. Additional events and data were compiled from many other sources by Patricia A. Lockridge and 
Leanne Richardson, National Geophysical Data Center, Boulder, Colorado. 

 
Manson, C.J., and Walkling, L. (compilers), 1998, Tsunamis on the Pacific coast of 

Washington state and adjacent areas – a selected, annotated bibliography and directory, 
Washington Division of Geology and Earth Resources Open File Report 98-4, 40 p. 

Summary: The information is presented in three parts: bibliography, directory, and internet access. The bibliography is 
an annotated list of highly selected materials about tsunami hazards and closely related literature. The annotations 
are brief descriptions of the works, some quoted from their introductory sections. The bibliography lists a total of 
~200 publications divided into the following categories: (1) Most significant reports; (2) General works about the 
geology and geologic hazards of Washington; (3) General works about geologic hazards, earthquakes, and tsunamis; 
(4) Works about earthquake and tsunami hazards on the Pacific coast of Washington; (5) Works about tsunami 
hazards in Puget Sound; (6) Works about tsunami hazards in the Strait of Juan de Fuca; (7) Works about tsunami 
hazards in other parts of the Cascadia subduction zone; (8) Works about tsunami hazards outside of the Cascadia 
subduction zone; (9) Tsunami models and modeling. The directory lists the people and organizations actively 
involved with tsunami research in the Pacific Northwest. The internet access section gives the addresses for tsunami-
related web pages, as of early 1998. All the materials listed here are available for examination at the DGER offices 
in Olympia, Washington. Many are also available at university or public libraries. 

 
May, B.K., 1983, Tsunami damage and factors influencing risk, Port Alberni, B.C., Emergency 

Planning Digest, April-June 1983, p. 8-10. 
Summary: In 1964, following the Alaska earthquake, a tsunami swept towards the coast of Vancouver Island. The twin 

communities of Alberni (Northport) and Port Alberni (Southport) were struck by several waves in the early morning 
of March 28. The waves traversed the long narrow Alberni Inlet, and oscillations and high tide flooding persisted in 
the area for nearly a day afterwards. The waves damaged the industrial, commercial, and residential zones of the 
logging community. Of the first three waves that reached Port Alberni the second was the most damaging, cresting 
around 3 m above normal high tide. However, the first wave was important in alerting residents. Much damage 
occurred in 1964, but there was no loss of life in Port Alberni. Houses were flooded, removed from foundations, or 
moved up to 1 km. Mud was carried in and deposited in and around structures. The commercial district was 
inundated. Waterfront logging activities were flooded. Flood waters stalled motors and ruined electrical gear, 
damaged dock facilities, and scattered berths. Pavement and railway tracks were undermined. Log booms were 
dislodged and floated over the entire area. Some ships were carried aground. Parked cars were scattered and 
contaminated with salt. The local airport south of the Somass was littered with logs. The power station went out. A 
water pipeline used by one of the mills was severed. The sewage lagoon trapped moving logs. Some of the inner 
banks slipped into the lagoon. Since 1964, several changes have occurred in the zone at risk that will reduce future 
damage. In order to reduce the effects of subsequent waves, Kitsuksis Creek was dyked, channelized, and 
straightened to protect residences. Legislation was introduced to restrict new development relative to various 
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waterways, outline a minimum habitable floor elevation, and prohibit the use of fill on properties in low areas. On 
the other hand, certain developments have increased risk, e.g., heightened residential activity in northwestern 
Northport, and an expansion of the fishing dock and processing area. In Port Alberni, patterns of damage from the 
1964 tsunami, and developments in the hazard area since then, provide a basis for assessing current population at 
risk, and the necessity for measures to protect against future disruption. 

 
Murty, T.S., and Henry, R.F., 1972, Some tsunami studies for the west coast of Canada, 

Marine Sciences Directorate Manuscript Report Series, no. 28, p. 1-46. 
Abstract: The propagation of a tsunami into the Fisher-Fitz Hugh complex on the west coast of Canada has been 

computed taking the topography into account. The importance of resonance in tsunami amplification was considered, 
particularly in the Juan de Fuca Strait and the Cousins Inlet. The tide gauge data for the 1964 Alaska earthquake 
tsunami has been evaluated through performing autocorrelogram analysis and calculation of autospectra. To 
evaluate the nonlinear coastal effects, the bispectra was computed. Finally, the energy processes on the continental 
shelf off Tofino were examined. 

 
Murty, T.S., Wigen, S.O., and Chawla, R., 1975, Some features of tsunamis on the Pacific coast 

of South and North America, Marine Sciences Directorate Manuscript Report Series, no. 
36, 37 p. 

Abstract: In order to investigate the response of inlets to tsunamis, the resonance characteristics of some inlets on the 
coast of Chile have been deduced through simple analytical considerations. A comparison is made with the inlets of 
southeast Alaska, the mainland coast of British Columbia and Vancouver Island. It is shown that the general level of 
intensity of secondary undulations is highest for Vancouver Island inlets, and least for those of Chile and Alaska. It 
is also shown that tsunami forerunners are more common than is generally believed. 

 
Septer, D., 2007, Flooding and landslide events: northern British Columbia, 1820-2006, BC 

Ministry of Environment, 216 p. 
Summary: Historical information on weather events and their impacts is scattered throughout many different sources, 

including newspapers, technical reports and streamflow records. The intent of this report is to produce a 
chronological list of flooding and landslide events in the northern part of British Columbia. The area covered is 
north of a straight line running from Bella Bella in the west over Williams Lake and Blue River to the Rocky 
Mountains in the east. Some weather events causing fatalities in the adjacent Alaska panhandle have been included 
in the report. Although an effort has been made to be as accurate and complete as possible, the chronological list of 
such events contained in this report is far from complete. In a report with a time span and geographic area like this, 
many storm and flood events will have been missed. The historical detail contained in this report is strictly raw data 
without any analysis of the events. Thus all the details and quotations must stand on their own merit, without benefit 
of the author’s analysis or comment. All damage causing events are organised chronologically starting with the ca. 
1820 event and ending with a storm event on December 18-19, 2006. Some extreme wind and snow storm events 
have also been included even though they did not cause flooding or landslide damage.  

 
Septer, D., 2007, Flooding and landslide events: southern British Columbia, 1808-2006, BC 

Ministry of Environment, 527 p. 
Summary: The intent of this report is to produce a chronological list of flood events for the southern part of British 

Columbia. The geographic area covered in this study is the southern half of British Columbia roughly from Bella 
Coola in the west to Quesnel in the Interior and on to the Alberta border in the east and includes Vancouver Island. 
Listed events include: fall and winter rainstorms and rain-on-snow events; summer rainstorms and floods; spring 
runoff flooding; icejam floods; storm surges and/or tidal flooding; tsunamis; glacial outburst floods; dam burst flash 
floods; snow avalanches; landslides, debris flows, etc. All damage-causing events are organised chronologically 
starting with an 1808 event and ending with a storm event on December 27, 2006. Some extreme wind and snow 
events have also been included even though these did not cause flooding or landslide damage. The June 23, 1946 
earthquake has been described as well.  
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Soloviev, S.L., and Go, Ch.N., 1975, A catalogue of tsunamis on the eastern shore of the Pacific 
Ocean (1513-1968), Nauka Publishing House, Moscow, USSR, Canadian Translation of 
Fisheries and Aquatic Sciences, no. 5078, 1984, 285 p. 

Abstract: This monograph contains descriptions of about 300 tsunamis and related phenomena which have occurred in 
the southern and eastern Pacific. The monograph also describes earthquakes and other processes which have 
generated tsunamis. As far as possible, estimates were made of the intensity of all tsunamis, according to a special 
scale, as well as of coordinates of epicentres and of the energy (magnitude) of earthquakes that generated the 
tsunamis. The book will be of interest to seismologists, oceanographers, tectonic geologists, volcanists, geographers, 
and to inhabitants of the Pacific shores of the USSR and persons involved in various operations in coastal areas of 
the Pacific. The book contains 77 illustrations, 14 tables and 344 bibliographic references. 

 
Stephenson, F., Rabinovich, A.B., Solovieva, O.N., Kulikov, E.A., and Yakovenko, O.I., 2007, 

Catalogue of tsunamis, British Columbia, Canada: 1700-2007, Preprint, P.P. Shirshov 
Institute of Oceanology, Moscow, Russia, 133 p. 

Introduction: A tsunami is one of the most dangerous and destructive natural phenomena. The catastrophic 2004 
Sumatra tsunami was responsible for more than 226,000 lives. The global reach of this tsunami caused a significant 
increase in scientific and public interest in this natural hazard. About 85% of all tsunamis occur in the Pacific Ocean, 
the products of submarine earthquakes around the Pacific Rim, where collision of tectonic plates form highly active 
seismic subduction zones. In contrast to many other natural disasters, tsunamis may produce catastrophic effects 
thousands of kilometres from the source area. For example, the Great Chile Earthquake of May 22, 1960 generated 
tsunami waves, which caused casualties and severe damage on the coasts of Hawaii and Japan. Collecting the data 
on observed tsunamis and cataloguing of historical information on tsunamis is the key problem for scientific 
examination of tsunami waves, estimation and mitigation of tsunami risk for the coastal areas, and improvement of 
the existing Tsunami Warning Systems. Thanks to significant efforts by Sergey Soloviev, James Lander, Patricia 
Lockridge, Viacheslav Gusiakov and their colleagues, large databases and reliable catalogues exist for almost the 
entire coast of the Pacific Ocean. The Canadian coast is probably the only region without a comprehensive database 
of historical tsunami data. The purpose of the present catalogue is to fill this "white spot" and to complete the 
existing tsunami database. This study was initiated by the Canadian Hydrographic Service in cooperation with the 
Russian Academy of Sciences. 

 
Wigen, S.O., 1979, Tsunami frequency at Tofino and Port Alberni, unpublished manuscript, 

Institute of Ocean Sciences, Sidney, BC, 18 p. 
Summary: A historical study of tsunami frequency as registered on the tide gauges at Tofino and Port Alberni was 

carried out. At Tofino, thirty-three tsunamis were identified in the period 1906-1976, with maximum wave height 
ranging from a low of 6 cm to a high of 240 cm. Linear regression analysis projects a maximum wave of 309 cm as 
a 100-year event at Tofino, and 622 cm as a 200-year event. Over a shorter time period (excluding the 1964 tsunami 
of 240 cm and the 1960 tsunami of 126 cm) the 100-year event is a 143 cm wave, and the 200-year event a 242 cm 
tsunami. The principal finding of the study is that the destructive tsunami of March 28, 1964 was not a unique event, 
but that it will probably be equalled or exceeded in a 100-year period. Tsunamis therefore need to be recognized as a 
significant factor in planning for land use in low lying areas, both at Port Alberni and other vulnerable portions of 
the British Columbia coast. There is need also to plan for educational programs and emergency preparedness 
measures in order that losses when a tsunami occurs will be minimal. 
 

Conference Proceedings and Abstracts 
 
Dengler, L.A., and Magoon, O.T., 2006, Reassessing Crescent City, California’s tsunami risk, 

Proceedings of the 8th U.S. National Conference on Earthquake Engineering, San Francisco, 
California, Paper 1451, 10 p. 

Abstract: Twenty-two tsunamis have been recorded in Crescent City, California since 1938, eight exceeded 0.5 m 
amplitude and two caused significant damage. In 1964 at least four large waves were observed and peak water 
height was 6.7 m above MLLW, inundating twenty-nine city blocks damaging or destroying 300 homes and 
businesses. Eyewitnesses described a relatively gentle inflow with water elevation increasing at the rate of about 0.3 
meters/minute reaching a peak elevation of about 3 meters above the land surface followed by stronger outflow that 
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scoured rills into the margins of the harbor. Where water exceeded 1 m, a common cause of damage was floating 
houses off foundations. Mapped structure displacements indicate the outgoing flow was strongest. Tide gage 
recordings of other Crescent City tsunamis exhibit characteristic long duration with peak amplitudes occurring many 
cycles into the trace suggesting a strong influence of harbor resonance on wave characteristics. Spectral analyses of 
two records of the 1960 Chilean tsunami show a dominant 32 minute period (Wiegel, 1965) and duration of more 
than 20 hours. At least 6 paleotsunami events have been documented in cores from the Crescent City area, all larger 
than the 1964 event and attributed to megathrust earthquakes on the Cascadia subduction zone (CSZ). In the 41 
years since the tsunamis, Crescent City has established a siren-based tsunami warning system and developed 
tsunami evacuation maps, posted signs along evacuation routes and is the only city in California currently 
designated “Tsunami Ready” by the National Weather Service’s TsunamiReady program. During the June 14, 2005 
tsunami warning for a M 7.2 Gorda Basin earthquake, Crescent City was the only community in the warning area to 
effectively evacuate the majority of its coastal residents. Offsetting recent mitigation efforts is recent development 
within the 1964 inundation zone and recognition of the significantly greater tsunami hazards posed by the Cascadia 
subduction zone. The Crescent City experience in 1964 is one of the few examples of how tsunami waves interact 
with typical West Coast architecture and infrastructure and its mitigation efforts provide a model for other California 
coastal communities. 

 
Dunbar, D., and LeBlond, P., 1985, An investigation of tsunami impact on Canada’s west coast, 

In: Murty, T.S., and Rapatz, W.J. (eds.), Proceedings of the International Tsunami 
Symposium, Sidney, B.C., August 6-9, p. 109. 

Abstract: Seaconsult Marine Research Ltd. has submitted a proposal to Canadian federal agencies for a major study of 
the potential impact of tsunamis on Canada's Pacific coastline. The focus of this study will be the development of an 
integrated set of numerical models for tsunami generation and propagation over the deep ocean, continental shelf 
and coastal inlet systems. The deep ocean model will utilize the Boussinesq equations with depth dependence over a 
spherical surface to ensure the proper inclusion of the effects of wave dispersion, diffraction, refraction and 
nonlinear interactions. In particular, the effect on wave frequency of soliton formation due to weak nonlinearities 
and dispersion will be included. This will be critical for accurate estimates of possible resonant interactions between 
the tsunami wave train and inlet systems. Hindcasting of tsunamis from the 1964 Alaskan earthquake and 
comparison with coastal tide gauge measurements will be used to evaluate modelled wave amplitudes, frequencies 
and phases. Forecasting of tsunamis generated at six high-risk sites will then be performed, and their effect on 
surface elevations in all of British Columbia's major inlet systems will be studied. An important result of this work 
will be the combination of probability distributions for tsunami generation at each modelled source region with 
calculated response functions relating earthquake magnitude to coastal sea surface elevations to yield estimates of 
water level return periods. These could then be used to plan more effective emergency response measures and for 
establishing design criteria for coastal engineering developments. 

 
Murty, T.S., and Rapatz, W.J., 1989, Data base for British Columbia tsunami warning system, 

In: Intergovernmental Oceanographic Commission, Workshop Report no. 58, Supplement, 
Second international tsunami workshop on the technical aspects of tsunami warning 
systems, tsunami analysis, preparedness, observation and instrumentation, Novosibirsk, 
USSR, p. 199-225. 

Abstract: Maximum expected tsunami amplitudes, currents, and travel times to 185 locations on the coast of British 
Columbia from four different earthquake epicentres are tabulated. This information is used by the regional tidal 
superintendent in arriving at the advice that is provided to the Provincial Emergency Program in the case of a real 
tsunami event. 

 
Stephenson, F.E., Yakovenko, O.I., Rabinovich, A.B., Solovieva, O.N., and Kulikov, E.A., 2005, 

Tsunamis on the Pacific coast of Canada: 1700-2005, Proceedings of the 22nd International 
Tsunami Symposium, Chania, Greece, June 27-29. 

Abstract: About 85% of all tsunamis occur in the Pacific Ocean, where collisions of tectonic plates around the Pacific 
Rim form highly active seismic subductive zones. The Great Cascadia Earthquake of January 26, 1700, which 
occurred near the west coast of Canada, produced a catastrophic tsunami that affected the entire coast of the Pacific. 
Large databases and reliable catalogues exist for most of the coasts of the Pacific Ocean; the Canadian (British 
Columbia) coast is probably the only gap. The most authoritative analysis of the tide gauge data for the British 
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Columbia (B.C.) coast was done by S.O. Wigen, who reviewed the analogue tide gauge records from Tofino and 
other stations for 1450 potential tsunami events occurring during the period 1905 to 1980. He identified 43 tsunamis, 
the largest being 240 cm (Alaska, 1964) and the smallest being 6 cm. Of these 43 events only 10 had amplitudes 
greater than 20 cm and none of these 10 events occurred during the period from 1965 to 1980. Thorough analysis of 
historical data for the period before 1980 and careful examination of tide gauge records for the period 1981-1998 
revealed 13 unknown tsunami events. The catastrophic tsunamis of the 1990's initiated, in 1998, a major upgrade of 
the existing Tsunami Warning System (TWS) and Permanent Water Level Network (PWLN) stations on the Pacific 
coast of Canada, providing continuous precise sea level measurements with 1-minute sampling interval. By 1999, 13 
tide gauge stations, including three tsunami warning stations (Tofino, Winter Harbour, and Langara), were upgraded 
and operational. Using these data five more tsunamis have been identified for the period 1999-2005. Two of these 
events were associated with local earthquakes of October 12, 2001 near the Queen Charlotte Islands (Mw =6.3) and 
November 2, 2004 off the coast of Vancouver Island (Mw = 6.7); two other events were related to the distant Peru 
earthquake of June 23, 2001 (Mw = 8.4) and the Colima earthquake (Mexico) of January 22, 2003 (Mw =7.4). Finally, 
the Sumatra tsunami in the Indian Ocean on December 26, 2004 (Mw =9.3) was clearly recorded by six tide gauges 
on the B.C. coast, including Winter Harbour (21 cm), Tofino (15.4 cm) and Victoria (11.7 cm). This research was 
partially sponsored by RFBR project 05-05-64585. 

 
Wigen, S.O., 1985, Tsunami hazard evaluation on the Canadian west coast (summary), In: 

Murty, T.S., and Rapatz, W.J. (eds.), Proceedings of the International Tsunami 
Symposium, Sidney, B.C., August 6-9, p. 126-132. 

Summary: Two tide stations on the Canadian west coast, Tofino and Langara, function in the International Tsunami 
Warning System. The Tofino tide station was put into operation in 1906 and Langara in 1970. Because of its 
location and long period of operation, Tofino has given the most complete record of Pacific tsunamis of all Canadian 
tide stations. 43 tsunamis were identified at Tofino by Wigen (1983); the largest had a wave height of 240 cm, and 
the smallest detectable was 6 cm. In the period of tidal observations, the largest tsunamis reaching the Canadian 
west coast originated off Chile, Alaska, Aleutians, Kamchatka-Kurils, and northern Japan. One other tsunami, from 
the Sanriku coast of northern Japan in 1896, inundated some coastal areas in British Columbia, but no Canadian tide 
records are available. The 1964 tsunami was destructive and hazardous, and crested above extreme high tide in 
many coastal inlets. Although in Tofino its maximum wave height measured 2.4 m, at Port Alberni it was amplified 
to a range of 8 m. Low lying areas of the city were inundated and houses were lifted and carried up to 1000 m by the 
sea. The 1960 tsunami, 1.26 m in Tofino, produced currents in inlets large enough to tear log booms apart. Flooding 
would have been extensive if the tsunami had coincided with a large high tide. The 1957 tsunami, only 52 cm at 
Tofino, crested above highest tide levels in at least one inlet on the west coast of the Queen Charlotte Islands. Times 
of commencement of the maximum wave are variable. Close to the source, the first waves may be the largest, while 
on distant shores the tsunami may be most dangerous much later. At Tofino the maximum wave for the 1964 
tsunami arrived 2 hours after the first wave; the 1960, 5 hours; and the 1957, 8 hours. In retrospect, evacuation of 
high risk areas on the Canadian west coast would have been warranted for the tsunamis of 1896 and 1964, and might 
have been advisable for any of the other four listed above. Statistical analysis of the historical record shows the 1964 
tsunami to be a one-in-a-century event at Tofino. Its size could be exceeded, but when another of such intensity will 
recur is unknown. Decision to order evacuation needs to be made prior to arrival of the first tsunami waves at 
Langara or Tofino. Wave reports from tide stations near the tsunami source are provided by the Pacific Tsunami 
Warning Center, or the Alaska Tsunami Warning Center, as they become available. The tide stations at Tofino and 
Langara may be queried locally, to confirm a tsunami, and to attempt an evaluation of action to be taken - in 
particular, whether or not to continue a watch or warning status on the Canadian west coast. No tsunami has been 
recorded at Langara. The 1960 tsunami at Cape St. James may indicate the expected response, since both locations 
are close to the edge of the continental shelf. The Cape St. James record for the 1960 tsunami shows a low amplitude, 
high frequency response, with wave heights rarely exceeding 30 cm, and periods of about 10 minutes. By contrast 
the same tsunami at Tofino shows waves of much longer period, and heights exceeding 100 cm. 
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Earthquake-induced tsunamis 
 
Scientific Books and Articles 
 
Clague, J.J., 1999, Tsunami threat on the west coast, Backscatter, v. 10, no. 4, p. 10-13. 
Summary: Few people realized that British Columbia was at risk from tsunamis until a great earthquake struck southern 

Alaska on 27 March 1964, generating a series of tsunami waves that radiated out from the epicentre at a velocity of 
over 800 km/hr and reached the BC coast within a few hours. Although there was no loss of life in BC, several 
communities on Vancouver Island suffered damage, with total economic losses estimated at CDN$10 million (1964 
dollars). An initial perception that the 1964 tsunami was a rogue event changed in the 1980s when it was proposed 
that huge, tsunami generating earthquakes occur at the Cascadia subduction zone. Geophysicists have demonstrated 
that part of the plate boundary is locked and accumulating strain that someday will be released in one or more great, 
tsunami generating earthquakes. The history of large Cascadia earthquakes and tsunamis has been reconstructed 
through studies of buried peaty soils and overlying sheets of tsunami sand and gravel at more than 20 tidal marshes 
along the Pacific coast from northern California to Vancouver Island. The best estimate of average recurrence is 
about 500 years. The most recent earthquake occurred on 26 January 1700, from the written record of its tsunami in 
Japan. Tsunamis of hypothetical, distant, subduction earthquakes off south-central Alaska, the Aleutian Islands, 
Kamchatka, and Chile have been simulated by numerical modelling. Resultant waves are typically several metres 
high on the west coasts of Vancouver Island, the Queen Charlotte Islands, and the central mainland. Simulations 
suggest that even larger waves would be produced by a great Cascadia earthquake. Amplification up to a factor of 
three is possible for some inlets. Much energy is lost as the waves pass through narrow passages connecting Juan de 
Fuca Strait to Puget Sound and the Strait of Georgia, and wave heights fall to 1 m or less by the time the waves 
reach Seattle and Vancouver. Uncertainties in wave heights (due to poorly-known and/or complex seafloor 
displacement and offshore bathymetry) mean that predictions may be in error by a factor of two or more. 
Furthermore, tsunami run up can vary by a factor of 5 or 10 over even short stretches of coast. The 1700 tsunami 
deposit on Vancouver Island demonstrates that waves were largest at the heads of inlets and in some coastal bays, 
and were considerably smaller on straight stretches of the outer coast, especially those fronted by relatively deep 
water. To deal with the tsunami threat on the Pacific coast, in 1997 the U.S.A. established the National Tsunami 
Hazard Mitigation Program. It focuses on three types of activities: (1) assessing the tsunami threat to specific coastal 
communities; (2) improving early detection of tsunamis; and (3) educating people in coastal communities. 

 
Hebenstreit, G.T., and Murty, T.S., 1989, Tsunami amplitudes from local earthquakes in the 

Pacific Northwest region of North America, Part 1: the outer coast, Marine Geodesy, v. 13, 
no. 2, p. 101-146. 

Abstract: Maximum tsunami amplitudes that will result from major earthquakes in the Pacific Northwest region of 
North America are considered. The modeled region encompasses the coastlines of British Columbia in Canada, and 
Washington and Oregon in the United States. Three separate models were developed for the outer coast and one 
model for the system consisting of the Strait of Georgia, Juan de Fuca Strait, and Puget Sound (GFP model) (Part 2). 
Three different source areas were considered for the outer coast models and the resulting tsunami was propagated to 
the entrance of Juan de Fuca Strait. Using the output from the other models, the GFP model was run. The results 
showed that large tsunami amplitudes can occur on the outer coast, whereas inside the GFP system, unless the 
earthquake occurs in the system itself, no major tsunami will result (Part 2). 

 
Murty, T.S., and Hebenstreit, G.T., 1989, Tsunami amplitudes from local earthquakes in the 

Pacific northwest region of North America, Part 2: Strait of Georgia, Juan de Fuca Strait, 
and Puget Sound, Marine Geodesy, v. 13, no. 3, p. 189-209. 

Abstract: Maximum tsunami amplitudes that will result from major earthquakes on the outer coast of the Pacific 
Northwest region of North America were considered in Part 1 (Marine Geodesy 13(2):101-146). Here the tsunami 
threat for the inner coast is considered by developing a numerical model for the system consisting of the Strait of 
Georgia, Juan de Fuca Strait, and Puget Sound (GFP model). Three different source areas were considered for the 
outer coast models, and the resulting tsunami was propagated to the entrance of Juan de Fuca Strait. Using the 
output from the outer models, the GFP model was run. The results showed that whereas large tsunami amplitudes 
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can occur on the outer coast, inside the GFP system, unless the earthquake occurs in the system itself, no major 
tsunami will result. 

 
Reports, Government Publications, and Theses 
 
Johnson, S.Y., Dadisman, S.V., Mosher, D.C., Blakely, R.J., and Childs, J.R., 2001, Active 

tectonics of the Devils Mountain fault and related structures, northern Puget Lowland and 
eastern Strait of Juan de Fuca region, Pacific Northwest, U.S. Geological Survey 
Professional Paper 1643, 65 p. text, 2 tables, 38 figs., 2 plates. 

Abstract: Information from marine high-resolution and conventional seismic-reflection surveys, aeromagnetic mapping, 
coastal exposures of Pleistocene strata, and lithologic logs of water wells is used to assess the active tectonics of the 
northern Puget Lowland and eastern Strait of Juan de Fuca region of the Pacific Northwest. These data indicate that 
the Devils Mountain fault and the newly recognized Strawberry Point and Utsalady Point faults are active structures 
and represent potential earthquake sources. The north-dipping (45°-75°) Devils Mountain fault extends westward for 
more than 125 km from the Cascade Range foothills to Vancouver Island. The Devils Mountain fault is bounded by 
northwest-trending en-echelon folds and faults, a pattern that strongly suggests it is a left-lateral, oblique-slip, 
transpressional “master fault”. Aeromagnetic anomalies coincide with both the trace of the Devils Mountain fault 
and en-echelon structures. Quaternary strata are deformed on nearly all crossing seismic-reflection profiles, and 
onshore subsurface data indicate offset of upper Pleistocene strata. The west-northwest-trending, subvertical 
Strawberry Point fault cuts across northern Whidbey Island and has a minimum length of about 25 km. On the west 
coast of Whidbey Island and in the Strait of Juan de Fuca, the fault has south-side-up offset and forms the northern 
boundary of an uplift of pre-Tertiary basement rock. Exposures and subsurface logs of upper Pleistocene strata from 
Strawberry Point on the east coast of Whidbey Island indicate that the fault bifurcates into a 2-km-wide zone as it 
crosses Whidbey Island. Each of the four fault splays within this zone has apparent north-side-up offset, and upper 
Pleistocene strata between the faults exhibit considerable shortening (dips as steep as 45°). The vertical fault trace, 
reversal of offset along strike, and evidence for associated contractional deformation suggest that the Strawberry 
Point fault is an oblique-slip, transpressional fault. The northwest-trending, subvertical Utsalady Point fault similarly 
cuts across northern Whidbey Island and has a minimum length of 25 km. It forms the southern margin of the pre-
Tertiary basement horst block on the west coast of Whidbey Island, where it has north-side-up offset. Offshore 
seismic-reflection data from east of Whidbey Island indicate that it also bifurcates eastward into a broad (1.5 km) 
zone of several splays. Onshore outcrops and subsurface logs from Camano Island indicate a probable reversal of 
offset (to south side up) along the zone and display both faulting and folding (dips as steep as 24°) in upper 
Pleistocene strata. As with the Strawberry Point fault, the vertical fault trace(s), reversal of offset, and evidence for 
associated contractional deformation suggest that the Utsalady Point fault is an oblique-slip, transpressional fault. 
Collectively, the Devils Mountain, Strawberry Point, and Utsalady Point faults represent a complex, distributed, 
transpressional deformation zone. The cumulative slip rate on three main faults of this zone probably exceeds 0.5 
mm/yr and could be much larger. This new information on fault location, length, and slip rate should be 
incorporated in regional seismic hazard assessments. 

 
Mosher, D.C. Cassidy, J.F., Lowe, C., Mi., Y., Hyndman, R.D., Rogers, G.C., and Fisher, M., 

2000, Neotectonics in the Strait of Georgia: first tentative correlation of seismicity with 
shallow geological structure in southwestern British Columbia, In: Current Research, 
Geological Survey of Canada, paper 2000-A22, 9 p. 

Abstract: Multichannel seismic reflection data within the Strait of Georgia provide the first tentative correlation of 
geological structure with recent seismicity. Reflection data show broad folding of sedimentary rocks in the 
southernmost part of the strait. To the north are two broad (5-10 km wide) deformation zones with interpreted 
normal faults. Both zones have an associated magnetic anomaly. The northern deformation zone, 30 km west of 
Vancouver, correlates with the location of a number of recent shallow earthquakes. Detailed analyses of an M=4.6 
event at this site (June 1997) describe a shallow (2-4 km depth) reverse thrust on a northern dipping (~50°), east-
trending fault plane. The fault dip direction and strike agree with seismic reflection interpretations and the magnetic 
anomaly trend. These data are required to provide fundamental geological information for addressing issues of strain 
partitioning in the Cascadia forearc. 
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Mosher, D.C. and Johnson, S.Y. (eds.), Rathwell, G.J., Kung, R.B., and Rhea, S.B. (compilers), 
2001, Neotectonics of the eastern Juan de Fuca Strait; a digital geological and geophysical 
atlas, Geological Survey of Canada, Open File 3931, 1 CD-ROM. 

Introduction: This compact disk (CD) is an interactive atlas of data from the eastern Section of Juan de Fuca Strait 
(48°00' - 48°30' N; 122°10' - 123°45' W). This project has been a collaborative effort between staff of the 
Geological Survey of Canada (GSC) and the United States Geological Survey (USGS), supported by the USGS 
National Earthquake Hazard Reduction Plan (NEHRP) and GSC and USGS A-base. There are several types of 
information presented within this Atlas. The background geology and tectonic setting is established with maps of 
bedrock, surficial relief, earthquake seismicity, and regional aeromagnetic, gravity and tomographic data. New data 
for the project largely come from recent seismic reflection surveys and shallow piston cores. The track information 
and core sites from these expeditions form several map sheets. Results from compilation and interpretation of these 
data form the remaining data sheets. Data are presented in two forms: raster images presented on html pages and 
vector data and images presented through themes in the ESRI* GIS program, ArcExplorer 1.1, which can be 
installed from this CD on Windows 95/98 or Windows NT 4.0. The html pages are best viewed with Netscape 
Navigator 4.0 (or higher) or Internet Explorer 4.0 (or higher). The html pages present the maps in raster image form 
with numerous links to text and figures. Following each map is a description of the associated ArcExplorer themes 
and their relevant fields and a discussion of the data presented, including links to examples of the data, with 
interpretations. 

 
Central Vancouver Island earthquake-tsunami 1946 
 
Scientific Books and Articles 
 
Evans, S.G., 1989, The 1946 Mount Colonel Foster rock avalanche and associated 

displacement wave, Vancouver Island, British Columbia, Canadian Geotechnical Journal, 
v. 26, p. 447-452. 

Abstract: The 1946 Vancouver Island earthquake (M = 7.2) triggered a rock avalanche from the north face of Mount 
Colonel Foster, central Vancouver Island, British Columbia. Approximately 1.5 x l06 m3 of Triassic volcaniclastic 
rocks detached from between el. 1965 m and el. 1600 m. Although just over half of this volume was deposited in the 
upper part of the track above el. 1080 m, approximately 0.7 x l06 m3 descended the lower part of the track and 
entered the waters of Landslide Lake at el. 890 m. The resultant displacement wave ran up a maximum vertical 
distance of 51 m on the opposite shore and the wave crest was about 29 m high when it spilled over the lip of the 
lake. Water displaced during the event destroyed forest in the upper reaches of the Elk River valley up to 3 km from 
Landslide Lake. The wave at Landslide Lake is comparable to other waves generated by similar magnitude rock 
avalanches in Peru and Norway and it is the largest recorded in the Canadian Cordillera. The case history illustrates 
the conditions where substantial damage may be caused by a rock avalanche well beyond the limits of its debris 
when it produces a landslide-generated wave in the mountainous terrain of the Cordillera. 

 
Hodgson, E.A., 1946, British Columbia earthquake, June 23, 1946, The Journal of the Royal 

Astronomical Society of Canada, v. 40, no. 8, p. 285-319. 
Shortened Summary/Conclusions: One of the most severe earthquakes in Canadian history occurred along the central 

east coast of Vancouver Island on June 23, 1946, with an epicentre tentatively designated at 49.9 °N 125.3 °W, ~ 10 
miles SSW of Campbell River. Field studies indicate that an epicentral region extending along eastern Vancouver Is. 
from Deep Bay opposite southern Denman Is. to Campbell River, with parts of Quadra Is. and Read Is. also affected. 
The tremors lasted ~ 30 seconds. Damage, decreasing with distance from the epicentre, was reported throughout 
Vancouver Is., adjacent smaller islands and on the mainland. Tremors were felt as far south as Portland, OR, as far 
east as Kelowna, and as far north as Smithers. The earthquake was, in general, preceded and accompanied by a 
heavy subterranean roar, though at several places no sound preceded the shock. Only one aftershock was recorded in 
the epicentral region; no damage occurred. Two other slight shocks were reported by 2 and 3 people, respectively. In 
addition to broken chimneys, damaged goods in stores, broken crockery and glassware, windows, etc., marked land 
changes occurred, particularly at Maple Guard Spit (flanking Deep Bay), at Goose Spit and Drew Harbour on 
eastern Quadra Is. and near Burdwood Bay, Read Is. Cracks many feet deep and up to 18 inches wide opened up for 
lengths up to several hundred feet on the sand spits. A 15-20 acre area of flat cultivated land on Read Is. was down-
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dropped by up to 20-30 feet. At many places along the coast from Deep Bay to above Campbell River, water spouts 
up to 30 feet high were reported. On sand spits, these were recorded as craters or “sand blows”, a few inches to 5 
feet in diameter and up to 3 feet deep, after several weeks of exposure to rain. At the time of the earthquake some 
craters “could not be bottomed with a 12-foot pole”. In many places coastal waters just offshore were found to have 
deepened by up to 100 feet. A beach (formerly well above water) disappeared at the west end of Comox Lake, 
leaving a measured water depth of 33 feet. There are no reports of increases in ground or seafloor level, except for a 
long welt on the beach at Westview, south of Powell River. On the Alberni Canal opposite Franklin Creek, 
considerable depth changes occurred near shore, and more than a mile of C.P.R. telegraph cable was lost. Many 
landslides occurred, on most Vancouver Is. lakes and even in the Fraser Valley. In many cases, an alluvial fan, 
extending from the steep lakeshore rocks with its submerged outer rim on the marginal shelf, slipped off into deep 
water, leaving a steep cliff face up to 30 feet high or more. Local violent waves occurred, but general “tidal waves” 
did not result. Seiches of moderate height were observed for some hours on many lakes. One man, Capt. Daniel 
Fiddler, was drowned off Maple Guard Spit when his dinghy was overturned in the earthquake. An employee of the 
B.C. Packers’ plant at Kildonan was operating an ice crusher at the time of the shock. Piles supporting the front end 
of the wharf slumped off into deep water and the wharf sagged. He was thrown into the water with the crusher, but 
was rescued with a broken shoulder. A man in Seattle is said to have died of heart failure due to the shock. In many 
places residents suffered minor injuries from broken glass, etc. No fires resulted from the earthquake. 

 
Mosher, D.C., Monahan, P.A., Barrie, J.V., and Courtney, R.C., 2004, Coastal submarine 

failures in the Strait of Georgia, British Columbia: Landslides of the 1946 Vancouver 
Island earthquake, Journal of Coastal Research, v. 20, no. 1, p. 277-291. 

Abstract: British Columbia hosts Canada's most rapidly developing coastal communities along the semi-enclosed 
waterways of the Strait of Georgia. This region also is Canada's most seismically active zone. In 1946, the 
Vancouver Island M7.3 earthquake caused a number of submarine failures of sand and gravel shoreline deposits, 
destroying coastal facilities, shearing submarine cables and causing large, destructive waves. Multibeam and 
sidescan sonar technologies have been used to map three submarine landslides at Goose Spit, Mapleguard Spit and 
Grief Point. These sites are 32–55 km from the epicentre. The data image the failures in great detail, providing 
important information on size and style of mass-wasting. The total combined area affected by these three failures is 
over 1.3 × 106 m2. Submarine cores show the spit failures consisted of well-rounded beach gravel, cobble and sand, 
in some cases suspended in a cohesive mud matrix, while the Grief Point failure was likely a debris flow avalanche. 
Cone penetration tests at Goose Spit show soil profiles prone to liquefaction, lateral spreading and post-liquefaction 
landsliding with reasonably low ground accelerations. 

 
Murty, T.S., and Crean, P.B., 1986, Numerical simulation of the tsunami of June 23, 1946 in 

British Columbia, Canada, Science of Tsunami Hazards, v. 4, no. 1, p. 15-24. 
Abstract: On June 23, 1946 an earthquake with a magnitude of about 7.3 occurred on Vancouver Island in the Province 

of British Columbia, Canada. The epicenter was on land at 49.76 °N, 125.34 °W, but close to the shore. Associated 
with the earthquake, there was a vertical displacement in the land and ocean bottom of up to three meters. The 
resulting tsunami which killed one person and caused some damage was observed at several locations along the 
coastline. Here results of a numerical simulation of this tsunami are reported. A time-dependent two-dimensional 
numerical model was used which included the Strait of Georgia, and parts of the Johnstone and Juan de Fuca Straits. 
A radiation type condition was used at the open boundaries. The numerically simulated results on the amplitudes of 
the tsunami waves and the travel times are in good agreement with the few available observations. 

 
Rogers, G.C., 1980, A documentation of soil failure during the British Columbia earthquake of 

23 June, 1946, Canadian Geotechnical Journal, v. 17, no. 1, p. 122-127. 
Abstract: All examples of soil failure, other than landslides, that could be identified as occurring during the magnitude 

7.2 Vancouver Island earthquake of 23 June, 1946 have been documented. Slumping and liquefaction were common 
and caused a significant proportion of the earthquake-related damage. Liquefaction occurred up to a distance of 100 
km from the epicenter, a distance that agrees well with a previously established empirical relationship. 

 
Rogers, G.C., and Hasegawa, H.S., 1978, A second look at the British Columbia earthquake of 

June 23, 1946, Bulletin of the Seismological Society of America, v. 68, no. 3, p. 653-675. 
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Abstract: Available near- and far-field data have been used to reassess and reevaluate the focal parameters of the June 
23, 1946 British Columbia earthquake. The preferred epicenter (49.76 °N, 125.34 °W) is located on Vancouver 
Island, inland from the population centers along the east coast. This location is consistent with observed intensities, 
water disturbances, and calculated ground deformation. The hypocentral depth is near 30 km, making surface 
rupture a distinct possibility. A revised fault-plane solution indicating strike-slip faulting (probably right lateral on a 
northwest striking plane,) though not a unique interpretation, is the most consistent with observed intensities, water 
disturbances, and calculated ground deformation. A new surface-wave magnitude calculation of 7.2 ± 0.1 agrees 
with the previously published value of 7.3. Calculated source parameters are as follows: seismic energy release of 
5.6 x 1022 ergs; seismic moment of 2.5 x 1027 dyne-cm for the preferred (strike-slip) solution; an apparent stress of 
10 bars for the preferred solution. The lack and relatively small size of aftershocks may be indicative of a high stress 
drop but a reliable evaluation of stress drop is not possible because of uncertainties in estimates of fault dimensions. 
The epicentral location favors an intraplate setting because it is away from the continental-oceanic boundary and 
appears to lie within the continental crust of Vancouver Island, which overlies subducted oceanic lithosphere. 
However, tectonic forces causing the earthquake probably result from the interplate dynamics of the subduction 
zone. 

 
Conference Proceedings and Abstracts 
 
Mosher, D.C., Monahan, P.A., and Barrie, J.V., 2001, Submarine failures in the Strait of 

Georgia, British Columbia: landslides of the 1946 Vancouver Island earthquake, In: 
Proceedings of the 54th Annual Canadian Geotechnical Conference: An Earth Odyssey, p. 
744-751. 

Abstract: British Columbia hosts Canada's most rapidly developing coastal communities along the semi-enclosed 
waterways of the Strait of Georgia. This region also is Canada's most seismically active zone. In 1946, the 
Vancouver Island M7.3 earthquake caused a number of submarine failures of sand and gravel shoreline deposits, 
destroying coastal facilities, shearing submarine cables and causing large waves. Multibeam and sidescan sonar has 
been used to map out three submarine landslides, at Goose Spit, Mapleguard Spit and Grief Point. These sites are 
32-55 km from the epicentre. The data image the failures in great detail, providing important information on size 
and style of mass-wasting. The total combined area affected by these three failures is over 1.3 x 106 m2. Submarine 
cores show the failures consisted of well-rounded beach gravel, cobble and sand, sometimes suspended in a cohesive 
mud matrix. Cone penetration tests at Goose Spit show soil profiles prone to liquefaction and lateral spreading. 

 
Murty, T.S., and Crean, P.B., 1985, A reconstruction of the tsunami of June 23, 1946 in the 

Strait of Georgia, In: Murty, T.S., and Rapatz, W.J. (eds.), Proceedings of the International 
Tsunami Symposium, Sidney, B.C., August 6-9, p. 121-125. 

Abstract: On June 23, 1946 an earthquake with a magnitude of about 7.3 occurred on Vancouver Island in the Province 
of British Columbia, Canada. The epicentre was on land at 49.76°N, 125.34°W, but close to the shore. Associated 
with the earthquake was a vertical displacement in the land and ocean bottom of up to three metres. The resulting 
tsunami which killed one person and caused some damage was observed at several locations along the coastline. 
Results of a numerical simulation of this tsunami are reported here. A time-dependent two-dimensional numerical 
model was used which included the Strait of Georgia, and parts of the Johnstone and Juan de Fuca Straits. A 
radiation type condition was used at the open boundaries. The numerically simulated results on the amplitudes of the 
tsunami waves and the travel times are in good agreement with the few available observations. 

 
Queen Charlotte Fault and Explorer Plate tsunamis 
 
Scientific Books and Articles 
 
Rabinovich, A.B., Thomson, R.E., Titov, V.V., Stephenson, F.E., and Rogers, G.C., 2008, 

Locally generated tsunamis recorded on the coast of British Columbia, Atmosphere-Ocean, 
v. 46, no. 3, p. 343-360, doi:10.3137/ao.460304. 
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Abstract: This study presents analyses and numerical simulations of local tsunamis generated by two recent earthquakes 
off the coast of British Columbia. The Queen Charlotte Islands earthquake (Mw = 6.1) on 12 October 2001 
generated waves that were recorded by tide gauges at Bamfield, Tofino, Winter Harbour and Port Hardy on the coast 
of Vancouver Island, with maximum measured wave heights of 11.3, 18.2, 22.7 and 14.5 cm, respectively. The 
Explorer Plate earthquake off Vancouver Island (Mw = 6.6) on 2 November 2004 generated waves recorded only at 
Bamfield and Tofino, with lower heights of 7.5 cm and 10.8 cm, respectively. The generation of tsunamis by these 
moderate, Mw = 6.1–6.6, local earthquakes suggests the possibility of destructive tsunamis from local sources other 
than the Cascadia Subduction Zone. This, in turn, has implications for tsunami hazards for this seismically active 
region of coastal North America. 

 
Conference Proceedings and Abstracts 
 
Rogers, G.C., 1985, A summary of the tsunami potential of the Queen Charlotte fault, In: 

Murty, T.S., and Rapatz, W.J. (eds.), Proceedings of the International Tsunami 
Symposium, Sidney, B.C., August 6-9, p. 8. 

Abstract: The Queen Charlotte fault is an active submarine transform fault that extends 1000 km along the west coast of 
North America from the triple junction off Vancouver Island to where it intersects the continent in Alaska and 
becomes known as the Fairweather fault. This fault has experienced almost completed rupture in this century. The 
two largest earthquakes, the 1949 Queen Charlotte Islands earthquake (Ms = 8.1) and the 1958 Fairweather Fault 
earthquake (Ms = 7.9) produced local waves of some violence and minor tsunamis that were recorded in Hawaii. 
The earthquakes along this transform boundary have mainly strike-dip motion but those at the southern end of the 
region have a significant thrust component which is consistent with the relative motion between the Pacific and 
North American plates. If the observed ratio of thrust to strike-slip motion is exhibited in future earthquakes, major 
tsunamis do not appear to be a concern. However, there is a considerable amount of convergence perpendicular to 
the margin that has not been released in the large earthquakes that have occurred in this century. For this reason the 
Queen Charlotte fault must be considered as potentially tsunamigenic. 

 
Rogers, G., Ristau, J., Bird, A., Rabinovich, A., Titov, V., and Thomson, R., 2002, The 12 

October 2001 Queen Charlotte Islands earthquake and tsunami, Seismological Society of 
America Annual Meeting abstract, Seismological Research Letters, v. 73, no. 2, p. 259. 

Abstract: On October 12, 2001 a Mw=6.3 earthquake occurred on the west coast of the Queen Charlotte Islands, British 
Columbia. Shaking was felt all over the Queen Charlotte Islands and on the adjacent mainland. The earthquake also 
generated a small tsunami that was well recorded on tide gauges on Vancouver Island with a maximum amplitude of 
20 cm. The earthquake was located just to the east of the major strike-slip Pacific-North America plate boundary: 
the Queen Charlotte fault. A well constrained moment tensor solution using regional broadband data from British 
Columbia and Alaska shows that the earthquake had almost pure thrust faulting. Modelling of the tsunami waves 
also helps us restrict the earthquake parameters. There was an extensive aftershock sequence located with the 
regional seismograph network on the Queen Charlotte Islands. The aftershocks define a region about 15 km in 
diameter to the west of the epicentre. Combined analysis suggests up-dip rupture on a fault plane dipping at about 30 
degrees and possibly outcropping on the seafloor. 

 
Rogers, G.C., Cassidy, J.F., Ristau, J., and Rabinovich, A., 2005, The 2 November 2004 M 6.6 

Explorer plate earthquake and tsunami, Seismological Society of America Annual Meeting 
abstract, Seismological Research Letters, v. 76, no. 2, p. 265. 

Abstract: An intense swarm of earthquakes occurred about 200 km west of Vancouver Island, Canada during the first 
week of November 2004. The largest event (Mw 6.6) was on 2 November at 10:02 UTC. It was felt mildly by a few 
people on Vancouver Island. More than 700 earthquakes were detected in the first week of activity. While swarm 
activity is not uncommon in the tectonically active region of thin oceanic lithosphere west of Vancouver Island, this 
swarm is unusual because it did not occur along any of the previously recognized offshore fault zones. Locations 
and focal mechanisms from regional moment-tensor solutions of the larger earthquakes reveal a previously unknown 
left-lateral strike-slip fault about 80 km long within the Explorer Plate. It trends about 15 degrees counter-clockwise 
to the very active Nootka Fault zone. Rupture length of the largest earthquake in the sequence was about 40 km, 
estimated from the empirical Green’s function technique using surface waves. While most of the motion was strike-
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slip, there was a small thrust component with the east side down. The vertical motion of the sea floor produced a 
small tsunami of about 10 cm recorded on tide gauges on the west coast of Vancouver Island. The source size 
estimated from the fundamental period of the observed tsunami waves agrees with the size estimate by source 
modeling of seismic waves. The first tsunami semiwave recorded on the coast was negative (trough), agreeing with 
the east-side-down motion on the fault. The efficient generation of a tsunami by this size of earthquake raises the 
question of tsunami hazard from this seismically active offshore region. 

 
Northern California tsunamis: 1992 and 2005 
 
Scientific Books and Articles 
 
González, F.I., Bernard, E.N., and Satake, K., 1995, The Cape Mendocino tsunami, 25 April 

1992, In: Tsuchiya, Y., and Shuto, N. (eds.), Tsunami: progress in prediction, disaster 
prevention and warning, Advances in Technological Hazards Research, v. 4, Kluwer 
Academic Publishers, Dordrecht, the Netherlands, v. 4, p. 151-158. 

Abstract: On 25 April 1992, a magnitude 7.1 Ms earthquake occurred near Cape Mendocino, California, at the southern 
end of the Cascadia Subduction Zone. Seismological analyses suggest an almost pure dip-slip reverse fault, with 
subduction of the Gorda Plate beneath the North American Plate. Modeling of crustal deformation due to this fault 
mechanism produces uplift of the ocean bottom in relatively shallow water just offshore and along the coast, 
consistent with coastal observations. A tsunami was generated that was measured by the National Oceanic and 
Atmospheric Administration sea level gauges along the California, southern Oregon, and Hawaii coastlines and in 
the deep ocean in the Gulf of Alaska. Several records are characterized by two distinct packets of tsunami energy, 
the first representing propagation along a minimum time path traversing deep offshore water, the second an apparent 
edge wave mode trapped along the coast. The largest peak-to-trough amplitude of 1.1 m was recorded at Crescent 
City in the second packet, approximately 3-4 hours after arrival of the first tsunami wave. 

 
González, F.I., Satake, K., Boss, E.F., and Mofjeld, H.O., 1995, Edge wave and non-trapped 

modes of the 25 April 1992 Cape Mendocino tsunami, Pure and Applied Geophysics, v. 144, 
no. 3-4, p. 409-426. 

Abstract: The 25 April 1992 Cape Mendocino earthquake generated a tsunami characterized by both coastal trapped 
edge wave and non-trapped tsunami modes that propagated north and south along the U.S. West Coast. Both 
observed and synthetic time series at Crescent City and North Spit are consistent with the zero-order edge wave 
mode solution for a semi-infinite sloping beach depth profile. Wave amplitudes at Crescent City were about twice 
that observed at North Spit, in spite of the fact that the source region was three times farther from Crescent City than 
North Spit. The largest observed amplitude was due to an edge wave which arrived almost three hours after the 
initial onset of the tsunami; since such waves are highly localized nearshore, this suggests that the enhanced 
responsiveness at Crescent City is at least partly due to local dynamic processes. Furthermore, the substantially 
delayed arrival of this wave, which was generated at the southern end of the Cascadia Subduction Zone, has 
significant implications for hazard mitigation efforts along the entire U.S. West Coast. Specifically, this study 
demonstrates that slow-moving but very energetic edge wave modes could be generated by future large 
tsunamigenic earthquakes in the CSZ, and that these might arrive unexpectedly at coastal communities several hours 
after the initial tsunami waves have subsided. 

 
Rabinovich, A.B., and Stephenson, F.E., 2005, 15 June 2005 earthquake and tsunami, Tsunami 

Newsletter, v. XXXVII, no. 2, p. 5-11. 
Summary: At 02:51 UTC on 15 June 2005 an Mw =7.2 earthquake occurred approximately 145 km NW of Eureka, 

California. The West Coast and Alaska Tsunami Warning Center (WC/ATWC) issued a Tsunami Warning at 02:56 
UTC for all coastal areas from the California – Mexico border to the north end of Vancouver Island. In British 
Columbia the Provincial Emergency Program (PEP) initiated their tsunami response plan. Within 30 minutes of 
there being a possibility a wave could hit, 26 communities on the west coast of Vancouver Island were contacted to 
make sure they were moving on their plans. Immediately after the earthquake, Dr. Vasily Titov (PMEL/NOAA, 
Seattle), utilized the prototype of the NOAA Tsunami Forecast System to predict tsunami amplitudes and travel 
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times at 5 DART stations in the NE Pacific, and found that even for the closest one the generated tsunami would 
have amplitudes < 1.5 cm. No water level changes were observed at tide stations along the west coasts of the US and 
Canada. Therefore, the WC/ATWC determined that a destructive tsunami had not been generated and cancelled the 
Tsunami Warning at 04:09 UTC, shortly after the first observed coastal wave heights were obtained at Crescent City, 
CA (27.7 cm). In BC, weak tsunami waves (> 4 cm) were detected at 2 of 6 outer coast stations: Tofino and Bam-
field. The first tsunami waves observed at Tofino were irregular, but ~1 hour after the first arrival came a train of 
regular waves (assumed to result from edge waves propagating from the source area northward along the coast with 
a typical period of about 20 min and maximum wave height of 4.3 cm; these were observed for about 4 hours. The 
warning issued on 15 June 2005 was the first tsunami warning on the B.C. coast since the 1994 Mw=8.2 Shikotan 
earthquake and tsunami (Southern Kuril Islands) and the first warning after the catastrophic Mw=9.3 megathrust 
Sumatra tsunami in the Indian Ocean. How has our response changed since that time? The main challenge in 1994 
was timely communication, both from PTWC to the Member States and, within BC, from PEP to the various 
agencies and communities. In 2005, the warning information was quickly conveyed to communities at risk; however, 
those not at risk were not contacted and in hindsight this was a mistake. In response, PEP has since upgraded its 
communications system. In 1994, there were very few digital tide gauges in operation and no deep ocean gauges, 
and the time between the earthquake and the cancellation of the tsunami warning was 8 hours and 32 minutes. The 
initial scope of the tsunami warning was too large and the lack of a prediction model integrated with data from deep 
ocean gauges compounded the problem. In 2005, data was received from each of the DART buoys soon after the 
wave arrival and was used to validate the tsunami model predictions, and the cancellation was made only 78 minutes 
after the earthquake. The public’s perception was much different in 2005 than 1994, when people stood on the wharf 
in Port Alberni waiting for the wave to arrive. A tsunami warning now conveys the horrific images of the December 
26th tsunami in the Indian Ocean and the news stories following the June 14, 2005 warning included one of an 
individual driving out of town at high speed to the top of a mountain! The 2005 California tsunami was probably the 
first tsunami to be “operationally” numerically simulated to predict tsunami wave heights at several coastal locations. 
Small predicted values were one of the reasons to cancel the tsunami warning. The prototype source model gave not 
only reasonable agreement of observed and predicted wave heights, but also the correct signs of the first wave, 
supporting the assumption of down drop on the coastal side of the source and uplift on the ocean side. 

 
Rabinovich, A.B., Stephenson, F.E., and Thomson, R.E., 2006, The California tsunami of 15 

June 2005 along the coast of North America, Atmosphere-Ocean, v. 44, no. 4, p. 415-427. 
Abstract: An Mw = 7.2 earthquake occurred on 15 June 2005 (UTC) seaward of northern California off the west coast of 

North America. Based on the earthquake location and source parameters, the West Coast and Alaska Tsunami 
Warning Center issued a tsunami warning for the region extending from the California-Mexico border to northern 
Vancouver Island, British Columbia (the first tsunami warning for this region since the 1994 Mw = 8.2 Shikotan 
earthquake). Six tide gauges on the west coast recorded tsunami waves from this event, with a maximum trough-to-
crest wave height of 27.7 cm observed at Crescent City, California. Waves of 2.5 to 6.5 cm were measured at the 
five other sites: Port Orford (Oregon), North Spit and Arena Cove (California), and Tofino and Bamfield (British 
Columbia). The open-ocean Deep-ocean Assessment and Reporting of Tsunami (DART) buoys, 46404 and 46405, 
recorded tsunami waves of 0.5 and 1.5 cm, respectively, closely matching wave heights derived from numerical 
models. Incoming tsunami wave energy was mainly at periods of 10 to 40 min. The observed tsunami wave field is 
interpreted in terms of edge (trapped) and leaky (non-trapped) waves and a “trapping coefficient” is introduced to 
estimate the relative contribution of these two wave types. Due to the high (3000 m) water depth in the source area, 
approximately two-thirds of the total tsunami energy went to leaky wave modes and only one-third to edge wave 
modes. The improved response to and preparedness for the 2005 California tsunami compared to the 1994 Shikotan 
tsunami is attributable, in part, to the operational capability provided by the open-ocean bottom-pressure recorder 
(DART) system, higher quality coastal tide gauges, and the effective use of numerical models to simulate real-time 
tsunamis. 
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Puget Sound paleotsunami, 1100 yrs BP 
 
Scientific Books and Articles 
 
Atwater, B.F., and Moore, A.L., 1992, A tsunami about 1000 years ago in Puget Sound, 

Washington, Science, v. 258, p. 1614-1617. 
Abstract: Water surged from Puget Sound sometime between 1000 and 1100 years ago, overrunning tidal marshes and 

mantling them with centimeters of sand. One overrun site is 10 kilometers northwest of downtown Seattle; another 
is on Whidbey Island, some 30 kilometers farther north. Neither site has been widely mantled with sand at any other 
time in the past 2000 years. Deposition of the sand coincided-to the year or less-with abrupt, probably tectonic 
subsidence at the Seattle site and with landsliding into nearby Lake Washington. These findings show that a tsunami 
was generated in Puget Sound, and they tend to confirm that a large shallow earthquake occurred in the Seattle area 
about 1000 years ago. 

 
Koshimura, S., Mofjeld, H.O., González, F.I., and Moore, A.L., 2002, Modeling the 1100 bp 

paleotsunami in Puget Sound, Washington, Geophysical Research Letters, v. 29, no. 20, 
1948, doi:10.1029/2002GL015170. 

Abstract: Recent paleoseismic and geologic studies indicate that a tsunami occurred 1100 years ago in Puget Sound. 
This study aims to reproduce and validate the model tsunami, using a finite difference model based on nonlinear 
shallow water theory and a bathymetry/topography computational grid that takes into account the 1-meter rise in sea 
level that has occurred in the region during the past 1100 years. Estimates of tsunami height, the extent of inundation, 
and the current velocity pattern are provided at the northern head of Cultus Bay, Whidbey Island, where 
paleotsunami sand deposits have been found. The model demonstrates that a tsunami generated when the 
background water level was at mean high water or above could have surged across the then-existing coastal marsh, 
penetrated the full length of the shallow bay, and deposited the observed sand layers. 

 
Cascadia megathrust earthquakes and tsunamis 
 
Scientific Books and Articles 
 
Atwater, B.F., Nelson, A.R., Clague, J.J., Carver, G.A., Yamaguchi, D.K., Bobrowsky, P.T., 

Bourgeois, J., Darienzo, M.E., Grant, W.C., Hemphill-Haley, E., Kelsey, H.M., Jacoby, 
G.C., Nishenko, S.P., Palmer, S.P., Peterson, C.D., and Reinhart, M.A., 1995, Summary of 
coastal geologic evidence for past great earthquakes at the Cascadia subduction zone, 
Earthquake Spectra, v. 11, p. 1-18. 

Abstract: Earthquakes in the past few thousand years have left signs of land-level change, tsunamis, and shaking along 
the Pacific coast at the Cascadia subduction zone. Sudden lowering of land accounts for many of the buried marsh 
and forest soils at estuaries between southern British Columbia and northern California. Sand layers on some of 
these soils imply that tsunamis were triggered by some of the events that lowered the land. Liquefaction features 
show that inland shaking accompanied sudden coastal subsidence at the Washington-Oregon border about 300 years 
ago. The combined evidence for subsidence, tsunamis, and shaking shows that earthquakes of magnitude 8 or larger 
have occurred on the boundary between the overriding North America plate and the downgoing Juan de Fuca and 
Gorda plates. Intervals between the earthquakes are poorly known because of uncertainties about the number and 
ages of the earthquakes. Current estimates for individual intervals at specific coastal sites range from a few centuries 
to about one thousand years. 

 
Atwater, B.F., Tuttle, M.P., Schweig, E.S., Rubin, C.M., Yamaguchi, D.K., and Hemphill-

Haley, E., 2004, Earthquake recurrence inferred from paleoseismology, In: Gillespie, A.R., 
Porter, S.C., and Atwater, B.F. (eds.), The Quaternary Period in the United States, Elsevier 
Science, New York, p. 331-350. 
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Summary: Paleoseismology has provided engineers and public officials with long histories of recurrent earthquakes (or 
histories of recurrent series of earthquakes). Typical intervals between the earthquakes (or series) span hundreds of 
years in our New Madrid and Cascadia examples and thousands of years in our eastern California example. In 
addition to enabling such estimates of recurrence intervals, paleoseismology can provide evidence for regional 
clustering of earthquakes in seismic zones (eastern California, New Madrid) and for aperiodic rupture along the 
same part of a fault (Cascadia). Such findings have made paleoseismology an essential part of earthquake-hazard 
assessment in the United States. 

 
Benson, B.E., Grimm, K.A., and Clague, J.J., 1997, Tsunami deposits beneath tidal marshes on 

northwestern Vancouver Island, British Columbia, Quaternary Research, v. 48, p. 192-204. 
Abstract: Two sand sheets underlying tidal marshes at Fair Harbour, Neroutsos Inlet, and Koprino Harbour on the 

northwestern coast of Vancouver Island, British Columbia, were probably deposited by tsunamis. The sand sheets 
become thinner and finer-grained landward, drape former land surfaces, contain marine microfossils, are locally 
graded or internally stratified, and can be correlated with earthquakes that generated tsunamis in the region. 137Cs 
dating and historical accounts indicate that the upper sand sheet was deposited by the tsunami from the great Alaska 
earthquake in 1964. Radiocarbon ages on plant fossils within and on top of the lower sand sheet show that it was 
deposited sometime after about A.D. 1660. We attribute the lower sand sheet to a tsunami from the most recent 
plate-boundary earthquake on the Cascadia subduction zone about 300 yr ago, extending the documented effects of 
this earthquake north of the Nootka fault zone. The 1964 tsunami deposits differ little in thickness and continuity 
among the three marshes. In contrast, the lower sand sheet becomes thinner and less continuous to the north, 
implying a tsunami source south of the study area. 

 
Clague, J.J., 1997, Evidence for large earthquakes at the Cascadia subduction zone, Reviews of 

Geophysics, v. 35, p. 439-460. 
Abstract: Large, historically unprecedented earthquakes at the Cascadia subduction zone in western North America 

have left signs of sudden land level change, tsunamis, and strong shaking in coastal sediments. The coastal 
geological evidence suggests that many of the earthquakes occurred at the boundary between the overriding North 
American plate and the subducting Juan de Fuca plate. This hypothesis is consistent with geodetic measurements 
and the results of geophysical modeling, which indicate that part of the plate boundary is locked and accumulating 
elastic strain that will be released during a future large earthquake. Arguments based on potential amounts of 
seismic slip and likely rupture areas suggest that most or all of the plate boundary earthquakes were magnitude 8 or 
larger events. The last earthquake or series of earthquakes, about 300 years ago, ruptured the entire 1000-km length 
of the subduction zone; if it was a single quake, it probably exceeded magnitude 9. Other earthquakes may have 
ruptured one or more segments of the subduction zone or may have occurred on faults in the North American plate. 
Recurrence intervals are uncertain because of difficulties in identifying and dating earthquakes. In southwestern 
Washington state, intervals for the seven most recent earthquakes average about 500 years but range from less than 
200 years to 700-1300 years. Future research on Cascadian plate boundary earthquakes will probably focus on (1) 
the relation between plate boundary and crustal earthquakes, (2) earthquake magnitude, (3) areal extent and severity 
of seismic ground motions, (4) ages and number of past plate boundary earthquakes, and (5) land level changes 
preceding earthquakes. 

 
Clague, J.J., 2002, The earthquake threat in southwestern British Columbia: A geologic 

perspective, Natural Hazards, v. 26, p. 7-34. 
Abstract: Ten moderate to large (magnitude 6–7) earthquakes have occurred in southwestern British Columbia and 

northwestern Washington in the last 130 years. A future large earthquake close to Vancouver, Victoria, or Seattle 
would cause tens of billions of dollars damage and would seriously impact the economies of Canada and the United 
States. An improved understanding of seismic hazards and risk in the region has been gained in recent years by 
using geologic data to extend the short period of instrumented seismicity. Geologic studies have demonstrated that 
historically unprecedented, magnitude 8 to 9 earthquakes have struck the coastal Pacific Northwest on average once 
every 500 years over the last several thousand years; another earthquake of this size can be expected in the future. 
Geologic data also provide insights into the likely damaging effects of future large earthquakes in the region. Much 
of the earthquake damage will result directly from ground shaking, but damage can also be expected from secondary 
phenomena, including liquefaction, landslides, and tsunamis. Vancouver is at great risk from earthquakes because 
important infrastructure, including energy and transportation lifelines, probably would be damaged or destroyed by 
landslides and liquefaction-induced ground failure. 
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Clague, J.J., 2005, Could it happen in BC? Implications of the South Asian tsunami, 

Innovation, v. 9, no. 2, p. 22-26. 
Conclusion: The catastrophe in South Asia should give pause to residents of the Pacific Northwest since the question is 

not whether the Pacific coast will be struck by a great tsunami, but when. It is thus imperative that we be vigilant 
and prepare ourselves for the inevitable by further improving the Pacific tsunami warning system and by either 
locating homes, businesses and other infrastructure out of harm’s way or by designing structures to minimize 
tsunami damage. BC must ensure that its system of communicating tsunami warnings to local emergency officials is 
maintained and improved, and that communities have plans for orderly evacuation of low-lying areas. Perhaps even 
more important is education: both adults and children must be taught about tsunamis, and what to do in the unlikely 
situation that these huge waves bear down on their communities.  
 

Clague, J.J., and Bobrowsky, P.T., 1994, Tsunami deposits beneath tidal marshes on 
Vancouver Island, British Columbia, Geological Society of American Bulletin, v. 106, p. 
1293-1303. 

Abstract: Thin sheets of sand occur within Holocene mud and peat deposits beneath tidal marshes at Tofino, Ucluelet, 
and Port Alberni on Vancouver Island, British Columbia. The sand sheets are extensive and have sharp upper and 
lower contacts. In most cases they consist of moderately sorted, massive sand and silty sand with abundant wood 
and other plant detritus. At Port Alberni, the thickest sheet has gravel and is graded. The upper two sand sheets in 
the Tofino-Ucluelet area, and possibly the third, are also present at Port Alberni. Eyewitness accounts and 137Cs 
analysis suggest that the uppermost, thinnest sand was deposited by the great Alaska earthquake in 1964. The next 
oldest sand sheet has been radiocarbon dated at <500 yr old. At Tofino and Ucluelet, it sharply overlies a former 
marsh surface that probably subsided suddenly during a large earthquake; the sand was deposited by a tsunami 
generated by this earthquake. The third sand sheet at Tofino is 500-800 yr old. The tsunami that deposited it may 
have been caused by the penultimate, great subduction earthquake in southern Alaska, a previously unrecognized 
earthquake on the Cascadia subduction zone, a great earthquake elsewhere in the North Pacific, or a large submarine 
landslide. Our data suggest that large tsunamis have struck the British Columbia coast several times during the late 
Holocene and that some were much larger than the 1964 tsunami, which caused about $10 million damage (1964 
Canadian dollars) to communities on Vancouver Island. Because such tsunamis can be expected in future, they pose 
a hazard to people and property in some coastal areas. 

 
Clague, J.J., and Bobrowsky, P.T., 1994, Evidence for a large earthquake and tsunami 100-400 

years ago on western Vancouver Island, British Columbia, Quaternary Research, v. 41, p. 
176-184. 

Abstract: A peaty marsh soil is sharply overlain by a sand sheet and intertidal mud at tidal marshes near Tofino and 
Ucluelet, Vancouver Island, British Columbia. Foraminifera and vascular plant fossils show that the buried soil was 
submerged suddenly and was covered quickly by sand. Radiocarbon ages place this event between 100 and 400 yr 
ago. The coastal subsidence suggested by the submergence occurred in an area of net late Holocene emergence, 
perhaps during the most recent great earthquake on the northern part of the Cascadia subduction zone. The sand 
sheet overlying the peaty soil records the tsunami triggered by this earthquake. Similar stratigraphic sequences of 
about the same age have been reported from estuaries along the outer coasts of Washington and northern Oregon, 
suggesting that hundreds of kilometers of the Cascadia subduction zone may have ruptured during one, or a series of 
plate-boundary earthquakes less than 400 yr ago. 

 
Clague, J.J., and Bobrowsky, P.T., 1999, The geological signature of great earthquakes off 

Canada's west coast, Geoscience Canada, v. 26, p. 1-15. 
Summary: Geological and geophysical evidence, gathered in the last 15 years by a number of scientists working in 

Canada and the United States, leaves little doubt that some of the largest earthquakes on Earth occur at the Cascadia 
subduction zone on Canada's western doorstep. No such earthquake has occurred since European settlement of the 
region in the early 1800s, but the entire 900 km length of the thrust fault separating the Juan de Fuca and North 
America plates apparently ruptured during a magnitude-9 event on 26 January 1700. Evidence for this and older 
subduction earthquakes has been found at coastal wetlands from Vancouver Island to northern California. The 
geological evidence includes buried wetland soils produced by sudden, seismically induced subsidence, sheets of 
sand and gravel deposited by tsunamis, and sand dykes and blows generated by liquefaction during strong ground 
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shaking. Dating of the buried soils and tsunami deposits in Washington and Oregon has shown that great Cascadia 
earthquakes have an average recurrence of 500 years; however, intervals between the seven most recent events range 
from less than 200 years to 700-1300 years. The hypothesis that subduction earthquakes occur in Cascadia is 
independently supported by geodetic measurements and the results of geophysical modelling, which collectively 
indicate that part of the plate boundary is locked and accumulating elastic strain that will be released during a future 
earthquake. 

 
Clague, J.J., Bobrowsky, P.T., and Hyndman, R.D., 1995, The threat of a great earthquake in 

southwestern British Columbia, The BC Professional Engineer, v. 46, no. 9, p. 4-8. 
Summary: This article reviews the geophysical and geological evidence for great subduction earthquakes in 

southwestern BC and argues that they must be considered in assessments of seismic hazard for the region. On a 
probability basis, estimates of accelerations and velocities in the Vancouver and Victoria areas might not be 
increased by including great earthquakes in seismic hazard assessments; however, the greater duration of shaking is 
something new that must be considered in the design of some buildings. In general, the hazard from great 
earthquakes is largest for sensitive structures as well as structures likely to be damaged by lengthy shaking. 
Provisions of the NBCC and most seismological studies estimate ground motions at bedrock sites. Additional site-
specific studies are required to determine the effects of local soil conditions, as considerable amplification of ground 
motion can occur at resonant frequencies at some sites on thick soils. While a Cascadia subduction earthquake poses 
new challenges to engineers and emergency planners, it must be remembered that a large local crustal earthquake 
can also be devastating. One need only look at Kobe, Japan for an example. Kobe's building code and earthquake 
preparedness plans, intended for a great earthquake on the Japanese subduction zone some 150 km away, proved to 
be totally inadequate for a much smaller, closer earthquake. The devastation wrought by the Kobe earthquake, which 
resulted in 5,470 deaths and damage likely to reach $200-300 billion CDN in a country widely acknowledged to 
have the highest level of earthquake preparedness in the world, provides a timely reminder of the need for a 
coordinated and well-funded plan to assess hazard and reduce structural damage and loss of life due to a strong 
earthquake in southwestern BC. 
 

Clague, J.J., Hutchinson, I., Mathewes, R.W., and Patterson, R.T., 1999, Evidence for late 
Holocene tsunamis at Catala Lake, British Columbia, Journal of Coastal Research, v. 15, p. 
45-60. 

Abstract: Thin sheets of sand and gravel occur within a sequence of fine organic-rich sediments at Catala Lake, off the 
west coast of Vancouver Island, British Columbia. The uppermost of these coarse sheets thins and fines landward 
away from the lake outlet, consistent with deposition by a tsunami. This coarse sediment sheet has been radiocarbon 
dated to some time after AD 1655; we suggest that it was deposited in 1700 by the tsunami of the last great 
earthquake at the Cascadia subduction zone. Abundant plant macrofossils, derived from nearby forest, are present 
within and on top of the sand and gravel layer, suggesting that the tsunami transported forest-floor litter, mosses, and 
seeds into Catala Lake. Deposition coincided with abrupt changes in diatom and foraminifera communities in the 
lake. The post-tsunami diatom assemblage is more marine in character than the immediate pre-tsunami assemblage, 
and the foraminifera community became more diverse after the tsunami. These changes are due either to coseismic 
subsidence or erosion of the outlet by the tsunami, which increased tidal exchange between the sea and the lagoon 
that was the precursor to Catala Lake. Older coarse sediment layers in cores from Catala Lake and the bordering 
marsh may also be tsunami deposits. One of these layers is about 1,000 years old and dates to the time of the 
penultimate great Cascadia earthquake. 

 
Clague, J.J., Bobrowsky, P.T., and Hutchinson, I., 2000, A review of geological records of large 

tsunamis at Vancouver Island, British Columbia, and implications for hazard, Quaternary 
Science Reviews, v. 19, p. 849-863. 

Abstract: Large tsunamis strike the British Columbia coast an average of once every several hundred years. Some of the 
tsunamis, including one from Alaska in 1964, are the result of distant great earthquakes. Most, however, are 
triggered by earthquakes at the Cascadia subduction zone, which extends along the Pacific coast from Vancouver 
Island to northern California. Evidence of these tsunamis has been found in tidal marshes and low-elevation coastal 
lakes on western Vancouver Island. The tsunamis deposited sheets of sand and gravel now preserved in sequences of 
peat and mud. These sheets commonly contain marine fossils, and they thin and fine landward, consistent with 
deposition by landward surges of water. They occur in low-energy settings where other possible depositional 
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processes, such as stream flooding and storm surges, can be ruled out. The most recent large tsunami generated by 
an earthquake at the Cascadia subduction zone has been dated in Washington and Japan to AD 1700. The spatial 
distribution of the deposits of the 1700 tsunami, together with theoretical numerical modelling, indicate wave run-
ups of up to 5 m asl along the outer coast of Vancouver Island and up to 15-20 m asl at the heads of some inlets. The 
waves attenuated as they moved eastward along Juan de Fuca Strait and into Puget Sound and the Strait of Georgia. 
No deposits of the 1700 event or, for that matter, any other tsunami, have yet been found in the Strait of Georgia, 
suggesting that waves were probably no more than 1 m high in this area. If a tsunami like the 1700 event were to 
occur today, communities along the outer Pacific coast from southern British Columbia to northern California would 
be severely damaged. There would be little time to evacuate these communities because the tsunami would strike the 
outer coast within minutes of the first ground shaking. Fortunately, such tsunamis are infrequent - perhaps as few as 
seven have occurred in the last 3500 yr. Other tsunamis that are much smaller and more localized, although probably 
more frequent, are caused by local crustal earthquakes and landslides along the British Columbia coast. Two such 
tsunamis have occurred in British Columbia in recent years, one in 1946 in the Strait of Georgia and another in 1975 
at the head of a fiord on the northern mainland coast. 

 
Clague, J., Yorath, C., and Franklin, R., 2006, At risk: earthquakes and tsunamis on the west 

coast, Tricouni Press, Vancouver, BC, 200 p. 
Summary: This book is the story of the powerful earth forces at work in the western and off-shore areas of Washington, 

Oregon, and British Columbia, with special emphasis on earthquakes and tsunamis and how they threaten the people 
who live in these areas. It offers timely and important information for these people and for anyone interested in the 
interplay between the forces of nature and cities. It provides information on why there are earthquakes and why they 
are common on the west coast of North America. It describes the giant earthquakes that will likely occur off the 
coast and the tsunamis that they may trigger. It also describes the destructive earthquakes that could take place on 
faults close to Seattle, Portland, Vancouver, and Victoria. It provides information on the many effects of earthquakes, 
including ground shaking, landslides, and liquefaction, and societal and individual measures that can be taken to 
reduce the damage and loss of life from earthquakes and tsunamis. 

 
Fiedorowicz, B.K., and Peterson, C.D., 2002, Tsunami deposit mapping at Seaside, Oregon, 

USA, In: Bobrowsky, P.T. (ed.), Geoenvironmental mapping: methods, theory, and 
practice, A.A. Balkema, Lisse, p. 629-648. 

Conclusions: Historic tsunami deposits were used to verify and calibrate interpretations for prehistoric tsunami 
inundation at the same location (Seaside, Oregon), assuming similar conditions between historic and prehistoric 
events. Different data layers (e.g. paleogeography, paleosubsidence contacts, coseismic liquefaction, and sand 
capping layers) were overlaid onto the orthophoto map of Seaside to establish the origin of the 1964 and AD 1700 
TSL. The potential inundation hazard, from either channel surge or barrier overtopping, can be established from 
paleotsunami deposit distribution in some beach ridge settings such as Seaside, Oregon. GIS-based maps are useful 
to identify hazard zones and evacuation route options that can be easily recognized by emergency planners and the 
general public. 

 
Goldfinger, C., Nelson, C.H., Johnson, J.E., and the Shipboard Scientific Party, 2003, Holocene 

earthquake records from the Cascadia subduction zone and northern San Andreas fault 
based on precise dating of offshore turbidites, Annual Review of Earth and Planetary 
Sciences, v. 31, p. 555–577. 

Abstract: New stratigraphic evidence from the Cascadia margin demonstrates that 13 earthquakes ruptured the margin 
from Vancouver Island to at least the California border following the catastrophic eruption of Mount Mazama. 
These 13 events have occurred with an average repeat time of ~600 years since the first post-Mazama event ~7500 
years ago. The youngest event ~300 years ago probably coincides with widespread evidence of coastal subsidence 
and tsunami inundation in buried marshes along the Cascadia coast. We can extend the Holocene record to at least 
9850 years, during which 18 events correlate along the same region. The pattern of repeat times is consistent with 
the pattern observed at most (but not all) localities onshore, strengthening the contention that both were produced by 
plate-wide earthquakes. We also observe that the sequence of Holocene events in Cascadia may contain a repeating 
pattern, a tantalizing look at what may be the long-term behavior of a major fault system. Over the last ~7500 years, 
the pattern appears to have repeated at least three times, with the most recent A.D. 1700 event being the third of 
three events following a long interval of 845 years between events T4 and T5. This long interval is one that is also 
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recognized in many of the coastal records, and may serve as an anchor point between the offshore and onshore 
records. Similar stratigraphic records are found in two piston cores and one box core from Noyo Channel, adjacent 
to the Northern San Andreas Fault, which show a cyclic record of turbidite beds, with thirty-one turbidite beds 
above a Holocene/.Pleistocene faunal «datum». Thus far, we have determined ages for 20 events including the 
uppermost 5 events from these cores. The uppermost event returns a «modern» age, which we interpret is likely the 
1906 San Andreas earthquake. The penultimate event returns an intercept age of A.D. 1664 (2 σ range 1505-1822). 
The third event and fourth event are lumped together, as there is no hemipelagic sediment between them. The age of 
this event is A.D. 1524 (1445-1664), though we are not certain whether this event represents one event or two. The 
fifth event age is A.D. 1204 (1057-1319), and the sixth event age is A.D. 1049 (981-1188). These results are in 
relatively good agreement with the onshore work to date, which indicates an age for the penultimate event in the 
mid-1600’s, the most likely age for the third event of 1500-1600, and a fourth event ~1300. We presently do not 
have the spatial sampling needed to test for synchroneity of events along the Northern San Andreas, and thus cannot 
determine with confidence that the observed turbidite record is earthquake generated. However, the good agreement 
in number of events between the onshore and offshore records suggests that, as in Cascadia, turbidite triggers other 
than earthquakes appear not to have added significantly to the turbidite record along the northernmost San Andreas 
margin during the last ~2000 years. 

 
Goldfinger, C., Grijalva, K., Bürgmann, R., Morey, A.E., Johnson, J.E., Nelson, H., Gutiérrez-

Pastor, J., Ericsson, A., Karabanov, E., Chaytor, J.D., Patton, J., and Gràcia, E., 2008, Late 
Holocene rupture of the northern San Andreas Fault and possible stress linkage to the 
Cascadia Subduction Zone, Bulletin of the Seismological Society of America, v. 98, no. 2, p. 
861-889, doi:10.1785/0120060411. 

Abstract: We relate the late Holocene northern San Andreas fault (NSAF) paleoseismic history developed using marine 
sediment cores along the northern California continental margin to a similar dataset of cores collected along the 
Cascadia margin, including channels from Barclay Canyon off Vancouver Island to just north of Monterey Bay. 
Stratigraphic correlation and evidence of synchronous triggering imply earthquake origin, and both temporal records 
are compatible with onshore paleoseismic data. In order to make comparisons between the temporal earthquake 
records from the NSAF and Cascadia, we refine correlations of southern Cascadia great earthquakes, including the 
land paleoseismic record. Along the NSAF during the last ~2800 yr, 15 turbidites, including one likely from the 
great 1906 earthquake, establish an average repeat time of ~200 yr, similar to the onshore value of ~240 yr. The 
combined land and marine paleoseismic record from the southern Cascadia subduction zone includes a similar 
number of events during the same period. While the average recurrence interval for full-margin Cascadia events is 
~520 yr, the southern Cascadia margin has a repeat time of ~220 yr, similar to that of the NSAF. Thirteen of the 15 
NSAF events were preceded by Cascadia events by ~0–80 yr, averaging 25–45 yr (as compared to ~80–400 yr by 
which Cascadia events follow the NSAF). Based on the temporal association, we model the coseismic and 
cumulative postseismic deformation from great Cascadia megathrust events and compute related stress changes 
along the NSAF in order to test the possibility that Cascadia earthquakes triggered the penultimate, and perhaps 
other, NSAF events. The Coulomb failure stress (CFS) resulting from viscous deformation related to a Cascadia 
earthquake over ~60 yr does not contribute significantly to the total CFS on the NSAF. However, the coseismic 
deformation increases CFS on the northern San Andreas fault (NSAF) by up to about 9 bars offshore of Point 
Delgada, most likely enough to trigger that fault to fail in north-to-south propagating ruptures. 

 
Heaton, T.H., and Snavely, P.D., 1985, Possible tsunami along the northwestern coast of the 

United States inferred from Indian traditions, Bulletin of the Seismological Society of 
America, v. 75, no. 5, p. 1455-1460. 

Abstract: Subduction of the Juan de Fuca and Gorda plates beneath western North America presents a paradox; despite 
the fact that there is good evidence of 3 to 4 cm/yr of ongoing convergence, there is a remarkable paucity of either 
historic or instrumentally recorded shallow subduction earthquakes. Steady aseismic slip along the entire Cascadia 
subduction zone provides one explanation for this seismic quiescence. However, the Cascadia subduction zone 
shares many features, including temporal quiescence, with other subduction zones that have experienced very large 
shallow subduction earthquakes (Heaton and Kanamori, 1984). Yet, there is no direct geologic or historical evidence 
presently available to confirm that great shallow subduction earthquakes have occurred along the coast of 
Washington, Oregon, and northern California. However, there are reports describing Indian legends of great sea-
level disturbances that may be related to large nearby earthquakes. In this letter, we briefly review the history of 
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exploration and settlement of this region by non-native people and then discuss legends from Indians in northern 
Washington and northern California. 
 

Hemphill-Haley, E., 1995, Diatom evidence for earthquake-induced subsidence and tsunami 
300 yr ago in southern coastal Washington, Geological Society of America Bulletin, v. 107, 
no. 3, p. 367-378. 

Abstract: Fossil diatoms from four stratigraphic sections along the tidal Niawiakum River, southwestern Washington, 
provide an independent paleoecological test of a relative sea-level rise that has been attributed to subsidence during 
an inferred earthquake in the Cascadia subduction zone about 300 yr ago. Diatom assemblages in a buried soil and 
overlying mud indicate a sudden and lasting shift from marshes and forests near or above highest tides to mud flats 
and incipient tidal marshes, with a progressive return to high-level tidal marshes by sediment aggradation and, 
perhaps, gradual tectonic uplift. The amount of coseismic submergence required to generate the paleoecological 
changes observed at these sites could have ranged from a minimum of 0.8 –1.0 m to a maximum of ~3.0 m. Fossil 
diatoms also provide an independent test of previous inferences that the subsidence was shortly followed by a 
tsunami. The inferred tsunami deposit is a distinct sandy interval that widely overlies the buried marsh and forest 
soil. Diatoms from this interval consist of species observed on modern sand flats of the open bay, identifying a 
bayward source for the sand. Occurrences of the same sand-flat species above the buried soil in the farthest up-
valley outcrop where a sandy interval is not recognizable suggest that the tsunami extended farther landward than 
was previously inferred from the stratigraphy. These data rule out proposed alternatives to the coseismic subsidence 
model—that is, climatically induced sea-level rise, temporary submergence caused by storms—and support the 
hypothesis that a great earthquake struck southwestern Washington 300 yr ago. 

 
Huntley, D.J., and Clague, J.J., 1996, Optical dating of tsunami-laid sands, Quaternary 

Research, v. 46, p. 127-140. 
Abstract: The ages of some tsunami deposits can be determined by optical dating, a key requirement being that the 

deposits are derived from sediment that was reworked and exposed to daylight by tidal currents, waves, wind, or 
bioturbation during the last years before the tsunami. Measurements have been made using 1.4 eV (infrared) 
excitation of K-feldspar grains separated from samples of prehistoric tsunami sand sheets and modern analogs of 
tsunami source sediments at four sites in Washington State and British Columbia. Source sands gave equivalent 
doses indicative of recent exposure to daylight. Tsunami sand at Cultus Bay, Washington, yielded an optical age of 
1285 ± 95 yr (calendric years before A.D. 1995, ±1σ). At 2σ, this age overlaps the range of from 1030 to 1100 yr 
determined through a combination of high-precision radiocarbon dating and stratigraphic correlation. Tsunami sands 
at three sites near Tofino and Port Alberni on Vancouver Island, British Columbia, have optical ages of 260 ± 20, 
325 ± 25, and 335 ± 45 yr. Historical records and radiocarbon dating show that the sand at each of the three sites is 
between 150 and 400 yr old. These optical ages support the hypothesis that the Vancouver Island sands were 
deposited by a tsunami generated by a large earthquake on the Cascadia subduction zone about 300 yr ago. 

 
Hutchinson, I., and McMillan, A.D., 1997, Archaeological evidence for village abandonment 

associated with late Holocene earthquakes at the northern Cascadia subduction zone, 
Quaternary Research, v. 48. p. 79-87. 

Abstract: Geologic evidence suggests that great (magnitude 8 or larger) earthquakes, or series of such earthquakes, 
occurred six times in the past 3000 yr at the northern Cascadia subduction zone. The archaeological record and 
native oral traditions demonstrate that native villages along the adjacent coasts of southern British Columbia and 
Washington State were occasionally abandoned in the late Holocene as a result of these earthquakes and associated 
tsunamis. We infer the temporal pattern of village occupation and abandonment from midden stratigraphy and from 
an activity index based on the probability distributions of radiocarbon ages at 30 archaeological sites in three regions 
of northern Cascadia. Deposits of probable tsunami origin are interbedded with, or bound, cultural strata at several 
sites. Earthquakes probably pre-date hiatuses in occupation, or periods of low inferred human activity, at many sites. 
The strongest correlation between earthquake incidence and site abandonment occurs in the Nootka Sound region. 
Effects of tsunamis vary with village location, coastal morphology, and late Holocene sea-level history. 

 
Hutchinson, I., Clague, J.J., and Mathewes, R.W, 1997, Reconstructing the tsunami record of 

an emerging coast: a case study of Kanim Lake, Vancouver Island, British Columbia, 
Canada, Journal of Coastal Research, v. 13, p. 545-553. 
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Abstract: A pilot study was conducted at Kanim Lake on the emerging coast of western Vancouver Island, British 
Columbia, to assess the efficacy of using lake sediments to determine tsunami run-up and recurrence. Sediment 
sequences in lakes near the coast can complement tsunami records derived from deposits underlying intertidal 
marshes. Marshes on emerging coasts are uncommon, of limited areal extent, and, most importantly, their deposits 
have a short lifespan. Tsunami deposits in lakes are less susceptible to bioturbation and erosion and, generally, can 
be more accurately dated than similar deposits in marshes and other terrestrial settings. An inferred tsunami deposit 
in Kanim Lake has distinctive lithological characteristics and contains marine and brackish-water microfossils. 
Kanim Lake also illustrates some of the limitations in using lakes to reconstruct tsunami run-up and recurrence. 
Although the lake has been in the potential run-up zone for the last 3,500-4,000 years, it apparently has been 
inundated by only one tsunami in this period. This event probably occurred about 2,800 years ago. Tsunamis since 
that time have failed to reach Kanim Lake as the lake basin has continued to rise through the run-up zone and the 
distance to the sea has increased. The development of dense forest stands on the progressively widening reach 
between the sea and the lake has probably been the most important factor in limiting tsunami access to the site. 

 
Hutchinson, I., Guilbault, J-P., Clague, J.J., and Bobrowsky, P.T., 2000, Tsunamis and tectonic 

deformation at the northern Cascadia margin: A 3000-year record from Deserted Lake, 
Vancouver Island, British Columbia, The Holocene, v. 10, p. 429-439. 

Abstract: Three layers of sand occur within a sequence of muddy gyttja in a 3 m core recovered from Deserted Lake, 
which lies at the head of a fjord on the central west coast of Vancouver Island, British Columbia, Canada. The 
sedimentology and microfossil assemblages of these layers are consistent with deposition by tsunamis. Radiocarbon 
ages suggest that the tsunamis were generated by plate-boundary earthquakes at the Cascadia subduction zone about 
2600, 1600 and 300 years ago. Diatom and protozoan contents of the gyttja layers indicate that relative sea level fell 
in the periods between tsunamis. The sea-level changes are probably a product of interseismic uplift of the North 
America plate margin. Post-tsunami diatom and protozoan assemblages are generally more marine than their pre-
tsunami counterparts, suggesting that the study site subsided during earthquakes. Estimates of interseismic and 
coseismic deformation during one earthquake cycle indicate that less than half of the interseismic uplift was 
recovered during the earthquake, leading to cumulative, or permanent, uplift of the area. 

 
Kelsey, H.M., Witter, R.C., and Hemphill-Haley, E., 2002, Plate-boundary earthquakes and 

tsunamis of the past 5500 yr, Sixes River estuary, southern Oregon, Geological Society of 
America Bulletin, v. 114, no. 3, p. 298-314. 

Abstract: Eleven plate-boundary earthquakes over the past 5500 yr have left a stratigraphic signature in coastal wetland 
sediments at the lower Sixes River valley in south coastal Oregon. Within a 1.8 km2 abandoned meander valley, 10 
buried wetland soils record gradual and abrupt relative sea-level changes back in time to ~6000 yr ago. An 
additional, youngest buried soil at the mouth of the Sixes River subsided during the A.D. 1700 Cascadia earthquake. 
Multiple lines of evidence indicate that tectonic subsidence caused soil burial, including permanent relative sea-level 
rise following burial, lateral continuity of buried soil horizons over hundreds of meters, diatom assemblages 
showing that sea level rose abruptly at least 0.5 m, and sand deposits on top of buried soils demonstrating 
coincidence of coseismic subsidence and tsunami inundation. For at least two of the buried soils, liquefaction of 
sediment accompanied subsidence. The 11 soil-burial events took place between 300 and ~5400 yr ago, yielding an 
average recurrence interval of plate-boundary earthquakes of ~510 yr. Comparing paleoseismic sites in southern 
Washington and south coastal Oregon with the Sixes River site for the past 3500 yr indicates that the number and 
timing of recorded plate-boundary earthquakes are not the same at all sites. In particular, a Sixes earthquake at 
~2000 yr ago lacks a likely correlative in southern Washington. Therefore, unlike the A.D. 1700 Cascadia 
earthquake, some Cascadia plate-boundary earthquakes do not rupture the entire subduction zone from southern 
Oregon to southern Washington. In the lower Sixes River valley, the upper-plate Cape Blanco anticline deforms 
sediment of late Pleistocene and Holocene age directly above the subduction zone. Differential tectonic subsidence 
occurred during two of the plate-boundary earthquakes when a blind, upper-plate reverse fault, for which the Cape 
Blanco anticline is the surface fold, slipped coseismically with rupture of the plate boundary. During these two 
earthquakes, sites ~2 km from the anticline axis subsided ~0.5 m more than sites ~1 km from the axis. 

 
Kelsey, H.M., Nelson, A.R., Hemphill-Haley, E., and Witter, R.C., 2005, Tsunami history of an 

Oregon coastal lake reveals a 4600 yr record of great earthquakes on the Cascadia 
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subduction zone, Geological Society of America Bulletin, v. 117, no. 7/8, p. 1009-1032, 
doi:10.1130/B25452.1. 

Abstract: Bradley Lake, on the southern Oregon coastal plain, records local tsunamis and seismic shaking on the 
Cascadia subduction zone over the last 7000 yr. Thirteen marine incursions delivered landward-thinning sheets of 
sand to the lake from nearshore, beach, and dune environments to the west. Following each incursion, a slug of 
marine water near the bottom of the freshwater lake instigated a few-year-to-several-decade period of a brackish 
(≤4‰ salinity) lake. Four additional disturbances without marine incursions destabilized sideslopes and bottom 
sediment, producing a suspension deposit that blanketed the lake bottom. Considering the magnitude and duration of 
the disturbances necessary to produce Bradley Lake’s marine incursions, a local tsunami generated by a great 
earthquake on the Cascadia subduction zone is the only accountable mechanism. Extreme ocean levels must have 
been at least 5–8 m above sea level, and the cumulative duration of each marine incursion must have been at least 10 
min. Disturbances without marine incursions require seismic shaking as well. Over the 4600 yr period when Bradley 
Lake was an optimum tsunami recorder, tsunamis from Cascadia plate-boundary earthquakes came in clusters. 
Between 4600 and 2800 cal yr B.P., tsunamis occurred at the average frequency of ~3–4 every 1000 yr. Then, 
starting ~2800 cal yr B.P., there was a 930–1260 yr interval with no tsunamis. That gap was followed by a ~1000 yr 
period with 4 tsunamis. In the last millennium, a 670–750 yr gap preceded the A.D. 1700 earthquake and tsunami. 
The A.D. 1700 earthquake may be the first of a new cluster of plate-boundary earthquakes and accompanying 
tsunamis. Local tsunamis entered Bradley Lake an average of every 390 yr, whereas the portion of the Cascadia 
plate boundary that underlies Bradley Lake ruptured in a great earthquake less frequently, about once every 500 yr. 
Therefore, the entire length of the subduction zone does not rupture in every earthquake, and Bradley Lake has 
recorded earthquakes caused by rupture along the entire length of the Cascadia plate boundary as well as 
earthquakes caused by rupture of shorter segments of the boundary. The tsunami record from Bradley Lake indicates 
that at times, most recently ~1700 yr B.P., overlapping or adjoining segments of the Cascadia plate boundary 
ruptured within decades of each other. 

 
Kilfeather, A.A., Blackford, J.J., and van der Meer, J.J.M., 2007, Micromorphological analysis 

of coastal sediments from Willapa Bay, Washington, USA: a technique for analysing 
inferred tsunami deposits, Pure and Applied Geophysics, v. 164, no. 2-3, p. 509-525, 
doi:10.1007/s00024-006-0173-4. 

Abstract: Tsunami deposits are provisionally distinguished in the field on the basis of anomalous sand horizons, fining-
up and fining-landward, coupled with organic-rich, fragmented ‘backwash’ sediments. In this paper, 
micromorphological features of a sediment sequence previously interpreted as being of tsunami origin are described. 
These characteristics are shown to be consistent with the macro-scale features used elsewhere, but show additional 
details not seen in standard stratigraphies, including possible evidence for individual waves, possibly wave-
magnitude progression, organic fragment alignment and intraclast microstructures. Although replication and more 
complete studies are needed, this analysis confirms the identification of a tsunami in Willapa Bay in ca.1700 AD, 
while demonstrating a widely applicable technique for confirming or refuting possible tsunami deposits. 

 
Leonard, L.J., Hyndman, R.D., and Mazzotti, S., 2004, Coseismic subsidence in the 1700 great 

Cascadia earthquake: Coastal estimates versus elastic dislocation models, Geological 
Society of America Bulletin, v. 116, p. 655-670, doi:10.1130/B25369.1. 

Abstract: Seismic hazard assessments for a Cascadia subduction zone earthquake are largely based on the rupture area 
predictions of dislocation models constrained by geodetic and geothermal data; this paper tests the consistency of 
the models for the 1700 great Cascadia earthquake with compiled coastal coseismic subsidence as estimated from 
paleoelevation studies. Coastal estimates have large uncertainties but show a consistent pattern. Greatest coseismic 
subsidence (~1–2 m) occurred in northern Oregon/southern Washington; subsidence elsewhere was ~0–1 m. Elastic 
dislocation models constrained by interseismic geodetic and thermal data are used to predict the coseismic 
subsidence for two likely strain accumulation periods of (i) 800 and (ii) 550 yr of plate convergence and for uniform 
megathrust slip of 10, 20, 30, and 50 m. The former two models provide a better and equally good fit; predicted 
subsidence is in broad agreement with marsh estimates. Discrepancies exist, however, at the ends of the subduction 
zone. In the south, misfit may be due to breakup of the Gorda plate. The discrepancy in the north may be explained 
if the 1700 event released only part of the accumulated strain there, consistent with long-term net uplift in excess of 
eustatic sea-level rise. The coseismic slip magnitude, estimated by comparing uniform slip model predictions with 
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marsh coseismic subsidence estimates, is consistent with the M 9 earthquake indicated by Japanese tsunami records. 
The coseismic slip was greatest in northern Oregon/southern Washington, declining to the north and south. 

 
Leonard, L.J., Currie, C.A., Mazzotti, S., and Hyndman, R.D., 2010, Rupture area and 

displacement of past Cascadia great earthquakes from coastal coseismic subsidence, 
Geological Society of America Bulletin, in press. 

Abstract: Coastal marshes record a 6500-year history of coseismic displacements in great earthquakes at the Cascadia 
subduction zone. We compile estimates of coseismic displacement for past megathrust events based on correlations 
with megathrust-triggered turbidites, and estimate megathrust slip based on comparisons of marsh displacements 
with dislocation model predictions. Age-correlated marsh data are compatible with event rupture extents defined by 
the published turbidite record, and a 6500-year mean recurrence interval that increases northwards from ~230 to 
~480 years. Within the constraint of the marsh data, the width of the coseismic rupture zone generally agrees with 
the downdip width of the interseismic locked zone inferred from geodetic and thermal data. In southernmost 
Cascadia, where the model does not include the complex deformation near the Mendocino triple junction, the coastal 
data may be better fit by a model with a ~25% narrower rupture than inferred from regional geophysical data. At 
each coastal marsh site, coseismic displacements are roughly similar from event to event, independent of the time 
since the previous event. Slip in the A.D. 1700 earthquake was consistent with the preceding interval of strain 
accumulation (~200 years) only at the northern and southern ends of the margin, but was apparently much higher in 
southern Washington/northern Oregon, possibly indicating postseismic contamination and/or catch-up coseismic slip 
to make up for deficit in the preceding event (T2). Overall agreement between the dislocation models and the marsh 
data for most of the margin implies that such models can be usefully applied to rupture and ground shaking 
predictions. 

 
Ludwin, R.S., Dennis, R., Carver, D., McMillan, A.D., Losey, R., Clague, J., Jonientz-Trisler, 

C., Bowechop, J., Wray, J., and James, K., 2005, Dating the 1700 Cascadia earthquake: 
great coastal earthquakes in Native stories, Seismological Research Letters, v. 76, no. 2, p. 
140-148. 

Conclusions: Cascadia subduction zone earthquakes are remembered in native stories, art, ceremonies, and names. Date 
estimates from native historical traditions place an earthquake around 1700, consistent with radiocarbon and tree-
ring dating and written Japanese records. Timeless, durable, and ancient imagery describes earthquake and tsunami 
effects and suggests awareness of repetitive cycles of world-altering events, while common symbols and imagery 
along the length of Cascadia suggest commonly experienced events. 

 
Mofjeld, H.O., Foreman, M.G.G., and Ruffman, A., 1997, West coast tides during Cascadia 

subduction zone tsunamis, Geophysical Research Letters, v. 24, no. 17, p. 2215-2218. 
Abstract: Low, neap tides occurred along the West Coast of the United States and Canada around 0500 UT January 27, 

1700, a time for the last major Cascadia earthquake/tsunami based on teletsunami arrival times in Japan [Satake et 
al., 1996]. However, high-range perigean spring tides occurred only a week later, illustrating how accurately 
occurrence times must be known to constrain the region's background water levels during such events. The ranges of 
background water levels increase northward from 3 m at Monterey to 8.5 m at Queen Charlotte, as estimated from 
the amplitudes of perigean spring tides and subtidal winter fluctuations. 

 
Nelson, A.R., Asquith, A.C., and Grant, W.C., 2004, Great earthquakes and tsunamis of the 

past 2000 years at the Salmon River Estuary, central Oregon coast, USA, Bulletin of the 
Seismological Society of America, v. 94, no. 4, p. 1276-1292. 

Abstract: Four buried tidal marsh soils at a protected inlet near the mouth of the Salmon River yield definitive to 
equivocal evidence for coseismic subsidence and burial by tsunami-deposited sand during great earthquakes at the 
Cascadia subduction zone. An extensive, landward-tapering sheet of sand overlies a peaty tidal-marsh soil over 
much of the lower estuary. Limited pollen and macrofossil data suggest that the soil suddenly subsided 0.3–1.0 m 
shortly before burial. Regional correlation of similar soils at tens of estuaries to the north and south and precise 14C 
ages from one Salmon River site imply that the youngest soil subsided during the great earthquake of 26 January 
A.D. 1700. Evidence for sudden subsidence of three older soils during great earthquakes is more equivocal because 
older-soil stratigraphy can be explained by local hydrographic changes in the estuary. Regional 14C correlation of 
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two of the three older soils with soils at sites that better meet criteria for a great-earthquake origin is consistent with 
the older soils recording subsidence and tsunamis during at least two great earthquakes. Pollen evidence of sudden 
coseismic subsidence from the older soils is inconclusive, probably because the amount of subsidence was small 
(<0.5 m). The shallow depths of the older soils yield rates of relative sea-level rise substantially less than rates 
previously calculated for Oregon estuaries. 

 
Nelson, A.R., Kelsey, H.M., and Witter, R.C., 2006, Great earthquakes of variable magnitude 

at the Cascadia subduction zone, Quaternary Research, v. 65, p. 354-365, 
doi:10.1016/j.yqres.2006.02.009. 

Abstract: Comparison of histories of great earthquakes and accompanying tsunamis at eight coastal sites suggests plate-
boundary ruptures of varying length, implying great earthquakes of variable magnitude at the Cascadia subduction 
zone. Inference of rupture length relies on degree of overlap on radiocarbon age ranges for earthquakes and tsunamis, 
and relative amounts of coseismic subsidence and heights of tsunamis. Written records of a tsunami in Japan provide 
the most conclusive evidence for rupture of much of the plate boundary during the earthquake of 26 January 1700. 
Cascadia stratigraphic evidence dating from about 1600 cal yr B.P., similar to that for the 1700 earthquake, implies a 
similarly long rupture with substantial subsidence and a high tsunami. Correlations are consistent with other long 
ruptures about 1350 cal yr B.P., 2500 cal yr B.P., 3400 cal yr B.P., 3800 cal yr B.P., 4400 cal yr B.P., and 4900 cal 
yr B.P. A rupture about 700–1100 cal yr B.P. was limited to the northern and central parts of the subduction zone, 
and a northern rupture about 2900 cal yr B.P. may have been similarly limited. Times of probable short ruptures in 
southern Cascadia include about 1100 cal yr B.P., 1700 cal yr B.P., 3200 cal yr B.P., 4200 cal yr B.P., 4600 cal yr 
B.P., and 4700 cal yr B.P. Rupture patterns suggest that the plate boundary in northern Cascadia usually breaks in 
long ruptures during the greatest earthquakes. Ruptures in southernmost Cascadia vary in length and recurrence 
intervals more than ruptures in northern Cascadia. 

 
Nelson, A.R., Sawai, Y., Jennings, A.E., Bradley, L.-A., Gerson, L., Sherrod, B.L., Sabean. J., 

and Horton, B.P., 2008, Great-earthquake paleogeodesy and tsunamis of the past 2000 
years at Alsea Bay, central Oregon coast, USA, Quaternary Science Reviews, v. 27, p. 747-
768, doi:10.1016/j.quascirev.2008.01.001. 

Abstract: The width of plate-boundary fault rupture at the Cascadia subduction zone, a dimension related to earthquake 
magnitude, remains uncertain because of the lack of quantitative information about land-level movements during 
past great-earthquake deformation cycles. Beneath a marsh at Alsea Bay, on the central Oregon coast, four sheets of 
tsunami-deposited sand blanket contacts between tidal mud and peat. Radiocarbon ages for the sheets match ages for 
similar evidence of regional coseismic subsidence and tsunamis during four of Cascadia’s great earthquakes. Barring 
rapid, unrecorded postseismic uplift, reconstruction of changes in land level from core samples using diatom and 
foraminiferal transfer functions includes modest coseismic subsidence (0.4±0.2 m) during the four earthquakes. 
Interpretation is complicated, however, by the 30–38% of potentially unreliable transfer function values from 
samples with poor analogs in modern diatom and foraminiferal assemblages. Reconstructions of coseismic 
subsidence using good-analog samples range from 0.46±0.12 to 0.09±0.20 m showing greater variability than 
implied by sample-specific errors. From apparent high rates of land uplift following subsidence and tsunamis, we 
infer that postseismic rebound caused by slip on deep parts of the plate boundary and (or) viscoelastic stress 
relaxation in the upper plate may be almost as large as coseismic subsidence. Modest coseismic subsidence 100km 
landward of the deformation front implies that plate-boundary ruptures in central Oregon were largely offshore. 
Ruptures may have been long and narrow during earthquakes near magnitude 9, as suggested for the AD 1700 
earthquake, or of smaller and more variable dimensions and magnitudes. 

 
Peters, R., Jaffe, B.E., and Gelfenbaum, G., 2007, Distribution and sedimentary characteristics 

of tsunami deposits along the Cascadia margin of western North America, Sedimentary 
Geology, v. 200, no. 3-4, p. 372-386. 

Abstract: Tsunami deposits have been found at more than 60 sites along the Cascadia margin of Western North America, 
and here we review and synthesize their distribution and sedimentary characteristics based on the published record. 
Cascadia tsunami deposits are best preserved, and most easily identified, in low-energy coastal environments such as 
tidal marshes, back-barrier marshes and coastal lakes where they occur as anomalous layers of sand within peat and 
mud. They extend up to a kilometer inland in open coastal settings and several kilometers up river valleys. They are 
distinguished from other sediments by a combination of sedimentary character and stratigraphic context. Recurrence 
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intervals range from 300–1000 years with an average of 500–600 years. The tsunami deposits have been used to 
help evaluate and mitigate tsunami hazards in Cascadia. They show that the Cascadia subduction zone is prone to 
great earthquakes that generate large tsunamis. The inclusion of tsunami deposits on inundation maps, used in 
conjunction with results from inundation models, allows a more accurate assessment of areas subject to tsunami 
inundation. The application of sediment transport models can help estimate tsunami flow velocity and wave height, 
parameters which are necessary to help establish evacuation routes and plan development in tsunami prone areas. 

 
Peterson, C.D., Cruikshank, K.M., Jol, H.M., and Schlichting, R.B., 2008, Minimum runup 

heights of paleotsunami from evidence of sand ridge overtopping at Cannon Beach, Oregon, 
central Cascadia margin, U.S.A., Journal of Sedimentary Research, v. 78, p. 390-409, doi: 
10.2110/jsr.2008.044. 

Abstract: The back-barrier wetlands of Cannon Beach, Oregon, record up to six target paleotsunami events in the last 
three thousand years. The four youngest recorded inundation events are tied to central Cascadia Margin 
paleotsunami at 1700 AD (event #1), possible farfield paleotsunami at 0.8–0.9 ka (event #2), nearfield Cascadia 
earthquake subsidence at ~ 1.1 ka (event #3), and nearfield Cascadia earthquake subsidence at ~ 1.3 ka (event #4). 
Stratigraphically-correlated deposits from events #1–4 demonstrate strong-flow inundation distances from between 
500 m (event #1) and 1,500 m (event #4) from the present beachfront. Based on the spatial distribution and 
thickness of tsunami sand deposits in the back-barrier wetlands the event #1 paleotsunami did not substantially 
overtop a stable barrier ridge at 6 m elevation NGVD88 or MLLW at Cannon Beach. The three previous 
paleotsunami events #2–4 did overtop the barrier, and they deposited sand (1–40 cm thickness) in the back-barrier 
wetlands. Only paleotsunami event #4 deposited sand across the Ecola Creek upland flood plain, at an inundation 
distance of at least 1,500 m. Shore-parallel GPR profiles image thin cut-and-fill sequences (1–2 m vertical relief) in 
the overtopped barrier ridge. A shore-normal GPR profile establishes scour in the wetlands (at least 1.5 m thick cut) 
at the landward edge of the barrier ridge. The most recent scour is tied to event #2, though earlier paleotsunami 
overtopping flows might have also caused scour in the back-barrier wetlands. Assuming a 1.0 m water column 
height and a 1.0 m lower sea level at 1 ka, the three overtopping paleotsunami are estimated to have had minimum 
runup heights of 8 m relative to mean lower low water. 

 
Satake, K., and Atwater, B.F., 2007, Long-term perspectives on giant earthquakes and 

tsunamis at subduction zones, Annual Review of Earth and Planetary Sciences, v. 35, p. 
349-374. 

Abstract: Histories of earthquakes and tsunamis, inferred from geological evidence, aid in anticipating future 
catastrophes. This natural warning system now influences building codes and tsunami planning in the United States, 
Canada, and Japan, particularly where geology demonstrates the past occurrence of earthquakes and tsunamis larger 
than those known from written and instrumental records. Under favorable circumstances, paleoseismology can thus 
provide long-term advisories of unusually large tsunamis. The extraordinary Indian Ocean tsunami of 2004 resulted 
from a fault rupture more than 1000 km in length that included and dwarfed fault patches that had broken 
historically during lesser shocks. Such variation in rupture mode, known from written history at a few subduction 
zones, is also characteristic of earthquake histories inferred from geology on the Pacific Rim. 

 
Satake, K., Shimazaki, K., Tsuji, Y., and Ueda, K., 1996, Time and size of a giant earthquake 

in Cascadia inferred from Japanese tsunami records of January 1700: Nature, v. 379, p. 
246-249. 

Abstract: Geological evidence shows that great earthquakes have occurred in the recent prehistoric past in the Cascadia 
subduction zone, off the Pacific coast of North America. The most recent event (or series of events) is dates at about 
300 years ago, but the precise date and magnitude have not been determined. Geological investigations have not 
been able to distinguish a single giant earthquake from a series of great earthquakes occurring over a timespan of a 
decade or two, although this information is important for the assessment of future hazard. We have found several 
tsunami records in Japan from AD 1700 with no indication of a local cause. Historical earthquake records and 
paleoseismic evidence indicate the absence of a large earthquake in 1700 in South America, Alaska or Kamchatka, 
leaving Cascadia as the most likely source of this tsunami. The estimated time of the earthquake is the evening (abut 
21:00 local time) of 26 January 1700. The magnitude is estimated as 9 from the tsunami heights, in which case the 
earthquake ruptured the entire length of the Cascadia subduction zone. These estimates are consistent with Native 
American legends that an earthquake occurred on a winter night. 
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Schlichting, R., and Peterson, C., 2006, Mapped overland distance of paleotsunami high-

velocity inundation in back-barrier wetlands of the central Cascadia margin, U.S.A., 
Journal of Geology, v. 114, no. 5, p. 577-592. 

Abstract: Investigations of back-barrier, open-coastal plain settings have been used to establish minimum inundation 
distances of prehistoric tsunamis produced by great subduction zone earthquakes in the central Cascadia margin. 
Distinctive sand sheets were characterized at four localities within the central Cascadia margin, a shoreline distance 
of about 250 km. The sand sheets vary in thickness from 0.2 to 25 cm. They thin in the landward direction and 
consist of well-sorted beach sand that fines upsection. Many of the sand sheets include capping layers of organic-
rich detritus, as well as assimilated mud rip-up clasts and soil litter. Marine diatoms and bromine (i.e., marine 
tracers) were used to confirm marine surge origins for the anomalous sand sheets. Radiocarbon dating of the sand 
sheets demonstrates correspondence with reported great Cascadia earthquake events at 0.3, ~1.1, ~1.3, ~1.7, and 
~2.5 Ka. One sand sheet mapped at all four localities is dated at 600–950 calibrated radiocarbon years before present. 
This interpreted paleotsunami event does not correspond to a central Cascadia rupture, so it is tentatively assigned to 
a far-field source. Minimum overland inundation distances of the near field (Cascadia tsunami) at the four study 
localities range from 0.3 to 1.3 km, with a mean inundation for all sand sheets of 0.5 km. 

 
Williams, H., and Hutchinson, I., 2000, Stratigraphic and microfossil evidence for late 

Holocene tsunamis at Swantown Marsh, Whidbey Island, Washington, Quaternary 
Research, v. 54, p. 218-227, doi:10.1006/qres.2000.2162. 

Abstract: Four muddy sand sheets occur within a tidal marsh peat at Swantown on the west coast of Whidbey Island, 
Washington. The two largest sand sheets pinch out about 100 m inland and became thinner and finer-grained 
landward. All four sand sheets contain marine microfossils and have internal stratification. They record repeated 
inundation of the marsh over a short time period by distinct pulses of sediment-laden ocean water, consistent with 
deposition by a tsunami wave train. The layers have been radiocarbon-dated to 1160–1350, 1400–1700, 1810–2060, 
and 1830–2120 cal yr B.P. The overlap in age between the two youngest layers and inferred great earthquake events 
at the Cascadia plate boundary, some 250 km to the west, suggests they were emplaced by tsunamis from this source 
area. The two older layers do not correlate with plate-boundary events. They may be products of tsunamis caused by 
earthquakes on local faults in the Strait of Juan de Fuca or by submarine landslides in this area. 

 
Williams, H.F.L., Hutchinson, I., and Nelson, A.R., 2005, Multiple sources for late-Holocene 

tsunamis at Discovery Bay, Washington State, USA, The Holocene, v. 15, no. 1, p. 60-73. 
Abstract: Nine muddy sand beds interrupt a 2500-yr-old sequence of peat deposits beneath a tidal marsh at the head of 

Discovery Bay on the south shore of the Strait of Juan de Fuca, Washington. An inferred tsunami origin for the sand 
beds is assessed by means of six criteria. Although all the sand beds contain marine diatoms and almost all the beds 
display internal stratification, the areal extent of the oldest beds is too limited to confirm their origin as tsunami 
deposits. The ages of four beds overlap with known late-Holocene tsunamis generated by plate-boundary 
earthquakes at the Cascadia subduction zone. Diatom assemblages in peat deposits bracketing these four beds do not 
indicate concurrent change in elevation at Discovery Bay. Diatoms in the peat bracketing a tsunami bed deposited 
about 1000 cal. yr BP indicate a few decimeters of submergence, suggesting deformation on a nearby upper-plate 
fault. Other beds may mark tsunamis caused by more distant upper-plate earthquakes or local submarine landslides 
triggered by earthquake shaking. Tsunamis from both subduction zone and upper-plate sources pose a significant 
hazard to shoreline areas in this region. 

 
Witter, R.C., Kelsey, H.M., and Hemphill-Haley, E., 2003, Great Cascadia earthquakes and 

tsunamis of the past 6,700 years, Coquille River estuary, southern coastal Oregon, 
Geological Society of America Bulletin, v. 115, no. 10, p. 1289-1306. 

Abstract: Cascadia subduction zone earthquakes dropped tidal marshes and low-lying forests to tidal flat elevations 12 
times in the last 6700 cal yr B.P. at the Coquille River estuary in southwestern Oregon. The youngest buried soil, 
preserved in tidal marsh deposits near the estuary mouth, records the A.D. 1700 earthquake that ruptured the entire 
Cascadia margin. Eleven other buried marsh and upland soils found in tributary valleys of the estuary provide 
repeated evidence for rapid, lasting relative sea-level rise interpreted as coseismic subsidence. Additional 
stratigraphic criteria supporting a coseismic origin for soil burial include: lateral soil correlation over hundreds of 
meters, fossil diatom assemblages that indicate a maximum of 1.2–3.0 m of submergence, and sand deposits 
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overlying buried soils consistent with earthquake-induced tsunamis that traveled 10 km up the estuary. Twelve 
earthquakes occurred in the last 6500–6720 cal yr B.P., recurring on average every 570–590 yr. Intervals between 
earthquakes varied from a few hundred years to over 1000. Comparisons of the Coquille record to earthquake 
histories from adjacent sites in Oregon, southwestern Washington, and northwestern California suggest that at least 
two earthquakes in the last 4000 yr did not rupture the entire length of the subduction zone. An earthquake 760–
1140 cal yr B.P. in southwestern Washington may have ruptured as far south as Coos Bay but probably stopped 
before it reached the Coquille estuary because no buried soil records the event, and tidal marsh conditions were set 
to record an earthquake. An earthquake limited to a southern segment of the Cascadia margin 1940–2130 cal yr B.P. 
probably did not rupture north of the Coquille estuary. An analysis of relative sea-level histories from either side of 
the Coquille fault failed to find conclusive evidence for late Holocene vertical deformation. However, we cannot 
preclude recent upper-plate faulting. If the fault is active, as geomorphic features suggest, then constraints on the 
highest possible elevation of mean tide level allow a maximum vertical slip rate of 0.2–0.4 mm/yr in the past 6200–
6310 cal yr B.P. 

 
Reports, Government Publications, and Theses 
 
Atwater, B.F., and Hemphill-Haley, E., 1997, Recurrence intervals for great earthquakes of the 

past 3,500 years at northeastern Willapa Bay, Washington, U.S. Geological Survey 
Professional Paper 1576, 108 p. 

Abstract: Plate-boundary earthquakes have occurred repeatedly in the past several thousand years at the Cascadia 
subduction zone, where they are widely recorded by buried marsh and forest soils beneath estuarine wetlands. This 
report adds to previous accounts of such soils along the Pacific coast of southern Washington State. Our new 
evidence comes from outcrop surveys, diatom analyses, and radiocarbon dating of soils exposed about 10 km apart 
in banks of the Niawiakum and Willapa Rivers, tidal arms of Willapa Bay. This new evidence clarifies the timing of 
great (magnitude 8 or larger) earthquakes during the past 3,500 years at this part of the Cascadia subduction zone. 
All the surveyed outcrops display buried soils that probably record tectonic subsidence during earthquakes. 
Although in many cases we cannot rule out every alternative to such coseismic subsidence, we found no buried soil 
that is better explained by stream migration, storm, river flood, sea-level rise, barrier breaching, or sediment 
compaction. Each of the soils probably represents a marsh or forest that suddenly became a tidal flat and 
consequently was buried by tidal mud. In nearly every case the soils have too much lateral continuity and too little 
relief to record cutting and filling by tidal streams. Vascular-plant fossils preserved within and above many of the 
soils show that storms or floods, if unaccompanied by lasting submergence, cannot account for burial of the soils. 
Where their remains are preserved, plants that had lived on the soils belong to species indicative of high parts of 
tidal marshes, or of tidal swamps or uplands. By contrast, the main vascular-plant species preserved in mud above 
the soils is Triglochin maritimum, a colonist of saltwater mudflats in southern coastal Washington. Assemblages of 
diatoms verify vascular-plant evidence for lasting submergence and show that such submergence is recorded also by 
buried soils with which vascular-plant fossils are not preserved. In an outcrop along the Niawiakum River, for 
example, diatoms show that each of six successive soils represents a high marsh or an upland, and that mud above 
each of these soils represents an intertidal or subtidal mudflat. Fossils further show that the change from high marsh 
or upland to mudflat probably happened too fast to have resulted from a gradual rise in sea level. For every soil 
studied for fossil diatoms, diatom assemblages imply that this change happened suddenly, without transition through 
low marsh. Gradual sea-level rise is further precluded for some soils by remains of vascular plants that had lived on 
buried soils. These remains include stems and leaves that were surrounded by mudflat deposits before they had time 
to decompose. Other alternatives to coseismic subsidence can be discounted as well. Submergence from breaching 
of a bay-mouth barrier is ruled out by soils of brackish marshes that require tidal connection with the sea. Localized 
settlement from earthquake-induced compaction of unconsolidated Holocene deposits does not explain the presence 
of buried soils directly above well-consolidated Pleistocene deposits. Evidence against alternative explanations at 
one outcrop can be extrapolated to other outcrops by radiocarbon and stratigraphic correlation of buried soils. Plate-
boundary earthquakes probably account for all the subsidence events. The plate boundary is the only recognized 
fault common to all areas having evidence for coseismic subsidence in southern coastal Washington. Although some 
of these areas coincide with mapped late Cenozoic synclines, where coseismic subsidence might accompany 
earthquakes on faults in the North America plate, others are outside such synclines. The coseismically subsided 
areas include part of welt of Eocene basement rock 40 km long and 15 km wide, herein termed the South Bend 
antiform. This structural high, the largest in southern coastal Washington, has probably grown in late Cenozoic time. 
The South Bend antiform should subside during plate-boundary earthquakes that flex the North America plate 
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throughout southern coastal Washington. By contrast, the antiform might grow upward during an upper-plate 
earthquake that produces subsidence only in late Cenozoic synclines that flank the antiform. With these expectations 
in mind, we compared outcrops off the South Bend antiform (Niawiakum River) with outcrops on the antiform 
(Willapa River). We found no difference in sense or timing of earthquake-induced changes in land level. Like the 
surveyed outcrops along the Niawiakum River, the surveyed outcrops along the Willapa River contain buried soils 
indicative of earthquake-induced subsidence. The longest stratigraphic sequences exposed along both streams 
contain six or seven soils less than 3,500 years old, and these sequences correlate with one another on the basis of 
soil horizons, spruce roots, and radiocarbon ages. Though every buried soil identified in the surveyed outcrops 
probably records a plate-boundary earthquake, not every plate-boundary earthquake is widely recorded by a buried 
soil. One buried soil was obliterated at many sites through centuries of decomposition, probably because shallow 
burial left the soil high in the weathering profile of a succeeding soil. Such decomposition also destroyed most of the 
organic matter associated with two other soils. In addition, a widespread soil might not be available for burial if an 
earthquake occurs too soon after its predecessor for much rebuilding of tidal marshes. Despite these limitations, the 
composite record from buried soils in large outcrops of northeastern Willapa Bay probably includes every 
earthquake in the area during the past 3,500 years that caused at least 1/2 m of widespread coseismic subsidence and 
followed the preceding great earthquake by more than a century. Willapa Bay's earthquake history in the past 3,500 
years probably includes seven events, each comprising a single rupture or multiple contiguous ruptures on the 
Washington part of the Cascadia plate boundary. Each event probably included at least one great earthquake, as 
judged from likely rupture widths inferred from modem geophysical evidence, likely rupture lengths inferred from 
coastwise correlation of buried soils, extensive sea-floor displacement inferred from a tsunami in Japan, and 
seismic-moment release deduced from plate motions and average recurrence intervals. The history begins with three 
events between 3,300-3,500 years ago and 2,400-2,800 years ago (ranges include estimated 95-percent confidence 
interval). The next recorded events occurred 1,500-1,700 and 1,130-1,350 years ago. They were followed by a 
poorly dated event that probably occurred before 900 years ago and may have been associated with rupture on 
inland faults in the North America plate 1,000-1,100 years ago. The most recent of the events happened close to 300 
years ago, probably in January 1700. The six intervals between events in this inferred history average 500-540 years 
but range from about one to three centuries to about a millennium. The earliest two intervals sum to 540-1,100 years. 
The first of them may have been the longer, as judged from spruce roots that may indicate prolonged interseismic 
emergence. Next came an interval of 700-1,300 years, when spruce forests spread onto emerging tidal marshes and 
decomposition largely destroyed an underlying buried soil. This exceptionally long interval was followed by two 
short ones that together spanned no more than 800 years. The most recent complete interval, marked by another 
spreading of spruce forests and decomposition of earlier buried soils, lasted 600-1,000 years. This pattern of long 
and short recurrence intervals at Willapa Bay may match the pattern of intervals between turbidity currents in 
Cascadia Channel, on the abyssal sea floor 200 km off the central Oregon coast. Previous work showed that these 
currents largely originated at submarine canyon heads about 50 km west of Willapa Bay, and that great earthquakes 
may have generated 13 currents in the past 7,500 years. Although pelagic layers between the turbidites have been 
interpreted as evidence for recurrence intervals of fairly uniform duration, burrows in the turbidites suggest 
variability in recurrence intervals and allow one-for-one correlation with recurrence intervals inferred from buried 
soils at Willapa Bay. 

 
Atwater, B.F., Musumi-Rokkaku, S., Satake, K., Tsuji, Y., Ueda, K., and Yamaguchi, D.K., 

2005, The orphan tsunami of 1700 – Japanese clues to a parent earthquake in North 
America, U.S. Geological Survey Professional Paper 1707, 144 p. 

Contents: This book tells the scientific detective story of a giant earthquake and its trans-Pacific tsunami. Part 1 
illustrates geologic signs of enormous earthquakes and tsunamis at Cascadia, along the Pacific coast of North 
America from British Columbia to California. Part 2 presents old Japanese writings about a tsunami of mysterious 
origin that caused flooding and damage in January 1700 from Kuwagasaki in the north to Tanabe in the south. Part 3 
links this orphan tsunami to a Cascadia earthquake and to seismic hazards in the western United States and Canada.  

 
Benson, B.E., 1996, The stratigraphy and neotectonic significance of tsunami deposits beneath 

tidal marshes on Vancouver Island, British Columbia, M.Sc. thesis, University of British 
Columbia, Vancouver, B.C., 112 p. 

Abstract: Two tsunami deposits in intertidal marshes on Vancouver Island, British Columbia, were studied to 
understand their stratigraphy, sedimentology and neotectonic significance. Tsunami sand sheets on Vancouver 
Island thin and fine landward, drape the marsh surface, contain marine microfossils, may be internally graded or 
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stratified, and are similar in age and stratigraphic position to deposits of known earthquakes. These characteristics 
provide criteria for recognizing tsunami deposits in other areas. Historical accounts and 137Cs analysis indicate that 
the upper tsunami deposit is the product of the great Alaska earthquake in 1964. Radiocarbon ages of organic 
material associated with the lower deposit show that it was deposited after AD 1660. This deposit is attributed the 
most recent earthquake on the Cascadia subduction zone 300 yr ago. This study extends the known effects of 
Cascadia seismicity north of the Nootka fault zone, the northern boundary of the subducting Juan de Fuca plate. 
Two methods were used to decipher the neotectonic history at the northern end of the Cascadia subduction zone: (1) 
comparison of the two tsunami deposits; (2) a lithofacies method, permitting comparison of land level change 
experienced by the older sand sheet on opposite sides of the Nootka fault zone since the earthquake about 300 yr ago. 
North of the Nootka fault zone, the older tsunami deposit becomes thinner and less continuous, whereas the 1964 
tsunami deposit shows little change at the different sites. This contrast suggests that the 300-yr-old tsunami 
approached the study area from the south, and that the earthquake source that triggered it may have been south of the 
study area. A lithofacies method was developed to estimate coseismic and interseismic land level changes since that 
earthquake. This method involves comparison of the current elevation of the pre-earthquake surface with the 
elevation range of the lithofacies in which it was deposited. Between 0.2 and 1.6 m of coseismic subsidence and 1.1 
m of post-seismic emergence occurred at a site south of the Nootka fault zone. Such coseismic subsidence and 
interseismic emergence is indicative of coseismic and interseismic deformation on a locked subduction zone. At two 
sites north of the Nootka fault zone there is no obvious stratigraphic evidence for coseismic land level change. Post-
seismic submergence of 0.1 to 1.7 m is attributed mainly to eustatic sea level rise. The lack of coseismic subsidence 
and interseismic emergence at the northern sites suggests that subduction and earthquake rupture on the Cascadia 
subduction zone may not extend north of the Nootka fault zone. 

 
Clague, J.J., 1995, Early historical and ethnographical accounts of large earthquakes and 

tsunamis on western Vancouver Island, British Columbia, In: Current Research 1995-A, 
Geological Survey of Canada, p. 47-50. 

Abstract: Abundant geological evidence has been found for one or more large earthquakes on the Cascadia subduction 
zone about 300 years ago. The earthquakes produced severe shaking, crustal subsidence, and large tsunamis along 
the Pacific coast from Vancouver Island to northern California and must have profoundly affected the people living 
in these areas. Northwest Coast Indian oral traditions record, albeit in an exaggerated way, tsunamis triggered by 
these rare, plate-boundary events. The oldest known historical earthquake in British Columbia, in February 1793, 
was recorded by Spanish explorers wintering at Nootka Sound on Vancouver Island and may have occurred at 
shallow depth in the crust or deeper, within the subducting Juan de Fuca plate. 

 
Clague, J.J., 1996, Paleoseismology and seismic hazards, southwestern British Columbia, 

Geological Survey of Canada, Bulletin 494, 88 p. 
Abstract: There have been nine magnitude 6-7 earthquakes in southwestern British Columbia and northwestern 

Washington State since the late 1800s, and geological evidence indicates that even larger earthquakes, with no 
precedent in the historical period, have occurred in the recent past. Holocene coastal stratigraphy on western 
Vancouver Island, Washington, and Oregon records episodic sudden submergence during late Holocene time. The 
submergence is inferred to be the result of subsidence during great (M8-9) earthquakes on the nearby Cascadia 
subduction zone. These earthquakes have occurred, on average, once every several hundred years during the late 
Holocene, most recently about 300 years ago. They were accompanied by large tsunamis that deposited distinctive 
sheets of sand and gravel in low-lying coastal areas. Abrupt changes in vegetation and sedimentation in coastal 
wetlands near Vancouver and Victoria about 3600 and 1900 years ago record large earthquakes centred on the 
Cascadia subduction zone or within the North America or Juan de Fuca plate. Ground shaking during the 1900-year-
old earthquake and possibly during younger seismic events generated sand and silt dykes and “blows” on the Fraser 
River delta and along Serpentine River south of Vancouver. Seismic hazards include ground motion, ground rupture, 
coseismic subsidence and flooding, tsunamis and seiches, liquefaction, and landsliding. Seismic shaking may 
directly damage buildings and other structures, and induce destructive secondary phenomena such as liquefaction, 
landsliding, and fire. Large tsunamis can be triggered by earthquakes on the Cascadia subduction zone or by distant 
plate-boundary earthquakes elsewhere in the North Pacific Ocean, and are most likely to damage coastal 
communities on western Vancouver Island. Although an M8-9 subduction earthquake would affect a much larger 
area than an M6-7 crustal or subcrustal event, its probability of occurrence is about 50 times less. Furthermore, 
recent earthquakes at Los Angeles (1994, M6.7, U.S. $26 billion damage) and near San Francisco (1989, M7.2, U.S. 
$10 billion) show how destructive earthquakes of the same size as those that occur regularly in the Pacific 
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Northwest can be. In view of this, a greater effort should be made to better understand the causes of moderate and 
large earthquakes within the North America and Juan de Fuca plates. 

 
Clague, J.J., Bobrowsky, P.T., Hutchinson, I., and Mathewes, R.W., 1998, Geological evidence 

for past large earthquakes in southwest British Columbia, In: Current Research 1998-A, 
Geological Survey of Canada, p. 217-224. 

Abstract: Large earthquakes have left evidence of land-level change, tsunamis, and strong shaking in coastal sediments 
in southwest British Columbia. Sudden lowering of the land during earthquakes accounts for buried tidal marsh and 
forest soils on Vancouver Island and near Vancouver. Some sand layers in peaty and muddy marsh sediments on 
western Vancouver Island were deposited by tsunamis triggered by Pacific earthquakes. Liquefaction features, 
including dykes and blows of mainly sandy sediments, provide direct evidence for ground shaking, but have been 
documented thus far only on the Fraser River delta south of Vancouver. Much of the evidence for subsidence, 
tsunamis, and shaking is attributed to great earthquakes at the boundary between the North America and Juan de 
Fuca plates, but some of the evidence probably results from one or more earthquakes within the crust of North 
America. In addition, some tsunami deposits on Vancouver Island are products of great earthquakes in Alaska. 

 
Geist, E.L., 2005, Local tsunami hazards in the Pacific Northwest from Cascadia subduction 

zone earthquakes, U.S. Geological Survey Professional Paper 1661-B, 17 p. 
Abstract: Since the mid-1980s, there has been accumulating geologic evidence of large local tsunamis generated by 

earthquakes along the Cascadia subduction zone off the Pacific Northwest. Information from recent geophysical and 
geological investigations constrains the potential rupture-zone geometry and average repeat time of interplate thrust 
earthquakes. Based on this information, tsunami hazard maps have been prepared for coastal communities in the 
Pacific Northwest using sophisticated numerical models to simulate tsunami propagation and inundation. In this 
study, sources of uncertainty in tsunami hazard calculations are described and a probabilistic hazard analysis for 
tsunamis, similar to probabilistic seismic hazard analysis (PSHA), is outlined. Though probabilistic tsunami hazard 
analysis (PTHA) shares many similarities with PSHA, there are specific issues unique to tsunami hazards that need 
to be accounted for in the probability calculations. For example, the possibility of rupture along splay faults from the 
Cascadia interplate thrust have a large effect on tsunami generation, but a relatively small impact on peak ground 
accelerations onshore. The largest sources of uncertainty include the average slip and downdip extent of rupture. 
Also, it is demonstrated that significant variations in nearshore tsunami amplitude are caused by uncertainty in slip 
distribution patterns. Correct identification of uncertainties related to tsunami generation and propagation is critical 
in performing the probability calculations. PTHA has the potential to provide an improved technique for evaluating 
local tsunami hazards in the Pacific Northwest and elsewhere. 

 
Peters, R., Jaffe, B., Gelfenbaum, G., and Peterson, C., 2003, Cascadia tsunami deposit 

database, U.S. Geological Survey Open-File Report 03-13, 24 p. 
Abstract: The Cascadia Tsunami Deposit Database contains data on the location and sedimentological properties of 

tsunami deposits found along the Cascadia margin. Data have been compiled from 52 studies, documenting 59 sites 
from northern California to Vancouver Island, British Columbia that contain known or potential tsunami deposits. 
Bibliographical references are provided for all sites included in the database. Cascadia tsunami deposits are usually 
seen as anomalous sand layers in coastal marsh or lake sediments. The studies cited in the database use numerous 
criteria based on sedimentary characteristics to distinguish tsunami deposits from sand layers deposited by other 
processes, such as river flooding and storm surges. Several studies cited in the database contain evidence for more 
than one tsunami at a site. Data categories include age, thickness, layering, grainsize, and other sedimentological 
characteristics of Cascadia tsunami deposits. The database documents the variability observed in tsunami deposits 
found along the Cascadia margin. 

 
Schlichting, R.B., 2000, Establishing the inundation distance and overtopping height of 

paleotsunami from the late-Holocene geologic record at open-coastal wetland sites, central 
Cascadia margin, M.Sc. thesis, Portland State University, Portland, Oregon, 166 p. 

Abstract: Mapping and stratigraphic investigations of back barrier, open-coastal plain sites have been used to establish 
minimum inundation distances and wave heights of tsunami produced by great subduction zone earthquakes in the 
central Cascadia margin. Cascadia tsunami deposits have been reported for many coseismic subsidence events in 
bay marsh settings where tidal-channel features focus tsunami energy. Variable magnitude (8.5±0.5 Mw), frequency 
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(500±300 yr recurrence), and rupture geometry produce widely varying computer model outcomes for Cascadia 
tsunami inundation. The results presented in this thesis provide specific quantitative data regarding tsunami 
inundation at the open coast. Anomalous sand sheets that have been characterized consist of well-sorted beach sand 
that fine up-section. The thickness of the deposits vary from 45 cm to 0.2 cm, and thin in the landward direction. 
Many of the sand layers include detrital caps. One to three detritus and mud lamina are intra-layered in the deposits. 
Marine diatoms and bromine, a marine tracer, increase in concentration at each of the sand layers. C14 dating of 
select layers suggests correlation to great Cascadia, earthquake-induced, coseismic subsidence events. The sand 
layers are inferred to be tsunami deposited, synchronous with coseismic subsidence events. Core traverses record 
four, and in some cases up to seven Cascadia tsunami events. One sand layer found at many sites is dated at 600-950 
cal YBP, an age that lacks a recognized coseismic horizon in the northern Cascadia margin. Soil chronosequencing 
and dated subsurface erosional scarps have been used to constrain paleo-dune elevation and shoreline position. 
Minimum paleo-dune height ranges from 5 to 8 m. Minimum overland inundation distance at the various sites 
ranges from 0.3 to 1.3 km ± .2 km. The tsunami origins of landward-most sand laminae are tested by marine diatom 
and bromine anomalies. These tracers are being used to extend paleotsunami flooding records to include low-
velocity inundation distances. 

 
Conference Proceedings and Abstracts 
 
Boxwell, J.E., Hutchinson, I., Clague, J.J., Bobrowsky, P.T., and Lopez, G., 2000, Diatom 

biostratigraphy as a tool to detect tsunamis in Kakawis Lake, Vancouver Island, Canada, 
Geological Society of America Abstracts with Programs, v. 32, no. 6, p. 5. 

Abstract: Tsunamis represent a significant hazard to coastal communities on the west coast of North America. In order 
to assess the tsunami hazard, researchers working in tidal marshes and low-elevation lakes along the Cascadia 
coastline are studying the structures, distribution and biostratigraphy of historic and prehistoric tsunami deposits. 
Kakawis Lake, a low-elevation lake (5 m asl) on Meares Island offers one of the most complete tsunami records on 
the west coast of British Columbia. Tsunamis probably entered the lake via a small outlet stream about 300 m long 
that flows into a sheltered bay in Lemmens Inlet. Percussion cores recovered from Kakawis Lake contain units of 
coarse sediments consisting of sand, gravel, shell fragments and plant detritus inferred to be tsunami deposits 
interbedded with lake gyttja, peat and mud. One core was selected for detailed diatom analysis because it penetrated 
a basal glaciomarine clay and is therefore expected to provide a complete Holocene record. Diatom analysis is being 
conducted to confirm that the sand and gravel units are tsunami deposits and to assess the utility of diatoms as 
indicators of relative land-level change associated with the accumulation and periodic release of strain at the 
Cascadia subduction zone. The sand and gravel layers contain a mixture of fresh, brackish and marine diatom 
species consistent with tsunami deposition. Initial results indicate the site was a marine environment at the end of the 
Pleistocene, a lake during the early Holocene and later a lagoon due to marine transgression. During the past few 
thousand years, Kakawis Lake freshened as the land rose relative to the sea. 

 
Clague, J.J., and Bobrowsky, P.T., 1993, Implications of a large thrust earthquake in British 

Columbia, CANQUA 93, Applied Quaternary Research, Program with Abstracts and Field 
Guide, p. A9. 

Abstract: There is now incontrovertible geological and geophysical evidence that great (M8-9+) earthquakes occur 
along the interface between the America and Juan de Fuca plates (Cascadia subduction zone). These occur, on 
average, once every several hundred years; the most recent event or series of closely spaced events, about 300 years 
ago, affected coastal regions from northern Oregon to central Vancouver Island. The next great Cascadia earthquake 
will affect an area larger than 100,000 km2 up to 200-300 km from the epicentre. Economic losses due to property 
damage alone are likely to exceed $100 billion, making this potentially the most expensive natural disaster in North 
America. Most of the damage will result from six phenomena that are the direct or indirect result of the earthquake: 
ground rolling and shaking, coastal subsidence, tsunami, liquefaction, landsliding, and fire. It is expected that 
shaking will persist from 1 to 3 minutes and that ground accelerations will be high over a very large area. It is 
possible that two or more large earthquakes will occur in succession, and it is likely that severe aftershocks will 
continue long after the main event(s). The quake will cause significant damage to tall buildings and bridges. The 
outer coasts of Vancouver Island, Washington, and Oregon will subside to up to about 2 m, inundating low-lying 
areas. Tsunamis generated by the quake and by submarine landslides will cause widespread damage to many coastal 
communities. At Port Alberni, for example, the incoming waves may reach to 16 m above sea level. However, the 
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sheltered major cities in the Strait of Georgia – Puget Sound area (e.g., Vancouver, Seattle) probably would 
experience water levels only 1-2 m above normal. Water-saturated, sandy and silty, alluvial, littoral and deltaic 
sediments will liquefy, causing differential surface subsidence as well as submarine landsliding. Landslides 
triggered by the earthquake would disable most “life-lines” including transportation corridors, communication lines, 
and oil and gas pipelines which link the major cities of this region to the rest of North America. 

 
Clague, J.J., Atwater, B.F., Wang, K., Wang, Y., and Wong, I. (compilers), 2000, Proceedings 

of the Geological Society of America Penrose Conference: Great Cascadia Earthquake 
Tricentennial, Geological Survey of Canada, Open File 3938 (also published as Oregon 
Department of Geology and Mineral Resources, Special Paper 33), 156 p. 

Consensus Statement: Damage, injuries, and loss of life from the next great earthquake at the Cascadia subduction zone 
will be great and widespread, and will impact the national economies of Canada and the United States for years or 
decades. Increased research, information exchange, public education, mitigation, and planning are needed to reduce 
risk. Damage from historical earthquakes and results of predictive damage and loss studies suggest that disastrous 
future losses will occur in the Pacific Northwest from a great Cascadia earthquake. Mitigation efforts in other 
seismically active regions and cost-benefit studies indicate that mitigation can effectively reduce these losses and 
help with recovery. Accurate data acquired through geological and geophysical research, followed by information 
and technology transfer to key decision makers, will reduce risk to citizens of the coastal Pacific Northwest. The 
Cascadia subduction zone produces great earthquakes, the most recent of which occurred in 1700 and was of 
moment magnitude (Mw) 9. Geologic evidence from a large number of coastal and offshore sites from northern 
California to southern Vancouver Island and historical records from Japan show that most or all of the 1100 km 
length of the subduction zone ruptured about 300 years ago. Japanese accounts of a correlative tsunami suggest that 
this rupture occurred in a single earthquake, possibly of Mw 9, on January 26, 1700. The sizes of earlier Cascadia 
earthquakes are unknown. It is possible that some of them ruptured adjacent segments of the subduction zone over 
periods ranging from hours to years, as has happened historically in Japan and Colombia. Great Cascadia 
earthquakes generate tsunamis, the most recent of which was probably at least 10 m high on the Pacific coast of 
Washington, Oregon, and northern California, and up to 5 m high in Japan. These tsunamis threaten coastal 
communities all around the Pacific Ocean but would have their greatest impact on the U.S. west coast, which would 
be struck 15-40 minutes after the earthquake. Deposits of past great Cascadia tsunamis have been identified at 
numerous coastal sites in California, Oregon, Washington, and British Columbia. The distribution of the deposits 
and computer-based simulations of tsunamis indicate that many coastal communities in the region are partially to 
largely within the inundation zone of past Cascadia tsunamis. These communities are threatened by future tsunamis 
from great Cascadia earthquakes. Tsunami arrival times depend largely on the location of the rupture zone, 
specifically its distance from the coast. Strong ground shaking from a Mw 9 plate-boundary earthquake will last three 
minutes or more and will be dominated by long-period ground motions. Damaging ground shaking will probably 
occur as far inland as Vancouver, Portland, and Seattle. The large cities of Cascadia are 100-150 km from the 
nearest point on the inferred plate-boundary rupture zone. Although ground shaking at these locations will be less 
than that of a nearby large (Mw ≥ 7) crustal earthquake, the shaking will last much longer and the long-period waves 
could damage many tall or long engineered structures. Shaking will be strongest along the Pacific coast, resulting in 
significant damage to coastal communities. The mean recurrence interval for great plate-boundary earthquakes in 
Cascadia is 500-600 years, but some of the past earthquakes had intervals less than the time that has elapsed since 
the 1700 earthquake. Intervals between successive great earthquakes range from a few centuries to about one 
thousand years. The number of well measured recurrence intervals is small - rarely more than five. The data show 
that great earthquakes have occurred at irregular intervals, but they do not show whether the earthquakes cluster or 
are randomly distributed in time. Because the recurrence pattern is poorly known, probabilities that the next 
earthquake will occur within particular intervals have broad ranges. The Cascadia plate boundary is currently locked, 
and the locked zone is offshore and widest off northwest Washington. The maximum area of seismogenic rupture is 
1100 km long and 50-150km wide. The location and size of the seismogenic portion of the plate boundary are 
critical for determining earthquake magnitude, tsunami size, and the strength of ground shaking. The landward limit 
of the “locked” portion of the plate boundary, where no slip occurs between the Juan de Fuca and North America 
plates during periods between earthquakes, has been delineated from geodetic measurements of the deformation of 
the land surface. However, few or no data constrain the seaward limit of the locked zone. In addition, the transition 
zone, which separates the locked zone from the zone of continuous sliding to the east, is also poorly constrained. 
Earthquake rupture may extend an unknown distance from the locked zone into the transition zone. Movement on 
some crustal faults near the coast may accompany plate-boundary earthquakes and increase the size of the tsunami 
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and the intensity of local ground shaking. Detailed mapping along the coast of Cascadia on the adjacent continental 
shelf have revealed the presence of numerous folds and faults that were active during Quaternary time and perhaps 
remain active today. The question of whether some crustal faults slip during plate-boundary earthquakes, and thus 
are independent seismic sources; was debated at the conference. Movement on crustal faults does not explain the 
coastal coseismic subsidence evidence in some areas, which can only be interpreted as resulting from plate-
boundary rupture. The evidence, however, does not disprove that some faults ruptured before, during, or 
immediately after great earthquakes. This issue is important for seismic risk assessment because moderate or large 
earthquakes might occur on crustal faults close to urban areas, and displacements of the seafloor along such faults 
could trigger tsunamis with very large waves. 

 
Fiedorowicz, B.K., 2000, Farfield and nearfield tsunami deposits in Seaside, Oregon, USA, In: 

Clague, J., Atwater, B., Wang, K., Wang, M.M., and Wong, I. (eds.), Proceedings of the 
Geological Society of America Penrose Conference “Great Cascadia earthquake 
tricentennial”, p. 31. 

Abstract: Due to its location and low elevation, the city of Seaside, Oregon, has the potential to be substantially 
impacted by a nearfield tsunami resulting from a megathrust earthquake on the Cascadia subduction zone. However, 
a nearfield tsunami has not occurred in historic times which would provide an indication of the shoreline inundation 
associated with such an event. Significant damage to the City was caused by a farfield tsunami resulting from the 
1964 Alaskan earthquake. Reported observations and deposits from that event provide a valuable record of the 
effects of a farfield tsunami. The 1964 event may also serve as a model for interpreting nearfield tsunami deposits in 
the area, the most recent of which is believed to have occurred in 1700 AD. A reconnaissance subsurface 
exploration was conducted in the coastal wetlands of Seaside to identify the deposits of these farfield and nearfield 
tsunami. The information gathered was used to map the inundation of the 1964 and 1700 AD events. The results 
may prove useful for evaluating potential mechanisms of inundation and maximum runup associated with future 
nearfield tsunami. 

 
López, G.I., and Bobrowsky, P.T., 2001, A 14,000 year-old record from a coastal freshwater 

lake: sedimentological evidence for tsunamigenic events on the west coast of Vancouver 
Island, British Columbia, Canada, Proceedings of the 2001 International Tsunami 
Symposium, p. 491-500. 

Abstract: During the Holocene, numerous great earthquakes have occurred along the west coast of North America. 
Enormous seismic waves, triggered by these colossal forces of nature, have episodically inundated vulnerable 
regions of the Cascadia coastal lands to elevations of up to 20 m above mean sea level. The destructive paths of 
tsunamis leave behind important geological evidence like anomalous sheets of gravel and sand containing marine 
fossils and terrestrial detritus marking a distinct disturbance in the depositional environment. Such tsunamigenic 
deposits can be found in low-elevation lakes; depositional environments which allow one to determine the 
distribution and inland range of the tsunami wave run-up but also ideal environments because they tend to preserve a 
longer and older sedimentological record. Multiple inferred tsunami deposits were recorded in Kakawis Lake, on the 
west central coast of Vancouver Island, and have provided a 14,000-year-old record of information. The 
tsunamigenic sediments predate AD 1700 and are similar to those found in other lakes on the Island. As for a 
regional correlation, these tsunami deposits are likely related to at lest two and possibly three of the events reported 
in the Atwater and Hemphill-Haley chronology, with recurrence intervals of about 400 years. 

 
Ludwin, R.S., and Colorado, A., 2006, Tsunami whirlpools – observed in 2004 and 

remembered in First Nations art and myth, In: Abstract program, USGS Tsunami Sources 
Workshop 2006: empiricism and beyond empiricism. 

Abstract: During the 2004 Indian Ocean tsunami whirlpools were photographed by SPOT satellites and reported by 
observers in at least a half-dozen locales. Whirlpools have been reported in a number of other tsunamis, and are a 
memorable feature of the human experience of a tsunami. On the west coast of Canada, Haida mythology from the 
Queen Charlotte Islands mentions a whirling wave of foam in several stories that appear to describe tsunamis. A 
petroglyph from southeast Alaska shows a spiral suggestive of a tsunami whirlpool inside the body of a sea-monster 
who, stories say, inundates canoes, makes the salt-water boil, swallows fishermen, pushes fish into a cave, and 
creates a canoe passage by flopping across a spit. Hundreds of kilometers to the south, Salish carvings from the 
inland side of southern Vancouver Island show whirlpool-like symbols in conjunction with Thunderbird and Whale; 
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supernatural characters used to explain the origins of earthquakes and tsunamis by tribes on the outer coast of 
Vancouver Island. 

 
Peters, R., Jaffe, B., Peterson, C., Gelfenbaum, G., and Kelsey, H., 2001, An overview of 

tsunami deposits along the Cascadia margin, Proceedings of the 2001 International 
Tsunami Symposium, p. 479-490. 

Abstract: Records of paleotsunami deposits have been compiled from more than 50 sites along the Pacific Northwest 
coast from northern California, U.S.A. to Vancouver Island, British Columbia, Canada. Many of these deposits 
record multiple tsunamis. They are best preserved in the stratigraphy of tidal or back-barrier marshes and coastal 
lakes. The deposits range from less than 1 cm to more than 70 cm thick. They are composed of fine to very coarse 
sand and some contain multiple normally graded layers representing successive waves. Many of the deposits have 
been associated with coseismic subsidence, suggesting that they were produced by great earthquakes along the 
Cascadia subduction zone. Typical inundation distances, as measured from the shoreline, are 0.5-2 km but may be 
greater along rivers and estuaries. Coastal barriers up to 8 m high have been overtopped. More work is needed to 
establish inundation distances and run-up elevations, verify numerical models, compare local site impacts, and 
determine recurrence intervals. 

 
Peterson, C.D., Chadha, R.K., Cruikshank, K.M, Francis, M., Latha, G., Katada, T., Singh, 

J.P., and Yeh, H., 2006, Preliminary comparison of December 26, 2004 tsunami records 
from SE India and SW Thailand to paleotsunami records of overtopping height and 
inundation distance from the central Cascadia margin, USA, Proceedings of the 8th U.S. 
National Conference on Earthquake Engineering, San Francisco, California, 
Paper8NCEE-001859, 9 p. 

Abstract: Measurements of recent tsunami runup and inundation from India and Thailand are compared to 
corresponding proxy records of paleotsunami sand deposition in the central Cascadia margin, Oregon. Runup and 
inundation measurements of the December 26, 2004 tsunami are reported from 10 localities each in SE India and 
SW Thailand. Representative flooding elevations and inundation distances are as follows for SE India; Chenai (2-
3m MSL; 150 m distance), Devanaampatnam, (2-4 m MSL; 150-340 m distance) and Nagapattinam (4-5 m MSL; 
800 m distance), and for SW Thailand; Kao Khaw Beach (7.2 m MSL; >500 m distance), Khaw Lak Princess (8.2 m 
MSL; >2000 m distance), and Nangtong (10 m MSL; >2000 m distance). Tsunami sand transport occurred in mean 
flow depths of 0.4-1.3 m where flooding overtopped foredunes and beach plains in the SE Indian sites. By 
comparison, overtopping flows in proximal settings (100-200 m from the beach) in SW Thailand ranged from 2 to 5 
m in depth. The maximum transport distances of tsunami sand, i.e., sand sheet extent, were quite variable within and 
between tsunami inundation localities in the SE Indian Ocean. Contiguous sand sheets were not present at some of 
the SW Thailand tsunami localities. SE India and SW Thailand experienced minor shaking but no significant 
damage prior to tsunami inundation. Prehistoric tsunami runup in the central Cascadia margin has been estimated 
from tsunami sand deposits that were produced by four paleotsunami between 0.3 and 1.3 ka. The sand deposits are 
thought to represent minimum overtopping and inundation distances. The overtopping records come from wetlands 
developed on previously uplifted coastal terraces (6-8 m MSL), and in coastal plains fronted by abandoned, i.e., 
stabilized, dune ridges (4-8 m MSL). For this study we focus on five Cascadia localities including Cannon Beach, 
Rockaway, Neskowin, Salishan, and Ona in the northern Oregon coast. The overtopping evidence yields onshore 
tsunami heights of at least 6-8 m MSL. Sand sheet deposition from the 1.3 ka paleotsunami at the Neskowin and 
Ona wetlands exceeds 1.3 km in shore-normal distance. Sand sheets from the three remaining tsunami reach 500-
900 m in overland distance from the beach. The tsunami sand sheets are thought to likely underestimate maximum 
inundation of the central Cascadia tsunami, but do provide minimum estimates of flooding distance. Preliminary 
comparisons of the Cascadia paleotsunami deposits and the SE Asian tsunami records tentatively suggest a similar 
scaling between the near-field tsunami in the central Cascadia margin and the 2004 Sumatra-Andaman tsunami 
runup in SW Thailand. Flow velocities and inundation from a future central Cascadia tsunami might be roughly 
comparable to the SW Thailand experience, however pre-tsunami damage from nearfield earthquake shaking and/or 
soil liquefaction in the Cascadia margin could greatly increase structural damage and mortality from subsequent 
tsunami inundation. 

 
Schlichting, R., and Peterson, C., 2000, Down to earth tsunami hazard mitigation: progress 

toward elucidating prehistoric tsunami dynamics from the geologic record at open coastal 
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sites along the central Cascadia margin, In: Clague, J., Atwater, B., Wang, K., Wang, M.M., 
and Wong, I. (eds.), Proceedings of the Geological Society of America Penrose Conference 
“Great Cascadia earthquake tricentennial”, p. 97. 

Abstract: The Holocene stratigraphic records of freshwater settings located in beach plains have been investigated for 
evidence of prehistoric tsunami inundation. Vibra- and gouge-cores were extracted from bogs, marshes and lakes at 
Grayland and Long Beach, Washington and Rockaway and Neskowin, Oregon. The field sites were selected to test 
for expansive, barrier dune-ridge overtopping, and overland inundation of potential Cascadia tsunami. At least one 
and sometimes up to three target sand layers have been traced 1.0-1.5 km landward of the present shoreline at 
Grayland, Long Beach, and Neskowin. Current beach dune elevations at these sites range from 6 to 10 meters. For 
hazard mitigation purposes, the most useful results come from two field sites at Long Beach where paleoshorelines 
have been constrained by earthquake-induced retreat scarps and C14 dated beach ridges (Meyers et al., 1996). Based 
on the landward extent of inferred tsunami-deposited sand and terrestrial detritus layers, these data indicate a 
minimum inundation distance of 0.8 km and 1.3 km +/- .2 km for a sand layer with C14 dates of 820 +/- 50 RCYBP 
and 860 +/- 50 RCYBP respectively. A marine source for these sand layers is verified by scanning selected cores for 
microfossils (marine diatoms) and geochemical tracers (bromine). Tsunamigenic sand layers that correspond to the 
well-studied 1700 AD Cascadia great earthquake are poorly represented in the strata at all of the study sites, and are 
notably lacking at Long Beach. The results of these tsunami mapping efforts warrant further study to 1) verify the 
regional extent and source of the ~800 year old sand layers, which might correlate with an unrecognized Cascadia 
segment rupture (Clague and Bobrowsky 1994), 2) confront the discrepancy between the weak coastal tsunami 
records produced from the inferred large-magnitude 1700 AD rupture (Atwater and Hemphill-Haley 1997), and 3) 
validate the use of marine geochemical tracer techniques to measure the maximum inundation distances of low 
velocity paleo-tsunami flooding. The open-coastal paleotsunami records demonstrate actual inundation hazards to 
exposed communities in low-lying barrier settings. Future sediment transport investigations of these deposits will 
yield critical information on paleotsunami hydrodynamics including surge velocities, water column elevations, and 
maximum inundation distances. 

 
Cascadia tsunami modelling 
 
Scientific Books and Articles 
 
Cherniawsky, J.Y., Titov, V.V., Wang, K., and Li, J.-Y., 2007, Numerical simulations of 

tsunami waves and currents for southern Vancouver Island from a Cascadia megathrust 
earthquake, Pure and Applied Geophysics, v. 164, no. 2-3, p. 465-492, doi:10.1007/s00024-
006-0169-0. 

Abstract: The 1700 great Cascadia earthquake (M = 9) generated widespread tsunami waves that affected the entire 
Pacific Ocean and caused damage as distant as Japan. Similar catastrophic waves may be generated by a future 
Cascadia megathrust earthquake. We use three rupture scenarios for this earthquake in numerical experiments to 
study propagation of tsunami waves off the west coast of North America and to predict tsunami heights and currents 
in several bays and harbours on southern Vancouver Island, British Columbia, including Ucluelet, located on the 
west coast of the island, and Victoria and Esquimalt harbours inside Juan de Fuca Strait. The earthquake scenarios 
are: an 1100-km long rupture over the entire length of the subduction zone and separate ruptures of its northern or 
southern segments. As expected, the southern earthquake scenario has a limited effect over most of the Vancouver 
Island coast, with waves in the harbours not exceeding 1 m. The other two scenarios produce large tsunami waves, 
higher than 16 m at one location near Ucluelet and over 4 m inside Esquimalt and Victoria harbours, and very strong 
currents that reach 17 m/s in narrow channels and near headlands. Because the assumed rupture scenarios are based 
on a previous earthquake, direct use of the model results to estimate the effect of a future earthquake requires 
appropriate qualification. 

 
Dominey-Howes, D., Dunbar, P., Varner, J., and Papathoma-Köhle, M., 2010, Estimating 

probable maximum loss from a Cascadia tsunami, Natural Hazards, v. 53, no. 1, p. 43-
61, doi:10.1007/s11069-009-9409-9. 
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Abstract: The Cascadia margin is capable of generating large magnitude seismic-tsunami. We use a 1:500 year tsunami 
hazard flood layer produced during a probabilistic tsunami hazard assessment as the input to a pilot study of the 
vulnerability of residential and commercial buildings in Seaside, OR, USA. We map building exposure, apply the 
Papathoma Tsunami Vulnerability Assessment Model to calculate building vulnerability and estimate probable 
maximum loss (PML) associated with a 1:500 year tsunami flood. Almost US$0.5 billion worth of buildings would 
be inundated, 95% of single story residential and 23% of commercial buildings would be destroyed with PML’s 
exceeding US$116 million. These figures only represent a tiny fraction of the total values of exposed assets and loss 
that would be associated with a Cascadia tsunami impacting the NW Pacific coast. Not withstanding the various 
issues associated with our approach, this study represents the first time that PML’s have ever been calculated for a 
Cascadia type tsunami, and these results have serious implications for tsunami disaster risk management in the 
region. This method has the potential to be rolled out across the United States and elsewhere for estimating building 
vulnerability and loss to tsunami. 

 
Fine, I.V., Cherniawsky, J.Y., Rabinovich, A.B., and Stephenson, F., 2008, Numerical modeling 

and observations of tsunami waves in Alberni Inlet and Barkley Sound, British Columbia, 
Pure and Applied Geophysics, v. 165, no. 11-12, p. 2019-2044, doi:10.1007/s00024-008-
0414-9. 

Abstract: Alberni Inlet is a long and narrow fjord adjacent to Barkley Sound on the Pacific Coast of Vancouver Island, 
Canada. Port Alberni, at the head of the inlet, was affected in 1964 by the largest Pacific tsunami waves in Canadian 
history. We use observations and results from two numerical models to investigate the resonant characteristics of the 
region and amplification of tsunami waves in Barkley Sound and Alberni Inlet. The first model (A) was forced at its 
open boundary with a stationary autoregressive signal, similar to the observed background noise. The second model 
(B) used an initial sea-level deformation from a potential earthquake off California in the southern segment of the 
Cascadia Subduction Zone, producing transient tsunami waves. Spectral, cross-spectral and frequency-time (f-t) 
analyses of the observations were used to examine the resonant properties and topographic response of the local area. 
The respective results show large admittance functions over a wide 0.5–0.9 cph frequency band, implying a low Q 
factor but high amplification of arriving waves. This unusual behavior is a result of two effects: A quarter-wave 
resonance of the system for its fundamental Helmholtz mode and amplification due to the narrowing of the channel 
cross section from Barkley Sound to Alberni Inlet. The model A numerical results agree favorably with the 
observations, indicating an energetic resonant mode at frequency of *0.53 cph (112 min), with its nodal line located 
near the entrance to Barkley Sound and amplification factor value close to 12. The results from the tsunami 
propagation model (B) yield spectral characteristics similar to those from the model A and from the observations. 
The maximum tsunami current speed for this scenario is 2.4 ms-1 in Sproat Narrows, which divides Alberni Inlet 
into two parts, while the largest computed wave height is 1.6 m in the northern Alberni Inlet, in the area of Port 
Alberni. 

 
Geist, E.L., and Parsons, T., 2006, Probabilistic analysis of tsunami hazards, Natural Hazards, 

v. 37, p. 277-314, doi:10.1007/s11069-005-4646-z. 
Abstract: Determining the likelihood of a disaster is a key component of any comprehensive hazard assessment. This is 

particularly true for tsunamis, even though most tsunami hazard assessments have in the past relied on scenario or 
deterministic type models. We discuss probabilistic tsunami hazard analysis (PTHA) from the standpoint of 
integrating computational methods with empirical analysis of past tsunami runup. PTHA is derived from 
probabilistic seismic hazard analysis (PSHA), with the main difference being that PTHA must account for far-field 
sources. The computational methods rely on numerical tsunami propagation models rather than empirical 
attenuation relationships as in PSHA in determining ground motions. Because a number of source parameters affect 
local tsunami runup height, PTHA can become complex and computationally intensive. Empirical analysis can 
function in one of two ways, depending on the length and completeness of the tsunami catalog. For site-specific 
studies where there is sufficient tsunami runup data available, hazard curves can primarily be derived from empirical 
analysis, with computational methods used to highlight deficiencies in the tsunami catalog. For region-wide analyses 
and sites where there are little to no tsunami data, a computationally based method such as Monte Carlo simulation 
is the primary method to establish tsunami hazards. Two case studies that describe how computational and empirical 
methods can be integrated are presented for Acapulco, Mexico (site-specific) and the U.S. Pacific Northwest 
coastline (region-wide analysis). 
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Geist, E.L., and Yoshioka, S., 1996, Source parameters controlling the generation and 
propagation of potential local tsunamis along the Cascadia margin, Natural Hazards, v. 13, 
no. 2, p. 151-177, doi:10.1007/BF00138481. 

Abstract: The largest uncertainty in assessing hazards from local tsunamis along the Cascadia margin is estimating the 
possible earthquake source parameters. We investigate which source parameters exert the largest influence on 
tsunami generation and determine how each parameter affects the amplitude of the local tsunami. The following 
source parameters were analyzed: (1) type of faulting characteristic of the Cascadia subduction zone, (2) amount of 
slip during rupture, (3) slip orientation, (4) duration of rupture, (5) physical properties of the accretionary wedge, 
and (6) influence of secondary faulting. The effect of each of these source parameters on the quasi-static 
displacement of the ocean floor is determined by using elastic three-dimensional, finite-element models. The 
propagation of the resulting tsunami is modeled both near the coastline using the two-dimensional (z-t) Peregrine 
equations that includes the effects of dispersion and near the source using the three-dimensional (Jc-y-t) linear 
Longwave equations. The source parameters that have the largest influence on local tsunami excitation are the 
shallowness of rupture and the amount of slip. In addition, the orientation of slip has a large effect on the directivity 
of the tsunami, especially for shallow dipping faults, which consequently has a direct influence on the length of 
coastline inundated by the tsunami. Duration of rupture, physical properties of the accretionary wedge, and 
secondary faulting all affect the excitation of tsunamis but to a lesser extent than the shallowness of rupture and the 
amount and orientation of slip. Assessment of the severity of the local tsunami hazard should take into account that 
relatively large tsunamis can be generated from anomalous 'tsunami earthquakes' that rupture within the accretionary 
wedge in comparison to interplate thrust earthquakes of similar magnitude. 

 
González, F.I., Geist, E.L., Jaffe, B., Kânoğlu, U., Mofjeld, H., Synolakis, C.E., Titov, V.V., 

Arcas, D., Bellomo, D., Carlton, D., Horning, T., Johnson, J., Newman, J., Parsons, T., 
Peters, R., Peterson, C., Priest, G., Venturato, A., Weber, J., Wong, F., and Yalciner, A., 
2009, Probabilistic tsunami hazard assessment at Seaside, Oregon, for near- and far-field 
seismic sources, Journal of Geophysical Research, v. 114, C11023, 
doi:10.1029/2008JC005132. 

Abstract: The first probabilistic tsunami flooding maps have been developed. The methodology, called probabilistic 
tsunami hazard assessment (PTHA), integrates tsunami inundation modeling with methods of probabilistic seismic 
hazard assessment (PSHA). Application of the methodology to Seaside, Oregon, has yielded estimates of the spatial 
distribution of 100- and 500-year maximum tsunami amplitudes, i.e., amplitudes with 1% and 0.2% annual 
probability of exceedance. The 100-year tsunami is generated most frequently by far-field sources in the Alaska-
Aleutian Subduction Zone and is characterized by maximum amplitudes that do not exceed 4 m, with an inland 
extent of less than 500 m. In contrast, the 500-year tsunami is dominated by local sources in the Cascadia 
Subduction Zone and is characterized by maximum amplitudes in excess of 10 m and an inland extent of more than 
1 km. The primary sources of uncertainty in these results include those associated with interevent time estimates, 
modeling of background sea level, and accounting for temporal changes in bathymetry and topography. Nonetheless, 
PTHA represents an important contribution to tsunami hazard assessment techniques; viewed in the broader context 
of risk analysis, PTHA provides a method for quantifying estimates of the likelihood and severity of the tsunami 
hazard, which can then be combined with vulnerability and exposure to yield estimates of tsunami risk. 

 
Myers, E.P., Baptista, A.M., and Priest, G.R., 1999, Finite element modeling of potential 

Cascadia subduction zone tsunamis, Science of Tsunami Hazards, v. 17, no. 3, p. 3-18. 
Abstract: Evidence of historic Cascadia Subduction Zone earthquakes and subsequent tsunamis have prompted 

hydrodynamic modeling efforts to identify potential flow patterns and coastal hazards for plausible future events. In 
this study we identify the methods used to derive potential seismic source scenarios and present a thorough 
evaluation of finite element simulations of the tsunamis associated with those scenarios. The first part of this paper 
deals with regional impacts of potential tsunamis, while the second part evaluates the fate of the modeled waves 
from the local perspectives of Seaside, OR and Newport, OR. Both parts are composed of physical as well as 
numerical interpretations of the simulations. 

 
Ng, M.K.-F., LeBlond, P.H., and Murty, T.S., 1990, Simulation of tsunamis from great 

earthquakes on the Cascadia subduction zone, Science, v. 250, no. 4985, p. 1248-1251. 

  



 77

Abstract: Large earthquakes occur episodically in the Cascadia subduction zone. A numerical model has been used to 
simulate and assess the hazards of a tsunami generated by a hypothetical earthquake of magnitude 8.5 associated 
with rupture of the northern sections of the subduction zone. Wave amplitudes on the outer coast are closely related 
to the magnitude of sea-bottom displacement (5.0 meters). Some amplification, up to a factor of 3, may occur in 
some coastal embayments. Wave amplitudes in the protected waters of Puget Sound and the Strait of Georgia are 
predicted to be only about one fifth of those estimated on the outer coast. 

 
Ng, M.K.-F., LeBlond, P.H., and Murty, T.S., 1990, Numerical simulation of tsunami 

amplitudes on the coast of British Columbia due to local earthquakes, Science of Tsunami 
Hazards, v. 8, no. 2, p. 97-127. 

Abstract: Strong evidence suggests that the Cascadia subduction zone, off the west coast of Canada and the United 
States, is strongly seismically-coupled and that a possible megathrust earthquake might occur in that area in the near 
future. A seismic sea wave, or tsunami, is a major risk associated with a megathrust earthquake. A study of tsunami 
hazards along the Canadian west coast due to a hypothetical earthquake is presented in this report. Numerical 
simulations of tsunami generation and propagation have been carried out using three models based on shallow water 
wave theory. Three cases of ground motion representing the ruptures of different crustal segments in the area have 
been examined. Computed results provide information on tsunami arrival times and a general view of the wave 
height distribution. The outer coast of Vancouver Island was found to be the most strongly affected area. At the head 
of Alberni Inlet, wave amplitudes reached up to three times the source magnitude. Inside the Strait of Georgia, the 
wave heights are significant enough to receive closer attention, especially in low-lying areas. 

 
Ng, M.K.-F., LeBlond, P.H., and Murty, T.S., 1992, Tsunami threat to the Pacific coast of 

Canada due to local earthquakes, Natural Hazards, v. 5, no. 2, p. 205-210, 
doi:10.1007/BF00127007. 

Introduction: The Cascadia Subduction Zone (Figure 1) has been recognized as an area where a major submarine 
earthquake is likely to occur within the foreseeable future (Heaton and Hartzell, 1987). We present the results of 
some calculations on the tsunami hazard associated with a hypothetical earthquake in this region. In these 
calculations, only the rupture of the northern sections of the Cascadia Subduction Zone has been modelled; these 
sections include the northern half of the Juan de Fuca segment and the Winona and Explorer segments (Figures 1 
and 2). It will be shown that tsunami wave amplitudes on the outer coast are closely related to the magnitude of the 
sea-bottom displacement. Significant amplification occurs in coastal embayments. Wave amplitudes in the protected 
waters of Puget Sound and the Strait of Georgia are only about one fifth of those seen on the outer coast. 

 
Priest, G.R., Myers, E., Baptista, A.M., Flück, P., Wang, K., and Peterson, C.D., 2000, Source 

simulation for tsunamis: lessons learned from fault rupture modeling of the Cascadia 
subduction zone, North America, Science of Tsunami Hazards, v. 18, no. 2, p. 77-106. 

Abstract: Fault rupture simulations of great subduction zone earthquakes on the Cascadia subduction zone are explored 
utilizing standard algorithms of Okada (1985) applied to simplified geologic models in order to provide the sea floor 
deformations for tsunami simulations. Findings from this exercise include: (1) the Okada (1985) algorithm produces 
anomalous “spikes” of uplift exceeding the predicted geometric uplift at the up-dip tip of thrust fault ruptures; (2) 
simulated thrust fault ruptures should therefore be extended to (or very near) the surface to minimize this source of 
error; (3) because of the “spike” effect, variations in slip across an accretionary wedge (seaward transition zone) is 
best simulated by a series of individual ruptures, each reaching the surface, rather than by progressive changes in 
slip on a single rupture coinciding with the plate interface; (4) paleoseismic data from estuarine marshes and coastal 
geodetic information can constrain total slip, width, and length of megathrust ruptures but not offshore deformation; 
(5) while still highly uncertain, paleoseismic data is permissive of slip on the order of 15-20 m, rupture length of 
1000 km, and minimum rupture width of 140 km; (6) likely presence of asperities and splay faults that partition 
significant slip is a very large source of error; and (7) total potential coseismic slip is highly speculative, owing to 
uncertainties in aseismic slip, amount of main shock versus after shock slip, potential post-seismic subsidence, and 
oblique convergence partitioned to lateral faults in the North American Plate. Submarine landslides are an additional 
source of tsunami excitation not treated in this investigation. Characterization of tsunami sources is best addressed 
by an interdisciplinary approach that incorporates geological, geophysical, and numerical modeling expertise. 
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Priest, G.R., Goldfinger, C., Wang, K., Witter, R.C., Zhang, Y., and Baptista, A.M., 2009, 
Confidence limits for tsunami-inundation limits in northern Oregon inferred from a 
10,000-year history of great earthquakes at the Cascadia subduction zone, Natural Hazards, 
47 p., doi:10.1007/s11069-009-9453-5. 

Abstract: To explore the local tsunami hazard from the Cascadia subduction zone we (1) evaluate geologically 
reasonable variability of the earthquake rupture process, (2) specify 25 deterministic earthquake sources, and (3) use 
resulting vertical coseismic deformations for simulation of tsunami inundation at Cannon Beach, Oregon. Maximum 
runup was 9–30 m (NAVD88) from earthquakes with slip of ~8–38 m and Mw ~8.3–9.4. Minimum subduction zone 
slip consistent with three tsunami deposits was 14–15 m. By assigning variable weights to the source scenarios using 
a logic tree, we derived percentile inundation lines that express the confidence level (percentage) that a Cascadia 
tsunami will not exceed the line. Ninety-nine percent of Cascadia tsunami variation is covered by runup ≤30 m and 
90% ≤16 m with a “preferred” (highest weight) value of ~10 m. A hypothetical maximum-considered distant 
tsunami had runup of ~11 m, while the historical maximum was ~6.5 m. 

 
Satake, K., Wang, K., and Atwater, B.F., 2003, Fault slip and seismic moment of the 1700 

Cascadia earthquake inferred from Japanese tsunami descriptions, Journal of Geophysical 
Research, v. 108, B11, 2535, doi:10.1029/2003JB002521. 

Abstract: The 1700 Cascadia earthquake attained moment magnitude 9 according to new estimates based on effects of 
its tsunami in Japan, computed coseismic seafloor deformation for hypothetical ruptures in Cascadia, and tsunami 
modeling in the Pacific Ocean. Reports of damage and flooding show that the 1700 Cascadia tsunami reached 1–5 m 
heights at seven shoreline sites in Japan. Three sets of estimated heights express uncertainty about location and 
depth of reported flooding, landward decline in tsunami heights from shorelines, and post-1700 land-level changes. 
We compare each set with tsunami heights computed from six Cascadia sources. Each source is vertical seafloor 
displacement calculated with a three-dimensional elastic dislocation model. For three sources the rupture extends the 
1100 km length of the subduction zone and differs in width and shallow dip; for the other sources, ruptures of 
ordinary width extend 360–670 km. To compute tsunami waveforms, we use a linear long-wave approximation with 
a finite difference method, and we employ modern bathymetry with nearshore grid spacing as small as 0.4 km. The 
various combinations of Japanese tsunami heights and Cascadia sources give seismic moment of 1–9 x 1022 N m, 
equivalent to moment magnitude 8.7–9.2. This range excludes several unquantified uncertainties. The most likely 
earthquake, of moment magnitude 9.0, has 19 m of coseismic slip on an offshore, full-slip zone 1100 km long with 
linearly decreasing slip on a downdip partial-slip zone. The shorter rupture models require up to 40 m offshore slip 
and predict land-level changes inconsistent with coastal paleoseismological evidence. 

 
Walsh, T.J., Caruthers, C.G., Heinitz, A.C., Myers, E.P., Baptista, A.M., Erdakos, G., and 

Kamphaus, R.A., 2000, Tsunami hazard map of the southern Washington coast: modeled 
tsunami inundation from a Cascadia subduction zone earthquake, In: Clague, J., Atwater, 
B., Wang, K., Wang, M.M., and Wong, I. (eds.), Proceedings of the Geological Society of 
America Penrose Conference “Great Cascadia earthquake tricentennial”, p. 109-110. 

Abstract: Recent research confirming the potential for a great earthquake off the Washington, Oregon, and northern 
California coastlines has led to concerns about the effect of a local tsunami generated there. Since locally generated 
tsunami waves would reach nearby communities within minutes of the earthquake, there would be little or no time to 
issue formal warnings and evacuation areas and routes will need to be planned well in advance. This map was 
prepared as part of the National Tsunami Hazard Mitigation Program (NTHMP) to aid local government in 
designing evacuation plans for areas at risk from potentially damaging tsunamis. The map shows three sets of data 
pertaining to tsunamis: 1) model data; 2) paleoseismic data; and 3) historic data from the 1964 Alaskan tsunami. 1) 
The landward limit of tsunami inundation shown is based on a computer model of waves generated by two different 
scenario earthquakes on the Cascadia subduction zone. Baptista and Myers modified the finite element model 
ADCIRC for modeling earthquake deformation and resulting tsunami. The model calculates a wave elevation and 
velocity for each point of the grid at specified time intervals for a period of eight hours from the time of the 
earthquake. The scenario modeled is a magnitude (Mw) 9.1 Cascadia subduction zone (CSZ) event, with a rupture 
length of 1050 km and a rupture width of 70 km. An asperity west of the Olympic Peninsula is used in the second 
model to generate locally higher uplift and simulate a worst case tsunami. The land surface along the coast is 
modeled to subside during ground shaking by about 5 feet, consistent with some paleoseismologic investigations. 
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The model does not include the influence of tides but use a tide height of four feet. The tide stage and tidal currents 
can affect the impact of a tsunami on a specific community. The arrival time and duration of flooding are key factors 
to be considered for evacuation strategies. We show time histories of the modeled waves at twelve localities 
immediately offshore from key communities, showing the change in water surface elevation with time. Note that for 
locations on the outer coast the first wave crest is generally predicted to arrive at between 30 and 60 minutes after 
the earthquake, whereas within Willapa Bay and Grays Harbor, the first crest is not expected to arrive for more than 
an hour. However, because a CSZ earthquake is expected to lower the ground surface along the coast, flooding of 
areas less than about 5 feet above tide stages is expected immediately. 2) Geologic evidence of the last (AD 1700) 
earthquake and tsunami are also shown on the map. M. A. Reinhart (written communication, 1999) has identified 
marsh surfaces inferred to have subsided coseismically during the AD 1700 event. We show where these marsh 
deposits are overlain by an inferred tsunami sand and also where such a sand does not cap a subsided marsh surface. 
Peterson and Schlichting (1998) cored peat deposits from freshwater lakes on the Grayland Plains and the Long 
Beach Peninsula. We show where they found evidence of tsunami inundation in AD 1700. The data infer an older 
tsunami that was more extensive. Also on the map are three archaeological localities that show evidence of 
abandonment attributed to the AD 1700 earthquake (Atwater and Hemphill-Haley 1997). We show both where there 
is an inferred tsunami sand and where sand is lacking. 3) The tsunami following the March 27, 1964, Alaskan 
earthquake was the largest and best recorded historic tsunami on the southern Washington coast. Newspaper reports 
and unpublished observations and photos by Hogan et al. (1964) are shown. Because the tsunami depends on the 
initial deformation of the earthquake, which is poorly understood, the largest source of uncertainty is the input 
earthquake. The scenarios used reasonably honor the paleoseismic constraints, but the next CSZ earthquake may be 
substantially different from these. Also, the model was run with modern topography and bathymetry reflecting 
engineering structures (dams and jetties) that influenced erosion and deposition; road building and excavation of the 
dunes protecting the coastline; and the introduction of European beach grass that traps sand and enlarges the dunes. 
The bathymetry and topography at AD 1700 can only be inferred; the difference between that tsunami and the ones 
modeled here are unknown. Thus while the modeling can be useful for evacuation planning, it is not of sufficient 
resolution for land use planning. 

 
Wang, K., and He, J., 2008, Effects of frictional behavior and geometry of subduction fault on 

coseismic seafloor deformation, Bulletin of the Seismological Society of America, v. 98, no. 
2, p. 571-579, doi: 10.1785/0120070097. 

Abstract: The seismogenic zone of subduction faults appears to have an updip limit, seaward of which the fault exhibits 
velocity-strengthening behavior. We use a two-dimensional finite element model including a frictional subduction 
fault to explore how coseismic strengthening of the updip segment affects seafloor deformation. For a stress drop of 
a few MPa along the seismogenic zone, strengthening of the updip segment by a comparable amount can prevent the 
rupture from breaking the trench. The resultant seafloor uplift is much larger than that predicted by a model of equal 
seismic moment or maximum fault slip in which the seismogenic zone extends to the trench. With a curved-fault 
geometry, although a lower degree of coseismic strengthening of the updip segment leads to greater slip in the 
shallowest part of the fault, it produces smaller seafloor uplift, contrary to a popular belief. Given the paucity of 
direct observations of the coseismic behavior of the updip segment, the models yield important information for 
understanding rupture mechanics of subduction faults and tsunami generation. We also illustrate how the results 
may be used to guide fault slip parameterization in analytical dislocation models. 

 
Wang, K., Wells, R., Mazzotti, S., Hyndman, R.D., and Sagiya, T., 2003, A revised dislocation 

model of interseismic deformation of the Cascadia subduction zone, Journal of Geophysical 
Research, v. 108, no. B1, 2026, doi:10.1029/2001JB001227. 

Abstract: CAS3D-2, a new three-dimensional (3-D) dislocation model, is developed to model interseismic deformation 
rates at the Cascadia subduction zone. The model is considered a snapshot description of the deformation field that 
changes with time. The effect of northward secular motion of the central and southern Cascadia forearc sliver is 
subtracted to obtain the effective convergence between the subducting plate and the forearc. Horizontal deformation 
data, including strain rates and surface velocities from Global Positioning System (GPS) measurements, provide 
primary geodetic constraints, but uplift rate data from tide gauges and leveling also provide important validations for 
the model. A locked zone, based on the results of previous thermal models constrained by heat flow observations, is 
located entirely offshore beneath the continental slope. Similar to previous dislocation models, an effective zone of 
downdip transition from locking to full slip is used, but the slip deficit rate is assumed to decrease exponentially 
with downdip distance. The exponential function resolves the problem of overpredicting coastal GPS velocities and 
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underpredicting inland velocities by previous models that used a linear downdip transition. A wide effective 
transition zone (ETZ) partially accounts for stress relaxation in the mantle wedge that cannot be simulated by the 
elastic model. The pattern of coseismic deformation is expected to be different from that of interseismic deformation 
at present, 300 years after the last great subduction earthquake. The downdip transition from full rupture to no slip 
should take place over a much narrower zone. 

 
Whitmore, P.M., 1993, Expected tsunami amplitudes and currents along the North American 

coast for Cascadia subduction zone earthquakes, Natural Hazards, v. 8, no. 1, p. 59-73. 
Abstract: Tsunamis are numerically modeled using the nonlinear shallow-water equations for three hypothetical 

Cascadia subduction zone earthquakes. Maximum zero-to-peak tsunami amplitudes and currents are tabulated for 
131 sites along the North American coast. Earthquake source parameters are chosen to satisfy known subduction 
zone configuration and thermal constraints. These source parameters are used as input to compute vertical sea-floor 
displacement. The three earthquakes modeled are moment magnitude 8.8, 8.5, and 7.8. Maximum zero-to-peak 
tsunami amplitude for the Mw = 8.8 earthquake is near 6 m normal to the fault break and maximum current is near 
3.5 m/s. Maximum amplitudes decrease by about one-half north and south of the fault break in the source region. 
Tsunami amplitudes vary along the Alaskan coast from less than 0.5 to 1.6 m. The modeled amplitudes for the Mw = 
8.8 quake decrease to less than 0.4 m south of Point Conception, CA. The Mw = 7.8 earthquake generates a tsunami 
with a maximum amplitude of less than 1 m normal to the source. North and south of the fault break the maximum 
amplitude again decreases by about one-half. In all the models, amplitudes and currents are less than one-sixth of the 
outer coast value within Puget Sound. 

 
Reports, Government Publications, and Theses 
 
Ng, M.K.-F., 1990, Assessment of tsunami hazards on the British Columbia coast due to a local 

megathrust subduction earthquake, M.Sc. thesis, University of British Columbia, 
Vancouver, B.C., 125 p. 

Abstract: Strong evidence suggests that the Cascadia subduction zone, off the west coast of Canada and the United 
States, is strongly seismically-coupled and that a possible megathrust earthquake might occur in that area in the near 
future. A study of tsunami hazards along the Canadian west coast associated with such a hypothetical earthquake is 
presented in this report. Numerical simulations of tsunami generation and propagation have been carried out using 
three models based on shallow water wave theory. Three cases of ground motion representing the ruptures of 
different crustal segments in the area have been examined. Computed results provide information on tsunami arrival 
times and a general view of the wave height distribution. The outer coast of Vancouver Island was found to be the 
most strongly affected area. At the head of Alberni Inlet, wave amplitudes reached up to three times the source 
magnitude. Inside the Strait of Georgia, the wave heights are significant enough to receive closer attention, 
especially in low-lying areas. 

 
Priest, G.R., 1995, Explanation of mapping methods and use of the tsunami hazard maps of 

the Oregon coast, Oregon Department of Geology and Mineral Industries, Open-File 
Report O-95-67, 95 p. 

Summary: This report explains the methods used and results of a tsunami hazard mapping project focused on the 
Oregon coast. Maps at a scale of 1:24,000 depict the expected inundation for tsunamis produced by a Mw 8.8-8.9 
undersea earthquake. The maps were produced to help implement Senate Bill 379, which limits construction of new 
essential facilities and special occupancy structures in tsunami flooding zones. The focus of the maps is therefore on 
implementation of this public safety bill and not on land use or emergency planning. Tsunamis are caused by any 
large-scale disturbance of the sea floor. This project addresses only the most common cause of tsunamis, the 
simultaneous uplift and subsidence of the sea floor accompanying undersea earthquakes on subduction zones. The 
shape of the deformed sea floor after an earthquake is transmitted to the overlying sea surface, forming the initial 
tsunami wave. Waves so generated can arrive at nearby coastlines in minutes, causing extensive damage and loss of 
life. These subduction zone earthquakes also typically cause landslides, which can greatly amplify the tsunami run-
up if they occur under the sea or slide from land into water. This latter hazard is not directly addressed here but 
could be an important consideration when adding factors of safety for evacuation planning. Scientific findings have 
shown that the Oregon coast is vulnerable to great (M 8-9) earthquakes on the offshore Cascadia subduction zone 
fault. The estimated chance in the next 50 years of a great subduction zone earthquake is 10-20%, assuming 
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recurrence on the order of 400 ±200 years and that the last one occurred about 300 years ago. Prediction of sea floor 
deformation from these earthquakes is uncertain, so potential tsunami hazard was examined through three possible 
scenarios for earthquake deformation. Numerical simulations of tsunami run-up from these three scenarios were 
checked against estimates of prehistoric tsunami run-up, where available. The numerically simulated run-up 
elevations for scenarios with the highest and lowest tsunami run-up were used to infer inundation on 1:24,000-scale 
topographic base maps. Inundation from the highest run-up, which was also most consistent with the prehistoric 
tsunami data, was adopted and was illustrated on widely available published maps. All three of the numerical 
simulations are possible scenarios within the uncertainty of the run-up estimated for prehistoric tsunamis, but all of 
the models (and the preliminary simulation) may underestimate maximum tsunami run-up, if recently published 
estimates of the width of the locked portion of the Cascadia subduction zone (i.e. Hyndman and Wang, 1995) are 
correct. However, this underestimate of run-up elevation may only be a problem for the coast from Cape Blanco 
south, and even there, only modest revision is likely. Revision of the inundation maps is recommended once 
uncertainties in the width of the locked and partially locked portions of the Cascadia subduction zone are resolved 
and more accurate fault dislocation modeling software is available. The more accurate software will need to be fully 
three dimensional like the Okada (1985) model, accurately simulating partial locking, locking, and stable sliding on 
the subduction zone fault. 

 
Conference Proceedings and Abstracts 
 
Geist, E.L., 2006, Tsunami modeling of complex fault sources, In: Abstract program, USGS 

Tsunami Sources Workshop 2006: empiricism and beyond empiricism. 
Abstract: Complexity associated with megathrust earthquakes can have a significant effect on tsunami generation. Three 

types of complexity endemic to subduction zones are examined with respect to tsunami generation: (1) structural 
and material heterogeneity, (2) splay faulting, and (3) heterogeneous slip distribution. Particular attention is paid to 
recent developments in earthquake physics to determine whether proposed mechanisms of anomalous tsunami 
generation are consistent with theories of dynamic earthquake rupture. The objective of this overview is to highlight 
areas of research in earthquake physics that can substantially contribute to our understanding of tsunami generation. 
Subduction zones exhibit both large-scale heterogeneity in rock types and depth-dependent variations in fault zone 
properties. Large-scale heterogeneity, most often characterized in coseismic deformation models by variations in 
elastic moduli, has been shown to have a significant effect on seafloor displacements. In particular, deformation of 
material with a lower shear modulus relative to a homogeneous or reference model (e.g., PREM) results in higher 
seafloor displacements. In addition, depth-dependent variations in shear modulus, which may be over an order of 
magnitude for seismogenic depths, has a marked effect when converting seismic moment to fault slip—the 
controlling parameter for tsunami generation. It should also be noted that there is a fundamental ambiguity of 
defining moment density on a bimaterial surface (e.g., fault separating oceanic crust from accretionary wedge 
material), suggesting that slip-based, rather than moment-based, source models be employed where possible. There 
has been substantial progress in recent years towards understanding off-fault selectivity of dynamic rupture that can 
be applied to splay faulting in subduction zones. Whether or not rupture from a primary fault continues on to a 
branching secondary fault depends on a number of factors, including branch angle, rupture velocity, and pre-stress 
conditions. Simultaneous rupture on both primary and secondary faults requires either a large branch angle or 
rupture velocities near Rayleigh wave speeds. When secondary splay rupture does occur, a short-wavelength, high 
amplitude component is added to the initial tsunami wavefield from the megathrust. Dynamic rupture models can 
also be examined more generally to understand the origin of static slip distributions obtained from seismic/geodetic 
inversions that in turn are used in models of tsunami generation. A surprisingly rich array of rupture behaviors has 
been obtained from dynamic models, most using rate and state-dependent friction laws. In particular, rupture studies 
of the onshore 1999 Chi-Chi thrust earthquake where surface deformation has been directly measured provide an 
important analog for offshore subduction zone earthquakes. One hypothesis to explain anomalously large localized 
slip (and associated surface displacement) relative to the magnitude of this earthquake and “asperities” in general is 
thermal pressurization of pore fluid. Regional and far-field tsunami forecast models based on a coarse discretization 
of coseismic slip perform well primarily because slip is constrained by real-time tsunami observations. Thus, 
uniform slip on coarse sub-faults serves as a proxy for more complicated rupture behavior. Rupture complexity is 
responsible, however, for a great deal of uncertainty in predicting local tsunami amplitudes for an earthquake of a 
given magnitude. Future advances in understanding the physics of megathrust earthquakes coupled with tsunami 
generation models will likely reduce this uncertainty. 
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Myers, E.P., and Baptista, A.M., 2000, Assessment of future Cascadia tsunami hazards using a 
finite element model: tools and approaches, In: Clague, J., Atwater, B., Wang, K., Wang, 
M.M., and Wong, I. (eds.), Proceedings of the Geological Society of America Penrose 
Conference “Great Cascadia earthquake tricentennial”, p. 67. 

Abstract: Designing hazard mitigation strategies for Cascadia subduction zone earthquakes and tsunamis involves 
integrating tools from multiple disciplines. Geological evidence provides clues as to what may happen in future 
events by telling us what signatures were left behind by the cycle of past earthquakes and/or tsunamis. Integrating 
such evidence along with current geophysical measurements can help guide estimates of how the ocean floor will 
deform during the next strong subduction earthquake. Finally, modeling tsunamis (Myers and Baptista 1998) from 
potential deformation scenarios can facilitate our understanding of the propagation and inundation of the generated 
waves. The latter two components, estimating the deformation from likely future scenarios and modeling ensuing 
tsunami waves, have been the focus of our research, the results of which have been integrated with local, state, and 
federal approaches to evaluating hazards in communities along the western coast of the United States. Using a 
technique developed by Flück et al (1997) that computes the deformation as the integration of multiple point sources 
distributed throughout the subduction zone, we developed eight scenarios of how the deformation may occur in a 
future event, This method of computing the deformation allowed the three-dimensional geometry of the subduction 
zone to be represented, and slip magnitudes and directions computed using convergence rates were imposed at each 
of the point sources. The finite element model ADCIRC (Luettich et al. 1991) was modified and used to simulate 
tsunamis generated from each scenario. Using topographic and local bathymetric data gathered by local and state 
officials in Oregon and Washington, unstructured grids were extended into coastal communities at risk to tsunami 
inundation. Propagation patterns between the seismic source and the coast showed that bathymetric features such as 
banks, valleys and canyons affected the focusing directions of the waves approach to the coastline. The waves 
generally arrive later in the northern portion of the study, but with larger amplitudes. The inundation and wave 
activity in communities remains significantly strong for many hours after the earthquake. The local inundation 
patterns and the timing of their arrival have been analyzed in detail by state officials to develop hazard maps for 
Oregon and Washington coastal communities (Priest et al., 1997, 1998). The development of these maps has 
involved synthesizing the results in the context of the uncertainties involved with each phase of the project, physical 
factors such as tides that would affect overall inundation patterns, and the underlying geological evidence from past 
events. 

 
Priest, G.R., 2000, Estimating the Cascadia tsunami threat: important issues, In: Clague, J., 

Atwater, B., Wang, K., Wang, M.M., and Wong, I. (eds.), Proceedings of the Geological 
Society of America Penrose Conference “Great Cascadia earthquake tricentennial”, p. 82-
83. 

Abstract: Cascadia subduction zone tsunamis could conceivably cause life loss much greater than losses from seismic 
shaking alone. Society must decide how to set priorities among mitigation options (hazard assessment, planning, 
engineering, education, etc.). Depiction of tsunami destructiveness and probability drives these decisions. 
Hydrodynamic simulations depicting destructive potential of Cascadia tsunamis have been hindered chiefly by 
uncertainties in the earthquake source, rupture simulation methods, and lack of verification. Uncertainties in the 
hydrodynamic simulation methods and oceanographic factors are also of concern, but coseismic sea floor 
deformation is a much greater source of error (Priest et al. 1997, Myers et al. 1999). Paleoseismic and other data 
tends to support Cascadia earthquakes with moment magnitudes of ~9, rupture lengths of ~1000 km, and recurrence 
of ~500 years (see summary by Clague 1997), but there is much active debate about rupture width, total slip, 
distribution of slip, and the possibility of submarine landslides. Geological and geophysical data on rupture width 
have been interpreted to support narrowing of the rupture south of the Columbia River (Hyndman and Wang 1995), 
but paleo-subsidence data in northern and central Oregon can be interpreted to support widths twice as wide as those 
of Hyndman and Wang (e.g. Priest et al. 1997). Analysis of the Alaska 1964 subduction zone earthquake 
demonstrated that partitioning of slip onto splay faults and asperities can dramatically affect sea floor deformation 
(e.g. Holdahl and Sauber 1994). Table 1 summarizes the effects of source uncertainties. 
Table 1. Effect on tsunami hazard of source parameters, all other parameters constant 

Tsunami Source Parameter: Effect on Tsunami Hazard: 
Larger rupture length rger affected coastline length 
Larger total thrust slip rger run-up and inundation 
Larger slip on left lateral faults (from oblique Smaller run-up and inundation (from decreased thrust 
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convergence) slip) 
Larger rupture width maller run-up; slightly smaller inundation 
Larger slip in asperity or splay fault rger run-up and inundation (local) 
Larger submarine landslides rger run-up and inundation (local) 

Refinement of our knowledge of asperities, splay faults, total fault slip, and rupture simulation algorithms will 
produce the greatest benefit for the entire Cascadia margin. Better defining landslide hazard and rupture width will 
be of most benefit to Oregon and northern California. Submarine landslides are probably more likely on the southern 
Oregon and northern California coast, since the continental slope is generally steeper there. Oblique convergence 
causes a potential reduction in thrust slip of 13 percent in southern half of the margin (McCaffrey and Goldfinger 
1995). Likewise, most workers agree that the potential Cascadia rupture is wide (≥100 km) north of the Columbia 
River; but if the rupture narrows drastically south of the Columbia River, as inferred by Hyndman and Wang (1995), 
a leading depression wave (trough) is generated which can amplify run-up by 40-50 percent (Tadepalli and 
Synolakis 1994, Priest et al. 1997; Myers et al. 1999). Uncertainties in total fault slip and partitioning of slip to splay 
faults or asperities are an issue for the entire margin; both factors can cause large variations in run-up (Geist and 
Yoshioka 1996) and inundation (Priest el al. 1997). Compounding these problems are inaccuracies in fault rupture 
simulation, which is still in an early stage of development (see problems encountered by Priest et al. 1997). Even the 
best theoretical work must have verification from field data. Since there is essentially no historic field data, 
prehistoric (paleo-tsunami and paleo-deformation) data and modern geodetic measurements of crustal strain must be 
used. Extending and refining the database on paleo-deformation by study of buried and uplifted soils should be a top 
priority. Identifying paleo-tsunami deposits and then extracting from them estimates of current velocity and water 
depth is equally important. The feedback between this information and tsunami simulations can only occur if paleo-
topography and paleo-bathymetry can be estimated. This information is dependent on availability of detailed modern 
bathymetry and topography together with a thorough understanding of coastal geomorphic evolution over at least the 
last 300 years. Even with high uncertainty in pale-topographic conditions, sensitivity analysis may place important 
constraints on maximum and minimum size of paleo-tsunamis. Field verification sites should be located where 
paleoseismic data are abundant and paleogeographic uncertainties are low. Accurate depiction of the Cascadia 
tsunami hazard will require interdisciplinary teams focused on a few strategic sites. The interstate and international 
scope of the problem makes it important for a federal agency to take a leadership role in coordinating the work. 
Since the primary problems are geologic, the logical agency for the United States is the U.S. Geological Survey in 
close coordination with the leader in tsunami mapping and simulation, the National Oceanic and Atmospheric 
Administration. 

 
Priest, G.R., Baptista, A.M., Myers, E., III, and Kamphaus, R.A., 2001, Tsunami hazard 

assessment in Oregon, International Tsunami Symposium 2001 Proceedings, Paper R-3, p. 
55-65. 

Abstract: Tsunami hazard assessment in Oregon has proceeded by first completing a detailed inundation simulation of 
the Siletz Bay area where various model parameters were tested against estimates of inundation and run-up from 
prehistoric tsunami deposits. Reconnaissance-level inundation maps for the entire coastline were then produced to 
implement Senate Bill 379, which limits construction of critical and essential facilities in tsunami inundation zones. 
Detailed simulations based on three standardized Cascadia subduction zone earthquake sources have since been 
completed at Astoria, Warrenton, Gearhart, Seaside, Newport, Coos Bay, and Gold Beach. If funding is available, 
detailed inundation mapping will be accomplished for (in priority order, highest to lowest): (1) Alsea Bay 
(Waldport); (2) Rockaway Beach; (3) Siuslaw estuary (Florence); (4) Nestucca Bay (Pacific City); (5) Coquille 
estuary (Bandon); and (6) Umpqua estuary (Winchester Bay-Reedsport). Each mapping project is done in close 
collaboration with the affected local governments, Maps of worst-case inundation are being completed for 
production of evacuation brochures in most communities, whether detailed inundation maps are available or not. 
The design and degree of conservatism employed in these evacuation maps is, again, worked out in close 
collaboration with local governments. 

 
Priest, G.R., Zhang, J., Seaton, C., and Baptista, A., 2006, Cascadia tsunami sources: 

sensitivity analysis of inundation at Cannon Beach, In: Abstract program, USGS Tsunami 
Sources Workshop 2006: empiricism and beyond empiricism. 

Abstract: Field observations (e.g. Plafker, 1972) and the elastic fault dislocation model of Okada (1985) support the 
common occurrence of an “S” shaped coseismic deformation at subduction zones with uplift over the up-dip tip of 
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the megathrust and subsidence over the down-dip portion of the rupture, both increasing with increasing slip. 
Numerical simulations of Cascadia tsunami inundation at Cannon Beach, Oregon utilizing 22 source scenarios 
reveal sensitivity of inundation to coseismic uplift and subsidence. Twelve of the scenarios are from Geist (2005), 9 
are from Priest and others (1997), and one is from SEATOS (Discovery Channel tsunami). Inundation and run-up 
rise as coseismic water deformation (both subsidence and uplift) rises, particularly when deep water is displaced. 
Run-up and inundation are highly sensitive to location of coseismic subsidence. If coseismic subsidence is 
substantially offshore (narrow ruptures), then the initial tsunami arrival is a leading depression wave (water 
withdrawal). The combination of a leading depression wave followed by the main elevation wave produces a large 
amplitude tsunami with high run-up (Tadepalli and Synolakis, 1994). If coseismic subsidence is mostly onshore 
(wide rupture), then only a leading elevation wave strikes shore and run-up is lower for the same amount of slip on 
the subduction zone. Uplift at two scenario asperities (6-m high Gaussian mounds) in a typical shelf gravity low at 
Cannon Beach does not increase inundation or run-up owing to the small volume of water uplifted in the shallow 
water and interference from reflected and refracted waves. Gravity lows in the epicentral region for the 1960 
Chilean earthquake also appear to be on the continental shelf and therefore in relatively shallow water (e.g. Wells 
and others, 2003). This may be why tsunami run-up for the 1960 Chile tsunami was only ~10-15 m (NOAA 
database), even next to asperities of Barrientos and Ward (1960) with up to 30 m of slip. Modern and paleoseismic 
data on coseismic deformation and tsunami inundation offer significant constraints to the source problem. For 
example, paleoseismic data for Cascadia earthquakes at the Columbia River are consistent with a maximum of ~2.3 
± 0.65 m of subsidence mostly onshore (Leonard and others, 2004). About the same maximum subsidence has been 
measured in the field for the magnitude 9+ subduction zone events like the 1964 Prince William Sound earthquake 
and the 1960 Chile earthquake (Plafker, 1972). Some stochastic sources developed by Geist (2005) and the 
deterministic model of SEATOS have coseismic subsidence of 3-4 m. These sources produce up to 30 m run-up in 
some parts of the Cascadia coast and ~18 m run-up at Cannon Beach, nearly twice as high as simulations of sources 
with a maximum of ~2 m of subsidence. If ~2 m is indeed the maximum coseismic subsidence for magnitude ~9 
events, is this a verification of the transition zone model of Hyndman and Wang (1995)? For example, eliminating 
the transition zone in elastic fault dislocation models of Cascadia nearly doubles the coseismic subsidence for a 
given total slip. Can paleo-water depth and inundation estimates from tsunami deposits place constraints on the 
offshore deformation (where there is no paleoseismic record)? Clearly, a holistic approach to tsunami source 
specification is needed that can produce a suite of source models that are geologically and geophysically reasonable 
but that also produce coseismic deformation, tsunami inundation, water depth, and velocity that match historic 
and/or prehistoric estimates. Producing a suite of such sources for Cascadia should be a top priority for the NOAA 
National Tsunami Hazard Mitigation Program and USGS. Producing the tools to create these sources should be a 
top priority for National Science Foundation. 

 
Xie, J., Nistor, I., and Murty, T., 2007, Tsunami risk for western Canada and numerical 

modeling of the Cascadia fault tsunami, 18th Canadian Hydrotechnical conference: 
Challenged for Water Resources Engineering in a Changing World, CSCE, Winnipeg, 
August 22-24, CD-ROM, 10p. 

Abstract: The paper deals with the analysis of tsunami risks for western Canada and the numerical modeling of a 
potential tsunami which could affect the region and generate significant damage to the western Canadian coastline. 
Following a review of the seismic risk and historical tsunamis which occurred along the western Canadian coastline, 
the authors concluded that this region is highly vulnerable should a major tsunami occur. Consequently, the authors 
conducted a study on the numerical modeling of a possible tsunami generated by movement along the Cascadia fault, 
which is located offshore British Columbia. The results of the model outline the significance and extent of the 
coastal flooding risk associated with such a rare, but destructive phenomenon. The potential for inundation of the 
low-lying areas around the coastline of Vancouver Island and in and around the City of Vancouver was found to be 
high. A number of recommendations and conclusions focusing on the results of the numerical simulation are 
included. 

 
 

RETURN TO CONTENTS 
 
 

  



 85

Landslide-induced tsunamis 
 
Scientific Books and Articles 
 
Bornhold, B.D., 1983, Fiords, GEOS, no. 1, p. 1-4. 
Summary: Sediments today reach fiord basin floors in two ways: (1) slow settling from surface waters of river-derived 

silts and clays and of marine and terrestrial organic material, and (2) mass downslope movement of sediments by 
landslides, debris flows and turbidity currents. Fiords are frequently subject to landslides and debris flows. 
Sediments accumulate rapidly on the steep delta slopes and adjacent fiord walls, and they often collapse near the 
heads of the fiords. News stories demonstrate the disastrous consequences of slope failures. A wharf and three 
warehouses collapsed into Howe Sound in August 1955, at Woodfibre, forcing closure of Alaska Pine's rayon pulp 
mill and causing damage estimated to be between $500 000 and $750 000. “... the wharf began to sag with a 
crushing sound at 4 p.m. and within half an hour a large section had slid into deep water ... a section of sand and 
gravelly shore had collapsed under it ....” reported the Vancouver Sun, August 23, 1955. “A freak wave Sunday 
caused by an underwater slide roared up Douglas Channel, demolishing docks and swamping boats at Kitimat” said 
the Sun, in April 1975 about another landslide. “It was a big wave, close to 25 feet, and it just ripped stuff up like 
matchsticks.... A large section of the Northland Navigation dock and a new RivTow Straights barge terminal were 
destroyed. Four barges... were washed ashore along with a number of small boats.... Where there used to be a beach, 
is now a cliff and 50 feet of water.” Damage was estimated at a minimum of $300000. A phenomenon observed in 
fiords and long lakes in Switzerland, New Zealand and western Canada is also seen in Douglas Channel. Suspended 
matter does not settle out uniformly across the fiord width, but is concentrated on the north and west sides. 
Researchers speculate that the Coriolis force pushes the river plume towards the right as it flows down the inlet, 
though the complex influence of winds and tides makes it hard to demonstrate this effect directly. Studies of the 
1975 Kitimat landslide, the 1955 Howe Sound failure, and various delta slopes in other mainland fiords show that 
diverse landslide morphologies can develop, even within a single feature, and that several mechanisms and modes of 
failure must be involved. At Kitimat, for example, several distinctive process components were recognized: (1) 
shallow rotational movements on the upper delta slope produce small troughs - a marginal “tearing” zone along the 
edges of the main slide marks the contact with the undisturbed marine muds on the fiord sides, (2) longitudinal 
shearing between adjacent parts of the feature shows in the centre of the slide, (3) curved folds and ridges form in a 
large compressional zone on the lower part of the feature, and (4) a terminal margin with blocks of slide material, up 
to 4000 m2 in area, rests several hundred metres beyond the toe of the main slide mass. 

 
Kulikov, E.A., Rabinovich, A.B., Fain, I.V., Bornhold, B.D., and Thomson, R.E., 1998, 

Tsunami generation by landslides at the Pacific coast of North America and the role of 
tides, Oceanology, v. 38, no. 3, p. 323-328. 

Abstract: The Pacific coasts of Alaska and British Columbia are characterized by a high risk of the occurrence of 
catastrophic tsunami waves caused by landslides. A considerable number of these landslides and tsunamis are due to 
hydrometeorological factors that play the role of a trigger rather than to seismic events. In this study, the role of 
tides is regarded as being a triggering mechanism of coastal slope failures and tsunami generation. It is shown that 
the probability of landslide failure in unstable sediment accumulations greatly increases during low tides. An 
analysis of landslide tsunamis in Kitimat Arm (April 27, 1975) and Skagway Harbor (November 3, 1994) 
demonstrates that the moment of landslide origination was related to the low water of spring tides when the sea level 
was extremely low. To explain this phenomenon, the Bingham viscoplastic model is employed. The “factor of 
safety” that characterizes the degree of land stability on an inclined slop is introduced. This parameter decreases by a 
factor of 1.2-2 at the time of full drainage of a landslide body during the phase of low water of a spring tide. 

 
Lee, H.J., 2005, Undersea landslides: extent and significance in the Pacific Ocean, an update, 

Natural Hazards and Earth System Sciences, v. 5, p. 877-892. 
Abstract: Submarine landslides are known to occur disproportionately in a limited number of environments including 

fjords, deltas, canyons, volcanic islands and the open continental slope. An evaluation of the progress that has been 
made in understanding Pacific Ocean submarine landslides over the last 15 years shows that mapping technologies 
have improved greatly, allowing a better interpretation of landslide features. Some features previously identified as 
landslides are being reinterpreted by some as sediment waves. Previously underappreciated environments for 
landslides such as deep-sea trenches are being recognized and lava deltas are being found to be landslide prone. 
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Landslides are also being recognized much more commonly as a potential source of tsunamis. Landslides that have 
produced tsunamis in the past are being mapped and in some cases modeled. The flow characteristics of turbidity 
currents produced by landslides in canyon heads have recently been monitored and the source of these failures has 
been identified using repeated multibeam mapping. Finally, some landslide deposits are being dated as part of 
assessing risk to coastal cities from landslide-tsunamis. 

 
Reports, Government Publications, and Theses 
 
Evans, S.G., and Savigny, K.W., 1994, Landslides in the Vancouver-Fraser Valley-Whistler 

region, In: Monger, J.W.H. (ed.), Geology and Geohazards of the Vancouver Region, 
Southwestern British Columbia, Geological Survey of Canada, Bulletin 481, p. 251-286. 

Abstract: A great diversity of landslide types occur in the Vancouver region in response to high relief, steep slopes, 
heavy rainfall, seismicity, and a variety of landslide-prone materials. Rockfalls and small rock avalanches (less than 
a million cubic metres) are a significant hazard to land use development but their biggest impact has been on the 
transportation network and the Fraser River fishery. The deposits of larger rock avalanches (greater than a million 
cubic metres) are common throughout the region and have occurred along major transportation routes in the Fraser 
Valley and the Squamish-Pemberton corridor in the last 10,000 years. Noncatastrophic mountain slope deformation 
is also widespread. Such processes form linear topographic features such as cracks and fissures. Volcanic rocks of 
the Garibaldi Volcanic Belt are particularly prone to massive rapid landslides, some of which have blocked major 
rivers and formed temporary lakes upstream. Since the late Pleistocene, major collapses have taken place on the 
western flanks of Mount Garibaldi and Mount Cayley volcanoes. Large landslides continue to occur in the historical 
period and are a major consideration in land development in the Belt. Channellized debris flows within steep 
mountain watersheds triggered by heavy rains occur throughout the region. Debris flow defensive structures have 
been constructed by provincial authorities at numerous locations to protect transportation routes and/or communities. 
Landslides in Pleistocene sediments are also important. In addition, a number of cases of catastrophic seepage 
erosion have been documented. Submarine failures (outside the Fraser Delta) occur on delta fronts in both marine 
and lacustrine environments. The expansion of development in the Vancouver region is increasing the vulnerability 
of communities, transportation routes, and the resource base to landslides. 

 
Conference Proceedings and Abstracts 
 
Bornhold, B.D., Thomson, R.E., Rabinovich, A.B., Kulikov, E.A., and Fine, I.V., 2001, Risk of 

landslide-generated tsunamis for the coast of British Columbia and Alaska, In: 
Proceedings of the 54th Annual Canadian Geotechnical Conference: An Earth Odyssey, p. 
1450-1454. 

Abstract: The Pacific coastal areas of British Columbia, Washington and Alaska are characterized by a high risk of 
damaging tsunamis caused by localized underwater landslides. Many of these failure-tsunami events have been 
documented. While some were related to earthquakes; many others were not. Several failures and tsunamis 
coincided with extreme low tides and ongoing construction. A three-dimensional numerical model has been 
developed, based on the theoretical work of Jiang and LeBlond (1994) to describe the relationships between failures 
and resultant tsunamis occurring in natural basins with complex seafloor morphology. The model has been applied 
to actual failure sites (e.g., Skagway) and to sites of potential failure (Malaspina Strait, and the Fraser Delta, B.C.). 

 
Strait of Georgia 
 
Scientific Books and Articles 
 
Barrie, J.V., Hill, P.R., Conway, K.W., Iwanowska, K., and Picard, K., 2005, Environmental 

marine geoscience 4: Georgia Basin: seabed features and marine geohazards, Geoscience 
Canada, v. 32, no. 4, p. 145-156. 
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Summary: A multibeam bathymetric swath-mapping program of the Strait of Georgia has provided a 5-m resolution 
map of the seabed. Numerous geological features of the basin, some of which are considered geohazards, are clearly 
defined. During the Olympia interglacial period most of the basin was filled with sediment and then subsequently 
excavated during the Fraser Glaciation, except for a group of isolated banks; the southern basin was partially filled 
by the prograding Fraser River Delta during the Holocene. Marine geohazards that exist in this seismically active 
region include, slope stability features, active faults, gas pockmarks, and large migrating sedimentary bedforms. 
Other features, such as sponge reefs, have developed because of the glacial history and dynamic oceanography of 
the basin and provide unique and critical habitats to marine species. 

 
Chillarige, A. V., Morgenstern, N. R., Robertson, P. K., and Christian, H. A., 1997, Seabed 

instability due to flow liquefaction in the Fraser River delta, Canadian Geotechnical 
Journal, v. 34, no.4, p. 520–533. 

Abstract: Liquefaction failures of loose sand deposits can be a major concern for the stability of coastal structures. An 
investigation to evaluate the possible contributions of different triggering mechanisms in a major liquefaction failure 
that occurred in 1985 at the mouth of the Main Channel of the Fraser River has been carried out using steady-state 
concepts. Potential triggering mechanisms for initiating the 1985 liquefaction flow slide, such as sedimentation, 
surface waves and low tides are evaluated. The analysis shows that rapid sedimentation generates shear stresses on 
the slope but may not initiate flow liquefaction failures. The evaluation of the effect of surface waves in causing 
deep-seated liquefaction flow slides indicates that no significant pore-water pressures accumulate due to the surface 
waves in the region. Low tides cannot initiate failure in submerged, fully saturated sands. However, gas induces 
desaturation of the sediment, which can induce residual pore pressures in the sediments during low tides. It is 
postulated that the combination of loose sediments, small amounts of gas, and low tides contributes to the triggering 
of flow liquefaction failures in the delta. These failures lead to retrogressive flow slides. 

 
Christian, H. A., Mosher, D. C., Mulder, T., Barrie, J. V., and Courtney, R. C., 1997, 

Geomorphology and potential slope instability on Fraser River Delta foreslope, Vancouver, 
British Columbia, Canadian Geotechnical Journal, v. 34, no. 3, p. 432–446. 

Abstract: The Fraser River delta lies in one of the highest-risk earthquake regions in Canada and is composed largely of 
loose fluvial sands, widely recognized as possessing a high seismic liquefaction potential. Recent investigations of 
the western margin of the Fraser delta indicate that cyclic liquefaction during a large earthquake is possible, 
potentially giving rise to deformations including lateral spreading, cyclic softening, and possibly flow sliding. A 
preliminary evaluation of postshaking static slope stability is reported, wherein analyses were constrained by 
estimated ultimate or steady-state shear strengths inferred from correlations with field data and by shear stresses 
calculated from existing seabed bathymetry. The resulting postliquefaction factor of safety against sliding was found 
to be less than unity for upper Roberts Bank slope, assuming a low bound ultimate shear strength equivalent to 0.06 
Po’. Insufficient data exists to fully evaluate the validity of this assumption; however, extensive failure deposits exist 
along the base of the delta slope. 

 
Christian, H. A., Woeller, D.J., Robertson, P.K., and Courtney, R. C., 1997, Site investigations 

to evaluate flow liquefaction slides at Sand Heads, Fraser River Delta, Canadian 
Geotechnical Journal, v. 34, p. 384-397. 

Abstract: Spontaneous flow liquefaction is a recurrent process in the progradation of the Fraser River delta. A portion of 
the Fraser River delta was investigated by seismic and resistivity cone penetration testing, by the spectral analysis of 
surface waves method and by soil and vapour sampling in an effort to determine site stratigraphy, in situ state, and 
degree of saturation to explore the enigma of spontaneous flow liquefaction. A pore pressure and tilt sensor package 
was installed as part of the investigation, to monitor tidal drawdown effects. Results indicated that the seabed at 
shallow depth was partially saturated, containing a significant volume of methane gas, which affected the dynamic 
pore pressure response during tidal drawdown. A reduction in effective stress of up to 16.5 kPa was measured, along 
with a time lag between tidal drawdown and pore pressure response of 50 min. This suggests that gas-damping 
effects are a significant factor in initiating spontaneous liquefaction of loose unaged sands where they rest on 
submarine slopes. The in situ test results showed that newly deposited Fraser River sands possess a high 
susceptibility to flow liquefaction. 

 

  



 88

Dunbar, D.S., and Harper, J.R., 1993, Numerical simulation of tsunamigenic submarine slope 
failure in the Fraser River delta, British Columbia, Marine Geodesy, v. 16, no. 2, p. 101-108. 

Abstract: The Fraser River delta has been identified in previous studies as a potential site for a tsunamigenic submarine 
slide. A numerical model has been developed to simulate such events by representing the slide volume as a large 
number of independent slabs acting under the influence of a reduced gravitational acceleration and friction. The 
resulting movement of mass results in vertical displacement of the water’s surface. Five simulations were performed 
using slide volumes from 2.5 to 7.5 km3, and with three different friction coefficients. Examination of resulting time 
series of calculated water elevation at 10 near-shore locations indicates that maximum surface displacements of 
greater than 4 m may occur at some sites near the source. Response characteristics were found to vary significantly 
over distances of 5 to 10 km. The period of waves generated in this way is typically 5-15 min. 

 
Hamilton, T.S., and Wigen, S.O., 1987, The foreslope hills of the Fraser Delta: implications for 

tsunamis in Georgia Strait, Science of Tsunami Hazards, v. 5, no. 1, p. 15-33. 
Abstract: The Foreslope Hills (FSH), an 11 x 6 km area of hummocky bathymetry on the face of the Fraser Delta, is the 

largest of a series of youthful slump deposits in Georgia Strait. Whether the ultimate cause of this feature is seismic 
or sedimentological, slumps of this kind pose a direct hazard to marine engineering works. While Georgia Strait is 
sheltered from even the largest tsunamis originating in the open Pacific, slumps like the FSH can impart sufficient 
momentum to the water column to cause locally generated tsunamis. Geological evidence suggests that this region 
of high population density and extensive foreshore development is subject to continued risk. 

 
Hart, B.S., Prior, D.B., Barrie, J.V., Currie, R.G., and Luternauer, J.L., 1992, A river mouth 

submarine channel and failure complex, Fraser Delta, Canada, Sedimentary Geology, v. 81, 
no. 1-2, p. 73-87. 

Abstract: High-resolution seismic and side-scan sonar surveying, combined with coring, of the Fraser Delta slope 
seaward of the main fluvial distributary has revealed a complex suite of morphologic units which include 
undisturbed delta slope sediments, shallow rotational slides, relict and active slope channels, debris accumulations 
and ponded turbidites. Sediment transport through the main submarine channel is thought to be primarily by debris 
flows, rather than by turbidity currents. Although this is a seismically active region, the instability related features 
described here are probably due primarily to rapid sediment deposition on the upper delta slope at the river mouth. 

 
Hill, P.R., 2010, Changes in submarine channel morphology and strata development from 

repeat multibeam surveys in the Fraser River delta, western Canada, In: Li, M.Z., 
Sherwood, C.R., and Hill, P.R. (eds.), Sediments, Morphology and Sedimentary Processes 
on Continental Shelves, Special Publication of International Association of 
Sedimentologists, Blackwell Science, in press. 

Abstract: The Strait of Georgia is a forearc basin located between the subducting Juan de Fuca plate and the volcanic 
arc of the Coast Mountains. The predominant source of sediment to the basin is the Fraser River, which has formed 
a large Holocene delta. Multibeam surveys of the main distributary channel mouth and delta slope confirm the 
presence of a submarine channel - fan system consisting of two main tributary networks with steep headwalls on the 
upper slope, a single main channel reach, partially constricted by a bedrock or till ridge, channel levees and a base-
of-slope fan. At the base of slope, the main submarine channel dies out and erosional flute forms are observed. The 
fan consists of a broad area of high backscatter intensity and smaller ephemeral channels. Repeat multibeam surveys 
show that the upper slope is characterized by high rates of sediment accumulation and small-scale slope failure on 
an inter-annual time scale. Erosional features include headwall flow failures and retrogressive intra-channel erosion. 
Repeat surveys also indicate that sediment accumulates within the upper reaches of the tributary slope channels in 
the form of retrogradationally-stacked depositional wedges. These are interpreted to be formed by short-lived 
turbidity currents originating from density underflows created when dredge waste impacts the seafloor. The 
retrogradational stacking is thought to be a response to a feedback process whereby each wedge, deposited at the 
critical gradient for ignition, reduces the gradient for the next flow. The non-channeled portion of the delta slope 
adjacent to the distributary channel is characterized by sediment waves which repeat surveys show to be migrating 
up-slope. It is suggested that this is evidence for unconfined turbidity currents. 
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McKenna, G.T., Luternauer, J.L., and Kostaschuk, R.A., 1992, Large-scale mass-wasting 
events on the Fraser River delta near Sand Heads, British Columbia, Canadian 
Geotechnical Journal, v. 29, p. 151–156. 

Abstract: Although the Fraser River delta front supports coastal structures including ports, a lighthouse, jetties, 
submarine power cables, and sewage pipelines, the stability of the delta front is little understood. Five large-scale 
mass-wasting events at the mouth of the Main Channel near Sand Heads have been detected by comparing 
successive bathymetric surveys conducted by Public Works Canada between 1970 and 1986. These events can 
involve the downslope movement of more than 1 x l06 m3 of silty sand and the landward retrogression of the delta-
front crest of up to 350 m or more. Morphologic and sedimentologic evidence suggests that these events are slope 
failures which result from the liquefaction of silty sand. Rapid deposition at the river mouth is likely a prerequisite 
for failure, although interstitial gas, tidal currents, waves, and earthquakes also may contribute to failure. These 
results have important implications for the foundation stability of the Sand Heads Lighthouse and future coastal 
structures in the area. 

 
Mosher, D.C, Hunter, J.A., Christian, H.A., and Luternauer, J.L., 1997, Onshore/offshore 

geohazards in the Vancouver region of western Canada: field, modelling and mapping 
techniques and results, In: Marinos, P.G., Koukis, G.C., Tsiambaos, G.C., and Stournaras, 
G.C. (eds.), Engineering Geology and the Environment, Balkema Publishers, Rotterdam, p. 
875-883. 

Abstract: The Greater Vancouver district of SW British Columbia, Canada, is a highly urbanized and industrialized area 
which lies in the most seismically vulnerable region in Canada, overlying a subduction zone. The Fraser River delta 
is the most seismically vulnerable area within this region. A significant effort has been made to identify potential 
geohazards and refine assessments of potential earthquake ground surface response on the delta, both on- and 
offshore. These studies involve state-of-the-art geological, geophysical, and geotechnical techniques, including 
coring, drilling, geotechnical and geophysical boring, electromagnetic, seismic reflection, refraction, and shear wave 
surveying. This research has led to the identification of numerous failure features, possibly related to past 
earthquakes, and to the prediction that the top 10 to 20 m of sediment over much of the delta, on- and offshore, is 
susceptible to seismic liquefaction. The subsurface geology is complex, which suggests ground surface response 
modelling should take into account 3-D and ground motion amplification effects. At the slope break, in the offshore, 
slope angles reach 18° and the soils are some of the weakest measured, indicating post-liquefaction flow sliding is 
likely. 

 
Prior, D.B., Wiseman, W.J., and Gilbert, R., 1981, Submarine processes on a fan delta, Howe 

Sound, British Columbia, Geo-Marine Letters, v. 1, no. 2, p. 85-90, 
doi:10.1007/BF02463323. 

Abstract: Modern side-scan sonar technology was used to resurvey the site of the Howe Sound submarine slide 
described by Terzaghi. Chutes, hummocky topography, and subparallel scarps indicative of submarine mass 
movement are widespread. Submarine slope processes appear to be far more important to the development of this 
coarse-grained fan delta than suspected. 

 
Rabinovich, A.B., Thomson, R.E., Bornhold, B.D., Fine, I.V. and Kulikov, E.A., 2003, 

Numerical modelling of tsunamis generated by hypothetical landslides in the Strait of 
Georgia, British Columbia, Pure and Applied Geophysics, v. 160, p. 1273–1313. 

Abstract: A modified and corrected version of the viscous slide model of Jiang and LeBlond (1994) is used to assess the 
tsunami risk associated with hypothetical underwater slope failures in two coastal areas of British Columbia having 
potentially unstable sediment deposits: (a) Malaspina Strait, separating the mainland coast and Texada Island in the 
central Strait of Georgia; and (b) Roberts Bank on the foreslope of the Fraser River Delta in the southern Strait of 
Georgia. The intent of this study is to demonstrate the capability of the model for tsunami risk assessment and to 
improve upon previous studies of tsunami risk in the region based on reasonable submarine landslide scenarios. The 
potential risk from tsunamis associated with slide failures has been examined, but the likelihood of failure events 
themselves was not considered. For the Malaspina Strait scenarios, simulated tsunamis are generated by failure of a 
lobe of perched sediment situated on the slope of eastern Texada Island. Failure as a flow slide of the estimated 
1,250,000 m3 of sediment generates wave troughs reaching -4.9 m and trough-to-crest heights of 6 to 8 m along the 
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coast of Texada Island. At Cape Cockburn, on the opposite side of the strait, wave heights of 1.5 to 2.0 m are 
produced. For Roberts Bank, simulated waves are examined for two separate failure scenarios. The larger slide 
(Case 1) involves the failure of a sediment lobe with lateral dimensions of 7 x 3 km2 and volume of 0.75 km3 while 
the smaller slide (Case 2) fails a sediment lobe with dimensions of 4 x 2.6 km2 and volume of 0.23 km3. 
Computations were made both for high (+3 m) and low (-3 m) tide conditions. For both failure volumes, maximum 
wave amplitudes (up to 18 m for Case 1 and 8 m for Case 2) occur on the coasts of Mayne and Galiano Islands, 
opposite the source area. Wave amplitudes are much smaller (1 to 4 m) on the mainland coast because of the 
reflection of the initial waves from Roberts Bank. Additional numerical experiments were conducted for both 
regions to estimate the sensitivity of the computed tsunami wave heights to input parameters, such as slide viscosity, 
bulk density, and slide position. 
 

Reports, Government Publications, and Theses 
 
Atkins, R.J., and Luternauer, J.L., 1991, Re-evaluation of slope failure volumes estimates 

involving 3D computer graphics for the Fraser River delta front, British Columbia, In: 
Current Research, Part E, Geological Survey of Canada, Paper 91-1E, p. 59-65. 

Abstract: Three-dimensional computer images of the pre- and post-failure surfaces for the large June-July, 1985, slope 
failure, at the mouth of the Fraser River Main Channel, were generated using a computer aided design program. 
Comparison of the pre- and post-failure data resulted in the re-estimation of the slope failure minimum volume to 
1.4x106 m3. Extrapolation of the plotted data resulted in an estimate of 3.0x106 m3 for the total volume of the slope 
failure. 

 
Christian, H.A., Mosher, D.C., Barrie, J.V., Hunter, J.A., and Luternauer, J.L., 1998, Seabed 

slope instability on the Fraser River delta, In: Clague, J.J., Luternauer, J.L. and Mosher, 
D.C. (eds.), Geology and Natural Hazards of the Fraser River Delta, British Columbia, 
Geological Survey of Canada, Bulletin 525, p. 217-230. 

Abstract: The Fraser River delta lies in one of the most earthquake-prone regions in Canada and is composed, in part, of 
loose sands that have a high seismic liquefaction potential. Engineering investigations at the western margin of the 
Fraser delta have demonstrated that seismic liquefaction is possible on the existing delta slope. There are several 
areas of past and present slope instability at the delta front. Present examples include chronic retrogressive slumping 
and debris flows at the mouth of the Main Channel and slow downslope creep movements in adjacent areas, where 
sediments are accumulating on the delta slope. Prehistoric mass movements may have been triggered by liquefaction 
during past earthquakes or may be related to recurrent slumping at the mouths of former distributary channels. In 
addition, failure may be linked to leaching of metastable marine sediments at the base of the Holocene deltaic 
sequence. Spontaneous failures occurring at present at the river mouth are due to the combined effects of rapid 
sedimentation and slope oversteepening, shallow gas held within the sediment mass, and tidal loading. 

 
Hamilton, T.S., and Luternauer, J.L., 1983, Evidence of seafloor instability in the south-central 

Strait of Georgia, British Columbia: a preliminary compilation, In: Current Research, Part 
A, Geological Survey of Canada, Paper 83-1A, p. 417-421. 

Abstract: Geophysical profiles (1700 km) in the Strait of Georgia reveal widespread distribution of features suggesting 
seafloor instability including faults, slumps, slides, and submarine valleys. 

 
Jackson, L.E., Jr., Hermanns, R.L., Jermyn, C.E., Conway, K., and Kung, R., 2008, Annotated 

images of submarine landslides and related features generated from Swath multibeam 
bathymetry, Howe Sound, British Columbia, Geological Survey of Canada, Open File 5662, 
1 CD-ROM. 

Summary: Landslides and debris flows (or debris torrents where they are fast moving and turbulent) are common 
natural hazards along the rugged fiord-indented coastline of British Columbia. Landslides and debris flows do not 
end at sea level but may continue travelling until they reach the fiord bottom or occur entirely below sea level. 
Where landslides are large and enter the sea rapidly, they can displace large volumes of water and create a 
displacement wave commonly known as a fiord tsunami. These can cause damage to surrounding shorelines. In the 
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comparatively more populated fiords of Norway, fiord tsunamis have been one of the most destructive and deadly 
natural hazards in that country. In an effort to evaluate the fiord tsunami risk in Howe Sound, multibeam swath 
bathymetry imagery was combined with a digital elevation model of subaerial topography in order to search for 
evidence of past landslide activity that could have been accompanied by displacement waves during their deposition 
and contemporary areas of slope instability that could potentially generate future displacement waves. This report 
describes examples of submarine landslides identified from multibeam imagery. This work is preliminary and based 
upon interpretation of the imagery alone (unless otherwise stated) without direct investigations of the deposits 
through bottom sampling, coring or seismic reflection profiling. 

 
Luternauer, J.L., Mosher, D.C., Clague, J.J., and Atkins, R.J., 1998, Sedimentary 

environments of the Fraser delta, In: Clague, J.J., Luternauer, J.L. and Mosher, D.C. (eds.), 
Geology and Natural Hazards of the Fraser River Delta, British Columbia, Geological 
Survey of Canada, Bulletin 525, p. 27-39. 

Abstract: Sediments on the delta slope north of the Main Channel of the Fraser River are mainly sandy mud; 
sedimentation rates in this area are high due to northward transport of sediment from the river mouth. In contrast, 
little sediment is accumulating on the sandy slope south of the Main Channel. Failures near the crest of the slope 
trigger turbidity currents and debris flows in sea valleys off active distributary-channel mouths. Broad unvegetated 
tidal flats at the western and southern fronts of the delta are covered mainly by sand. The unvegetated tidal flats are 
bordered by a strip of intertidal marsh underlain by mud. The dyked, and now extensively urbanized delta plain is 
underlain by sand with a cap of several metres of silt. Domed peat bogs cover much of the eastern part of the delta 
plain. The two principal distributary channels of the Fraser River have highly mobile beds floored by sand. The 
channels and the foreshore are dyked, thus the delta plain is no longer subject to flooding. 

 
McKenna, G.T., and Luternauer, J.L., 1987, First documented large failure at the Fraser 

River delta front, British Columbia, In: Current Research, Part A, Geological Survey of 
Canada, Paper 87-1A, p. 919-924. 

Abstract: The first documented large failure at the delta front occurred at the mouth of the Main Channel of the Fraser 
River in July, 1985 and had a minimum volume of a million cubic metres. The failure scarp extended to within 100 
metres of Sand Heads Lighthouse. The failure may have been triggered by rapid sediment loading at the end of the 
freshet combined with drawdown effects associated with large spring tides. 

 
Mosher, D.C., and Hamilton, T.S., 1998, Morphology, structure, and stratigraphy of the 

offshore Fraser delta and adjacent Strait of Georgia, In: Clague, J.J., Luternauer, J.L. and 
Mosher, D.C. (eds.), Geology and Natural Hazards of the Fraser River Delta, British 
Columbia, Geological Survey of Canada, Bulletin 525, p. 147-160. 

Abstract: The stratigraphic sequence in the southern Strait of Georgia consists of 1) folded and faulted Tertiary and 
older sedimentary rocks, 2) Pleistocene glacial and interglacial deposits which form distinctive ridges within the 
strait and below the Fraser delta, 3) glaciomarine sediments dating to the end of the last glaciation, and 4) modern 
Fraser delta sediments which drape underlying topography and are locally more than 300 m thick. Significant 
morphologic elements of the Fraser delta include an extensive delta plain, active distributary channels constrained 
by dikes and jetties, a 200 km2 delta slope incised by channels, gullies, and sea valleys, an extensive prodelta, a large 
sedimentary failure on the southern portion of the modern delta, and an area of ridges and troughs in the centre of 
the Strait of Georgia that are either deformation features or sedimentary bedforms. Natural delta processes have been 
altered significantly by human activity. 

 
Mosher, D.C., Christian, D.C., Hunter, J.A., and Luternauer, J.L., 2004, Onshore and offshore 

geohazards of the Fraser River delta, In: Groulx, B.J., Mosher, D.C., Luternauer, J.L., and 
Bilderback, D.B. (eds.), Fraser River Delta: Issues of an Urban Estuary, Geological Survey 
of Canada, Bulletin 567, p. 67-79. 

Abstract: The Greater Vancouver Regional District of southwestern British Columbia is a highly urbanized and 
industrialized area that lies in Canada's most seismically active region, overlying the Cascadia subduction zone. The 
Fraser River delta is the most seismically vulnerable area within this region. A significant effort has been made to 
identify potential geohazards and refine assessments of earthquake ground-surface responses to an earthquake on the 
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delta, both on- and offshore. These studies involve state-of-the-art geological, geophysical, and geotechnical 
techniques including coring, drilling, geotechnical and geophysical boring, and electromagnetic, seismic reflection, 
refraction, and shear-wave surveying. This research has led to the identification of numerous failure features, 
possibly related to past earthquakes, and to the prediction that the top 10 to 20m of sediment over much of the delta, 
on- and offshore, are susceptible to seismic liquefaction and possible flowsliding. Ground-surface response 
modelling should take into account three-dimensional ground-motion-amplification effects. 

 
van Zeyl, D.P., 2009, Evaluation of subaerial landslide hazards in Knight Inlet and Howe 

Sound, British Columbia, M.Sc. thesis, Simon Fraser University, Vancouver, BC, 199 p. 
Abstract: This thesis evaluated hazards from subaerial (originating above sea level) landslide-induced tsunamis in 

Knight Inlet and Howe Sound. Field assessments were conducted at Adeane Point and Mount Gardner. GIS was 
used at site and inlet scales to compile existing map data, to map submarine slide deposits, to measure topographic 
parameters, and to integrate observations. Modelling at Adeane Point employed kinematic, limit equilibrium 
(SWEDGE) and discrete element (3DEC) analyses in order to estimate the volume of a potential landslide. Results 
suggest that the hazard from subaerial slide-induced waves is high in Knight Inlet, particularly in the area between 
Adeane Point and Glacier Bay, whereas, when compared with Knight Inlet, the hazard in Howe Sound appears 
considerably less. Modelling results suggest that topography and discontinuity persistence are the leading controls 
on failure volume. A preliminary catalogue of techniques for assessing hazards from slide waves was created, and 
related issues were discussed. 

 
Conference Proceedings and Abstracts 
 
Hamilton, T.S., and Wigen, S.O., 1985, The foreslope hills of the Fraser Delta: implications for 

tsunamis in Georgia Strait – a summary, In: Murty, T.S., and Rapatz, W.J. (eds.), 
Proceedings of the International Tsunami Symposium, Sidney, B.C., August 6-9, p. 110-118. 

Abstract: The Foreslope Hills (FSH), an 11 x 6 km area of hummocky bathymetry on the face of the Fraser Delta, is the 
largest of a series of youthful slump deposits in Georgia Strait. Whether the ultimate cause of this feature is seismic 
or sedimentological, slumps of this kind pose a direct hazard to marine engineering works. While Georgia Strait is 
sheltered from even the largest tsunamis originating in the open Pacific, slumps like the FSH can impart sufficient 
momentum to the water column to cause locally generated tsunamis. Geological evidence suggests that this region 
of high population density and extensive foreshore development is subject to continued risk. 

 
Kulikov, E.A., Fine, I.V., Rabinovich, A.B., and Bornhold, B.D., 1999, Numerical simulation of 

submarine landslides and tsunamis in the Strait of Georgia, Proceedings, Canadian Coastal 
Conference, Victoria, B.C., p. 845-862. 

Abstract: Numerical models were used to determine the nature of postulated landslide-generated tsunamis in two areas 
of the Strait of Georgia: Malaspina Strait; and southeastern Strait of Georgia. In Malaspina Strait, failures were 
modelled both as block slides and viscous flow slides. Failure of a 1.25 x 106 m3 sediment mass, perched on the 
slope along eastern Texada Island, resulted in trough-to-crest heights of 7-9 m at Texada Island. In eastern 
Malaspina Strait, trough-to-crest heights ranged from 1.5-2 m for viscous flow slides to 6-7 m for block slides. On 
Roberts Bank (southeastern St. of Georgia) two failure masses were modelled as flow slides. Trough-to-crest wave 
heights in western Strait of Georgia were approximately 9 and 21 m for the smaller and larger failures. Heights 
along the Fraser Delta are less, 2 to 4 m. 

 
Mosher, D.C., Christian, H., and Barrie, J.V., 1994, Hazards to development in the offshore of 

the Fraser River delta, Geological Society of America Abstracts with Programs, v. 26, no. 7, 
p. 469. 

Abstract: The Fraser River Delta is a deep water river delta prograded into the Strait of Georgia during the Holocene 
(the last 11,000-13,000 years), resulting in a 40 km-long coastal zone and tidal flats that extend about 9 km from the 
dyked edge of the delta to the subtidal slope. The submarine extent of the delta is over 1000 km2. The delta slope is 
inclined 1-23° (average ~2-3°) and terminates at about 300 m water depth, 5-10 km seaward of the edge of the tidal 
flats. Deposition on the Fraser Delta is controlled by tidal and fluvial processes operating in a high-energy, semi-
enclosed marine basin (the Strait of Georgia). Over 1.6 million people live on or adjacent to this delta in the most 
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seismically active zone in Canada. Constructed on the marine delta is one of the busiest ferry terminals in the world, 
the busiest coal port in Canada (soon to be expanded to become a container and grain shipping port), and numerous 
high voltage power cables and phone cables supplying services to Vancouver Island. Offshore geology of the Fraser 
Delta has been derived from seismic and sidescan surveys and coring and drilling programs, including a number of 
shallow water engineering test holes. The stability of the prograded delta sediments (uppermost lithologic unit) is the 
primary concern for development and hazard assessment; both static stability and the behaviour of these sediments 
under seismic loading conditions. Assessing the stability of the offshore delta includes geotechnical testing and 
investigation for geological evidence of failed sediment. Three sites have been identified as demonstrating possible 
sediment instability on the delta foreslope: (1) Sand Heads, the present River mouth, exhibits ongoing sediment 
failures as a result of high sedimentation rates, slope oversteepening and high pore pressure response to tidal 
drawdown; (2) southern Roberts Banks, the position of the BC Hydro cable corridor and BC Ferry terminals and an 
area with known soil liquefaction potential, steep slopes at the shelf break, and a large area underlain by slope 
instability features; and (3) the Foreslope Hills, a possible delta failure deposit that had tsunami-generating potential. 
There are concerns over rates of sediment erosion and transport in addition to liquefaction and slope stability 
hazards. Restricting river outflow, dredging, and removal of material limits the amount and size of sediment 
supplied to the delta front, leading to areas of active sediment erosion, Sand dunes have been observed on southern 
Roberts Bank, potentially impacting seafloor structures and providing evidence of strong currents. 

 
Rabinovich, A.B., Kulikov, E.A., Thomson, R.E., Bornhold, B.D., and Fine, I.V., 1999, 

Numerical simulation of potential submarine slope failures and associated tsunamis along 
the coast of British Columbia, International Union of Geodesy and Geophysics General 
Assembly 1999 abstract program, Birmingham, UK, v. 2, p. B132.  

Abstract: Studies in coastal areas of British Columbia indicate the high instability of deltaic and nearshore sediments in 
many areas. Buildings, coastal facilities, pipelines, telecommunication and electrical transmission cable lines are at 
significant risk of direct damage from subaerial and submarine landslides. Tsunamis generated by these events 
probably pose an even greater threat in terms of damage and loss of life. We concentrate our attention on two areas 
of potentially high risk of slope failure: (1) Malaspina Strait, a narrow (5 to 10 km) channel separating Texada 
Island from the mainland of British Columbia; and (2) the Fraser River delta front in the southern portion of the 
Strait of Georgia. The main reasons for our interest in these areas are: (1) large volumes of unconsolidated sediments, 
accumulated there; (2) high risk of instability of these sediments; and (3) location of significant coastal 
infrastructure, which would be at risk should a failure and tsunami occur. We have developed two types of 
numerical model to simulate landslide-generated tsunamis: (1) viscous flow, and (2) rigid body. These models 
bracket the true response of the sea surface to the landslide, with the viscous slide model underestimating the wave 
response and the rigid body model overestimating the response. 

 
Terzaghi, K., 1956, Varieties of submarine slope failures, Proceedings of the 8th Texas 

Conference on Soil Mechanics and Foundation Engineering, 41 p. 
Extract: A post-Pleistocene sand-gravel delta is located on the north shore of Howe Sound, southern B.C. Water depth 

increases rapidly with distance from shore, and the delta front was considered favorable for construction of a pulp 
mill. Prior to construction in 1912 occasional changes in stream course gave the outer edge of the delta a circular 
arcuate shape, but afterwards stream confinement to a permanent channel led to further delta growth only in the 
proximity of this channel mouth. Later, sediment transport was intercepted upstream and washed into the sound well 
beyond the mill site, but the delta front had already advanced > 100 feet beyond the original shoreline. The 
waterfront structures are located on both sides of the channel mouth, and supported by piles seaward of the old 
shoreline. On August 22, 1955, a few minutes after extreme low tide, the south end of the warehouse collapsed into 
the water. 25 minutes later piles dropped out from under the corner of the dock, and finally the entire dock and south 
end of the plant structures broke down. After the slide the plant owners sought advice on protecting the intact 
portion of the plant against future damage and the possibility of reconstructing the collapsed structures at their 
original site. Field investigations included boring to 120 ft depth and a detailed topographic survey of the delta slope 
from the waterfront to the bottom of Howe Sound. The borings showed clean sand and gravel to at least 120 ft depth. 
The delta front has a remarkably uniform gradient and contour lines no more irregular than the shoreline. Between 
sea level and ~600 ft depth the slope angle ranges from 26.5° to 28°. Below this, slope angle decreases gradually to 
the bottom of Howe Sound (~750 ft depth). The results of the post-slide soundings were almost identical to the older 
ones, except at the slide site, where water depth increased by up to 40 ft. Yet after the slide the slope was smooth 
from the upper edge of the slide scar to > 600 ft depth with a normal slope angle (27-28°). The slide likely involved 
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a body of sediment that was perched on the slope; the body’s slope must have been much steeper than the normal 
delta front. The body’s origin was likely the indentation between the old shoreline and the edge of the new 
promontory at the channel mouth. During high water season, the largest particles are deposited on the slope 
descending from the river mouth; smaller particles, including silt, are carried in suspension into sheltered zones 
either side of the promontory. Silty sediment is slightly cohesive and can attain a much higher slope angle than 
cohesionless sediments, but when the height of a steep slope exceeds a critical value, the slope fails. Also, the 
permeability of silty sediment is much lower than that of clean sand, so the perched body restricted the tidal rise and 
fall of the water table in the permeable sediments beneath it. As the tide ebbs the silty body retards the falling of the 
water table behind it, and its base is acted upon by an excess hydrostatic pressure, reducing resistance against sliding. 
Therefore the slide occurred at extreme low tide. It was concluded that the intact portion of the plant is considered 
permanently safe, and the wrecked structures can be safely reconstructed at their original site, provided the 
foundation piles are driven to adequate depth, and the present slope conditions (27-28° angle) are maintained by 
dredging/filling. In the vicinity of water-front structures a record should be kept of the changes which occur in the 
topography of the adjacent delta front. If there is a progressive deterioration of the equilibrium conditions the 
original slope conditions should be re-established by artificial means. 

 
Cascadia margin 
 
Scientific Books and Articles 
 
Goldfinger, C., Kulm, L.D., McNeill, L.C., and Watts, P., 2000, Super-scale failure of the 

southern Oregon Cascadia margin, Pure and Applied Geophysics, v. 157, no. 6-8, p. 1189-
1226. 

Abstract: Using SeaBeam bathymetry and multichannel seismic reflection records we have identified three large 
submarine landslides on the southern Oregon Cascadia margin. The area enclosed by the three arcuate slide scarps is 
approximately 8000 km2, and involves an estimated 12,000–16,000 km3 of the accretionary wedge. The three 
arcuate slump escarpments are nearly coincident with the continental shelf edge on their landward margins, 
spanning the full width of the accretionary wedge. Debris from the slides is buried or partially buried beneath the 
abyssal plain, covering a subsurface area of at least 8000 km2. The three major slides, called the Heceta, Coos Basin 
and Blanco slides, display morphologic and structural features typical of submarine landslides. Bathymetry, sidescan 
sonar, and seismic reflection profiles reveal that regions of the continental slope enclosed by the scarps are chaotic, 
with poor penetration of seismic energy and numerous diffractions. These regions show little structural coherence, in 
strong contrast to the fold thrust belt tectonics of the adjacent northern Oregon margin. The bathymetric scarps 
correlate with listric detachment faults identified on reflection profiles that show large vertical separation and 
bathymetric relief. Reflection profiles on the adjacent abyssal plain image buried debris packages extending 20–35 
km seaward of the base of the continental slope. In the case of the youngest slide, an intersection of slide debris and 
abyssal plain sediments, rather than a thrust fault, mark the base of slope. The age of the three major slides decreases 
from south to north, indicated by the progressive northward shallowing of buried debris packages, increasing 
sharpness of morphologic expression, and southward increase in post-slide reformation of the accretionary wedge. 
The ages of the events, derived from calculated sedimentation rates in overlying Pleistocene sediments, are 
approximately 110 ka, 450 ka, and 1210 ka. This series of slides traveled 25–70 km onto the abyssal plain in at least 
three probably catastrophic events, which may have been triggered by subduction earthquakes. The lack of internal 
structure in the slide packages, and the considerable distance traveled suggest catastrophic rather than incremental 
slip, although there could have been multiple events. The slides would have generated large tsunami in the Pacific 
basin, possibly larger than that generated by an earthquake alone. We have identified a potential future slide off 
southern Oregon that may be released in a subduction earthquake. The occurrence of the slides and subsequent 
subduction of the slide debris, along with evidence for margin subsidence implies that basal subduction erosion has 
occurred over at least the last 1 Ma. The massive failure of the southern Oregon slope may have been the result of 
the collision of a seamount province or aseismic ridge with the margin, suggested by the age progression of the 
slides and evidence for subducted basement highs. The lack of latitudinal offset between the oldest slide debris and 
the corresponding scarp on the continental slope implies that the forearc is translating northward at a substantial 
fraction of the margin-parallel convergence rate. 
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López, C., Spence, G., Hyndman, R., and Kelley, D., 2010, Frontal ridge slope failure at the 
northern Cascadia margin: margin-normal fault and gas hydrate control, Geology, in 
revision. 

Abstract: There are numerous large sedimentary slump features near the base of the slope of the northern Cascadia 
accretionary margin off Vancouver Island. One 2 km wide collapse structure with a 250 m high headwall has been 
studied by multi-beam bathymetry and a single-channel seismic reflection grid. Migrated seismic reflection lines on 
the frontal ridge image multiple 15 to 75 m high seafloor scarps perpendicular to the margin that are the seafloor 
expressions of normal faults that cut deeply into the sediment section. Two of the largest faults are aligned with the 
sidewalls of the slump indicating that the lateral extent of slumping is fault-controlled. Marine gas hydrate is present 
beneath the ridge, based on a widespread hydrate Bottom-Simulating Reflector (BSR), on high velocities determined 
by ocean bottom seismograph data, and on sediment core samples and downhole logs collected by the Integrated 
Ocean Drilling Program at Site U1326. The depth of the BSR coincides closely to the estimated depth of ~255 m for 
the glide plane beneath the slump suggesting that the base of slumping is related to the contrast between strong 
hydrate-cemented sediments above the BSR and underlying weak sediments containing free gas. Strong earthquake 
shaking on this convergent margin likely provides the trigger for the slope failure. 

 
McAdoo, B.G., and Watts, P., 2004, Tsunami hazard from submarine landslides on the Oregon 

continental slope, Marine Geology, v. 203, no. 3-4, p.235-245, doi:10.1016/S0025-
3227(03)00307-4. 

Abstract: The morphometric analysis of submarine landslides on the continental slope of Oregon provides insight into 
tsunami hazard, including the locations of mass movements, the sizes of mass failures, their relative importance to 
the structure of a given margin, and the potential for landslide-generated tsunami hazards. Numerous, often 
overlapping failures, including two super-scale slumps in the southern Oregon margin, may have had the capacity to 
produce very large tsunamis, and should be considered when assessing earthquake and tsunami hazard in the 
Cascadia Subduction Zone. We use various aspects of the slides, including the mean water depth, width, run-out 
distance, and thickness, along with the slope gradient in the scar and adjacent slopes (and radius of curvature of the 
failure plane for slumps) to predict maximum tsunami amplitudes directly above the failure. Cohesive landslides 
tend to have higher headscarps than the slides that lose cohesion, suggesting that they occur in stronger sediment, 
and have the potential to produce larger tsunamis. On other continental margins (California, Texas/Louisiana, and 
New Jersey/Maryland), landslides tend to occur on slopes less than 4°, however offshore Oregon, most of the 
landslides occur on slopes over 15°; the failures on the steeper slopes tend to produce larger tsunamis. There are 
surprisingly few large failures along the seismically active northern margin, implying that strong shaking may be 
limited in this region, and tsunami generation may be due to coincident movement along faults on the upper plate. 

 
McAdoo, B.G., Capone, M.K., and Minder, J., 2004, Seafloor geomorphology of convergent 

margins: implications for Cascadia seismic hazard, Tectonics, v. 23, TC6008, 
doi:10.1029/2003TC001570. 

Abstract: We compare the geomorphology of several convergent continental margins to constrain the seismic hazard of 
the Cascadia margin offshore Oregon, and present the possibility of a slow earthquake mechanism for a 
characteristic Cascadia event. The Cascadia seafloor has a very delicate bathymetry, with well-preserved landslides 
and noneroded slopes approaching 20°, unusual for a margin that produces M~9 earthquakes. Three-dimensional 
seismic and multibeam bathymetry data from the Nankai Trough suggest ubiquitous erosion over the entire margin 
with a smooth lower slope, devoid of large landslides, as would be expected on an accretionary margin that produces 
M~8.5 earthquakes. The accretionary Makran (Pakistan) and Kodiak (Alaska) margins have evidence of mass 
wasting and smooth lower slopes that lack large landslides. The nonaccreting Nicaraguan, Sanriku, and Aleutian 
margins have large, well-preserved landslides that add roughness elements to the slope, and have produced 
anomalously large tsunami, suggesting a slow source mechanism. Quantitative analysis of the lower slope roughness 
suggests the Cascadia has a characteristic geomorphology substantially different than the other sedimented 
convergent margins. The geomorphology, heat flow, pore pressure regime, and accounts of the 1700 ‘‘megathrust’’ 
event suggest a possible characteristic earthquake with a slow source mechanism. Rupture velocity would be high 
enough to be tsunamigenic, but accelerations would be low such that downslope erosion is minimal. To make the 
distinction between a slow and rapid source mechanism is critical in planning for seismic hazard in the Pacific 
Northwest. 
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Kitimat Arm 
 
Scientific Books and Articles 
 
Johns, M.W., Prior, D.B., Bornhold, B.D., Coleman, J.M., and Bryant, W.R., 1986, 

Geotechnical aspects of a submarine slope failure, Kitimat fjord, British Columbia, Marine 
Geotechnology, v. 6, p. 243-279. 

Abstract: Geotechnical characteristics of the sediments from a known submarine slope failure at Kitimat Arm, British 
Columbia, are related to the results of geological and geophysical surveys. Site geology and morphology of the fjord, 
evaluated from high-resolution side-scan sonar and subbottom profile data, show the effects of at least three separate 
instability events. The geotechnical properties of the sediments involved in the instability processes have been 
analyzed from piston cores and cores collected from a manned submersible. Four distinct instability mechanisms are 
identified within the fjord, including failure of the fjord wall and delta-front sediments, initiation of movement of 
fjord-bottom clays, long-distance translational movement on the low-angle fjord floor, and block gliding at the 
downslope front of the landslide. Using post-failure geometries and geotechnical data, factors such as coastal 
construction, tidally induced drawdown, and undrained loading are evaluated as possible initiators of sediment 
instability. 

 
Murty, T.S., 1979, Submarine slide-generated water waves in Kitimat Inlet, British Columbia, 

Journal of Geophysical Research, v. 84, no. C12, p. 7777-7779. 
Abstract: A major submarine slide occurred on April 27, 1975, in Kitimat Inlet in the Douglas Channel system on the 

west coast of Canada. Following this slide at least two water waves were observed, and it was estimated that the 
range (crest plus trough) of the first wave could have been 8.2 m. Two simple theories have been used here to 
estimate the wave height: By considering the uncertainties both in the observed data as well as in the calculated 
wave height, there is reasonable agreement. 

 
Prior, D.B., Bornhold, B.D., Coleman, J.M., and Bryant, W.R., 1982, Morphology of a 

submarine slide, Kitimat Arm, British Columbia, Geology, v. 10, p. 588-592. 
Abstract: A digitally acquired, scale-corrected side-scan sonar survey yielded high-resolution imagery of a submarine 

landslide in British Columbia. The landslide, in a fjord-head setting in Kitimat, was last active in 1975 and created a 
wide area of deformed sea floor. The sediment failure involved shallow rotational movements on the slopes of a 
fjord-head delta, marginal tearing, translational sliding, compressional folding, and block gliding of fjord-bottom 
marine clays. The slide is shallow and elongate and appears to have been produced by failure in mobile, low-
strength sediments. 

 
Prior, D.B., Coleman, J.M., and Bornhold, B.D., 1982, Results of a known sea floor instability 

event, Geo-Marine Letters, v. 2, p. 117-122. 
Abstract: A submarine sediment instability event (landslide) occurred at Kitimat, British Columbia, in 1975. Recent 

high-resolution surveys provide details of the resulting seafloor morphology. The effects of the slide include 
modification of the fjord head delta-front slopes, transport of delta sediments into deep water and mixing with deep 
water, fjord bottom clays. Distinctive features include the results of shallow rotational sliding, tearing and shearing, 
compressional folding and long distance block gliding at the downslope slide terminus. 

 
Prior, D.B., Bornhold, B.D., and Johns, M.W., 1984, Depositional characteristics of a 

submarine debris flow, Journal of Geology, v. 92, p. 707-727. 
Abstract: An example of a recently active delta-front fjord landslide has been extensively studied using side-scan sonar, 

subbottom profiler, piston coring, and submersible observations. The resulting sea-floor morphology and sediments 
have many characteristics similar to terrestrial debris flows. Analysis of cores, including physical properties and X-
ray radiographs, is correlated with survey data to interpret the debris flow deformational processes and to categorize 
the debris flow sediments. A major part of the debris flow apparently involves remolding and deformation of fjord 
bottom sediments. These mechanisms result in distinctive sediment properties and structures. The data and 
interpretations provide a basis for comparison with other marine sedimentary sequences where slope instability 
processes are suspected. 
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Skvortsov, A., and Bornhold, B., 2007, Numerical simulation of the landslide-generated 

tsunami in Kitimat Arm, British Columbia, Canada, 27 April 1975, Journal of Geophysical 
Research, v. 112, F02028, doi:10.1029/2006JF000499. 

Abstract: It remains challenging to predict and estimate potential damage from tsunamis using computer models. One of 
the approaches to validate models is to compare their results with site observations. We carried out numerical 
modeling for both the underwater landslide and the associated tsunami that occurred near Kitimat, British Columbia, 
Canada on 27 April 1975. A few observations of high water marks along the coastline indicated 8.2 m tsunami 
waves. Previous survey results of the seafloor showed that a landslide traveled about 5 km down the axis of the fjord 
from its source areas on the sidewall of the fjord, near the head of the inlet, and on the lower Kitimat River delta. 
We modeled the subaqueous slope failure as a Bingham visco-plastic fluid (debris flow) based on previous 
geotechnical investigations at the site, and numerically solved the landslide-generated tsunami wave and debris flow 
equations using a finite-volume Godunov-type scheme. This method resolves abrupt wave and landslide front 
interactions and remains oscillation-free. The computed motion of the debris flow is generally consistent with 
observations; simulations indicate that the failure propagated approximately 4.5 km down the fjord axis from its 
inception point. We have found that computed amplitudes for the tsunami wave crest at the coast of Kitimat Arm 
were between 6 and 11 m; these values are somewhat higher than previous simplistic solitary wave theory estimates 
of 6.3 m and observations of 8.2 m. 

 
Reports, Government Publications, and Theses 
 
Campbell, D.B., and Skermer, N.A., 1975, Report to B.C. Water Services on investigation of 

seawave at Kitimat, B.C., Golder Associates, Vancouver, B.C., unpublished manuscript, 20 
p. 

Abstract: An investigation was carried out to determine the cause of a seawave that damaged wharf installations at the 
head of the Kitimat Arm of the Douglas Channel on the northwest coast of B.C. on April 27, 1975. It is concluded 
that the seawave as a result of a 3 million cu. yd. submarine landslide that occurred in soft marine clay at Moon Bay 
on the west side of the inlet. 

 
Luternauer, J.L., and Swan, D., 1978, Kitimat submarine slump deposit(s): a preliminary 

report, In: Current Research, Part A, Geological Survey of Canada, Paper 78-1A, p. 327-
332. 

Abstract: Side-scan sonar records coupled with echo-sounding, sedimentologic and photographic evidence served as a 
basis for identifying submarine slump deposits on the floor of the northern Kitimat Arm, British Columbia. 
Preliminary examination of data suggests that at least two distinct submarine slides have coalesced to form a 
continuous deposit some 4-5 km in length and as much as 2 km wide. 

 
Murty, T.S., and Brown, R.E., 1979, The submarine slide of 27 April, 1975 in Kitimat Inlet and 

the water waves that accompanied the slide, Pacific Marine Science Report 79-11, Institute 
of Ocean Sciences, Sidney, B.C., 36 p. 

Abstract: A major submarine slide occurred on April 27, 1975 in Kitimat Inlet in the Douglas Channel system on the 
West Coast of Canada. Following this slide, at least two water waves were observed and it was estimated that the 
range (crest to trough) of the first wave could have been 8.2 m. Two simple theories have been used here to estimate 
the wave height. Considering the uncertainties both in the observed data as well as in the calculated wave height, 
there is reasonable agreement. A visual description of the area under consideration before and after the slide, and 
also the results of certain laboratory experiments by Hecate Strait Engineering are included. 

 
Skvortsov, A., 2005, Numerical simulation of landslide-generated tsunamis with application to 

the 1975 failure in Kitimat Arm, British Columbia, Canada, M.Sc. thesis, University of 
Victoria, B.C., 115 p. 

Abstract: Numerical modeling was carried out for both the underwater landslide and the associated tsunami which 
occurred near Kitimat, British Columbia, Canada on April 27, 1975. The subaqueous slope failure was modeled as a 
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Bingham visco-plastic fluid (debris flow) based on previous geotechnical investigations at the site. A Bingham fluid 
is determined by two rheologic parameters (yield stress and viscosity) and provides more realistic debris flow 
representation than a Newtonian fluid. A long wave approximation was utilized for the hydrodynamic equations of 
the landslide and the resultant tsunami waves. The landslide-generated tsunami wave and debris flow equations were 
solved numerically using a finite-volume Godunov-type scheme. This method resolves abrupt wave and landslide 
front interactions and remains oscillation-free. The computed motion of the debris flow was generally consistent 
with observations from earlier surveys; simulations indicated that the failure continued approximately 4.5 km down 
the axis of the fjord. Survey results showed that it extended about 5 km; the difference can be, in part, attributable to 
hydroplaning, as documented by survey results, that was not included in the modeled landslide behaviour. 
Computed amplitudes for the tsunami wave crest at the coast of Kitimat Arm were between 6 and 11 m; these values 
are somewhat higher than previous simplistic solitary wave theory estimates of 6.3 m and 8.2 m based on 
observations of high water marks along coastline of Kitimat Arm. 

 
Conference Proceedings and Abstracts 
 
Bornhold, B.D., 1983, Sedimentation in Douglas Channel and Kitimat Fjord System, In: 

Macdonald, R.W. (ed.), Proceedings of a Workshop on the Kitimat Marine Environment, 
Canadian Technical Report, Department of Hydrography and Ocean Science, no. 18, p. 88-
114. 

Abstract: Douglas Channel and Kitimat Arm consist of three major depositional basins. Two of these are 400 m deep 
and contain unconsolidated sediments more than 600 m thick. They are separated by a prominent sill at a depth of 
211 m which is composed of more than 900 m of predominantly morainal material. The third basin, which is 
completely filled, underlies northern Kitimat Arm and southern Kitimat Valley and is separated from the other 
basins by a bedrock sill, now buried by Kitimat delta sediments. Seismic profiling, low-frequency echosounding and 
coring have delineated the following stratigraphic units: tills (?) and glaciomarine sediments; stratified sands and 
sandy muds; acoustically transparent muds; coarse, gravelly morainal sediments; thin, surficial stratified muds and 
sandy muds with occasional sand layers; and hummocky, slumped sediments on the Kitimat delta front. Much of the 
sediment in the fjord was deposited during deglaciation between approximately 13,100 and 11,000 yr B.P. with the 
main morainal sill being produced by stagnation of the ice at about 12,000 yr B.P. Deltaic sedimentation near 
Kitimat began about 9-9500 B.P. and led to the deposition of the most recent stratigraphic unit in the basins, 
interstratified muds and sandy muds, through hemipelagic deposition, landslides, debris flows and turbidity currents. 

 
Bornhold, B.D., and Prior, D.B., 1985, Geomorphology of a fjord-head submarine landslide, 

British Columbia, Canada, In: Murty, T.S., and Rapatz, W.J. (eds.), Proceedings of the 
International Tsunami Symposium, Sidney, B.C., August 6-9, p.120. 

Abstract: On April 27, 1975 a major slope failure occurred near the head of Kitimat Arm, part of an extensive fjord 
system on the northern British Columbia coast. The landslide destroyed a jetty, created a wave estimated at more 
than 8 m high along the shore, and caused extensive flooding of the adjacent low-lying areas and significant damage 
along the coast. The slide mass, which extends more than 5 km down the fjord, was mapped using side scan sonar 
and high-resolution sub-bottom profiler. Based on the side scan sonographs, a map and block diagram showing the 
principal morphological elements of the landslide were prepared. These features include: scarps between 1 and 5 m 
high found near the head of the slide; disturbed sediments covering approximately 7 km2 and comprising several 
individual morphological forms including ridged and sheared areas and complex regions of large sediment blocks; 
compressional ridges and longitudinal shears displayed as elongate cracks and low scarps that are generally aligned 
parallel to the long axis of the slide; and outrunner blocks which are isolated sediment masses, up to 100 m in 
diameter and rising 5 m above the surrounding sea floor, which apparently became detached from the main slide and 
are found up to 600 m beyond the toe of the landslide. Factors which may have contributed to instability at the head 
of Kitimat Arm include: (i) rapid progradation and local oversteepening of the delta front; (ii) the presence of soft, 
plastic late Pleistocene marine clays beneath the prograding delta sediments; (iii) the occurrence of biogenic gas in 
the fjord sediments; (iv) the large tidal range and consequent exposure of the upper delta increasing the effective 
stress on the delta front; (v) construction activity along the shoreline resulting in localized loading and disturbance. 
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Knight Inlet 
 
Scientific Books and Articles 
 
Bornhold, B.D., Harper, J.R., McLaren, D., and Thomson, R.E., 2007, Destruction of the First 

Nations village of Kwalate by a rock avalanche-generated tsunami, Atmosphere-Ocean, v. 
45, no. 2, p. 123-128, doi:10.3137/ao.450205. 

Abstract: The First Nations (Da’naxda’xw) village of Kwalate, Knight Inlet, British Columbia was located along the 
shore of a funnel-shaped bay. Archaeological investigations show that this was a major village that stretched 90 m 
along the shoreline and was home to possibly 100 or more inhabitants. Oral stories indicate that the village was 
completely swept away by a tsunami that formed when an 840-m high rock avalanche descended into the water on 
the opposite side of the fjord. Shipboard geological mapping, combined with empirical tsunami modelling, indicate 
that the tsunami was likely 2 to 6 m high prior to run-up into the village. Radiocarbon dates reveal that the village 
was occupied from the late 1300s CE until the late 1500s CE when it was destroyed by the tsunami. 

 
Farrow, G.E., Syvitski, J.P.M., and Tunnicliffe, V., 1983, Suspended particulate loading on the 

macro-benthos in a highly turbid fjord: Knight Inlet, British Columbia, Canadian Journal 
of Fisheries and Aquatic Sciences, v. 40, supplement S1, p. s273-s288. 

Abstract: Knight Inlet is a deep, low-energy but well-oxygenated fjord. The effects of turbidity are principally those of 
seasonally very high vertical flux from the sediment-laden surface layer. Submersible observations of the benthos 
are related to suspended load and sedimentation rate data. The bayhead delta slope receives a continual rain of 
glacial silt (30 cm/yr) and has summer sedimentation rates of 4 kg m-2 d-1. The epifauna of the steep fjord walls 
shows a marked down-inlet increase in abundance, and the number of species increases from 9 to 45. Brachiopods 
(Laqueus californianus), solitary corals (Caryophyllia/Cyathoceros), and encrusting sponges are remarkably tolerant 
of high turbidity. The high sedimentation rates affect the epifauna in three ways: (1) subjection to the ubiquitous 
“gentle rain” of flocs and agglomerates; (2) more locally, microturbidity flows set off by biological resuspension of 
unstable slope sediment; and (3) major slides of rock and/or sediment. Submarine soil-creep limits the slope infauna, 
by burrows requiring repeated reexcavation. Down-inlet decrease in sedimentation rate is accompanied by a change 
in feeding type. In the upper inlet, suspension feeders taking particles <8 μm (e.g. sabellids, brachiopods) probably 
utilize bacteria associated with the high vertical flux of SPM. In the middle inlet, selective suspension feeders (e.g. 
crinoids, gorgonians) sort the SPM for larger particles. In the lower inlet, filter feeders (e.g. barnacles, glass 
sponges) increase, especially where currents are stronger. The soft-bottom detritus feeders also show a change: from 
epibenthic forms (e.g. pandalid shrimp, spider crabs) in the upper inlet, through burrowing shrimp in the middle inlet, 
to ophiuroids in the lower inlet. These changes are correlated with the greater amounts of organic carbon preserved 
in bottom sediments as they are less diluted by glacially derived inorganic material. The modern-day “turbid 
association” of brachiopods, solitary corals, and sponges recalls typical outer shelf-basinal shale facies of the 
Palaeozoic. Turbid, low-energy environments were thus colonized early but faunas have since become less diverse. 

 
Reports, Government Publications, and Theses 
 
van Zeyl, D.P., 2009, Evaluation of subaerial landslide hazards in Knight Inlet and Howe 

Sound, British Columbia, M.Sc. thesis, Simon Fraser University, Vancouver, BC, 199 p. 
Abstract: This thesis evaluated hazards from subaerial (originating above sea level) landslide-induced tsunamis in 

Knight Inlet and Howe Sound. Field assessments were conducted at Adeane Point and Mount Gardner. GIS was 
used at site and inlet scales to compile existing map data, to map submarine slide deposits, to measure topographic 
parameters, and to integrate observations. Modelling at Adeane Point employed kinematic, limit equilibrium 
(SWEDGE) and discrete element (3DEC) analyses in order to estimate the volume of a potential landslide. Results 
suggest that the hazard from subaerial slide-induced waves is high in Knight Inlet, particularly in the area between 
Adeane Point and Glacier Bay, whereas, when compared with Knight Inlet, the hazard in Howe Sound appears 
considerably less. Modelling results suggest that topography and discontinuity persistence are the leading controls 
on failure volume. A preliminary catalogue of techniques for assessing hazards from slide waves was created, and 
related issues were discussed. 
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Bella Coola 
 
Scientific Books and Articles 
 
Kostaschuk, R.A., and McCann, S.B., 1989, Submarine slope stability of a fjord delta: Bella 

Coola, British Columbia, Géographie physique et Quaternaire, v. 43, no. 1, p. 87-95. 
Abstract: Recent evidence indicates that the submarine slopes of the Bella Coola Delta, a fjord delta in British Columbia, 

are subject to mass movements. Mass movements originate in the source areas of chutes (gullies) and transfer coarse 
sediment downslope. Stability analyses indicate that earthquakes, depositional loading and wave loading are capable 
of causing slope failures in chute source areas. Gas generation and tidal drawdown appear to reduce sediment 
strength by increasing pore water pressures, increasing the potential for failures initiated by other mechanisms. 
Failure related to slope oversteepening at distributary mouths would require much steeper slopes than those 
encountered. The most unstable areas are those at distributary mouths where most of the mechanisms of failure 
generation could occur simultaneously. With the exception of earthquakes, the failure mechanisms examined would 
result in high frequency, low magnitude slides that are most likely to occur in spring and summer. Earthquakes 
would cause high magnitude, low frequency failures. 

 
Landslide-tsunamis in lakes 
 
Reports, Government Publications, and Theses 
 
Schwab, J., 1999, Tsunamis on Troitsa Lake, British Columbia, Forest Sciences, Prince Rupert 

Forest Region, Extension Note 35, 4 p. 
Summary: Troitsa Lake is a long narrow fjord-type lake on the edge of the coastal mountains west of Tweedsmuir Park, 

BC. On the morning of October 6, 1998, a large underwater landslide occurred off the steep slope of a fan-delta and 
unsettled the lake for 4 hours. The visible portion of the landslide measures 400 m by 60 m; this is the head scarp 
and upper slump block of a large landslide that extends down the steep face of the delta to depth in Troitsa Lake. An 
estimated 3 million m3 of materials moved in the event. A displacement wave 1.5 m high hit the opposite side of the 
lake 1 km away. Groups of large trees matted together were rafted by the wave up to 1 km across the lake. A 
backwash wave 2 m in height crashed back over the head scarp carrying debris up to 150 m inland over the delta 
surface. The north end of the lake (10 km from the landslide) experienced an initial sharp swell about 60 cm in 
height; bays and shallows were then sucked empty. About 10 minutes later, a large return wave 1.5-2 m high 
crashed through the shallow bay, tearing sunken logs and debris from the bay floor and hurling the debris on to the 
beach and into the surrounding forest. Boats and floating wharves were ripped from their moorings. A log jam at the 
head of Troitsa River was also dislodged and sent down the river. The large fan-delta on Troitsa Lake where the 
failure occurred covers an area of 100 ha and extends for a distance of 1,600 m along the water’s edge. The fan-delta 
has a slope of 6 degrees from its apex to the lake shore. Fan-deltas similar to Troitsa’s grow in size through 
sediments deposited during spring freshets and floods. Materials perched underwater on the steeply sloping face are 
generally highly unstable. Although occurring under water, slope failures can be visualized on a steep fan-cone as a 
slide trough and debris lobe similar to a debris slide or flow. The presence of crescent-shaped slide scarps and 
blocky debris ridges on the fan-delta face suggests the occurrence of a retrogressive rotational type of landslide 
movement. Evidence of a historic failure is exposed at the headscarp of the present landslide. Imbedded in the head 
scarp is a row of trees (one of which is radiocarbon dated to ~650 years BP) all protruding at the same level 
perpendicular to the scarp. New trees fallen in the water from the erosion created by the backwash are similarly 
placed, suggesting the imbedded trees are from a landslide-triggered tsunami. On coastal fjords, development on 
fan-deltas has caused destructive failures and tsunamis (Kitimat April 27, 1975 and Bute Inlet March 3, 1989). 
Many such failures remain poorly documented, occurring in remote areas. Working with equipment or the 
placement of structures close to the fan-delta water edge can cause disastrous slope failures. These sites must be 
avoided or a detailed investigation of the fan or fan-delta must be carried out to ensure stability and safety of the 
sites. Surveys to identify fan-deltas and sites of historic landslides should be undertaken to determine the extent of 
potential hazards from landslide-tsunami in British Columbia’s fjord-type lakes. 
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Thurber Consultants Ltd., 1990, Mount Breakenridge slide, Phase 2 study, Report to Regional 
District of Fraser-Cheam (for B.C. Provincial Emergency Program), February 5. 

Summary: This report presents the results of the second phase of study of the Mount Breakenridge slide area, authorized 
by the Regional District of Fraser-Cheam (for the Provincial Emergency Program) to assess the potential of a 
catastrophic slide that could endanger life and property around Harrison Lake. This report supersedes the 
preliminary report dated June 19, 1989 and the interim Phase 2 report dated October 19, 1989 in their entirety. The 
Phase 2 study comprised the following: (1) Installation of crack monitoring devices. (2) Photogrammetric mapping 
of the study area from aerial photography in August 1989. (3) Geological field mapping. (4) Inspection of the forest 
cover by a specialist in dendrochronology. (5) Analysis of aerial photographs of the study area dating back to 1948. 
(6) Literature search for references on the subject of gravitational slope disturbance. (7) Regional review of slope 
disturbance. (8) Analysis of the geological data to assess alternative failure mechanisms and potential slide volumes. 
(9) Analysis of wave propagation along Harrison Lake, including a flume model study of shoaling on the shallows 
north of Harrison Hot springs, to assess wave behaviour in and around the lake. The most significant conclusions 
and recommendations of the study are as follows. (1) Stability analyses of the Mount Breakenridge slide area 
indicate that, for a rapid, catastrophic slide to occur, a large part of the sliding surface would have to follow an 
adversely orientated, hidden, structural weakness. Although there is no evidence to date of the existence of such a 
weakness, further site investigation is necessary to rule out its existence. (2) Assuming a structural weakness exists, 
the annual probability of a catastrophic failure is subjectively estimated at 1:300 to 1:4500. (3) The upper limit of 
slide volume, were a catastrophic failure to occur, is estimated to be 200 million m3. Its velocity on entering the lake 
is expected to be near 50 m/s and its thickness about 100 m. For these parameters, the hydraulic analysis indicates 
the beach dyke at Harrison Hot Springs will be overtopped by 1.5 (±1) m of water for 80 secs at a velocity of 5 m/s. 
This event is life threatening and would result in extensive property damage. (4) A program of geological mapping 
and seismic profiling is recommended for 1990. This program will clarify the detailed stratigraphy, lithology and 
structure of the slope and examine the depth of disturbed rock and possible presence of major hidden structures 
under the slope surface. Readings of the crack monitoring devices installed on the slope should also continue 
throughout 1990. (5) The 1990 field data should be reviewed early in 1991, at which time a decision can be made as 
to the necessity for proceeding with further hydraulic study of the wave hazard, including physical modelling. 
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Meteorological tsunamis 
 
Scientific Books and Articles 
 
Thomson, R.E., Rabinovich, A.B., Fine, I.V., Sinnott, D.C., McCarthy, A., Sutherland, N.A.S., 

and Neil, L.K., 2009, Meteorological tsunamis on the coasts of British Columbia and 
Washington, Physics and Chemistry of the Earth, v. 34, no. 17-18, p. 971-988, 
doi:10.1016/j.pce.2009.10.003. 

Abstract: Tsunami-like sea level oscillations recently recorded by tide gauges located at offshore, as well as sheltered, 
sites along the coasts of British Columbia (Canada) and Washington State (USA) are identified as meteorological 
tsunamis. The events resemble seismically generated tsunamis but have an atmospheric, rather than seismic, origin. 
The event of 9 December 2005 was sufficiently strong to trigger an automatic tsunami alarm, while other events 
generated oscillations in several ports that were potentially strong enough to cause damage to marine craft. Analysis 
of coincident 1-min sea level data and high-frequency atmospheric pressure data confirms that the events originated 
with atmospheric pressure jumps and trains of atmospheric gravity waves with amplitudes of 1.5–3 hPa. The 
pronounced events of 13 July 2007 and 26 February 2008 are examined in detail. Findings reveal that the first 
atmospheric pressure event had a propagation speed of 24.7 m/s and an azimuth of 352°; the second event had a 
speed of 30.6 m/s and an azimuth of 60°. These speeds and directions are in close agreement with high-altitude 
geostrophic winds (the jet stream) indicating that the atmospheric disturbances generating the tsunami-like sea level 
oscillations are likely wind-transported perturbations rather than freely propagating atmospheric gravity waves. 
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Tsunami Newsletter, 2005, Off northwest coast of North America, 9 December 2005, 01:57 

UTC – rissaga, meteorological tsunami?, Tsunami Newsletter, XXXVII, no. 2, p. 13-14. 
Summary: Unusual sea level measurements on 9 December 2005 along the entire coast of British Columbia (from 

Prince Rupert to Victoria, ~1000 km), and Washington State (from Neah Bay and Tacoma to Toke Point) have been 
reported to the Tsunami Bulletin Board by Dr. Alexander Rabinovich. No seismic events had occurred that could 
generate any noticeable tsunami were reported, and therefore the waves are ascribed to be of meteorological or 
atmospheric origin, and most probably a manifestation of high-frequency irregularities in atmospheric pressure as 
the weather was calm that day. Examination of the sea level records showed that stations on both the open ocean and 
in the sheltered straits showed noticeable tsunami-like oscillations. The wave oscillations continued for 
approximately 9-12 hours and had mainly irregular (polychromatic) characters with dominant periods of 10 to 60 
min. A very clear time shift between oscillations observed at various sites suggests that the disturbance propagated 
from north to south. It was noted that it was important to distinguish very clearly the difference between 
“meteorologic tsunamis” and storm surges, since the latter have periods from several hours to several days, while the 
former have the same periods as ordinary tsunami waves (few minutes to two hours). He further noted that tsunami 
catalogs often contain a number of events described as “probably of meteorological origin.” 
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Pacific Far-field Sources 
 
Scientific Books and Articles 
 
Abe, K., 2000, Predominance of long periods in large Pacific tsunamis, Science of Tsunami 

Hazards, v. 18, no. 1, p. 15-34. 
Abstract: Large Pacific tsunamis, which include the 1952 Kamchatkan tsunami, the 1960 Chilean tsunami, and the 1964 

Alaskan tsunami, were translated into amplitude spectra, with the most predominate periods being shown as space 
distributions with the amplitude on a global scale. As a result it was found that long periods of 49, 56, and 102 
minutes were predominant in the distributions, with the amplitudes of these long periods showing large values in 
directions perpendicular to fault strikes on the other side of the globe. These long periods can be explained by the 
arrival of predominant phases beginning 50-110 minutes after the initial waves and can be attributed to waves 
reflecting away from the continental coast closest to the sources. For the 1960 Chilean tsunami, predominant periods 
and the spectral amplitude at islands were compared with the lengths of these islands. It was found that the 
predominant periods displaced to the long sides with increase of the island length and the amplitude responses could 
be approximated by a resonance curve of the island in relation to the incident wave of the long period, giving a time 
of approximately 60 minutes. Thus the global distribution of both the predominant period and the amplitude can be 
understood primarily as a radiation effect of reflected waves and subsequently as a resonance effect of the tide 
station. Differences in the observed predominant periods between these continental tsunamis and island arc tsunamis 
were demonstrated. 

 
Kowalik, Z., and Murty, T.S., 1989, On some future tsunamis in the Pacific Ocean, Natural 

Hazards, v. 1, no. 4, p. 349-369, doi:10.1007/BF00134833. 
Abstract: Possible tsunamis in the Pacific Ocean, especially in its northeastern part, are discussed in relation to a 

predicted major earthquake in the Shumagin Seismic Gap (located in the eastern part of the Aleutian Island Chain) 
and to a major eruption of the St. Augustine volcano in Cook Inlet, Alaska. The deep-water propagation of the 
tsunami generated in the Shumagin Gap is simulated through the use of a spherical polar coordinate grid of the 
approximate size of 14km. The tsunami generated by the St. Augustine volcano is studied through the fine mesh grid 
confined to the Cook Inlet only. The numerical models were calibrated against historical tsunami data. The 
properties of the tsunami signal are described by the maximum amplitude which occurs in the tsunami record. This 
allows us to single out the direction along which a maximum tsunami is to be expected. 
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Lockridge, P.A., 1988, Historical tsunamis in the Pacific Basin, In: El-Sabh, M.I., and Murty, 

T.S. (eds.), Natural and Man-Made Hazards, D. Reidel Publishing, Dordrecht, the 
Netherlands, p. 171-181. 

Abstract: The Pacific Basin was divided into ten regions, and historical data were compiled for each region. As the 
Japanese word “tsunami” suggests, the Japan area situated near a collision zone for two crustal plates has generated 
the most tsunamis (247), and most of the damage has been confined to that area. Across the Pacific to the southeast 
lies the South American coast, another zone of plate collision that has spawned many tsunamis (91).The records of 
the area report 13 events that were devastating not only locally, but as far away as Hawaii and Japan. Further, 
magnitude 7.5 earthquakes are more likely to generate tsunamis along the coast of South America. The North Pacific 
area has generated events with far-reaching effects. Five of the nine tsunamis that were damaging outside their 
source regions in the last 100 years were generated in the arc stretching from the Kuril Islands and Kamchatka 
across the Aleutians to the Gulf of Alaska. Hawaii is the area most often damaged by tsunamis generated elsewhere 
in the Pacific Ocean basin. But the west coast of North America, although frequently the site of earthquakes, has 
generated only seven damaging tsunamis. 

 
Mofjeld, H.O., González, F.I., Bernard, E.N., and Newman, J.C., 2000, Forecasting the heights 

of later waves in Pacific-wide tsunamis, Natural Hazards, v. 22, no. 1, p. 71-89. 
Abstract: A method is derived to forecast the extreme heights of later waves in Pacific-wide tsunamis, for locations in 

the vicinity of real-time reporting tide gages. The forecast for wave peaks has the form ηF(t) = ηB(t) + ηe(t), where ηe 
= Aσ exp[-(t – t0)/τ]. Here, the forecast begins at time t = t0, which is 4 h after tsunami detection at a tide gage, σ is 
the standard deviation of tsunami-band fluctuations observed in the 2-h time interval before the forecast begins, ηB is 
a background water level prediction that includes the tides and lower frequency oscillations, τ = 48 h is an e-folding 
decay constant, and A = 3.0 is a constant coefficient. Placing a minus sign in front of ηe provides a forecast for wave 
troughs. This form for the forecast, and the values of the parameters, are justified using probability theory and 
Monte Carlo simulations based on 3000 synthetic tsunami time series. The method is then tested successfully (i.e., 
agreement within 0.5 m) against six past Pacific-wide tsunamis, as observed at U.S. tide gages. These case studies 
include the five major tsunamis to produce loss of life and/or substantial damage to U.S. coastal communities during 
the Twentieth Century. The sixth study is the 1994 Shikotan tsunami, which is the latest Pacific-wide tsunami to 
trigger tsunami warnings for U.S. regions. Algorithms for detecting local tsunami onset and generating forecasts are 
given in an appendix, together with a description of the wavelet method used to generate the synthetic tsunami series. 

 
Soloviev, S.L., Go, Ch.N., and Kim, K.H.S., 1992, Catalog of tsunamis in the Pacific, 1969-1982, 

Moscow, Translation by Amerind Publishing Company, Pvt. Ltd., New Delhi, India, 214 p. 
Abstract: All available information on 85 tsunamis observed in the Pacific Ocean during the period 1969-1982 has been 

collected and systematically arranged in this book. Maps of sources and copies of tide gauge records of tsunamis are 
presented and the wave intensities determined. A list has been prepared showing the main parameters of the 
earthquakes and the intensities of the tsunamis. This list and the other auxiliary data are included in the appendix of 
the catalog. This work was conducted under the International Cooperation on Problem of Tsunami and was 
coordinated by the International Tsunami Information Center and the Working Group of Tsunami Warning Services 
in the Pacific, created by the Intergovernmental Oceanographic Commission and UNESCO. 

 
Reports, Government Publications, and Theses 
 
Iida, K., 1984, Catalog of tsunamis in Japan and its neighboring countries, Special Report, 

Aichi Institute of Technology, 52 p. 
Introduction: Japan and its neighboring countries are known to be the most tsunamigenic region in the world and Japan 

has been attacked by destructive tsunamis since 684. Consequently, the investigation of time and space 
characteristics of large tsunamigenic earthquakes has been executed based on the available historical data. In 
addition to these major tsunamis generated from large earthquakes, close attention has been also given to the minor 
tsunamis to improve our knowledge of smaller earthquakes that generated them. Is order to compile all the data of 
earthquakes and tsunamis occurring in and near Japan, a through review of the literature was undertaken. All 
tsunamis which occurred in and near Japan or reported in the literature are given in this catalog which covers the 
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period from 684 (Tenmu 13) to 1983 (Showa 58). The tsunami catalog consists of three parts. Part one is the catalog 
of tsunamis caused by earthquakes, volcanic eruptions and landslides which occurred or reported in and near Japan. 
Part two is the catalog of tsunamis which occurred in China and Korea. Part three is the catalog of tsunamis which 
occurred in the Pacific Ocean and struck Japan and its vicinity. 

 
Lander, J.F., 1996, Tsunamis affecting Alaska, 1737-1996, Key to Geophysical Research 

Documentation No. 31, National Geophysical Data Center, Boulder, Colorado, 195 p. 
Summary: This catalog describes all known tsunamis that have affected Alaska in historic time. A thorough 

understanding of past tsunamis is essential to designing an effective mitigation plan. Although United States 
Tsunamis (Including United States Possessions), 1690-1988 (Lander and Lockridge, 1989) included a section on 
Alaskan tsunamis, the overall task was too large to allow extensive research beyond previously published catalogs. 
This catalog continues the research into Alaskan tsunamis, resulting in significant improvements in the numbers of 
tsunamis cataloged and the details of their effects. Alaska has a complex tsunami history due to the varied tectonic 
regimes, its history of colonization by the Russians and Americans, and its geography of many isolated bays and 
islands. It is the one area of the United States which produces tsunamis capable of causing damage at far removed 
locations in the Pacific, including those most destructive to Hawaii and the United States west coast. Alaska has a 
history of frequent and huge waves generated by submarine and subaerial landslides related to glaciation. It has 
more local tsunamis than any other location in the United States, with at least one damaging tsunami generated by 
an active volcano. Due to Alaska’s low population density in many geographic areas, the history is probably less 
complete than other areas in the United States, making a thorough search of the literature all the more important. 

 
Soloviev, S.L., and Go, Ch.N., 1974, A catalogue of tsunamis on the western shore of the Pacific 

Ocean (173-1968), Nauka Publishing House, Moscow, USSR, Canadian Translation of 
Fisheries and Aquatic Sciences, no. 5077, 1984, 310 p. 

Abstract: This monograph contains descriptions of about 600 tsunamis and related phenomena, observed on the 
northern and western coasts of the Pacific Ocean. Earthquakes and other processes which cause tsunamis are also 
described. As far as possible, estimates are given of the intensity of all tsunamis in degrees on a special scale, as 
well as the coordinates of the focus and of the energy (magnitude) of the earthquakes which generated the tsunamis. 
The book will be of interest to seismologists, oceanographers, specialists in tectonic geology, volcanologists, 
geographers, and to the inhabitants of the Pacific coast of the USSR, and those involved in the development of 
various operations in the coastal areas of the Pacific Ocean. 

 
Earthquake sources 
 
Scientific Books and Articles 
 
Bodle, R.R., 1946, Aleutian earthquake and sea wave of April 1, 1946, Earthquake Notes, v. 17, 

no. 4, p. 6. 
Summary: The Aleutian earthquake of 1st April 1946 occurred at 12h 29.0m., G.C.T., and is believed to have centered 

on the lower part of the north slope of the Aleutian Trench some 80 statute miles from Unimak Island and ~90 miles 
from Scotch Cap Light, which was completely destroyed by the resulting seismic sea wave. Without the aid of 
seismographic data from Asiatic and European stations, except Strasbourg, the center has been provisionally placed 
at 53.5 °N 163 °W. The need for a seismograph station in the Aleutians is apparent if we hope to correlate seismic 
changes in the ocean floor with sufficient accuracy to learn how seismic waves are produced. Many aftershocks 
were reported, especially at Sanak Island and Ikatan Peninsula, also at Sand Point in the Shumagin Islands. Reports 
indicate aftershocks were more numerous northeast of the epicenter. Data prepared by the Division of Tides and 
Currents of the United States Coast and Geodetic Survey show some interesting features in relation to the 
earthquake and the resultant sea wave. Residuals of theoretical arrival times at various tide stations seem to confirm 
the origin point of the sea waves as well as the epicenter. The computed arrival times of the waves at the tide 
stations took into account water depths using the formula: velocity equals the square root of the acceleration of 
gravity times depth of water. It was found by computation that the maximum deep water velocity was ~600 statute 
miles/hr. No observational data are available on wavelength and amplitudes in the open sea. Measurements of the 
first half wavelength for 9 stations gave fairly uniform results ranging from 7 to 9 minutes. The mean half wave 
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period was 7.8 minutes, perhaps indicating that the normal full wave period may have been near 15.6 minutes. It is 
not certain that this is a measure of the open sea period of the seismic sea wave. The uniformity of the half wave 
periods is interesting but their significance is an open question. It is often reported that such waves are preceded by a 
withdrawal of the water from shore. Tide-staff records obtained in this case generally show that a slight rise nearly 
always occurs first and is about one-third the amount of the succeeding fall. There is thus growing a feeling that few 
people note the first rise and report the withdrawal of water as the first observed change in normal conditions. 

 
Clague, J.J., Bobrowsky, P.T., and Hamilton, T.S., 1994, A sand sheet deposited by the 1964 

Alaska tsunami at Port Alberni, British Columbia, Estuarine, Coastal and Shelf Science, v. 
38, no. 4, p. 413-421. 

Abstract: The stratigraphic record of 137Cs activity in a tidal marsh at Port Alberni, British Columbia, suggests that a 
widespread sand sheet just below the marsh surface was deposited by the tsunami from the great Alaska earthquake 
of 1964. We propose, by analogy, that similar deeper sand sheets at Port Alberni also may have been deposited by 
earthquake-induced tsunamis. 

 
Cox, D.C., and Lander, J.F., 1995, Revised source of the tsunami of August 23, 1872, Science of 

Tsunami Hazards, v. 12, no. 2, p. 117-126. 
Abstract: A recently found marigram recorded at St. Paul Island, one of the Pribilof Islands in the Bering Sea, shows the 

tsunami that was recorded or observed in Oregon, California, and Hawaii in August 1872. The first manifestation of 
the tsunami at St. Paul Island was a rise beginning at 20:14 GMT on 23 August. The maximum range of the tsunami 
waves was 1.5 feet, and the apparent period for the first couple of oscillations 33 or 34 minutes. A wide variety of 
sources for the tsunami was suggested by early investigators but Cox (1984) determined from the difference in the 
tsunami arrival times at San Francisco and Honolulu that it originated on the Pacific shelf and slope of the eastern 
Aleutian Islands. With the addition of the evidence of the St. Paul Island marigram to the evidence previously 
available, it appears that the longitude of the center of the source area was between 164° and 171° W, its latitude 
was between 51° and 54° N, and the origin time of the tsunami was between 17:55 and 18:20 GMT on 23 August. 
Whether the first feature to reach San Francisco and Honolulu was a crest or a trough is uncertain. If it was a crest, 
the origin time was most probably about 18:06 GMT and the longitude of the source center was most probably about 
168.5° W. If it was a trough, the origin time was most probably about 18:00 GMT and the source center longitude 
was most probably about 166.4° W. There are no known reports of the tsunami or of an accompanying earthquake in 
the sparsely settled source region. This is the earliest instrumentally located tsunami source and, most probably, the 
earliest instrumentally determined earthquake epicenter. 

 
Dengler, L., Uslu, B., Barberopoulou, A., Yim, S.C., and Kelly, A., 2009, The November 15, 

2006 Kuril Islands-generated tsunami in Crescent City, California, Pure and Applied 
Geophysics, v. 166, no. 1-2, p. 37-53, doi: 10.1007/s00024-008-0429-2. 

Abstract: On November 15, 2006, Crescent City in Del Norte County, California was hit by a tsunami generated by a 
Mw 8.3 earthquake in the central Kuril Islands. Strong currents that persisted over an eight-hour period damaged 
floating docks and several boats and caused an estimated $9.2 million in losses. Initial tsunami alert bulletins issued 
by the West Coast Alaska Tsunami Warning Center (WCATWC) in Palmer, Alaska were cancelled about three and 
a half hours after the earthquake, nearly five hours before the first surges reached Crescent City. The largest 
amplitude wave, 1.76-meter peak to trough, was the sixth cycle and arrived over two hours after the first wave. 
Strong currents estimated at over 10 knots, damaged or destroyed three docks and caused cracks in most of the 
remaining docks. As a result of the November 15 event, WCATWC changed the definition of Advisory from a 
region-wide alert bulletin meaning that a potential tsunami is 6 hours or further away to a localized alert that tsunami 
water heights may approach warning-level thresholds in specific, vulnerable locations like Crescent City. On 
January 13, 2007 a similar Kuril event occurred and hourly conferences between the warning center and regional 
weather forecasts were held with a considerable improvement in the flow of information to local coastal 
jurisdictions. The event highlighted the vulnerability of harbors from a relatively modest tsunami and underscored 
the need to improve public education regarding the duration of the tsunami hazards, improve dialog between 
tsunami warning centers and local jurisdictions, and better understand the currents produced by tsunamis in harbors. 
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Farreras, S.F., and Sanchez, A.J., 1991, The tsunami threat on the Mexican west coast: a 
historical analysis and recommendations for hazard mitigation, Natural Hazards, v. 4, no. 
2-3, p. 301-316, doi:10.1007/BF00162795. 

Abstract: From an inspection of all tide gauge records for the western coast of Mexico over the last 37 years, a data base 
of all recorded tsunamis was made. Information on relevant historical events dating back two centuries, using 
newspaper archives, previous catalogs, and local witness interviews, was added to produce a catalog of tsunamis for 
the western coast of Mexico. A description of the 1932 Cuyutlán tsunami is given. This is considered to be the most 
destructive local tsunami which has ever occurred in the region for which historical accounts are available. It was 
preceded by two precursor events, a not uncommon occurrence in that zone. A summary of the generation and 
coastal effects from the 1985 Michoacán tsunamis is also given. These Michoacán tsunamis are the most recent local 
events in that zone. This information, and knowledge of local undersea faulting characteristics along the Mexican 
Pacific coast, leads to a clear differentiation of two zones of potential tsunami hazard: locally generated tsunamis 
south of the Rivera fracture, in the Cocos plate subsidence region, and remotely generated tsunamis north of this 
zone. Based on this zonation, two types of tsunami warning systems are proposed: real-time for the southern zone, 
and delayed-time for the northern. A description is provided of the Baja California Regional Tsunami Warning 
System that is presently operational in the northern zone. Several major industrial ports and tourist resort areas are 
located in the southern zone, and are therefore most vulnerable to local destructive tsunamis. Some of these sites 
represent important socioeconomic resources for Mexico, and have therefore been chosen for a vulnerability 
assessment and microzonation risk analysis. Land use patterns are identified, risks defined, and recommendations to 
minimize future tsunami impact are given. One case is illustrated.  

 
Fernandez, M., Molina, E., Havskov, J., and Atakan, K., 2000, Tsunamis and tsunami hazards 

in Central America, Natural Hazards, v. 22, no. 2, p. 91-116. 
Abstract: A tsunami catalogue for Central America is compiled containing 49 tsunamis for the period 1539–1996, thirty 

seven of them are in the Pacific and twelve in the Caribbean. The number of known tsunamis increased dramatically 
after the middle of the nineteenth century, since 43 events occurred between 1850 and 1996. This is probably a 
consequence of the lack of population living near the coast in earlier times. The preliminary regionalization of the 
earthquakes sources related to reported tsunamis shows that, in the Pacific, most events were generated by the 
Cocos-Caribbean Subduction Zone (CO-CA). At the Caribbean side, 5 events are related with the North American-
Caribbean Plate Boundary (NA-CA) and 7 with the North Panama Deformed Belt (NPDB). There are ten local 
tsunamis with a specific damage report, seven in the Pacific and the rest in the Caribbean. The total number of 
casualties due to local tsunamis is less than 455 but this number could be higher. The damages reported range from 
coastal and ship damage to destruction of small towns, and there does not exist a quantification of them. A 
preliminary empirical estimation of tsunami hazard indicates that 43% of the large earthquakes (Ms > 7.0) along the 
Pacific Coast of Central America and 100% along the Caribbean generate tsunamis. On the Pacific, the Guatemala–
Nicaragua coastal segment has a 32% probability of generating tsunamis after large earthquakes while the 
probability is 67% for the Costa Rica–Panama segment. Sixty population centers on the Pacific Coast and 44 on the 
Caribbean are exposed to the impact of tsunamis. This estimation also suggests that areas with higher tsunami 
potential in the Pacific are the coasts from Nicaragua to Guatemala and Central Costa Rica; on the Caribbean side, 
Golfo de Honduras Zone and the coasts of Panama and Costa Rica have major hazard. Earthquakes of magnitude 
larger than 7 with epicenters offshore or onshore (close to the coastline) could trigger tsunamis that would impact 
those zones. 

 
Furumoto, A.S., 1993, Expectation of destructive far-field tsunamis from the Aleutian-Alaska 

subduction arc, Science of Tsunami Hazards, v. 11, no. 1, p. 7-23. 
Abstract: Available data on far-field tsunamis from the Aleutian-Alaska Subduction Arc were gathered and analyzed to 

detect recurrence patterns. Far-field destructive tsunamis from the Arc have been documented only during the 19-
year period from 1946 to 1964. Far-field destructive tsunamis were absent during the nineteenth century; they may 
have occurred during the period 1788-1792, but documentation is lacking. Previous attempts at segmenting the 
Aleutian-Alaska Arc into tectonic blocks by other investigators relying mostly on distribution of aftershocks of large 
earthquakes had resulted in blocks ranging in size from 100 km to 500 km in length. When the blocks were 
realigned using tsunami source area data, they turned out to have rather uniform size, roughly 300 kilometers in 
length. Large earthquakes in the Aleutian-Alaska Arc occurred in four clusters during the last two centuries: in 
1788-1792, 1844-1858, 1900-1917 and 1938-1965. Of these clusters only the earthquakes in 1788-1792 and 1938-
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1965 generated significant or noteworthy tsunamis. A cluster can consist of tsunami-generating earthquakes or of 
earthquakes without tsunamis. The next cluster of large earthquakes should commence within two decades. From 
historical pattern, there is an even chance that the next cluster will be the tsunami-generating type or not. In regards 
to predicting future tsunami hazards, the gap theory, so popular in discussing earthquake hazards, does not apply. 

 
Gonzalez, F.I., Mader, C.L., Eble, M.C., and Bernard, E.N., 1991, The 1987-88 Alaskan Bight 

tsunamis: deep ocean data and model comparisons, Natural Hazards, v. 4, no. 2-3, p. 119-
139. 

Abstract: Excellent deep ocean records have been obtained of two tsunamis recently generated in the Alaskan Bight on 
30 November 1987 and 6 March 1988, providing the best available data set to date for comparison with tsunami 
generation/propagation models. Simulations have been performed with SWAN, a nonlinear shallow water numerical 
model, using source terms estimated by a seafloor deformation model based on the rectangular fault plane formalism. 
The tsunami waveform obtained from the model is quite sensitive to the specific source assumed. Significant 
differences were found between the computations and observations of the 30 November 1987 tsunami, suggesting 
inadequate knowledge of the source characteristics. Fair agreement was found between the data and the model for 
the first few waves of the 6 March 1988 tsunami. Model estimates of the seismic moment and total slip along the 
fault plane are also in fair agreement with those derived from the published Harvard centroid solution for the 6 
March 1988 event, implying that the computed seafloor deformation does bear some similarity to the actual source. 

 
Gusiakov, V.K., 2005, Tsunami generation potential of different tsunamigenic regions in the 

Pacific, Marine Geology, v. 215, p. 3-9. 
Abstract: The historical tsunami catalog collected within the Historical Tsunami Database (HTDB)/PAC Project 

contains the most complete parametric tsunami data covering the whole Pacific and the full historical period of the 
available observations (from 47 BC to present). The collected data provide a possibility to study variability of the 
tsunami potential of submarine earthquakes over the main tsunamigenic regions in the Pacific. For each region, the 
tsunami efficiency (TE) is calculated as the ratio between the number of tsunamis of tectonic, landslide and 
unknown origin and the total number of the coastal and the submarine earthquakes with magnitude M≥7.0 and focus 
depth h<100 km. The tsunami efficiency, calculated in the above manner, varies from 84% for the South America 
region to 36% for the New Zealand–Tonga region. The correlation of variability of the TE value with the position of 
the main sedimentation zones in the Pacific shows that the regions located within the equatorial humid zone (New 
Guinea, Indonesia, Philippines) have a larger TE value as compared to the regions located in other zones. The 
circum-continental zoning in the sedimentation rate has resulted in the highest TE value for the South America 
region, where tsunamigenic sources are located close to the land. A higher sedimentation rate results in a higher 
potential for submarine slumping, which, according to the results of many recent studies, considerably increases 
efficiency of tsunami generation mechanism. Earthquakes in the marginal seas (the Japan Sea, the Okhotsk Sea, the 
Bering Sea) have a higher tsunami efficiency as compared to the earthquakes in the Pacific Ocean. A similar feature 
takes place for the Indonesia region, where the tsunami efficiency of the earthquakes occurring in the Indian Ocean 
(within the Java trench) is almost 95%, while the rest of the region has this value at the level of 62%. 

 
Hatori, T., 2005, Distribution of cumulative tsunami energy from Alaska-Aleutians to western 

Canada, In: Satake, K. (ed.), Tsunamis: Case Studies and Recent Developments, Advances 
in Natural and Technological Hazards Research, v. 23, Springer, Dordrecht, the 
Netherlands, p. 193-201. 

Abstract: Large tsunamis generated by earthquakes in the Aleutian Islands to Western Canada region have been 
recorded since 1788. The 1946 Aleutian tsunami, associated with a moderate earthquake (Ms 7.4), hit the Hawaiian 
Islands. The 1964 Gulf of Alaska tsunami was the largest (Imamura-Iida scale: m=4). The source areas of large 
tsunamis in 1957, 1964 and 1965 extend 600-900 km along the trench. These tsunamis were observed throughout 
the entire Pacific region. In this paper, the distribution of cumulative energy (square value of tsunami height, H2, 
where H is the mean height per segment unit) for each 200-km segment along the Aleutian-Alaska trench is 
investigated for the recent (1900-2002) and historical (1788-1899) periods. For the total tsunamigenic energy, H2, 
during the entire 215-year period, percentages of the energy received were 39% in Central Alaska, 32% in the 
Alaska Peninsula and 11% in the Central Aleutian Islands. During the recent period, the total energy in Central 
Alaska is nearly comparable with that of the Kamchatka and South Chilean regions. If the tsunami energy is 
accumulated with a mean rate since 1788, the expected value in Central Alaska is small in comparison with the 
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observed value for the recent period, because of the 1964 event. Conversely, the expected values for the Central 
Alaska Peninsula (400-km length) and Yakutat (400-km length) regions are about twice as large as the observed 
values, suggesting high tsunami risks for those regions. 

 
Henry, R.F., and Murty, T.S., 1995, Tsunami amplification due to resonance in Alberni Inlet: 

normal modes, In: Tsuchiya, Y., and Shuto, N. (eds.), Tsunami: progress in prediction, 
disaster prevention and warning, Advances in Technological Hazards Research, v. 4, 
Kluwer Academic Publishers, Dordrecht, the Netherlands, p. 117-128. 

Abstract: One of the best examples of tsunami amplification due to resonance is at Port Alberni which is located at the 
head of Alberni Inlet on Vancouver Island on the Pacific Coast of Canada. During the 1964 Alaska earthquake 
tsunami, the tsunami amplitude at Port Alberni was two to three times greater than the tsunami amplitude at Tofino, 
which is located close to the open coast. This remarkable amplification of the tsunami as it travelled a distance of 
about 65 km through the Alberni Inlet can be explained by the fact that periods of the normal modes of the Alberni 
Inlet system agree closely with the dominant periods in the tsunami wave form from the Alaska earthquake tsunami 
as it reached the continental shelf off Vancouver Island. 

 
Hirata, K., Satake, K., Tanioka, Y., and Hasegawa, Y., 2009, Variable tsunami sources and 

seismic gaps in the southernmost Kuril trench: a review, Pure and Applied Geophysics, v. 
166, no. 1-2, p. 77-96, doi: 10.1007/s00024-008-0432-7. 

Abstract: In the southernmost Kuril Trench, the tsunami source regions vary their along-trench extent even among 
earthquakes occurring within the same segment. Recent studies suggest that the tsunami source of the 1952 Tokachi-
oki earthquake (M 8.1) differs from but partially overlaps with that of the 2003 Tokach-oki earthquake (M 8.0). 
Furthermore, the along-trench extent among the earthquakes seems to differ between deep and shallow portions of 
the subduction interface. A seismic gap has been recognized along the deep subduction interface between the 
sources of the 1952 and 1973 earthquakes. We propose that the gap is now larger, including both shallow to deep 
portions of the interface between the 1973 and 2003 earthquakes. Variability in spatial extent of large subduction 
earthquakes in both along-trench direction and trench-normal direction makes it difficult to forecast future 
earthquakes in the southernmost Kuril Trench. 

 
Iida, K., 1983, Some remarks on the occurrence of tsunamigenic earthquakes around the 

Pacific, In: Iida, K., and Iwasaki, T. (eds.), Tsunamis – Their Science and Engineering, p. 
61-76. 

Abstract: The activity of tsunamigenic earthquakes around the Pacific is investigated. During the period from 1900 to 
1980, about 370 tsunamis were observed. Of these, 70 tsunamis caused casualties and damage near the source only, 
and 17 tsunamis caused widespread disasters outside the source region. A great number of tsunamis were repeatedly 
observed in a certain area related to the activity of earthquakes for short periods of several months. The activity of 
earthquakes accompanied by tsunamis is different according to the area. The frequency distributions of these 
earthquakes are examined. The most tsunami active region is found to be the Japan-Taiwan region where 28.6 
percent of the total Pacific tsunamis were generated. Tsunami runup heights for large tsunamigenic earthquakes are 
examined in connection with local effects and earthquake magnitudes based on available historical data. The 
maximum runup height of 525 m was reached by the Alaska earthquake of 1958. It is noticed that these are locally 
confined effects in the tsunami generation at the time of major earthquake occurrence as seen in bays and straits of 
Alaska and in the archipelagos of the southwest Pacific. Regularity of earthquake occurrences in space and time is 
investigated for regions related to the structure of island arcs and trenches where large earthquake generate large 
tsunamis. Some regularities may be seen in the Tokai-Nankai and Sanriku districts of Japan and in the Concepcion 
and Valparaiso districts of Chile. Some of the other regions examined around the Pacific are also found to have a 
tendency for regularity of large earthquake occurrences related to the subduction zones where thrust faulting may 
take place. 

 
Iida, K., 1986, Activity of tsunamigenic earthquakes around the Pacific, Science of Tsunami 

Hazards, v. 4, no. 3, p. 183-191. 
Abstract: The activity of tsunamigenic earthquakes around the Pacific is investigated from 1900 to 1983. The frequency 

distribution of these earthquakes is examined in different area. The percentage of tsunami occurrence related to 
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earthquake magnitude is different according to the area. Shallow submarine earthquakes having magnitude greater 
than 7.3 occurring in the sea adjacent to Japan are always accompanied by tsunami, while the tsunami occurrence in 
the earthquake magnitude over 8.0 is obtained in hundred percent in and near South America. The frequency-height 
relation of tsunami at certain area can be expressed by N(H)dH=kH-mdH or log N’=c-mlogH, N’=∑N(H), where 
N(H)dH indicates the frequencies of tsunamis whose maximum heights are from H through H+dH; m, k and c are 
constants. The values of m representing tsunamicity are estimated at from about 0.7 to 2.1 for the tsunamis in Japan, 
New Guinea-Solomon and South America. There seems to have a tendency for some regularities of the occurrences 
of large tsunamigenic earthquakes in South America where the locations of their epicenters successively migrated 
from north to south. 

 
Johnson, J.M., and Satake, K., 1997, Asperity distribution of Alaskan-Aleutian earthquakes: 

implications for seismic and tsunami hazards, In: Hebenstreit, G. (ed.), Perspectives on 
Tsunami Hazard Reduction, Advances in Natural and Technological Hazards Research, v. 
9, Kluwer Academic Publishers, Dordrecht, the Netherlands, p. 67-81. 

Abstract: The slip distributions of five great Alaskan-Aleutian earthquakes of the 20th century are determined by 
inversion of tsunami waveforms recorded on tide gauges. These earthquakes are the 1938 Alaskan, 1946 Aleutian, 
1957 Aleutian, 1964 Prince William Sound, and 1965 Rat Islands earthquakes. These earthquakes have in general 
not been well-studied due to a lack of seismic data. The tsunami waveform inversion gives previously unknown 
information about the earthquake source. The results of tsunami inversion are compared to seismic inversion results 
where they exist and show high correlation to the seismic results. The slip distributions show highly variable slip 
occurred in each earthquake. The areas of highest slip, asperities, may be the locations of future high slip in great 
earthquakes. This information is vital because asperities control the location of strong ground motion and the run-up 
height of tsunamis. These results can be used to make predictions concerning future large earthquakes. 

 
Kaistrenko, V., and Sedaeva, V., 2001, 1952 North Kuril tsunami: new data from archives, In: 

Hebenstreit, G.T. (ed.), Tsunami research at the end of a critical decade, Advances in 
Natural and Technological Hazards Research, v. 18, Kluwer Academic Publishers, 
Dordrecht, the Netherlands, p. 91-102. 

Abstract: One of the most catastrophic tsunamis in history occurred on November 5, 1952 near the Northern Kuril 
Islands. Unfortunately, most of the information related to this catastrophe was classified as secret and top secret in 
the USSR for many years. Until recently, this tsunami is not well-known. This report contains a part of the results of 
a search made in the different recently declassified Russian archives and also information given by eye-witnesses. 

 
Kowalik, Z., and Murty, T.S., 1984, Computation of tsunami amplitudes resulting from a 

predicted major earthquake in the Shumagin seismic gap, Geophysical Research Letters, v. 
11, no. 12, p. 1243-1246. 

Abstract: A time-dependent two-dimensional numerical model was developed to study the generation and propagation 
of a tsunami resulting from a major earthquake predicted to occur in the Shumagin Seismic Gap area of the eastern 
part of the Aleutian Island chain. The grid size is approximately 28 km in the latitudinal direction and 36 km in the 
longitudinal direction. The leading wave of the tsunami took only about three hours to arrive at the southern British 
Columbia coast and the northern part of the coast of the state of Washington. On the other hand, it took about eight 
hours to propagate into the Bering Sea. Two important results emerged from this study. The tsunami waves show 
very strong directionality, and the presence of the so-called lateral waves can be inferred. In the deep ocean, tsunami 
amplitudes up to one meter appear to occur. To deduce the detailed distribution of the tsunami amplitudes at the 
coast, the present large area model has to be coupled to a coastal model which uses either finer rectangular grids or 
irregular triangular grids. 

 
Lander, J.F., 1995, Alaskan tsunamis revisited, In: Tsuchiya, Y., and Shuto, N. (eds.), 

Tsunami: progress in prediction, disaster prevention and warning, Advances in 
Technological Hazards Research, v. 4, Kluwer Academic Publishers, Dordrecht, the 
Netherlands, v. 4, p. 159-172. 

Abstract: The study of Alaskan tsunamis presents a number of problems. The first European visitors and settlers were 
Russian fur traders first arriving in 1741, and the written record for more than the first century is mainly in old style 
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Russian script. A sparse population, particularly in the highly active Aleutian Islands, continues to the present day. 
There are tectonically-generated tsunamis predominantly from the Aleutian Arc and Alaskan Peninsula, at least one 
volcanic tsunami from a landslide from an erupting volcano, and, most important locally, subaerial and submarine 
landslide tsunamis from the Prince William Sound and southeastern Alaska. The latter are related to the glacial 
topography and have caused most of the fatalities and damage. They are usually associated with a single bay and 
occur almost immediately after the triggering earthquake, posing severe problems for warnings and evasive actions. 
Teletsunamis have historically not been a significant problem. 

 
Lobkovsky, L.I., Rabinovich, A.B., Kulikov, E.A., Ivashchenko, A.I., Fine, I.V., Thomson, R.E., 

Ivelskaya T.N., and Bogdanov, G.S., 2009, The Kuril earthquakes and tsunamis of 
November 15, 2006, and January 13, 2007: observations, analysis, and numerical modeling, 
Oceanology, v. 49, no. 2, p. 166–181. 

Abstract: Major earthquakes occurred in the region of the Central Kuril Islands on November 15, 2006 (Mw = 8.3) and 
January 13, 2007 (Mw = 8.1). These earthquakes generated strong tsunamis recorded throughout the entire Pacific 
Ocean. The first was the strongest trans-Pacific tsunami of the past 42 years (since the Alaska tsunami in 1964). The 
high probability of a strong earthquake (Mw ≥ 8.5) and associated destructive tsunami occurring in this region was 
predicted earlier. The most probable earthquake source region was investigated and possible scenarios for the 
tsunami generation were modeled. Investigations of the events that occurred on November 15, 2006, and January 13, 
2007, enabled us to estimate the validity of the forecast and compare the parameters of the forecasted and observed 
earthquakes and tsunamis. In this paper, we discuss the concept of “seismic gaps,” which formed the basis for the 
forecast of these events, and put forward further assumptions about the expected seismic activity in the region. We 
investigate the efficiency of the tsunami warning services and estimate the statistical parameters for the observed 
tsunami waves that struck the Far Eastern coast of Russia and Northern Japan. The propagation and transformation 
of the 2006 and 2007 tsunamis are studied using numerical hydrodynamic modeling. The spatial characteristics of 
the two events are compared. 

 
Mofjeld, H.O., Gonzalez, F.I., and Newman, J.C., 1997, Short-term forecasts of inundation 

during teletsunamis in the eastern North Pacific Ocean, In: Hebenstreit, G. (ed.), 
Perspectives on Tsunami Hazard Reduction, Advances in Natural and Technological 
Hazards Research, v. 9, Kluwer Academic Publishers, Dordrecht, the Netherlands, p. 145-
155. 

Abstract: It is found empirically that, at tide gauges in the eastern North Pacific, later waves in a teletsunami are 
bounded in amplitude by envelopes that can be determined from observations of earlier waves at the same site. This 
is illustrated using the teletsunami generated by the 4 October 1994 Shikotan earthquake. The envelopes have the 
form η(t)=AσT in which t is the time since the local onset of the tsunami and σT is the standard deviation of the 
tsunami-band fluctuations that are observed in a time interval T immediately preceding t. For t ≤ 10 hr, T = t+2 hr 
and T = 12 hr thereafter. Values for the multiplicative factor A = 3.0 and the temporal parameters for T were 
determined by tuning the envelope to several teletsunamis. In principle, such envelopes can be extrapolated forward 
in time and added to predictions of background water levels to forecast the maximum elevations of tsunami waves 
that might occur during the next few hours. However, several issues need to be addressed before such a scheme can 
be used operationally. These include the choice of inundation thresholds that are appropriate for tsunamis and the 
spatial distribution of gauges needed to adequately monitor tsunami waves in a region. 

 
Núñez-Cornú, F.J., Ortiz, M., and Sánchez, J.J., 2009, The great 1787 Mexican tsunami, 

Natural Hazards, v. 47, no. 3, p. 569-576, doi:10.1007/s11069-008-9239-1. 
Abstract: Tsunamis have proven to represent a significant hazard around the globe and there is increased awareness 

about their occurrence. The Pacific coast in southern México is no exception, because there is firm evidence of the 
effects of past large tsunamis. Here we present results from computer-aided modeling of the March 28, 1787-“San 
Sixto” earthquake and tsunami, and focus on the regions of Acapulco, Corralero, Jamiltepec, and Tehuantepec, 
located along the Guerrero-Oaxaca coast. The theoretical waveforms suggest wave heights in excess of 4 m and 18 
m at specific locations in Acapulco and Corralero, respectively, and wave heights of at least 2 m at locations in 
Jamiltepec and Tehuantepec. From our modeling results and based on historical documents and the topography of 
the area, we conclude that these wave heights would have been sufficient to cause inundations that in the case of 
Acapulco were restricted to several meters inland, but in other areas like Corralero reached at least 6 km inland. Our 
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results are consistent with published and unpublished damage reports that attest to the hazards associated with great 
earthquakes and tsunamis along the subduction zone in Mexico. 

 
Rabinovich, A.B., Lobkovsky, L.I., Fine, I.V., Thomson, R.E., Ivelskaya, T.N., and Kulikov, 

E.A., 2008, Near-source observations and modeling of the Kuril Islands tsunamis of 15 
November 2006 and 13 January 2007, Advances in Geosciences, v. 14, p. 105-116. 

Abstract: Two major earthquakes near the Central Kuril Islands (Mw=8.3 on 15 November 2006 and Mw=8.1 on 13 
January 2007) generated trans-oceanic tsunamis recorded over the entire Pacific Ocean. The strongest oscillations, 
exceeding several meters, occurred near the source region of the Kuril Islands. Tide gauge records for both tsunamis 
have been thoroughly examined and numerical models of the events have been constructed. The models of the 2006 
and 2007 events include two important advancements in the simulation of seismically generated tsunamis: (a) the 
use of the finite failure source models by Ji (2006, 2007) which provide more detailed information than conventional 
models on spatial displacements in the source areas and which avoid uncertainties in source extent; and (b) the use 
of the three-dimensional Laplace equation to reconstruct the initial tsunami sea surface elevation (avoiding the usual 
shallow-water approximation). The close agreement of our simulated results with the observed tsunami waveforms 
at the open-ocean DART stations support the validity of this approach. Observational and model findings reveal that 
energy fluxes of the tsunami waves from the source areas were mainly directed southeastward toward the Hawaiian 
Islands, with relatively little energy propagation into the Sea of Okhotsk. A marked feature of both tsunamis was 
their high-frequency content, with typical wave periods ranging from 2–3 to 15–20 min. Despite certain similarities, 
the two tsunamis were essentially different and had opposite polarity: the leading wave of the November 2006 trans-
oceanic tsunami was positive, while that for the January 2007 trans-oceanic tsunami was negative. Numerical 
modeling of both tsunamis indicates that, due to differences in their seismic source properties, the 2006 tsunami was 
more wide-spread but less focused than the 2007 tsunami. 

 
Shepard, F.P., MacDonald, G.A., and Cox, D.C., 1950, The tsunami of April 1, 1946, Bulletin 

of the Scripps Institution of Oceanography of the University of California, La Jolla, 
California, v. 5, no. 6, p. 391-528. 

Abstract: The tsunami which devastated the shores of the Hawaiian Islands on April 1, 1946, was caused by a 
movement of the sea bottom on the northern slope of the Aleutian Trough, south of Unimak Island. The waves 
traveled southward to Hawaii with an average speed of roughly 490 miles an hour, a wave length of nearly 100 
miles, and a height in the open sea which is thought to have been 2 feet or less. The height and violence of the wave 
attack on Hawaiian shores varied greatly: at some points the waves dashed up on the shore with great violence and 
to heights as great as 55 feet above sea level; elsewhere they rose slowly and without turbulence. A detailed account 
is given of the heights the waves reached on the shores of the major islands, and damage done is described. Waves 
were generally highest on those sides of the islands which were toward the wave origin, and at the heads of sub- 
marine ridges projecting into deep water. They tended to be lower at the heads of submarine valleys, along shores 
protected by wide coral reefs, and at the ends of peninsulas projecting into deep water without corresponding 
submarine ridges. Waves were refracted around circular or nearly circular islands much more effectively than 
around elongate and rectangular islands. Locally, storm waves superimposed on the crest of the broader swells of the 
tsunami did considerable damage. The areas suffering heavy damage in the 1946 tsunami are in general those most 
subject to damage by future tsunamis originating in the North Pacific. Eastern and southern coasts are subject to 
damage by tsunamis from South America. Western coasts are comparatively safe, although they have suffered some 
damage from Japanese tsunamis. All Hawaiian shores are subject to possible damage from tsunamis of local origin. 
Damage from future tsunamis can be lessened by avoiding construction in known danger areas; by construction of 
suitable sea walls, with open strips behind them; by limiting construction in heavily populated areas of danger to 
reinforced concrete or other wave-resistant structures; and by raising on stilts the frame structures in rural areas. 
Loss of life can be lessened or eliminated by establishing a suitable warning system, the warnings being based on 
instrumental detection of the small preliminary water wave, or the observation of ocean waves by shore stations 
around the borders of the Pacific Ocean and on mid-Pacific islands nearer the origin of the waves. 

 
Tsunami Newsletter, 2006, Water level records from Canada, Tonga 3 May 2006, 15:36 UTC, 

Mw = 7.9, Tsunami Newsletter, v. XXXVIII, no. 2, p. 2-4. 
Summary: A major earthquake occurred in Tonga, about 160 km NE of Nuku’Alofa and equally far south of Neiafu. 

The earthquake, which happened at 4:26 AM (4 May) local time, measured 7.9 (Mw, USGS) and was felt throughout 
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the surrounding islands. Although some damage was reported, few injuries and no deaths resulted. Steps were taken 
to escape a possible tsunami in Fiji and Gisborne, New Zealand. The Tonga tsunami of May 3, 2006 was clearly 
recorded near the coast of British Columbia. 
Stations (in BC) Arrival time UTC Travel time Max wave height 
Bella Bella 04:16 12h 49m 5.7 cm 
Port Hardy 04:15 12h 48m 3.7 cm 
Winter Harbour 03:31 12h 04m 10.8 cm 
Tofino 03:49 12h 22m 6.9 cm 
Bamfield 04:00 12h 33m 5.6 cm 
Victoria 05:17 UTC (4/05) 13h 50m 9.0 cm 

 
White, W.R.H., 1966, The Alaska earthquake – its effect in Canada, Canadian Geographical 

Journal, v. 72, no. 6, p. 210-219. 
Summary: This article details the effects of the 1964 Alaska earthquake and tsunami in western Canada. Ground 

vibrations caused by the earthquake were felt with considerable intensity in the Yukon Territory and northern British 
Columbia. In central British Columbia along the Canadian National Railroad east of Prince Rupert, swaying motions 
and building vibrations were experienced. Seiches were reported in lakes throughout the region. Although the 
earthquake was felt at a large number of places, all the damage in Canada was produced by the tsunami. Some of the 
earliest and largest waves coincided with the natural high tide. This caused the crests to surge several feet above the 
normal high water line, and to flood low-lying industrial and residential areas. The rush of water swept away 
buildings, damaged wharves, and tore loose booms of logs. The article details much of the damage that occurred in 
coastal British Columbia – Hot Springs Cove (houses carried into inlet); Gold River (flooding); Zeballos (some 
buildings moved; severe flooding); Fair Harbour (damage to bridges at head of inlet); Winter Harbour (booming 
ground piles demolished); Port Alice (small wharves and boats swept away; log booms disarranged); San Josef Bay 
(large trees swept from banks; sand bars shifted; clam bed denuded); Pachena Bay (logs carried inland from beach); 
Port McNeill (log booms etc. swept out of bay); Victoria and Vancouver (no serious damage); Alberni and Port 
Alberni ($5 million worth of damage; houses, logs, boats swept away or shifted; building damage ranging from 
minor water damage to total destruction; damage to wharves). The article also describes the Pacific tsunami warning 
system. At the time of the 1964 tsunami, Canada was providing seismograph and tide gauge data to this system, but 
had not considered justified the setting up of a system for the distribution of a warning in Canada. This was being re-
considered after the tsunami. 

 
Whitmore, P.M., and Sokolowski, T.J., 1996, Predicting tsunami amplitudes along the North 

American coast from tsunamis generated in the northwest Pacific Ocean during tsunami 
warnings, Science of Tsunami Hazards, v. 14, no. 3, p. 147-166. 

Abstract: This study describes a beginning method to provide emergency managers along the Pacific coasts of Alaska, 
British Columbia, Washington, Oregon, and California a reasonable range of expected wave heights during a 
tsunami warning for tsunamis generated in the northwest Pacific Ocean. Expected amplitudes at 80 sites for 15 
hypothetical earthquakes in the northwest Pacific ranging from Mw 7.5 to Mw 9.0 are shown. Historic tsunamis 
generated in the subduction zone east of northern Honshu, the Kuril Islands, and Kamchatka are modeled using the 
shallow water equations to validate this approach. These simulations show that tsunami amplitudes near the North 
American coast can be predicted prior to impact given the earthquake’s moment magnitude and two or more tide 
gage readings outside the source zone which are used to calibrate the pre-computed models. One method of 
distributing these results would be to release them as a range of expected values which take into account 
uncertainties in the method. As more accurate modeling techniques and water level data become available, they can 
be used to improve this method 

 
Reports, Government Publications, and Theses 
 
Berkman, S.C., and Symons, J.M., 1964, The tsunami of May 22, 1960 as recorded at tide 

stations, Coast and Geodetic Survey, U.S. Department of Commerce, Washington D.C., 79 
p. 

  



 113

Preface: Violent disturbances have been noted on tide records for many years. Gigantic ocean swells, silent and 
unannounced, rolled over beaches and adjacent areas, leaving devastation in their wake. These abnormal waves, or 
tsunamis, were later correlated with distant earthquakes beneath the ocean floor or near its perimeter. Widespread 
acceptance of the seismograph after the turn of the present century, reversed the order of things so that the tsunamis 
could be anticipated by the oceanographer and given intensive study. During recent years, development of the 
Seismic Sea Wave Warning System by the Coast and Geodetic Survey has permitted immediate communication 
with ports vulnerable to these destructive surges well in advance of their arrival provided the epicenter of the 
earthquake is distant. The warnings have prevented great loss of life and property, thus achieving the first goal of the 
Warning System. However, the ability to predict run-up heights remains a problem for research study. This report is 
an effort to describe the action and certain characteristics of the tsunami which are shown graphically on the tide 
curve. We are grateful to the members of the Tidal Reduction Staff, Marine Data Division, for the accurate 
preparation of many tide records used as the basis for this report. Also, special acknowledgement is given to 
cartographers of the Special Projects Branch, Administrative and Technical Services Division, for their untiring 
efforts in reproduction of tide curve prints. 

 
British Columbia Civil Defence Circular, 1964, Tidal wave, Special Report on Alberni tidal 

waves disaster, Civil Defence co-ordinator’s office, Department of the Provincial Secretary, 
Summer Edition, 38 p. 

Summary: On the night of March 27-28 a series of tidal waves generated by disastrous earthquakes in Alaska swept 
down the west coast of North America. In some areas the rising tides went unnoticed, but in others their effect was 
devastating, particularly along the Alberni Canal, in the twin cities of Alberni and Port Alberni, and the villages of 
Hot Springs Cove and Zeballos, and Amai, a logging camp on Amai Inlet. The tidal waves that struck the Albernis 
created a situation different to normal flood disasters. The second wave, travelling 240 miles/hr on top of a tide 
created by the first wave and already 8 feet higher than normal, smashed everything in its path and tossed enormous 
logs and other debris, including buildings, boats and automobiles, up to 1,000 feet. It then receded to be followed by 
a succession of lesser waves. The destruction occurred practically without warning, and with no warning system in 
place. Very few people, such as Mayor Hammer of Port Alberni, Mr. Les Hughes and Mr. Bob Waugh of Alberni, 
had been interested previously in Civil Defence. They took immediate action to prepare an organization, recruit 
assistance, locate rescue equipment and delineate responsibilities. They were also prominent in rescue operations at 
a time when all was confusion, much of which would have been minimized greatly had the cities been organized 
before disaster struck. The Albernis disaster is estimated at a loss to the community of $5 million. Fortunately no 
lives were lost, no fires were started and no epidemics took hold. It was a cheap lesson for other communities and 
governments in British Columbia, to prepare Civil Defence arrangements before emergency. The earthquakes which 
devastated Anchorage or San Francisco could equally well have struck the Albernis or Vancouver. 
 

Cox, D.C., and Pararas-Carayannis, G., 1976, Catalog of Tsunamis in Alaska, with revisions 
by Lt. Jeffrey P. Calebaugh, SE-1, U.S. Department of Commerce, National Oceanic and 
Atmospheric Administration, Boulder, Colo., 43 p. 

Summary: This summary of the history of tsunamis was prompted by the recent establishment of the Alaska Regional 
Tsunami Warning System to cope with the special problems of providing useful warnings of tsunamis along the 
coastlines of Alaska and the Aleutian Islands. Tsunamis may be generated along these coasts, as was shown most 
recently in July 1965, and may have disastrous effects in the immediate area and elsewhere, as was demonstrated in 
March 1964. The times elapsing between the earthquakes with which these tsunamis are associated and the 
sweeping of the shores by the first tsunami waves are so short that the determination of significant potential tsunami 
hazard must be made much more rapidly than in the Tsunami Warning System (formerly the Seismic Sea Wave 
Warning System) that serves the Pacific as a whole and is centered at Honolulu, Hawaii. Indeed, the determination 
must be made, in many cases, prior to the collection and analysis of mareographic data, which is the main basis for 
analysis of tsunami hazard in the Pacific System. Hence, the Alaska System relies primarily on rapid analysis of 
seismic data telemetered to its operating center at Palmer and secondarily on mareographic data similarly 
telemetered. The appraisal of the risk involved on the occasion of any seismic event, with or without evidence of 
tsunami wave generation, depends upon a knowledge of the range of tsunami effects that may be expected. In spite 
of the documentation and research that has been done in recent years on tsunami generation, propagation, and effects, 
there are many uncertainties of critical importance to the problem of warning in general. These uncertainties are 
even greater in areas like Alaska, where the record of tsunamis is relatively short and incomplete and where the 
coastal configuration is unique. The information on the Alaska tsunami of March 27, 1964, is voluminous, and the 
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bibliography, already very extensive, is still expanding. This report will provide for this tsunami no more than the 
briefest of summaries and an introduction to the literature now available. For earlier tsunamis, unfortunately, much 
less information is available and for tsunamis occurring more than a few decades ago, the information is generally 
fragmental and, in some cases, confusing. For the older tsunamis, this report contains essentially all of the 
information available and considerable discussion as to the reliability of such data. The completeness of the record 
of Alaskan tsunamis and the reliability of its information have depended upon cultural development along the coasts. 
Alaska's history began over 200 years ago, but in some ways it is still a sparsely settled frontier. 

 
Geist, E.L., and Zoback, M.L., 2002, Examination of the tsunami generated by the 1906 San 

Francisco Mw=7.8 earthquake, using new interpretations of the offshore San Andreas fault, 
In: Parsons, T. (ed.), Crustal structure of the coastal and marine San Francisco Bay region, 
California, U.S. Geological Survey, Professional Paper 1658, p. 29-42. 

Abstract: From new interpretations of the geometry of the San Andreas Fault geometry offshore of the Golden Gate, we 
demonstrate that the tsunami from the great 1906 San Francisco Mw=7.8 earthquake is best explained by bilateral 
rupture on discontinuous fault segments starting at an epicentral location near an offshore dilatational stepover north 
of Lake Merced. To establish this inference, we use elastic dislocation and hydrodynamic models to analyze the 
tsunami. We compare various scenarios involving different rupture geometries and physical properties with the 
record of the tsunami at the Presidio tide-gauge station in the northwestern part of San Francisco. A tsunami 
generated from a continuous rupture on the San Andreas Fault west of the Golden Gate is insufficiently small and 
has an arrival time earlier than what was observed, whereas a tsunami generated from discontinuous rupture defined 
by the 3-km dilatational stepover north of Lake Merced and a 1-km compressional stepover south of Bolinas Lagoon 
better explains the observed arrival time and waveform. It is unclear from our analysis, however, whether the 
observed peak negative amplitude is better explained by a local change in rake at the dilatational stepover 
(consistent with analysis of the genetically similar 1995 Kobe, Japan, Mw=6.9 earthquake) or by large-scale 
exceedance of the strength of rocks surrounding the fault (modeled by a material that conserves volume during 
deformation). The apparent epicentral locations for both the 1906 San Francisco and 1995 Kobe, Japan, earthquakes 
at dilatational stepovers suggest that the initial stress in these regions is conducive to earthquake initiation. With 
respect to the hydrodynamics of the tsunami, the modeled evolution of the tsunami wavefield propagating from the 
source region indicates that the oscillations with a dominant period of 40 to 45 minutes observed in the coda of the 
tsunami record are best explained by the natural resonance of trapped edge waves in the Gulf of the Farallones, 
rather than by reverberation of the tsunami within San Francisco Bay. 

 
Henry, R.F., and Murty, T.S., 1972, Resonance periods of multi-branched inlets with tsunami 

amplification, Marine Sciences Directorate Manuscript Report Series, no. 28, p. 47-79. 
Abstract: For an understanding of the response of a coastal inlet to incoming tsunamis, it is essential to know the 

frequencies of the first few normal modes of free-oscillation. This paper examines the difficulties which arise when 
these resonance frequencies are computed for multi-branched inlets by iterative search for successive normal modes. 
It is shown that unless the boundary conditions are applied to each mode in an appropriate manner, spurious modes 
of oscillation may appear during the numerical computation and further, genuine modes may be overlooked. These 
spurious modes are spurious only with reference to the entire system but they are probably close to certain resonant 
modes for some branch of the system. Essentially, the initial and final boundary conditions should be applied in 
branches of the system where there is appreciable motion. An alternative method which requires considerably less 
programming effort is then discussed, the lower resonance frequencies of the system being found simultaneously 
from the difference-differential equations used to represent the system after the space variable is discretized. The 
limitations of this method are discussed. Finally a so-called impulse response method is considered. In this case, the 
resonance frequencies are determined by detecting peaks in the Fourier Transform of the time response of the 
system to an impulsive excitation. 

 
Hutchinson, I., and Crowell, A.L., 2005, Great earthquakes and tsunamis at the Alaska 

subduction zone: geoarchaeological evidence of recurrence and extent, U.S. Geological 
Survey Final Technical Report, NEHRP Grant 01-HQ-GR-0022, 131 p. 

Abstract: The incidence of plate-boundary earthquakes at the Alaska subduction zone (ASZ) in the late Holocene is 
reconstructed from geological evidence of abrupt land-level change and archaeological evidence of village 
abandonment. Bracketing radiocarbon ages on uplifted and down-dropped coastal deposits indicate that great 
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earthquakes at the eastern end of the ASZ occurred about 800, 1400–1500, 2200–2300, 2700, 3100–3200, and 
3600–3700 years ago. Evidence for an event about 1900 years ago, and the possibility that the 2700 cal. yr B.P. 
event was a closely spaced series of three earthquakes, is restricted to parts of Cook Inlet. Geological evidence from 
the central part of the ASZ is fragmentary, but indicates that this segment likely ruptured in 1400–1500 cal. yr B.P. 
and in the triple event at about 2700 cal. yr B.P. The geological record at the western end of the ASZ has limited 
time-depth. Evidence for ruptures about 500, 1000, and 1300 years ago suggests that this area displays semi-
independent behavior. Analysis of stratigraphic descriptions and 324 radiocarbon ages from 82 prehistoric Native 
villages and camps in eight sub-regions on the coast of the Gulf of Alaska reveal region-wide downturns in site 
activity that are largely coeval with paleoseismic episodes. Hiatuses in site occupation at about 800, 1500, and 2200 
years ago in Prince William Sound and the Kenai Fjords and Kachemak Bay regions suggest that this is a coherent 
tectonic unit. The more fragmentary older record reveals hiatuses at about 2700–2800 years ago (Kachemak Bay), 
and 3500-3600 years ago (Prince William Sound). The last three events are also recorded in the Kodiak archipelago, 
and the great earthquake at about 3200 cal. yr B.P. is also apparently recorded there. Downturns in site activity in 
the western sub-regions also occurred about 700, 1200–1300, and 1800 years ago. If these all record the aftermath of 
great earthquakes and their attendant tsunamis, the average recurrence interval for plate-boundary earthquakes at the 
western end of the ASZ is about 400 years. 

 
Iida, K., Cox, D.C., and Pararas-Carayannis, G., 1967, Preliminary catalog of tsunamis 

occurring in the Pacific Ocean, Hawaii Institute of Geophysics, Honolulu, HI, 274 p. 
Preface: This publication is intended to be the preliminary edition of a definitive catalog of the tsunamis of the Pacific 

Ocean. Included also are tsunamis in seas that are adjacent to the Pacific Ocean. We are publishing the preliminary 
edition and distributing it among tsunami researchers in the earnest hope that many will take the trouble to review 
the record as it pertains to the parts of the Pacific with which they are familiar and will let us have the benefit of 
their criticism. 

 
Loucks, R.H., 1962, Investigation of the 1960 Chilean tsunami on the Pacific coast of Canada, 

M.Sc. thesis, University of British Columbia, Vancouver, B.C., 21 p. 
Abstract: A set of closely-spaced tide-gauge records of the 1960 Chilean tsunami was obtained on the Pacific Coast of 

Canada. The object of this study was to glean as much as possible of the information contained in these records. The 
investigation was carried on by power spectrum analysis, cross-spectrum analysis and visual inspection of the tide-
gauge records. An interpretation is offered which invokes the mechanisms of wave build-up due to shoaling, clapotis 
effect, resonance, viscous dissipation, and shift of energy between wave and current by Reynolds stresses to explain 
the form of the power spectra. In the appendices are given a formula for the response characteristics of stilling wells, 
an application of an electrical engineering result for the response characteristics of pressure gauges, an elucidation of 
the conversion of power estimates to the positive frequency range, an interpretation of the phase difference from 
cross-spectra, and a formula for prewhitening the covariances before performing the Fourier transform in the 
spectral analysis. 

 
Pararas-Carayannis, G., Wigen, S.O., and Sigrist, D., 1978, The earthquake and tsunami of 29 

November 1975 in the Hawaiian islands, Marine Sciences Directorate Manuscript Report 
Series, no. 48, p. 36. 

Abstract: The most destructive earthquake locally generated tsunami since 1868 in the Hawaiian Island occurred on 29 
November, 1975. The shallow-focus earthquake of magnitude 7.2 had its epicentre at 19.4° North, 155.1° West, near 
the community of Kalapana along the southern flank of Kilauea volcano on the island of Hawaii. The earthquake 
was associated with the well known Hilina and Poliokeawe fault systems. These faults have created a series of 
grabens and horsts by large-scale land sliding or slumping of volcanic masses, over the long geologic history of the 
island. The destructive tsunami originated by large block displacement and subsidence of a seaward extension of the 
Kalapana graben. A total of three or four destructive waves, of which the second was the largest, inundated, within 
minutes, the southern coast of the island of Hawaii. Tsunami run-up ranged from 7 to 26 feet along the southern 
coast with the Halape area experiencing the highest waves, and two deaths. The most serious wave damage occurred 
at Punaluu, but extensive damage occurred also along the east and west coasts of Hawaii Island and as far away as 
Santa Catalina Island off the coast of California. The tsunami was recorded by numerous tide stations in the Pacific. 
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Spaeth, M.G., and Berkman, S.C., 1967, The tsunami of March 28, 1964, as recorded at tide 
stations, ESSA Technical Report, Coast and Geodetic Survey Technical Bulletin, no. 33, 86 
p. 

Abstract: The tsunami generated by the Prince William Sound Earthquake of March 28, 1964 (G.M.T.), was the largest 
since the 1960 Chilean tsunami. Seiche action was damaging as far away as the Gulf of Mexico. This report contains 
105 reproductions of tide curves showing the tsunami, and 8 curves showing oscillations induced by the long-period 
seismic waves-6 in the Gulf of Mexico and 2 at Arkansas damsites. A brief history of the Seismic Sea Wave 
Warning System [Tsunami Warning System since March 15, 1967] and a report of its operation during the tsunami 
warning action are included. Fatalities totaled 122, and over $104 million in damage resulted. These are tabulated 
together with detailed data on wave heights and arrival times at various stations throughout the Pacific. 

 
Victoria Daily Colonist, 1896, Swept by a tidal wave, June 21 1896 newspaper article, In: 

Taylor, L., and Mindenhall, D., 2007, Index of Historical Victoria Newspapers, Victoria’s 
Victoria, http://www.victoriasvictoria.ca/. 

Article extract: Coincident with the devastation of the coast cities of Japan by a tidal wave on Mon last, a similar 
disturbance of the sea created no little alarm along the entire seaboard of Vancouver Island, sweeping the full length 
of the West Coast, but fortunately doing no serious damage to any of the settlements. It is very seldom that a tidal 
wave is so far reaching, and at the time the first reports of the one on the Vancouver Island shore were telegraphed 
from Carmanah signal station it was supposed that the disturbance was caused by subaqueous eruptions not many 
miles off the land. For upwards of 3 hours the waters rushed inland for miles, moving strangely to and fro at a 
velocity of nearly 8 mph. Steamer Maude which returned yesterday from West Coast ports, was at Kyuquot at the 
time, and her officers, crew and passengers watched with curious attention the novel movement of the waters 
estimating that at Kyuquot during the few hours of the inundating all the sea-skirting land was submerged to a depth 
of 4 or 5'. 

 
Wigen, S.O., 1960, Tsunami of May 22, 1960, west coast of Canada, Technical Report, Marine 

Sciences Branch, 6 p. 
Summary: The tsunami generated by the Chilean earthquake of May 22, 1960 reached the British Columbia coast at 

approximately 12:21 G.M.T., May 23, or 04:21 Pacific Standard Time. The travel time was 17 hours and 10 minutes. 
Of the 21 tide gauges in operation, 17 showed either a wave sequence or a marked distortion of the normal tide 
pattern. Tide records from these stations for May 23 are plotted here. Size and shape of the waves differed markedly, 
even on the exposed portions of the coast. Greatest recorded range was shown on the Tofino gauge, with a 
maximum amplitude of 4.4 feet. Waves of greater amplitude may have occurred at places without gauges. On the 
west coast of the Queen Charlotte Islands at Shield Bay, where a tide gauge was installed in July, loggers reported 
that the water poured in and out of the bay with a violence that resembled Seymour Narrows. One took photographs 
half an hour apart during the height of the disturbances, and it appeared from these that the maximum wave 
amplitude was not less than seven feet. At no gauge station then in operation did the maximum wave crest reach 
higher than the highest recorded tide. However at Shields Bay large logs were left stranded above the apparent 
extreme high water. On the west coast of Vancouver Island a playing field at an Indian village was reported 
inundated. No assessment has been made of the damage or loss caused on the British Columbia coast by the tsunami. 
At several points on Vancouver Island and at Shields Bat moored log booms were torn adrift, and the logs scattered. 
One of the most striking features of the tsunami was the transmission of the waves through fast running and 
turbulent passages. The Seymour Inlet area is connected to the ocean through a restricted entrance at Nakwakto 
Rapids. Current velocities here have not been surveyed, but the tidal streams pour through with great violence. In 
spite of this the tsunami was recorded on five of the eight gauges during both the flood and ebb streams. Only the 
gauges at Bamford Lagoon, Frederick Sound, and Allison Sound showed no apparent wave, and in all of these there 
are additional narrows through which the tide must pass. The distortion that occurred to the Prince Rupert tide curve 
is similar to the response there to the 1952 and 1957 tsunamis. Under certain storm conditions a similar oscillation 
has been noted. The table lists, for all 21 gauges, the time of arrival of the tsunami where it appears fairly clearly 
defined. Maximum rise or fall of a single wave has been scaled with the effect of the tide eliminated. 

 
Wigen, S.O., 1977, Tsunami threat to Port Alberni, unpublished manuscript, 40 p. 
Abstract: A historical approach has been undertaken in this report to evaluate the threat of tsunamis to Port Alberni. 

From catalogues of tsunamis, a list was compiled by area of more than 100 major tsunamigenic events occurring 
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throughout the Pacific since 1900. Available Tofino and Port Alberni analogue tide records were studied to find 
evidence of the waves reaching the Coast. Twenty-one of 70 events examined showed a tsunami at Tofino, and 5 of 
19 at Port Alberni. The size of maximum tsunami waves at Port Alberni was found to be approximately double that 
at Tofino, where both stations had recorded the same tsunami. It was concluded that Tofino records could be used to 
estimate the frequency of tsunamis at Port Alberni, and the probable maximum waves that would have been 
recorded. Of the 21 tsunamis known to have reached the coast, 15 came from the region between Gulf of Alaska and 
northern Japan. In the half century of records studied, the 1964 tsunami was highly destructive in Alberni Inlet; the 
1960 event was moderately damaging; and 3 more tsunamis may have been close to the point of doing damage. In 
designing for a one-in-200 year event in Port Alberni, at least one tsunami of the 1964 size must be anticipated. 

 
Wigen, S.O., 1978, Tsunami threat to Port Alberni, Marine Sciences Directorate Manuscript 

Report Series, no. 48, p. 31-35. 
Abstract: The city of Port Alberni lies at the head of Alberni Inlet, on the Canadian west coast. Planning for the 

development of low lying land at Lugrin Creek in Port Alberni, necessitated the investigation of flood threats. Since 
the city and adjacent coastal areas were severely struck by the tsunami of March 28, 1964, the possible threat of 
another tsunami as a once in 200 years event or oftener became one of the flood factors to be considered, and is the 
subject of this paper. A historical approach has been undertaken in this report to evaluate the threat of tsunamis to 
Port Alberni. The principal records are the analogue diagrams from tide gauge stations at Port Alberni, and at Tofino, 
a port on the outer coast near the approaches to Alberni Inlet. From such a study it becomes possible to identify 
which zones of the Pacific represent a potential tsunami source, and to make some estimate of the frequency with 
which tsunamis may reach the coast. 

 
Wigen, S.O., and White, W.R.H., 1964, Tsunami of March 27-29, 1964, west coast of Canada, 

Department of Mines and Technical Surveys, Ottawa, Ontario, 12 p. 
Summary: The destructive Alaskan earthquake which occurred at 03:36:13 GMT March 28th, 1964 resulted in the death 

of 65 people in the area of the epicentre. Widespread property damage occurred in the communities of this area. In 
Canada, earth tremors were noticed in the Yukon Territory and northern British Columbia. Very noticeable motions 
in buildings and other structures were reported generally as far south as towns along the Canadian National Railroad 
east of Prince Rupert. Light fixtures on long suspensions were set swinging as far distant as Vancouver and Calgary. 
Seiches and fracturing of ice occurred on lakes on Vancouver Island and in the interior of British Columbia. These 
earth tremors produced no damage in Canada. The tsunami produced by the earthquake swept southward along the 
British Columbia coast, and into the coastal passages and fiords. It penetrated up rivers, and was even recorded at 
Pitt Lake, a fresh water tidal lake over 30 miles from the sea. It arrived at most points on the northern B.C. coast 
after 9 p.m. March 27th and about midnight at southern Vancouver Island. The tsunami waves were larger than any 
previously recorded on the B.C. coast. In some inlets they crested above extreme tidal high water and swept into 
built up areas. Damage was extensive and the loss was estimated by insurance adjusters at $2,500,000 to $3,000,000. 
The most severe damage occurred at the head of Alberni Inlet in residential and industrial structures in the twin 
cities of Alberni and Port Alberni. The Port Alberni tide gauge was put out of action during the first wave of the 
tsunami. It recorded a portion of the second wave. The times and amplitudes of the first three wave crests have been 
deduced. The height of the second crest, 20.9 feet above tidal datum, was established from water marks on buildings, 
and the time shown for this crest was projected from the recorded portion of the wave. The first three waves 
travelled up the Somass River, and were registered on a gauge 3.5 miles above Alberni. The crests, measured from 
the level of the river immediately prior to their arrival, rose to the following heights: 0.8 feet at 1016 GMT 
(approx.); 2.6 feet at 1153 GMT (approx.); 1.0 feet at 1330 GMT (approx). A far larger tsunami wave occurred at 
Shields Bay, on the west coast of Queen Charlotte Islands (Lat. 53 19, Long. 132 25). The crest, reported to be 17 
feet above spring high water (or 32 feet above tidal datum, severely damaged a logging camp. 

 
Conference Proceedings and Abstracts 
 
Gonzalez, F.I., Bernard, E.N., and Milburn, H.B., 1987, A program to acquire deep ocean 

tsunami measurements in the north Pacific, In: Proceedings of the 5th Symposium on 
Coastal and Ocean Management: Coastal Zone ’87, Seattle, WA, May 26-29, p. 3373-3381. 

Abstract: Deep ocean tsunami measurements are needed to provide open ocean boundary conditions for testing 
numerical models in hindcast studies, and for improving our understanding of tsunami generation and propagation. 
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Jacob (1984) has identified a portion of the Aleutian Trench which includes the Shumagin Island group as a seismic 
gap (the Shumagin Gap); he has computed estimates which indicate that the probability of a great earthquake 
occurrence (Mw > 7.8) is significantly higher for this region than any other in the U.S. Because tsunamigenic 
earthquakes along a major portion of the seismically active Aleutian trench threaten Hawaii and the U.S. west coast, 
and because a large tsunami is possible in the event of a great earthquake in the Shumagin Gap, this region has 
become the focus of a long-term monitoring program by the Pacific Marine Environmental Laboratory (PMEL) of 
the National Oceanic and Atmospheric Administration (NOAA). 

 
Murty, T.S., and Boilard, L., 1970, The tsunami in Alberni Inlet caused by the Alaska 

earthquake of March 1964, In: Adams, W.M. (ed.), Tsunamis in the Pacific Ocean: 
proceedings of the international symposium on tsunamis and tsunami research, East-West 
Center Press, Honolulu, HI, p. 165-187. 

Abstract: The tsunami in Alberni Inlet due to the Alaska earthquake of March, 1964, is studied theoretically. Some 
preliminary results are presented here. To evaluate the role of local resonance, the frequencies of natural oscillation 
of the Alberni Inlet and Trevor Channel have been calculated taking the topography into account. The propagation 
of the tsunami into the inlet has been calculated as an initial-value problem. Power spectral analyses of several tide-
gauge records on the west coast of Canada during this period have been made to determine the energy contained in 
various frequency ranges. A new technique known as cepstrum analysis, originally developed by Tukey and 
colleagues, has also been attempted to isolate the influence of reflections of the trapped energy of the tsunami inside 
the inlet. 

 
Volcanic and/or landslide sources 
 
Scientific Books and Articles 
 
Beget, J.E., and Kowalik, Z., 2006, Confirmation and calibration of computer modeling of 

tsunamis produced by Augustine Volcano, Alaska, Science of Tsunami Hazards, v. 24, no. 4, 
p. 257-266. 

Abstract: Numerical modeling has been used to calculate the characteristics of a tsunami generated by a landslide into 
Cook Inlet from Augustine Volcano. The modeling predicts travel times of ca. 50-75 minutes to the nearest 
populated areas, and indicates that significant wave amplification occurs near Mt. Iliamna on the western side of 
Cook Inlet, and near the Nanwelak and the Homer-Anchor Point areas on the east side of Cook Inlet. Augustine 
volcano last produced a tsunami during an eruption in 1883, and field evidence of the extent and height of the 1883 
tsunamis can be used to test and constrain the results of the computer modeling. Tsunami deposits on Augustine 
Island indicate waves near the landslide source were more than 19 m high, while 1883 tsunami deposits in distal 
sites record waves 6-8 m high. Paleotsunami deposits were found at sites along the coast near Mt. Iliamna, 
Nanwelak, and Homer, consistent with numerical modeling indicating significant tsunami wave amplification occurs 
in these areas. 

 
Beget, J., Gardner, C., and Davis, K., 2008, Volcanic tsunamis and prehistoric cultural 

transitions in Cook Inlet, Alaska, Journal of Volcanology and Geothermal Research, v. 176, 
no. 3, p. 377-386, doi:10.1016/j.volgeores.2008.01.034. 

Abstract: The 1883 eruption of Augustine Volcano produced a tsunami when a debris avalanche traveled into the waters 
of Cook Inlet. Older debris avalanches and coeval paleotsunami deposits from sites around Cook Inlet record several 
older volcanic tsunamis. A debris avalanche into the sea on the west side of Augustine Island ca. 450 years ago 
produced a wave that affected areas 17 m above high tide on Augustine Island. A large volcanic tsunami was 
generated by a debris avalanche on the east side of Augustine Island ca. 1600 yr BP, and affected areas more than 7 
m above high tide at distances of 80 km from the volcano on the Kenai Peninsula. A tsunami deposit dated to ca. 
3600 yr BP is tentatively correlated with a southward directed collapse of the summit of Redoubt Volcano, although 
little is known about the magnitude of the tsunami. The 1600 yr BP tsunami from Augustine Volcano occurred about 
the same time as the collapse of the well-developed Kachemak culture in the southern Cook Inlet area, suggesting a 
link between volcanic tsunamis and prehistoric cultural changes in this region of Alaska. 

  



 119

 
Davidson, G., 1884, Notes on the volcanic eruption of Mount St. Augustin, Alaska, Oct. 6, 1883, 

Science, v. 3, no. 54, p. 186-189. 
Summary: In the northern Bay of Kamishak, western Cook Inlet, Alaska, lies the Island of Chernaboura ('black-brown'), 

otherwise called Augustin Island. It is 8 or 9 miles in diameter, and in the NE rises to a peak called Mount St. 
Augustin, discovered and named by Capt. Cook, May 26, 1778; he describes it as having 'a conical figure, and of 
very considerable height.' About 8:00 a.m. on Oct. 6, 1883, settlers and fishing-parties at the settlement of Port 
Graham (also called English Harbor; 49 miles west of Mt. St. Augustin in eastern Cook Inlet) heard a loud explosion 
to windward. Vast dense volumes of smoke were seen rolling out of the summit of St. Augustin, and moving to the 
NE; and, at the same time (according to a native hunting-party in Kamishak Bay), a column of white vapor arose 
from the sea near the island. The sea was also greatly agitated and boiling, making it impossible for boats to land 
upon or to leave the island. From Port Graham it was noticed that the smoke columns gradually rose, spread out and 
obscured the sky. Fine pumice-dust soon began to gently fall, some of it very fine, and some very soft, without grit. 
At about 8:25 a.m., or 25 minutes after the great eruption, a great 'earthquake wave,' estimated as 25-30 feet high, 
came upon Port Graham like a wall of water. It carried off all the fishing-boats from the point, and deluged the 
houses. This was followed, at intervals of ~5 minutes, by two other large waves, estimated at 18 and 15 feet; and 
during the day several large and irregular waves came into the harbor. The first wave took all the boats into the 
harbor, the receding wave swept them back to the inlet, and they were finally stranded. Fortunately it was low water, 
or all of the people at the settlement would have been lost. The tides rise and fall about 14 feet. Earthquake waves 
were also felt at Kadiak, where 4 or 5 inches of pumice-ashes fell. At night, from 50 or 60 miles away, flames were 
seen issuing from the volcano’s summit; and in the day-time vast volumes of smoke. Upon nearer approach, it was 
found that the mountain had been split from peak to base by a great rupture extending across it from east to west, 
and that the northern slope of the mountain had sunk away to the level of the northern cliff. This is corroborated by 
the Kamishak Bay hunting-party. Smoke issued from the peak just to the south of the rupture. The low ground of the 
island seemed to be a vast crater, from which smoke and flames were issuing. Capt. Cullie of the schooner Kodiak 
approached the island on Nov. 10th and found that a new island to the northwest of Chernaboura Island, about 1.5 
miles long and 75 feet high, had been upheaved in the ten-fathom passage between Augustin and the mainland to the 
west. This new island (also reported by the Kamishak hunting-party) appears to have arisen during the late volcanic 
activity. Two extinct volcanoes on the Alaska Peninsula, about west from the active volcano Iliamna, also burst into 
activity; and during the day volumes of smoke were distinctly seen, and columns of flame at night.  

 
Kienle, J., Kowalik, Z., and Murty, T.S., 1987, Tsunami generated by eruptions from Mount St. 

Augustine volcano, Alaska, Science, v. 236, p. 1442-1447. 
Abstract: During an eruption of the Alaskan volcano Mount St. Augustine in the spring of 1986, there was concern 

about the possibility that a tsunami might be generated by the collapse of a portion of the volcano into the shallow 
water of Cook Inlet. A similar edifice collapse of the volcano and ensuing sea wave occurred during an eruption in 
1883. Other sea waves resulting in great loss of life and property have been generated by the eruption of coastal 
volcanoes around the world. Although Mount St. Augustine remained intact during this eruptive cycle, a possible 
recurrence of the 1883 events spurred a numerical simulation of the 1883 sea wave. This simulation, which yielded a 
forecast of potential wave heights and travel times, was based on a method that could be applied genera1ly to other 
coastal volcanoes. 

 
Kienle, J., Kowalik, Z., and Troshina, E., 1996, Propagation and runup of tsunami waves 

generated by Mt. St. Augustine volcano, Alaska, Science of Tsunami Hazards, v. 14, no. 3, 
p. 191-206. 

Abstract: The eruption of Mt. St. Augustine Volcano, Alaska, in 1883 resulted in a landslide which produced tsunami of 
about 6 m high at English Bay, 85 km east of Augustine Island. This study uses numerical modeling to forecast the 
tsunami waves which may be generated by future eruptions. The numerical model is based on the nonlinear shallow-
water equations which are solved by a finite-difference method. The simulation yields runup heights and inundation 
patterns. Two landslides are considered for investigation of how different source parameters influence tsunami travel 
times and runup heights. This study uses four embedded interactive numerical grids for Lower Cook Inlet to 
propagate a tsunami signal from Mt. St. Augustine Volcano to the shores and to compute the runup heights for 
Homer and English Bay. The results of numerical modeling allow evaluation of the potential tsunami hazard for 
Lower Cook Inlet. 
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Lockridge, P.A., 1998, Potential for landslide-generated tsunamis in Hawaii, Science of 

Tsunami Hazards, v. 16, no. 1, p. 31-37. 
Abstract: Very large landslides off the shores of Hawaii have probably generated gigantic tsunamis in the past. 

Additional landslides of this type may again generate immense tsunamis that will inundate large portions of the 
islands. The mechanism(s) for tsunami generation from landslides is discussed. Several historical landslide-
generated tsunami events are cited. The special case of landslides from volcanic edifices is examined and historical 
evidence cited. The mechanisms of island building and erosion in Hawaii are reviewed. Evidence of immense 
landslides that have occurred on the various islands is presented. Known historical landslide-generated tsunamis in 
Hawaii are described. Geological evidence of large prehistorical tsunamis generated by landslides is described from 
the literature. The research using a modeling approach to recreate the generation of tsunamis from mega slides in 
Hawaii is presented, and compared with the historical evidence. 

 
McMurtry, G.M., Herrero-Bervera, E., Cremer, M.D., Smith, J.R., Resig, J., Sherman, C., and 

Torresan, M.E., 1999, Stratigraphic constraints on the timing and emplacement of the 
Alika 2 giant Hawaiian submarine landslide, Journal of Volcanology and Geothermal 
Research, v. 94, no. 1-4, p. 35-58, doi:10.1016/S0377-0273(99)00097-9. 

Abstract: Previous work has found evidence for giant tsunami waves that impacted the coasts of Lanai, Molokai and 
other southern Hawaiian Islands, tentatively dated at 100 + and 200 + ka by U-series methods on uplifted coral 
clasts. Seafloor imaging and related work off Hawaii Island has suggested the Alika phase 2 debris avalanche as the 
source of the ~ 100 ka “giant wave deposits”, although its precise age has been elusive. More recently, a basaltic 
sand bed in ODP site 842 (~ 300 km west of Hawaii) estimated at 100 ± 20 ka has been suggested to correlate with 
this or another large Hawaiian landslide. Our approach to the timing and linkage of giant submarine landslides and 
paleo-tsunami deposits is a detailed stratigraphic survey of pelagic deposits proximal to the landslide feature, 
beginning with a suite of seven piston, gravity and box cores collected in the vicinity of the Alika 2 slide. We used 
U-series dating techniques, including excess 230Th and 210Pb profiling, high-resolution paleomagnetic stratigraphy, 
including continuous, U-channel analysis, δ18O stratigraphy, visual and X-ray sediment lithology, and the petrology 
and geochemistry of the included turbidites and ash layers. Minimum ages for the Alika phase 2a slide from detailed 
investigation of two of the cores are 112 ± 15 ka and 125 ± 24 ka (2σ) based on excess 230Th dating. A less precise 
age for the Alika phase 1 and/or South Kona slide is 242 ± 80 ka (2σ), consistent with previous geological estimates. 
Oxygen isotope analyses of entrained planktonic foraminifera better constrain the Alika phase 2a maximum age at 
127 ± 5 ka, which corresponds to the beginning of the stage 5e interglacial period. It is proposed that triggering of 
these giant landslides may be related to climate change when wetter periods increase the possibility of groundwater 
intrusion and consequent phreatomagmatic eruptions of shallow magma chambers. Our study indicates the 
contemporaneity of the Alika giant submarine landslides and distal deposits from enormous turbidity currents as 
well as coral clasts reported to be tsunami deposits on Lanai and Molokai through direct dating and compositional 
analysis of the landslide deposits. 

 
McMurtry, G.M., Fryer, G.J., Tappin, D.R., Wilkinson, I.P., Williams, M., Fietzke, J., Garbe-

Schoenberg, D., and Watts, P., 2004, Megatsunami deposits on Kohala volcano, Hawaii, 
from flank collapse of Mauna Loa, Geology, v. 32, no. 9, p. 741-744. 

Abstract: The origin of coastal and high-elevation marine gravels on the Hawaiian islands of Lanai and Molokai is 
controversial, because the vertical tectonics of these islands is poorly constrained. The gravels are either from 
eustatic highstands or were left by massive tsunamis from offshore giant landslides. In contrast, at Kohala on the 
island of Hawaii, where continuous subsidence is well established, lithofacies analysis and dating of a fossiliferous 
marine conglomerate 1.5–61 m above present sea level support a tsunami origin and indicate a runup of >400 m >6 
km inland. The conglomerate age, 110 ± 10 ka, suggests a tsunami caused by the ca. 120 ka giant Alika 2 landslide 
from nearby Mauna Loa volcano. 

 
Moore, J.G., Normark, W.R., and Holcomb, R.T., 1994, Giant Hawaiian landslides, Annual 

Review of Earth and Planetary Sciences, v. 22, p. 119-144, 
doi:10.1146/annurev.ea.22.050194.001003. 
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Summary: Sixty-eight landslides more than 20 km long are present along a 2200 km segment of the Hawaiian Ridge 
from near Midway to Hawaii. Some of the landslides exceed 200 km in length and 5000 km3 in volume, ranking 
them among the largest on Earth. Most of these giant landslides were discovered during a mapping program of the U. 
S. Hawaiian Exclusive Economic Zone from 1986 to 1991 utilizing the GLORIA side-looking sonar mapping 
system. Two general types of landslides are present: slumps and debris avalanches. Many intermediate forms occur 
and some debris avalanches form from oversteepened slumps. The slumps are deeply rooted in the volcanoes and 
may extend back to volcanic rift zones and down to the base of the volcanic pile at about 10 km depth. Tension at 
the upper part is accommodated by major normal faults as well as by pull-apart structures of the volcanic rift zones, 
and the lower compressional regime is marked by broad bulges, closed depressions, and steep toes. Incremental 
movement of a few meters on historic slumps has produced major earthquakes (magnitude > 7). Magma or 
associated hot zones of plasticity probably enhance basal movement of the upper part, and unconsolidated sediment 
promotes movement of the lower part. Debris avalanches are thinner, longer, and move on lower gradients than 
slumps. Their rapid movement is indicated by the fact that some have moved uphill for tens of kilometers, and are 
believed to have produced major tsunamis. The debris avalanches left large amphitheaters at their heads and produce 
broad hummocky distal lobes at their toes. Commonly, major canyons have incised the amphitheaters. Giant 
landslides have recently been discovered on many other marine volcanoes where they also can be related to volcanic 
structure and eruptive activity. It is now clear that large-scale collapses of the flanks of oceanic volcanoes are as 
important as the basic volcanic processes in determining the growth history and final form of the volcanoes. Future 
studies need to obtain details of the morphology of the landslide deposits and the nature of the transported material 
to learn about the landslide mechanisms and the interaction of landsliding to the volcanic processes of the host 
volcano. Detailed multibeam bathymetry and extensive sampling is needed not only for the large debris avalanches 
but also for the smaller, nearshore landslides that probably occur with more frequency and, therefore, pose a more 
immediate hazard than the larger failures. Such detailed studies should focus on young and currently active 
landslides on volcanic islands, such as the Hilina slump on the south flank of Kilauea volcano of Hawaii, where 
subaerial monitoring of landslide movement, volcanic activity, and seismicity can provide critical clues to the 
processes involved that are difficult to obtain in deep-marine settings. 

 
Pararas-Carayannis, G., 2002, Evaluation of the threat of mega tsunami generation from 

postulated massive slope failures of island stratovolcanoes on La Palma, Canary Islands, 
and on the island of Hawaii, Science of Tsunami Hazards, v. 20, no. 5, p. 251-277. 

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 Vieja in La Palma, Canary Islands, and Kilauea, in Hawaii, have been based on incorrect 
assumptions of volcanic island slope instability, source dimensions, speed of failure 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 models and evaluates the threat of mega 
tsunami generation from flank failures of island stratovolcanoes. Based on geologic evidence and historic events, it 
concludes that massive flank collapses of Cumbre Vieja or Kilauea volcanoes are extremely unlikely to occur in the 
near geologic future. The flanks of these island stratovolcanoes will continue to slip aseismically, as in 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 tsunamis with insignificant far field effects. Caldera collapses 
and large slope failures associated with volcanic explosions of Krakatau in 1883 and of Santorin in 1490 B.C., 
generated catastrophic local tsunamis, but no waves of significance at distant locations. Mega tsunami 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 stratovolcanoes has been greatly overstated. 

 
Ward, S.N., 2001, Landslide tsunami, Journal of Geophysical Research, v. 106, no. 6, p. 11,201-

11,215. 
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Abstract: In the creation of “surprise tsunami”, submarine landslides head the suspect list. Moreover, improving 
technologies for seafloor mapping continue to sway perceptions on the number and size of surprises that may lie in 
wait offshore. At best, an entirely new distribution and magnitude of tsunami hazards has yet to be fully appreciated. 
At worst, landslides may pose serious tsunami hazards to coastlines worldwide, including those regarded as immune. 
To raise the proper degree of awareness, without needless alarm, the potential and frequency of landslide tsunami 
have to be assessed quantitatively. This assessment requires gaining a solid understanding of tsunami generation by 
landslides and undertaking a census of the locations and extent of historical and potential submarine slides. This 
paper begins the process by offering models of landslide tsunami production, propagation, and shoaling and by 
exercising the theory on several real and hypothetical landslides offshore Hawaii, Norway, and the United States 
eastern seaboard. I finish by broaching a line of attack for the hazard assessment by building on previous work that 
computed probabilistic tsunami hazard from asteroid impacts. 

 
Waythomas, C.F., 2000, Reevaluation of tsunami formation by debris avalanche at Augustine 

Volcano, Alaska, Pure and Applied Geophysics, v. 157, no. 6-8, p. 1145-1188. 
Abstract: Debris avalanches entering the sea at Augustine Volcano, Alaska have been proposed as a mechanism for 

generating tsunamis. Historical accounts of the 1883 eruption of the volcano describe 6- to 9-meter-high waves that 
struck the coastline at English Bay (Nanwalek), Alaska about 80 kilometers east of Augustine Island. These 
accounts are often cited as proof that volcanigenic tsunamis from Augustine Volcano are significant hazards to the 
coastal zone of lower Cook Inlet. This claim is disputed because deposits of unequivocal tsunami origin are not 
evident at more than 50 sites along the lower Cook Inlet coastline where they might be preserved. Shallow water 
(<25 m) around Augustine Island, in the run-out zone for debris avalanches, limits the size of an avalanche-caused 
wave. If the two most recent debris avalanches, Burr Point (A.D. 1883) and West Island (<500 yr. B.P.) were 
traveling at velocities in the range of 50 to 100 meters per second, the kinetic energy of the avalanches at the point 
of impact with the ocean would have been between 1014 and 1015 joules. Although some of this energy would be 
dissipated through boundary interactions and momentum transfer between the avalanche and the sea, the initial wave 
should have possessed sufficient kinetic energy to do geomorphic work (erosion, sediment transport, formation of 
wave-cut features) on the coastline of lower Cook Inlet. Because widespread evidence of the effects of large waves 
cannot be found, it appears that the debris avalanches could not have been traveling very fast when they entered the 
sea, or they happened during low tide and displaced only small volumes of water. In light of these results, the hazard 
from volcanigenic tsunamis from Augustine Volcano appears minor, unless a very large debris avalanche occurs at 
high tide. 

 
Waythomas, C.F., Watts, P., Shi, F., and Kirby, J.T., 2009, Pacific Basin tsunami hazards 

associated with mass flows in the Aleutian arc of Alaska, Quaternary Science Reviews, v. 
28, no. 11-12, p. 1006-1019, doi:10.1016/j.quascirev.2009.02.019. 

Abstract: We analyze mass-flow tsunami generation for selected areas within the Aleutian arc of Alaska using results 
from numerical simulation of hypothetical but plausible mass-flow sources such as submarine landslides and 
volcanic debris avalanches. The Aleutian arc consists of a chain of volcanic mountains, volcanic islands, and 
submarine canyons, surrounded by a low-relief continental shelf above about 1000–2000 m water depth. Parts of the 
arc are fragmented into a series of fault-bounded blocks, tens to hundreds of kilometers in length, and separated 
from one another by distinctive fault-controlled canyons that are roughly normal to the arc axis. The canyons are 
natural regions for the accumulation and conveyance of sediment derived from glacial and volcanic processes. The 
volcanic islands in the region include a number of historically active volcanoes and some possess geological 
evidence for large-scale sector collapse into the sea. Large scale mass-flow deposits have not been mapped on the 
seafloor south of the Aleutian Islands, in part because most of the area has never been examined at the resolution 
required to identify such features, and in part because of the complex nature of erosional and depositional processes. 
Extensive submarine landslide deposits and debris flows are known on the north side of the arc and are common in 
similar settings elsewhere and thus they likely exist on the trench slope south of the Aleutian Islands. Because the 
Aleutian arc is surrounded by deep, open ocean, mass flows of unconsolidated debris that originate either as 
submarine landslides or as volcanic debris avalanches entering the sea may be potential tsunami sources. To test this 
hypothesis we present a series of numerical simulations of submarine mass-flow initiated tsunamis from eight 
different source areas. We consider four submarine mass flows originating in submarine canyons and four flows that 
evolve from submarine landslides on the trench slope. The flows have lengths that range from 40 to 80 km, 
maximum thicknesses of 400–800 m, and maximum widths of 10–40 km. We also evaluate tsunami generation by 
volcanic debris avalanches associated with flank collapse, at four locations (Makushin, Cleveland, Seguam and 
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Yunaska SW volcanoes), which represent large to moderate sized events in this region. We calculate tsunami 
sources using the numerical model TOPICS and simulate wave propagation across the Pacific using a spherical 
Boussinesq model, which is a modified version of the public domain code FUNWAVE. Our numerical simulations 
indicate that geologically plausible mass flows originating in the North Pacific near the Aleutian Islands can indeed 
generate large local tsunamis as well as large transoceanic tsunamis. These waves may be several meters in 
elevation at distal locations, such as Japan, Hawaii, and along the North and South American coastlines where they 
would constitute significant hazards. 
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ATLANTIC COAST 
 
Scientific Books and Articles 
 
Geist, E.L., and Parsons, T., 2009, Assessment of source probabilities for potential tsunamis 

affecting the U.S. Atlantic coast, Marine Geology, v. 264, no. 1-2, p. 98-108, 
doi:10.1016/j.margeo.2008.08.005. 

Abstract: Estimating the likelihood of tsunamis occurring along the U.S. Atlantic coast critically depends on knowledge 
of tsunami source probability. We review available information on both earthquake and landslide probabilities from 
potential sources that could generate local and transoceanic tsunamis. Estimating source probability includes 
defining both size and recurrence distributions for earthquakes and landslides. For the former distribution, source 
sizes are often distributed according to a truncated or tapered power–law relationship. For the latter distribution, 
sources are often assumed to occur in time according to a Poisson process, simplifying the way tsunami probabilities 
from individual sources can be aggregated. For the U.S. Atlantic coast, earthquake tsunami sources primarily occur 
at transoceanic distances along plate boundary faults. Probabilities for these sources are constrained from previous 
statistical studies of global seismicity for similar plate boundary types. In contrast, there is presently little 
information constraining landslide probabilities that may generate local tsunamis. Though there is significant 
uncertainty in tsunami source probabilities for the Atlantic, results from this study yield a comparative analysis of 
tsunami source recurrence rates that can form the basis for future probabilistic analyses. 

 
Liverman, D., Batterson, M., Taylor, D., and Ryan, J., 2001, Geological hazards and disasters 

in Newfoundland and Labrador, Canadian Geotechnical Journal, v. 38, no. 5, p. 936-956, 
doi:10.1139/cgj-38-5-936. 

Abstract: A geological disaster occurs when natural geological processes impact on our activities, either through loss of 
life or injury or through economic loss. A geological hazard is a potential disaster. Geological hazard in the Province 
of Newfoundland and Labrador was studied by archival research using a variety of sources to document the 
historical record of disaster. This record, although undoubtedly incomplete and selective, demonstrates that the 
province was affected by numerous geological disasters that inflicted a major economic and social cost. At least 80 
people have been killed in Newfoundland and Labrador since 1863 in such incidents, including debris flows, 
rockfalls, avalanches, and tsunamis. Many Newfoundland communities have developed at the base of steep slopes 
and are therefore prone to landslides and avalanches or are built adjacent to the coast and are susceptible to storm 
damage. The economic cost is difficult to estimate, but remedial measures for individual events range from Can$ 20 
000 for the construction of 50 m of gabions and retaining walls to Can$3 million for community-level coastal flood-
protection measures. Many of the documented geological disasters were unavoidable and were the inevitable result 
of geography. However, some were predictable and therefore preventable, either because a similar event had 
previously occurred in the same area or because geological factors, such as rapid coastal erosion or rising relative 
sea levels, were not considered during the planning process. The identification of serious avalanche and rockfall 
hazards in the Battery, St. John’s, has led to installation of protective measures. Archival research methods provide a 
cheap, effective, and useful means of defining regional geological hazard. 

 
Lockridge, P.A., Whiteside, L.S., and Lander, J.F., 2002, Tsunamis and tsunami-like waves of 

the eastern United States, Science of Tsunami Hazards, v. 20, no. 3, p. 120-157. 
Abstract: The threat of tsunamis and tsunami-like waves hitting the eastern United States is very real despite a general 

impression to the contrary. We have cataloged 40 tsunamis and tsunami-like waves that have occurred in the eastern 
United States since 1600. Tsunamis were generated from such events as the 1755 Queen Anne’s earthquake, the 
Grand Banks event of 1929, the Charleston earthquake of 1886, and the New Madrid earthquakes of 1811-1812. The 
Queen Anne tsunami was observed as far away as St. Martin in the West Indies and is the only known teletsunami 
generated in this source region. Since subduction zones are absent around most of the Atlantic basin, tsunamis and 
tsunami-like waves along the United States East Coast are not generated from this traditional source, but appear, in 
most cases to be the result of slumping or landsliding associated with local earthquakes or with wave action 
associated with strong storms. Other sources of tsunamis and tsunami-like waves along the eastern seaboard have 
recently come to light including volcanic debris falls or catastrophic failure of volcanic slopes; explosive 
decompression of underwater methane deposits or oceanic meteor splashdowns. These sources are also considered. 
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Nirupama, N., Nistor, I., Ponnambalam, K., and Murty, T.S., 2006, Tsunami travel time atlas 

for the Atlantic Ocean, In: Murty, T.S. (ed.), Special issue on tsunamis, Part 1, Marine 
Geodesy, v. 29, no. 3, p. 179-199. 

Abstract: Compared to the Pacific Ocean, tsunamis are rare both in the Atlantic and Indian Oceans. However, the 
December 26, 2004, tsunami demonstrated that, no matter how rare they may be, when a major tsunami occurs, it 
could be very disastrous. The most basic information in tsunami warning center requires are charts showing tsunami 
travel times to various locations around the rim of the ocean. With this in mind, a tsunami travel time atlas for the 
Atlantic Ocean is in preparation. The Caribbean Sea is also included in this Atlas, as it is more or less a part of the 
Atlantic Basin. 

 
Teller, J.T., Murty, T., Nirupama, N., and Chittibabu, P., 2005, A possible tsunami in the 

Labrador Sea related to the drainage of Glacial Lake Agassiz ~8400 years B.P., Science of 
Tsunami Hazards, v. 23, no. 3, p. 3-16. 

Abstract: For thousands of years, the thick Laurentide Ice Sheet covered a large part of northern North America, 
damming northward-draining rivers. As this ice retreated, large lakes formed along its margin. Glacial Lake Agassiz 
was the largest of these ice-marginal lakes, covering an area of >800,000 km2

 
(more than twice the size of the largest 

lake in the modern world, the Caspian Sea) before it drained catastrophically into the Labrador Sea. Even before that, 
Lake Agassiz had periodically released large volumes of water into the ocean via the Great Lakes-St. Lawrence and 
the Athabasca-Mackenzie River systems. The last and largest of these outbursts released >150,000 km3

 
through 

Hudson Bay and Hudson Strait in 6-12 months; the average flux over that period was ~5 Sv (1 Sv = 1×106
 
m3s-1). 

When a volume of water this large is discharged into a coastal sea like the Labrador Sea, it may generate a surface 
flood wave or a tsunami if the water mass is large enough and introduced in a short time. To our knowledge no 
previous calculations have been made to estimate the potential impact of a flood burst on the generation of solitary 
waves. Using analogies of tsunamis generated by submarine landslides and ocean earthquakes, the amplitude of a 
Lake Agassiz generated tsunami is estimated to have been at least 2 m. Directionality considerations, as well as the 
effect of the Coriolis Force in the Northern Hemisphere, suggest that the resulting tsunami probably traveled 50-100 
km along the west coast of the Labrador Sea, south of Hudson Strait where the outburst entered the ocean, before 
being dissipated. The erosional and depositional affects of historic and prehistoric tsunamis are present in the 
geological record, and provide guidance in seeking evidence for the Lake Agassiz flood burst and subsequent 
tsunami. This record may be found along the western coast of the Labrador Sea as well as along the shores of 
Hudson Strait. 

 
ten Brink, U.S., 2009, Tsunami hazard along the U.S. Atlantic coast, Marine Geology, v. 264, 

no. 1-2, p. 1-3, doi:10.1016/j.margeo.2009.03.011. 
Summary: Assessment of tsunami hazard to the Atlantic coast of the United States poses a scientific challenge because 

of the paucity of both historical events and prehistoric tsunami evidence. The Atlantic coast is highly vulnerable to 
tsunami damage, with major population centers and industrial facilities in low-lying shoreline areas. The challenge 
is therefore to define and quantify the hazard for these rare events. The special issue “Tsunami hazard along the U.S. 
Atlantic coast” represents the combined effort of a diverse group of marine geologists, geophysicists, geotechnical 
engineers, and hydrodynamic modelers to develop methods to evaluate tsunami sources with the potential to impact 
the U.S. Atlantic coast. Eight of the papers present new research that was conducted as part of a Nuclear Regulatory 
Commission (US-NRC)-funded project to evaluate tsunami hazard to the U.S. East Coast (AMTHAG, 2008). This 
project supercedes Brandsma et al.'s (1979) report and provides a modern evaluation of tsunami hazard for use by 
electrical power utilities and the U.S.-NRC in the licensing process of new nuclear power plants. The ninth paper 
(Grilli et al., 2009-this issue) was written in response to an evaluation request by an insurance company. Work on 
the assessment of tsunami hazard to the U.S. East Coast continues at present and includes field efforts to map and 
date landslides, analysis of the mobility and tsunami hazard of additional case studies in the New England margin, 
and an investigation of the potential of the Puerto Rico trench to create large tsunamigenic earthquakes. 

 
Whitmore, P., ten Brink, U., Caropolo, M., Huerfano-Moreno, V., Knight, W., Sammler, W., 

and Sandrik, A., 2009, NOAA/West Coast/Alaska Tsunami Warning Center Atlantic 
Ocean response criteria, Science of Tsunami Hazards, v. 28, no. 2, p. 86-107. 

  



 126

Abstract: West Coast/Alaska Tsunami Warning Center (WCATWC) response criteria for earthquakes occurring in the 
Atlantic and Caribbean basins are presented. Initial warning center decisions are based on an earthquake’s location, 
magnitude, depth, distance from coastal locations, and precomputed threat estimates based on tsunami models 
computed from similar events. The new criteria will help limit the geographical extent of warnings and advisories to 
threatened regions, and complement the new operational tsunami product suite. Criteria are set for tsunamis 
generated by earthquakes, which are by far the main cause of tsunami generation (either directly through sea floor 
displacement or indirectly by triggering of sub-sea landslides). The new criteria require development of a threat data 
base which sets warning or advisory zones based on location, magnitude, and pre-computed tsunami models. The 
models determine coastal tsunami amplitudes based on likely tsunami source parameters for a given event. Based on 
the computed amplitude, warning and advisory zones are pre-set. 

 
Xu, Z., 2007, The all-source Green’s function and its application to tsunami problems, Science 

of Tsunami Hazards, v. 26, no. 1, p. 59-69. 
Abstract: The classical Green’s function provides the global linear response to impulse forcing at a particular source 

location. It is a type of one-source-all-receiver Green’s function. This paper presents a new type of Green’s function, 
referred to as the all-source-one-receiver, or for short the all-source Green’s function (ASGF), in which the solution 
at a point of interest (POI) can be written in terms of global forcing without requiring the solution at other locations. 
The ASGF is particularly applicable to tsunami problems. The response to forcing anywhere in the global ocean can 
be determined within a few seconds on an ordinary personal computer or on a web server. The ASGF also brings in 
two new types of tsunami charts, one for the arrival time and the second for the gain, without assuming the location 
of the epicenter or reversibility of the tsunami travel path. Thus it provides a useful tool for tsunami hazard 
preparedness and to rapidly calculate the real-time responses at selected POIs for a tsunami generated anywhere in 
the world’s oceans. (Example shown is the North Atlantic, with points of interest in Atlantic Canada). 

 
Reports, Government Publications, and Theses 
 
Atlantic and Gulf of Mexico Tsunami Hazard Assessment Group, 2008, Evaluation of tsunami 

sources with the potential to impact the U.S. Atlantic and Gulf coasts – a report to the 
Nuclear Regulatory Commission, U.S. Geological Survey Administrative Report, 300 p. 

Executive Summary: The 2004 Sumatra tsunami, which took place in an area with no historical record of a similar 
event, has brought awareness to the possibility of tsunamis along the U.S. Atlantic and Gulf of Mexico coasts. While 
these rare events may not have an impact on tsunami probability calculations for flood insurance rates, they need to 
be considered in long-range planning, such as for the placement of nuclear power plants. The U.S. Geological 
Survey was tasked by the Nuclear Regulatory Commission to prepare an evaluation of tsunami sources and their 
probability to impact the U.S. Atlantic and Gulf of Mexico coasts. This report is an updated evaluation based on 
additional data analysis and modeling. It provides a general review of potential tsunami sources, and provides a 
geotechnical analysis and hydrodynamic model for one landslide offshore North Carolina. The evaluation also 
identifies geographical areas with limited information and topic for further study. Finally, the updated report 
presents new theoretical developments that may aid in quantitative evaluation of tsunami probability. The work 
included in this report represents both review of published work and original work. Eight of the 14 topical chapters 
in this report represent original work, and the remaining 6 chapters are based on literature reviews. The original 
work is in the process of being published as eight papers in a special issue of Marine Geology, an international peer-
reviewed scientific journal. The main findings of the study so far include: (1) Landslides along the U.S. Atlantic 
margin have the potential to cause tsunami locally. These landslides are concentrated along the New England and 
Long Island sections of the margin, outward of major ancient rivers in the mid-Atlantic margin and in the salt dome 
province offshore North Carolina. The landslides generally removed a relatively thin (a few 10s of meters) layer of 
mostly unconsolidated sediments. The mapped landslides follow a log-normal size distribution centered at a volume 
of about 1 km3. However, some parts of the upper continental slope, particularly off Long Island New England, have 
not yet been mapped in detail. Relatively few large landslides from the entire mapped inventory (9 landslides over 
500 km2 and 16 landslides over 10 km3) could have caused a damaging tsunami. The criteria for devastating tsunami 
is presently based solely on modeling of the Currituck slide offshore North Carolina. Additional simulations off 
New England are needed to refine the threshold for damaging tsunamis. A review of known ages of submarine 
landslides around the Atlantic Ocean and worldwide shows a factor of 1.7-3.5 lower frequency of occurrence during 
the past 5000 years relative to the last glacial period and the first 5000 years after the end of glaciation, suggesting 
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that the majority of the observed landslides along the U.S. Atlantic margin are older than 5000 years. (2) Earthquake 
sources that can generate trans-oceanic tsunamis, are located west of Gibraltar and in the Puerto Rico trench. 
Tsunami simulations from the 1755 Lisbon earthquake show that seafloor topography between the source area and 
the Azores Islands plays a major role in scattering the wave energy traveling toward the U.S. East Coast. This 
conclusion matches the lack of tsunami reports from parts of the U.S. East coast that were populated at the time 
(Boston, New York, Chesapeake Bay, Savannah, Charleston). However, simulations show that should a large 
tsunamigenic earthquake take place in the Puerto Rico trench, the resultant tsunami may be destructive to many 
parts of the U.S. East Coast. To date, no evidence was found for large historical or pre-historical earthquakes in the 
Puerto Rico trench, and the ability of this plate boundary to generate large earthquakes is being investigated. (3) Far-
field landslides, such as in the Canary Islands, are not expected to cause a devastating tsunami along the U.S. 
Atlantic coast. (4) Large landslides in the Gulf of Mexico are found in the submarine canyon and fan provinces 
extending from present Mississippi and other former larger rivers that emptied into the Gulf. These large landslides 
were probably active before 7500 years ago. In other areas, landslides continue to be active, probably because of salt 
movement, but are small and may not pose tsunami hazard. Very little is known about the threat of landslide-
generated tsunamis from the Mexican coast, particularly the Campeche escarpment. Tsunamis generated by 
earthquakes do not appear to impact the Gulf of Mexico coast. (5) Several approaches to quantitatively calculate the 
probability of tsunamis impacting the U.S. East and Gulf Coasts have been developed, but their accuracy depends in 
large part on the available of observations of size distribution, recurrence interval, and geotechnical parameters of 
the sea floor. 

 
Berninghausen, W.H., 1968, Tsunamis and seismic seiches reported from the western north 

and south Atlantic and the coastal waters of northwestern Europe, U.S. Naval 
Oceanographic Office Informal Report 68-85, 48 p. 

Abstract: Fifty-four tsunamis which have been reported from the western North and South Atlantic Oceans between 
1530 and 1964 are included in Part I. These tsunamis have been most frequent in the seismically active regions 
around the eastern Caribbean. Tsunamis have also been reported in other parts of the area from South Georgia and 
Cape Horn to Iceland. Thirty-five tsunamis reported from the coasts of northern and western Europe between 842 
and 1950 are listed in Part II. This list contains data on the majority of the waves of seismic origin in northwest 
Europe from Cabo Finisterre on the northwestern tip of Spain to northern Scandinavia. 

 
Ruffman, A., Hattie, K., Boyce, D., Stevenson, B., Smith, A., Buchan, G., and Snow, D., 1991, 

Historic seismicity and record of severe storms with coastal flooding for western 
Newfoundland, Geological Survey of Canada, Open File 2407, 636 p. 

Abstract: Every available issue in private and public repositories of the Corner Brook, Newfoundland Western Star has 
been searched for historic seismic events and possibly related significant coastal flooding events from April 4, 1900 
to June 15, 1964 when the seismograph was installed and began operating in St. John’s, Newfoundland. The 
Western Star began as a weekly, became a semi-weekly in December, 1948, began to publish five weekdays a week 
in September, 1952 and then became a daily (except Sundays) in March of 1954. This study, of necessity, has 
produced the first systematic inventories of the locations of originals and microfilms, of microfilm gaps, of 
publishing frequency, of missing issues and the volume and issue numbering sequences for the Western Star. Only 
eight original issues are missing in the Bruce Stevenson Collection of about 2240 issues or 0.35% from April 4, 
1900 to March 27, 1942. The overall interval searched had about 1% missing issues in the circa 5400 issues 
searched. A total of 387 articles were extracted for the album of articles. About 83 storm, storm plus storm tide, or 
high tide events were identified as well as two seiche events on Lake Michigan; none of these 85 events are believed 
to represent a seismically-induced event except for a report of a previously-known tsunami from the known Good 
Friday Alaska earthquake on March 27, 1964. A total of 124 seismic events were extracted. Of this total, 27 of the 
events are Canadian or eastern U.S. earthquakes. Seven of the 27 seismic events were eastern U.S. events and one of 
these in New England may be a new, previously-unknown earthquake on September 7(?), 1926. A previously-
unknown foreshock of the 1250 GMT, December 3, 1929 Attica, New York earthquake may also have been defined, 
along with an eight-tremor, previously-unknown event “at New York” on December 3 (or 5), 1929. Twelve of the 
27 Canadian or eastern U.S. events are Canadian events, located outside Nova Scotia and Newfoundland. All these 
were previously-known. One of the articles on an event felt in the Hamilton-Toronto area greatly expands the felt 
area of the previously-known event at 0155 GMT on Tuesday, July 22, 1958. This event was known to have been 
felt in the St. Catherine’s area but not in the Toronto area. Two of the 27 Canadian or eastern U.S. events are Nova 
Scotian events. One of these identified only as a January, 1902 event is a new, previously-unknown events that will 
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require more research to pin down. The other was a previously-known aftershock of the November 18, 1929 
Laurentian Slope or “Grand Banks” earthquake. Six of the 27 Canadian or eastern U.S. events were Newfoundland 
events and included a previously-undocumented felt report of the Charlevoix earthquake of February 28, 1925 at 
Lomand on Bonne Bay in western Newfoundland. A new, previously-unknown, late April to early May, 1916 event 
in the northern Notre Dame Bay area will require further research. This earthquake was reported by mail to the 
Western Star and was felt circa April 24 to circa May 1, 1916 at the light station on Gull Island, 11.4 km east of 
Cape St. John in northern Notre Dame Bay near the town of La Scie, Newfoundland. Some additional felt localities 
are documented for the previously-known February 2, 1969 event in the Gander – Grand Falls – southern Notre 
Dame Bay area of Newfoundland. 

 
Wigen, S.O., 1989, Report on the assessment and documentation of tsunamis for eastern 

Canada, unpublished manuscript, Tide and Tsunami Services Ltd., Fulford Harbour, B.C., 
17 p. 

Summary: This report presents the results of a literature search for information on Atlantic Ocean tsunamis. It also 
discusses: (1) the possible use of tide gauges for tsunami measurement in the Canadian Atlantic region; (2) Pacific 
and Atlantic tsunami warning systems; (3) tsunami monitoring, documentation and archiving. 

 
Xu, Z., 2010, Real-time tsunami simulation: a web-based application for simulations of 

tsunami arrival time series at a point of interest from any source region, 
http://odylab.uqar.ca/tsunami/ 

Introduction: To simulate tsunami propagations in real-time is a great challenge. All the previous attempts have focused 
either on running a model on the fly or on limited-source Green's functions (named after George Green). Even with 
a supercomputer and massively parallel computations, it would be very difficult to run a model on the fly in a vast 
transoceanic domain and yet still win the race for time against a fast moving tsunami (~700km/hour). The limited 
source Green's function approach can provide results very quickly, but unfortunately only for cases in which a 
tsunami originates within a few pre-assumed source regions. The real-time simulation system illustrated here is 
based on a new method, referred to as the all-source Green's function (ASGF) method (Xu 2007). The method pre-
calculates the fundamental response functions of a point of interest against all the sources distributed in the entire 
domain (hence the name all-source Green's function). When a tsunami triggering event (an earthquake, a submarine 
slide, or even an asteroid impact) occurs, the pre-calculated all-source Green's functions corresponding to the source 
region of the event will be loaded into RAM and multiplication with the source functions almost instantaneously 
gives the real response at the point of interest. The pre-calculated all-source Greens functions are dynamically 
consistent with the model, and the results are the same as if you ran the model on the fly but requires much less CPU 
time. The response to forcing anywhere in North Atlantic Ocean can be determined within a few seconds using 
commonly available computer resources. Please note that the experiments results will be somewhat influenced by 
artificial closed boundaries along 100° W, the prime meridian, the equator and 80° N. An improvement on this 
should be, and will be soon, implemented for practical applications, but for the demonstration purpose here, it is not 
essential. 

 
Conference Proceedings and Abstracts 
 
Ruffman, A., 1987, Newly recognized tsunami in Atlantic Canada, Atlantic Geoscience Society 

1987 Colloquium abstract, Marine sediments and Atlantic Geology, v. 23, no. 2, p. 106. 
Abstract: Prior to 1985, only two tsunami were known in the scientific literature to have impinged on Atlantic Canada. 

One was reported in 1864 in St. Shott’s, Newfoundland, and the large November 18, 1929 event caused significant 
loss of life and damage in southern Newfoundland. The June 27, 1864 tsunami has now been pinpointed in time. 
The November 18, 1929 tsunami from the Laurentian Slope (formerly the “Grand Banks”) Earthquake is now 
known to have had significant impact from St. Shott’s and Branch on the Avalon Peninsula of Newfoundland to the 
Burin Peninsula where 27 persons lost their lives, to St. Pierre et Miquelon, to Cape Breton Island where one death 
occurred, to County Harbour on the mainland and to at least the Head of St. Margaret’s Bay where run up was seen. 
The 1929 tsunami may have had a significant effect on parts of the ocean floor on the shelf, hence on the benthic 
and groundfish fishery. The Lisbon Earthquake on November 1, 1755 caused a tsunami in Bonavista, Newfoundland 
probably recorded in the folksong, “When the Great Sea Hove In.” This event has now been confirmed from three 
other sources. A second apparently teleseismic tsunami has been identified from historic seismic studies as 
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occurring on September 24, 1848 and affecting St. John’s, Bonavista, Catalina and Elliston in Newfoundland, as 
well as Fishing Harbour in South Labrador. A September 11, 1908 event affected the Gulf of St. Lawrence and 
northern Cape Breton. Northern Cape Breton was affected by a May 1914 event. These two events and the 1864 
event raise questions as to the 100,000 year presumed return period of the Laurentian Slope event. An April 18, 
1843 tsunami has been identified in the Yarmouth area and a probable tsunami has been identified in Liverpool on 
January 19, 1813. A small seismic event has been identified in northern Baffin Bay on Ubekendt Island, Greenland. 
This event may have had a glacial origin. A further ten high-tide events have been identified which appear to have a 
non-seismic origin. One “ghost” event has been eliminated from the tsunami record. 

 
Ruffman, A., 1991, A compilation of eastern Canadian historic tsunamis, Atlantic Geoscience 

Society 1991 Colloquium abstract, Atlantic Geology, v. 27, no. 2, p. 161-162. 
Abstract: The Canadian Hydrographic Service has completed a compilation of known historic tsunamis from 1755 to 

the present. Previously, only the November 18, 1929 tsunami from the Laurentian Slope “Grand Banks” Earthquake 
was recorded in the literature; there was also a brief mention of an 1864 event in the Avalon Peninsula. The 1864 St. 
Shott’s tsunami is now suspected to be related to a local felt event and nay be related to seismic activity in the 
Laurentian Slope Seismic Zone. Tsunamis are now known in Lake Ontario with a possible tsunami in Lake Erie. 
The Bay of Fundy area, southwest of Nova Scotia, northern Cape Breton Island and the Gulf of St/ Lawrence have 
all experienced tsunamis. A widespread event in 1848 affected northeast Newfoundland from St. John’s to southern 
Labrador. The tsunami generated by the great Lisbon Earthquake of November 1, 1755 is now known to have 
affected northeast Newfoundland. The number of eastern Canadian tsunamis now totals at least eleven. A rock fall 
tsunami event is also known in Western Brook Pond in Newfoundland. Only the 1929 tsunami is known to have cost 
lives. The November 18, 1929 tsunami’s death toll is revised to include a death in Nova Scotia. This tsunami is 
shown to have refracted counterclockwise around the Avalon Peninsula and to have affected northeast 
Newfoundland in the early hours of November 19, 1929. A major storm tide accompanied a large storm the next 
morning just after daybreak on November 19, 1929 and this high lunar/storm tide is often confused by people as 
being the effects of the tsunami. 

 
Ruffman, A., 1995, Earthquakes and tsunamis of eastern Canada: cause for concern?, Atlantic 

Geoscience Society 1995 Colloquium abstract, Atlantic Geology, v. 31, no. 1, p. 58. 
Abstract: The known earthquake seismic source zones of most concern to the populated areas of eastern Canada are the 

Charlevoix, Passamaquoddy and offshore Laurentian Slope seismic zones where major earthquakes of magnitudes 
7.0, 5.7 and 7.2 occurred in 1925, 1869 and 1929, respectively. The Passamaquoddy area experienced a 5.9 event in 
1904 and the Charlevoix area a 6.0 event in 1988 with the Laurentian Slope having had about nine events 5.0 or 
greater since 1929 up to 1977; all nine may have been simply aftershocks. Events greater than 5.0 were not known 
in the Passamaquoddy Seismic Zone when the Lepreau CANDU Nuclear Generating Station was designed in 1975 
for a maximum magnitude 6.0 event 20 km from the site. There are some indications of a seismic zone offshore in 
the Gulf of Maine and the New Year’s Eve 1882 event may yet prove to be a significant earthquake centred in the 
Gulf of Maine. The January 9, 1982 earthquake of 5.7 in the north-central part of New Brunswick has led to the 
realisation that this area along with the Moncton area (1817 – 5.2) are zones of lesser seismic concern. Only the 
1929 tsunami is known to have been fatal and it stands as Canada’s most tragic earthquake with a death toll of 28; 
the loss of life has recently been lowered by one with the Cape Breton loss of John MacLeod (actually John Young) 
now disproved by oral history. Other less serious tsunamis have occurred in 1755, 1848, 1864 and 1914 with 
apparent tsunamis in 1813, 1843 and 1908. 

 
Ruffman, A., 2005, Atlantic Tsunamis: "Like a River Returning", Argonauta, The Newsletter 

of the Canadian Nautical Research Society, Kingston, Ontario, v. 22, no. 4, p. 15-21, 
available online at: http://museum.gov.ns.ca/mma/research/tsunamitalk.html. 

Summary: The Ms 7.2 earthquake of November 18, 1929 struck at 5:02 p.m. N.S.T., with a hypocentre ~18 km below 
the seafloor in 2 km-deep water on the continental slope south of the Burin Peninsula, Newfoundland. It was felt as 
far away as Montréal and New York City, and there is even a felt report in Bermuda of a probable seismic 'surface 
wave'; it registered on seismographs around the world. Onshore the earthquake damage was restricted to some 
slumping and minor building damage in Cape Breton Island. The earthquake mobilized up to 200 km3 of sediments 
on the continental slope, which travelled downslope as a turbidity current. The submarine landslide caused 28 breaks 
in 12 trans-Atlantic telegraph cables. It also generated a tsunami, which travelled at about 615 km/hr to the SE in the 
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deep ocean, and at about 105 km/hr to the NW over the continental shelf. It was recorded on tide gauges as far away 
as Charleston, S.C., the Azores, and Portugal (tide gauge records for the UK were destroyed during WW II). 2.5 
hours after the event, after an initial slow withdrawal of the sea to expose ocean floor in places never before seen by 
local inhabitants, three main pulses of a tsunami arrived along the coast of the Burin Peninsula, with amplitudes of 2 
to 7 m. Runup was as much as 13 m above sea level at the ends of long narrow harbours. 28 people lost their lives, 
and the fishing capability of the coastal communities was devastated. The tsunami also caused minor damage in 
Cape Breton Island, Nova Scotia. Debate is ongoing as to whether other earthquakes in what is now known as the 
Laurentian Slope seismic source zone could cause other slumps and tsunamis. An apparent slump was reported 
nearby in October 1884 when 3 trans-Atlantic cables all broke in one area at about the same time. Sidescan-sonar 
and multibeam mapping of the continental slope of Atlantic Canada shows substantial evidence of other downslope 
mass movements, though the ages and frequency of these events is not known, and some may reflect slow creep 
events rather than catastrophic tsunamigenic landslides. The Pacific Tsunami Warning System (PTWS) has been in 
operation for the past 56 years, one is now being considered for the Indian Ocean, and in recent days S. Ward (Univ. 
California) has advocated a similar system in the Atlantic because of the hazard posed by possible Canary Island 
flank collapses. There is a $37.5 million plan to strengthen the PTWS from 6 to 31 tsunami sensing buoys and 
bottom pressure sensors. Also planned are the first bottom pressure gauges and floating satellite communication 
buoys for the Atlantic (5) and the Gulf of Mexico and Caribbean area (2). In eastern Canada we have historical 
evidence of at least five natural tsunamis, the November 18, 1929 Laurentian Slope-Burin Peninsula event, the Fall 
1905-1910 rockslide into Western Brook Pond, an 1864 local earthquake and tsunami seen at St. Shotts on the 
southwest corner of the Avalon Peninsula of Newfoundland, the September 24, 1848 tsunami seen from St. John's 
Harbour to Fishing Ships Harbour in southern Labrador, and the November 1, 1755 Lisbon Tsunami seen in 
Bonavista, Newfoundland; only the 1929 event is known to have cost human lives. 

 
Ruffman, A., 2008, Post-glacial tsunami hazard for eastern North America: real or imagined?, 

Atlantic Geoscience Society 2008 Colloquium abstract, Atlantic Geology, v. 44, p. 36-37. 
Abstract: Few tsunamis have been documented along the coasts of eastern Canada (5900BC (?), 1755, 1864, 1848, 1914, 

1929, 2004) and the U.S. (5900BC (?), 1755 (?), 1926 (?), mid-1930s, mid-1960s, 2004). Known large marine or 
near coastal earthquakes are limited to 1886, 1929 and 1933. Thus need we be concerned about tsunamis as a 
potential coastal hazard? Very clear post glacial faults (pgfs) have been documented in Fennscandia with lengths of 
50 km and throws up to 10 m; such faults would have had magnitudes > 8.0 - even up to 9. It is believed that pgfs 
occur in rapidly deglaciating areas where zones of differential crustal strain can build up to trigger a seismic release. 
If such pgfs are known in the Fennoscandian shield is there any reason why they might not occur in the Greenland or 
Canadian Shield during or soon after deglaciation? However in Canada until recently no pgfs have been identified. 
The Dec. 25, 1989 Lac Turquoise 6.3 magnitude earthquake in the Ungava area of N. Quebec broke the surface of 
the shield for 8.5 km with reverse throws up to 1.8 m. This appears to be a modest pgf. In north central Manitoba the 
pre-historic Holy Grail Fault is at least 20 km long and forms a very evident curvilinear fault scarp of at least 5 m 
height in Lake Agassiz varved clays. This pgf appears to have occurred beneath glacial Lake Agassiz raising the 
possibility that it was tsunamigenic and that Manitoba experienced Canada's first known tsunami! If pgfs can occur 
beneath a glacial lake can they occur below the ocean and cause tsunamis? Marginal marine channels are common 
off most glaciated coasts. These linear topographic lows are eroded by seaward-flowing continental ice sheets along 
the contacts between the onshore crystalline cratonic shield rocks and the offshore younger fringing sedimentary 
strata. Such marginal channels are known all around Canada's glaciated coasts, off Greenland and off Norway and 
may represent up to 100 m of glacially eroded rock giving rise to additional differential crustal strain during 
deglaciation. Alan Grant at the GSC Atlantic mapped apparent pgf fault scarps in the offshore Labrador Trough 
which is a pronounced marginal channel. These pgfs will have been tsunamigenic. The tsunamigenic Storegga Slide 
of 7900 y BP off NE Norway has moved ~20,000 cu km of continental slope sediment; no cause for the slide is 
known but to postulate an offshore, or coastal, pgf is a very reasonable suggestion. This then leaves us with the 
question of ‘where might future pgfs occur in deglaciated areas in view of possible climate change or climate 
variability?’ The coasts of Svalbard, Greenland, Baffin Island, Devon Is. and perhaps N. Labrador may all be the 
source of submarine pgfs that may be tsunamigenic or which may shake loose significant volumes of ocean floor, or 
continental slope sediments, to cause significant landslide tsunamis. In either case such events threaten both the 
coasts of eastern N. America and parts of western Europe. 
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Local earthquakes 
 
Scientific Books and Articles 
 
Hartzell, S., Langer, C., and Mendoza, C., 1994, Rupture histories of eastern North American 

earthquakes, Bulletin of the Seismological Society of America, v. 84, no. 6, p. 1703-1724. 
Abstract: Digital, worldwide records of P and SH waves are used to invert for rupture histories of the recent, larger, 

eastern North American earthquakes. The data include a broad bandwidth to facilitate recovery of both source 
details and total moment. The following events are studied- 9 January 1982 New Brunswick; 5 October and 23 
December 1985 Nahanni; 25 November 1988 Saguenay; and 25 December 1989 Ungava earthquakes. We employ a 
finite-fault, waveform inversion scheme that discretizes the slip history as a function of position on the fault. This 
formulation allows estimation of rise time and slip velocity, in addition to the spatial distribution of slip. Static stress 
drops averaged over the entire rupture surface range from a few tens of bars to just over 100 bars and are similar to 
values estimated for western United States earthquakes. Estimates of stress drop for spatially limited asperities are in 
the range of a few hundred bars, with the value for the Saguenay earthquake asperity being the largest (approaching 
1 kbar). The variation in stress drop is considerable, but no evidence is seen for a scaling relation in which stress 
drop increases with moment. Maximum slip velocities on the fault also have a wide range (from 50 cm/sec to 
perhaps greater then 200 cm/sec), with the Saguenay and 5 October Nahanni earthquakes lying at the upper end of 
this range. Of the events studied, the Saguenay earthquake is unique in terms of its greater depth, spatially 
concentrated source, and large asperity stress drop. 

 
Hodgson, E.A., 1925, The St. Lawrence earthquake, February 28, 1925, Bulletin of the 

Seismological Society of America, v. 15, no. 2, p. 84-105. 
Conclusions: It may be concluded that the epicenter of this earthquake is at a point about φ = 47°45’N; λ = 70°30’W, 

near the eastern boundary of the Laurentides park and about half way between Murray Bay and Chicoutimi. The 
opinion of the geologists consulted is that there are probably fault lines in this region. It has never been surveyed and 
little is known of its topography except as given on lumbering company maps obtained by rough surveys for the 
purpose of locating the forest resources. There may have been other readjustments, particularly in the bed of the St. 
Lawrence near Rivière Ouelle. It is possible that there may have been a slip in a fault line near Shawinigan Falls. 
There is still much to be done in the work of correlating the evidence, and the critical examination of the 
seismograms has not yet been attempted. It is hoped that when the work is completed a more definite answer can be 
given to the problem of the exact position of the epicenter or epicenters. 

 
Lamontagne, M., 2002, An overview of some significant Eastern Canadian earthquakes and 

their impacts on the geological environment, buildings and the public, Natural Hazards, v. 
26, no. 1, p. 55-67. 

Abstract: Numerous moderate to large earthquakes have occurred in eastern Canada. Some of these events had 
significant geological effects such as surface faulting, liquefaction, submarine slumping, rock avalanches, rock falls, 
landslides, railroad embankment slides, and one tsunami. Some of these earthquakes caused considerable damage to 
buildings with unreinforced masonry elements that were located on thick clay deposits. These events also had strong 
psychological and social impacts, mainly due to the unpreparedness of the population. To minimize these impacts, 
programs should be designed to map the land and offshore areas most susceptible to mass movements (Earth 
Sciences), to define buildings most at risk (Engineering) and to educate the public about mitigation actions 
(Education, science popularization). 

 
Reports, Government Publications, and Theses 
 
Adams, J., and Staveley, M., 1985, Historical seismicity of Newfoundland, Natural Resources 

Canada Earth Physics Branch, Open File 85-22, 73 p. 
Abstract: St. John's, Newfoundland, newspapers between 1810 and 1914 were systematically scanned for reports of 

earthquakes which had been felt but not previously catalogued. No new earthquakes were discovered in this period. 
The newspapers and other sources were searched to refine the location and size of previously catalogued 
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earthquakes. Three new earthquakes were found: 11 April 1940 magnitude 3.6 near Ramea, 05 January 1956 
magnitude 3.5 near Heart's Content, and 28 January 1957 magnitude 3 near Grates Cove. Significant reports were 
found to modify the parameters of four other known earthquakes. Reports confirming the non-seismic nature of 
some suspicious events were also found. The confirmed events, together with the high level of earthquake awareness 
evidenced, confirm the low level of local seismicity observed since the region was closely monitored by 
seismographs. 

 
de Smitt, V.P., 1932, Earthquakes in the North Atlantic Ocean as related to submarine cables, 

Western Union Telegraph Company, unpublished report, New York, 48 p. 
Contents: (1) General seismic map of the North Atlantic showing weak areas; causes of submarine earthquakes. (2) 

Recorded earthquakes in the North Atlantic: history and deductions. (3) Cable interruptions. (4) Earthquake of 
November 18, 1929: (i) seismological reports and deductions: area; magnitude; time; epicentral location; (ii) seismic 
sea wave; (iii) ship’s reports; (iv) general hypotheses; (v) submarine cable failures: (a) chart; (b) description of 
breaks; (c) deductions; (vi) summary of repair work. (5) List of earthquakes and cable interruptions in the North 
Atlantic. 

 
Ruffman, A., and Peterson, J., 1988, Pre-Confederation historical seismicity of Nova Scotia 

with an examination of selected later events, Geological Survey of Canada, Open File 1917, 
900 p. 

Abstract: A recent four-month archival, contract research program for the Earth Physics Branch of the Canada 
Department of Energy Mines and Resources has investigated the historical seismicity of Nova Scotia from 1752-
1867. Long runs of all available issues of long-publishing Halifax newspapers were scanned for all earthquakes and 
tsunami. All earthquake references were extracted to ascertain the usefulness of the newspaper and the degree to 
which the journal covered seismic events, or simply used them as fillers, if at all. The Halifax 'Royal Gazette' was 
found to not detail local news very well and to not detail local earthquakes at all in the period of 1752 to 1813 when 
the Halifax Acadian Recorder became the local newspaper of record. The Acadian Recorder was found to be much 
better for the study. A twenty-year period of the Yarmouth Herald was also scanned from 1848 to 1867 to gauge the 
comparative coverage and to sample the Province at the southwest end where more earthquakes appear to have been 
felt over the last 200 years. Some 6,000 newspaper issues were examined in the study and about 478 newspaper 
articles and other references were extracted in the study for inclusion in the final report. These articles allowed 
eighty five event-specific reports to be assembled in this report. Prior to this study beginning, only three tsunami 
were known to have impinged on the shores of Newfoundland in 1755, 1864 and 1929; and one of these, in 1929, 
was known for Nova Scotia; now three newly-documented tsunami are known to have affected the shores of Nova 
Scotia: at Liverpool, in the Yarmouth area and at Cape North in Cape Breton. There may be a fourth tsunami that 
also affected northernmost Cape Breton. A previously-unreported tsunami has been documented for Newfoundland 
with another possible tsunami seen in Lake Huron, Ontario. A recent earthquake and small tsunami in Greenland are 
also documented. Prior to this study beginning only thirteen earthquakes were known in Nova Scotia for the pre-
1916 period; this number is reduced to ten when the three 'ghosts' found in this study are removed. Some fourteen 
new, previously-undocumented, earthquakes have been defined for Nova Scotia; three definite (and three possible) 
'ghost' or erroneous events have been defined and five more events will have their dates corrected. Three seismic 
events that may each be related to a meteorite impact have been found. Significant new data for some nine 
previously-known Nova Scotia events have been found. Similarly, about thirty three apparently new, previously-
undocumented, events for New Brunswick, the northeast U.S. and for Upper Canada may have been found with new 
data on thirteen other previously-known events in these areas. Only four previously-known events, in Nova Scotia, 
failed to yield new data when event-specific newspaper searches were done. There were six other Nova Scotian 
events, in the period 1868 to 1915, for which time ran out and no event-specific searches were done; there were also 
fifteen late nineteenth or early twentieth century events in southern New Brunswick, at Eastport, Maine, or in the 
Bay of Fundy, which may have been felt in Nova Scotia, but which had no work done on them whatsoever, for the 
same reason. 

 
 
 
 
 

  



 133

Conference Proceedings and Abstracts 
 
Murty, T.S., and El-Sabh, M.I., 1985, Numerical simulation of the tsunami due to a predicted 

large earthquake in the St. Lawrence estuary, In: Murty, T.S., and Rapatz, W.J. (eds.), 
Proceedings of the International Tsunami Symposium, Sidney, B.C., August 6-9, p. 75-81. 

Abstract: The Department of Energy, Mines and Resources of the federal government of Canada suggested that a large 
earthquake might occur in the St. Lawrence Estuary in the near future. The results of a numerical simulation of this 
hypothetical tsunami are reported here. The simulations were made for three different epicentral areas, and the 
vertical motion of the ocean bottom associated with the earthquake was varied from one to ten meters. An 88 x 35 
grid was used covering the estuary from Quebec City to Baie Comeau. Numerical integration of the time-dependent 
two-dimensional numerical model was carried out till the tsunami dissipated to insignificant amplitudes or till the 
waves propagated out of the system. A radiation type condition was used at the open boundaries. The tsunami 
amplitudes at several coastal locations were monitored and amplitudes as high as four meters could occur in extreme 
cases. The contours of the water level in the estuary at various times are also displayed. 

 
Ruffman, A., 1992, The case for a seismic zone off southwest Nova Scotia in the Gulf of Maine 

or along the edge of the continental shelf/slope, In: Adams, J. (comp.), Proceedings, 
Geological Survey of Canada workshop in eastern seismicity source zones for the 1995 
seismic hazard maps, Ottawa, March 18-19 1991, Geological Survey of Canada, Open File 
2437, Part 2, p. 356-370. 

Summary: Nova Scotia's record of historic and instrumental seismicity in the Canadian Earthquake Epicentre File 
indicates that onshore areas have a relatively low seismic hazard. Epicentres shown to the west of Nova Scotia are 
clustered in the Bay of Fundy area and most appear to be related to the Passamaquoddy Bay seismic zone. However, 
historic seismicity work in eastern Canada may indicate that some epicentres should be located offshore. Nova 
Scotia felt reports for an earthquake on August 12, 1832 (MMI IV at a location east of Windsor, Nova Scotia; 
translated to M 3.7) could suggest an offshore source off western Nova Scotia (or an onshore source in a remote part 
of west central Nova Scotia). Two apparent events on February 1, 1848 were felt in southwest Nova Scotia and 
Halifax (MMI III at Cape Sable Island; M 3.7); felt reports could well indicate an offshore source. The earlier event 
may be a foreshock of the larger event some 35 minutes later. Earthquakes on December 31, 1882 (MMI V in 
Passamaquoddy Bay; M 4.3) are by far the most suggestive of an offshore source. Felt report data clearly indicate 
more than two events that were felt more heavily in Nova Scotia than in New Brunswick. An epicentre offshore SW 
Nova Scotia is probable. Apparent tsunamis are noted in SW Nova Scotia on January 19, 1813 and April 18, 1843. 
The latter was accompanied by an earthquake felt only at Cooks Harbour; all evidence points to a fairly local 
earthquake offshore. An apparent tsunami on January 9, 1926 in Maine was referred to by fishermen as a “bore 
wave”. There were reports of small earthquakes prior to the tsunami of 8 to 10 ft of withdrawal and of circa 10 ft of 
runup. None of the above seismic or tsunami events are conclusive proof of some sort of sporadically-active seismic 
zone off southwest Nova Scotia; nor can one put an epicentre on a map or attach a true magnitude to the seismic 
events. Clearly, more work is needed and this is possible on the seismic events. However taken in their totality, the 
above events - especially the 1882 event, do seem to indicate that some sort of zone of increased seismic hazard 
should be considered offshore SW Nova Scotia. This zone could be at the shelf edge or on the slope at the mouth of 
the Northeast Channel and therefore could be analogous to the Laurentian Slope (LSP) seismic zone. 

 
Ruffman, A., 1992, Notes on the recurrence rate of a November 18, 1929-like event in the 

Laurentian Slope (LSP) Seismic Source Zone or of similar shelf-edge/slope events off 
eastern Canada, In: Adams, J. (comp.), Proceedings, Geological Survey of Canada 
workshop in eastern seismicity source zones for the 1995 seismic hazard maps, Ottawa, 
March 18-19 1991, Geological Survey of Canada, Open File 2437, Part 2, p. 371-396. 

Summary: Only one large earthquake event has been recorded in the Laurentian Slope (LSP) seismic source zone, with 
numerous smaller events known. The November 18, 1929 “Grand Banks” Ms 7.2 earthquake occurred beneath the 
continental slope at the mouth of the Laurentian Channel, The underwater slump that ran down the continental slope 
and onto the Laurentian Fan and the Sohm Abyssal Plain, cut 12 trans-Atlantic telegraph cables and the resultant 
tsunami killed 28 persons in the Burin Peninsula area of Newfoundland when it arrived about 2.5 hours after the 
earthquake. Numerous aftershocks followed the 1929 event with magnitudes as large as 6.0, and M~5 earthquakes 
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occurred in 1951, 1954 and 1975 within the LSP seismic zone. Historical seismicity work has defined some apparent 
additional aftershocks and it is now known that the February 10, 1930 aftershock also coincided with a telegraph 
cable break offshore. Pleistocene sediments that slumped in 1929 had remained stably on the slope for more than 
10,000 yr. This suggests that 1929-sized earthquakes are very infrequent (say 1/10,000 yr) within about 100 km of 
the 1929 epicentre. Seismic profiling results imply that it has been about 300,000 years since a similar event 
occurred, although cores show evidence of a turbidite with a Laurentian Channel source aged about 35,000 years. 
By contrast, the Laurentian Channel source-zone model used for the regional probabilistic ground motion mapping 
is about 1/300 yr. Alternatively, the recurrence relation for a model that distributes earthquakes equally along the 
5500-km length of the continental slope suggests one earthquake M ≥ 7 per 1,000 years, per 1000 km along the 
slope. Known felt events and/or tsunamis with potential source locations in the LSP seismic zone include: (1) 
September 24, 1848 tsunami, northeast Nfld. and Labrador; (2) June 27, 1864 felt event and tsunami, St. Shotts, 
Nfld.; (3) October 4, 1884 slump, Tail of the Banks – 3 telegraph cable breaks; (4) August 21, 1904 felt event, St. 
Pierre et Miquelon; (5) December 23, 1909 felt event, Isaacs Harbour Mouth, N.S.; (6) May?, 1914 tsunami, 
Northern Cape Breton Island, N.S.; (7) January 22, 1915 felt event, M/V ALEPPO Sable Island, N.S.; (8) April 11, 
1940 felt event, southern Newfoundland; (9) 1940’s possible small tsunami, St. Pierre et Miquelon. Of the above 
events, six could indicate shelf-edge seismic events and five of these could be the result of events in the LSP seismic 
zone. While we do not know the precise origin of these offshore events, the fact we have had five or six in a 50-year 
period at least gives pause for thought and perhaps lends credence to the use of a shorter, rather than a longer, 
recurrence rate for potentially hazardous events originating at the shelf-edge or in the general area of the presently-
defined LSP seismic source zone.  
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Landslide-induced tsunamis 
 
Scientific Books and Articles 
 
Chaytor, J.D., Twichell, D.C., ten Brink, U.S., Buczkowski, B.J., and Andrews, B.D., 2007, 

Revisiting submarine mass movements along the U.S. Atlantic continental margin: 
Implications for tsunami hazards, In: Lykousis, V., Sakellariou, D. and Locat, J. (eds.). 
Submarine Mass Movements and their Consequences, Advances in Natural and 
Technological Hazards Research, v. 27, Springer, the Netherlands, p. 395-403. 

Abstract: Interest in the generation of tsunamis by submarine mass movements has warranted a reassessment of their 
distribution and the nature of submarine landslides offshore of the eastern U.S. The recent acquisition and analysis 
of multibeam bathymetric data over most of this continental slope and rise provides clearer view into the extent and 
style of mass movements on this margin. Debris flows appear to be the dominant type of mass movement, although 
some translational slides have also been identified. Areas affected by mass movements range in size from less than 9 
km2 to greater than 15,200 km2 and reach measured thicknesses of up to 70 m. Failures are seen to originate on 
either the open-slope or in submarine canyons. Slope-sourced failures are larger than canyon-sourced failures, 
suggesting they have a higher potential for tsunami generation although the volume of material displaced during 
individual failure events still needs to be refined. The slope-sourced failures are most common offshore of the 
northern, glaciated part of the coast, but others are found downslope of shelf-edge deltas and near salt diapirs, 
suggesting that several geological conditions control their distribution. 

 
Chaytor, J.D., ten Brink, U.S., Solow, A.R., and Andrews, B.D., 2009, Size distribution of 

submarine landslides along the U.S. Atlantic margin, Marine Geology, v. 264, no. 1-2, p. 16-
27, doi:10.1016/j.margeo.2008.08.007. 

Abstract: Assessment of the probability for destructive landslide-generated tsunamis depends on the knowledge of the 
number, size, and frequency of large submarine landslides. This paper investigates the size distribution of submarine 
landslides along the U.S. Atlantic continental slope and rise using the size of the landslide source regions (landslide 
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failure scars). Landslide scars along the margin identified in a detailed bathymetric Digital Elevation Model (DEM) 
have areas that range between 0.89 km2 and 2410 km2 and volumes between 0.002 km3 and 179 km3. The area to 
volume relationship of these failure scars is almost linear (inverse power-law exponent close to 1), suggesting a 
fairly uniform failure thickness of a few 10s of meters in each event, with only rare, deep excavating landslides. The 
cumulative volume distribution of the failure scars is very well described by a log–normal distribution rather than by 
an inverse power-law, the most commonly used distribution for both subaerial and submarine landslides. A log–
normal distribution centered on a volume of 0.86 km3 may indicate that landslides preferentially mobilize a 
moderate amount of material (on the order of 1 km3), rather than large landslides or very small ones. Alternatively, 
the log–normal distribution may reflect an inverse power law distribution modified by a size-dependent probability 
of observing landslide scars in the bathymetry data. If the latter is the case, an inverse power-law distribution with 
an exponent of 1.3±0.3, modified by a size-dependent conditional probability of identifying more failure scars with 
increasing landslide size, fits the observed size distribution. This exponent value is similar to the predicted exponent 
of 1.2±0.3 for subaerial landslides in unconsolidated material. Both the log–normal and modified inverse power-law 
distributions of the observed failure scar volumes suggest that large landslides, which have the greatest potential to 
generate damaging tsunamis, occur infrequently along the margin. 

 
Deptuck, M.E., Mosher, D.C., Campbell, D.C., Hughes-Clarke, J.E., and Noseworthy, D., 2007, 

Along slope variations in mass failures and relationships to major Plio-Pleistocene 
morphological elements, SW Labrador Sea, In: Lykousis, V., Sakellariou, D., and Locat, J. 
(eds.), Submarine Mass Movements and their Consequences, Advances in Natural and 
Technological Hazards Research, v. 27, Springer, the Netherlands, p. 37-46. 

Abstract: The slope along the SW Labrador Sea is a prospective exploration frontier with limited legacy data and 
geoscience knowledge. Newly acquired seismic reflection and multibeam bathymetry data provide a better 
understanding of mass failure processes. A semi-continuous seismic section along the upper slope from Flemish 
Pass to north of Hamilton Spur shows an alternation of major morphological elements that includes canyons and 
failure corridors, inter-canyon ridges, ice-outlet trough mouth fans (TMFs), and sedimentary spurs. Preliminary 
geohazard investigation shows a wide variety of Plio-Pleistocene mass failure products including shallow 
detachment faults, head-scarps, creep folds, decollement surfaces, and a preponderance of mass transport deposits 
(MTDs) of various origins. Particularly noteworthy are two newly identified fans outboard the Hawke Saddle and 
Notre Dame Channel (believed to be TMFs constructed of mass wasted material), and a large shallow buried failure 
complex north of the Hamilton Spur, which contains many km-scale slide blocks dispersed over thousands of square 
kilometres. 

 
Driscoll, N.W., Weissel, J.K., and Goff, J.A., 2000, Potential for large-scale submarine slope 

failure and tsunami generation along the U.S. mid-Atlantic coast, Geology, v. 28, no. 5, p. 
407-410. 

Abstract: The outer continental shelf off southern Virginia and North Carolina might be in the initial stages of large-
scale slope failure. A system of en echelon cracks, resembling small-offset normal faults, has been discovered along 
the outer shelf edge. Swath bathymetric data indicate that about 50 m of down-to-the-east (basinward) normal slip 
has occurred on these features. From a societal perspective, we need to evaluate the degree of tsunami hazard that 
might be posed by a major submarine landslide, such as the nearby late Pleistocene Albemarle-Currituck slide, if it 
nucleated on the newly discovered crack system. Toward this goal, a tsunami scenario is constructed for the nearby 
coastal zone based on the estimated volume and nature of the potential slide. Although a maximum tsunami height 
of a few to several meters is predicted, the actual extent of flooding would depend on the tidal state at the time of 
tsunami arrival as well as the details of the hinterland topography. The Virginia–North Carolina coastline and lower 
Chesapeake Bay would be most at risk, being nearby, low lying, and in a direction opposite to potential slide motion.  

 
Grilli, S.T., Taylor, O.-D.S., Baxter, C.D.P., and Maretzki, S., 2009, A probabilistic approach 

for determining submarine landslide tsunami hazard along the upper east coast of the 
United States, Marine Geology, v. 264, no. 1-2, p. 74-97, doi:10.1016/j.margeo.2009.02.010. 

Abstract: Tsunami hazard assessment is critical for coastal communities, emergency services, and industry, to develop 
regional risk and response management plans, for catastrophic tsunami events (such as the recent 1998 Papua New 
Guinea (PNG) and 2004 Indian Ocean tsunamis). Along the northeastern United States coastline, tsunami hazard 
assessment is in its infancy, mostly due to the lack of historical tsunami record and the uncertainty regarding the 

  



 136

return periods of potential large-scale events. The latter includes large transoceanic tsunamis, such as could be 
caused by a collapse of the Cumbre Vieja volcano in the Canary Islands or a large co-seismic tsunami initiated in the 
Puerto Rican trench, as well as large local tsunamis, such as could be caused by a Submarine Mass Failure (SMF) 
occurring on the nearby continental slope. In this region, considerable geologic and some historical (e.g., the 1929 
Grand Bank landslide tsunami) evidence suggests that the largest tsunami hazard may arise from tsunamigenic 
SMFs, triggered by moderate seismic activity. The coastal impact of SMF (or landslide) tsunamis, indeed, can 
potentially be narrowly focused and affect specific communities. This research presents the development, validation, 
and results of a probabilistic geomechanical and coastal tsunami impact analysis, of tsunami hazard on the upper 
northeast coast of the United States. Results are presented in terms of nearshore breaking wave height and runup, 
caused by seismically induced tsunamigenic SMF, with a given return period. A Monte Carlo approach is employed, 
in which distributions of relevant parameters (seismicity, sediment properties, type and location, volume, and 
dimensions of slide, water depth, etc.) are used to perform large numbers of stochastic stability analyses of 
submerged slopes (along actual shelf transects), based on standard pseudo-static limit equilibrium methods. The 
distribution of predicted slope failures along the upper U.S. East Coast is found to match published data quite well. 
For slopes that are deemed unstable for a specified ground acceleration (with given return period), the tsunami 
source characteristic height is found using empirical equations (based on earlier numerical simulation work), and 
corresponding breaking height and runup are estimated on the nearest coastline. For a 0.2% annual-probability 
ground acceleration, for instance, simulations yield a return period of tsunamigenic SMFs of 3350-yr (i.e., a 0.03% 
annual probability of occurrence). The resulting estimate of the overall coastal hazard, from 100 and 500-yr SMF 
tsunami events, is found to be quite low at most locations, as compared to the typical 100 yr hurricane storm surge in 
the region (~4–5 m). Specifically, for the 100 yr event, SMF tsunami hazard is quite low with no coastal region 
exceeding a 1 m runup. For the 500 yr event, however, two regions of relatively elevated hazard are found: (1) near 
Long Island, NY, with a peak runup of 3 m; and (2) near the New Jersey coast, with a peak runup of 4 m. It should 
be stressed that these are only first-order estimates and detailed tsunami inundation modeling is required to fully 
quantify tsunami runup (and inundation) at these sites. This will be the object of more detailed studies in future work. 

 
Hühnerbach, V., Masson, D.G., and partners of the COSTA-Project, 2004, Landslides in the 

North Atlantic and its adjacent seas: an analysis of their morphology, setting and 
behaviour, Marine Geology, v. 213, p. 343-362, doi:10.1016/j.margeo.2004.10.013. 

Abstract: A unique and comprehensive collection of submarine landslide data from different tectonic environments in 
the North Atlantic, based on published literature and industry sources, is analysed in order to establish possible 
relationships between landslide parameters and evaluate their potential importance. Slope failures in the western 
North Atlantic appear to be more frequent, and apart from a few huge failure complexes, on average smaller than 
those found in the eastern North Atlantic. On the other hand, failures tend to occur on lower slopes in the eastern 
North Atlantic. This trend could be used to conclude information about the sediment strata of the landslides in these 
two areas; long slides seem to consist of softer, more fluid, material, whereas short failures might contain more stiff 
sediments. It is also found that a majority of failures on both sides of the Atlantic are generated in a water depth 
window between 1000 and 1300 m, bringing internal waves and/or gas hydrates into play as possible contributing 
factors. Failures in fjords are generally influenced and limited by the geometry of the environment they occur in. 

 
Huppertz, T.J., and Piper, D.J.W., 2009, The influence of shelf-crossing glaciation on 

continental slope sedimentation, Flemish Pass, eastern Canadian continental margin, 
Marine Geology, v. 265, p. 67-85, doi:10.1016/j.margeo.2009.06.017. 

Abstract: Flemish Pass is a small, perched slope basin seaward of the Grand Banks on the eastern Canadian continental 
margin. Glacial ice crossed the Grand Banks to reach the upper continental slope during some Mid to Late 
Quaternary glaciations but terminated on the middle shelf, 200 km distant, at the last glacial maximum. This study 
investigates the effect of ice extent on slope sedimentation processes. Sediment in Flemish Pass comprises muds of 
hemipelagic and proglacial plume origin, minor thin-bedded turbidite sands, and thick-bedded mass-transport 
deposits (MTDs). A regional stratigraphy, based on 500 km of high-resolution seismic profiles and 60 piston cores 
up to 11 m long, was dated using 30 radiocarbon dates, the presence of Ash Zone II and oxygen isotope stratigraphy. 
This provided stratigraphic control for till tongues in water depths <600 m along the Grand Banks margin, 
recognized from oxygen isotope stage (OIS) 6 and locally from OIS 4. Five types of MTD deposited during OIS 4 
and 6, were recognized from seismic-reflection data and related to ice sheet processes in the area. During OIS 2, 
when ice sheets did not reach the area, no MTDs are found in the basin, and the sedimentation rates decreased to ~2 
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mm/yr. The variation of sediment supply over the last 170 ka indicates a strong tie between the styles and rate of 
sedimentation in the basin and the presence of shelf-crossing ice. 

 
Jenner, K.A., Piper, D.J.W., Campbell. D.C., and Mosher, D.C., 2007, Lithofacies and origin of 

late Quaternary mass transport deposits in submarine canyons, central Scotian Slope, 
Canada, Sedimentology, v. 54, p. 19-38, doi:10.1111/j.1365-3091.2006.00819.x. 

Abstract: Mass transport deposits, up to 3.9 m thick, have been identified from piston cores collected from canyon 
floors and inter-canyon ridges on the central Scotian Slope. These deposits are characterized by four distinct mass-
transport facies – folded mud, dipping stratified mud, various types of mud-clast conglomerate, and diamicton. 
Commonly, the folded and stratified mud facies are overlain by mud-clast conglomerate, followed by diamicton and 
then by turbidity current deposits of well-sorted sand. Stratified and folded mud facies were sourced from canyon 
walls. Overconsolidation in clasts in some mud-clast conglomerates indicates that the source sediment was buried 
12–33 m, much deeper than the present cored depth, implying a source in canyon heads and canyon walls. The 
known stratigraphic framework for the region and new radiocarbon dating suggests that there were four or five 
episodes of sediment failure within the past 17 ka, most of which are found in more than one canyon system. The 
most likely mechanism for triggering occasional, synchronous failures in separate canyons is seismic ground 
shaking. The facies sequence is interpreted as resulting from local slides being overlain by mud-clast conglomerate 
deposits derived from failures farther upslope and finally by coarser-grained deposits resulting from retrogressive 
failure re-mobilizing upper slope sediments to form debris flows and turbidity currents. 

 
Lee, H.J., 2009, Timing of occurrence of large submarine landslides on the Atlantic Ocean 

margin, Marine Geology, v. 264, no. 1-2, p. 53-64, doi:10.1016/j.margeo.2008.09.009. 
Abstract: Submarine landslides are distributed unevenly both in space and time. Spatially, they occur most commonly in 

fjords, active river deltas, submarine canyon–fan systems, the open continental slope and on the flanks of oceanic 
volcanic islands. Temporally, they are influenced by the size, location, and sedimentology of migrating depocenters, 
changes in seafloor pressures and temperatures, variations in seismicity and volcanic activity, and changes in 
groundwater flow conditions. The dominant factor influencing the timing of submarine landslide occurrence is 
glaciation. A review of known ages of submarine landslides along the margins of the Atlantic Ocean, augmented by 
a few ages from other submarine locations shows a relatively even distribution of large landslides with time from the 
last glacial maximum until about five thousand years after the end of glaciation. During the past 5000 yr, the 
frequency of occurrence is less by a factor of 1.7 to 3.5 than during or shortly after the last glacial/deglaciation 
period. Such an association likely exists because of the formation of thick deposits of sediment on the upper 
continental slope during glacial periods and increased seismicity caused by isostatic readjustment during and 
following deglaciation. Hydrate dissociation may play a role, as suggested previously in the literature, but the 
connection is unclear. 

 
Mosher, D.C., Moran, K.M., and Hiscott, R.N., 1994, Late Quaternary sediment, sediment 

mass-flow processes and slope instability on the Scotian Slope, Sedimentology, v. 41, no. 5, 
p. 1039-1061. 

Abstract: The study area, just to the west of the Verrill Canyon on the Scotian Slope, eastern Canada, exhibits both large 
and small scale sediment mass movement features. Study of high resolution seismic reflection and sidescan sonar 
data shows that a large portion (approximately 70%) of the near surface sediment (<20 m) in the area has undergone 
erosion, rotational slumping and internal deformation. Remoulded sediment observed in physical properties profiles 
of piston cores and sediment deformation structures are further evidence of slumping. Small scale mass flow events 
are recorded by abundant turbidites and debris flow deposits noted in piston cores. Sediment physical properties are 
highly dependent on sediment type (lithofacies). Frequent facies changes, both temporally and spatially, make 
correlation between cores difficult. Although the small scale mass movement events correlate with glacial recession 
on the continental shelf and lower relative sea levels, the triggering mechanisms for the large scale events are less 
obvious. Slope stability analyses indicate that, at present, the seabed is stable. The most plausible explanation for 
large scale slope failures in this region are ground accelerations related to earthquake shock. Our analyses 
demonstrate that it is unlikely that large magnitude, distant earthquakes, such as those previously proposed in the 
Laurentian Slope Seismic Zone (LSP) model, could initiate failure of sediment in the study region. Our data support 
the interpretation that more frequent, lower magnitude earthquakes, closer to the study region, as previously 
proposed in the Eastern Slope Experimental Source Zone (ESX) model, are the likely causes of large scale slope 
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failures. Furthermore, excess pore pressures resulting from shallow gas and/or high sedimentation rates during 
deglaciation contribute to slope failure. 

 
Mosher, D.C., Piper, D.J.W., Campbell, D.C., and Jenner, K.A., 2004, Near surface geology 

and sediment failure geohazards of the central Scotian Slope, American Association of 
Petroleum Geologists Bulletin, v. 88, no. 6, p. 703-723. 

Abstract: The central Scotian Slope demonstrates a complex seafloor morphology superimposed on a regional gradient 
of 2–4° across the margin. The west-central Scotian Slope is characterized by a relatively smooth seafloor, but with 
numerous 10–80-m (33–260-ft)-high escarpments representing slide failure scars. In the east, the seafloor is highly 
dissected by canyons. Throughout the region are scars and deposits of sediment mass failures, including 
retrogressive headwalls, rotational slumps, slides, creep, debris-flow deposits, and turbidites. The complexity of 
failure styles and triggering mechanisms identified underscores the need for comprehensive site assessments for 
situating seabed facilities. Critical factors that need to be taken into account include local terrain analysis and 
shallow subbottom stratigraphy. Slope-stability analysis has shown the surface sediment to be statically stable, 
except on steep escarpments and canyon walls. There is evidence, however, of sediment failures that approximately 
correlate to glacial advances (25–12, ~75, and ~130 ka), providing some clue as to potential triggering mechanisms. 
Sparse, passive-margin, tectonic earthquakes, however, are the likely cause for large-scale, regionally correlated 
failures and failure escarpments. 

 
Piper, D.J.W., 1992, Gas hydrates and submarine landslides on the continental slope off 

Newfoundland; are they related?, WAT on Earth, v. 5, no. 2, p. 28-29. 
Summary: The GSC carried out deep water sidescan sonar surveys in 1984 and 1990, in cooperation with U.S. and 

French research institutes, of the area affected by the submarine landslides of 1929 off the southern Grand Banks of 
Newfoundland. These show that the upslope limit of landsliding occurs at 500-600 m water depth: the seabed above 
this depth, even on relatively steep slopes, did not fail under the earthquake-induced accelerations. Reconnaissance 
surveys elsewhere on the continental slope off eastern Canada show that this pattern of landsliding is widespread, 
only occurring in water depths > 500 m. The upslope limit is difficult to explain, since it does not seem to 
correspond to any measureable change in sediment properties. Gerard Neave, consulting with the GSC, suggested 
that this pattern might be the result of gas hydrates occurring in seabed sediments. Gas hydrates are frozen complex 
molecules of methane and other hydrocarbons with water. At the temperatures found at the seabed in deep water off 
eastern Canada, the pressure conditions necessary for gas hydrate stability occur only at water depths greater than a 
few hundred metres. In deeper water gas hydrates will be stable in near-surface sediments, but at greater burial 
depths temperatures are too high, and only free gas will occur. Thus, if sufficient methane is present in deep-water 
seabed sediments, it may occur as a frozen cap in near-surface sediments, trapping underlying free methane. The 
hydrates would tend to concentrate as icy crystals in more permeable sandy/silty layers. Neave's hypothesis is that 
the upslope limit of landsliding scars marks the upslope stability limit of a gas hydrate cap. Seabed sediment cores 
contain large quantities of gas which comes out of aqueous solution when the core is brought to the surface. 
Analyses show the presence not only of methane, but also of higher hydrocarbons such as ethane, propane and 
butane. This indicates that the source is deep hydrocarbon reservoirs, with gas escaping upwards along faults that 
can be mapped from seismic reflection profiles. The GSC and Memorial University of Newfoundland are currently 
evaluating Neave's hypothesis that this gas may freeze to form hydrates, trapping free gas at greater depth, and 
creating a potentially unstable sediment mass with excess pore pressures. Are areas of gas escape from deeper strata 
particularly liable to experience landslides? This is important if fibre-optic telecommunication cables are to be 
correctly routed. The potential for catastrophic release of methane as a result of landsliding also needs to be 
evaluated as part of our understanding of global warming. This evaluation of the possible presence of hydrates 
involves (1) processing of multichannel seismic reflection data to try to detect hydrates acoustically; (2) 
sophisticated measurement of seafloor temperatures and conductivities, to determine if temperature and pressure 
conditions are suitable for hydrate formation and if hydrates can be detected from their distinctive conductivity 
characteristics; and (3) the in situ measurement of pore pressures. 
 

Piper, D.J.W., and McCall, C., 2003, A synthesis of the distribution of submarine mass 
movements on the eastern Canadian margin, In: Locat, J., and Mienert, J. (eds.), 
Submarine Mass Movements and their Consequences, Advances in Natural and 
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Technological Hazards Research, v. 19, Kluwer Academic Publishers, Dordrecht, the 
Netherlands, p. 291-298. 

Abstract: Published accounts and unpublished multibeam bathymetry and seismic-reflection profiles have been used to 
assemble a G.I.S. database documenting the geographic extent of surface and buried Quaternary submarine mass 
movements on the eastern Canadian margin. These range from small failures in fiords to enormous mass-transport 
deposits on the continental rise. The patterns of distribution are interpreted in terms of failure processes and large 
scale physiographic, geologic and glaciologic variability. 

 
Piper, D.J.W., Mosher, D.C., Gauley, B.-J., Jenner, K., and Campbell, D.C., 2003, The 

chronology and recurrence of submarine mass movements on the continental slope off 
southeastern Canada, In: Locat, J., and Mienert, J. (eds.), Submarine Mass Movements 
and their Consequences, Advances in Natural and Technological Hazards Research, v. 19, 
Kluwer Academic Publishers, Dordrecht, the Netherlands, p. 299-306. 

Abstract: High-resolution seismic reflection profiles, multibeam bathymetry, piston cores, and biostratigraphy from 
petroleum wells are used to date submarine mass movements on the continental slope off southeastern Canada. 
Several different styles of mass movement are recognised in a variety of geological settings. The chronology allows 
evaluation of potential forcing processes, including earthquakes triggered by glacial loading on the continental shelf 
and dissociation of gas hydrates related to sea level or bottom-water-temperature changes. 

 
ten Brink, U.S., Lee, H.J., Geist, E.L., and Twichell, D., 2009, Assessment of tsunami hazard to 

the U.S. east coast using relationships between submarine landslides and earthquakes, 
Marine Geology, v. 264, no. 1-2, p. 65-73, doi:10.1016/j.margeo.2008.05.011. 

Abstract: Submarine landslides along the continental slope of the U.S. Atlantic margin are potential sources for 
tsunamis along the U.S. East coast. The magnitude of potential tsunamis depends on the volume and location of the 
landslides, and tsunami frequency depends on their recurrence interval. However, the size and recurrence interval of 
submarine landslides along the U.S. Atlantic margin is poorly known. Well-studied landslide-generated tsunamis in 
other parts of the world have been shown to be associated with earthquakes. Because the size distribution and 
recurrence interval of earthquakes is generally better known than those for submarine landslides, we propose here to 
estimate the size and recurrence interval of submarine landslides from the size and recurrence interval of 
earthquakes in the near vicinity of the said landslides. To do so, we calculate maximum expected landslide size for a 
given earthquake magnitude, use recurrence interval of earthquakes to estimate recurrence interval of landslide, and 
assume a threshold landslide size that can generate a destructive tsunami. The maximum expected landslide size for 
a given earthquake magnitude is calculated in 3 ways: by slope stability analysis for catastrophic slope failure on the 
Atlantic continental margin, by using land-based compilation of maximum observed distance from earthquake to 
liquefaction, and by using land-based compilation of maximum observed area of earthquake-induced landslides. We 
find that the calculated distances and failure areas from the slope stability analysis are similar or slightly smaller 
than the maximum triggering distances and failure areas in subaerial observations. The results from all three 
methods compare well with the slope failure observations of the Mw=7.2, 1929 Grand Banks earthquake, the only 
historical tsunamigenic earthquake along the North American Atlantic margin. The results further suggest that a 
Mw=7.5 earthquake (the largest expected earthquake in the eastern U.S.) must be located offshore and within 100 km 
of the continental slope to induce a catastrophic slope failure. Thus, a repeat of the 1755 Cape Anne and 1881 
Charleston earthquakes are not expected to cause landslides on the continental slope. The observed rate of seismicity 
offshore the U.S. Atlantic coast is very low with the exception of New England, where some microseismicity is 
observed. An extrapolation of annual strain rates from the Canadian Atlantic continental margin suggests that the 
New England margin may experience the equivalent of a magnitude 7 earthquake on average every 600–3000 yr. A 
minimum triggering earthquake magnitude of 5.5 is suggested for a sufficiently large submarine failure to generate a 
devastating tsunami and only if the epicenter is located within the continental slope. 
 

Tripsanas, E.K., Piper, D.J.W., and Campbell, C., 2008, Evolution and depositional structure 
of earthquake-induced mass movements and gravity flows: southwest Orphan Basin, 
Labrador Sea, Marine and Petroleum Geology, v. 25, p. 645-662, 
doi:10.1016/j.marpetgeo.2007.08.002. 
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Abstract: A series of submarine canyons on the southwest slope of Orphan Basin experienced complex failure at 7–8 cal 
ka that resulted in the formation of a large variety of mass-transport deposits (MTDs) and sediment gravity flows. 
Ultra-high-resolution seismic-reflection profiles and multiple sediment cores indicate that evacuation zones and 
sediment slides characterize the canyon walls, whereas the canyon floors and inner-banks are occupied by cohesive 
debris-flow deposits, which at the mouths of the canyons on the continental rise form large, coalescing lobes (up to 
20m thick and 50km long). Erosional channels, extending throughout the length of the study area (<250 km), are 
observed on the top of the lobes. Piston cores show that the channels are partially filled by poorly sorted muddy sand 
and gravel, capped by inversely to normally graded gravel and sand. Such deposits are interpreted to originate from 
multi-phase gravity flows, consisting of a lower part behaving as a cohesionless debris flow and an upper part that 
was fully turbulent. The Holocene age and the widespread synchronous occurrence of these failures indicate a large 
magnitude earthquake as their possible triggering mechanism. The large debris-flow deposits on the continental rise 
originated from large failures on the upper continental slope, involving proglacial sediments. Retrogression of these 
failures led to the eventual failure of marginal sandy till deposits on the upper slope and outer shelf, which due to 
their low cohesion disintegrated into multi-phase gravity flows. The evacuation zones and slide deposits on the 
canyon walls were triggered either by the earthquake, or from erosion of the canyon walls by the debris flows. The 
slides, debris-flows, and multi-phase gravity flows observed in this study are petrographically different, indicating 
different sediment sources. This indicates that not all failures lead through flow transformation to the production of a 
multi-phase gravity flow, but only when the sediment source contains ample coarse-grained material. The spatial 
segregation of the slide, debris-flow, and multi-phase gravity-flow deposits is attributed to the different mobility of 
each transport process. 

 
Twichell, D.C., Chaytor, J.D., ten Brink, U.S., and Buczkowski, B., 2009, Morphology of late 

Quaternary submarine landslides along the U.S. Atlantic continental margin, Marine 
Geology, v. 264, no. 1-2, p. 4-15, doi:10.1016/j.margeo.2009.01.009. 

Abstract: The nearly complete coverage of the U.S. Atlantic continental slope and rise by multibeam bathymetry and 
backscatter imagery provides an opportunity to reevaluate the distribution of submarine landslides along the margin 
and reassess the controls on their formation. Landslides can be divided into two categories based on their source 
areas: those sourced in submarine canyons and those sourced on the open continental slope and rise. Landslide 
distribution is in part controlled by the Quaternary history of the margin. They cover 33% of the continental slope 
and rise of the glacially influenced New England margin, 16% of the sea floor offshore of the fluvially dominated 
Middle Atlantic margin, and 13% of the sea floor south of Cape Hatteras. The headwall scarps of open-slope 
sourced landslides occur mostly on the lower slope and upper rise while they occur mostly on the upper slope in the 
canyon-sourced ones. The deposits from both landslide categories are generally thin (mostly 20–40 m thick) and 
comprised primarily of Quaternary material, but the volumes of the open-slope sourced landslide deposits can be 
larger (1–392 km3) than the canyon-sourced ones (1–10 km3). The largest failures are located seaward of shelf-edge 
deltas along the southern New England margin and near salt domes that breach the sea floor south of Cape Hatteras. 
The spatial distribution of landslides indicates that earthquakes associated with rebound of the glaciated part of the 
margin or earthquakes associated with salt domes were probably the primary triggering mechanism although other 
processes may have pre-conditioned sediments for failure. The largest failures and those that have the potential to 
generate the largest tsunamis are the open-slope sourced landslides. 

 
Reports, Government Publications, and Theses 
 
Booth, J.S., O’Leary, D.W., Popenoe, P., and Danforth, W.W., 1993, U.S. Atlantic continental 

slope landslides: their distribution, general attributes, and implications, In: Schwab, W.C., 
Lee, H.J., and Twichell, D.C. (eds.), Submarine landslides: selected studies in the U.S. 
exclusive economic zone, U.S. Geological Survey Bulletin, no. 2002, p. 14-22. 

Summary: We focus on 179 individually mapped landslides on the U.S. Atlantic outer continental margin. Our purpose 
is to provide a qualitative overview and a statistical summary of the distribution and characteristics of these 
landslides and a brief analysis of observed tendencies, associations, trends, and correlations that may give insight 
into the causes and processes of marine landsliding. The occurrence of landslides on the U.S. Atlantic continental 
slope is widespread: landslides have taken place in all geographic areas, all water depths, and at all slope angles. The 
data suggest that each of these landslides occurred within the last 2 million years and that almost all occurred within 
the last 200,000 years. They may be found associated with all types of topographic features, and they occur in a 
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variety of styles or landslide types and range in size from virtually imperceptible to nearly 20,000 km2. The 
characteristics of a “typical” landslide are: length: 2 to 4 km; width: 1 to 2 km; thickness: 50 m; origin water depth: 
900m; termination water depth: 1,1,00 and 2,100 m; slope angle (at origin): 4°; morphologic setting: open slope; 
style (type of landslide): mass flow generated from a translational failure plane. We hypothesize that earthquakes are 
a major cause of landslides on the continental slope. They can induce slope instabilities over broad, morphologically 
varied areas of low slope inclination; they promote disintegrative landslides; and they are sufficiently frequent on 
this “passive” continental margin to be a factor in numerous observed slope failures. We suggest that gas hydrates 
also may have played a role in some of the observed slope failures. Gas hydrates may be abundant beneath the 
southern part of the U.S. Atlantic outer continental margin. If this frozen gas were converted to free gas by a change 
in pressure, such as by a lowering of sea level during an ice age, it could trigger landslides by lowering sediment 
strength.  

 
Ledger-Piercey, S., and Piper, D.J.W., 2007, Late Quaternary geological history of the SW 

Grand Banks Slope and Rise off Green Bank and Whale Bank: implications for geohazard 
assessment, Geological Survey of Canada, Open File 5663, 33 p. 

Abstract: A reconnaissance survey of late Quaternary stratigraphy and geohazards has been carried out on the deep 
continental margin seaward of Green Bank, Haddock Channel and Whale Bank, based on sparse Huntec sparker 
lines and seven new piston cores. The area is crossed by the large Haddock valley seaward of Haddock Channel. To 
the southeast, Whale Slope is relatively undissected, but the slope seaward of Green Bank is dissected by tributaries 
of Haddock and Halibut valleys. Five regional reflections were correlated throughout much of the study area in 
Huntec sparker profiles. The distribution of major mass-transport deposits, evacuation surfaces and headscarps was 
mapped. Most piston cores penetrated to between Heinrich layer 1 and the last glacial maximum and recovered 
principally mud. Cores adjacent to Haddock Valley contained abundant thin sand beds of late Pleistocene age. Cores 
were correlated with adjacent long core records on St Pierre Slope and at the Narwhal well site. Extrapolation of 
ages from cores suggests that the recurrence interval of regional failures is several tens of thousands of years. More 
frequent local failures are found at the foot of active fault scarps. 

 
Piper, D.J.W., and Gould, K., 2004, Late Quaternary geological history of the continental slope, 

South Whale Subbasin, and implications for hydrocarbon development, southwestern 
Grand Banks of Newfoundland, In: Current Research 2004-D1, Geological Survey of 
Canada, 13 p. 

Abstract: The Quaternary geological framework and geohazards on the Southwest Grand Banks Slope are interpreted 
from 100 line kilometres of seismic-reflection profiles and five piston cores. Stacked tills deposited from grounded 
ice extend to 300 m b.s.l., with flow tills farther seaward. Radiocarbon dates and Heinrich layers provide chronology 
for piston cores. Canyons were eroded during maximum ice advance. Proglacial sediments form the upper 100 m of 
the slope, unconformably overlying Tertiary strata on the middle slope and mass transport deposits on the lower 
slope. Sediment failure has a recurrence interval of approximately 10,000 years, comparable with elsewhere on the 
southeastern Canadian margin. 

 
Piper, D. J. W., and Ingram, S., 2003, Major Quaternary failures on the East Scotian Rise, In: 

Current Research 2003-D1, Geological Survey of Canada, 7 p. 
Abstract: Sparse, single-channel, seismic-reflection and swath-bathymetric data are integrated with industry, 

multichannel, seismic-reflection profiles to define the late Pliocene and Quaternary geological framework of the east 
Scotian Slope and Rise, and to investigate major sediment failures on the Rise. Chronology is based on correlation 
with dated sections on the Laurentian Fan and at the Tantallon M-41 well site. The late Cenozoic of the east Scotian 
Slope is similar to the central Scotian margin east of Verrill Canyon, except that there is less intercanyon sediment. 
Major sediment mass-transport events have occurred with an average recurrence interval of 0.25 Ma since the late 
Pliocene. A large failure on the continental rise at 0.15 Ma resulted in widespread failure of almost 103 km3 of 
proglacial sediment in slabs hundreds of metres thick. 

 
Xu, Z., 2008, Modelling report for tsunami risk analysis due to submarine landslides on the 

Canadian east coast margin, unpublished report, Geological Survey of Canada (Atlantic), 
March 31, 6 p. 
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Abstract: This executive summary briefly reports the tsunami modelling results for the collaborative project with 
Natural Resource Canada for Tsunami Risk Analysis due to Submarine Landslides in Canadian East Coast Margin. 
It consists of four sections: 1) the tsunami source, 2) the simulation movies, 3) the All-Source Green’s Function and 
the arrival time series, 4) the arrival time map and the impact map. 

 
Conference Proceedings and Abstracts 
 
Ruffman, A., 1993, October 3-4, 1884 telegraph cable breaks on the Tail of the Banks: the 

earliest recorded historical turbidity current?, Atlantic Geoscience Society 1993 
Colloquium abstract, Atlantic Geology, v. 29, no. 1, p. 95. 

Abstract: "There is no sound, no echo of sound, in the deserts of the deep or the great grey level plains of ooze where 
the shell-burred cables creep". Rudyard Kipling, who wrote these words in the 19th century, knew nothing about 
turbidity currents. Recent research supported by the Atlantic Geoscience Centre has confirmed that the 1897 paper 
by the pioneer seismologist, John Milne, is essentially correct in reporting three near-simultaneous telegraph cable 
breaks at the foot of the continental slope south of the Tail of the Banks. Milne attributed the breaks to bradyseismic 
action represented by secular folding, thrust or crush. The 1884 breaks occurred over about an eleven-hour period, 
and the breaks in the three closely-spaced cables apparently lay in a straight line. The opinion was expressed at the 
time "that all three of these breaks has been caused by a landslide". Despite these observations and the traumatic 
experience of the twelve major cable breaks after the November 18, 1929 Grand Banks earthquake, geologists were 
not to realize that turbidity currents were responsible until the classic papers of Heezen and Ewing, Ericson, and that 
of Kuenen in 1952. The 1884 breaks are believed to be the result of a turbidity current, though we have been unable 
to establish any reports of a felt earthquake. The 1884 breaks were in two cases not repaired till the summer of 1885. 

 
St. Lawrence Estuary, Quebec 
 
Scientific Books and Articles 
 
Chassé, J., El-Sabh, M.I., and Murty, T.S., 1993, A numerical model for water level oscillations 

in the St. Lawrence Estuary, Canada, Part 2: Tsunamis, Marine Geodesy, v. 16, no. 2, p. 
125-148. 

Abstract: The St. Lawrence estuary in eastern Canada has been historically a seismic region, and a major earthquake in 
or near the estuary could generate a strong tsunami. At present there is no warning system in place for tsunami 
prediction in the estuary. The present study was conducted to provide some of the much needed information on 
possible tsunami amplitudes and travel times to different locations. Since an earthquake can occur at different 
locations in the estuary, numerical simulations are made at four different earthquake epicentres. In addition, the 
interaction of the tide with the tsunami is studied by running a tidal model together with the tsunami model. Various 
results are presented in a form that will provide the background material for a future tsunami warning system for the 
St. Lawrence estuary. 

 
Cauchon-Voyer, G., Locat, J., and St-Onge, G., 2007, Submarine mass movements in the 

Betsiamites area, Lower St. Lawrence Estuary, Québec, Canada, In: Lykousis, V., 
Sakellariou, D., and Locat, J. (eds.), Submarine Mass Movements and their Consequences, 
Advances in Natural and Technological Hazards Research, v. 27, Springer, the Netherlands, 
p. 233-241. 

Abstract: A complex submarine geomorphology was revealed from multibeam bathymetry and seismic reflection 
surveys conducted between 2001 and 2006 in the Lower St. Lawrence Estuary offshore Betsiamites River, Québec, 
Canada. In this paper, we describe the submarine morpho-sedimentology of an area of ~500 km2 with focus on the 
consequences of three mass movement events. A chronology suggesting the ages for the failures is established. A 
major landslide scar is characterized by two large channels on the shelf and a sediments fan in the Laurentian 
Channel. This landslide is dated around 7.25 kyr cal BP. Morphological observations and sediment core analyses 
allow us to identify a least two different recent (i.e., less than 1 kyr BP) debris flow accumulations on the shelf and 
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in the Laurentian Channel. Two different 210Pb-dated debris flow deposits were identified and associated to two 
recent earthquake episodes: (1) the AD 1663 (M~7) earthquake and (2) AD 1860 (M~6) or AD 1870 (M~6.5) 
earthquakes. The 1663 debris flow deposit is associated with a subaerial landslide observed on shore. 

 
Cauchon-Voyer, G., Locat, J., and St-Onge, G., 2008, Late-Quaternary morpho-sedimentology 

and submarine mass movements in the Betsiamites area, Lower St. Lawrence Estuary, 
Quebec, Canada, Marine Geology, v. 251, p. 233-252, doi:10.1016/j.margeo.2008.03.003. 

Abstract: A complex submarine geomorphology was revealed from multibeam bathymetry and seismic reflection 
surveys conducted between 2001 and 2007 in the Lower St. Lawrence Estuary offshore Betsiamites River, Quebec, 
Canada. In this paper, we describe the submarine morpho-sedimentology of an area of ~500 km2 with focus on the 
consequences of four mass movement events. The general morpho-sedimentology of the area and submarine 
features resulting from mass movement processes, channel erosion and gas seepage are described. A spatio-temporal 
sequence for the occurrence of the mass movements and a chronology for the failures are established. We propose 
dates for four of the observed mass movement deposits. A buried paraglacial debris flow deposit is dated as older 
than 9280 cal BP, whereas a major landslide scar characterized by two topographic depressions on the shelf and a 
sediment lobe in the Laurentian Channel were dated around 7250 cal BP. Morphological observations and sediment 
core analyses allow us to identify a least two different recent (i.e., less than 500 yr old) debris flow accumulations 
associated with two recent earthquakes: (1) the AD 1663 (M~7) and (2) AD 1860 (M~6) or AD 1870 (M~6.5) 
earthquakes. In addition to a complex geomorphology influenced by mass movements, we have identified several 
regions on the shelf and on the Laurentian Channel with evidence of pockmarks, which could potentially influence 
submarine slope stability in the Estuary. 

 
Duchesne, M.J., Long, B.F., Locat, P., Locat, J., and Massé, M., 2003, The Pointe-du-Fort mass 

movement deposits, upper Saguenay Fjord, Canada: a multiphase build-up, In: Locat, J., 
and Mienert, J. (eds.), Submarine Mass Movements and their Consequences, Advances in 
Natural and Technological Hazards Research, v. 19, Kluwer Academic Publishers, 
Dordrecht, the Netherlands, p. 499-508. 

Abstract: The Pointe-du-Fort deposits have been previously interpreted as the result of a single sedimentation event 
triggered by the 1663 Ms ~7 Charlevoix earthquake. It has been proposed that these deposits represent the spread of 
a failed mass coming from the south fjord wall. This paper presents multibeam, seismic and CAT-scan imagery 
evidences revealing that the Pointe-du-Fort deposits are the result of a multiphase build-up which includes many 
episodes of erosion and sedimentation by debris flows. These processes were induced by bottom slope erosion 
caused by the passage of a major debris flow coming upstream from the surveyed area, which was previously 
triggered by the 1663 Ms ~7 earthquake. 

 
El-Sabh, M.I., Murty, T.S., and Dumais, J.-F., 1988, Tsunami hazards in the St. Lawrence 

Estuary, Canada, In: El-Sabh, M.I., and Murty, T.S. (eds.), Natural and Man-Made 
Hazards, D. Reidel Publishing, Dordrecht, the Netherlands, p. 201-213. 

Abstract: The St. Lawrence estuary is considered as one of the high-hazard seismic zones in eastern Canada. This could 
be associated with not only naturally-occurring earthquakes, as in the Charlevoix region, but also with induced-
earthquakes triggered by man’s activity, such as the filling of certain reservoirs near Manicouagan. In this study, we 
used a two-dimensional numerical linear model to simulate a possible tsunami resulting from a large hypothetical 
earthquake in the Charlevoix area. The duration of the earthquake was taken as 5 seconds and bottom uplifts ranging 
between 2 and 5 m. The results obtained from all numerical simulations show that tsunami waves with amplitudes 
ranging between 1 and 2 m propagated more rapidly along the relatively deeper north shore and in the downstream 
direction. Tsunami hazards in the Charlevoix area at any locality depend on the location of the epicentral area and 
magnitude of the earthquake in addition to the morphology of that locality. We are presently developing a non-linear 
numerical model, using an irregular triangular grid to better represent the highly variable depth pattern in the estuary. 

 
Levesque, C.L., Locat, J., and Leroueil, S., 2006, Dating submarine mass movements triggered 

by earthquakes in the Upper Saguenay Fjord, Québec, Canada, Norwegian Journal of 
Geology, v. 86, p. 231-242. 
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Abstract: Using some new and previously published sedimentation rate data the relationship between sedimentation rate 
and distance from sediment source was statistically modelled for the Saguenay Fjord, Canada. Sedimentation rates 
obtained from these models can be used to reasonably predict the range of ages for submarine mass movements in 
the Saguenay Fjord. Error in the prediction is mostly associated with the natural variability of sedimentation rate. 
Ranges of dates were predicted for several submarine mass movements in the Upper Saguenay Fjord. In many cases 
the predicted date range did not correspond to the 1663 earthquake which had been previously assumed to have 
triggered these mass movements. 

 
Locat, J., Martin, F., Levesque, C., Locat, P., Leroueil, S., Konrad, J.M., Urgeles, R., Canals, 

M., and Duchesne, M.J., 2003, Submarine mass movements in the upper Saguenay Fjord, 
(Québec, Canada), triggered by the 1663 earthquake, In: Locat, J., and Mienert, J. (eds.), 
Submarine Mass Movements and their Consequences, Advances in Natural and 
Technological Hazards Research, v. 19, Kluwer Academic Publishers, Dordrecht, the 
Netherlands, p. 509-519. 

Abstract: Extensive submarine mass movements have been mapped in the upper reaches of the Saguenay Fjord, Québec, 
Canada. Our analysis indicates that they were most likely triggered by the 1663 earthquake which shook a large area 
in Eastern Canada. Signs of instabilities have been observed at various places and although the triggering 
mechanism is the same, the types of mass movements differ largely including slides, spreads and flow failures in the 
soft Holocene sediments. Seismic and morphological investigations have revealed the presence of a fault-like 
deformation possibly linked to terrestrial fractures suggesting that the epicentre of the 1663 earthquake may be 
located in the area. 

 
Locat, J., Locat, P., Locat, A., and Leroueil, S., 2007, Linking geotechnical and rheological 

properties from failure to post-failure: the Pointe-du-Fort slide, Saguenay Fjord, Québec, 
In: Lykousis, V., Sakellariou, D., and Locat, J. (eds.), Submarine Mass Movements and 
their Consequences, Advances in Natural and Technological Hazards Research, v. 27, 
Springer Netherlands, p. 181-189, doi: 10.1007/978-1-4020-6512-5. 

Abstract: The Pointe-du-Fort submarine mass movement likely took place at the time of the February 5th 1663 
earthquake as a sidewall slope failure which generated a mudflow with a run out distance of 1070m and a final flow 
thickness of 10-15m resting on a slope of 1.4 degrees. The slide involved about 1.95 Mm3 of clayey sediments from 
an original slope of 24 degrees. The slide took place in normally consolidated sediments composed of stratified low 
organic Laflamme Sea clay at the base overlain by progressively more organic rich recent sediments. In situ strength 
testing and sampling on the tidal flat, morphological analysis and remolded strength of the debris lobe can be related 
to rheological tests to model the mobility of the debris. For the first time, it has been possible to link the mobility of 
a submarine slide with the characteristics of the sediments at the time of failure with no need to consider water 
content increase to explain the observed mobility. 

 
Locat, P., Leroueil, S., Locat, J., Duchesne, M.J., 2003, Characterisation of a submarine flow-

slide at Pointe-du-Fort, Saguenay Fjord, Quebec, Canada, In: Locat, J., and Mienert, J. 
(eds.), Submarine Mass Movements and their Consequences, Advances in Natural and 
Technological Hazards Research, v. 19, Kluwer Academic Publishers, Dordrecht, the 
Netherlands, p. 521-529. 

Abstract: The submarine flow-slide of Pointe-du-Fort is situated on the south shore of the Saguenay Fjord, near the 
mouth of the Baie des Ha!Ha!, Quebec, Canada. About 1.5 million m3 of material, constituted of clayey silt 
rhythmites and thin sand layers, were involved in the slide. Surface of rupture would have reach a till contact. 
Seismic surveys over the displaced mass revealed a multiphase accumulation of the debris. Stratigraphic position of 
the debris link the event to the 1663 (Ms~7) earthquake. The slide was approximately dated to be over 260 years old 
(from present day) using sedimentation rates. 

 
Poncet, R., Campbell, C., Dias, F., Locat, J., and Mosher, D., 2010, A study of the tsunami 

effects of two landslides in the St. Lawrence estuary, In: Mosher, D.C., Shipp, R.C., 
Moscardelli, L., Chaytor, J.D., Baxter, C.D.P., Lee, H.J., and Urgeles, R. (eds.), Submarine 
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Mass Movements and their Consequences, Advances in Natural and Technological 
Hazards Research, v. 28, Springer, the Netherlands, p. 755-764. 

Abstract: The Lower St. Lawrence Estuary (LSLE) is the outlet of the Great Lakes-St. Lawrence Basin, one of the 
world’s largest freshwater basins comprising about 25% of the Earth’s freshwater reserves. The regional 
morphology of the LSLE can be attributed to Pleistocene glacial excavation, as well as much older regional tectonic 
elements. The area is an excellent natural laboratory for studying submarine instability. The LSLE is a 230 km long 
by 50 km wide trough with a broad, flat floor with maximum water depths of 400 m and “shelves” that sit in water 
depths of 60 m or less. It is partially filled with thick glaciomarine and post glacial sediments and lies within close 
proximity to the Charlevoix seismic zone, the most seismically active region of eastern Canada. The purpose of this 
paper is to present the modelled tsunami effects of two submarine landslides from the LSLE. A regional seafloor 
mapping project has revealed several submarine landslides on the slopes and channel floor of the LSLE. The 
tsunamigenic effects of two instability features in the area have been investigated. The features chosen were: 1) a 
blocky submarine landslide that covers an area of ~3 km2, a run-out distance of 1.2 km and maximum slab thickness 
of 10.5 m, which may be a candidate for a future landslide. Using an efficient numerical wave tank developed at 
Ecole Normale Supérieure de Cachan, the nonlinear shallow water equations were solved for motions induced by the 
finite volume method, and the code is able to model accurately tsunami runup and drawdown. 

 
Schafer, C.T., and Smith, J.N., 1987, Hypothesis for a submarine landslide and cohesionless 

sediment flows resulting from a 17th century earthquake-triggered landslide in Quebec, 
Canada, Geo-Marine Letters, v. 7, p. 31-37. 

Abstract: Textural isotopic and microfossil data from two gravity cores obtained in Saguenay Fjord, Quebec, suggest 
that a distinctive sandy clay bed was deposited as the result of a major landslide in the Saguenay River basin. Pb-210 
dating of the cores indicates that the bed is of similar age to the magnitude 7 earthquake of February 5, 1663. The 
slide involved sensitive marine clays and may have occurred in two stages. Slide sediments carried into the 
Saguenay River channel were probably reworked and subsequently transported down the fiord basin as two distinct 
cohesionless mass flows. Fine clay laminae that overlie the older mass flow bed record the modulation of 
depositional processes by tidal currents for several weeks after this event. 

 
Reports, Government Publications, and Theses 
 
Lamontagne, M., 2009, Possible earthquake triggers of submarine landslides in the estuary of 

the St. Lawrence River: insights from the earthquake catalogue, Geological Survey of 
Canada, Open File 6007, 1 CD-ROM, 61 p. 

Abstract: This Open File documents known earthquakes with magnitude ≥ 4.0 (estimated or calculated) that have 
occurred near or in the estuary of the St. Lawrence River (i.e. between Quebec City and Baie-Comeau, Quebec) 
since 1600. The topography of the area reveals numerous scars left from past mass movements on land (sub-aerial) 
and at the bottom of the river (submarine). This Open File documents the earthquakes that had the potential (location 
and magnitude) to trigger some of these landslides. In addition, it lists eyewitness accounts of potential mass 
movements (“boiling” of the river and a possible tsunami wave). The Open File also documents the uncertainties of 
the current earthquake catalogue that must be considered in any study of mass movements along the St. Lawrence 
River. This catalogue of earthquakes can be used to correlate seismic events with dated landslide activity of the 
region. The catalogue is also a good basis to update the eastern Canadian component of the current Geological 
Survey of Canada earthquake database. 

 
Murty, T.S., and Durvasula, S.R., 1978, Tsunamis generated by landslides in eastern Canada, 

Marine Sciences Directorate Manuscript Report Series, no. 48, p. 18-23. 
Abstract: There had been several instances of huge landslides occurring on the north shore of the St. Lawrence River 

and estuary in eastern Canada. Associated with these landslides, tsunamis occurred. Here two specific tsunamis (Feb. 
5, 1663 and Oct. 20, 1870) were reconstructed based on the scanty information available. Examination has been 
made of some of the optical phenomena that were described in connection with the occurrence of tsunamis. 
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Conference Proceedings and Abstracts 
 
El-Sabh, M.L., Chassé, J., and Murty, T.S., 1991, Tsunami positioning and prediction in the St. 

Lawrence estuary, Canada, In: Kumar, S.M., and Maul, G.A. (eds.), Proceedings of the 
International Symposium on Marine Positioning, INSMAP 90, PIP Printing, Rockville, MD, 
p. 390-399. 

Abstract: The Charlevoix Region of the St. Lawrence estuary in eastern Canada is a seismically active region. The La 
Malbaie region is prone to landslides. Tsunamis can occur in the St. Lawrence estuary either due to local 
earthquakes or landslides. Since the travel times of the tsunami waves to various population and industrial locations 
around the north and south shores of the estuary are only of the order of a few to several minutes, it is quite difficult 
to develop an effective tsunami warning system. Seismographs have to be placed at the bottom of the estuary for 
quick and accurate determination of the epicenter and instruments have to be developed and positioned to estimate 
in real time the vertical motion of the sea floor during the earthquake. This information is vital to the tsunami 
warning system because the vertical movement of the sea floor is the main input into the numerical models for 
tsunami generation and propagation. 

 
Locat, P., Locat, J., Leroueil, S., Urgeles, R., Hart, B., and Long, B., 2001, Preliminary 

characterisation of the Pointe-du-Fort submarine slide, Saguenay Fjord (in French), In: 
Proceedings of the 54th Annual Canadian Geotechnical Conference: An Earth Odyssey, p. 
752-759. 

Abstract: This paper reports the first investigation of the Pointe-du-Fort slide. The slide, located on the Saguenay 
Fjord’s southern shore, near the mouth of the Baie des Ha! Ha!, in the Province of Québec, is one of the sites studied 
within the COSTA-Canada project. The co-ordinates of the slide are 70° 45’ 00’’ W longitude and 48° 21’ 40’’ N 
latitude (NAD 27, NTS n° 22 D/7, Bagotville). Marine clay sediments, from the Laflamme Sea, form the bulk of the 
sediments involved in this mass movement. This tongue shaped slide lies at 160 m below sea level and involves 
about 2.9 million m3 of fine materials. A pseudostatic analysis shows that the failure could have occurred when 
horizontal seismic coefficients in excess of 0.22 g are considered. 

 
Martin, F., Konrad, J.-M., Locat, J., Locat, P., Urgeles, R., and Lee, H., 2001, Geotechnical 

characteristics and analysis of potential liquefaction of Recent and post-glacial sediments of 
the Saguenay Fjord, Quebec (Canada) (in French), In: Proceedings of the 54th Annual 
Canadian Geotechnical Conference: An Earth Odyssey, p. 776-783. 

Abstract: The recent 1996 Saguenay flood resulted in the deposition of fine-grained sediments on the seafloor and this 
new layer forms a barrier over the old contaminated sediments. Since the area is well-known for the seismic event, 
the dynamic response of recent and post-glacial sediments, to seismic shaking, is of prime importance in our 
capacity to predict the performance of the capping layer. Results are obtained from re-constituted samples of the 
1996 flood layer and from samples taken in 1999 with the Calypso Corer. Laboratory tests include basic 
geotechnical tests, oedometer tests, triaxial tests and simple shear tests. The analysis of the liquefaction potential 
with the Shake software did show clearly the susceptibility of the sediment to flows under important stress. 

 
Massé, M., and Long, B.F, 2001, Slope instability seismic signatures in the Quaternary 

sediments of the St-Lawrence estuary (Qc. Canada), In: Proceedings of the 54th Annual 
Canadian Geotechnical Conference: An Earth Odyssey, p. 784-791. 

Abstract: Detailed seismic analyses of the St-Lawrence Quaternary sediments lead to a new sedimentation model and 
reveal several seismic evidences of slope instability, such as failure canyons, failure scars, major submarine 
landslides, active faults and gas horizons etc. Our analyses have indeed shown important accumulations of landslide 
deposits throughout the St-Lawrence Estuary, which can be up to 23km long and up to 175ms (130m) thick. These 
deposits were transported by different gravitational processes into the Laurentian Channel where they were laterally 
dispersed and formed important depocentres. These turbitic depocentres are seismically and morphologically very 
similar to submarine fans. This paper represents one of the preliminary phases of the COSTA-Canada project and 
has for specific objective to constitute a preliminary inventory of all different slopes instability related seismic 
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signatures for the St-Lawrence Estuary. This was done by describing the different failure structures and deposits, 
and relating them to different types of sediment transport processes. 

 
Urgeles, R., Locat, J., Lee, H., Martin, F., and Konrad, J.-M., 2001, The Saguenay Fjord: 

integrating marine geotechnical and geophysical data for spatial slope stability hazard 
analysis, In: Proceedings of the 54th Annual Canadian Geotechnical Conference: An Earth 
Odyssey, p. 768-775. 

Abstract: In 1996 a major flood occurred in the Saguenay region, Québec, Canada, delivering several millions of m3 of 
sediment to the Saguenay Fjord. Such sediments covered large extensions of the, until then, largely contaminated 
fjord bottom, thus providing a natural capping layer. Recent swath bathymetry data has also evidenced that sediment 
landslides are widely present in the Saguenay Fjord. It seems that, as indicated by the expanded seismic record of 
this region, the most probable cause of such landslides is seismic shaking. The occurrence of new seismic events 
could, in consequence, compromise the stability of the fjord bottom as well as the newly deposited sediment layer. 
Therefore, in this study, we try to characterise the critical accelerations induced by these earthquakes from which 
shallow sediment landslides could be triggered. The analysis is based on gradients obtained from multibeam data as 
well as sediment physical properties measured in box cores. Resolving the region of the 1988 Saguenay earthquake 
as the most likely source area of such earthquakes, we have analysed several magnitude and focal depth scenarios to 
deduce that sediment displacements will start from local magnitudes of 4.8. Major displacements, failure, and 
subsequent landslides will occur only from local earthquake magnitudes of 6.6. 

 
Grand Banks 1929 
 
Scientific Books and Articles 
 
Bent, A.L., 1995, A complex double-couple source mechanism for the Ms 7.2 Grand Banks 

earthquake, Bulletin of the Seismological Society of America, v. 85, no. 4, p. 1003-1020. 
Abstract: The Ms 7.2 Grand Banks earthquake of 1929 was one of the largest and the most fatal earthquakes to have 

occurred in Canada, with most of the death and destruction having been caused by a tsunami and submarine 
landslide associated with the earthquake. It has been suggested (Hasegawa and Kanamori, 1987) that a single-force 
(landslide) mechanism was more consistent with the data than was a double-couple source and that therefore the 
event was not an earthquake. However, that particular study considered only four double-couple solutions and left 
many unanswered questions, in particular with respect to the source time function and sediment volume involved. 
Here, a larger number of seismograms are used to examine the full range of double-couple solutions to determine 
more definitively the nature of the event. Waveform modeling using both forward and inverse methods indicates that 
this event was an earthquake, with a complex source mechanism. The first and largest subevent was a strike-slip 
double-couple event occurring on a northwest-striking plane. Two later subevents were probably strike-slip double 
couples on northeast-striking planes, but other mechanisms cannot be completely ruled out. The first subevent has a 
well-constrained focal depth of 20 ± 2 km. The second and third subevents also appear to have occurred at 20 km, 
but are constrained only to within ± 5 km. These depths provide further evidence that the event was not a landslide. 
The sum of the subevent moments corresponds to an Mw of 7.2 ± 0.3, which is in close agreement with the Mw of 7.1 
± 0.1 obtained by the CMT method using long-period data. These Mw's are also consistent with the Ms of 7.2 (± 0.3) 
and mB of 7.1 (± 0.2) calculated directly from the seismograms. Modeling of the seafloor displacement for this 
mechanism indicates that the tsunami was generated by the landslide and not directly by the earthquake. 

 
Fine, I.V., Rabinovich, A.B., Bornhold, B.D., Thomson, R.E., and Kulikov, E.A., 2005, The 

Grand Banks landslide-generated tsunami of November 18, 1929: preliminary analysis and 
numerical modeling, Marine Geology, v. 215, p. 45-57. 

Abstract: On November 18, 1929, a M=7.2 earthquake occurred at the southern edge of the Grand Banks, 280 km south 
of Newfoundland. The earthquake triggered a large submarine slope failure (200 km3), which was transformed into a 
turbidity current carrying mud and sand eastward up to 1000 km at estimated speeds of about 60–100 km/h, 
breaking 12 telegraph cables. The tsunami generated by this failure killed 28 people, making it the most catastrophic 
tsunami in Canadian history. Tsunami waves also were observed along other parts of the Atlantic coast of Canada 
and the United States. Waves crossing the Atlantic were recorded on the coasts of Portugal and the Azores Islands. 
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Tsunami waves had amplitudes of 3–8 m and runup of up to 13 m along the coast of the Burin Peninsula 
(Newfoundland). To simulate the slide-generated tsunami from this event, our initial analysis uses a shallow-water 
model; the slide was assumed to be a viscous, incompressible fluid layer; water was inviscid and incompressible. 
The preliminary results of the numerical modeling are encouraging, with computed and observed tsunami arrival 
times in reasonable agreement. 

 
Giles, M.K., Mosher, D.C., Piper, D.J.W., and Wach, G.D., 2010, Mass transport processes on 

the southwestern Newfoundland Slope, In: Mosher, D.C., Shipp, R.C., Moscardelli, L., 
Chaytor, J.D., Baxter, C.D.P., Lee, H.J., and Urgeles, R. (eds.), Submarine Mass 
Movements and their Consequences, Advances in Natural and Technological Hazards 
Research, v. 28, Springer, the Netherlands, p. 657-666. 

Abstract: Sediment mass failure is a major process during Cenozoic development of the southwestern Grand Banks of 
Newfoundland margin. Recently acquired seafloor multibeam and seismic reflection data provide evidence of 
stacked and regionally extensive mass transport deposits (MTDs) since the middle-late Miocene. MTDs with 
volumes between 30 and 150 km3 lie between the top of a Cretaceous unconformity and mid-Pleistocene and MTDs 
with volumes less than 1 km3 are recognized since the mid Pleistocene. Seaward dipping faults at the base of the mid 
Miocene MTD suggest zones of weakness and increase the susceptibility to failure. Sediment stability is also 
reduced by ongoing shallow salt deformation. These factors and sealevel lowering are key ingredients leading to 
sediment failure during the mid Miocene to Middle Pliocene. During the Pleistocene, high sedimentation rates 
following glaciations may have generated underconsolidated sediment profiles with interbedded sandy horizons, 
explaining more frequent and smaller MTD sizes in the Plio-Pleistocene section. Although these factors 
“precondition” the sediment column to mass failure, seismicity, such as occurred in 1929, is likely the ultimate 
triggering mechanism. 

 
Hasegawa, H.S., and Kanamori, H., 1987, Source mechanism of the magnitude 7.2 Grand 

Banks earthquake of November 1929: double couple or submarine landslide?, Bulletin of 
the Seismological Society of America, v. 77, no. 6, p. 1984-2004. 

Abstract: We have examined P, S, and surface waves derived from seismograms that we collected for the 1929 Grand 
Banks, Canada, earthquake. This event is noteworthy for the sediment slide and turbidity current that broke the 
trans-Atlantic cables and for its destructive tsunami. Both the surface-wave magnitude, Ms, and the body-wave 
magnitude, mB, calculated from these seismograms are 7.2. Fault mechanisms previously suggested for this event 
include a NW-SE-striking strike-slip mechanism and an approximately E-W-striking thrust mechanism. In addition, 
because of the presence of an extensive area of slump and turbidity current, there exists the possibility that sediment 
slumping could also be a primary causative factor of this event. We tested these fault models and a horizontal single-
force (oriented N5°W) model representing a sediment slide against our data. Among these models, only the single-
force model is consistent with the P-, S-, and surface-wave data. Our data, however, do not preclude fault models 
which were not tested. From the spectral data of Love waves at a 50-sec period, we estimated the magnitude of the 
single force to be about 1.4 x 1020 dynes. From this value, we estimated the total volume of sedimentary slumping to 
be about 5.5 x 1011 m3, which is approximately 5 times larger than a recent estimate of volume from in situ 
measurements. The difference in estimates of overall volume is likely due to a combination of the inherent difficulty 
in estimating accurately the displaced sediments from in situ measurements, and of inadequacy of the seismic 
model; or perhaps because not only the slump but also a tectonic earthquake could have been the cause of this event 
and contributed significantly to the waveforms studied. 

 
Heezen, B.C., and Ewing, M., 1952, Turbidity currents and submarine slumps, and the 1929 

Grand Banks earthquake, American Journal of Science, v. 250, p. 849-873. 
Abstract: Following the 1929 Grand Banks earthquake which shook the continental slope south of Newfoundland, all 

the submarine telegraph cables lying downslope (south) of the epicentral area were broken in sequence from north to 
south. All previously published explanations of these breaks are considered and rejected because they do not 
adequately explain this sequence. A new explanation is offered according to which each successive cable was 
broken by a turbidity current originating as a slump on the continental slope in the epicentral area and traveling 
downward across the continental slope, continental rise, and ocean basin floor and continuing far out on the abyssal 
plain well over 450 miles from the continental shelf. We may consider these events as a full scale experiment in 
erosion, transportation and deposition of marine sediments by a turbidity current in which the submarine telegraph 
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cables served to measure its progress, give evidence of its force, and by their subsequent burial indicate some of the 
areas of deposition. On the basis of widespread evidence for exposure of Tertiary and older sediments on steep 
submarine slopes, for numerous coarse graded deposits interbedded with deep sea clays in flat-bottomed ocean 
basins hundreds of miles from land, we conclude that large scale work by slump-generated turbidity currents is a 
fundamental process in submarine geology. 

 
Heezen, B.C., Ericson, D.B., and Ewing, M., 1954, Further evidence for a turbidity current 

following the 1929 Grand Banks earthquake, Deep Sea Research, v. 1, no. 4, p. 193-202. 
Abstract: Evidence has been obtained indicating that the uppermost layer of sediment of the abyssal plain south of the 

Grand Banks consists of silt and sand. The top layers of two piston sediment cores consist of 130 and 70 cm of 
graded silt and sand overlying foraminiferal clay of abyssal facies. Recent deposition of these graded layers is 
indicated by absence of abyssal sediment overlying them. At three additional coring stations nothing but a few 
grains of sand was obtained. The existence of this silt and sand layer constitutes a further line of evidence in support 
of the hypothesis of Heezen and Ewing (1952) that slumps initiated by the 1929 Grand Banks earthquake were 
transformed into a turbidity current which swept down slope, broke and carried away the submarine telegraph cables, 
destroyed bottom life and deposited a large quantity of sediments far out into the ocean basin. The thickness of the 
graded silt and sand layers in the cores is near to the 40–100 cm thickness predicted by Kuenen (1952). The 
existence of the layers of silt and sand is also further evidence for the hypothesis that the abyssal plains with their 
flat gently sloping surface were formed by ponded or otherwise spent turbidity currents. 

 
Hughes Clarke, J.E., 1990, Late stage slope failure in the wake of the 1929 Grand Banks 

earthquake, Geo-Marine Letters, v. 10, no. 2, p.69-79. 
Abstract: Small volume (<15 km3) debris flows which were triggered by the 1929 earthquake postdate the period of 

high velocity turbidity current flow resulting from that earthquake. They thus could not have contributed sediment to 
the 1929 cable-breaking turbidity currents. Both the proposed “Grand Banks Slump” and another large scale debris 
flow also attributed to the 1929 event, are shown to be autochthonous. In light of the limited volume and late-stage 
timing of mass wasting on the upper Laurentian Fan in 1929, an additional mechanism must have existed which 
supplied further sediment to the turbidity current in 1929. 

 
Hughes Clarke, J., Shor, A.N., Piper, D.J.W., and Mayer, L.A., 1990, Large-scale current-

induced erosion and deposition in the path of the 1929 Grand Banks turbidity current, 
Sedimentology, v. 37, no. 4, p. 613-629, doi:10.1111/j.1365-3091.1990.tb00625.x. 

Abstract: New observations concerning the degree of current-induced erosion and deposition in the path of the 1929 
Grand Banks turbidity current are presented. Most of the observations are available from Eastern Valley, Laurentian 
Fan. Seabeam and SeaMARC I data reveal widespread current erosion along the valley over a distance of 200 km 
from the shelfbreak. Erosional valley-floor channels are preferentially developed adjacent to the valley margins and 
the flanks of intravalley highs. Asymmetric transverse bedforms (herein termed gravel waves) are moulded in a 
deflationary pebble and cobble lag that overlies the eroded valley floor. In contrast, at the distal limit of Eastern 
Valley, thick deposits of massive granule gravel indicate deposition beneath a decelerating turbidity current. 
Symmetrical transverse bedforms (herein termed macrodunes) are developed within these granule gravel sediments. 
The spatial distribution of both bedforms and the areas of erosive excavation suggest that the turbidity current in 
1929 was accelerating over the first 100 km from the shelfbreak and was eroding and entraining sediment from the 
valley floor over a distance of at least 200 km. With the loss of lateral constraint at the distal limit of Eastern Valley 
the turbidity current spread laterally and started depositing sediment as it decelerated. Current-induced erosion of the 
valley floor represented a potential source of between 50 and 100 km3 of sediment for incorporation into the 
resulting turbidite. 

 
Moore, A.L., McAdoo, B.G., and Ruffman, A., 2007, Landward fining from multiple sources in 

a sand sheet deposited by the 1929 Grand Banks tsunami, Newfoundland, Sedimentary 
Geology, v. 200, no. 3-4, p. 336-346. 

Abstract: A sandy deposit from the 1929 Grand Banks tsunami in Newfoundland contains sediment from two distinct 
sources, one from an inferred gravel shoreline close to the deposit, and one from a sandy dune some 200 m seaward 
of the deposit. The deposit ranges from 0 to 15 cm thick, and is composed of a bimodal mix of fine and coarse sand. 
We took approximately 100 core samples of this deposit in an attempt to characterize lateral grain size trends within 
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the sand. Although the coarse fraction does fine with distance inland, the fine fraction does not change size over the 
study area, and the aggregate grain size changes in no systematic way. We interpret this deposit to represent the 
mixture of material picked up at the bar with material picked up at the gravel shoreline. The bar material does not 
fine in part because it is already fairly well sorted, but also because it is far from its source. The shoreline material, 
on the other hand, is poorly sorted so that the tsunami took only those grains it was capable of moving, and 
deposited them near their source. We estimated the size of the tsunami by determining the flow depth-flow velocity 
combinations required to advect sand from the bar to the back of the deposit, and by estimating the shear velocity 
required for motion of the largest grain we found during our survey. This modeling indicates an average flow depth 
of about 2.5–2.8 m over the area, at a flow velocity of 1.9–2.2 m/s. This estimate compares well with eyewitness 
accounts of a maximum flow depth of 7 m at the shoreline if our estimate represents an average over the whole 
study area. 

 
Mosher, D.C., and Piper, D.J.W., 2007, Analysis of multibeam seafloor imagery of the 

Laurentian Fan and the 1929 Grand Banks landslide area, In: Lykousis, V., Sakellariou, D., 
and Locat, J. (eds.), Submarine Mass Movements and their Consequences, Advances in 
Natural and Technological Hazards Research, v. 27, Springer, the Netherlands, p. 77-88. 

Abstract: The 1929 Grand Banks earthquake, landslide and tsunami were pivotal in geologic history as they led to the 
first unequivocal recognition of a landslide-triggered tsunami and turbidity current. The event is well constrained in 
terms of trigger, timing, sequence of events and impact. The landslide site was surveyed in September of 2006 with 
a 12 kHz multibeam echosounder. Regionally, these bathymetric data show canyons, valleys and gullies, somewhat 
typical of the continental slope in the region. No major headscarp related to the event is recognized (cf. the Storegga 
Slide). Most significant are a series of shallow gullies with small headwalls about mid-slope. Upslope from these is 
a series of shallow escarpments that probably represent upslope retrogression of the failure. The landslide appears to 
have been relatively shallow (top 5-100 m) and laterally extensive. There is no evidence of a single massive 
submarine landslide with major headscarp and debris lobe. The landslide presumably evolved rapidly into turbidity 
currents that flowed along existing canyon and valley corridors. In the case of the 1929 Grand Banks event, a 
damaging tsunami was generated following a landslide for which the bathymetric signature is not clearly identifiable 
from most of the regional sea floor of the Canadian East Coast margin. The tsunami was generated either by widely 
distributed, shallow sediment failure, or by the ensuing turbidity current. In either case, remnant morphology is 
difficult to distinguish. This fact suggests that assessment of tsunami hazard based on recognizable morphologic 
evidence alone may underestimate the landslide and tsunami risk. 

 
Piper, D.J.W., 1985, Seabed stability on the continental slope adjacent to the Grand Banks, 

Bedford Institute of Oceanography Review 1985, p. 23-26. 
Summary: Research at BIO has been contributing in two ways to a better understanding of earthquake activity in the 

Grand Banks area. Ocean bottom seismometers developed at the Institute have been deployed on the seabed for two 
months in the vicinity of the 1929 earthquake epicentre to try to detect very small earthquakes in this area: only two 
local quakes within the detection limits of the equipment were monitored. The other technique has been to use new, 
deep-towed, geophysical techniques such as sidescan sonar and seismic reflection profiling to try to locate the sites 
of past large earthquakes, by recognizing landslides and other features similar to those produced in 1929. The results 
show that large earthquakes of the size of the 1929 event are rare on the eastern Canadian continental margin: there 
was probably one south of Halifax some 15,000 y ago, and one twice as old as that in Flemish Pass. The 1929 
earthquake was probably the only such event in as many as 100,000 y in that area off the southern Grand Banks. 
Beyond the edge of the continental shelf, there may be a greater risk of seabed landsliding on the steep continental 
slope. Our studies of submarine landslides around the 1929 earthquake epicenter and on the Scotian Slope show that 
sediment instability is closely related to sedimentation that occurred 50,000 y ago when large continental ice sheets 
were grounded across the continental shelf. Fine sand and silts deposited immediately seawards of the glacial 
terminus are sensitive to liquefaction under conditions of cyclic loading. Finer muds deposited rapidly from 
suspension further from the glacier margin may in places be underconsolidated and liable to deform either by slow 
surface creep or by the upward movement of subsurface masses of mud in shallow diapirs. In order to better 
understand the potential problems posed by sediment instability on the continental slope, a program of geotechnical 
sampling and testing is being carried out. 
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Piper, D.J.W., Shor, A.N. Farre, J.A., O’Connell, S., and Jacobi, R., 1985, Sediment slides and 
turbidity currents on the Laurentian Fan: sidescan sonar investigations near the epicentre 
of the 1929 Grand Banks earthquake, Geology, v. 13, no. 8, p. 538-541, doi: 10.1130/0091-
7613(1985)13<538:SSATCO>2.0.CO;2. 

Abstract: The epicenter area of the 1929 Grand Banks earthquake on the continental slope south of Newfoundland has 
been investigated using Sea MARC 1, a deeply towed, midrange sidescan sonar with a 4.5-kHz subbottom profiler. 
Shallow slides pass downslope into debris flows on the muddy continental slope east of the epicenter. At the head of 
the Eastern Valley of the Laurentian Fan, west of the epicenter, arcuate slide scars cut undisturbed upper-slope 
sediment and lead downslope to a lineated erosional seabed. At a water depth of about 1600 m, this erosional seabed 
passes into extensive fields of l00-m-wavelength gravel waves situated on the broad, irregular valley floor. The 
gravel waves become better developed downslope and extend at least to water depths of 3000 m. All these 
morphological features appear fresh on the sidescan sonograms, suggesting that they date from the 1929 earthquake 
event, and the distribution of slides corresponds to the area of instantaneous cable breaks in 1929. The upper limit of 
erosion on valley walls suggests that the 1929 turbidity current was less than 300 m thick. Timing of cable breaks 
downfan suggests that flow velocities were sufficient to rework gravel deposits into large bedforms during waning 
flow stages over elevated areas of the valley floor. Similar cross-bedded coarse sands and gravels are common in 
ancient channel deposits. 

 
Piper, D.J.W., Shor, A.N., and Hughes Clarke, J.E., 1988, The 1929 “Grand Banks” 

earthquake, slump, and turbidity current, In: Clifton, H.E. (ed.), Sedimentologic 
Consequences of Convulsive Geologic Events, Geological Society of America Special Paper 
229, p. 77-92. 

Abstract: The epicenter of the 1929 “Grand Banks” earthquake (Ms = 7.2) was on the continental slope above the 
Laurentian Fan. The zone in which cables broke instantaneously due to the earthquake is characterized by surface 
slumping up to 100 km from the epicenter as shown by sidescan sonographs and seismic reflection profiles. The 
uppermost continental slope, however, is almost undisturbed and is underlain by till deposited from grounded ice. 
The Eastern Valley of the Laurentian Fan contains surficial gravels molded into large sediment waves, believed to 
have formed during the passage of the 1929 turbidity current. Sand sheets and ribbons overlie gravel waves in the 
lower reaches of Eastern Valley. Cable-break times indicate a maximum flow velocity of 67 km/hr (19 m/s). The 
occurrence of erosional lineations and gravel on valley walls and low intravalley ridges suggest that the turbidity 
current was several hundred meters thick. The current deposited at least 175 km3 of sediment, primarily in a vast 
lobe on the northern Sohm Abyssal Plain where a bed more than 1 m thick contains material ranging in size from 
gravel to coarse silt. There is no apparent source for so much coarse sediment on the slumped areas of the muddy 
continental slope. We therefore infer that there was a large volume of sand and gravel available in the upper fan 
valley deposits before the earthquake. This coarse sediment was discharged from sub-glacial meltwater streams 
when the major ice outlet through the Laurentian Channel was grounded on the upper slope during middle 
Wisconsinan time. This sediment liquefied during the 1929 event, and the resulting flow was augmented by 
slumping of proglacial silts and gas-charged Holocene mud on the slope. Although earthquakes of this magnitude 
probably have a recurrence interval of a few hundred years on the eastern Canadian margin, we know of no other 
deposits of the size of the 1929 turbidite off eastern Canada. For such convulsive events, both a large-magnitude 
earthquake and a sufficient accumulation of sediment are required. 

 
Piper, D.J.W., Cochonat, P., and Morrison, M.L., 1999, The sequence of events around the 

epicentre of the 1929 Grand Banks earthquake: initiation of debris flows and turbidity 
current inferred form sidescan sonar, Sedimentology, v. 46, no. 1, p.79-97. 

Abstract: Continental slope sediment failures around the epicentre of the 1929 “Grand Banks” earthquake have been 
imaged with the SAR (Système Acoustique Remorqué) high-resolution, deep-towed sidescan sonar and sub-bottom 
profiler. The data are augmented by seismic reflection profiles, cores and observations from submersibles. Failure 
occurs only in water depths greater than about 650 m. Rotational, retrogressive slumps, on a variety of scales, appear 
to have been initiated on local steep areas of seabed above shallow (5-25 m) regional shear planes covering a large 
area of the failure zone. The slumps pass downslope into debris flows, which include blocky lemniscate bodies and 
intervening channels. Clear evidence of current erosion is found only in steep-sided valleys: we infer that debris 
flows passed through hydraulic jumps on these steep slopes and were transformed into turbidity currents which then 
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evolved ignitively. Delayed retrogressive failure and transformation of debris flows into turbidity currents through 
hydraulic jumps provide a mechanism to produce a turbidity current with sustained flow over many hours. 

 
Ruffman, A., 2001, Potential for large-scale submarine slope failure and tsunami generation 

along the U.S. mid-Atlantic coast: Comment, Geology, v. 29, no. 10, p. 967. 
Summary: Driscoll et al. (2000) cite the November 18, 1929, magnitude 7.2 earthquake and tsunami at the mouth of the 

Laurentian Channel south of the Burin Peninsula of Newfoundland, Canada, as one such known passive continental 
margin, submarine, tsunamigenic landslide. They cite “51 dead along the south coast of Newfoundland” and tsunami 
wave heights “from … an estimated 4–12 m for southern Newfoundland, north of the epicenter, to less than 1 m 
along the Nova Scotia coast to the west”. Initially the newspaper reports of the ‘‘South Coast Disaster’’ in 
Newfoundland gave exaggerated accounts of the number of deaths as high as 51, but the official report of the 
government of Newfoundland put the number at 27, all on the Burin Peninsula. My work with others (Ruffman, 
1993; Ruffman and Hann, 1995; Ruffman and Tuttle, 1995; Tuttle et al., 1995) pegged the number of deaths at 29, 
adding a child who died of her injuries in the spring of 1930. Oral history work on Cape Breton Island has 
eliminated an apparent Nova Scotian death (Ruffman, 1994); the tsunami’s known death toll is 28. Using data from 
the NOAA (1999) web site, Driscoll et al. have confused the tsunami wave height with the elevation of the tsunami 
runup. The tsunami wave flowed up the long narrow bays, with a wave height of 3 m in St. Lawrence, 
Newfoundland (Ruffman, 1995); a maximum tsunami wave height of 7 m was measured in Taylor’s Bay by leveling 
(Ruffman and Tuttle, 1994). The tsunami runup rose to 13 m above the normal stage of the rising, early evening, 
perigean tide in St. Lawrence (Ruffman, 1994). We have found a similar tsunami runup height at Taylor’s Bay, 
where a widespread tsunami-laid sand layer is preserved in the peat over much of the runup zone (Anderson et al., 
1995; Ruffman and Tuttle, 1995; Tuttle et al., 1995). Finally, I would not attach a great deal of significance to the 
apparent difference in tsunami wave heights seen along the Burin Peninsula to the north of the epicenter versus 
those seen to the west along the coast of Nova Scotia. Tsunami wave heights of more than 1 m in northeast Nova 
Scotia and less than 3 m in Newfoundland have been reported. To reach Nova Scotia, the tsunami had to cross a 
wider continental shelf, which would have cost it more energy than its runup to the Burin Peninsula. The orientation 
of the 1929 earthquake-induced slump scarps was nominally subparallel to the depth contours at the top of the 
continental slope at the mouth of the Laurentian Channel, hence the orientation was southwest-northeast rather than 
east-west, as Driscoll et al. imply. 
 

Ruffman, A., 2005, Comment on: Tsunamis and tsunami-like waves of the eastern United 
States by P.A. Lockridge, L.S. Whiteside, and J.F. Lander with respect to the November 18, 
1929 earthquake and its tsunami, Science of Tsunami Hazards, v. 23, no. 3, p. 52-59. 

Summary: The November 18, 1929 tsunami was created by an Ms 7.2, Mw 7.1, mB 7.1 earthquake at 2032 UT that 
occurred 18 km below the 2-km-deep upper continental slope at the mouth of the Laurentian Channel (Bent, 1994; 
1995) some 265 km south of the Burin Peninsula on the south coast of Newfoundland (Dewey and Gordon, 1984). 
The earthquake shook loose and mobilized about 200 km3 of material on the continental slope and rise in what was 
the first identified and defined 'turbidity current' (or underwater landslide). Lockridge et al. (2002) cited the key 
1929-1930 period references, but did not cite W.W. Doxsee's important review of the event published in 1948, or a 
number of the more recent references. The Doxsee review may have spurred the thinking of the Lamont-Doherty 
Geological Observatory scientists at Columbia University who were able to explain the cause of the November 18, 
1929 tsunami four years later - what we would now call a landslide tsunami. Lockridge et al. (2002) stated that the 
November 18, 1929 tsunami “surged up several inlets to a height of 15 m”. My studies of this event have 
documented a tsunami wave height of 4 m above sea level on a rising 'spring', or perigean, tide in Great St. 
Lawrence Harbour (Ruffman, 1996) and 7 m above sea level in Taylor's Bay (Ruffman, 1993; Tuttle et al., 2004) as 
the tsunami rolled up the harbour as a breaking wave in both locations. In St. Lawrence Harbour we documented a 
runup height of about 13 m and at Taylor's Bay about 10 m; in St. Lawrence mainly from oral history and modern 
detailed topographic maps (Ruffman, 1995; 1996) and in Taylor's Bay from oral history and detailed levelling 
(Tuttle et al., 2004). I do not believe that the true runup height of the 1929 tsunami has been determined at any other 
locations at this point. Lockridge et al. (2002) cite deaths of 28 persons in Newfoundland and one in Nova Scotia. In 
their introductory section on 'Notable Historical Events' they cite "29 deaths along the coast of Newfoundland”. I am 
cited as a source, and I may be the cause of a slight error in the number of deaths noted. In Ruffman et al. (1989), I 
indeed did cite 29 possible deaths, including a death in Nova Scotia -- a Mr. John MacLeod. However, I've since 
corrected that with a 1994 article in Cape Breton's Magazine and in a 'Comment' in Geology (2001). I have 
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established that John MacLeod, who was reported missing at the time in local newspapers, was in fact having a meal 
with local people that I've now interviewed, so that he must now be struck from the list of victims. 
 

Shor, A.N., Piper, D.J.W., Hughes Clarke, J.E., and Mayer, L.A., 1990, Giant flute-like scour 
and other erosional features formed by the 1929 Grand Banks turbidity current, 
Sedimentology, v. 37, no. 4, p. 631-645, doi: 10.1111/j.1365-3091.1990.tb00626.x. 

Abstract: Erosional features on the floor of Eastern Valley of the Laurentian Fan, in 2800 m water depth, have been 
mapped with SeaMARC I side-scan sonar images and Seabeam multi-beam echo-soundings, and were directly 
observed during a dive with the deep submersible Alvin. The most spectacular feature is a 100-m-deep flute-shaped 
scour, more than 1 km long. The surrounding valley is floored by an unconsolidated coarse conglomerate, which 
was moulded into transverse bedforms by the turbidity current that was triggered by the 1929 Grand Banks 
earthquake. Direct observations and seismic-reflection profiles show that the flute-shaped scour cuts through this 
conglomerate and into Plio-Pleistocene valley-floor sediments, thereby exposing a section through the 1929 deposit. 
Application of the Allen defect theory suggests that the flute is unusually deep because general channel-floor 
erosion was inhibited by the conglomerate veneer. Valley-floor channels typically 1 km wide and 10m deep contain 
series of closed depressions that occasionally deepen to 30 m. These are also interpreted as erosional scours, 
analogous to pools cut on the beds of bedrock rivers. The large flute was probably formed by detached flow 
enlarging an initial scour depression. Such scours probably play an important role in channel-floor erosion, 
increasing the volume of sediment transported by large turbidity currents. 

 
Trifunac, M.D., Hayir, A., and Todorovska, M.I., 2002, Was Grand Banks event of 1929 a 

slump spreading in two directions?, Soil Dynamics and Earthquake Engineering, v. 22, no. 
5, p. 349-360, doi:10.1016/S0267-7261(02)00029-5. 

Abstract: This paper describes a kinematic model of tsunami generated by submarine slides and slumps spreading in 
two orthogonal directions. This model is a generalization of our previously studied models spreading in one 
direction. We show that focusing and amplification of tsunami amplitudes can occur in an arbitrary direction, 
determined by the velocities of spreading. This kinematic model is used to interpret the asymmetric distribution of 
observed tsunami amplitudes following the Grand Banks earthquake-slump of 1929. 

 
Tuttle, M.P., Ruffman, A., Anderson, T., Jeter, H., 2004, Distinguishing tsunami from storm 

deposits in eastern North America: the 1929 Grand Banks tsunami versus the 1991 
Halloween storm, Seismological Research Letters, v. 75, no. 1, p. 117-131. 

Abstract: Tsunami deposits related to the 1929 Grand Banks earthquake and washover deposits related to the 1991 
Halloween storm differ in their sedimentary characteristics and positions on the landscape. Regarding sedimentary 
characteristics, the tsunami deposits are composed of one to three subunits of massive to fining-upward, very coarse- 
to fine-grained sand, whereas the storm deposits consist of interbedded and laminated coarse-, medium-, and fine-
grained sand, exhibiting delta foreset stratification and subhorizontal, planar stratification with channels. Regarding 
landscape position, the tsunami deposits occur up to 343 m inland, including landward of tidal ponds, and up to 6 m 
above mean sea level, as well as 3 m above the barrier-beach bars and related dunes; the washover deposits occur up 
to 94 m inland, immediately landward of barrier-beach bars and in adjacent tidal ponds, and up to 1.2 m above mean 
sea level but no higher than the barrier-beach bars. These observations compared with those from other studies form 
the basis of proposed criteria for distinguishing paleotsunami from paleostorm deposits in the geologic record. If 
paleotsunami deposits can be identified with confidence, they will contribute to assessment of tsunami and seismic 
hazards along the coast of eastern North America and elsewhere. 

 
Whelan, M., 1994, The night the sea smashed Lord’s Cove, Canadian Geographic, v. 114, no. 6, 

p. 70-73. 
Summary: On Nov. 18, 1929, several communities on the Burin Peninsula, Newfoundland, were devastated by the 

tsunami from the Grand Banks earthquake, Canada's most destructive quake. The quake did no direct damage on 
land because of its remoteness; in Newfoundland, windowpanes rattled and dishes slithered off sideboards. The real 
damage came from an underwater landslide, set off by the quake, which became a violent turbidity current. It ripped 
up many kilometres of 12 transatlantic telegraph cables, and set off a tsunami. Travelling north and west, the 
tsunami surged at 140 km/hr toward Newfoundland's south coast. Lou Etchegary, then eight years old, described the 
wave coming in smooth and fast; with the bright moon shining on its crest, it looked like a car with its headlights 
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beaming, driving up the harbour. A ~ three-metre-high battering ram against everything in its path, the tsunami's 
three main pulses thundered up the narrow Burin channels, lifted dories and schooners five metres high, snapping 
anchor chains like threads and tossing the craft onshore or swallowing them. The Rennie family home was dragged 
into the harbour by the first rush of water, then returned by a following pulse that dumped it, half-submerged, into a 
pond. Rescuers found Margaret Rennie, 3, unconscious and still lying on her mattress in an upstairs bedroom, but 
her mother, two brothers and a sister were found drowned in the kitchen below. The final estimated damage was 
$400,000 - due in large part to the cost of repairing the undersea cables. Twenty-eight people died in Newfoundland, 
and one in Nova Scotia. The 1929 Grand Banks earthquake remains an important part of geological and seismic 
study in eastern North America, as scientists try to identify what exactly occurred and when a similar event might 
reoccur. John Hughes Clarke used core samples and new swath-mapping techniques to map the extent of the 1929 
slumps, which flowed some 1,100 kilometres onto the Sohm Abyssal Plain. The examination of seafloor cores led to 
estimates that a 1929-like event could recur within periods ranging from every 35,000 years to every 1,000 years. 
Marine geologist Alan Ruffman of Halifax has found evidence of other mild quakes and tsunamis, and a similar 
sequence of cable breaks in 1884, which suggest to him that even the 1,000-year estimate may be too conservative. 
However, "the return period for such a tsunami would be longer than for the earthquake, since the landslide made 
the tsunami so powerful," says Dr. Allison Bent. At Taylor's Bay, Ruffman and Martitia Tuttle found a light-
coloured band of sand about 13 centimetres below the turf line, which they believe is a layer left behind by the 1929 
tsunami. By dating this and other tsunami-laid layers, they hope to determine return rates for large earthquakes. 

 
Reports, Government Publications, and Theses 
 
Bent, A.L., 1994, Seismograms for historic Canadian earthquakes: the 18 November 1929 

Grand Banks earthquake, Geological Survey of Canada, Open File 2563, 36 p. 
Abstract: For those who are interested in studying historical earthquakes, collecting the data often proves to be the most 

difficult and most time consuming aspect of the project. For the 1929 (MS 7.2) Grand Banks earthquake, records 
from 46 seismograph stations have been assembled by past and present seismologists at the Geological Survey of 
Canada (GSC) in Ottawa. This paper catalogs the data set, and briefly describes the seismograms in the collection to 
assist those who may study this earthquake in the near or distant future. Many of the body waves and some of the 
surface waves have been digitized for a waveform analysis study; these data files may be obtained from the GSC. 

 
Doxsee, W.W., 1948, The Grand Banks earthquake of November 18, 1929, Publications of the 

Dominion Observatory, v. 7, no. 7, p. 323-335. 
Abstract: The area over which the tremors were felt is outlined, as based on replies to questionnaires and collected 

newspaper reports. Reported damage from the resultant tidal waves which affected the southeastern shores of 
Newfoundland and some parts of Cape Breton is summarized. Four transatlantic cable companies suffered extensive 
loss due to a multiplicity of breaks in their lines crossing or approaching the disturbed zone of ocean floor. These are 
listed, giving the geographic coordinates of the point or points of breakage and the times at which the services were 
interrupted. Seismographic stations, representing a world-wide distribution of recording points, supplied 
seismograms, from the interpretation of which, data were obtained for the time of occurrence of the disturbance at 
its origin and also its epicentre as determined by the stereographic projection method. All the evidence at hand 
seems to indicate a subsidence of a section of the ocean floor between two fault planes with the vertical 
displacement progressively less toward the southern extremity of the disturbed zone. 

 
Hughes Clarke, J.E., Mayer, L.A., Piper, D.J.W., and Shor, A.N., 1989, PISCES IV 

submersible observations in the epicentral region of the 1929 Grand Banks earthquake, In: 
Piper, D.J.W. (ed.), Submersible observations off the East Coast of Canada, Geological 
Survey of Canada, Paper 88-20, p. 57-69. 

Abstract: The PISCES IV submersible was used to investigate the upper continental slope around 44°N, 56°W, near the 
epicentre of the 1929 Grand Banks earthquake. Four dives in water depths of 800-2000 m were undertaken to 
observe specific features identified with the SeaMARC I sidescan system in 1983. Two dives were made in the head 
of Eastern Valley where pebbly mudstones of probable Pleistocene age were recognized outcropping on the seafloor. 
Constructional features of cobbles and boulders, derived by exhumation and reworking of the pebbly mudstone, 
were also observed. These include gravel/sand bedforms (transverse waves) on the valley floor. Slope failure 
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features in semiconsolidated mudstone were recognized on two dives onto the St. Pierre slope. Exposures in these 
mudstones are rapidly eroded by intense burrowing by benthic organisms. 

 
McCall, C., Morrison, M.L., and Piper, D.J.W., 2005, Geological data from the St. Pierre Slope 

around the epicentre of the 1929 Grand Banks earthquake, Geological Survey of Canada, 
Open File 4879, 1 CD-ROM. 

Summary: The 1929 Grand Banks earthquake and resulting submarine landslide have been studied by the Geological 
Survey of Canada since 1981. Early work was carried out by D. Piper and colleagues, culminating in the acquisition 
of SeaMARC mid-range sidescan imagery over the epicentral region, submersible dives using both Pisces IV and 
Alvin, and a Ph.D. study of the 1929 turbidity current by Hughes Clarke (1988). In the early 1990's, M.L. Morrison 
made a major compilation of existing and new data in the area, in particular summarising all the available core data. 
Interpretation of SAR sidescan data acquired in 1990 over the epicentral region was carried out by Morrison, Piper, 
and Cochonat. C. McCall is currently interpreting new high-resolution seismic reflection profiles from the epicentral 
region to understand the geometry and geological controls on the slide, and has been responsible for assembling all 
the previous data in digital form. This open file summarizes all the data available at the Geological Survey of 
Canada (Atlantic) in the area of the 1929 Grand Banks slide. More distal data relevant to the resulting turbidity 
current is not included, but is summarised by Piper et al. 1988 and references therein. No attempt has been made to 
standardize all the data and users should note limitations of positioning accuracy for data collected prior to 1991. 

 
Mosher, D.C., and Piper, D.J.W., 2007, Multibeam seafloor imagery of the Laurentian 

Fan and the 1929 Grand Banks landslide area, Geological Survey of Canada, Open 
File 5638, 1 sheet. 

Summary: Newly acquired 12 kHz multibeam bathymetric sonar data from the Laurentian Fan and St. Pierre Slope 
region of the east coast of Canada lend significant new detail to existing knowledge of the terrain in this region. 
Specific to the 1929 Grand Banks earthquake landslide and tsunami, these data show sites on canyon walls that 
appear to have failed recently, based on geomorphologic criteria, and they show numerous fresh escarpments 
ranging from 5 to 100 m in height on the St. Pierre Slope. They show no evidence of a single large slump, with 
headscarp, slump and debris lobe. These data, therefore, support earlier interpretations that the landslide was 
relatively thin-skinned (5-100 m thick but averages about 20 m) and dispersed over a relatively large area (~7,200 
km2). The series of escarpments suggests a retrogressive style of failure. This terrain is similar to the morphology 
seen everywhere on the Scotian Slope, particularly on broad flat intercanyon regions. This fact raises the issue as to 
whether even thin-skinned mass-transport events including large turbidity currents in deep water are tsunamigenic. 
If so, then the tsunami-hazard potential of the Canadian East Coast margin and likely most continental margins 
throughout the globe increases significantly. 

 
Piper, D.J.W., Sparkes, R., and Mosher, D.C., 1985, Seabed instability near the epicentre of 

the 1929 Grand Banks earthquake, Geological Survey of Canada, Open File 1131, 29[25] p. 
Abstract: The continental slope around the epicentre of the 1929 Grand Banks earthquake on the continental slope south 

of Newfoundland has been investigated using high-resolution seismic profiles, piston cores, and Sea MARC I: a 
deeply towed mid-range sidescan sonar and 4.5 kHz subbottom profiler package. The head of the Eastern Valley of 
the Laurentian Fan is marked by arcuate slide scars cutting undisturbed upper-slope sediment. Downslope from the 
scars is a lineated erosional seabed, which at a water depth of about 1600 m passes into extensive fields of large-
scale gravel waves situated on the broad, irregular valley floor. On St. Pierre Slope to the east, surface gassy muds 
have been removed over large areas and shallow slumps passing downslope into debris flows are common. Sediment 
instability features are not seen above the 500 m isobath. Their development may be controlled by the downslope 
change from till to pro-glacial silty muds on the upper slope. All the morphological features appear fresh on the 
sidescan sonograms, suggesting that they date from the 1929 earthquake event, and the distribution of slides 
corresponds to the area of instantaneous cable breaks in 1929. The main 1929 turbidity current probably resulted 
from the sliding of a till tongue that rested on proglacial mud. Similar geologic conditions are common on 
continental slopes off eastern Canada, so that another large magnitude earthquake elsewhere on the continental slope 
might have similarly catastrophic consequences. 

 
Ruffman, A., 1997, Tsunami runup mapping as an emergency preparedness planning tool: the 

1929 tsunami in St. Lawrence, Newfoundland, Geomarine Associates Ltd., contract report 
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for Emergency Preparedness Canada, Office of the Senior Scientific Advisor, Ottawa, 
Ontario, v. 1, 107 p. 

Executive Summary: A tsunami struck the Burin Peninsula of Newfoundland in the early evening of November 18, 
1929 after the 1702 NST magnitude 7.2 earthquake occurred in the Laurentian Slope Seismic Zone. This event is 
Canada's most tragic earthquake with twenty-eight lives lost. The tsunami swept into the coast of Newfoundland 
two-and-a-half hours after the seismic event near the top of a high spring tide. Water levels first fell far below 
normal then, in three successive waves, that often arrived on shore as breaking waves, water levels rose two to seven 
metres. At the heads of several of the long narrow bays on the Burin Peninsula the momentum of the tsunami carried 
water as high as 27 m. St. Lawrence at the head of Great St. Lawrence Harbour was one of the communities 
inundated, fortunately with no loss of life, but with substantial property damage. The collective community memory 
of St. Lawrence has been sampled through oral history interviews with senior community members aged 72 to 96 
years, through first-hand reports of residents published in late-1929 newspaper accounts, and through various other 
published and unpublished accounts available. These recollections have been transcribed onto a 1:2,500 contoured 
topographic map of the community to map the 1929 tsunami runup zone. The map indicates a tsunami height of 
about 4 m, a runup height of about 13 m and a runup distance of at least 760 m at the head of the harbour. St. 
Lawrence has grown since 1929 and has encroached steadily into the 1929 tsunami runup zone. The report warns of 
the risk to the community if a 1929-like tsunami were to recur today. Some 30 residences, all the fishing activity, 
almost all the St. Lawrence commercial activity, its two gasoline stations, the fire station, the RCMP office, the 
pharmacy, the high school, the recreation centre and soccer fields, the town hall and garage, a water treatment 
facility, the senior citizens manor, and three important bridges and their related roads could be severely affected. St. 
Lawrence presently has no planning policies to address further growth in a potential tsunami runup zone and does 
not have provision for a tsunami alert in its Emergency/Disaster Plan. The report suggests that emergency measures 
personnel develop a plan that institutes a tsunami alert the moment a strong felt earthquake is experienced in 
southern Newfoundland. It is suggested that such people be reacquainted with the plan every two years to allow for 
new or rotating personnel. While this is the first use of an oral history to establish a tsunami runup zone in Canada, 
the technique could well apply for storm surge events, seiches, and river flooding events, as well as for other 
tsunamis such as the March 1964 Port Alberni, B.C. event or in other communities of the Burin that experienced the 
1929 event. 

 
Conference Proceedings and Abstracts 
 
Azizian, A., and Popescu, R., 2001, Backanalysis of the 1929 Grand Banks submarine slope 

failure, In: Proceedings of the 54th Annual Canadian Geotechnical Conference: An Earth 
Odyssey, p. 808-815. 

Abstract: The 1929 Grand Banks Slide was triggered by a major earthquake and resulted in a turbidity current that 
severed trans-Atlantic telegraph cables. Landslides of this kind can definitely be considered as a serious potential 
hazard to human life and economical resources along the coastline. Backanalyses of the Grand Banks Slide are 
performed by: a) conventional method of Limit Equilibrium, and b) numerical modelling utilizing a state-of-the-art 
finite element program, DYNAFLOW. The finite element program uses a multi-yield constitutive model and solid-
fluid coupled field equations to simulate the behaviour of soil materials and consequently capture the build-up and 
dissipation of the excess pore water pressure. This research is part of COSTA-Canada, a contribution to the study of 
continental slope stability, aimed at increasing the reliability of economic activities along Canada’s continental 
margin and coastline. 

 
Halchuk, S., 2005, The 75th anniversary of the 1929 Grand Banks earthquake and tsunami: 

commemorating Canada’s most devastating earthquake-related loss of life, Seismological 
Society of America (Eastern Section) Annual Meeting abstract, Seismological Research 
Letters, v. 76, no. 1, p. 122. 

Abstract: On 18 November 1929, a magnitude Mw 7.2 earthquake occurred off the east coast of Canada, some 250 km 
south of Newfoundland, along the southern edge of the Grand Banks. The damage due to earthquake vibrations from 
this event was relatively minor. The earthquake triggered a large submarine slump, however, which generated a 
tsunami that was recorded along the eastern seaboard as far south as South Carolina and across the Atlantic Ocean in 
Portugal. Approximately 2 ½ hours after the earthquake, the tsunami struck the southern end of the Burin Peninsula 
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in Newfoundland. It arrived as three main pulses, causing local sea levels to rise between 2 and 7 meters. The giant 
sea wave claimed a total of 29 lives, which represents Canada’s largest documented loss of life directly related to an 
earthquake. More than 40 local villages in southern Newfoundland were affected, where numerous homes, ships, 
businesses, livestock, and fishing gear were destroyed. Total losses exceeded 1 million 1929 Canadian dollars (11.5 
million 2004 dollars). To commemorate the anniversary, Natural Resources Canada has expanded the information 
on its Web site to highlight historical documents and photos in addition to scientific studies. It can be viewed at 
http://www.EarthquakesCanada.ca/damage/1929_e.php. 

 
Hodgson, E.A., and Doxsee, W.W., 1930, The Grand Banks earthquake, November 18, 1929, 

Eastern Section of the Seismological Society of America, Proceedings of the 1930 meeting, 
Washington D.C., p. 72-79. 

Conclusions: (1) The center of greatest disturbance in the Grand Banks earthquake was at or near 44.5° N, 55° W. (2) 
The time of the earthquake at the epicenter was within a few seconds of 20h 32m G.M.T., November 18, 1929. (3) 
The earthquake was of outstanding intensity, sufficient to record definitely on seismographs at the antipodes of the 
epicenter. The Grand Banks earthquake was at least four times as severe as that which caused from six to ten million 
dollars damage at Santa Barbara in the June 29 1925 earthquake. (4) The evidence strongly supports the hypothesis 
of a down-dropped section of ocean floor bounded by two fault planes roughly parallel to the axis of Cabot strait as 
defined by the 100-fathom contour, and extending from 45° N to about 39° N as a prolongation of that strait, the 
northern end being the more seriously displaced. (It may be noted here that, with the possible but not certain 
exception of No. 9, the cable breaks at times later than the earthquake were not due to aftershocks.) (5) The tsunami 
was not, itse1f, of major proportions but was enhanced by an exceptionally high “high tide” predicted and expected, 
coupled with a heavy sea due to a storm. Even under these conditions it was only serious at the heads of 
convergingly walled bays. (6) Damage occurring on land and due to the direct effect of earth tremors was of minor 
importance, press reports at the time of the earthquake having been greatly exaggerated. 

 
McAdoo, B.G., Minder, J., Moore, A., and Ruffman, A., 2003, Tsunami deposits from the 1929 

Grand Banks earthquake and submarine landslide, Taylor’s Bay, Newfoundland, 
Geological Society of America Abstracts with Programs, p. 82. 

Abstract: On November 18th, 1929, Canada was struck by its worst earthquake-related disaster. The magnitude 7.2 
Grand Banks earthquake released an offshore landslide, best known for the turbidity current that it evolved into as it 
progressed down the continental slope to the abyssal plain, cutting trans-Atlantic telegraph cables along the way. 
What is not as well known is that the landslide caused a tsunami that hit Newfoundland’s Burin Peninsula with 
heights exceeding 13 m, killing 28 people. When viewed in the light of recent studies that have made a link between 
offshore landslides triggered by earthquakes that dramatically increase the amplitude of the tsunami (e.g. 1998 
Papua New Guinea M=7.0 with a 7-10 m runup), this event is of particular importance as it occurred on a passive 
margin, and it is very unlikely that tectonic displacement of the seafloor caused the tsunami. We studied the sand 
deposited in the marsh at Taylor’s Bay on the Burin, where the tsunami deposited sediment some 300 m inland, and 
laterally over ~400 m to an elevation ~7 m above mean sea level. The thickness of the deposit ranges from a trace of 
sand to over 25 cm thick, with no systematic variations. We sampled the sediment over the area of the deposit in a 
10 m grid with the aim of characterizing the deposit to determine the extent of inundation and the wave 
height/velocity. Preliminary results show the expected fining of the sediment landward, which is consistent with 
results from other tsunami-lain sands. Our long-term goal is to develop a model that uses grain size variation to 
estimate the maximum velocity/depth of the wave. 

 
Mosher, D.C., Piper, D.J.W., Xu, Z., Campbell, D.C., and DesRoches, K., 2006, The 1929 

Grand Banks Landslide and Tsunami Revisited, Eos Transactions, American Geophysical 
Union, v. 87, no. 52, abstract OS33E-05. 

Abstract: On December 18th, 1929, a M7.2 strike-slip earthquake under the Laurentian Fan off the Newfoundland 
margin triggered a massive submarine landslide. There was instantaneous failure of 12 submarine cables on the 
continental slope within 100 km of the epicentre and delayed failure of cables in deep water up to 13 hours after the 
earthquake. It caused a devastating tsunami, killing 28 people along the south coast of the Burin Peninsula of 
Newfoundland and significant damage to coast infrastructures. This event was pivotal in geologic history as it was 
the first recognition of underwater landslides causing tsunamis and it led to the first recognition of turbidity currents 
in the natural environment. Investigations of seismic reflection data show recurrence of such events on the scale of 

  



 158

tens to hundreds of thousands of years, however. The landslide site has been visited a number of times as underwater 
survey technologies evolved. There are regional subbottom reflection profiles throughout the area, sparse Seabeam 
data and generally good SeaMARC I and IFREMER SAR deepwater sidescan coverage stemming from the 1980's 
and 1990. In addition, there are a number of Alvin and Pisces dive sites and piston cores on the feature. In 
September, 2006, the site was mapped in it's entirety with modern deepwater multibeam (EM120). Failure heads to 
between 400-600 m water depth are noted, with rotational slumps and downslope progression into debris flows are 
observed. Turbidity currents led into a series of valleys of the Laurentian Fan where they presumably traveled great 
distances on to the Sohm Abyssal Plain. Modern numerical tsunami wave models for the 1929 event demonstrate 
coastal (including Halifax, >600 km distant) arrival times less than 2 hours after the earthquake with wave heights in 
the 1.5 to 2 m range. Observations indicated, however, arrival times were closer to 2.5 hours with wave heights of 4 
m and runup heights of 13 m at the Burin Peninsula (230 km distant from the source area) and only 0.5 m at Halifax. 
These discrepancies may be resolved with modern bathymetric data sets and better volume displacement estimations 
provided by these recent multibeam data. In either case, this incident demonstrates the brief interval of time 
available between occurrence and reaction in the event of a submarine landslide along Canada's eastern continental 
slope. 

 
Ruffman, A., 1992, The 1929 “Grand Banks” earthquake and the historical record of 

earthquakes and tsunamis in eastern Canada, In: Adams, J. (comp.), Proceedings, 
Geological Survey of Canada workshop in eastern seismicity source zones for the 1995 
seismic hazard maps, Ottawa, March 18-19 1991, Geological Survey of Canada, Open File 
2437, Part 1, abstract: p. 193; narrative: p. 15; figures: p. 124-129. 

Abstract: The Canadian Hydrographic Service has completed a compilation of known historic tsunamis from 1663 to 
the present. Previously, only the November 18, 1929 tsunami from the Laurentian Slope "Grand Banks" earthquake 
was recorded in the literature; there was also a brief mention of an 1864 event in the Avalon Peninsula. The 1864 St. 
Shotts tsunami is now suspected to be related to a local felt event and may be related to seismic activity in the 
Laurentian Slope Seismic Zone. Two apparent tsunamis are now known in Lake Ontario with a possible 1926 
tsunami in Lake Erie. The Gulf of Maine area, the southwest of Nova Scotia, northern Cape Breton Island and the 
Gulf of St. Lawrence have all experienced tsunamis. A widespread event in 1848 affected northeast Newfoundland 
from St. John's to southern Labrador. The tsunami generated by the great Lisbon Earthquake of November 1, 1755 is 
now known to have affected northeast Newfoundland in the Bonavista area. The total of eastern Canadian tsunamis 
now totals at least eleven with the three Maine events. A rock fall tsunami event is also known in Western Brook 
Pond in Newfoundland in 1905. Only the 1929 tsunami is known to have cost lives. The November 18, 1929 
tsunami's death toll is revised upward slightly to include a death in Nova Scotia. This tsunami is shown to have 
refracted counterclockwise around the Avalon Peninsula and to have affected northeast Newfoundland in the early 
hours of November 19, 1929 about five to six hours after it devastated the south-facing harbours on the Burin 
Peninsula. Contrary to popular scientific belief, the tsunami did not strike the south coast of Newfoundland during a 
storm; it was a calm bright moonlit night. A major storm tide accompanied a large storm the next morning just after 
daybreak on November 19, 1929 in Newfoundland. This high lunar/storm tide is often confused by people who 
remember it as having been the effects of the tsunami or 'tidal wave' that caused the 'South Coast Disaster'. 

 
Ruffman, A., 1994, The November 18, 1929 “Tidal Wave”: Canada's most tragic earthquake, 

abstract, Spring Meeting, Geological Association of Canada: Newfoundland Section, 
Atlantic Geology, v. 30, no. 2, p. 157-158. 

Abstract: The 'Grand Banks' Earthquake struck at 17:02 NST. It was centred 20 km beneath the Laurentian Continental 
Slope, 350 km south of Newfoundland. The lack of nearby seismometers at the time meant that the epicentre was 
difficult to determine accurately. A recent reassessment of the world's seismograms from this event by the 
Geological Survey of Canada has shown the rupture to have been a right lateral strike-slip, northeast-southwest 
trending, fault with the rupture progressing to the northeast. The event had a surface wave magnitude of 7.2 (Ms 7.2; 
mB 7.1; Mw 7.1), and it was felt as far afield as New York City and Montreal; there is even a serendipitous felt-
report in Bermuda. Onshore the damage from the earthquake's shaking was restricted to some slumping and minor 
building damage in Cape Breton Island; Newfoundland, despite its proximity to the epicentre, experienced no 
damage other than broken crockery shaken off shelves because most structures were of wood-frame construction 
built on solid substrates. Offshore on the ocean floor part of the Laurentian Slope was shaken loose and began an 
underwater landslide that went on for hours and flowed 1500 km out onto the floor of the Sohm Abyssal Plain. It 
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was 19 years before scientists recognized the landslide and its great importance as a dominant ocean process. The 
1929 'turbidity current' cut twelve trans-Atlantic telegraph cables and repairs stretched well into 1930. The 
submarine slump spawned a 'tsunami' that travelled at about 500 km/hr south and eastwards; it was seen on tide 
gauges as far afield as Charleston, South Carolina, in the Azores and on the coast of Portugal. The tsunami travelled 
at about 140 km/hr over the continental shelf north and westwards. The full force of the tsunami struck the south 
coast of Newfoundland at about 1930 to 2000 NST after dark. Luckily most persons were still awake and up and 
about to facilitate their escape. Contrary to popular scientific belief, the tsunami did not arrive during a storm; it was 
a calm moonlit night. Three main pulses swept in; at the heads of the long narrow bays on the Burin Peninsula the 
tsunami arrived as foaming, breaking waves near the top of a rising 'spring' tide. Over a period of five to ten minutes 
sea levels rose 3 to 7 m above normal, lifting houses off their shores, tearing loose anchored vessels and destroying 
virtually all shore property, wharves and fish stores. Twenty-nine persons died; twenty-six persons died that night, 
one infant died two days later and another child of injuries 3.3 years after the event, with another death that night in 
Nova Scotia. The tsunami refracted counterclockwise around the Avalon Peninsula and affected northeast 
Newfoundland in the early hours of November 19, five to six hours after it devastated the south-facing harbours of 
the Burin Peninsula. A major storm tide accompanied a large winter storm in Newfoundland on November 19, just 
after daybreak. This high lunar/storm tide is often confused by people who remember it as having been the effects of 
the 'tidal wave' that caused 'The South Coast Disaster'. The visible effects of the tsunami were seen elsewhere 
outside the Burin Peninsula on Newfoundland's south coast, in Saint Pierre et Miquelon, on Cape Breton Island 
where minor damage was done, and on along the Atlantic Coast to Halifax and Lunenburg; there was minor damage 
in Bermuda with the early evening breaking of anchor chains. It is popularly believed by many Newfoundlanders 
that the early 1930s collapse of the fisheries and the loss of the eel grass was a direct result of the 'tidal wave'; this 
observation appears to be unfounded. Research is continuing to refine the epicentre location and the faulting 
involved to document the onshore historical and geological record of the 1929 event, to research other possible 
similar events, and to get at the probability of a similar event recurring. The return rate of a large magnitude 7 
earthquake in the Laurentian Slope Seismic Source Zone is estimated to be 1000 years but may be as low as 100 
years for a magnitude 6 earthquake. 

 
Ruffman, A., 2001, The November 18, 1929 offshore earthquake, slump and 

tsunami: Canada's most tragic historic seismic event, Geological Association of 
Canada/Mineralogical Association of Canada, 2001 Annual Meeting Abstracts, v. 26, p. 128. 

Abstract: The magnitude 7.2 earthquake occurred late in the afternoon some 18 km below the seafloor at the mouth of 
the Laurentian Channel south of the Burin Peninsula on the south coast of Newfoundland. The earthquake was felt 
as far away as Montréal and the New England states. It is still remembered by older residents of the Atlantic 
Provinces as the only felt earthquake experienced in their lives. Two-and-a-half hours after the event, three main 
pulses of a tsunami arrived along the coast of the Burin Peninsula with amplitudes of 2 to 7 m, and a runup that rose 
to as much as 13 m above sea level. Twenty-seven persons lost their lives, and the fishing capability of the coastal 
communities was devastated. Telegraph communications with the rest of the Island had been broken by a storm two 
days earlier, and the area had to cope on its own for two-and-a-half days before a coastal ferry arrived on the 
scene. The tsunami was seen in Cape Breton Island of Nova Scotia, where it did minor damage; it was physically 
seen as far southwest as Lunenburg, Nova Scotia, and in Bermuda. It was recorded on tide gauges as far south as 
Charleston in the United States, in the Azores, and in Portugal. The underwater slump that caused the tsunami is 
believed to have mobilized up to 200 cubic kilometres of material, and to have travelled up to 1,500 km from its 
source out across the Sohm Abyssal Plain. It is still an ongoing debate as to whether other earthquakes in what is 
now known as the Laurentian Slope seismic zone could cause other slumps and tsunamis. One other apparent marine 
slump is known in 1884 when three transatlantic cables all broke in one area at about the same time, south of the 
Tail of the Banks. The Continental slope of Atlantic Canada, when mapped by deep ocean sidescan sonar or other 
swath mapping techniques, shows substantial evidence of other downslope mass movements, though the ages and 
frequency of these events is not yet known. The onshore geological signature of the tsunami has been located in St. 
Lawrence and Taylors Bay on the Burin. Careful mapping and a case study at St. Lawrence has allowed the zone of 
tsunami runup to be mapped. Documenting of community folklore has allowed the refraction of the tsunami 
counterclockwise around the Avalon Peninsula to be documented. 

 
Ruffman, A., 2006, Science and folklore teaching from the November 18, 1929 ‘Grand Banks’ 

earthquake and tsunami: “Like a river returning”, Program and Abstracts, International 
Tsunami Society Third Tsunami Symposium, Honolulu, HI, May 23-25. 
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Abstract: The 'Grand Banks' event was Canada's most tragic, known, historic earthquake. It was an event quite unknown 
in the lives of most who felt it in Atlantic Canada. The Ms (surface wave magnitude) 7.2 earthquake of Monday, 
November 18, 1929 struck at 1702 NST (1632 AST; 2032 UTC). The hypocentre was some 18 km below the 
seafloor at the mouth of the Laurentian Channel in 2 km of water depth on the continental slope south of the Burin 
Peninsula on the south coast of what was then the British Colony of Newfoundland. It was felt as far away as 
Montréal, in the New England states as far south as New York City, and there is even a serendipitous felt report in 
Bermuda of a probable seismic 'surface wave'; it registered on seismographs around the world. It is still remembered 
by older residents of the Atlantic Provinces as the only felt earthquake experienced in their lives. Onshore the 
damage from the earthquake's shaking was restricted to some slumping and minor building damage in Cape Breton 
Island; some chimneys were dislocated resulting in subsequent chimney fires in the next few days. Newfoundland, 
despite its proximity to the epicentre, experienced virtually no physical damage onshore. Two-and-a-half hours after 
the event, on a dead calm, bright, moonlit night, on a rising high tide, three main pulses of a tsunami arrived, quite 
unexpectedly, along the coast of the Burin Peninsula, with amplitudes of 6 to perhaps 14 m. There was an initial 
slow withdrawal of the sea to expose ocean floor in places never before seen by local inhabitants, then the water 
returned in three positive pulses over a half-hour period that rose 3 to 7 m above sea level in St. Lawrence harbour 
and Taylor's Bay respectively. The height and forward momentum of the arriving tsunami caused the runup to rise to 
as much as 10 to 13 m above sea level at the ends of the long narrow harbours such as Port au Bras, St. Lawrence, 
Little Lawn Harbour, Lawn, Lord's Cove, Taylor's Bay, and Lamaline. Twenty-eight persons lost their lives, and the 
fishing capability of the coastal communities was devastated. There was as yet no road to connect the communities 
to each other or to link the Burin Peninsula to the rest of Newfoundland to the north. Landline telegraph 
communications with the rest of the Island had been broken by a storm two days earlier, and the tsunami took out 
the land lines between the coastal communities. In St. Lawrence the telegraph station ended up floating in the 
harbour. The Burin had to cope on its own for two-and-a-half days before a coastal ferry named the PORTIA, which 
had a working wireless radio, arrived on the scene. Despite the success of wireless 17 years earlier during the 
TITANIC disaster, the local communities had no radio sets, and while a wireless was available on the DAISY situated 
in Burin harbour, no-one knew how to operate it to get a message out! The tsunami was seen in Cape Breton Island, 
Nova Scotia, at about 2000 AST on November 18th, where it did minor damage. The one possible death in Nova 
Scotia has been shown to be false and was based on incomplete information. The tsunami refracted 
counterclockwise around the Avalon Peninsula to arrive in the Bonavista area about 0130 NST the next morning. 
The tsunami was physically seen along the coast of Nova Scotia as far southwest as Lunenburg, and in Bermuda at 
about 2000 local time in the evening. It rose in Halifax Harbour, where it flowed over the gates of the commercial 
drydock at Halifax Shipyards for five minutes and is recorded on the tide gauge record. The only tide gauge 
operating in Atlantic Canada to record the tsunami was in Halifax; the British had not yet installed a tide gauge 
anywhere in their colony of Newfoundland (or in Bermuda). The tsunami travelled at about 615 km/hr south and 
eastwards in the deep ocean; the tsunami travelled at about 105 km/hr over the shallower continental shelf of Canada 
north and westwards. The tsunami was recorded on tide gauges as far south as Charleston, South Carolina, in the 
United States, in the Azores, and on the west coast of Portugal; it was not seen on the gauge in France. The tide 
gauge records for the United Kingdom were destroyed during WW II bombings. The rather high water recalled by 
many Newfoundlanders as the "tidal wave" on the next morning of Tuesday, November 19, 1929 was not the 
tsunami. It was a significant storm surge of an early winter storm that had tracked up the Atlantic coast from New 
England and the Maritimes over the past day. It snowed that day on the Burin and turned bitterly cold, making life 
even more miserable for people affected by the tsunami. At the instant of the earthquake, five transatlantic telegraph 
cables broke in numerous places near the top of the continental slope as the underwater landslides began to move 
down into deeper water. Over the next thirteen hours, seven more cables parted progressively in deeper and deeper 
water, and more and more distant from the initial breaks. The repairs to the twenty-eight breaks in the twelve 
transatlantic telegraph cables required all available cable ships, and repairs stretched well into 1930. At the time, the 
mechanism of the seafloor disruption was not understood, and was not successfully worked out for some 23 years. It 
is now known that the earthquake's strong vibrations shook loose and mobilized up to 200 cubic kilometres of ocean 
floor sediments on the continental slope. The underwater slump, or landslide, travelled downslope, initially at speeds 
of up to 50 to 70 km/hr (≈19 m/s), as a slurry of water and sediment, now called a "turbidity current". The turbidity 
current has been documented to be 300 m thick on the continental slope. The turbidity current laid down a graded 
deposit in its distal areas; this has been cored up to 1200 km from its source out across the Sohm Abyssal Plain. The 
onshore geological signature of the 1929 tsunami has been found in many of the harbours along the south coast of 
the Burin. At Taylor's Bay the tsunami's signature clearly shows as a band of white sand about 10 cm down in the 
brown peat (see photograph at the Dalhousie University Department of Earth Sciences website 
http://earthsciences.dal.ca/people/hap/ruffman/ruffman.html). A case study at St. Lawrence and a careful mapping 
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survey around "the bottom" of Taylor's Bay have allowed the zone of tsunami runup and the tsunami deposit to be 
mapped. In St. Lawrence community growth has gone forward without regard to the 1929 runup zone, or a possible 
recurrence. In contrast, the village of Taylor's Bay has never recovered from its losses on that fateful November 18th 
evening. Documenting of community folklore has allowed a rich oral history of the event, songs, stories, poems, 
photographs and myths surrounding the event, to be documented throughout the Burin Peninsula. 

 
Ruffman, A., and Tuttle, M.P., 1994, Preliminary results of a search for an onshore record of 

the 1929 Grand Banks tsunami, Atlantic Geoscience Society 1994 Colloquium abstract, 
Atlantic Geology, v. 30, no. 1, p. 80-81. 

Abstract: Layers of sand and pebbly sand discovered in peat about 12 to 20 cm below the turf line at Taylor’s Bay and 
Lamaline on the Burin Peninsula of Newfoundland may record the tsunami generated by the 1929 “Grand Banks” 
earthquake. If so, this would be the first case of onshore tsunami deposits documented in eastern North America. 
The “Grand Banks” earthquake of surface wave magnitude Ms = 7.2 stands as Canada’s most destructive and costly 
earthquake. The slumping of the continental slope at the mouth of the Laurentian Channel caused a turbidity current 
that severed 12 trans-Atlantic telegraph cables and set up a tsunami that did damage in southern Newfoundland, 
Nova Scotia and Bermuda. The brunt of the tsunami damage occurred in about 40 coastal communities along the 
south coast of the Burin Peninsula. Twenty-eight deaths occurred in Newfoundland and an additional death is now 
known in Nova Scotia. The possible tsunami deposits were discovered in August 1993 during reconnaissance along 
the portion of the southern Burin Peninsula hardest hit by the 1929 tsunami. The sandy layers range up to 17 cm in 
thickness and are characterized by sharp contacts; no grading was observed within the layers. The layers are fairly 
continuous over areas of 10,000 m2 at Taylor’s Bay and ca. 1,000 m2 at Lamaline. The areal extent of the possible 
tsunami deposits and the post-tsunami positions of houses that had been moved inland indicate a runup of about 7 m 
above sea level at Taylor’s Bay and 3 m at Lamaline. Not to be confused with the possible tsunami deposits, a 
diffuse zone of rounded pebbles observed in the uppermost peat both within and above the 1929 runup zone is 
thought to be anthropogenic in origin and probably resulted from fertilization of hay fields with pebble-bearing 
seaweed. Currently, various options are being considered for dating the possible tsunami deposits. Site 
investigations planned for next summer will examine in more detail the areal distribution, topographic settings, and 
sedimentary characteristics of these deposits with a view to utilizing tsunami deposits in palaeoseismicity studies. 
These preliminary results suggest that a record of pre-historic offshore earthquakes may be preserved as tsunami 
deposits along the eastern seaboard of North America. In order to utilize tsunami deposits in palaeoseismicity 
studies in this region, efforts are currently underway to develop criteria for distinguishing between tsunami and other 
types of coastal deposits. 

 
Ruffman, A., Tuttle, M.P., and Anderson, T.W., 1995, November 18, 1929 tsunami-laid sand 

and pebble deposits on the Burin Peninsula, Newfoundland, Atlantic Geoscience Society 
1995 Colloquium abstract, Atlantic Geology, v. 31, no. 1, p. 59. 

Abstract: The 1993 discovery of a tsunami-laid sand at Taylor’s Bay on the Burin Peninsula has been detailed with 
trenching, surveying and electronic levelling as well as 210Pb dating along with analysis of the peat section by the 
Terrain Sciences Division of the Geological Survey of Canada. Both tsunami-laid sand and pebble deposits have 
been found in at least four locations along the south coast of the Burin. The 210Pb dating has confirmed that the 
deposit at Taylor’s Bay is from the 1929 tsunami. The peat below the tsunami-laid sand (t-ls) at Taylor’s Bay shows 
a normal peat plant succession. The addition of the 3 to 6 cm thick t-ls appears to have altered the drainage and the 
peat immediately above the t-ls shows a dramatic change to much more grass. The grasses slowly revert to a normal 
peat succession upwards from the t-ls. The ideal conditions to create and to capture a tsunami-laid deposit appear to 
require a very nearshore or beach source of sand or fine pebbles, a back-beach pond to capture storm overwash and a 
low, flat marsh of peat bog “meadow” shoreward of the pond to trap the slurry of fine sediment swept in by the 
tsunami. 

 
 
 
 
 

  



 162

Currituck Slide 
 
Scientific Books and Articles 
 
Geist, E.L., Lynett, P.J., and Chaytor, J.D., 2009, Hydrodynamic modeling of tsunamis from 

the Currituck landslide, Marine Geology, v. 264, no. 1-2, p. 41-52, 
doi:10.1016/j.margeo.2008.09.005. 

Abstract: Tsunami generation from the Currituck landslide offshore North Carolina and propagation of waves toward 
the U.S. coastline are modeled based on recent geotechnical analysis of slide movement. A long and intermediate 
wave modeling package (COULWAVE) based on the non-linear Boussinesq equations are used to simulate the 
tsunami. This model includes procedures to incorporate bottom friction, wave breaking, and overland flow during 
runup. Potential tsunamis generated from the Currituck landslide are analyzed using four approaches: (1) tsunami 
wave history is calculated from several different scenarios indicated by geotechnical stability and mobility analyses; 
(2) a sensitivity analysis is conducted to determine the effects of both landslide failure duration during generation 
and bottom friction along the continental shelf during propagation; (3) wave history is calculated over a regional 
area to determine the propagation of energy oblique to the slide axis; and (4) a high-resolution 1D model is 
developed to accurately model wave breaking and the combined influence of nonlinearity and dispersion during 
nearshore propagation and runup. The primary source parameter that affects tsunami severity for this case study is 
landslide volume, with failure duration having a secondary influence. Bottom friction during propagation across the 
continental shelf has a strong influence on the attenuation of the tsunami during propagation. The high-resolution 1D 
model also indicates that the tsunami undergoes nonlinear fission prior to wave breaking, generating independent, 
short-period waves. Wave breaking occurs approximately 40–50 km offshore where a tsunami bore is formed that 
persists during runup. These analyses illustrate the complex nature of landslide tsunamis, necessitating the use of 
detailed landslide stability/mobility models and higher-order hydrodynamic models to determine their hazard. 

 
Locat, J., Lee, H., ten Brink, U., Twichell, D., Geist, E., and Sansoucy, M., 2009, 

Geomorphology, stability and mobility of the Currituck slide, Marine Geology, v. 264, no. 
1-2, p. 28-40, doi:10.1016/j.margeo.2008.12.005. 

Abstract: Over the last 100,000 years, the U.S. Atlantic continental margin has experienced various types of mass 
movements some of which are believed to have taken place at times of low sea level. At one of these times of low 
sea level a significant trigger caused a major submarine mass movement off the coast of Virginia: the Currituck slide 
which is believed to have taken place between 24 and 50 ka ago. This slide removed a total volume of about 165 
km3 from this section of the continental slope. The departure zone still shows a very clean surface that dips at 4° and 
is only covered by a thin veneer of postglacial sediment. Multibeam bathymetric and seismic survey data suggest 
that this slide took place along three failure surfaces. The morphology of the source area suggests that the sediments 
were already at least normally consolidated at the time of failure. The slide debris covers an area as much as 55 km 
wide that extends 180 km from the estimated toe of the original slope. The back analysis of slide initiation indicates 
that very high pore pressure, a strong earthquake, or both had to be generated to trigger slides on such a low failure 
plane angle. The shape of the failure plane, the fact that the surface is almost clear of any debris, and the mobility 
analysis, all support the argument that the slides took place nearly simultaneously. Potential causes for the 
generation of high pore pressures could be seepage forces from coastal aquifers, delta construction and related pore 
pressure generation due to the local sediment loading, gas hydrates, and earthquakes. This slide, and its origin, is a 
spectacular example of the potential threat that submarine mass movements can pose to the US Atlantic coast and 
underline the need to further assess the potential for the generation of such large slides, like the Grand Banks 1927 
landslide of similar volume. 

 
Shelburne Mass Movement 
 
Scientific Books and Articles 
 
Mosher, D.C., Xu, Z., and Shimeld, J., 2010, The Pliocene Shelburne mass-movement and 

consequent tsunami, western Scotian Slope, In: Mosher, D.C., Shipp, R.C., Moscardelli, L., 
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Chaytor, J.D., Baxter, C.D.P., Lee, H.J., and Urgeles, R. (eds.), Submarine Mass 
Movements and their Consequences, Advances in Natural and Technological Hazards 
Research, v. 28, Springer, the Netherlands, p. 765-775.  

Abstract: Submarine mass-movement is a significant process along continental margins, even along passive margin 
slopes. Interpretation of seismic reflection profiles along the Scotian margin, for example, indicates the Cenozoic 
section is dominated by mass transport deposits (MTD) at a spectrum of scales. Occasional exceptionally large 
MTDs are observed which seem particularly foreign in a passive continental margin setting. The Shelburne MTD 
was recognized from exploration industry seismic reflection data along the western Scotian Slope. It is a buried 
Plio/Pleistocene feature that extends in excess of 100 km from the upper slope to the abyssal plain and maps to an 
area in excess of 5990 km2 and a volume >862 km3. Its features demonstrate that it is a frontally-emergent MTD 
with a slump portion and a debris flow/run-out portion. Tsunami simulations were generated for this event, one 
assuming the slump portion generated the tsunami, the other, both the slump and debris flow contributed. For a mass 
movement comparable in scale to the Shelburne MTD, these simulations demonstrate that the city of Halifax, Nova 
Scotia, would be impacted within 70 to 80 minutes by a 13 to 25 m high wave, depending on the MTD source 
volume (slump or slump and debris field). 

 
Cape Fear Slide 
 
Scientific Books and Articles 
 
Hornbach, M.J., Lavier, L.L., and Ruppel, C.D., 2007, Triggering mechanism and 

tsunamigenic potential of the Cape Fear Slide complex, U.S. Atlantic margin, 
Geochemistry Geophysics Geosystems, v. 8, Q12008, doi:10.1029/2007GC001722. 

Abstract: Analysis of new multibeam bathymetry data and seismic Chirp data acquired over the Cape Fear Slide 
complex on the U.S. Atlantic margin suggests that at least 5 major submarine slides have likely occurred there 
within the past 30,000 years, indicating that repetitive, large-scale mass wasting and associated tsunamis may be 
more common in this area than previously believed. Gas hydrate deposits and associated free gas as well as salt 
tectonics have been implicated in previous studies as triggers for the major Cape Fear slide events. Analysis of the 
interaction of the gas hydrate phase boundary and the various generations of slides indicates that only the most 
landward slide likely intersected the phase boundary and inferred high gas pressures below it. For much of the 
region, we believe that displacement along a newly recognized normal fault led to upward migration of salt, 
oversteepening of slopes, and repeated slope failures. Using new constraints on slide morphology, we develop the 
first tsunami model for the Cape Fear Slide complex. Our results indicate that if the most seaward Cape Fear slide 
event occurred today, it could produce waves in excess of 2 m at the present-day 100 m bathymetric contour. 

 
Halifax Harbour Explosion 1917 
 
Scientific Books and Articles 
 
Greenberg, D.A., Murty, T.S., and Ruffman, A., 1993, A numerical model for the Halifax 

Harbor tsunami due to the 1917 explosion, Marine Geodesy, v. 16, no. 2, p. 153-167. 
Abstract: The explosion of the ammunition ship Mont Blanc in Halifax Harbor produced a strong tsunami locally. There 

was not an operational tide gauge at the time to document the changes in sea level, but there are several narrative 
reports of extreme high and low water. In this study we examine the tsunami by looking at integrating three different 
aspects. We have collected narrative reports to see what quantitative information might be obtained from them. We 
have estimated the height of the initial mound of water that would be produced from an explosion of 2.9 kilotons in 
the harbor narrows where the Mont Blanc grounded. Finally, we have formulated a numerical model to follow the 
progress of the wave through the harbor, into Bedford Basin and out toward the Atlantic Ocean. Various analytical, 
empirical, and numerical models on explosion-generated waves provide an estimate for the tsunami amplitude as a 
function of the explosive charge and limited by the water depth. For the Halifax explosion, the tsunami elevation 
would have been limited to a maximum amplitude of approximately 16 m. The results of our model computations 
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indicate that there was a significant wave in the narrows, but in the outer harbor and Bedford Basin the wave was 
less than 3 m high. The remnants of the wave exiting the harbor to the North Atlantic were so small that they would 
only be detectable with careful observations. 

 
Greenberg, D.A., Murty, T.S., and Ruffman, A., 1993, Modelling the tsunami from the 1917 

Halifax Harbour explosion, Science of Tsunami Hazards, v. 11, no. 2, p. 67-80. 
Abstract: With no functioning tide gauge and little quantitative record, it has in the past been difficult to put together a 

good picture of the tsunami that followed the explosion of the munition ship Mont Blanc in Halifax Harbour. We 
have used a finite element model initialized with a setup derived using the theory of explosions in water and the 
known quantity of explosive. The model results when put together with anecdotal reports give a consistent overview 
of the tsunami amplitude and progression. Our study indicates that in the Narrows at the explosion site, the wave 
was over 10 m high, but the amplitude diminished greatly further away. In the Bedford Basin the tsunami would not 
have been damaging and in the outer reaches of the harbour would have been noticeable only to those looking for it. 

 
Ruffman, A., Greenberg, D.A., and Murty, T.S., 1994, The tsunami from the explosion in 

Halifax Harbour, In: Ruffman, A., and Howell, C.D. (eds.), Ground zero: a reassessment of 
the 1917 explosion in Halifax Harbour, Nimbus Publishing, Halifax, NS, p. 327-344. 

Conclusions: The 1917 explosion in Halifax Harbour caused a significant tsunami that inundated the adjacent lower 
slopes of the Richmond district of Halifax. Evidence of runup was found as far as 18 metres (sixty feet) above sea 
level. On the Dartmouth shore opposite the blast, three pulses of the tsunami were reported, with the first running up 
apparently as far as Windmill Road in places and rising well over a person's head near Tufts Cove. A numerical 
model has been developed to predict the tsunami that agrees reasonably well with the anecdotal accounts. The model 
indicates that the tsunami would have taken about 8 minutes to reach the head of Bedford Basin and 18 minutes to 
reach the southern mouth of the harbour just beyond Meaghers Beach. In both cases the amplitude would have been 
reduced to about 1-2 metres (3-7 feet) with periods of 3-10 minutes. Such a tsunami in these locations would have 
been barely noticeable in the chaos of other events associated with the explosion, and relatively little energy would 
have escaped to the open Atlantic beyond Thrumcap Shoal, much of which would have been exposed at the time 
(low tide). Any energy that did escape would have been at a low level and would have been quickly diffused. We 
believe that all reports of the tsunami being felt or experienced far out at sea beyond the harbour mouth are reports 
of infrasound; or for certain cases a few tens of kilometres from the epicentre, the direct seismic arrivals may have 
been felt at sea as they were onshore. Although the tsunami was clearly a factor in some deaths and swept some 
bodies of the dead back into the Narrows, the occasionally cited figure of 200 tsunami victims is significantly 
overstated; in truth, the number of tsunami-caused deaths can never be known because autopsies were not done on 
the explosion's 2,000 victims. The tsunami from the 1917 explosion in Halifax Harbour formed part of the study of 
the 1944 Port Chicago, California, blast and was compared to the 1944 tsunami by a study team from the Manhattan 
Project, which was assessing the possible effects of the first atomic bombs. 
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Meteorological Tsunamis 
 
Scientific Books and Articles 
 
Mercer, D., Sheng, J., Greatbatch, R.J., and Bobanović, J., 2002, Barotropic waves generated 

by storms moving rapidly over shallow water, Journal of Geophysical Research, v. 107, no. 
C10, 3152, doi:10.1029/2001JC001140. 

Abstract: In the falls of both 1999 and 2000, waves with characteristics similar to tsunami hit the southeast coast of 
Newfoundland, Canada. The waves were large enough to cause local flooding, damage to docks, and other 
destruction. There is, however, no evidence of seismic events, underwater landslides, or slumping events on either 
occasion. Other explanations, such as storm surge, also appear unlikely, and local weather conditions at the coast 
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were not exceptional at the time. On both occasions, tropical storms moved rapidly across the Grand Banks of 
Newfoundland from southwest to northeast, with a translation speed of 30 m s-1. A significant, nonisostatic 
response to atmospheric pressure forcing can be expected over the shallow water of the banks since the translation 
speed of the storms is comparable to the local shallow water gravity wave speed. We speculate that the atmospheric 
pressure forcing associated with the storms generated a barotropic wake, and we use a numerical model to argue that 
as the storm moved back over the deep ocean, the wake was refracted and/or reflected by the variable bathymetry at 
the edge of the banks and that it was the refraction of the wake toward the coast that led to the unusual sea level 
events in southeastern Newfoundland. The numerical model results are in general agreement with the eye witness 
reports. The model-computed wave activity hits the southeast coast of Newfoundland at about the right time and in 
the right areas for both events, although for the 1999 event the model response is weaker than is observed at Port 
Rexton in Trinity Bay. The reason for the poorer model performance in the 1999 case is not known, although we do 
find that the model results are sensitive to uncertainty in the exact track taken by the storm across the banks. The 
model results demonstrate that the period and wavelength of the gravity waves comprising the wake are, in general, 
proportional to the length scale of the pressure forcing, an exception being the model response in Conception Bay, 
Newfoundland, where a resonant seiche response is found to dominate. 
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Atlantic Far-field Sources 
 
Scientific Books and Articles 
 
Lander, J.F., Whiteside, L.S., and Lockridge, P.A., 2002, A brief history of tsunamis in the 

Caribbean Sea, Science of Tsunami Hazards, v. 20, no. 2, p. 57-94. 
Abstract: The area of the Caribbean Sea is geologically active. Earthquakes and volcanoes are common occurrences. 

These geologic events can generate powerful tsunamis some of which are more devastating than the earthquake or 
volcanic eruption itself. This document lists brief descriptions of 91 reported waves that might have been tsunamis 
within the Caribbean region. Of these, 27 are judged by the authors to be true, verified tsunamis and an additional 
nine are considered to be very likely true tsunamis. The additional 53 events either are not described with sufficient 
detail in the literature to verify their tsunami nature or are judged to be reports of other phenomena such as sea 
quakes or hurricane storm surges which may have been reported as tsunamis. Included in these 91 reports are 
teletsunamis, tectonic tsunamis, landslide tsunamis, and volcanic tsunamis that have caused major damage and 
deaths. Nevertheless, in recent history these events have been relatively rare. In the interim since the last major 
tsunami event in the Caribbean Sea the coastal regions have greatly increased in population. Coastal development 
has also increased. Today tourism is a major industry that exposes thousands of non-residents to the disastrous 
effects of a tsunami. These factors make the islands in this region much more vulnerable today than they were when 
the last major tsunami occurred in this area. This paper gives an overview of the tsunami history in the area. This 
history illustrates what can be expected in the future from this geologic hazard and provides information that will be 
useful for mitigation purposes. 

 
Murty, T.S., Nirupama, N., Nistor, I., and Rao, A.D., 2005, Why the Atlantic generally cannot 

generate trans-oceanic tsunamis?, Technical Note, Journal of the Indian Society of 
Earthquake Technology, v. 42, no. 4, p. 227-236. 

Abstract: For the three oceans with major and concentrated population centers around the coastlines, namely, the Pacific, 
Atlantic and Indian Oceans, past events as well as numerical models appear to suggest that, while the Pacific and 
Indian Oceans can support trans-oceanic tsunamis, in general, the Atlantic Ocean cannot. There are seismological 
and physical oceanographic reasons for this difference in behaviour. It is not that the Atlantic Ocean does not give 
rise to tsunamis, but they are all generally local and do not impact the whole Atlantic Ocean. This local behaviour of 
tsunamis in the Atlantic Ocean needs to be taken into account in developing a tsunami warning system. 
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O’Loughlin, K.F., and Lander, J.F., 2003, Caribbean tsunamis: a 500-year history from 1498-
1998, Advances in Natural and Technological Hazards Research, v. 20, Kluwer Academic 
Publishers, Dordrecht, the Netherlands, 263 p. 

Contents: This history currently contains 127 tsunami reports, including 53 tsunamis judged to be authentic occurrences. 
This chronicle reveals that the Caribbean has the potential for a sweeping catastrophe: (1) a repeat of the 1755 
Lisbon teletsunami could again reach the Caribbean in 7-8 hours, with up to 7.6 m waves in the Antilles. (2) A 
submarine landslide-generated tsunami, triggered by the 1867 cataclysm, could cause another 19.8-m, 5-km-wide 
wave at Sainte-Rose, Guadeloupe, that reached the coast within minutes. (3) St. Thomas could be deluged by a 
recurrence, as in 1867, of devastation from a wall of water 18.3 m high penetrating the harbour and crashing ashore. 
(4) St. Croix could face a recurrence, as in 1867, of a 9-m tsunami that carried a warship over low buildings on the 
shoreline. (5) Puerto Rico could suffer yet again from terrible 6-m swells along its northwestern coasts caused by a 
sudden collapse of the seabed. (6) A magnitude 8.1 earthquake could result in tragic tsunami casualties, as in the 
Dominican Republic in 1946. This volume includes the following. (1) The Caribbean: islands and countries affected 
by Caribbean tsunamis; early names. (2) The tsunami hazard: characteristics of tsunamis; tsunami hazard; Caribbean 
seismic hazard. (3) About the 500-year tsunami history: details about the 1498 to 1998 Caribbean tsunami history; 
wave height; validity rating; magnitude and intensity; event reports; present U.S. Caribbean territories affected by 
tsunamis. (4) Types and effects of tsunamis: teletsunamis; tectonic tsunamis; landslide tsunamis; volcanic tsunamis; 
triggering effect of hurricanes. (5) Education about tsunamis risks: tsunami fatalities; tsunami descriptions; historical 
insight; growing comprehension of the hazard; awareness of tsunami indicators and risks. 
 

Parsons, T., and Geist, E.L., 2008, Tsunami probability in the Caribbean region, Pure and 
Applied Geophysics, v. 165, no. 11-12, p. 2089-2116. 

Abstract: We calculated tsunami runup probability (in excess of 0.5 m) at coastal sites throughout the Caribbean region. 
We applied a Poissonian probability model because of the variety of uncorrelated tsunami sources in the region. 
Coastlines were discretized into 20 km by 20 km cells, and the mean tsunami runup rate was determined for each 
cell. The remarkable ~500-year empirical record compiled by O’Loughlin and Lander (2003) was used to calculate 
an empirical tsunami probability map, the first of three constructed for this study. However, it is unclear whether the 
500-year record is complete, so we conducted a seismic moment-balance exercise using a finite-element model of 
the Caribbean-North American plate boundaries and the earthquake catalog, and found that moment could be 
balanced if the seismic coupling coefficient is c = 0.32. Modeled moment release was therefore used to generate 
synthetic earthquake sequences to calculate 50 tsunami runup scenarios for 500-year periods. We made a second 
probability map from numerically-calculated runup rates in each cell. Differences between the first two probability 
maps based on empirical and numerical-modeled rates suggest that each captured different aspects of tsunami 
generation; the empirical model may be deficient in primary plate-boundary events, whereas numerical model rates 
lack backarc fault and landslide sources. We thus prepared a third probability map using Bayesian likelihood 
functions derived from the empirical and numerical rate models and their attendant uncertainty to weight a range of 
rates at each 20 km by 20 km coastal cell. Our best-estimate map gives a range of 30-year runup probability from 0–
30% regionally. 

 
Earthquake sources 
 
Scientific Books and Articles 
 
Argus, D.F., Gordon, R.G., DeMets, C., and Stein, S., 1989, Closure of the Africa-Eurasia-

North America plate motion circuit and tectonics of the Gloria fault, Journal of 
Geophysical Research, v. 94, no. B5, p. 5585-5602. 

Abstract: We examine the closure of the current plate motion circuit between the African, North American, and 
Eurasian plates to test whether these plates are rigid and whether the Gloria fault is an active transform fault. We 
also investigate the possible existence of microplates that have been previously proposed to lie along these plate 
boundaries, and compare the predicted direction of motion along the African-Eurasian plate boundary in the 
Mediterranean with the direction of slip observed in earthquakes. From marine geophysical data we obtain 13 
transform fault azimuths and 40 3-m.y.-average spreading rates, 34 of which are determined from comparison of 
synthetic magnetic anomaly profiles to ~140 observed profiles. Slip vectors from 32 earthquake focal mechanisms 
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further describe plate motion. Detailed magnetic surveys north of Iceland provide 11 rates in a region where prior 
plate motion models had few data. Magnetic profiles north of the Azores triple junction record a rate of 24 mm/yr, 4 
mm/yr slower than used by prior models. Gloria and Sea Beam surveys accurately measure the azimuths of seven 
transform faults; our plate motion model fits six of the seven within 2°. Two transform faults surveyed by Gloria 
side scan sonar lie near FAMOUS area transform faults A and B and give azimuths 13° clockwise of them. Because 
recent studies show that short-offset transforms, such as transforms A and B, are in many places oblique to the 
direction of plate motion, we exclude azimuths from transforms with less than 35-km offset. The best fitting and 
closure-enforced vectors fit the data well, except for a small systematic misfit to the slip vectors: on right-lateral 
slipping transforms, slip vectors tend to be a few degrees clockwise of plate motion and mapped fault azimuths, 
whereas on left-lateral slipping transforms, slip vectors tend to be a few degrees counterclockwise of plate motion 
and mapped fault azimuths. We search the long Eurasia-North America boundary for evidence of an additional plate, 
but find no systematic misfits to the data. In particular, if a Spitsbergen plate exists and moves relative to Eurasia, its 
motion is less than 3 mm/yr. An Africa-Eurasia Euler vector determined by adding the Eurasia-North America and 
Africa-North America Euler vectors is consistent with the Gloria fault trend and with slip vectors from eastern 
Azores-Gibraltar Ridge focal mechanisms. A small circle, centered at the Africa-Eurasia closure-enforced pole, fits 
the trace of the Gloria fault. The model in which closure was enforced predicts ~4 mm/yr slip across the Azores-
Gibraltar Ridge, and west-northwest convergence near Gibraltar, ~45° more oblique than suggested by a recent 
model based on compressive axes of focal mechanisms. Moreover, our model predicts directions of plate motion 
that agree well with northwest trending slip vectors from thrust earthquakes between Gibraltar and Sicily. Because 
closure-enforced vectors fit the data nearly as well as the best fitting vectors, we conclude that the data are 
consistent with a rigid plate model and with the Gloria fault being a transform fault. 

 
Baptista, M.A., and Miranda, J.M., 2009, Revision of the Portuguese catalog of tsunamis, 

Natural Hazards and Earth Systems Science, v. 9, p. 25-42. 
Abstract: Catastrophic tsunamis are described in historical sources for all regions around the Gulf of Cadiz, at least 

since 60 BC. Most of the known events are associated with moderate to large earthquakes and among them the 
better studied is 1 November 1755. We present here a review of the events which effects, on the coasts of the 
Portuguese mainland and Madeira Island, are well described in historical documents or have been measured by tide 
gauges since the installation of these instruments. For a few we include new relevant information for the assessment 
of the tsunami generation or effects, and we discard events that are included in existing compilations but are not 
supported by quality historical sources or instrumental records. We quote the most relevant quantitative descriptions 
of tsunami effects on the Portuguese coast, including in all pertinent cases a critical review of the coeval sources, to 
establish a homogenous event list. When available, instrumental information is presented. We complement all this 
information with a summary of the conclusions established by paleo-tsunami research. 

 
Baptista, M.A., Heitor, S., Miranda, J.M., and Mendes Victor, L., 1998, The 1755 Lisbon 

tsunami: evaluation of the tsunami parameters, Journal of Geodynamics, v. 25, no. 2, p. 
143-157. 

Abstract: The tsunami generated by the 1755.01.11 earthquake affected mainly the coasts of the Iberian Peninsula and 
Northwest Morocco and was observed all over the North Atlantic coasts. The catastrophic dimensions of that 
phenomenon had a tremendous impact on the city of Lisbon and on several villages along the south coast of Portugal. 
The earthquake was felt all over Europe and the seismic intensity was estimated as X-XI (Mercalli Intensity Scale) 
at Lisbon and Southwest Portugal (Cape S. Vicente). The most destructive waves were observed along the coast of 
Portugal, specially in Lisbon, in the area of the S. Vicente Cape, along the Gulf of Cadiz and Northwest Morocco. 
Throughout historic times, earthquakes have periodically affected the city of Lisbon causing severe damage and 
casualties. In spite of that, the city kept growing, so the extension of damage and the loss of human lives in 1755 
were quite impressive. The downtown of Lisbon was flooded by the rising of the waters of the river Tagus and most 
historical documents reported waves of 6 m height. At Cape S. Vicente (Southwest Portugal) the run-up height, 
evaluated from historical data, is greater than 15 m. The eye witness accounts from Spain and Morocco reported 
wave heights greater than 10 m and large flooded areas along the Gulf of Cadiz and in several harbours in Morocco, 
e.g. Safi and Agadir. In the city of Lisbon, the number of casualties due exclusively to the tsunami is estimated 
around 900, and the penetration of the waters is evaluated to be 250 m. Most of the available literature concerning 
the 1755 earthquake is based on the compilation of Pereira de Sousa (1919) and, sometimes, incorporates both well 
established historical records and non reliable information. As the 1755 event evaluation is crucial to a quantitative 
approach of the tsunami hazard and risk assessment in Portugal, a new examination of the historical records was 
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needed before the establishment of reliable tsunami parameters that can be used both in numerical models of 
tsunami propagation and in geodynamic studies. In this paper, we present a new compilation of almost all the 
available historical data from the countries affected by the tsunami. In the analysis of these records, the following 
tsunami parameters are inferred: travel time, polarity of the first movement, maximum run-up height, period, 
number of waves, duration of the sea disturbance and extent of flooding.  

 
Baptista, M.A., Miranda, P.M.A., Miranda, J.M., and Mendes Victor, L., 1998, Constrains on 

the source of the 1755 Lisbon tsunami inferred from numerical modelling of historical data, 
doi:10.1016/S0264-3707(97)00020-3. 

Abstract: The 1755 Lisbon tsunami was felt all over the North Atlantic, being one of the first major events of this kind 
relatively well documented by historical sources. However, in spite of the extensive research work on the historical 
reports by a considerable number of authors, the epicentre location of this event is still uncertain and its focal 
mechanism is still not well understood, implying a great uncertainty in the tsunami generating mechanism. The 
generally assumed epicentre, inferred from isoseismal maps, is located slightly north of the Gorringe Bank (SW 
Iberia) and the rupture mechanism has been assumed in the past to be similar to the well studied 1969.02.28 event. 
While all previous studies have used a seismic-based approach, this paper uses all that is known about the tsunami 
parameters at the coast - presented in a companion paper - to define the location and geometry of the tsunami source. 
For that purpose some backward ray-tracing techniques were developed and their results were used to define the 
initial fields in a number of shallow water simulations of the water height at the coastal locations where the most 
reliable historical data are available. The source parameters also took into account the estimated seismic energy 
released. The results obtained here suggest that the 1755 tsunami probably originated on the continental shelf, 
implying an epicentre area located between the Gorringe Bank and the Iberian coast, in a geodynamic context quite 
different from the one implied in the 1969.02.28 event. The amplitude of the initial movement in the source region, 
required by the shallow water simulations to account for the reported magnitudes, suggests an elongated but shallow 
rupture area, extending along the shelf. It is suggested that this location of the rupture would have significant 
implications in the geology of the region. 

 
Baptista, M.A., Miranda, J.M., Chierici, F., and Zitellini, N., 2003, New study of the 1755 

earthquake source based on multi-channel seismic survey data and tsunami modeling, 
Natural Hazards and Earth Systems Sciences, v. 3, p. 333-340. 

Abstract: In the last years, large effort has been done to carry out multi-channel seismic reflection surveys (MCS) in SW 
Iberia to locate the active tectonic structures that could be related to the generation of the 1755 Lisbon earthquake 
and the tsunami. The outcome of these researches led to the identification of a large, compressive tectonic structure, 
named Marquês de Pombal thrust that, alone can account for only half the seismic energy released by the 1755 event. 
However, these investigations have shown the presence of additional tectonic structures active along the continental 
margin of SW Iberia that are here evaluated to model the tsunami waves observed along the coasts of Iberia, 
Morocco and Central Atlantic. In this paper we present a new reappraisal of the 1755 source, proposing a possible 
composite source, including the Marquês de Pombal thrust fault and the Guadalquivir Bank. The test of the source is 
achieved through numerical modelling of the tsunami all over the North Atlantic area. The results presented now 
incorporate data from the geophysical cruises and the historical observation along the European coasts and also from 
the Western Indies. The results of this study will, hopefully, improve the seismic risk assessment and evaluation in 
the Portuguese territory, Spain, Morocco and Central/North Atlantic.  

 
Barkan, R., ten Brink, U., and Lin, J., 2009, Far field tsunami simulations of the 1755 Lisbon 

earthquake: implications for tsunami hazard to the U.S. east coast and the Caribbean, 
Marine Geology, v. 264, no. 1-2, p. 109-122, doi:10.1016/j.margeo.2008.10.010. 

Abstract: The great Lisbon earthquake of November 1st, 1755 with an estimated moment magnitude of 8.5–9.0 was the 
most destructive earthquake in European history. The associated tsunami run-up was reported to have reached 5–15 
m along the Portuguese and Moroccan coasts and the run-up was significant at the Azores and Madeira Island. Run-
up reports from a trans-oceanic tsunami were documented in the Caribbean, Brazil and Newfoundland (Canada). No 
reports were documented along the U.S. East Coast. Many attempts have been made to characterize the 1755 Lisbon 
earthquake source using geophysical surveys and modeling the near-field earthquake intensity and tsunami effects. 
Studying far field effects, as presented in this paper, is advantageous in establishing constraints on source location 
and strike orientation because trans-oceanic tsunamis are less influenced by near source bathymetry and are 
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unaffected by triggered submarine landslides at the source. Source location, fault orientation and bathymetry are the 
main elements governing transatlantic tsunami propagation to sites along the U.S. East Coast, much more than 
distance from the source and continental shelf width. Results of our far and near-field tsunami simulations based on 
relative amplitude comparison limit the earthquake source area to a region located south of the Gorringe Bank in the 
center of the Horseshoe Plain. This is in contrast with previously suggested sources such as Marqués de Pombal 
Fault, and Gulf of Cádiz Fault, which are farther east of the Horseshoe Plain. The earthquake was likely to be a 
thrust event on a fault striking ~345° and dipping to the ENE as opposed to the suggested earthquake source of the 
Gorringe Bank Fault, which trends NE–SW. Gorringe Bank, the Madeira-Tore Rise (MTR), and the Azores appear 
to have acted as topographic scatterers for tsunami energy, shielding most of the U.S. East Coast from the 1755 
Lisbon tsunami. Additional simulations to assess tsunami hazard to the U.S. East Coast from possible future 
earthquakes along the Azores–Iberia plate boundary indicate that sources west of the MTR and in the Gulf of Cadiz 
may affect the southeastern coast of the U.S. The Azores–Iberia plate boundary west of the MTR is characterized by 
strike–slip faults, not thrusts, but the Gulf of Cadiz may have thrust faults. Southern Florida seems to be at risk from 
sources located east of MTR and South of the Gorringe Bank, but it is mostly shielded by the Bahamas. Higher 
resolution near-shore bathymetry along the U.S. East Coast and the Caribbean as well as a detailed study of potential 
tsunami sources in the central west part of the Horseshoe Plain are necessary to verify our simulation results.  

 
Bernard, P., and Lambert, J., 1988, Subduction and seismic hazard in the northern Lesser 

Antilles: revision of the historical seismicity, Bulletin of the Seismological Society of 
America, v. 78, no. 6, p. 1965-1983. 

Abstract: An important set of French and British archives on the historical seismicity of the northern Lesser Antilles 
is analyzed. We present the most significant data, which help to constrain the 8 February 1843, the 16 May 1851 and 
the 29 April 1897 earthquakes. The 1843 event is the largest reported historical earthquake of the Lesser Antilles 
subduction arc, and produced intensity IX on a segment about 100 km long, between Antigua and Grande-Terre 
(Guadeloupe), which contradicts the 300 km long proposed by other authors, who mainly rely on Robson's catalog 
(1964). This suggests a magnitude 7.5 to 8.0. The absence of tsunami and noticeable vertical deformation of the 
coasts in the source area makes very unlikely a normal fault mechanism, but does not rule out the possibility of a 
subduction event, because of the low-dip angle of the interplate plane. The dominance of moderate instrumental 
thrust earthquakes in the source area suggests a subduction mechanism for the 1843 event. The northern and 
southern limits of the 1843 source area roughly coincide with the Barracuda ridge and the Tiburon ridge, 
respectively, which may have acted as barriers during the rupture process. The northwestern portion of the Tiburon 
ridge is associated with a lack of instrumental seismicity, near Grande-Terre, which could indicate a possible 
magnitude 7.5 to 8.0 event in the next future. Moreover, its mechanism could be normal, which would provide the 
additional risk of a damaging tsunami. The evaluation of seismic hazard must also take into account possible 
shallow, moderate earthquakes, as the 1851 and the 1897 events, which produced intensities VII to VIII in 
Guadeloupe, and may be related to observed major Plioquaternary faults in this island. 

 
Dixon, T.H., Farina, F., DeMets, C., Jansma, P., Mann, P., and Calais, E., 1998, Relative 

motion between the Caribbean and North American plates and related boundary zone 
deformation from a decade of GPS observations, Journal of Geophysical Research, v. 103, 
no. B7, p. 15,157-15,182. 

Abstract: Global Positioning System (GPS) measurements in 1986, 1994, and 1995 at sites in the Dominican Republic, 
Puerto Rico, Cuba, and Grand Turk define the velocity of the Caribbean plate relative to North America. The data 
show eastward motion of the Caribbean plate at a rate of 21 ± 1 mm/yr (1 standard error) in the vicinity of southern 
Dominican Republic, a factor of 2 higher than the NUVEL-1A plate motion model prediction of 11 ± 3 mm/yr. 
Independent measurements on San Andres Island, and an Euler vector derived from these data, also suggest a rate 
that is much higher than the NUVEL-1A model. Available data, combined with simple elastic strain models, give 
the following slip rate estimates for major left-lateral faults in Hispaniola: (1) the North Hispaniola fault offshore the 
north coast of Hispaniola, 4 ± 3 mm/yr; (2) the Septentrional fault in northern Dominican Republic, 8 ± 3 mm/yr; 
and (3) the Enriquillo fault in southern Dominican Republic and Haiti, 8 ± 4 mm/yr. The relatively high plate motion 
rate and fault slip rates suggested by our study, combined with evidence for strain accumulation and historical 
seismicity, imply that seismic risk in the region may be higher than previous estimates based on low plate rate/low 
fault slip rate models and the relatively low rate of seismicity over the last century. 
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Dolan, J.F., Mullins, H.T., and Wald, D.J., 1998, Active tectonics of the north-central 
Caribbean: oblique collision, strain partitioning, and opposing subducted slabs, In: Dolan, 
J.F., and Mann, P. (eds.), Active strike-slip and collisional tectonics of the northern 
Caribbean plate boundary zone, Geological Society of America Special Paper 326, p. 1-61. 

Abstract: Side-scan sonar and seismic reflection data collected off N. Hispaniola and NW Puerto Rico provide detailed 
observations of a 400-km-long offshore segment of the N. Caribbean Plate boundary zone. The deformation zone is 
highlighted by active, oblique collision between Hispaniola and the southeasternmost Bahamas banks at the SE edge 
of a major restraining bend. Along the Hispaniola–Puerto Rico slope, an E-to-W transition occurs from highly 
oblique, predominantly left-lateral underthrusting of Atlantic oceanic lithosphere (N. America plate) along the 085° 
margin NW of Puerto Rico, to oblique left-lateral contraction along the 110° plate boundary off N-central 
Hispaniola. Three major structural provinces occur along the N. Hispaniola slope; a central collision zone is flanked 
on the west by a small accretionary prism and on the east by a wide, mostly strike-slip zone. The central zone slope 
has failed extensively by slumping yet exhibits little direct evidence of compression, save the underthrust carbonate 
bank. Onshore Hispaniola, however, collisional underthrusting of a carbonate basement spur has uplifted a flight of 
at least 15 marine terraces. The SE slope exhibits few contractional structures, except for the gently S-dipping 
underthrusting slab. Several E- to ENE–trending strike-slip faults extend along the slope east of the collision zone; 
the most prominent is the offshore extension of the left-lateral Septentrional fault system of N. Hispaniola. Two 
major pull-apart basins along splays of this fault system record sinistral offset of as much as several tens of km. In 
August 1946, a great earthquake ruptured a 195-km-long section of the plate boundary beneath NE Hispaniola: a 
gently S-dipping zone of strong coupling between Hispaniola and the underthrust, buoyant Bahamas carbonate 
basement. The absence of active tectonic structures within the colliding Bahamas province, except along the S. edge, 
suggests that the carbonate banks behave as a relatively rigid block during underthrusting. The presence of the 
Septentrional fault onshore south of the oblique-thrust interface indicates partitioning of the compressional and 
translational plate motion components in N. Hispaniola. Thus, north of the Septentrional fault, N. Hispaniola is a 
thin crustal sliver underlain by a shallowly SW-dipping decollement. Seismicity defines the 3D geometry of the 
Atlantic oceanic slab, as well as an opposing, N-dipping slab of Caribbean lithosphere thrust beneath Hispaniola and 
Puerto Rico along the Los Muertos trough. The near-vertical, deep Atlantic slab is continuous with the gently-
dipping shallow slab, except beneath the Mona Passage, where an absence of intermediate seismicity may reflect 
local detachment. The Atlantic and Caribbean slabs appear to collide in the upper mantle at ~50 km depth beneath E. 
Hispaniola and the Mona Passage. The collision corresponds to the steepest part of the Atlantic slab and the sharpest 
dip inflection point, suggesting that the steepness is a response to the collision. Oblique, westward-younging 
collisional underthrusting of the Bahamas ridge has controlled many features of the N-central Caribbean margin, 
including: (1) the location of the Hispaniola restraining bend; (2) early(?) to mid-Pliocene onset of uplift in N. 
Hispaniola; (3) initiation of the Septentrional fault system; (4) a sharp, 30° bend in the strike of the deeply subducted 
Atlantic lithospheric slab beneath Mona Passage; (5) erosion, collapse, and step-back of the southern edges of the 
colliding carbonate banks; and (6) 25° counterclockwise rotation of Puerto Rico during late Miocene–Pliocene time. 
In addition, the collision has retarded eastward motion of Hispaniola, allowing Puerto Rico, which overthrust the 
SW extension of the W-NW-trending Bahamas ridge in late Miocene–Pliocene time, to move eastward relative to 
Hispaniola, opening Mona Passage and Mona Canyon in its wake. 

 
Fernandes, R.M.S., Ambrosius, B.A.C., Noomen, R., Bastos, L., Wortel, M.J.R., Spakman, W., 

and Govers, R., 2003, The relative motion between Africa and Eurasia as derived from 
ITRF2000 and GPS data, Geophysical Research Letters, v. 30, no. 16, 1828, 
doi:10.1029/2003GL017089. 

Abstract: Studies of intra- and inter-plate deformation typically need a model describing the motions of the stable part 
of the tectonic plates for reference purposes. We have developed DEOS2k, a model for the current motion of seven 
major tectonic plates derived from space-geodetic observations. This paper focuses on relative motion between 
Africa and Eurasia. In the past, this motion has been poorly established because of poor data coverage for Africa. 
DEOS2k is based on ITRF2000 and new African GPS observations. It is an improvement over the NUVEL-1A 
model for predicting the present-day relative motions of these two plates. DEOS2k predicts in northeastern Africa 
that Africa-Eurasia relative motion is about 40% smaller in magnitude than NUVEL-1A and trends more to the 
northwest. This is consistent with independent local geodetic observations. A similar shift in orientation, clockwise, 
is observed at the western tip of the plate boundary. 
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Fernandes, R.M.S., Miranda, J.M., Meijninger, B.M.L., Bos, M.S., Noomen, R., Bastos, L., 
Ambrosius, B.A.C., and Riva, R.E.M., 2007, Surface velocity field of the Ibero-Maghrebian 
segment of the Eurasia-Nubia plate boundary, Geophysical Journal International, v. 169, p. 
315-324, doi:10.1111/j.1365-246X.2006.03252.x. 

Abstract: We process continuous GPS data distributed over the Iberian Peninsula, complemented by a few stations in 
France and North Africa, to constrain the displacement field in the surrounding area. A surface velocity field is 
derived from the time-series of daily solutions for each station, whose observations span 3.5 yr or longer. We find 
that most of Iberia forms a stable block fixed relative to Eurasia in which residuals have a weighted rms value of 
0.85 mm yr−1 and are all below the computed accuracy for each station. Stations in northern Morocco exhibit a 
motion close to what would be expected for stable Nubia, in which residuals have a weighted rms value of 0.70 mm 
yr−1 and are also all below computed accuracies. The most distinctive behaviour is found at stations along the 
southern coast of Spain and the northern coast of Morocco, where larger and more westward velocities are found. 
Three stations in southern Iberia show differences with respect to stable Eurasia that can reach 4.4 mm yr−1 and are 
distinctly larger than computed accuracies. We hypothesize that this peculiar behaviour is not only a consequence of 
the Nubian–Eurasian plate convergence, but also a result of a local lithospheric process, particularly the effect of the 
Gibraltar slab, as previously suggested by seismic tomography and geological modelling. 

 
Fernandez, M., Molina, E., Havskov, J., and Atakan, K., 2000, Tsunamis and tsunami hazards 

in central America, Natural Hazards, v. 22, no. 2, p. 91-116. 
Abstract: A tsunami catalogue for Central America is compiled containing 49 tsunamis for the period 1539–1996, thirty 

seven of them are in the Pacific and twelve in the Caribbean. The number of known tsunamis increased dramatically 
after the middle of the nineteenth century, since 43 events occurred between 1850 and 1996. This is probably a 
consequence of the lack of population living near the coast in earlier times. The preliminary regionalization of the 
earthquakes sources related to reported tsunamis shows that, in the Pacific, most events were generated by the 
Cocos-Caribbean Subduction Zone (CO-CA). At the Caribbean side, 5 events are related with the North American-
Caribbean Plate Boundary (NA-CA) and 7 with the North Panama Deformed Belt (NPDB). There are ten local 
tsunamis with a specific damage report, seven in the Pacific and the rest in the Caribbean. The total number of 
casualties due to local tsunamis is less than 455 but this number could be higher. The damages reported range from 
coastal and ship damage to destruction of small towns, and there does not exist a quantification of them. A 
preliminary empirical estimation of tsunami hazard indicates that 43% of the large earthquakes (Ms ≥ 7.0) along the 
Pacific Coast of Central America and 100% along the Caribbean, generate tsunamis. On the Pacific, the Guatemala–
Nicaragua coastal segment has a 32% probability of generating tsunamis after large earthquakes while the 
probability is 67% for the Costa Rica–Panama segment. Sixty population centers on the Pacific Coast and 44 on the 
Caribbean are exposed to the impact of tsunamis. This estimation also suggests that areas with higher tsunami 
potential in the Pacific are the coasts from Nicaragua to Guatemala and Central Costa Rica; on the Caribbean side, 
Golfo de Honduras Zone and the coasts of Panama and Costa Rica have major hazard. Earthquakes of magnitude 
larger than 7 with epicenters offshore or onshore (close to the coastline) could trigger tsunamis that would impact 
those zones. 

 
Gràcia, E., Vizcaino, A., Escutia, C., Asioli, A., Rodés, A., Garcia-Orellano, J., Lebreiro, S., 

and Goldfinger, C., 2010, Holocene earthquake record offshore Portugal (SW Iberia): 
Testing turbidite paleoseismology in a slow-convergence margin, Quaternary Science 
Reviews, doi:10.1016/j.quascirev.2010.01.010, in press. 

Abstract: The SW margin of the Iberian Peninsula hosts the present-day boundary between the Eurasian and African 
Plates. Convergence (4–5 mm/yr) is accommodated through a wide deformation zone characterized by moderate 
magnitude seismic activity. This zone has also been the source of the most important seismic events in Western 
Europe, such as the 1755 Lisbon Earthquake and Tsunami and 1969 Horseshoe Earthquake. Despite efforts to 
identify active seismogenic structures in the Gulf of Cadiz in the last ten years, little is known about its paleoseismic 
history. The turbidite paleoseismology approach was applied for the first time in a low-rate convergent margin to 
determine the recurrence interval of large earthquake events that occurred in SW Iberia during the Holocene. Four 
sediment cores collected at strategically located sites offshore Portugal (i.e. Tagus Abyssal Plain, Infante Don 
Henrique Basin and Horseshoe Abyssal Plain) reveal that these deep-sea basins preserve a record of episodic 
deposition of turbidites. In the SW Iberian margin excluding special climatic events, earthquakes are the most likely 
triggering mechanism for synchronous, widely-spaced distributed turbidites during the Holocene, when the sea level 
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was relatively stable. Age correlation together with textural, mineralogical, physical properties and geochemical 
signatures of the new cores complemented by pre-existing multicores and gravity cores reveals a total of 7 
widespread turbidite events for the Holocene. Precise dating of the most recent turbidite event (E1) based on 210Pb 
and 137Cs geochronology provides an age of AD 1971 ± 3. This age corresponds to a high-magnitude instrumental 
earthquake in the region: the 1969 Horseshoe Earthquake (Mw 8.0). Calibrated 14C ages of subsequent widespread 
turbidite events (E3 and E5) correlate with the dates of important historical earthquakes and paleotsunami deposits 
in the Gulf of Cadiz area, such as AD 1755 and 218 BC, respectively. If older synchronous events (E6, E8, and E10) 
with ages ranging from 4960–5510 yr BP to 8715–9015 yr BP are also taken into account, a great earthquake 
recurrence interval of about 1800 years is obtained for the Holocene. Our correlations suggest that the turbidite 
record may be considered as a proxy for paleoseismic activity in low-convergence rate margins, and a valuable 
complementary tool in earthquake and tsunami hazard assessment along the coasts of the Iberian Peninsula and 
North Africa. 

 
Grevemeyer, I., Kaul, N., Kopf, A., 2008, Heat flow anomalies in the Gulf of Cadiz and off 

Cape San Vincente, Portugal, Marine and Petroleum Geology, v. 26, p. 795-804. 
Abstract: Heat flow anomalies provide critical information in active tectonic environments. The Gulf of Cadiz and 

adjacent areas are affected by the plate convergence between Africa and Europe, causing widespread deformation 
and faulting. Active thrust faults cause lateral movement and advection of heat that produces systematic variations in 
surface heat flow. In December 2003 new heat flow data were collected during the research vessel Sonne cruise 
SO175 in the Gulf of Cadiz over two sites of recent focused research activity: (i) the Gulf of Cadiz sedimentary 
prism and (ii) the Marques de Pombal escarpment. Both features have also been discussed as potential source areas 
of the Great Lisbon earthquake and tsunami of 1755. Background heat flow at the eastern terminus of the Horseshoe 
abyssal plain is about 52–59 mW/m2. Over the Gulf of Cadiz prism, heat flow decreases from ~57 mW/m2 to 
unusually low values of 45 mW/m2 roughly 120 km eastward. Such low values and the heat flow trend are typical 
for active thrusting, supporting the idea of an east-dipping thrust fault. Slip rates are 10 ± 5 mm per year, assuming 
that the fault dips at 2°. A fault dipping at 5°, however, would result into slip rates of 1.5–5 mm per year, suggesting 
that subduction has largely ceased. Based on seismic data, the Marques de Pombal fault is interpreted as part of an 
active fault system located ~100 km westward of Cape San Vincente. Heat flow over the fault is affected by 
refraction of heat caused by the 1 km high escarpment. Thermal models suggest that the slip rate along the fault 
must either be small or shear stresses acting on the fault are rather high. With respect to other fault zones, however, 
it is reasonable to assume that the fault’s slip rate is small. 

 
Gutscher, M.-A., 2004, What caused the great Lisbon earthquake?, Science, v. 305, p. 1247-

1248. 
Summary: On 1 November 1755, during mass on All Saint’s Day, a great earthquake struck, toppling many churches in 

Portugal and SW Spain and killing about 60,000 people. The M~8.7 great Lisbon earthquake triggered a 5- to 10-m-
high tsunami and caused many casualties in Europe and NW Morocco. In this region, the African plate moves NW 
against southern Iberia at a rate of 4 mm/year, but the plate boundary here is not well defined, and the source of the 
Lisbon earthquake has remained elusive. It has been difficult to find a simple plate-tectonic model that explains all 
geological observations. Over the past 15 Myr, crustal thinning and extension have produced a deep marine basin in 
the West Alboran Sea (western Mediterranean), while shortening and thrusting continued in the horseshoe-shaped 
Betic and Rif mountain belts. A popular model concluded that the region was an example of “delamination” 
(breaking off of a deep mantle root following continental collision). However, new data support eastward subduction 
beneath the Straits of Gibraltar. Tomographic cross sections show cold, dense material—an oceanic slab—
descending to nearly 700 km depth. 5-15 Ma volcanoes in the Alboran Sea show arc chemistry. Tectonic block 
motion in southern Iberia is best explained by slab rollback during subduction, causing back-arc extension. The 
southeastern limit of deformation in the back arc aligns with a major NE-trending strike-slip fault that trends across 
the West Alboran Sea to NE Morocco, where an M = 6.3 earthquake in February 2004 caused nearly 600 deaths. Is 
the subduction system still active, and does it pose a seismic risk? Numerous active mud volcanoes in the Gulf of 
Cadiz indicate ongoing dewatering processes, which are widespread in accretionary wedges. Seismic data indicate 
active folding and thrusting of the youngest sediments (a few k.a.) of the outer wedge. Marine heat flow data also 
indicate active subduction. An active subduction zone off southern Iberia poses a long-term seismic risk and is a 
likely candidate for having produced the Great Lisbon earthquake in 1755. However, no subduction interface 
earthquakes have been instrumentally recorded in the Gulf of Cadiz. Hence, subduction has either ceased, is active 
and aseismic, or is active but the seismogenic fault zone is locked. The latter seems most likely; the Gibraltar 
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subduction zone may resemble the Nankai and Cascadia subduction zones, which are characterized by a large locked 
zone and recurrence times of 100-1000 years for great earthquakes. A record of past great earthquakes exists in the 
abyssal plains off southwest Iberia in the form of turbidite deposits laid down by seismically-triggered submarine 
gravity slides; these deposits suggest that events of the magnitude of the Great Lisbon earthquake occur at ~1000-
2000-year intervals. The Gulf of Cadiz is now the target of a concerted international effort, with 5 oceanographic 
cruises planned between summer 2004 and 2005. 

 
Gutscher, M.-A., 2005, Destruction of Atlantis by a great earthquake and tsunami? A 

geological analysis of the Spartel Bank hypothesis, Geology, v. 33, no. 8, p. 685-688, 
doi:10.1130/G21597.1. 

Abstract: Numerous geographical similarities exist between Plato’s descriptions of Atlantis and a paleoisland (Spartel) 
in the western Straits of Gibraltar. The dialogues recount a catastrophic event that submerged the island ca. 11.6 ka 
in a single day and night, due to violent earthquakes and floods. This sudden destruction is consistent with a great 
earthquake (M 8.5) and tsunami, as in the Gulf of Cadiz region in 1755 when tsunami runup heights reached 10 m. 
Great earthquakes (M 8–9) and tsunamis occur in the Gulf of Cadiz with a repeat time of 1.5–2 k.y., according to the 
sedimentary record. An unusually thick turbidite dated as ca. 12 ka may coincide with the destructive event in 
Plato’s account. The detailed morphology of Spartel paleoisland, as determined from recently acquired high-
resolution bathymetric data, is reported here. The viability of human habitation on this paleoisland ca. 11.6 ka is 
discussed on the basis of a new bathymetric map. 

 
Gutscher, M.-A., and Westbrook, G.K., 2009, Great earthquakes in slow-subduction, low-

taper margins, In: Lallemand, S., and Funicello, F. (eds.), Subduction Zone Geodynamics, 
Springer-Verlag, Berlin Heidelberg, p. 119-133, doi:10.1007/978-3-540-87974-9. 

Abstract: The seismic hazard presented by slow subduction zones is not well known. While there is a widely accepted 
apparent relation between “fast-young plate” subduction and great earthquake generation (e.g., Chile, 1960), the 
seismic record indicates that slow subduction zones are also capable of generating mega-thrust earthquakes (M > 
8.2). Available data on the recurrence interval for slow subduction margins, suggests that repeat times are longer 
than for more rapid convergence margins (on the order of several hundred to a few thousand years). For several of 
these margins, however, no shallow dipping thrust earthquake focal mechanisms are observed and no mega-thrust 
earthquakes known either. Slow subduction zones (v ≤ 4 cm/year) are typically characterized by thick sedimentary 
sections on the incoming plate (2–6 km) and by a broad accretionary wedge (100–250 km). The “taper” of these 
accretionary wedges is mechanically related to the basal and internal friction and ranges from about 2° to 12°. Some 
wedges have extremely shallow mean surface and basal slopes (about 1–2° each, taper <4°) indicating a very weak 
decollement layer. These include: Barbados Ridge, Makran, Hikurangi, Mediterranean Ridge, Calabria, 
Gibraltar/Cadiz, and Cascadia/Washington. Nankai, Sumatra and E. Alaska have slightly higher tapers of about 5–7°. 
Most of these low-taper wedges have very slow to slow convergence rates (0.5–4 cm/year). The presence of these 
wide accretionary wedges strongly affects the type and amount of deformation above the “up-dip limit” of the 
seismogenic zone. The thermally insulating effect of a wide and thick wedge of sediment produces a wide, shallow 
transition zone (between the 100°C and 150°C isotherms) as well as a substantial (up to 80 km wide) region between 
this and the front of the wedge, where the amount and timing of deformation is poorly understood. Indeed, recent 
seismological data from Nankai indicate “very-low-frequency” shallow-thrust earthquakes beneath the accretionary 
wedge, long considered to be “aseismic,” underscoring the unusual mechanical behavior in the transition zone. As 
the rigidity of the high-porosity wedge sediments is low, for an earthquake of a given seismic moment, more 
coseismic slip will occur and for a longer duration, than for a deeper earthquake in more consolidated units. Thus 
shallow earthquakes in the wedge are more efficient at generating a strong tsunami. Many of the margins with very 
broad accretionary wedges have produced extremely strong earthquakes (M9) in the past, as well as giant tsunamis. 

 
Gutscher, M.-A., Malod, J., Rehault, J.-P., Contrucci, I., Klingelhoefer, F., Mendes-Victor, L., 

and Spakman, W., 2002, Evidence for active subduction beneath Gibraltar, Geology, v. 30, 
p. 1071-1074, doi:10.1130/0091-7613(2002)030<1071:EFASBG>2.0.CO;2. 

Abstract: We report on a marine seismic survey that images an active accretionary wedge west of Gibraltar. Ramp 
thrusts offset the seafloor and sole out to an east-dipping décollement, indicating ongoing westward-vergent tectonic 
shortening. New traveltime tomographic results image a slab of oceanic lithosphere descending from the Atlantic 
domain of the Gulf of Cadiz, passing through intermediate-depth (60–120 km) seismicity beneath the westernmost 
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Alboran Sea, and merging with a region of deep-focus earthquakes 600–660 km below Granada, Spain. Together, 
these new data provide compelling evidence for an active east-dipping subduction zone. 

 
Gutscher, M.-A., Baptista, M.A., and Miranda, J.M., 2006, The Gibraltar Arc seismogenic 

zone (part 2): constraints on a shallow east dipping fault plane source for the 1755 Lisbon 
earthquake provided by tsunami modeling and seismic intensity, Tectonophysics, v. 426, p. 
153-166, doi:10.1016/j.tecto.2006.02.025. 

Abstract: The Great Lisbon earthquake has the largest documented felt area of any shallow earthquake and an estimated 
magnitude of 8.5–9.0. The associated tsunami ravaged the coast of SW Portugal and the Gulf of Cadiz, with run-up 
heights reported to have reached 5–15 m. While several source regions offshore SW Portugal have been proposed 
(e.g.— Gorringe Bank, Marquis de Pombal fault), no single source appears to be able to account for the great 
seismic moment as well as all the historical tsunami amplitude and travel time observations. A shallow east dipping 
fault plane beneath the Gulf of Cadiz associated with active subduction beneath Gibraltar, represents a candidate 
source for the Lisbon earthquake of 1755. Here we consider the fault parameters implied by this hypothesis, with 
respect to total slip, seismic moment, and recurrence interval to test the viability of this source. The geometry of the 
seismogenic zone is obtained from deep crustal studies and can be represented by an east dipping fault plane with 
mean dimensions of 180 km (N–S)×210 km (E–W). For 10 m of co-seismic slip an Mw 8.64 event results and for 20 
m of slip an Mw 8.8 earthquake is generated. Thus, for convergence rates of about 1 cm/yr, an event of this 
magnitude could occur every 1000–2000 years. Available kinematic and sedimentological data are in general 
agreement with such a recurrence interval. Tsunami wave form modeling indicates a subduction source in the Gulf 
of Cadiz can partly satisfy the historical observations with respect to wave amplitudes and arrival times, though 
discrepancies remain for some stations. A macroseismic analysis is performed using site effect functions calculated 
from isoseismals observed during instrumentally recorded strong earthquakes in the region (M7.9 1969 and M6.8 
1964). The resulting synthetic isoseismals for the 1755 event suggest a subduction source, possibly in combination 
with an additional source at the NW corner of the Gulf of Cadiz can satisfactorily explain the historically observed 
seismic intensities. Further studies are needed to sample the turbidites in the adjacent abyssal plains to better 
document the source region and more precisely calibrate the chronology of great earthquakes in this region. 

 
Gutscher, M., Dominguez, S., Westbrook, G.K., and Leroy, P., 2009, Deep structure, recent 

deformation and analog modeling of the Gulf of Cadiz accretionary wedge: implications for 
the 1755 Lisbon earthquake, Tectonophysics, v. 475, p. 85-97, 
doi:10.1016/j.tecto.2008.11.031. 

Abstract: The Gulf of Cadiz spans the plate boundary between Africa and Eurasia west of the Betic–Rif mountain belt. 
A narrow east dipping subduction zone descends beneath the Gulf of Cadiz and the straits of Gibraltar. The deep 
crustal structure of the Gulf and the adjacent SW Iberian and Moroccan margins is constrained by numerous multi-
channel seismic reflection and wide-angle seismic surveys. A compilation of these existing studies is presented in 
the form of depth to basement, sediment thickness, depth to Moho and crustal thickness maps. These structural maps 
image an E–W trending trough, with thin (<10 km) crust beneath the Gulf of Cadiz. This trough is filled by an 
eastward thickening wedge of sediments, reaching a thickness of 10–15 km in the eastern Gulf. These sediments are 
tectonically deformed, primarily along a series of westward-vergent thrust faults and represent a 200–250 km wide 
accretionary wedge. The northern and especially the southern limits of the accretionary wedge are marked by sharp 
morphological lineaments showing evidence of recent deformation. These tectonic limits are situated in an internal 
position with respect to the Miocene deformation front (external Betic and Rif allocthons), which has been 
abandoned. At the western boundary of the accretionary wedge, near the adjacent Seine and Horseshoe abyssal 
plains, an E–W trending basement high (Coral Patch Ridge) can be seen indenting the deformation front in an 
asymmetric manner. Analog modeling is performed using granular materials accreted against a semicircular 
backstop (representing the basement of the Rif and Betic mountain belts). The modeling initially produces a 
symmetric, arcuate accretionary wedge. The ensuing collision of an oblique rigid indenter retards accretion on one 
side, resulting in an embayment and a locally steeper deformation front. The deformation pattern observed in 
morphology and high-resolution seismic profiles suggests the accretionary wedge and underlying subduction system 
is still active. The implications of active subduction for the source region of the 1755 Lisbon earthquake and the 
regional seismic hazard assessment are discussed. 

 
Jansma, P.E., and Mattioli, G.S., 2005, GPS results from Puerto Rico and the Virgin Islands: 
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constraints on tectonic setting and rates of active faulting, In: Mann, P. (ed.), Active 
tectonics and seismic hazards of Puerto Rico, the Virgin Islands, and offshore areas, 
Geological Society of America Special Paper 385, p. 13-30, doi:10.1130/0-8137-2385-X.13. 

Abstract: Puerto Rico and the northern Virgin Islands define the eastern terminus of the Greater Antilles, which extend 
eastward from offshore eastern Central America to the Lesser Antilles volcanic arc and mark the boundary between 
the Caribbean and North America plates. In Hispaniola, Puerto Rico, and the northern Virgin Islands, the Puerto 
Rico trench and the Muertos trough define the northern and southern limits of the plate boundary zone, respectively. 
Three microplates lie within the boundary zone: (1) the Gonave in the west; (2) the Hispaniola in the center; and (3) 
the Puerto Rico–northern Virgin Islands in the east. Results from Global Positioning System (GPS) geodesy 
conducted in the region since 1994 confirm the presence of an independently translating Puerto Rico–northern 
Virgin Islands microplate whose motion is 2.6 ± 2.0 mm/yr toward N82.5°W ± 34° (95%) with respect to the 
Caribbean. Geodetic data are consistent with E-W extension of several mm/yr from eastern Hispaniola to the eastern 
Virgin Islands. Extension increases westward with the most, 5 ± 3 mm/yr, accommodated in the Mona rift, 
confirming earlier GPS geodetic results. E-W extension of 3 ± 2 mm/yr also is observed across the island of Puerto 
Rico, consistent with composite focal mechanisms and regional epicentral distributions. Although the loci of 
extension are not known, similarity of velocities among sites in eastern Puerto Rico suggests the active structures lie 
west of San Juan. Reactivation of the Great Northern and Southern Puerto Rico fault zones as oblique normal faults 
with right-lateral slip is a possibility. E-W extension of 2 ± 1 mm/yr also must exist between eastern Puerto Rico and 
Virgin Gorda, which likely is attached to the Caribbean plate. These extensional belts allow eastward transfer of slip 
between North America and the Caribbean from the southern part of the plate boundary zone in the west to the 
northern segment in the east. Motions along or across any of the individual subaerial structures of Puerto Rico are 
≤2 mm/yr. The Lajas Valley in the southwest, where microseismicity is greatest, is the locus of highest permissible 
on-land deformation. NW-SE to E-W extension of 2 ± 1 mm/yr is also observed across the Anegada Passage. 

 
Jansma, P.E., Mattioli, G.S., Lopez, A., DeMets, C., Dixon, T.H., Mann, P., and Calais, E., 

2000, Neotectonics of Puerto Rico and the Virgin Islands, northeastern Caribbean, from 
GPS geodesy, Tectonics, v. 19, no. 6, p. 1021-1037. 

Abstract: The boundary between the North American and Caribbean plates is characterized primarily by left-lateral 
motion along predominantly east-west striking faults. Seismicity and marine geophysical survey data are consistent 
with at least two, and possibly three, microplates in the diffuse boundary zone in the northeastern Caribbean: (1) the 
Gonave, (2) the Hispaniola, and (3) the Puerto Rico-northern Virgin Islands (PRVI). We discuss results from GPS 
geodetic measurements acquired since 1994 to test the microplate hypothesis, define PRVI translation and rotation 
within the boundary zone, and constrain PRVI neotectonics. GPS-derived velocities are analyzed with respect to 
both North American and Caribbean plate reference frames. Integrated displacements across PRVI are limited to a 
few millimeters per year, consistent with a rigid PRVI and permitting calculation of an average velocity for PRVI. 
The motions of PRVI relative to North America and the Caribbean are 16.9±1.1 mm/yr toward N68°E±3° (1σ) and 
2.4±1.4 mm/yr toward S79°W±26° (1σ), respectively. In contrast with some recent models, ongoing rotation of 
PRVI about a nearby (< 25° distant) vertical axis is not supported by the geodetic data. In addition, we argue against 
eastward tectonic escape of PRVI and favor a simple, progressive increase in velocity across the plate boundary 
zone, requiring that the summed magnitude of strike-slip fault slip rates will equal the total plate motion rate 
between the Caribbean and North America. GPS data are consistent with components of left-lateral strike-slip 
faulting along the Muertos trough south of Puerto Rico and shortening across the Puerto Rico trench. Comparison of 
GPS velocities for PRVI with respect to North America with total North America-Caribbean relative motion 
suggests up to 85% of North American-Caribbean plate motion is accommodated by the Puerto Rico trench and 
offshore faults north of Puerto Rico. Differences in GPS-derived velocities from Hispaniola and PRVI yield east-
west extension across the N-S trending Mona rift of a few millimeters per year when estimated elastic strain 
accumulation effects along the north Hispaniola deformed belt and the Septentrional fault zone are considered. The 
opening rate implies an age of the Mona rift of 2-3 million years, agreeing with marine geophysical data that support 
a young age for the structure. 

 
Johnston, A.C., 1996, Seismic moment assessment of earthquakes in stable continental regions-

III. New Madrid 1811-1812, Charleston 1886 and Lisbon 1755, Geophysical Journal 
International, v. 126, no. 2, p. 314-344. 

Abstract: The sizes of three major or great historical earthquakes are reassessed using the isoseismal-area-regression 

  



 176

tools developed in Parts I and II of this study of stable continental region (SCR) seismicity. The earthquakes are 
1811 New Madrid, central United States, and its following sequence; 1886 Charleston, coastal South Carolina; and 
1755 Lisbon, oceanic intraplate off the continental shelf of Portugal. The analysis confirms the large size of these 
events and for the first time places constraints on the uncertainty of their seismic moment release. Because of the 
exceptionally low seismic-wave attenuation of eastern North America (ENA), a separate North American regression 
of seismic moment on isoseismal area was developed. Additionally, the unknown western extents of the New 
Madrid isoseismal areas were calibrated with the patterns of the M 6.3-6.6 1843 and 1895 earthquakes. Application 
of Part II analysis procedures with these corrections yields New Madrid size estimates, expressed as moment 
magnitude, of magnitude, of M 8.1±0.31 for the 1811 December 16, M 7.8±0.33 for the 1812 January 23, and M 
8.0±0.33 for the 1812 February 7 principal events. The Charleston earthquake's magnitude decreases from M≥7.4 to 
M 7.3±0.26 after compensation for the effect of coastal plain sediments on its inner isoseismals. Intensity 
regressions for Lisbon are calibrated against the isoseismal pattern of the nearly co-located M 7.8 1969 St Vincent 
earthquake, which in this case increases the predicted size of Lisbon from M 8.4 to M 8.7±0.39. These size estimates 
are supported by data from independent phenomena: extent and severity of liquefaction, the maximum distance of 
induced landslides, and for Lisbon, tsunami wave amplitudes. Estimated source parameters are controlled by crustal 
or lithospheric temperature, which governs the depth extent of brittle faulting. Using estimated continental and 
oceanic geotherms, viable fault lengths are 30–80 km for Charleston, 120–180 km for 1811 New Madrid, and 180–
280 km for Lisbon for average displacements of 2–4 m, 8–11 m, and 10–14 m, respectively, and for average static 
stress and strain drops. At the estimated seismic moments of this study, the 1811 New Madrid and the 1755 Lisbon 
events are, respectively, the largest known SCR and oceanic lithosphere earthquakes. 

 
Knight, B., 2006, Model prediction of Gulf and southern Atlantic coast tsunami impacts from a 

distribution of sources, Science of Tsunami Hazards, v. 24, no. 5, p. 304-312. 
Abstract: The West Coast and Alaska Tsunami Warning Center now issues tsunami warnings for the US Gulf and US 

/Canadian Atlantic coasts. Because there is less historical data for these regions than for the Pacific, numerical 
models have been used to make predictions of wave amplitudes, travel time, and “reach”. Hypothetical tsunami 
sources are placed in the Atlantic, the Gulf of Mexico, and in the Caribbean, with the resulting waves advanced 
forward in time 12 to 24 hours. Model results are presented in relation to warning center procedures. 

 
Lebreiro, S.M., McCave, I.N., and Weaver, P.P.E., 1997, Late Quaternary turbidite 

emplacement on the Horseshoe abyssal plain (Iberian margin), Journal of Sedimentary 
Research, v. 67, no. 5, p. 856-870. 

Abstract: The Horseshoe abyssal plain (HAP) is located on the Iberian margin at approximately 4800 m water depth, 
and is confined within topographic elevations with a relief of about 3000 m, with the exception of Gorringe Bank, 
which rises to only 20 m below sealevel. The plain is built up by an alternation of turbidites of the order of meter-
thick beds, numbered H2, H3, H8, and H13 , contrasting with sets of thinner beds of the order of decimeters thick 
(H4,5,6,7 and H9,10,11,12) and pelagites centimeters in thickness. An intensive study of eight piston cores, using visual 
observation (color and thickness), relative stratigraphic position of units, magnetic susceptibility logs, calcium 
carbonate content, and mineralogy of turbidite bases, concludes in a bed-by-bed correlation of all individual 
turbidites. The major source of terrigenous material feeding the HAP is the São Vicente canyon, which incises the 
Portuguese shelf, while minor sources are the surrounding seamounts. The elongate geometry of the abyssal plain 
with its single dominant source of sediments produced laterally continuous deposits from both large and small flows. 
These covered the entire 356 km length of the plain. Grain-size analysis of the four thickest turbidites (H2, H3, H8, 
and H9) demonstrates only slight downcurrent fining and vertical grading, expressed best in the ratio of coarse silt to 
fine silt plus clay. A small amount of sand is carried the length of the plain. The thicker units all show the same 
pattern of thickness, with a maximum in the middle of the plain around a topographic constriction and bend. This is 
most plausibly explained as due to reduction in flow speed of an initially supercritical flow causing enhanced 
deposition. Some of the beds appear to have a double coarse layer in the base, which may indicate partial reflection 
of flows from the side of the basin. It is suggested by application of equations for flow behavior that both thick (~3 
m) and thin (~0.3 m) beds are due to supercritical flows a few tens of meters high. However, the thick beds resulted 
from high-concentration flows (Cv ~4% by volume) whereas thinner beds require low concentration (Cv < 1%) to 
run out over the full length of the basin. The stratigraphy is tied into the dated oceanic pelagic record by analysis of 
foraminifera in the pelagic layers above the turbidites and through recognition of two Heinrich layers (H-l and H-2, 
ages 14.3 and 21 ka). The resulting age framework shows higher turbidite frequency in the glacial (2.7/kyr) than 
interglacial (Holocene) (l.0/kyr). This also gives higher mass flux during the glacial. Emplacement of turbidites 
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cannot be clearly related to sea-level changes but may well be due to seismic activity. However, one of the largest 
earthquakes in human experience (Lisbon in 1755) triggered only a thin turbidite, invalidating the term “seismite” 
for thick turbidites. 

 
Luque, L., Lario, J., Zazo, C., Goy, J.L., Dabrio, C.J., and Silva, P.G., 2001, Tsunami deposits 

as paleoseismic indicators: examples from the Spanish coast, Acta Geologica Hispanica, v. 
36, no. 3-4, p. 197-211. 

Abstract: Tsunamis are usually associated with submarine tectonic activity. Tsunamis transform the shore owing to their 
erosive and sedimentary capacity. Evidence of tsunamis can be preserved in the geological record for millions of 
years. The tsunami sedimentary record is a useful tool for obtaining paleoseismic information since it is the only 
record available that allows us to detect and to analyze ancient offshore seismicity. Three examples of tsunami 
deposits which contribute to the knowledge of the paleoseismicity in the Gulf of Cádiz are presented. The study of 
sedimentary deposits of the Valdelagrana spit barrier (Cádiz, Spain) suggests that an event such as the 1755 Lisbon 
earthquake (Ms 8.5-9) might have occurred ca. 216-218 BC. This is the first time data on the return period of these 
high magnitude events have been provided. 

 
Luque, L., Lario, J., Civis, J., Silva, P.G., Zazo, C., Goy, J.L., and Dabrio, C.J., 2002, 

Sedimentary record of a tsunami during Roman times, Bay of Cadiz, Spain, Journal of 
Quaternary Science, v. 17, no. 5-6, p. 623-631, doi: 10.1002/jqs.711. 

Abstract: Historical data show that the Gulf of Cadiz has been exposed to destructive tsunamis during at least the past 
2000 yr. The last tsunami was generated by the AD 1755 Lisbon earthquake, which affected the Atlantic coasts of 
Spain, Portugal and Morocco. Today, these littoral areas are intensely populated and the expected damage could be 
much greater. Tsunami studies are of great importance in helping to determine the recurrence interval of these 
events. The presence of washover fan deposits on the inland margin of the Valdelagrana Spit bar (Cadiz, Spain) 
indicates the occurrence of a high energy marine event ca. 2300 cal. yr BP. Historical, geomorphological, 
sedimentological, palaeontological and geochronological data suggest that a tsunami could have affected the area 
during Roman times. 

 
Mader, C.L., 2001, Modeling the 1755 Lisbon tsunami, Science of Tsunami Hazards, v. 19, no. 

2, p. 93-98. 
Abstract: The generation and propagation of the November 1, 1755 Lisbon earthquake generated tsunami is of current 

interest to the IOCARIBE Tsunami Scientific Steering Committee. The November 1, 1755 Lisbon earthquake 
generated a tsunami with a period of one hour and amplitudes of 20 meters at Lisbon and along the African and 
south European coasts, of 4 meters along the English coast, and of 7 meters at Saba in the Caribbean after 7 hours of 
travel. The modeling was performed using the SWAN code which solves the nonlinear long wave equations. The 
tsunami generation and propagation was modeled using a 10 minute Mercator grid of 600 by 640 cells. The 
observed tsunami wave characteristics were approximately reproduced using a source 300 kilometer in radius with a 
drop of 30 meters located in the region of the 1969 earthquake near the Gorringe bank. The east coast of the U.S.A. 
and the Caribbean received a tsunami wave off shore in deep water about 2 meters high with periods of 1.25 to 1.5 
hours. The maximum wave amplitude after run-up would be about 10 feet. The Gulf of Mexico would have a wave 
with less than half that amplitude. 

 
Manaker, D.M., Calais, E., Freed, A.M., Ali, S.T., Przybylski, P., Mattioli, G., Jansma, P., 

Prépetit, C., and de Chabalier, J.B., 2008, Interseismic plate coupling and strain 
partitioning in the northeastern Caribbean, Geophysical Journal International, v. 174, p. 
889-903, doi: 10.1111/j.1365-246X.2008.03819.x. 

Abstract: The northeastern Caribbean provides a natural laboratory to investigate strain partitioning, its causes and its 
consequences on the stress regime and tectonic evolution of a subduction plate boundary. Here, we use GPS and 
earthquake slip vector data to produce a present-day kinematic model that accounts for secular block rotation and 
elastic strain accumulation, with variable interplate coupling, on active faults. We confirm that the oblique 
convergence between Caribbean and North America in Hispaniola is partitioned between plate boundary parallel 
motion on the Septentrional and Enriquillo faults in the overriding plate and plate-boundary normal motion at the 
plate interface on the Northern Hispaniola Fault. To the east, the Caribbean/North America plate motion is 
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accommodated by oblique slip on the faults bounding the Puerto Rico block to the north (Puerto Rico subduction) 
and to the south (Muertos thrust), with no evidence for partitioning. The spatial correlation between interplate 
coupling, strain partitioning and the subduction of buoyant oceanic asperities suggests that the latter enhance the 
transfer of interplate shear stresses to the overriding plate, facilitating strike-slip faulting in the overriding plate. The 
model slip rate deficit, together with the dates of large historical earthquakes, indicates the potential for a large 
(Mw7.5 or greater) earthquake on the Septentrional fault in the Dominican Republic. Similarly, the Enriquillo fault in 
Haiti is currently capable of a Mw7.2 earthquake if the entire elastic strain accumulated since the last major 
earthquake was released in a single event today. The model results show that the Puerto Rico/Lesser Antilles 
subduction thrust is only partially coupled, meaning that the plate interface is accumulating elastic strain at rates 
slower than the total plate motion. This does not preclude the existence of isolated locked patches accumulating 
elastic strain to be released in future earthquakes, but whose location and geometry are not resolvable with the 
present data distribution. Slip deficit on faults from this study are used in a companion paper to calculate 
interseismic stress loading and, together with stress changes due to historical earthquakes, derive the recent stress 
evolution in the NE Caribbean. 

 
Mercado, A., and McCann, W., 1998, Numerical simulation of the 1918 Puerto Rico tsunami, 

Natural Hazards, v. 18, p. 57-76. 
Abstract: The Caribbean Sea region is well known for its hurricanes, and less known for tsunamis. As part of its 

responsibilities in hazard assessment and mitigation, the U.S.A. Federal Emergency Management Agency, and the 
Puerto Rico Civil Defense, funded a pilot study to perform a numerical simulation of the 1918 Puerto Rico tsunami, 
one of the most deadly in the region. As part of the study a review has been made of the tectonic and tsunamigenic 
environment around Puerto Rico, the fault parameters for the 1918 event have been estimated, and a numerical 
simulation has been done using a tsunami propagation and runup model obtained through the Tsunami Inundation 
Modeling for Exchange (TIME) program. Model results have been compared with the observed runup values all 
along the west coast of Puerto Rico. 

 
Molnar, P., and Sykes, L.R., 1969, Tectonics of the Caribbean and Middle America regions 

from focal mechanisms and seismicity, Geological Society of America Bulletin, v. 80, p. 
1639-1684, doi: 0.1130/0016-7606(1969)80[1639:TOTCAM]2.0.CO;2. 

Abstract: Seismic data strongly support recent theories of tectonics in which large plates of lithosphere move coherently 
with respect to one another as nearly rigid bodies, spreading apart at ocean ridges, sliding past one another at 
transform faults, and underthrusting at island arcs. Boundaries between adjacent plates of lithosphere are defined by 
belts of high seismic activity. Redetermination of more than 600 hypocenters in the Middle America region and 
previous studies in the Galapagos and Caribbean regions define the boundaries of two relatively small, nearly 
aseismic plates in the region of interest. The first, the Cocos plate, is bordered by the East Pacific rise, the Galapagos 
rift zone, the north-trending Panama fracture zone near 82° W, and the Middle America arc; the second, the 
Caribbean plate, underlies the Caribbean Sea and is bounded by the Middle America arc, the Cayman trough, the 
West Indies arc, and the seismic zone through northern South America. Focal mechanisms of 70 earthquakes in 
these regions were determined to ascertain the relative motion of these two plates with respect to the surrounding 
regions or plates. The results show underthrusting of the Cocos plate beneath Mexico and Guatemala in a 
northeasterly direction and beneath the rest of Central America in a more north-northeasterly direction. The Cocos 
plate is spreading away from the rest of the Pacific floor at the East Pacific rise and at the Galapagos rift zone. 
Motion is right-lateral strike-slip along the Panama fracture zone, a transform fault connecting the Galapagos rift 
zone and the Middle America arc. At the same time, the Caribbean plate is moving easterly with respect to the 
Americas plate, which is here taken to include both North and South America and the western Atlantic. Left-lateral 
strike-slip motion along steeply dipping fault planes is observed on the Cayman trough. The Americas plate is 
underthrusting the Caribbean in a westerly direction at the Lesser Antilles and near Puerto Rico. Unlike the Lesser 
Antilles, however, motion at present is not perpendicular to the Puerto Rico trench but instead is almost parallel to 
the trench along nearly horizontal fault planes. Computations of rates of motion indicate that underthrusting is at a 
higher rate in southeastern Mexico and Guatemala than in western Mexico and that the Caribbean is moving at a 
lower rate relative to North America than is the Cocos plate. 
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Morales, J.A., Borrego, J., San Miguel, E.G., López-González, N., and Carro, B., 2008, 
Sedimentary record of recent tsunamis in the Huelva Estuary (southwestern Spain), 
Quaternary Science Reviews, v. 27, p. 734-746, doi:10.1016/j.quascirev.2007.12.002. 

Abstract: The coast of the Gulf of Cadiz has been repeatedly struck by tsunamis during the late Holocene and the 
historic period. Historical documents record at least seven catastrophic tsunamis affecting this coast while others 
have been detected by oceanic instruments. Nevertheless, very few studies have documented the sedimentary record 
of these tsunamis in the low-energy coastal environments of the Gulf of Cadiz. The Huelva Estuary is located at the 
central sector of the Gulf of Cadiz and is a mesotidal estuary fed by the Tinto and Odiel rivers. The mean tidal range 
of the Huelva Estuary is ca 2m and the mean significant wave height is ca 0.5 m. The outer part of the estuary is 
characterized by extensive sand-rich sedimentary bodies of marine origin, whereas the central and inner parts are 
infilled by muddy, tidally deposited sediment bodies. Recorded within these estuarine sediment bodies are five, 
laterally continuous shelly units. These units display many of the typical characteristics of tsunami deposits; each 
typically comprises an erosional base followed by a fining-upwards sequence that begins with the shell 
accumulation and ends with bioturbated muddy sand. The results of 14C ages and recent radionuclides accumulation 
rates in this study illustrate that these five tsunami deposits correspond with known events that occurred in AD 1755, 
1531, 949 (1033?), 881, and 395 (381?), all of which are documented in historical sources. 

 
Mosher, D.C., and Chapman, C.B., 2005, BIO contributes to studies of the great Sumatra-

Andaman earthquake and tsunami, Bedford Institute of Oceanography Review 2005, p. 34-
37. 

Summary: The Geological Survey of Canada (GSC) (Atlantic) participated in a program to investigate seafloor 
displacement and its links to tsunami generation in the region of the December 2004 Great Sumatra-Andaman 
earthquake, by acquiring seismic reflection data and collecting seafloor observations and sediment samples using a 
Remotely Operated Vehicle (ROV). Focal mechanisms of the earthquake show that it occurred on a thrust fault at 30 
km depth. Determination of the location and amount of seafloor displacement that generated the tsunami remains 
problematic. Early estimates did not accurately reconstruct either the observed waves (i.e., from tide gauge records, 
satellite observations) or the coastal run-up measured by field survey teams. The seismic reflection profiling focused 
on a regional transect across the accretionary prism, on the deformation front at the leading edge of the prism, and 
on the forearc basin near the epicentre. The combination of seismic profile data and ROV dive observations 
indicates that there is surprisingly little evidence of widespread seafloor disruption across the margin, suggesting 
only small ground motions occurred during the earthquake. Seismic profiles through the forearc basin show coherent, 
well-stratified sediment layers, interbedded with mass-transport deposits. These mass- transport deposits may have 
resulted from landsliding during previous large earthquakes; however, no large mass transport deposit nor faulting 
and disruption of reflectors that could be attributed to this most recent earthquake were noted. A trench (~20 km 
long, 200 m wide and 15 m deep) along one of the frontal thrust folds was noted from seafloor imagery. Seismic 
profiles showed no clear underlying structures (faults). ROV observations showed a fresh looking cliff face about 12 
m high on the seaward wall of the trench; this cliff could be the expression of a major thrust fault or collapse of the 
trench wall due to earthquake ground shaking. The 2004 Sumatra tsunami was clearly recorded by many tide gauges 
throughout the world's oceans, including the North Pacific and North Atlantic. DFO scientists examined these 
gauges, which identified significant wave heights even in Halifax, 20,000 km from the tsunami source area. 
Tsunami propagation models show that mid-ocean ridges serve as topographic wave-guides, transmitting tsunami 
energy from the source area to far-field regions. In the Atlantic Ocean, the Mid-Atlantic Ridge acted as the primary 
waveguide. At about the latitude of the Tropic of Cancer, the orientation of the ridge turns rapidly from 
northwestward to northward. Here, branches of tsunami energy separated from the waveguide, propagated through 
the Bermuda Islands, and hit the east coast of North America. Removal of predicted tide and storm components of 
the tide gauge signals results in an estimated tsunami wave height of 43 cm at Halifax (the highest recorded in the 
North Atlantic). The record is undersampled, however, as the gauge recorded only every 15 minutes. Interpolation 
suggests the true tsunami wave height was likely more than 60 cm. 
 

Pérez-Peña, A., Martín-Davila, J., Gárate, J., Berrocoso, M., and Buforn, E., 2010, Velocity 
field and tectonic strain in southern Spain and surrounding areas derived from GPS 
episodic measurements, Journal of Geodynamics, v. 49, no. 3-4, p. 232-240, 
doi:10.1016/j.jog.2010.01.015. 
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Abstract: The goal of this paper is to study the velocity field and deformation parameters in Southern Spain and 
surrounding areas (Ibero-Maghrebian region) using GPS episodic measurements. Results are compared to those 
previously published as well as deformation parameters derived from seismic data. For this purpose, a geodetic GPS 
network of 12 stations was observed during eight field campaigns from 1998 to 2005 by the San Fernando Naval 
Observatory (ROA), Spain. Relative GPS velocities in the Gulf of Cadiz with respect to the stable part of Eurasia are 
~4.1 mm/yr in a NW–SE to NNW–SSE direction. In the Betics, Alboran Sea and North of Morocco, velocities are 
~4.4 mm/yr in a NW–SE direction, and they are ~2.3 mm/yr in a N–S direction in the eastern part of the Iberian 
Peninsula. These results are in agreement with the anticlockwise rotation of the African plate. GPS strain tensors are 
determined from the velocity model, to obtain a more realistic crustal deformation model. The Gulf of Cadiz is 
subjected to uniform horizontal compression in a NNW–SSE direction, with a rotation to N–S in the Alboran Sea 
and Northern Morocco. An extensional regime in a NW–SE direction, which rotates to W–E, is present in the 
Internal Betics area. In the Betic, Alboran Sea and North of Morocco regions we compare seismic deformation rates 
from shallow earthquakes with the determined GPS deformation rates. The comparison indicates a seismic coupling 
of 27%, while the remaining 73% might be generated in aseismic processes. Deformations measured in the Ibero-
Maghrebian region with GPS could be interpreted in terms of either elastic loading or ductile deformation. 

 
Rabinovich, A.B., Thomson, R.E., and Stephenson, F.E., 2006, The Sumatra tsunami of 26 

December 2004 as observed in the North Pacific and North Atlantic oceans, Surveys in 
Geophysics, v. 27, no. 6, p. 647-677, doi:10.1007/s10712-006-9000-9. 

Abstract: The Mw=9.3 megathrust earthquake of December 26, 2004 off the coast of Sumatra in the Indian Ocean 
generated a catastrophic tsunami that caused widespread damage in coastal areas and left more than 226,000 people 
dead or missing. The Sumatra tsunami was accurately recorded by a large number of tide gauges throughout the 
world’s oceans. This paper examines the amplitudes, frequencies and wave train structure of tsunami waves 
recorded by tide gauges located more than 20,000 km from the source area along the Pacific and Atlantic coasts of 
North America. 

 
Ruiz, F., Rodríguez-Ramírez, A., Cáceres, L.M., Vidal, J.R., Carretero, M.I., Abad, M., Olías, 

M., and Pozo, M., 2005, Evidence of high-energy events in the geological record: mid-
Holocene evolution of the southwestern Doñana National Park (SW Spain), 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 229, p. 212-229, 
doi:10.1016/j.palaeo.2005.06.023. 

Abstract: Four phases are distinguished in the Mid-Holocene evolution of the southwestern Doñana National Park (SW 
Spain), based on the multidisciplinary study of sediments in drill cores. In the oldest phase (N5500–5400 cal. years 
BP), a coastal, brackish lagoon occupied the central part of the study area, partly enclosed by the Doñana spit and 
limited by fluvial levees. An evolution from subtidal to intertidal conditions characterized the areas located close to 
the inner side of the Doñana spit during the same phase. The following phase (~5400–5200 cal. years BP) is 
characterized by a high-energy event (tsunami?), which caused the breakthrough of the Doñana spit and the creation 
of new littoral strands in the inner areas. In the first period of the third phase (~5200–4200 cal. years BP), estuarine 
infilling was probably the dominant process, with the accumulation of phyllosilicate-rich clays in the lagoon bed. 
This was followed by a renewed phase of instability (~4200–4100 cal. years BP) indicated by the presence of fine 
storm-lain deposits and thicker, probably tsunami-induced shelly deposits. The last phase (~4100–3700 cal. years 
BP) comprises: a) an infilling period, with a diminution of the marine influence; and b) two new high-energy events, 
which caused the erosion of the Doñana spit and the creation of new cheniers. In the last 7000 years, the comparison 
of these results with a revision of both geological and historical records has revealed the occurrence of twenty 
tsunamis (at least) during this period in Portugal and southern Spain. Evidences of these high-energy events are 
washover fans, bioclastic coarse-sized layers within salt marsh deposits or the presence of giant boulders and 
pebbles. The determination of the recurrence period is very difficult owing to the very scarce data, although our data 
and other authors do not discard a possible periodicity of 2000 years for a cycle of two events separated by 300–400 
years. 

 
Scheffers, A., and Kelletat, D., 2005, Tsunami relics on the coastal landscape west of Lisbon, 

Portugal, Science of Tsunami Hazards, v. 23, no. 1, p. 3-16. 
Abstract: Lisbon and the mouth of the river Tagus (Tejo) are known to have suffered from the great earthquake and 

tsunami of November 1st, 1755. Whereas historical sources mention tsunami waves and describe inundation in 
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Lisbon, field evidence from this event has been found only along the Algarve coast and the Spanish Atlantic coast in 
the south. Our observations in the Cabo da Roca-Cascais area west of Lisbon resulted in the discovery of several 
very significant tsunami relics in the form of single large boulders, boulder ridges, pebbles and shells high above the 
modern storm level. Deposition of large amounts of sand by the tsunami waves has intensified eolian rock 
sculpturing. Abrasion of soil and vegetation still visible in the landscape may point to the great Lisbon event of only 
some 250 years ago, but radiocarbon and ESR dating also yielded older data. Therefore, we have evidence that the 
Portuguese coastline has suffered more than one strong tsunami in the Younger Holocene. 

 
Scheffers, A., Scheffers, S., and Kelletat, D., 2005, Paleo-tsunami relics on the southern and 

central Antillean island arc, Journal of Coastal Research, v. 21, no. 2, p. 263-273, doi: 
10.2112/03-0144.1. 

Abstract: Three Holocene tsunami events that struck the islands of Aruba, Curaçao, and Bonaire around 450-500 YBP, 
1,500 YBP, and 3,500 YBP resulted in extensive deposits of coarse sediments and boulders along the coastal zone. 
The tsunami waves approached the islands from an easterly direction. We investigated paleo-tsunami imprints on 
the islands of Grenada, St. Lucia, and Guadeloupe to locate the source area of those three events. However, along 
the Caribbean coastlines of the islands, no evidence for Holocene tsunami impacts have been found. Instead, 
tsunami relics of Middle Pleistocene age are incorporated into tephra depositions of these volcanic islands. At least 
one Holocene tsunami event is preserved in the form of bimodal accumulations and boulder deposits along the east 
coast of Guadeloupe, indicating that the tsunami hit the island from the open Atlantic ocean. Radiocarbon dating 
yielded an age of about 2,400-2,700 years YBP for the event. 

 
Solares, J.M.M., and Arroyo, A.L., 2004, The great historical 1755 earthquake: effects and 

damage in Spain, Journal of Seismology, v. 8, p. 275-294. 
Abstract: The access to the complete reports sent in answer of a Royal enquire relative to the 1755 earthquake (Archivo 

Historico Nacional, 1756) provided us with information more comprehensive than that included in the analysis of 
such documents prepared by the Spanish Royal Academy of History in 1756 (Real Academia de la Historia, 1756). 
With such data, we have made a new study of the shock centred mainly in the following points: number of victims, 
source parameters (including moment magnitude and epicentral location), intensity map and seismogeological 
effects compared with those expected from the EMS-98. Relevant results from this analysis are: a new intensity 
attenuation law for earthquakes from the region of the 1755 shocks and first approximation damage probability 
matrices for buildings of the types common in the XVII to XIX centuries affected by large, distant earthquakes. 

 
Stein, S., Engeln, J.F., and Wiens, D.A., 1982, Subduction seismicity and tectonics in the Lesser 

Antilles arc, Journal of Geophysical Research, v. 87, no. B10, p. 8642-8664. 
Abstract: We have studied the mechanisms of 17 earthquakes along the Lesser Antilles subduction zone to examine a 

site where very old lithosphere subducts at a slow convergence rate. No large thrust earthquakes occurred during the 
1950-1978 study period; the three large (magnitude seven) events are all normal faults. One is a normal faulting 
event seaward of the trench. Its aftershock sequence includes strike slip events on differently oriented faults, 
probably due to lateral block motion in response to the main shock. A second indicates extension within the slab at 
depth. These observations suggest that subduction in this region is primarily decoupled and aseismic unless the time 
interval studied is unrepresentative. The third normal fault earthquake occurred within the upper plate with fault 
planes perpendicular to the arc and trench. This unusual geometry may represent a flexural response to the 
subduction of the Barracuda Ridge, a major bathymetric high with uncompensated excess mass at depth which 
seems analogous to flanking ridges found along some Mid-Atlantic Ridge fracture zones. Thus, the Barracuda Ridge 
is not buoyant and does not affect Benioff zone dip. Strike slip faulting occurs at depth in the subduction zone along 
a concentration normal to the arc and may indicate a fossil fracture zone. There is no direct evidence in the shallow 
seismicity for the hypothetical North America-South America-Caribbean triple junction though some of the oceanic 
'intraplate' seismicity is consistent with such a boundary. 

 
ten Brink, U., and Lin, J., 2004, Stress interaction between subduction earthquakes and 

forearc strike-slip faults: modeling and application to the northern Caribbean plate 
boundary, Journal of Geophysical Research, v. 109, no. B12310, doi: 
10.1029/2004JB003031. 
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Abstract: Strike-slip faults in the forearc region of a subduction zone often present significant seismic hazard because of 
their proximity to population centers. We explore the interaction between thrust events on the subduction interface 
and strike-slip faults within the forearc region using three-dimensional models of static Coulomb stress change. 
Model results reveal that subduction earthquakes with slip vectors subparallel to the trench axis enhance the 
Coulomb stress on strike-slip faults adjacent to the trench but reduce the stress on faults farther back in the forearc 
region. In contrast, subduction events with slip vectors perpendicular to the trench axis enhance the Coulomb stress 
on strike-slip faults farther back in the forearc, while reducing the stress adjacent to the trench. A significant 
contribution to Coulomb stress increase on strike-slip faults in the back region of the forearc comes from 
“unclamping” of the fault, i.e., reduction in normal stress due to thrust motion on the subduction interface. We argue 
that although Coulomb stress changes from individual subduction earthquakes are ephemeral, their cumulative 
effects on the pattern of lithosphere deformation in the forearc region are significant. We use the Coulomb stress 
models to explain the contrasting deformation pattern between two adjacent segments of the Caribbean subduction 
zone. Subduction earthquakes with slip vectors nearly perpendicular to the Caribbean trench axis is dominant in the 
Hispaniola segment, where the strike-slip faults are more than 60 km inland from the trench. In contrast, subduction 
slip motion is nearly parallel to the Caribbean trench axis along the Puerto Rico segment, where the strike-slip fault 
is less than 15 km from the trench. This observed jump from a strike-slip fault close to the trench axis in the Puerto 
Rico segment to the inland faults in Hispaniola is explained by different distributions of Coulomb stress in the 
forearc region of the two segments, as a result of the change from the nearly trench parallel slip on the Puerto Rico 
subduction interface to the more perpendicular subduction slip beneath Hispaniola. The observations and modeling 
suggest that subduction-induced strike-slip seismic hazard to Puerto Rico may be smaller than previously assumed 
but the hazard to Hispaniola remains high. 

 
Thiebot, E., and Gutscher, M.-A., 2006, The Gibraltar Arc seismogenic zone (part 1): 

constraints on a shallow east dipping fault plane source for the 1755 Lisbon earthquake 
provided by seismic data, gravity and thermal modeling, Tectonophysics, v. 426, p. 135-152, 
doi:10.1016/j.tecto.2006.02.024. 

Abstract: The Great Lisbon earthquake of 1755 with an estimated magnitude of 8.5–9.0 is the most destructive 
earthquake in European history, yet the source region remains enigmatic. Recent geophysical data provide 
compelling evidence for an active east dipping subduction zone beneath the nearby Gibraltar Arc. Marine seismic 
data in the Gulf of Cadiz image active thrust faults in an accretionary wedge, above an east dipping decollement and 
an eastward dipping basement. Tomographic and other data support subduction and rollback of a narrow slab of 
oceanic lithosphere beneath the westward advancing Gibraltar block. Although, no instrumentally recorded 
seismicity has been documented for the subduction interface, we propose the hypothesis that this shallow east 
dipping fault plane is locked and capable of generating great earthquakes (like the Nankai or Cascadia seismogenic 
zones). We further propose this east dipping fault plane to be a candidate source for the Great Lisbon earthquake of 
1755. In this paper we use all available geophysical data on the deep structure of the Gulf of Cadiz–Gibraltar region 
for the purpose of constraining the 3-D geometry of this potentially seismogenic fault plane. To this end, we use new 
depth processed seismic data, have interpreted all available published and unpublished time sections, examine the 
distribution of hypocenters and perform 2-D gravity modeling. Finally, a finite-element model of the forearc thermal 
structure is constructed to determine the temperature distribution along the fault interface and thus the thermally 
predicted updip and downdip limits of the seismogenic zone. 

 
Thomson, R.E., Rabinovich, A.B., and Krassovski, M.V., 2007, Double jeopardy: concurrent 

arrival of the 2004 Sumatra tsunami and storm-generated waves on the Atlantic coast of 
the United States and Canada, Geophysical Research Letters, v. 34, L15607, 
doi:10.1029/2007GL030685. 

Abstract: A detailed analysis of over one hundred tide gauge records from the Atlantic coast of North America reveals 
that the arrival of the 26 December 2004 Sumatra tsunami on this coast coincided with the presence of tsunami-like 
waves being generated by a major storm tracking northward along the eastern seaboard of the United States. 
According to the tide gauge records, waves from the two events coalesced along the shores of Maine and Nova 
Scotia on 27 December where they produced damaging waves with heights in excess of 1 m. Tsunami waves were 
identified in almost all outer tide gauges from Florida to Nova Scotia with maximum tsunami heights for the 
northern regions estimated to be 32–39 cm. In the south, maximum tsunami wave heights were in the range of 15 to 
33 cm. 
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Titov, V., Rabinovich, A.B., Mofjeld, H.O., Thomson, R.E., and González, F.I., 2005, The 

global reach of the 26 December 2004 Sumatra tsunami, Science, v. 309, no. 5743, p. 2045-
2048, doi:0.1126/science.1114576. 

Abstract: Numerical model simulations, combined with tide-gauge and satellite altimetry data, reveal that wave 
amplitudes, directionality, and global propagation patterns of the 26 December 2004 Sumatra tsunami were 
primarily determined by the orientation and intensity of the offshore seismic line source and subsequently by the 
trapping effect of mid-ocean ridge topographic waveguides. 

 
Vizcaino, A., Gràcia, E., Pallàs, R., Garcia-Orellana, J., Escutia, C., Casas, D., Willmott, V., 

Diez, S., Asioli, A., and Dañobeitia, J., 2006, Sedimentology, physical properties and age of 
mass transport deposits associated with the Marquês de Pombal Fault, southwest 
Portuguese margin, Norwegian Journal of Geology, v. 86, p. 177-186. 

Abstract: The SW Iberian Margin is located at the convergence of the European and African Plates, where the largest 
magnitude earthquakes in Western Europe occur. Several active structures, such as the Marquês de Pombal fault, are 
potential sources of large magnitude earthquakes and tsunamis. Associated with faulting, submarine landslides are 
also commonly observed. A large area (~260 km2) of high acoustic backscatter in the central part of the Marquês de 
Pombal escarpment corresponds to a complex translational slide and debris flow. Detailed lithological description, 
physical properties and dating of four sediment cores sampled on the toe of the slide allow us to investigate the 
sediment facies, age and triggering mechanism of the Marquês de Pombal slides. The maximum age of the Marquês 
de Pombal landslide is 3270 ± 60 Cal yr BP. Radiocarbon dating of previous and subsequent Holocene mass wasting 
deposits gives an estimated recurrence rate of < 2 kyr. Although a number of mechanisms may be invoked to 
account for landslide triggering, earthquakes are the most likely triggering mechanism for the observed slope 
instabilities in the Marquês de Pombal area, at least during the Holocene. 

 
Zitellini, N., Chierici, F., Sartori, R., and Torelli, L., 1999, The tectonic source of the 1755 

Lisbon earthquake and tsunami, Annali di Geofisca, v. 42, no. 1, p. 49-55. 
Abstract: The SW continental margin of Iberia is affected by several tectonic structures of Cenozoic to Recent age, 

generated by the dynamics of the Iberia-Africa plate margin. This activity is testified by diffuse seismicity along the 
eastern portion of the Azores-Gibraltar line. The most important active structure, detected during a reflection seismic 
survey in 1992, is a thrust-fault, some 50 km long and with dip-slip throw of more than 1 km, located offshore Cabo 
de S. Vincente. A relocation of historical earthquakes in the area shows that this structure lies very close to the 
epicentre of the catastrophic 1755 Lisbon earthquake and that it should be the generator of the event. This submarine 
structure can now be studied for modelization of tsunamis and consequent risk mitigation. 

 
Zitellini, N., Mendes, L.A., Cordoba, D., Danobeitia, J., Nicolich, R., Pellis, G., Ribeiro, A., 

Sartori, R., Torelli, L., Bartolome, R., Bortoluzzi, G., Calafato, A., Carrilho, F., Casoni, L., 
Chierici, F., Corela, C., Correggiari, A., Della Vedova, B., Gracia, E., Plomet, P., Landuzzi, 
M., Ligi, M., Magagnoli, A., Marozzi, G., Matias, L., Penitenti, D., Rodriguez, P., Rovere, 
M., Terrinha, P., Vigliotti, L., and Zahinos Ruiz, A., 2001, Source of 1755 Lisbon 
earthquake and tsunami investigated, Eos Transactions, v. 82, no. 26, p. 285, 290-291. 

Summary: The 1755 Lisbon earthquake is estimated at Mw ~8.5 and the tsunami at Mt= Mw = 8.5. The earthquake’s 
epicenter is known to have been offshore, but the exact location remains controversial. Between the Gorringe Bank 
and Gibraltar, the Europe-Africa plate boundary consists of diffuse, active compressive deformation distributed over 
a 200-300-km-wide area. Scattered hypocenters span from shallow to intermediate depth and focal mechanisms 
show a mixture of thrust and strike-slip motion. Baptista et al. (1998) considered the Gorringe Bank a very unlikely 
location for the 1755 event, because tsunami simulation leads to the wrong travel time for almost all stations. A 
regional MCS survey in 1992 showed that there are other active, compressive, tectonic structures of regional 
significance: the Horseshoe fault, the Guadalquivir Bank, and a large tectonic hill offshore Cape San Vincente, 
which we name the Marques de Pombal thrust fault (MPTF). The MPTF is located in an area compatible with the 
numerical modelling of Baptista et al. (1998). In 1998, a high-resolution MCS survey was carried out to investigate 
the Marques de Pombal zone and look for other sources. The MPTF can be followed for at least 50 km along-strike, 
and the deformed area is at least 100 km in length. MCS data infer a true fault plane dip of about 24° in the first 11 
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km. The geometry of the hanging wall anticline suggests a tectonic transport toward WNW; that is, the Marques de 
Pombal structure is mainly a dip-slip thrust. During the 1755 earthquake the MPTF and an opposing backthrust may 
have ruptured simultaneously – with 15 m slip the combined source could produce a Mw 8.3 earthquake. 

 
Zitellini, N., Gràcia, E., Matias, L., Terrinha, P., Abreu, M.A., DeAlteriis, G., Henriet, J.P., 

Dañobeitia, J.J., Masson, D.G., Mulder, T., Ramella, R., Somoza, L., and Diez, S., 2009, 
The quest for the Africa-Eurasia plate boundary west of the Strait of Gibraltar, Earth and 
Planetary Science Letters, v. 280, p. 13-50, doi:10.1016/j.epsl.2008.12.005. 

Abstract: The missing link in the plate boundary between Eurasia and Africa in the central Atlantic is presented and 
discussed. A set of almost linear and sub parallel dextral strike–slip faults, the SWIM Faults, that form a narrow 
band of deformation over a length of 600 km coincident with a small circle centred on the pole of rotation of Africa 
with respect to Eurasia, was mapped using a new swath bathymetry compilation available in the area offshore SW 
Portugal. These faults connect the Gloria Fault to the Rif–Tell Fault Zone, two segments of the plate boundary 
between Africa and Eurasia. The SWIM faults cut across the Gulf of Cadiz, in the Atlantic Ocean, where the 1755 
Great Lisbon earthquake, M~8.5–8.7, and tsunami were generated, providing a new insight on its source location. 

 
Conference Proceedings and Abstracts 
 
Gutscher, M., Baptista, M., Miranda, J.M., Omara, R., and Marcaillou, B., 2008, Long term 

hazard from Atlantic subduction zones (Antilles and Cadiz/Gibraltar) and the example of 
the Great Lisbon earthquake and tsunami of 1755, Eos Transactions, American 
Geophysical Union, v. 89, no. 53, Abstract OS53B-1307. 

Abstract: While great earthquakes and associated tsunami occur far less frequently in the Atlantic than in the Pacific, 
such events have occurred in the past. The two most recent destructive events were the 1929 Grand Banks 
earthquake and tsunami and the Great Lisbon earthquake and tsunami of 1755. The main cause for this discrepancy 
(beyond the smaller size of the ocean basin) is the abundance of subduction zones in the circum Pacific region and 
the near absence of such tectonically active zones in the Atlantic. Nevertheless, there are slowly converging 
subduction zones in the Atlantic, the Antilles arc (which has not produced any great earthquakes in the past 150 
years and the Gibraltar/Gulf of Cadiz arc (offshore SW Iberia, whose activity remains controversial). We present 
new research on these two zones. In both cases, deep seismic sounding data together with earthquake hypocenters 
are used to construct lithospheric cross-sections. These form the basis for thermal modeling in order to determine the 
probable dimensions (downdip width) of the potential seismogenic fault plane. Tsunami modeling has been 
performed for the Cadiz/Gibraltar subduction zone using these calculated limits and wave propagation models have 
been established. These predict the regional impact (travel-times and amplitudes) as well as the far-field effects of a 
subduction fault plane source for the 1755 tsunami. Indeed, this event produced a 5-10 m tsunami on the S. 
Portuguese, SW Spanish and NW Moroccan coasts. It was also observed (1-5 m waves) in the Antilles. Work on the 
Antilles subduction zone has only recently begun. Here strong events last struck in 1839 (intensity IX in Martinique) 
and 1843 (intensity X in Guadeloupe). Thermal modeling suggests the seismogenic zone is widest to the south, 
where the accretionary wedge is widest. This region is marked by a total absence of instrumentally recorded thrust 
type earthquakes (just as is the entire Gulf of Cadiz). Comparative analysis of subduction zones worldwide suggests 
that those with the slowest convergence rate typically have the longest recurrence intervals and thus, behavior over 
the past 100 years may not offer a reliable estimate of long-term hazard. More detailed studies will be necessary in 
order to properly assess the natural hazard posed by this region (over 1000 km in length), such as better information 
on the crustal structure, new in-situ data on the thermal state of the Antilles arc, as well as identifying and 
deciphering all available paleoseismic indicators. 

 
Gutscher, M., Westbrook, G.K., Marcaillou, B., Graindorge, D., Gailler, A., Pichot, T., and 

Maury, R., 2009, How wide is the seismogenic zone of the Lesser Antilles forearc?, Eos 
Transactions, American Geophysical Union, v. 90, no. 52, Abstract T11D-08. 

Abstract: The Lesser Antilles subduction zone has produced no recent strong thrust earthquakes, making it difficult to 
quantify the seismic hazard from such events. Numerical models of forearc thermal structure were constructed along 
six transects perpendicular to the arc in order to determine the thermally predicted width of the seismogenic zone. 
The geometry of each section is constrained by published seismic profiles and by earthquake hypocenters at depth. 
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The dip of the deep slab ranges from 53° in the north to 45° in the south. The age of the subducting oceanic 
lithosphere is 80 Ma and the subduction velocity 2 cm/yr. The temperature beneath the volcanic arc (1100-1200°C) 
as well as observed surface heat flow provide some constraints on the modeled thermal structure. Modeling results 
indicate a systematic southward increase in the width of the seismogenic zone, more than doubling in width from 
north to south and corresponding to a dramatic southward increase in forearc width (trench - arc distance). The 
minimum width (as defined by the 150°C and 350°C isotherms) increases from about 80 km north of 16°N to 230 
km at 13°N, respectively. The maximum width (as defined by the 100°C and 450°C isotherms) ranges from 150-160 
km in the north to up to 320 km in the south. There is good agreement between the thermally predicted seismogenic 
limits and the sparse distribution of recorded thrust earthquakes, which are observed only in the northern portion of 
the arc. Possible scenarios for megathrust earthquakes are discussed. Depending on the segment length (along-
strike) of the rupture plane, an event of magnitude 8-9 cannot be excluded. 

 
Roger, J., Baptista, M.A., Mosher, D., Hébert, H., and Sahal, A., 2010, Tsunami impact on 

Newfoundland, Canada, due to far-field generated tsunamis: implications on hazard 
assessment, Proceedings of the 9th U.S. National and 10th Canadian Conference on 
Earthquake Engineering, Toronto, July 25-29, Paper 1837, 6 p. 

Abstract: In Canada, tsunamis associated with submarine earthquakes have been considered in terms of hazard 
assessment for many years; mainly due to the Pacific tsunami threat and to gravitational instabilities on 
continental slopes. This latter instance refers to the case of a submarine landslide and consequent tsunami 
generated by the Mw=7.2 earthquake of 18th November 1929 on the Grand Banks of Newfoundland. In 
this study, we investigate the impact on Newfoundland of far field generated tsunamis in the Atlantic 
Ocean and consideration of such tsunami hazards for the Canadian Atlantic Coast. In the framework of the 
study of the 1755 Lisbon tele-tsunami, we show that a 1755 tsunami like event, with the source located 
offshore the Iberian Peninsula, can impact Newfoundland. The coastal amplification is also studied in 
detail using high resolution bathymetric grids. Finally the results of tsunami propagation modeling are 
compared to historical data of the 1st November 1755 concerning at least two places in Newfoundland. 

 
Ruffman, A., 2006, Documentation of the farfield parameters of the November 1, 1755 

“Lisbon” tsunami along the shores of the western Atlantic Ocean, Program and Abstracts, 
International Tsunami Society Third Tsunami Symposium, Honolulu, HI, May 23-25. 

Abstract: The tsunami from the 0930 LT (1006 UTC) Saturday, November 1, 1755 "Lisbon" Earthquake which 
occurred offshore, west of the Iberian Peninsula, is as well-known as a mid-eighteenth century tsunami can be. 
There are written records from England and Ireland southward through Portugal, Spain and Morocco where the 
tsunami was a major contributor to the death toll from this estimated ≈8.7 MI (Intensity Magnitude) earthquake. On 
the other hand, the farfield observations of the teletsunami in the western North Atlantic are much more difficult to 
locate. Many authors note the arrival of the "Lisbon" Tsunami in the mid-afternoon of November 1st in the 
Windward Islands of the eastern Caribbean, but few cite references and even fewer cite primary, or near-primary, 
references. Some authors note the tsunami as far west as Santiago de Cuba in what can be best described as a most 
ambiguous reference. The author was prompted to search for original sources of the "Lisbon" Tsunami by the 
realisation, as the December 26, 2004 Indian Ocean Tsunami that broke upon our TV screens in North America, that 
the Atlantic Ocean is no better protected than was the Indian Ocean when it comes to a tsunami warning system. The 
"Lisbon" Tsunami, as the largest and most tragic historic tsunami in the Atlantic, is not documented in the western 
Atlantic to the degree that the records can assist in the design of any proposed Atlantic tsunami warning system. 
Locating primary, or echoes of primary, references to the tsunami is not an easy task and results are not achieved 
quickly. The internet is not of a great deal of help. The real resources in such a search are the memories and 
knowledge of archivists, historians and reference librarians who know their collections and the intricacies of their 
finding aids. Modern historians too often pay little attention to the weather or the "unusual agitation of the sea" in 
deference to generals, armies, armadas and forts. This was not the case in the mid-1700s when humans were much 
more dependent on the vagaries of Nature for survival, food and communication. In many cases it was more than 
two months (and in la Martinique three months, one week) before word of the "Lisbon" Earthquake arrived to 
provide an explanation for the unusual rise and fall of a harbour, or surging currents in an estuary seen in the mid-
afternoon of November 1, 1755. This study has found good reports of the "Lisbon" Tsunami from Bonavista, 
Newfoundland, from a vessel in an Antiguan port, from Sint Maarten in an arriving vessel report in a Boston 
Colonial newspaper and in an 1817 Dutch history, from Barbados in a tropical disease medical text's extensive 
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footnote, from la Martinique in an éphémérides written in French, transcribed and printed in 1850 and a single copy 
of which has survived the 1900 explosion of Mont Pelée, a report in Spanish from Santiago de Cuba, and in 
Portuguese from Lisbon archival records relevant to the South Atlantic where the tsunami struck Brazil at 4°S with a 
small number of deaths noted. Bermuda can also be added to the list via a Charles-Town, South Carolina rice 
merchant's secondary account in a letter to a fellow merchant. Reported arrivals in Saba, St. Lucia, Dominica and la 
Guadeloupe cannot yet be verified. No reports for Nova Scotia or eastern United States have yet been found even 
though a numerical model strongly suggests that the "Lisbon" Tsunami would have had an amplitude of 5.5 m at the 
eastern edge of the U.S. continental shelf. The assessment has confirmed that the reported tsunami from the 
November 18, 1755 "Cape Ann" Earthquake at 0412 LT (0856 UTC) can be removed from the record. John 
Winthrop IInd in his published "Lecture on Earthquakes" is mistakenly referring to the "Lisbon" Tsunami of 
November 1st as it arrived in Saint-Martin/Sint Maarten of the eastern Caribbean. If the farfield parameters of the 
"Lisbon" Tsunami can be determined, then these data may allow one to assist in the assessment of the location, 
orientation, amplitude, length and area of the ocean floor rupture which occurred on the morning of November 1, 
1755 off Portugal – parameters that as yet are not well understood or agreed upon. 

 
Volcanic sources (slope failure) 
 
Scientific Books and Articles 
 
Carracedo, J.C., Day, S.J., Guillou, H., and Torrado, F.J.P., 1999, Giant Quaternary landslides 

in the evolution of La Palma and El Hierro Canary Islands, Journal of Volcanology and 
Geothermal Research, v. 94, no. 1-4, p. 169-190, doi:10.1016/S0377-0273(99)00102-X. 

Abstract: In the past, large morphological escarpments in the Canaries have been generally related to explosive and/or 
erosive processes. Recent onshore and offshore investigations drastically changed this interpretation, by providing 
evidence of the importance of giant lateral collapses in the evolution of the islands, especially in their earlier stages 
of growth. Giant landslide scars and deposits are readily observed both onshore and offshore in the younger, western 
Canaries, and seem to be a common feature of the development of the entire archipelago. At least one catastrophic 
collapse is apparent on La Palma: the Cumbre Nueva giant landslide, which occurred about 560 ka ago. This 
collapse removed some 200 km3 of central-western La Palma, forming a large embayment. Three successive giant 
landslides and evidence of an aborted attempt at another are seen in the island of El Hierro. The combined volume of 
those collapses (estimated at about 400–500 km3) considerably exceeds the present subaerial volume of the island 
(about 140 km3). Giant landslides and erosion during the past million years have removed more than half of the total 
subaerial volume of La Palma and El Hierro. 

 
Elsworth, D., and Day, S.J., 1999, Flank collapse triggered by intrusion: the Canarian and 

Cape Verde archipelagos, Journal of Volcanology and Geothermal Research, v. 94, no. 1-4, 
p. 323-340, doi:10.1016/S0377-0273(99)00110-9. 

Abstract: The potential to develop kilometer-scale instabilities on the flanks of intraplate volcanoes, typified by the 
Canary and Cape Verde Archipelagoes, is investigated. A primary triggering agent is forced injection of moderate-
scale dikes, resulting in the concurrent development of mechanical and thermal fluid pressures along the basal 
décollement, and magmastatic pressures at the dike interface. These additive effects are shown capable of 
developing shallow-seated block instabilities for dike thicknesses of the order of 1 m, and horizontal lengths greater 
than about 1 km. For dikes that approach or penetrate the surface, and are greater in length than this threshold, the 
destabilizing influence of the magmastatic column is significant, and excess pore fluid pressures may not be 
necessary to initiate failure. The potentially destabilized block geometry changes from a flank-surface-parallel sliver 
for short dikes, to a deeper and less stable décollement as dike horizontal length builds and the effects of block 
lateral restraint diminish. For intrusions longer than about 1 km, the critical basal décollement dives below the water 
table and utilizes the complementary destabilizing influences of pore fluid pressures and magma “push” at the rear 
block-scarp. In addition to verifying the plausibility of suprahydrostatic pressures as capable of triggering failure on 
these volcanoes, timing of the onset of maximum instability may also be tracked. For events within the Cumbre 
Vieja (1949) and Fogo (1951, 1995) pre-effusive episodes, the observation of seismic activity within the first 1 week 
to 4 months is consistent with the predictions of thermal and mechanical pressurization. 
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Gisler, G., Weaver, R., and Gittings, M.L., 2006, SAGE calculations of the tsunami threat from 
La Palma, Science of Tsunami Hazards, v. 24, no. 4, p. 288-301. 

Abstract: With the LANL multiphysics hydrocode SAGE, we have performed several two-dimensional calculations and 
one three-dimensional calculation using the full Navier-Stokes equations, of a hypothetical landslide resembling the 
event posited by Ward and Day (2001), a lateral flank collapse of the Cumbre Vieja Volcano on La Palma that 
would produce a tsunami. The SAGE code has previously been used to model the Lituya Bay landslide-generated 
tsunami (Mader & Gittings, 2002), and has also been used to examine tsunami generation by asteroid impacts 
(Gisler, Weaver, Mader, & Gittings, 2003). This code uses continuous adaptive mesh refinement to focus computing 
resources where they are needed most, and accurate equations of state for water, air, and rock. We find that while 
high-amplitude waves are produced that would be highly dangerous to nearby communities (in the Canary Islands, 
and the shores of Morocco, Spain, and Portugal), the wavelengths and periods of these waves are relatively short, 
and they will not propagate efficiently over long distances. 

 
Mader, C., 2001, Modeling the La Palma landslide tsunami, Science of Tsunami Hazards, v. 19, 

no. 3, p. 150-170. 
Abstract: The tsunami expected from a lateral collapse of the Cumbre Vieja Volcano on La Palma in the Canary Islands 

was modeled. The flank collapse for a “worst case” landslide was modeled as a 650 m high, 20 km radius water 
wave after 30 kilometers of travel as predicted by physical modeling studies of Fritz at ETH in Zurich, Switzerland. 
The modeling was performed using the SWAN code which solves the nonlinear long wave equations. The tsunami 
generation and propagation was modeled using a 10 minute Mercator grid of 600 by 640 cells. The small 
wavelength and period of the tsunami expected from the landslide source results in an intermediate wave rather than 
a shallow water tsunami wave. The use of a shallow water model only describes the geometric spreading of the 
wave and not the significant dispersion such a short period wave would exhibit. Dispersion would reduce the wave 
amplitudes to less than one-third of the shallow water amplitudes. The upper limit shallow water modeling indicates 
that the east coast of the U.S.A. and the Caribbean would receive tsunami waves less than 3 meters high. The 
European and African coasts would have waves less than 10 meters high. Full Navier-Stokes modeling including 
dispersion and geometric spreading for the Fritz initial wave profile predicts that the maximum wave amplitude off 
the U.S. east coast would be about a meter. Even with shoaling the wave would not present a significant hazard. 

 
Masson, D.G., 1996, Catastrophic collapse of the volcanic island of Hierro 15 ka ago and the 

history of landslides in the Canary Islands, Geology, v. 24, no. 3, p. 231-234. 
Abstract: Landslides play an important role in the evolution of many volcanic islands, producing huge fields of blocky 

volcanic debris on their submarine slopes. Sidescan sonar images presented in this paper provide evidence for a 
large debris avalanche, El Golfo, on the northern flank of Hierro Island in the Canary Islands. Angular blocks, as 
much as 1.2 km across and 200 m high, cover the debris avalanche surface. El Golfo avalanche is related to both the 
Canary debris flow and a volcaniclastic turbidite found in the Madeira abyssal plain 600 km west of the Canaries. 
Dating of the turbidite and the failure scarp onshore indicates that the failure probably occurred between 13 and 17 
ka. There appears to be a general correlation between volcaniclastic turbidites in the abyssal-plain sequence and 
landslides in the Canaries during the past 750 ka. Tentatively, this correlation suggests that seven major landslides 
have affected the Canaries in that time. 

 
Pararas-Carayannis, G., 2002, Evaluation of the threat of mega tsunami generation from 

postulated massive slope failures of island stratovolcanoes on La Palma, Canary Islands, 
and on the island of Hawaii, Science of Tsunami Hazards, v. 20, no. 5, p. 251-277. 

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 Vieja in La Palma, Canary Islands, and Kilauea, in Hawaii, have been based on incorrect 
assumptions of volcanic island slope instability, source dimensions, speed of failure 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 models and evaluates the threat of mega 
tsunami generation from flank failures of island stratovolcanoes. Based on geologic evidence and historic events, it 
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concludes that massive flank collapses of Cumbre Vieja or Kilauea volcanoes are extremely unlikely to occur in the 
near geologic future. The flanks of these island stratovolcanoes will continue to slip aseismically, as in 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 tsunamis with insignificant far field effects. Caldera collapses 
and large slope failures associated with volcanic explosions of Krakatau in 1883 and of Santorin in 1490 B.C., 
generated catastrophic local tsunamis, but no waves of significance at distant locations. Mega tsunami 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 stratovolcanoes has been greatly overstated. 

 
Ward, S.N., 2001, Landslide tsunami, Journal of Geophysical Research, v. 106, no. 6, p. 11,201-

11,215. 
Abstract: In the creation of “surprise tsunami”, submarine landslides head the suspect list. Moreover, improving 

technologies for seafloor mapping continue to sway perceptions on the number and size of surprises that may lie in 
wait offshore. At best, an entirely new distribution and magnitude of tsunami hazards has yet to be fully appreciated. 
At worst, landslides may pose serious tsunami hazards to coastlines worldwide, including those regarded as immune. 
To raise the proper degree of awareness, without needless alarm, the potential and frequency of landslide tsunami 
have to be assessed quantitatively. This assessment requires gaining a solid understanding of tsunami generation by 
landslides and undertaking a census of the locations and extent of historical and potential submarine slides. This 
paper begins the process by offering models of landslide tsunami production, propagation, and shoaling and by 
exercising the theory on several real and hypothetical landslides offshore Hawaii, Norway, and the United States 
eastern seaboard. I finish by broaching a line of attack for the hazard assessment by building on previous work that 
computed probabilistic tsunami hazard from asteroid impacts. 

 
Ward, S.N., and Day, S., 2001, Cumbre Vieja Volcano – potential collapse and tsunami at La 

Palma, Canary Islands, Geophysical Research Letters, v. 28, no. 17, p. 3397-3400. 
Abstract: Geological evidence suggests that during a future eruption, Cumbre Vieja Volcano on the Island of La Palma 

may experience a catastrophic failure of its west flank, dropping 150 to 500 km3 of rock into the sea. Using a 
geologically reasonable estimate of landslide motion, we model tsunami waves produced by such a collapse. Waves 
generated by the run-out of a 500 km3 (150 km3) slide block at 100 m/s could transit the entire Atlantic Basin and 
arrive on the coasts of the Americas with 10-25 m (3-8 m) height. 

 
Wynn, R.B., and Masson, D.G., 2003, Canary Islands landslides and tsunami generation: can 

we use turbidite deposits to interpret landslide processes, In: Locat, J., and Mienert, J. 
(eds.), Submarine Mass Movements and their Consequences, Advances in Natural and 
Technological Hazards Research, v. 19, Kluwer Academic Publishers, Dordrecht, the 
Netherlands, p. 325-332. 

Abstract: The Cumbre Vieja volcano, on La Palma in the western Canary Islands, is an unstable area that may develop 
into a future landslide, generating a tsunami that could cause damage far from the source. However, volcaniclastic 
turbidites that are directly correlated with the two most recent Canary Islands landslides, show stacked sub-units 
within a single turbidite bed. This may indicate multiple stages of landslide failure. Similar findings have previously 
been reported from volcaniclastic turbidites linked to Hawaiian landslides. Consequently the potential tsunami 
hazard from such failures may be lower than previously predicted. 
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ARCTIC COAST 
 
Conference Proceedings and Abstracts 
 
Murty, T.S., 1983, Tsunamis and storm surges in the Canadian Arctic and implications for 

offshore work in the Beaufort Sea, Eos Transactions, American Geophysical Union, v. 64, 
no. 9, p. 89. 

Abstract: Major earthquakes capable of generating tsunamis have occurred in the past at various locations in the 
Canadian Arctic, including the Beaufort Sea. Although not frequent, the tsunamis thus generated can present 
problems to coastal and offshore works. Even more serious than the tsunamis are the storm surges that occur quite 
regularly in the Canadian Arctic, and especially in the Beaufort Sea. For example, twenty-seven significant surges 
with amplitudes of one meter or greater have occurred during an eleven year period. The negative storm surges can 
create problems for navigation in the shallow regions of the southern part of the Beaufort Sea. Ice appears to damp 
positive storm surges much more strongly than negative surges. Extensive ice cover in the shallow bays of the 
Southern Beaufort Sea can alter the periods of free oscillations so that the resonance amplification of surges could 
be quite different from winter to summer periods. Probability estimates made using various techniques show that, in 
the southern Beaufort Sea, return periods of major surges are about three to five years. To study the development, 
propagation and amplification of storm surges, it is necessary to resolve the topography adequately and this can be 
achieved through the development of irregular triangular grid models. 

 
Ruffman, A., and Murty, T., 2006, Tsunami hazards in the Arctic regions of North America, 

Greenland and the Norwegian Sea, Program and Abstracts, International Tsunami Society 
Third Tsunami Symposium, Honolulu, HI, May 23-25. 

Abstract: There are very few known possible tectonic tsunamis in these Arctic regions. One was a 1 to 2 m event 
observed by a heavy mineral exploration team checking a beach deposit on the north end of Ubekendt Island of 
northwestern Greenland on July 24, 1985. One of the parties searching for the Franklin Expedition overwintered on 
the Loksland (the land that shakes) Peninsula of Baffin Island in the early 1860s. They recorded local oral history of 
a large wintertime Inuit hunting party that never returned after a major felt earthquake, suggesting that the loss of the 
hunting party may have been related to a coastal catastrophe -- a tsunami? A seismic source zone is known near the 
shelf break in the Canadian Beaufort Sea, and at least one submarine slump scar has been mapped on the continental 
slope in the area as early as 1970 using sidescan sonar and remapped in mid-2004 using multichannel seabeam data. 
A large magnitude (Ms = 7.3) earthquake occurred deep below the continental slope of northern Baffin Bay on 
November 20, 1933, which could well have triggered underwater slumps in the recent postglacial marine deposits 
but no known tsunami is known or reported. Other active seismic source zones are known in the coastal region of 
Baffin Island centred on Buchan Gulf and Home Bay. The Loksland area of Baffin Island and the Lichtenfels area of 
west Greenland (in 1759) have experienced felt earthquakes, suggesting that tsunamigenic marine slumps could be 
triggered in the offshore areas. No seabeam data are known in these areas to document the possible scars of possible 
submarine slumps. In rapidly deglaciated areas, postglacial faults (pgfs) can occur at the surface of the bedrock over 
distances of tens of kilometres with throws of several metres to violently release the crustal strain imposed by glacial 
loading with estimated magnitudes up to Ms 9. A probable pgf is known to have occurred onshore in the Ungava 
area of Québec at Lac Turquoise on December 25, 1989. The Holy Grail Fault in north-central Manitoba is a 70-km-
long prehistoric pgf with throws at the surface of at least 3 to 5 m. The seismic hazard, hence any tsunami hazard, 
from pgfs tends to be greatest shortly after deglaciation. The Atlantic Geoscience Centre in Dartmouth, Nova Scotia, 
has mapped apparent pgfs in the offshore Labrador Trough which is a 'marginal channel'. Marginal marine channels 
are known in most glaciated areas, and are glacially excavated, coast-parallel, linear topographic lows eroded by 
seaward flowing ice sheets along the contact between the onshore crystalline cratonic rocks and the offshore 
Tertiary-aged fringing sedimentary rocks. Onshore pgfs are known in northern Sweden and glacial marginal troughs 
are found around the Norwegian coast. The recorded amplitudes of certain Beaufort Sea storm surges documented 
since 1969 fall well above the modelled surge heights, and the events may reflect the arrivals of previously-
unrecognised meteorological tsunamis (or rissagas). A remote coastal weather observation station in southeast 
Greenland suffered a major loss of infrastructure and equipment in WW II that may too have been a rissaga. A major 
cause of local tsunamis in parts of the Arctic regions are landslides directly into the sea; we include calving glaciers, 
or icebergs, as a lesser sub-class in this category. Tsunami-like waves from calving ice have been recorded since 
Arctic exploration began off Greenland and in Baffin Bay. Landslide tsunamis have been recognised in the area of 
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Disko Island of Western Greenland. One of these in the 1970s would have caused human deaths but for the fact that 
a former, near-sealevel, mining community was no longer occupied. The prehistoric signature of a minor landslide 
tsunami appears to have been recorded in the sediments of a small coastal pond in the southern part of Disko Bygt. 
Norway has suffered several major landslide tsunamis in its fjords on the western coast; some of these events have 
cost human lives. The fact that very few tsunamis have been observed in the Arctic may only reflect the very low 
population densities, the very short written history available, the poorly-studied and recorded oral history of the 
area's first peoples, the near-total lack of tide gauges, a short 50- to 60-year-long instrumental seismicity record, and 
a total lack of coastal geological work to look for the onshore sedimentary record of palaeotsunamis' signatures. 
While there are few tsunamis recorded, the tectonic tsunami hazard is by no means minimal, especially in Baffin 
Bay and in the Beaufort Sea where marine landslides may be a threat in light of large loads of glacially-transported 
sediment parked on the continental shelf and upper continental slope. 
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Mackenzie Delta 
 
Scientific Books and Articles 
 
Hill, P.R., Lewis, C.P., Desmarais, S., Kauppaymuthoo, V., and Rais, H., 2001, The Mackenzie 

Delta: sedimentary processes and facies of a high-latitude, fine-grained delta, 
Sedimentology, v. 48, no. 5, p. 1047-1078. 

Abstract: The Mackenzie Delta is a large fine-grained delta deposited in a cold arctic setting. The delta has been 
constructed upon a flooding surface developed on a previous shelf-phase delta. There are three principal 
depositional zones: the subaerial delta plain, the distributary channel mouth region and the subaqueous delta. The 
subaerial delta plain is characterized by an anastomosing system of high-sinuosity channels and extensive 
thermokarst lake development. This region is greatly influenced by the annual cycle of seasonal processes including 
winter freezing of sediments and channels, ice-jamming and flooding in the early spring and declining river stage 
during the summer and autumn. Deposition occurs on channel levees and in thermokarst lakes during flood events 
and is commonly rhythmic in nature with discrete annual beds being distinguishable. In the channel mouth 
environment, deposition is dominated by landward accretion and aggradation of mouth bars during river- and storm 
surge-induced flood events. The subaqueous delta is characterized by a shallow water platform and a gentle offshore 
slope. Sediment bypassing of the shallow-water platform is efficient as a result of the presence of incised submarine 
channels and the predominance of suspension transport of fine-grained sediments. Facies of the shallow platform 
include silty sand with climbing ripple lamination. Offshore facies are dominated by seaward-fining fine sand to silt 
tempestites. Sea-ice scouring and sediment deformation are common beyond 10 m water depth where bioturbated 
muds are the predominant facies. The low angle profile of the shallow-water platform is interpreted to be the 
combined response of a fine-grained delta to (1) storm sediment dispersal; (2) autoretreat as a result of the 
increasing subaerial and subaqueous area of deposition as the delta progrades our of its glacial valley; (3) limited 
water depth above the underlying flooding surface; and (4) efficient nearshore bypassing of sediment through subice 
channels at the peak of spring discharge. Several indicators of the cold climate can be used as criteria for the 
interpretation of ancient successions, including thermokarst lake development, submarine channel scours, freeze-
thaw deformation and ice-scour deformation structures. Permafrost inhibits compaction subsidence and, together 
with the shallow-water setting, also limits autocyclic lobe switching. The cold climate can thus influence stratal 
architecture by favouring the development of regional-scale clinoform sets rather than multiple, smaller scale lobes 
separated by autocyclic flooding surfaces. 

 
Jenner, K.A., and Hill, P.R., 1998, Recent, arctic deltaic sedimentation: Olivier Islands, 

Mackenzie Delta, North-west Territories, Canada, Sedimentology, v. 45, p. 987-1004. 
Abstract: Despite a low tidal range and relatively low wave conditions, the Mackenzie Delta is not prograding seaward 

but rather is undergoing transgressive shoreface erosion and drowning of distributary channel mouths. In the Olivier 
Islands region of the Mackenzie Delta the resultant morphology consists of a network of primary and secondary 
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channels separated by vegetated islands. New ground is formed through channel infilling and landward-directed bar 
accretion. This sedimentation is characterized by seven sedimentary facies: (1) hard, cohesive silty clay at the base 
of primary channels which may be related to earlier, offshore deposition; (2) ripple laminated sand beds, believed to 
be channel-fill deposits; (3) ripple laminated sand and silt, interpreted as flood-stage subaqueous bar deposits; (4) 
ripple laminated or wavy bedded sand, silt and clay, representing the abandonment phase of channel-fill deposits 
and lateral subaqueous bar deposition from suspension settling; (5) a well sorted very fine sand bed, presumed to 
result from a single storm event; (6) parallel or wavy beds of rooted silt, sand and clay, interpreted as lower energy 
emergent bar deposits; and (7) parallel to wavy beds of rooted silt and clay, believed to represent present-day 
subaerial bar aggradation. The distribution of sedimentary facies can be interpreted in terms of the morphological 
evolution of the study area. Initial bar deposition of facies 3 and channel deposition of facies 2 was followed by 
lateral and upstream bar sedimentation of facies 3 and 4 which culminated with the deposition of the storm bed of 
facies 5. Facies 6 and 7 signify bar stabilization and abandonment. Patterned ground formed by thermal contraction 
and preserved in sediments as small, v-shaped sand wedges provides the most direct sedimentological indicator of 
the arctic climate. However, winter ice and permafrost also govern the stratigraphic development of interchannel and 
channel-mouth deposits. Ice cover confines flow at primary channel mouths, promoting the bypassing of sediments 
across the delta front during peak discharge in the spring. Permafrost minimizes consolidation subsidence and 
accommodation in the nearshore, further enhancing sediment bypass. Storms limit the eastward extent of bar 
development and promote a distinctive pattern of upstream and lateral island growth. The effects of these controls 
are reflected in the vertical distribution of facies in the Olivier Islands. The sedimentary succession differs markedly 
from that of a low-latitude delta. 
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Local earthquakes 
 
Scientific Books and Articles 
 
Basham, P.W., Forsyth, D.A., and Wetmiller, R.J., 1977, The seismicity of northern Canada, 

Canadian Journal of Earth Sciences, v. 14, p. 1646-1667. 
Abstract: The addition of over 1000 earthquakes to the northern Canadian data file during the past 3 years provides 

sufficient data to delineate distinctive patterns of seismicity, although the short history of low level earthquake 
monitoring and the temporal and spatial clustering of earthquakes suggests that not all potentially active areas may 
yet have been identified. The data indicate areas of activity near the larger earthquakes located teleseismically prior 
to the post-1960 northern expansion of the Canadian Seismograph Network and additional clusters and trends that 
were not previously apparent. Correlations to seismicity with major deformational trends in the Yukon-Mackenzie 
Valley, the northern continental margin, the Arctic archipelago and encircling much of the Baffin Island - Foxe 
Basin area show that structures formed or reactivated by Palaeozoic and later orogenic phases are continuing activity 
in response to the contemporary stress field. Possible zones of Cenozoic movement show pockets of high seismic 
activity but important gaps in the trends remain off Banks Island, along Nares Strait, and in Davis Strait. Tectonic 
forces characteristic of plate margins do not appear to be acting in the Canadian Arctic, and contemporary 
movement of Greenland with respect to Baffin Island does not need to be invoked to explain the seismicity in the 
Baffin region. Epicentre clusters in the Beaufort Sea and offshore of Ellef Ringnes Island are distributed mainly over 
the seaward gradient of elliptically shaped free air anomalies, indicating seismic adjustment in basement structures 
to uncompensated wedges of Recent-Tertiary sediments. Seismicity around much of the Baffin Island - Foxe Basin 
block shows a significant correlation with the interval of isostatic equilibrium between broad areas of current 
postglacial uplift. If northeastern Baffin Island is a hinge zone in the rebound process, and the zone from Hudson 
Strait to northeastern Keewatin a line of inflection in the rate of uplift contours, the reactivation of structures is 
occurring along zones of high differential stress. 
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Mackenzie Delta – Beaufort Sea 
 
Scientific Books and Articles 
 
Hasegawa, H.S., Chou, C.W., and Basham, P.W., 1979, Seismotectonics of the Beaufort Sea, 

Canadian Journal of Earth Sciences, v. 16, p. 816-830. 
Abstract: Earthquake data are utilized in conjunction with bathymetry and gravity measurements to study the 

seismotectonics of the Beaufort Sea area. The epicentre cluster in the Beaufort Sea is confined to the continental 
slope between the 200 and 2400 m bathymetry contours and falls between the seaward -20mGal and the landward 
+40mGal contours of an elliptically shaped free-air gravity anomaly. The cluster, which experiences an average of 
one earthquake magnitude ≥ 4 per year, is shown by epicentre relocation studies to be a distinct zone and not the 
result of mislocations of earthquakes originating from a spatially confined source. Theoretical calculations of the 
stress field under the region where the gravity anomaly is most pronounced show that the horizontal component of 
the stress field is deviatoric tension normal to the axis of the continental margin; focal parameters of the June 14, 
1975, mb 5.1, Ms 4.2 Beaufort Sea earthquake indicate deviatoric tension in the same (east-west) direction at a depth 
of 40 km. The relatively small surface waves from this and other Beaufort Sea earthquakes, compared to other on-
shore Arctic earthquakes, are probably due to this deeper focus at the continental margin. The horizontal component 
of the deviatoric compression of this earthquake is north-south; a horizontal compressive stress from the north may 
be transmitted through the Arctic Ocean lithosphere from the Nansen-Gakkel spreading ridge. It is suggested that 
these stresses are acting on localized zones of weakness. 

 
Hyndman, R.D., J.F. Cassidy, J. Adams, G.C. Rogers, and Mazzotti, S., 2005, Earthquakes and 

seismic hazard in the Yukon-Beaufort-Mackenzie, Canadian Society of Exploration 
Geophysicists Recorder, May 2005, p. 32-66. 

Abstract: The prospect of new hydrocarbon production as well as gas pipelines from the Beaufort-Mackenzie region, 
and from Alaska has resulted in increased attention to the substantial earthquake hazard in the Yukon and 
westernmost Northwest Territories. In this article we describe the distribution of past earthquakes and the hazard 
estimates based on the earthquake data file of the Geological Survey of Canada, and geophysical and geological 
constraints. There is exceptional seismicity in the S.W. Yukon where the Yakutat terrane is colliding with the 
Pacific continental margin in the Gulf of Alaska. The collision is pushing up the spectacular St. Elias Mountains 
including Mt. Logan, Canada’s highest mountain. The region has one of the greatest seismic hazards in Canada, with 
numerous recorded magnitude 7 to 8 earthquakes. Less well appreciated is the strong seismicity in the Mackenzie 
Mountains, Richardson Mountains, and the Beaufort Sea regions, with a number of magnitude 6 to 7 recorded 
earthquakes. The earthquake record and new high-precision GPS deformation data support a tectonic model of 
margin terrane collision driving the whole northern Cordillera Yukon block to the north-northeast at about 5 mm/yr. 
This motion is accommodated at the Cordillera eastern mountain front by overthrusting of the strong craton, as 
expressed by mainly thrust earthquakes in the Mackenzie Mountains. The northerly motion also produces frequent 
strike-slip earthquakes in the Richardson Mountains region, and perhaps the concentration of seismicity in the 
Beaufort Sea. Although there have been no historical large events under the Mackenzie Delta, there is a possibility 
that the Delta thrust front is capable of infrequent but large earthquakes. The very wide spacing of seismograph 
stations in northwestern Canada limits the epicentre accuracies, and correlation of the seismicity with geologically 
mapped faults is possible only for a few of the larger structures. Even recently, only earthquakes of magnitude above 
about M3 have been consistently recorded and depth determination has been possible for only a few of the larger 
recent events; they generally are in the upper crust. With the available earthquake catalogue and other information, 
hazard maps of ground shaking probability are as yet only very regional. 
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Baffin Island – Baffin Bay 
 
Scientific Books and Articles 
 
Bent, A.L., 2002, The 1933 Ms=7.3 Baffin Bay earthquake: strike-slip faulting along the 

northeastern Canadian passive margin, Geophysical Journal International, v. 150, p. 724-
736. 

Summary: The 1933 November 20 (Ms =7.3) Baffin Bay earthquake is one of the largest instrumentally recorded 
passive margin earthquakes. Analysis of seismograms of this earthquake shows strong evidence for strike-slip 
faulting, which contrasts with the generally accepted belief that Baffin Bay is dominated by thrust faulting. The best-
fitting solution consists of a large strike-slip subevent (strike 172°, dip 82°, rake 6°) followed by two smaller 
oblique-thrust subevents (strike 190°, dip 30°, rake 62°). All subevents occur at a depth of about 10 km. An 
instrumental moment magnitude of 7.4 was determined. Preliminary analysis of subsequent large (magnitude≥6.0) 
earthquakes in Baffin Bay finds additional evidence for strike-slip faulting in the region. The results for Baffin Bay, 
together with those for other passive margin earthquakes, suggest strike-slip faulting may be more prevalent in these 
regions than was previously believed. 
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Landslides 
 
Scientific Books and Articles 
 
Gilbert, R., 1983, Sedimentary processes of Canadian arctic fjords, In: Syvitski, J.P.M., and 

Skei, J.M. (eds.), Sedimentology of Fjords, Sedimentary Geology, v. 36, p. 147-175. 
Abstract: Conceptual models of circulation and sedimentation in arctic fjords are presented to illustrate the current 

understanding of these environments. Circulation is a vigorous process in these fjords and is enhanced by the loss of 
the freshwater cap during the long winter period of near zero inflow, the process of brine rejection during the 
formation of sea ice, and the role of glaciers and icebergs injecting freshwater at depth. On the other hand, the 
presence of sea ice blocks reduces the mixing action of wind which may otherwise represent the largest input of 
energy to fjord circulation; it also provides a freshwater layer on melting and may, in some circumstances, damp the 
amplitude of tides. During summer, large loads of glacial sediment entering arctic fjords are separated into streams 
of overflowing suspended load and bed load in the presence of salt water, as the concentrations of suspended load in 
the freshwater are normally much less than required to overcome the density of the salt water. Deposition occurs 
throughout the fjord by rapid settling of flocculated particles from the overflowing brackish water and from grain 
flows in the proximal environment created as the fluvial traction carpet moves over the delta foreset slope. After 
sediment has been deposited, it may be remobilized by slides which in turn may develop into fully turbulent flows as 
they move down the fjord floor. A range of deposits from slump debris to minor turbidites are postulated to occur 
with the flocculated muds, although not all have yet been examined in the arctic fjord stratigraphic record. Sea ice is 
an important sedimentological agent in arctic fjords. It passively carries fluvial, aeolian and colluvial material which 
is subsequently released from the ice during the stage of puddle draining at break-up. Sea ice also actively 
incorporates fine and coarse sediments (up to large boulders) during freezing along the shores in winter, and by 
wave and tidal current washing controlled by the presence of the ice during break-up. 

 
Syvitski, J.P.M., Burrell, D.C., and Skei, J.M., 1987, Chapter 5: Subaqueous slope failure, In: 

Fjords: Processes and Products, Springer-Verlag, New York, p. 175-209. 
Summary: Fjords, with their rugged topography and dynamic basin-infilling history, are prone to a variety of slope 

failures. Where bottom currents are strong, either from wave activity or tides, sediment accumulates under stable 
conditions and slope failures are rare. Fjords that have a particularly rugged seafloor and high rates of sedimentation, 
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however, are dominated by mass transport processes. These processes can influence both the benthic community and 
the geochemical environment. For instance, the local infaunal community may be limited from: (1) exposure of 
overconsolidated sediment after slide activity; and (2) sediment loading where the frequency of slope failure is high. 
Scientists have yet to determine both the short-term and long-term effects of mass failures on biogeochemical 
cycling of elements. Sediment slides and gravity flows may so alter the structure of the seafloor that a radically 
different seascape is formed. For example, the megachannel in Tingin Fiord, Baffin Island, has exposed a wide 
range of chronostratigraphic units, each with its unique geotechnical and geochemical properties. So, what might 
have been a simple benthic or geochemical environment has been altered to an incredibly complex environment. 
Shells and sediment older than 20,000 years BP might easily become mixed with sediment of recent age. 

 
Mackenzie Delta – Beaufort Sea 
 
Scientific Books and Articles 
 
Hill, P.R., Moran, K.M., and Blasco, S.M., 1982, Creep deformation of slope sediments in the 

Canadian Beaufort Sea, Geo-Marine Letters, v. 2, p. 163-170. 
Abstract: High resolution seismic profiles from the Canadian Beaufort Sea continental slope characteristically show a 

surficial 50 m thick conformably stratified unit overlying an irregular erosion surface. This stratified unit appears to 
be compressionally folded and associated with minor faults. At the shelf break, there are numerous indicators of a 
tensional regime, such as a large, slope-parallel graben and numerous mud diapirs. Although a large-scale slide-scar 
was mapped in one area, most of the slope is interpreted to be deforming by a creep mechanism. Preliminary 
calculations can provide reasonable values for the fold wave length and rate of deformation, supporting the 
suggestion that time dependent creep deformation has occurred in this area. 

 
Reports, Government Publications, and Theses 
 
Aylsworth, J.M., Traynor, J.A., Krusynski, G., 2001, Landslide inventory, Mackenzie Delta 

and adjacent Beaufort Sea coast, Geological Survey of Canada, Open File 3917, 1 CD-
ROM, or online digital data. 

Abstract: This abstract is common to Open Files 3915, 3916, and 3917. The Mackenzie landslide database was 
compiled as part of the Climate Change Program of the Geological Survey of Canada. The Mackenzie landslide 
database is a compilation of information on landslides occurring within the Mackenzie valley and adjacent 
mountainous areas and the Mackenzie Delta and adjacent Beaufort Sea coast. The database is in Excel 5 spreadsheet 
format and is accompanied by maps depicting landslide location. The Mackenzie landslide database (maps and 
digital spreadsheet files) is presented in three parts: (1) Geological Survey of Canada Open File 3915: "Landslide 
inventory, Mackenzie corridor (southern part)" by J.M. Aylsworth and J.A. Traynor, covers the region from 60°-
64°N and includes NTS map sheets 85 D to E and 95 A to C, F to K, N to O. Database is accompanied by a map 
depicting landslide location, differentiated by type, on a generalized surficial geology background (Fulton, 1995). 
(2) Geological Survey of Canada Open File 3916: "Landslide inventory, Mackenzie corridor (central part)" by A. 
Duk-Rodkin and T. Robertson, covers the region from 64°-68°N and includes NTS map sheets 96 C to F and 106 G 
to P. Database is accompanied by a map depicting landslide location, differentiated by type, on a generalized 
surficial geology background (Fulton, 1995). (3) Geological Survey of Canada Open File 3917: "Landslide 
inventory, Mackenzie Delta and adjacent Beaufort Sea coast" (68°-70°N) by J.M. Aylsworth, J.A. Traynor and G. 
Krusynski, covers the region from 68°-70°N and includes NTS map sheets 107 B-C (partial) and 117 D-E (partial). 
Database is accompanied by a map depicting landslide location, differentiated by type. The full database contains 
2014 entries, of which 55% represent individual landslides and a further 10% represent a pair of closely spaced 
landslides. The remaining 35% of entries represent clusters of closely spaced landslides with numbers ranging from 
3 to >30 landslides per cluster, with most clusters consisting of fewer than 10. These clusters mainly represent 
groups of adjacent, small retrogressive thaw flows in the northern third of the inventory area, although, in places, 
they represent a section of continuous riverbank characterized by adjacent rotational slides. The database contains 
information on landslide location, class and type of failure, dimensions, description of bedrock lithology or 
unconsolidated sediments, age if known, additional comments if any, airphoto numbers, and references if available. 
Each information field is described fully in the next section. Compilation of the landslide inventory is based 
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primarily on the interpretation of airphotos or compilation from existing surficial geology maps. For the most part, 
the latter maps were also produced mainly from airphoto interpretation. North of 68° latitude, the interpretation is 
based on 1985 images, and 1970 to 1981 airphotos were used between 68°and 64°N. Between 64° and 60°N, most 
of the landslides in the area were compiled from existing surficial geology maps based on 1948 to 1972 airphotos; 
however, within a corridor extending approximately 3 km on either side of the Mackenzie and Liard rivers, all 
available airphoto images (1947 to 1990) were re-examined during this project. Because most of the inventory is 
based upon airphoto interpretation in an area which has been irregularly and infrequently flown, most entries in the 
database are accurate only to the date of the most recent airphoto listed and comments, activity, measurements etc. 
must be understood to apply to the date of the airphoto and not to the present time. We welcome any additions to the 
database, in complete or partial form. The database will be up-dated as new landslides are reported. 

 
Bennett, R., Rochon, A., Schell, T., Bartlett, J., Blasco, S., Hughes-Clarke, J., Scott, D., 

MacDonald, A., and Rainey, W., 2008, Cruise Report Amundsen 2004-804: Beaufort Sea / 
Amundsen Gulf / Northwest Passage, June 23 – August 27, 2004, Geological Survey of 
Canada, Open File 5798, 111 p. 

Summary of Slope Failure Feature: This cruise report summarizes the activities of the geological/paleoceanographic 
science program of CASES (Canadian Arctic Shelf Exchange Study) Leg 8, 9 and ArcticNet Leg 1. During the 
course of 2004-804, a large slope failure feature was imaged by multibeam echosounder and 3.5 kHz sub-bottom 
profiler. Due to its large scale, the entire feature could not be imaged during the allotted time. The failure feature has 
been previously imaged and reported (e.g., Hill et al., 1982). The margins of the failure have sharp sides and scarps, 
and there is sharp folding of the failed material at the base of the failure, suggesting that the feature is relatively 
recent. O’Connor (1981) attributes the feature to recent/ongoing slope instability, with the assumption that the failed 
slope sediments are Holocene in age. Hill et al. attribute the feature to creep deformation of undefined age. Both 
studies assumed high sedimentation rates and thick Holocene accumulation for the Beaufort Shelf and Slope. 
However, if the sedimentation rate is low in this area (i.e., from regionally variable MacKenzie River sediment 
plume; and from current and storm resuspension and transport) then most seafloor features would appear as if they 
are recent, regardless of their true age. Additional high-resolution sub-bottom profiler data and sediment cores are 
required to date the slumped material and calculate the sedimentation rate in the area of the feature. Observations 
from a 2002 research cruise and 2004-804 suggest that sediment failures at the Beaufort Shelf break are pre-
Holocene in age. 3.5 kHz subbottom profiler records imaged opaque deformed sediments overlain by a veneer of 
soft, recent (probably Holocene) marine sediment. If the same Holocene veneer could be recognized at the site of the 
slope failure feature then an estimate of the feature’s age could be made. The historical geology of the Beaufort 
Margin also suggests pre-Holocene ages for slope failure features in the Beaufort Sea. The Beaufort Slope was a 
much more dynamic environment in the past, when relative sea level was as much as 140 m lower (at ~27,000 years 
ago) than at present. Shallow water depths and glacial influences (i.e., increased sedimentation leading to sediment 
loading etc.) would have created an environment more likely to cause slope failure. The failure-conducive 
environment and an apparent lack of relict features in seismic data suggest that the failure feature is likely pre-
Holocene in age. The failure was not likely caused by melting permafrost – observations made in the O’Connor 
report suggest that permafrost does not occur in the area of the failure feature. 

 
Conference Proceedings and Abstracts 
 
Hutchinson, D., Shimeld, J., Wade, J., Jackson, R., Chian, D., and Harrison, C., 2009, Initial 

results from new multichannel reflection data in the Canada Basin, Program with 
Abstracts, GSA Penrose Conference: Tectonic Development of the Amerasia Basin, Banff 
Centre, Alberta, Canada, 4–9 October 2009. 

Abstract: Approximately 5800 km of high-quality multichannel seismic reflection data were collected in the Canada 
Basin of the Arctic Ocean during the first two years of an ongoing four year collaboration between the Geological 
Survey of Canada (GSC) and the U.S. Geological Survey. The 16-channel data were acquired using an ice-
strengthened system designed by the GSC and operated from Canadian Coast Guard Ship Louis S. St-Laurent. U.S. 
Coast Guard Cutter Healy assisted in the acquisition during 2008 by breaking a path through the ice ahead of Louis 
in the most northern and eastern lines of the survey, where the ice was thickest. Preliminary analysis of the data 
shows that basement is imaged on all but the southeastern portion of Canada Basin where the first seafloor multiple 
obscures the deepest reflections. Sediment thicknesses, as measured between the sea floor and acoustic basement, 
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range from zero near the Alpha Ridge to more than 4.1 sec two-way travel time in parts of the central and eastern 
basin. Seismic stratigraphic interpretation yields about a dozen horizons that can be mapped regionally to define 
prerift, synrift, and postrift packages. Correlation of seismic horizons is tentative until additional coverage provides 
tie lines. Except for the southeastern portion of the survey, the entire sedimentary succession shows remarkably little 
disturbance since deposition. Although faulting occurs within the sequences, stratigraphic offsets are minor, and 
faults that extend from basement through the entire sedimentary sequence are rare. The escarpment along Northwind 
Ridge appears to be an onlap surface that has been tectonically quiet since deposition of the oldest strata. On the 
continental margin near Banks Island of the Canadian Beaufort Sea, an area of folding that becomes more intense in 
a shoreward direction occurs in the sedimentary package and may indicate either contractional tectonics or 
gravitational sliding. Throughout the deep-water parts of the basin, large mass transport deposits are imaged in the 
upper half of the sedimentary section. The new multichannel data provide 6 crossings of the 1000-km long by 50-km 
wide curvilinear central Canada Basin gravity low, which has been previously attributed to a seafloor spreading 
center. These new data reveal that the gravity low actually marks a fundamental boundary separating distinct and 
asymmetric sedimentary and basement styles. Directly beneath the gravity anomaly is a narrow, symmetrical graben 
containing some of the oldest horizons in the basin. West of the anomaly, near Northwind Ridge, generally thinner 
sediments overlie a smooth basement that dips towards the graben. On the east, sediments are thicker and basement 
is rough, faulted, and deeper. While these new data are consistent with extension, particularly extension focused in 
grabens, they preclude a typical spreading center along this negative gravity anomaly. 

 
Mosher, D.C., Shimeld, J., Jackson, R., Hutchinson, D., Chapman, C.B., Chian, D., and 

Verhoef, J., 2010, Seismic exploration and sedimentation in Canada Basin, Western 
Arctic, Program with Abstracts, GeoCanada2010, CSPG Annual Meeting, Calgary, AB, 
May 10-14, 2010. 

Summary: Marine seismic field programs were undertaken in Canada Basin of the western Arctic Ocean during the past 
3 years in order to study the geology and geomorphology of the region. As part of this program, three icebreaker 
expeditions acquired bathymetric, seismic reflection and seismic refraction data on a regional scale. These 
expeditions have tripled previous data holdings in this ice-covered region, including large areas where no previous 
data existed, acquiring more than 9,866 line-km of multi-channel seismic reflection data and 82 sonobuoy seismic 
refraction records over abyssal plain and continental rise regions of Canada Basin, Northwind Ridge and Alpha 
Ridge. The success of these programs has been achieved through novel technical modifications to equipment to 
permit towing in heavy ice conditions and due to collaboration with US counterparts (e.g. USGS, UNH, NOAA) in 
order to utilize two ice breakers during seismic data acquisition in heavy ice. The seafloor of the basin is remarkably 
flat-lying in its central region, extending for 100’s of kilometres with little bathymetric change. The subsurface 
geology is generally flat lying with reflections correlating over long distances with negligible relief and onlap of 
bathymetric highs, such as the Alpha and Northwind ridges. Sediments reach 6.5 km in thickness in the deepest part 
of the basin. There is little evidence of tectonic deformation after primary basin-forming events and the few faults 
that are recognized appear to be related to consolidation effects. Although most survey data are distal to the 
Canadian continental slope along the western Arctic, there is evidence of submarine mass transport deposition 
extending well out on to the basin plain in the shallowest third of the sedimentary package. These characteristics 
suggest that sediment volume input to the Arctic Ocean has been high and dominated by turbidity current deposition, 
similar to Amundsen and Nansen Basins of the eastern Arctic. These turbidites may be sourced from the 
surrounding continental margins and ridges, originating as mass transport events along the margin. 

 
Baffin Island – Baffin Bay 
 
Scientific Books and Articles 
 
Gilbert, R., 1978, Observations on oceanography and sedimentation at Pangnirtung fiord, 

Baffin Island, Maritime Sediments, v. 14, no. 1, p. 1-9. 
Abstract: Pangnirtung Fiord is a glacial trough draining the southwest portion of Penny Icecap, Baffin Island. Sills 

associated with riegels divide the fiord into four basins. Despite a large inflow of sediment from streams draining the 
glaciers and Penny Icecap, glacio-marine sediments have been deposited in sufficient thickness to mask glacial 
features only in the central portion of the fiord. A major trench in the fiord floor is believed to result from erosion by 
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turbidity currents. A shallow sill (12 to 22 m below mean tide level) at the mouth of the fiord, a large tidal range (up 
to 6.7 m), and moderate fresh water inflow strongly influence circulation and stability of fiord water. Replacement 
of bottom water occurs frequently or continuously during the year and helps to determine the distribution of 
sediment. The oxygen-rich bottom water supports a large benthic fauna which severely bioturbates the sediments 
making them useless for the interpretation of Holocene events in the region. 

 
Gilbert, R., 1982, Contemporary sedimentary environments on Baffin Island, N.W.T. Canada, 

Glaciomarine processes in fjords of eastern Cumberland Peninsula, Arctic and Alpine 
Research, v. 14, no. 1, p. 1-12.  

Abstract: Maktak, Coronation, and North Pangnirtung fiords are major confluent trenches in the dissected plateau of 
eastern Baffin Island. Fresh water and sediment from large outlet glaciers of Penny Ice Cap, and from smaller ice 
fields nearby, enter and pass along the fiords largely as surface overflow. Mixing with salt water beneath is inhibited 
near the fiord heads by the strong density gradient at the pycnocline. Patterns of current and suspended sediment 
deposition on the fiord floors are determined in part by the influence of Coriolis force. Despite a small tidal range 
(1.1 m), the absence of sills within the fiords allows free exchange of sea water and frequent or quasi-continuous 
circulation at depth. Except near the head of the fiords in high-energy environments of rapid sedimentation, 
bioturbation by molluscs and echinoderms destroys many of the fine sedimentary structures. However, from studies 
of grab samples and short cores, four principal processes of sedimentation are proposed: (1) infrequent deposition of 
coarse particles from ice rafting and subaerial rock fall; (2) settling from suspension in overflowing fresh water of 
fine sand and flocculated silt and clay at rates that probably do not exceed several millimeters per year except near 
the fiord heads; (3) gravity flows, including slumping of oversteepened subaqueous slopes, turbidity currents which 
produce thin, graded beds of moderately sorted sands, and nonturbulent liquified or fluidized flow depositing 
ungraded layers of well-sorted coarse sand (the latter may be important at the toe of Coronation Glacier where fresh 
water entering at depth rises to the surface leaving its coarse load to spread over the fiord floor); and (4) aeolian 
transport from the sandur surfaces depositing distinctive bands of medium sand. 

 
Gilbert, R., Nielsen, N., Möller, H., Desloges, J.R., and Rasch, M., 2002, Glacimarine 

sedimentation in Kangerdluk (Disko Fjord), West Greenland, in response to a surging 
glacier, Marine Geology, v. 191, p. 1-18.  

Abstract: Beginning in 1995, a large outlet glacier of the Sermersauq Ice Cap on Disko Island surged 10.5 km 
downvalley to within 10 km of the head of the fjord, Kuannersuit Sulluat, reaching its maximum extent in summer 
1999 before beginning to retreat. Sediment discharge to the fjord increased from 13 x 103 t day-1 in 1997 to 38 x 103 
t day-1 in 1999. CTD results, sediment traps and cores from the 2000 melt season document the impact of the surge 
on the glacimarine environment of the fjord. Within 4 km of the inflow sedimentation rates increased by 30 times 
over those before the surge, reaching an estimated maximum value of 29 cm a-1 (up to 4.2 mm day-1 between 24 July 
and 9 September 2000). Fine-grained deposits from suspension in the water column displayed diurnal laminations in 
response to the interaction of tidal cycles with the sediment plume; these are not found in the sediments deposited 
before surging. Thin beds of sandy turbidites from turbidity currents originating from slope failures on the delta 
front occurred at about 20 day intervals during the melt season. Each of these effects was limited to within several 
kilometres of the point of inflow, but provide a unique signal significantly different from those generated by normal 
hydroclimatically induced events. 
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PART 2. GENERAL REFERENCES WITH RELEVANCE TO CANADIAN 
TSUNAMI HAZARD 

 
GENERAL TSUNAMI REFERENCES 
 
Scientific Books and Articles 
 
Abe, K., 1979, Size of great earthquakes of 1837-1974 inferred from tsunami data, Journal of 

Geophysical Research, v. 84, no. B4, p. 1561-1568. 
Abstract: A new magnitude scale Mt is defined by using the logarithm of the maximum amplitude of far-field tsunami 

waves measured by tide gauges or their substitutes. The Mt scale is experimentally adjusted to the Mw scale 
introduced by Kanamori (1977), so that the Mt scale measures the seismic moment of a tsunamigenic earthquake as 
well as the overall size of tsunami at the source. Mt and the conventional tsunami magnitude m are distinct scales. 
By using many amplitude data of tsunami waves now available the values of Mt are assigned to 65 tsunamigenic 
earthquakes that occurred in the Pacific area during the period from 1837 to 1974. The 1960 Chilean shock has the 
largest Mt, 9.4. The 1946 Aleutian (Mt = 9.3), the 1837 Chilean (Mt = 9.25), and the 1964 Alaskan (Mt = 9.1) events 
follow. Nine great events having Mt = 9 or over occurred during this period, and their occurrence is clustered in the 
years around 1840, 1870, and 1960. Of all the 65 events listed, at least six unusual earthquakes having tsunamis with 
an amplitude disproportionately large for their surface-wave magnitude Ms are identified from the Mt - Ms relation. 

 
Abe, K., 1983, A New Scale of Tsunami Magnitude, Mt, In: Iida, K., and Iwasaki, T. (eds.), 

Tsunamis – Their Science and Engineering, p. 91-101. 
Abstract: A new scale of tsunami magnitude, Mt, was recently established on the basis of the logarithm of the maximum 

amplitude of tsunami waves that were recorded by tide gauges. Because this scale was calibrated for the moment 
magnitude of an earthquake, it represents not only the overall physical size of a tsunami source, but also seismic 
moment of a tsunamigenic earthquake. The background of the definition of the Mt scale is summarized, and its 
significance in the study of tsunami generation and earthquake mechanism is discussed. Because of the remarkable 
usefulness of the Mt scale, it is attempted to extend it to historical events for which instrumental records are 
nonexistent. The results of numerical experiments and inverse refraction drawings in the tsunami study are used. 
This method is applied to large events that have occurred along the Pacific coast of Japan over the past 400 years. 
The largest Mt of these events reaches 81/2, which is smaller than Mt = 9.4 of the great Chilean event of 1960. 

 
Abe, K., 1989, Quantification of tsunamigenic earthquakes by the Mt scale, Tectonophysics, v. 

166, p. 27-34. 
Abstract: A magnitude scale, Mt, previously defined by the author, is unique among the many scales in seismology, 

because it is based on the instrumental amplitude of tsunami waves, its level being adjusted to agree with moment 
magnitude. Despite the simple definition, the Mt scale reliably measures the seismic moment of an earthquake as 
well as the overall physical size of the source of the tsunami. In reality, the seismic moment estimated from Mt for 
39 events around Japan is found to be essentially equivalent to that estimated from seismic waves, with an 
uncertainty factor of two on average. The Mt scale is useful for a quantitative discrimination of tsunami earthquakes 
that generate anomalously large tsunamis for their magnitude. Of 97 tsunamigenic events that occurred around Japan 
during the period 1894 to 1985, at least eight tsunami earthquakes are identified from the Mt vs Ms, relation. 

 
Abe, K., 1995, Estimate of tsunami run-up heights from earthquake magnitudes, In: Tsuchiya, 

Y., and Shuto, N. (eds.), Tsunami: progress in prediction, disaster prevention and warning, 
Advances in Technological Hazards Research, v. 4, Kluwer Academic Publishers, 
Dordrecht, the Netherlands, v. 4, p. 21-35. 

Abstract: A tsunami magnitude scale Mt is unique among the many scales in seismology, because it is based on 
instrumental tsunami-wave amplitude, its level being adjusted to agree with moment magnitude of an earthquake. 
Despite the simple definition, the Mt scale reliably measures the physical size of an earthquake as well as the overall 
potential of a tsunami. By taking account of the definition of Mt and the scaling relation of earthquake fault 
parameters, a method for estimating tsunami run-up heights from earthquake magnitudes is developed. The 
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application of the method to a number of the height data of previous tsunami suggests that the uncertainty lies within 
a factor of 1.5. For practical purposes, the relationships discussed here are summarized into a simple diagram. The 
present method is practical and robust enough to be used for near-field tsunami warning purposes where rapid 
evaluation of tsunami heights is required. 

 
Bernard, E.N., 1997, Reducing tsunami hazards along U.S. coastlines, In: Hebenstreit, G.T. 

(ed.), Perspectives on tsunami hazard reduction, Advances in Natural and Technological 
Hazards Research, v. 9, Kluwer Academic Publishers, Dordrecht, the Netherlands, p. 189-
203. 

Abstract: On April 25-26, 1992, a swarm of large earthquakes rattled northern California, injuring 98 people and 
causing $66 million dollars in damage. The swarm began with a Ms 7.1 thrust earthquake that generated a small 
tsunami recorded at tide stations in California, Oregon, and Hawaii. This earthquake/tsunami event provided 
important evidence that the Cascadia Subduction Zone is seismically active and that tsunamis are likely from 
earthquakes occurring along the zone. This new evidence also led the National Oceanic and Atmospheric 
Administration (NOAA), the U.S. agency responsible for tsunami warnings, to evaluate the state of tsunami 
preparedness for communities potentially affected. NOAA conducted workshops on tsunami hazard assessment, 
tsunami warnings, and public education over a 15-month period. Over 50 tsunami scientists, emergency planners, 
and educators participated and produced technical reports with findings and recommendations. The most significant 
findings that emerged from these workshops include: 1. Technology exists to produce tsunami inundation maps for 
emergency preparedness. 2. Technology exists to issue tsunami warnings within 5 minutes for earthquakes occurring 
along U.S. coastlines. 3. Technology exists to detect tsunamis in the offshore ocean. 4. Tsunami education for local 
and distant tsunami is deficient for west coast decision makers and residents. A summary of the three workshops is 
presented in this report, along with 12 recommendations that participants felt would mitigate U.S. tsunami hazards. 
 

Bernard, E.N., and Robinson, A.R., 2009, Chapter 1: Introduction: emergent findings and new 
directions in tsunami science, In: Bernard, E.N., and Robinson, A.R. (eds.), The Sea, v. 15: 
Tsunamis, Harvard University Press, Cambridge, Massachusetts, p. 1-22. 

Summary: The December 26, 2004 Indian Ocean tsunami was the most destructive tsunami in recorded history in terms 
of casualties (228,000) and economic impact ($10B). The world's response was an unprecedented $13.5B in 
international aid. Given the magnitude and impact of such a disaster, the demand for scientific and technical 
information on tsunamis well exceeded the supply of knowledgeable people and useable referenced literature. At the 
time of the 2004 tsunami, there was little formal tsunami education available anywhere in the world. What emerges 
from the 2004 Indian Ocean tsunami and the society's response is a call for research that will mitigate the effects of 
the next tsunami on society. The Sea Volume 15: Tsunami is an effort to fill the education gap at two levels. This 
volume provides an excellent starting point for the challenges ahead, including, importantly, academic educational 
activities. It contains the technical elements of tsunami state of the science, including chapters on: the recorded and 
geologic history of tsunamis and how to assess the probability of the tsunami risk; the generation of tsunamis; 
measurement and modeling tsunami propagation and inundation; the impacts of tsunamis on coastlines; and tsunami 
forecast and warnings. Together, these chapters give a technical foundation to apply tsunami science to community-
based tsunami preparedness. Two of the most seminal advances in tsunami research since the Indian Ocean tsunami 
are: i) deep ocean tsunami measurements, and ii) their use together with advanced numerical models in accurately 
forecasting tsunamis after the tsunami has been generated. These advances not only enable accurate real time 
tsunami forecasts, but also will lead to more insights into tsunami dynamics and help address the challenge of 
creating tsunami-resilient communities-our ultimate goal. Some important research topics identified in this volume 
include: (1) generation dynamics and real-time generation feature models; (2) multiple generation mechanisms; (3) 
simulations for propagation and inundation; (4) effects of bathymetry for potential disaster sites; (5) very high 
resolution simulations for inundation and destruction by debris; (6) errors and uncertainty estimates for forecasts; (7) 
numerical models for evacuation and other mitigation strategies; (8) conducting offshore facility siting studies; (9) 
estimating current velocities during inundation for construction design considerations. The challenge is great, but the 
payoff is fewer casualties from future tsunamis. 

 
Bourgeois, J., 2009, Chapter 3: Geologic effects and records of tsunamis, In: Bernard, E.N., 

and Robinson, A.R. (eds.), The Sea, v. 15: Tsunamis, Harvard University Press, Cambridge, 
Massachusetts, p. 55-91. 
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Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 3, Geological Effects and 
Records of Tsunamis, extends the historical record of tsunamis by including geological evidence of past tsunamis to 
better assess the hazard at specific locations. Bourgeois provides an excellent overview of the traces left by large 
tsunamis in the geological record of the history of our planet. She describes the study of geological records of 
tsunamis as “immature” because extensive publications began after 1985. By 2006, however, over 500 peer-
reviewed articles had appeared, largely spurred by the high number of damaging tsunamis in the 1990s. She 
provides a detailed history of the evolution of the field by someone who witnessed the evolution along with an 
extensive reference list. In this discussion, she points out some “imaginative interpretations” that every evolving 
field experiences, about which a new student should be cautious. This chapter introduces us to the granddaddy of all 
tsunamis, the asteroid impact tsunami and the geological traces left by these enormous tsunamis up until the 
Holocene geological epoch (about 9600 B.C. to present). The Holocene contains deposits from earthquake-
generated tsunamis and are easily compared to contemporary tsunamis such as the 2004 Indian Ocean tsunami for 
validation of scientific concepts. This chapter also discusses the physics behind the deposits and techniques for 
dating the time of deposit using a variety of techniques and technologies. Her section on tsunami erosion provides 
insights to the source of the deposits. She then discusses some of the exciting research topics in this emerging 
geologic specialty, including mapping methods for contemporary tsunamis, distinguishing deposits from storm surge 
vs. tsunami flooding, and quantitative methods for assessing the fluid flow associated with deposits. 

 
Bryant, E., 2001, Tsunami: The Underrated Hazard, Cambridge University Press, 320 p. 
Contents: This book comprehensively describes the nature and process of tsunami, outlines field evidence for detecting 

the evidence of past events, and describes particular events linked to earthquakes, volcanoes, submarine landslides, 
and meteorite impacts. Contents include the following. (1) Tsunami as known hazards: introduction; tsunami 
dynamics. (2) Tsunami-formed landscapes: signatures of tsunami in the coastal landscape; coastal landscape 
evolution. (3) Causes of tsunami: earthquake-generated tsunami; great landslides; volcanic eruptions; comets and 
meteorites. (4) Modern risk of tsunami. 
 

Dawson, A.G., 1999, Linking tsunami deposits, submarine slides and offshore earthquakes, 
Quaternary International, v. 60, p. 199-126. 

Abstract: The recognition that many tsunamis are associated with coastal sedimentation has been of great value in the 
study of tsunamis prehistorically. Geological investigation of such sediments has resulted in the identification of a 
series of palaeotsunamis that appear to have taken place in different areas of the world. In most cases, however, it 
has proved difficult to link former tsunamis to specific source mechanisms. Studies of modern tsunamis have also 
faced difficulties in the recognition of the specific source mechanisms. For example, offshore earthquakes may 
trigger submarine slides that combine to produce complex patterns of tsunami flooding at the coast. 

 
Dawson, S., Smith, D.E., Ruffman, A., and Shi, S., 1996, The diatom biostratigraphy of 

tsunami sediments: examples from Recent and Middle Holocene events, Physics and 
Chemistry of the Earth, v. 21, no. 12, p. 87-92. 

Abstract: The interpretation of diatom biostratigraphy is a little used technique in the study of onshore tsunami 
sedimentation. Evidence is presented from examples from three tsunamis in which sediments were either observed 
to have been deposited; documentary evidence attests to the presence of sediment sheets, or finally, in the case of 
palaeo tsunamis, morphological and stratigraphical evidence permits the interpretation of tsunami inundation and the 
subsequent deposition of sediment. Examples from Scotland and Canada, and preliminary results from Indonesia, 
illustrate distinctive diatom assemblages that are associated with tsunami sedimentation. These assemblages contrast 
with the sediments immediately underlying and overlying the tsunami sediment. Data is presented showing an often 
chaotic assemblage, attributable to the tsunami waves crossing many distinctive diatom habitats, from fully marine 
planktonic and benthic species, through the varied intertidal zone and finally over the onshore terrestrial 
environments. The deposits attributable to tsunami inundation, particularly in Scotland, disclose a high proportion 
(often in excess of 65%) of broken diatom valves, and an over-representation of centric species due to their greater 
resistance to erosion. Together the information derived from known historical tsunamis and from palaeo tsunamis 
with good stratigraphical and dating control provide a good basis for the study of the diatom characteristics of 
modem tsunamis. 

 
DeLange, W., and Healy, T., 1999, Tsunami and tsunami hazard, Tephra, v. 17, p. 13-20. 
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Summary: This article discusses the definition of the word tsunami: long period waves generated by an impulsive 
source, noting that this excludes meteorological tsunami, which represent similar hazards. It describes tsunami 
characteristics (e.g., tsunami are long period shallow water waves with typical periods of 15-60 minutes, and 
wavelengths of hundreds of km in deep water; since the period remains constant, a tsunami travelling into shallow 
water slows and increases in size). Tsunami generation mechanisms are described (earthquakes; landslides; volcanic 
processes; bolide impacts). Various aspects of tsunami propagation are described, including the effects of refraction, 
reflection, the Coriolis Effect (tsunami waves deflect towards the left in the southern hemisphere, and to the right in 
the north), the curvature of the Earth, and shoaling in shallow water. A distinction is made between long sequence, 
periodic and stable tsunamis produced by large linear sources (earthquakes) and radially dispersive, unstable short 
sequence tsunamis produced by point sources (e.g., landslides, impacts) that, unlike linear sources, are generally not 
hazardous after propagating more than 1000 km from the source. Tsunami hazards are described in detail. The most 
destructive tsunamis are those that form a breaking bore, where the damage is mainly caused by high turbulence; 
bores associated with the 1960 Chilean tsunami transported 20 tonne pieces of a seawall up to 200 m inland. 
Tsunami bores may also form within estuaries and the lower reaches of river and streams. Debris carried by 
tsunamis can generate very high impulsive forces; floating wood pushed by tsunami bores may exert impulsive 
forces of more than 9 tonnes. Tsunamis may spread liquid contaminants such as oil. Most hazardous are small boats 
in marinas or fishing ports that are swept inland by tsunami waves and have been a major cause of fires in Japan. 
Combustible materials carried by tsunamis may also be ignited by sparks from electrical equipment as they are 
inundated. Current velocities generated by flooding and receding tsunami waves can be high due to extreme 
variations in water level. Most drownings associated with tsunamis have been of people swept into deep water by 
the return flow. Tsunami waves may force oscillations within semi-enclosed basins such as estuaries, harbours and 
the lower reaches of rivers to produce seiches; resonance can cause large amplification of waves. Finally, tsunami 
warning systems and procedures are described. 

 
Di Menna, J., and Fick, S., 2005, After shock, Canadian Geographic, v. 125, no. 6, p. 42-43. 
Summary: In the year since a massive earthquake and tsunami rocked the Indian Ocean, the question "What if it 

happens here?" has gained urgency in western North America. The geology of the Cascadia subduction zone off the 
Pacific coast is so strikingly similar to that of Sumatra that scientists in British Columbia have used data from last 
year's disaster to refine models of how a megathrust earthquake - on the order of magnitude 9.0 – would affect the 
province's coast. Geological deposits and coastal First Nations lore indicate that large earthquakes have hit the West 
Coast every 200 to 800 years, and since the last one shook the region 305 years ago, scientists believe Cascadia 
could be ready to rupture at any time. The Sumatran experience gave scientists an idea of what to expect when it 
does happen. Using information gathered from that event, Cassidy and his colleagues plotted the same pattern of 
aftershocks and crustal deformation onto a map of the North American coast. Predictions by computer models were 
largely confirmed by the Sumatran events, but shaking was stronger than expected and felt farther inland, and the 
tsunami flooded higher up on shore and with more variation from place to place than scientists had anticipated. 
These insights will eventually make their way into building codes and engineering designs in earthquake- and 
tsunami-prone areas, but more immediately, the Sumatran disaster has led authorities to adjust their reaction 
strategies by adding warning systems and by increasing public awareness. 

 
Geist, E.L., 1998, Local tsunamis and earthquake source parameters, Advances in Geophysics, 

v. 39, p. 117-209. 
Summary: This study establishes the relationship between individual earthquake source parameters and tsunami 

generation. Inferences about the effect source parameters ultimately have on local run-up are made possible by the 
formulation of run-up laws. Effect on vertical seafloor displacement varies among source parameters, but an upper 
limit of the maximum displacement is commonly evident. This limit arises from either (1) bounds on the value 
individual parameters can attain (termed here as parameter bounding), e.g., rupture width; maximum tsunami 
amplitude is for earthquakes that rupture the entire schizosphere, or (2) bounds on the effect individual parameters 
have on seafloor displacement (termed effect bounding), e.g., fault dip; maximum tsunami run-up is for fault dips 
common in subduction zone settings (approximately 20°-30°). Among the source parameters studied, the magnitude 
and spatial variations of slip have a dominant effect on the excitation of local tsunamis. Because the relationship 
between average slip and seafloor displacement is linear, seafloor displacement is not effect bounded with respect to 
slip variations. Also, if slip scales with the length of the rupture zone, slip is parameter bounded only for very long 
fault lengths. If, however, slip scales with the width of the fault zone, then slip would be parameter bounded (as 
width is). Secondary source parameters may have compounded effects, leading to significant changes in the 
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generated tsunami. For example, shallow rupture on a gently dipping fault will generate a larger tsunami, compared 
to deeper rupture on a steeply dipping fault. Thus, forward modeling of tsunamis is critically dependent on the 
accuracy of seismologically determined source parameters. In general, spatial variations seem to have a much 
greater effect on the tsunami wavefield than do temporal changes. This is explained by the substantially lower speed 
of tsunami wave propagation relative to the earthquake rupture speed. Any substantial changes in the wavefield 
owing to time-dependent processes such as rupture propagation are further diminished during shoaling of the local 
tsunami. The effect of long source process times associated with tsunami earthquakes is more important in terms of 
accurately estimating the seismic moment of the earthquake from seismograms. Local tsunami hazard can also be 
addressed from this source parameter study. Examining the comparative effect of earthquake source parameters 
relates primarily to estimating the severity of local tsunamis. Aside from bathymetric variations, it is apparent that 
maximum slip during rupture controls the maximum run-up of the ensuing tsunami, as is evident from the 1992 
Nicaragua tsunami (Satake, 1994; Piatanesi et al., 1996). The average tsunami amplitude associated with various-
scenario earthquakes can be grossly estimated by using slip-scaling laws in which the average slip is related to the 
dimensions of the model rupture zone. One must be careful, however, in using uniform-rupture models to estimate 
local tsunami hazards, for three reasons: (1) the average slip associated with tsunami earthquakes is greater than that 
suggested by slip-scaling laws; (2) dip-directed variations in slip and the circumstance of surface rupture strongly 
affect the initial tsunami waveform; and (3) the maximum tsunami amplitude is ultimately dependent on the 
maximum of a slip distribution that is observed to be remarkably heterogeneous for subduction zone events. Other 
components of hazard assessment, such as likelihood, location, and extent, remain even more problematic to forecast. 
This recognition underscores the importance of efforts to provide real-time estimation of earthquake source 
parameters for the purpose of providing a rapid and accurate tsunami warning system. 
 

Geist, E.L., 2002, Complex earthquake rupture and local tsunamis, Journal of Geophysical 
Research, v. 107, B5, doi:10.1029/2000JB000139. 

Abstract: In contrast to far-field tsunami amplitudes that are fairly well predicted by the seismic moment of subduction 
zone earthquakes, there exists significant variation in the scaling of local tsunami amplitude with respect to seismic 
moment. From a global catalog of tsunami runup observations this variability is greatest for the most frequently 
occurring tsunamigenic subduction zone earthquakes in the magnitude range of 7 < Mw < 8.5. Variability in local 
tsunami runup scaling can be ascribed to tsunami source parameters that are independent of seismic moment: 
variations in the water depth in the source region, the combination of higher slip and lower shear modulus at shallow 
depth, and rupture complexity in the form of heterogeneous slip distribution patterns. The focus of this study is on 
the effect that rupture complexity has on the local tsunami wave field. A wide range of slip distribution patterns are 
generated using a stochastic, self-affine source model that is consistent with the falloff of far-field seismic 
displacement spectra at high frequencies. The synthetic slip distributions generated by the stochastic source model 
are discretized and the vertical displacement fields from point source elastic dislocation expressions are 
superimposed to compute the coseismic vertical displacement field. For shallow subduction zone earthquakes it is 
demonstrated that self-affine irregularities of the slip distribution result in significant variations in local tsunami 
amplitude. The effects of rupture complexity are less pronounced for earthquakes at greater depth or along faults 
with steep dip angles. For a test region along the Pacific coast of central Mexico, peak nearshore tsunami amplitude 
is calculated for a large number (N = 100) of synthetic slip distribution patterns, all with identical seismic moment 
(Mw = 8.1). Analysis of the results indicates that for earthquakes of a fixed location, geometry, and seismic moment, 
peak nearshore tsunami amplitude can vary by a factor of 3 or more. These results indicate that there is substantially 
more variation in the local tsunami wave field derived from the inherent complexity subduction zone earthquakes 
than predicted by a simple elastic dislocation model. Probabilistic methods that take into account variability in 
earthquake rupture processes are likely to yield more accurate assessments of tsunami hazards. 

 
Geist, E.L., and Dmowska, R., 1999, Local tsunamis and distributed slip at the source, Pure 

and Applied Geophysics, v. 154, p. 485-512. 
Abstract: Variations in the local tsunami wave field are examined in relation to heterogeneous slip distributions that are 

characteristic of many shallow subduction zone earthquakes. Assumptions inherent in calculating the coseismic 
vertical displacement field that defines the initial condition for tsunami propagation are examined. By comparing the 
seafloor displacement from uniform slip to that from an ideal static crack, we demonstrate that dip-directed slip 
variations significantly affect the initial cross-sectional wave profile. Because of the hydrodynamic stability of 
tsunami wave forms, these effects directly impact estimates of maximum runup from the local tsunami. In most 
cases, an assumption of uniform slip in the dip direction significantly underestimates the maximum amplitude and 
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leading wave steepness of the local tsunami. Whereas dip-directed slip variations affect the initial wave profile, 
strike-directed slip variations result in wavefront-parallel changes in amplitude that are largely preserved during 
propagation from the source region toward shore, owing to the effects of refraction. Tests of discretizing slip 
distributions indicate that small fault surface elements of dimensions similar to the source depth can acceptably 
approximate the vertical displacement field in comparison to continuous slip distributions. Crack models for 
tsunamis generated by shallow subduction zone earthquakes indicate that a rupture intersecting the free surface 
results in approximately twice the average slip. Therefore, the observation of higher slip associated with tsunami 
earthquakes relative to typical subduction zone earthquakes of the same magnitude suggests that tsunami 
earthquakes involve rupture of the seafloor, whereas rupture of deeper subduction zone earthquakes may be 
imbedded and not reach the seafloor. 

 
Geist, E.L., Titov, V.V., and Synolakis, C.E., 2006, Tsunami: wave of change, Scientific 

American, v. 294, p. 56-63. 
Introduction: On December 26, 2004, a series of devastating waves attacked coastlines all around the Indian Ocean, 

taking the largest toll of any tsunami ever recorded. The surges decimated entire cities and villages, killing more 
than 225,000 people within a matter of hours and leaving at least a million homeless. This shocking disaster 
underscored an important fact: as populations boom in coastal regions worldwide, tsunamis pose a greater risk than 
ever before. At the same time, this tsunami was the best documented in history-opening a unique opportunity to 
learn how to avoid such catastrophes in the future. From home videos of muddy water engulfing seaside hotels to 
satellite measurements of the waves propagating across the open ocean, the massive influx of information has 
reshaped what scientists know in several ways. For one thing, the surprising origin of the tsunami-which issued from 
a location previously thought unlikely to birth the giant waves-has convinced researchers to broaden their list of 
possible danger areas. The new observations also provided the first thorough testing of computer simulations that 
forecast where and when a tsunami will strike and how it will behave onshore. What is more, this event revealed that 
subtle complexities of an earthquake exert a remarkably strong influence over a tsunami’s size and shape. The 
improved models that have resulted from these discoveries will work with new monitoring and warning systems to 
help save lives. 

 
Gisler, G.R., 2009, Chapter 6: Tsunami generation: other sources, In: Bernard, E.N., and 

Robinson, A.R. (eds.), The Sea, v. 15: Tsunamis, Harvard University Press, Cambridge, 
Massachusetts, p. 179-200. 

Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 6, Tsunami Generation: Other 
Sources, deals with tsunami generation by sources other than earthquakes. Gisler reports on a series of numerical 
experiments that explore tsunami generation by sub-aerial and submarine landslides, volcanic eruptions (pyroclastic 
flows and caldera collapses), and asteroid impacts using a multi-material, multi-phase, full Navier-Stokes, 
compressible fluid model (SAGE hydrocode). He begins by providing examples of tsunamis not generated by 
earthquakes and details experimental work that has successfully reproduced tsunami inundation dynamics for sub-
aerial landslides. He then makes the case for using numerical models that must deal with multi-material, multi-phase 
processes (volcanic eruptions, landslides, and asteroid impacts) in a compressible fluid. After discussion of some of 
the features of the SAGE hydrocode, he then details numerical experiments for submarine volcano simulations of 
Kick-em Jinny volcano, for sub-aerial landslide simulations of Lituya Bay, Alaska and La Palma, Canary Islands, 
for sub-marine landslide simulations of hypothetical continental shelf turbidites, and for asteroid impact simulations 
for various size asteroids colliding at different incident angles. Validation of these experiments is only qualitative 
(except Lituya Bay), since tsunami data from these other sources are limited. For those readers interested in his 
results from a LaPalma flank collapse, the answer is local destruction, but no threat to the U.S. east coast. He 
recommends more experimental work with both slurries of scaled rheology and with solid blocks, field surveys of 
past slides, monitoring sites with potential for slides or slumps, and repeating bathymetric surveys of steeply sloping 
continental shelf-edge regions to accurately map the “before slump” bathymetry. 

 
González, F.I., 1999, Tsunami!, Scientific American, v. 280, no. 5, p. 56-65. 
Summary: This article highlights the need for ongoing tsunami hazard assessments, mitigation, education and warning 

systems in the U.S., using examples from damaging tsunamis in other parts of the world (Papua New Guinea 1998, 
Nicaragua 1992; Aleutians 1946; Okushiri, Japan 1993). It describes the physics of tsunamis from generation 
through propagation to inundation. It discusses the tsunami threat to the U.S., and describes the National Tsunami 
Hazard Mitigation Program established in 1997 with the following three interlocking activities. (1) Assessment of 
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the threat to specific coastal areas; (2) improvement of the early detection of tsunamis and their potential danger; (3) 
education of communities to ensure an appropriate response when a tsunami strikes. Also described is the 
development by NOAA of a network of deep-ocean reporting stations that can track and report tsunamis in real 
time: Deep-Ocean Assessment and Reporting of Tsunamis (DART). 

 
Greenslade, D.J.M., and Titov, V.V., 2008, A comparison study of two numerical tsunami 

forecasting systems, Pure and Applied Geophysics, v. 165, no. 11-12, p. 1991-2001. 
Abstract: This paper presents a comparison of two tsunami forecasting systems: the NOAA/PMEL system (SIFT) and 

the Australian Bureau of Meteorology system (T1). Both of these systems are based on a tsunami scenario database 
and both use the same numerical model. However, there are some major differences in the way in which the 
scenarios are constructed and in the implementation of the systems. Two tsunami events are considered here: Tonga 
2006 and Sumatra 2007. The results show that there are some differences in the distribution of maximum wave 
amplitude, particularly for the Tonga event, however both systems compare well to the available tsunameter 
observations. To assess differences in the forecasts for coastal amplitude predictions, the offshore forecast results 
from both systems were used as boundary conditions for a high-resolution model for Hilo, Hawaii. The minor 
differences seen between the two systems in deep water become considerably smaller at the tide gauge and both 
systems compare very well with the observations. 

 
Guidoboni, E., and Ebel, J.E., 2009, Earthquakes and tsunamis in the past: a guide to 

techniques in historical seismology, Cambridge University Press, 590 p. 
Contents: (1) Defining historical seismology: what is historical seismology; the importance of historical earthquake and 

tsunami data. (2) Issues concerning the interpretation of historical earthquakes and tsunami data: written historical 
sources and their use; types of scientific sources – historical interpretations of earthquakes; other types of sources; 
potential problems in historical records; determination of historical earthquakes – dates and times. (3) Practical 
guidelines for the analysis of historical earthquake data: planning the goals of analysis of historical earthquake data; 
processing historical records; from interpretation of historical records to historical seismic scenarios; traces of 
earthquakes in archaeological sites and in monuments; deriving earthquake source and shaking parameters and 
tsunami parameters from historical data; cooperation in historical seismology research. 

 
Gusiakov, V.K., 2009, Chapter 2: Tsunami history: recorded, In: Bernard, E.N., and Robinson, 

A.R. (eds.), The Sea, v. 15: Tsunamis, Harvard University Press, Cambridge, 
Massachusetts, p. 23-53. 

Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 2, Tsunami History: Recorded, 
covers the historical record widely used to evaluate the tsunami hazard of a specific coastal area. Gusiakov gives an 
in-depth discussion, with an extensive reference list, of the development of historical databases, problems with these 
databases, and an overview of historical tsunamis using the latest database containing 2130 tsunamis since 2000 B.C. 
He also provides a historical overview of tsunamis by their generating mechanism, including earthquakes, slide-
generated, and volcanic-generated tsunamis. One of the surprising results from his analysis of earthquake-generated 
tsunamis is that tsunami intensity is not well correlated with earthquake magnitude. His concluding explanation is 
that secondary mechanisms, such as submarine slides, can play an important role in tsunami generation. He also 
includes two sections on other mechanisms for generating tsunami-like waves, including meteorological events, 
man-made explosions, and earthquake waves exciting small bodies of water. His summary includes seven 
conclusions, including the distribution of tsunamis by ocean basin (57% in Pacific, 25% in Mediterranean, 12% in 
Atlantic, and 6% in Indian), the fact that only 10% of tsunamis cause fatalities with 95% of deaths occurring within 
one hour propagation time from the source, and that geological evidence of tsunamis should be included in the 
historical databases. His overall recommendation is that data collection standards should be established and tsunami 
databases should be organized regionally and shared globally. 

 
Hebenstreit, G., 1997, A long-term perspective, In: Hebenstreit, G. (ed.), Perspectives on 

Tsunami Hazard Reduction, Advances in Natural and Technological Hazards Research, v. 
9, Kluwer Academic Publishers, Dordrecht, the Netherlands, p. 205-214. 

Summary: The purpose of this paper is to provide a setting for appreciating the work of current tsunami research 
scientists in terms of the history of tsunami science and its potential for the future. The purpose is not to provide an 
exhaustive survey but to provide enough detail to help the reader understand how far the study of tsunamis has been 
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developed since it first became a matter of scientific interest. The volume title refers to Observations, Theory, and 
Planning as three areas of the overall discipline; this paper will examine each of them in turn. (1) Observations. The 
development of scientific methods of observations and the rapidly accelerating march of technology have combined 
to make tsunami observations more precise, more reliable, and more accessible. If we look back to the earliest 
observations, it would seem that scientists today are standing on the pinnacle of development, but if we look forward 
we will probably suspect that we are merely racing up the learning curve to even more sophisticated techniques. For 
example, bathymetric surveys in coastal areas based on high-resolution sampling devices will prove invaluable both 
to seismologists and tsunami researchers if they can be repeated after the occurrence of a tsunamigenic earthquake. 
(2) Theory. Tsunami theory, which in this context means primarily modeling of wave behavior, has been a well-
developed area of study for many years. Much of the attention has been focused on using models either to 
reconstruct specific historical events or to provide assessments of coastal hazards, without attending to the specific 
details of the waves once they cross over onto land. It is likely that advances in theory in the next decade will be in 
one main topic: wave runup. As laboratory technologies become more sophisticated, our understanding of what 
happens to a breaking bore on dry land will grow. (3) Planning. The point of tsunami planning has always been to 
develop more effective techniques for mitigating disasters. This is accomplished by drawing on experience, both 
observed and theoretical, to characterize the threat to a specific area, and then devising ways to reduce that threat. 
This may take the form of improved warning systems; it may mean more careful zoning or emergency planning. The 
ancient rules of thumb passed from one generation to the next have been replaced by increasingly sophisticated 
techniques for identifying a tsunami's generation rapidly and notifying threatened areas effectively. The planning 
efforts described in this volume are clearly rooted in the large historical body of knowledge, both direct and 
theoretical, about tsunamis; at the same time they are also structured to apply emerging technologies to the problem. 

 
Jaffe, B.E., and Gelfenbaum, G., 2007, A simple model for calculating tsunami flow speed from 

tsunami deposits, Sedimentary Geology, v. 200, p. 347-361, 
doi:10.1016/j.sedgeo.2007.01.013. 

Abstract: This paper presents a simple model for tsunami sedimentation that can be applied to calculate tsunami flow 
speed from the thickness and grain size of a tsunami deposit (the inverse problem). For sandy tsunami deposits 
where grain size and thickness vary gradually in the direction of transport, tsunami sediment transport is modeled as 
a steady, spatially uniform process. The amount of sediment in suspension is assumed to be in equilibrium with the 
steady portion of the long period, slowing varying uprush portion of the tsunami. Spatial flow deceleration is 
assumed to be small and not to contribute significantly to the tsunami deposit. Tsunami deposits are formed from 
sediment settling from the water column when flow speeds on land go to zero everywhere at the time of maximum 
tsunami inundation. There is little erosion of the deposit by return flow because it is a slow flow and is concentrated 
in topographic lows. Variations in grain size of the deposit are found to have more effect on calculated tsunami flow 
speed than deposit thickness. The model is tested using field data collected at Arop, Papua New Guinea soon after 
the 1998 tsunami. Speed estimates of 14 m/s at 200 m inland from the shoreline compare favorably with those from 
a 1-D inundation model and from application of Bernoulli's principle to water levels on buildings left standing after 
the tsunami. As evidence that the model is applicable to some sandy tsunami deposits, the model reproduces the 
observed normal grading and vertical variation in sorting and skewness of a deposit formed by the 1998 tsunami. 

 
Kanamori, H., 1972, Mechanism of tsunami earthquakes, Physics of the Earth and Planetary 

Interiors, v. 6, no. 5, p. 346-359. 
Abstract: The mechanism of the Aleutian islands earthquake of 1946 and the Sanriku earthquake of 1896 is studied on 

the basis of the data on seismic waves from 5 to 100 s and on tsunamis. These earthquakes generated, despite their 
relatively small earthquake magnitude, two of the largest and most widespread tsunamis in history. The data 
obtained at different periods are interpreted in terms of the effective moment, Me. The effective moment at a certain 
period is defined as a seismic moment of a virtual step function dislocation that explains the observation at this 
period. The effective moment of the tsunami earthquakes increases rapidly towards 0.5 to 1.0 x 1029 dyne · cm as the 
period increases while, for ordinary earthquakes, it is more or less constant. This dependence can be explained in 
terms of a source deformation having a time constant of about 100 s. The Me versus f (frequency) diagram provides 
a diagnostic method of estimating the tsunami potential of earthquakes. If the Me-f diagram for an earthquake has a 
steep upgrade towards low frequency implying an effective moment exceeding 1028 dyne · cm at zero frequency, the 
earthquake has a high tsunami potential. Since the determination of the effective moment at various periods can be 
made by a simple procedure, this method could be incorporated in the tsunami warning system. The abnormal slow 
deformation at the source of the tsunami earthquakes may be a manifestation of viscoelasticity of a weak zone 
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beneath the inner margin of the trenches. The weak zone which is implied by large fault-normal earthquakes such as 
the 1933 Sanriku and the 1929 Aleutian islands earthquakes may be a result of frictional heating at the interface 
between the oceanic and the continental lithospheres. 

 
Lander, J.F., Whiteside, L.S., and Lockridge, P.A., 2003, Two decades of global tsunamis 1982-

2002, Science of Tsunami Hazards, v. 21, no. 1, p. 3-88. 
Summary: The principal purpose of this catalog is to extend the cataloging of tsunami occurrences and effects begun in 

1988 by Soloviev, Go, and Kim (Catalog of Tsunamis in the Pacific 1969 to 1982) to the period extending from 
1982 through 2001, and to provide a convenient source of tsunami data and a reference list for tsunamis in this 
period. While the earlier catalogs by Soloviev were restricted to the Pacific region including Indonesia, this catalog 
reports on known tsunamis worldwide. The Pacific is by far the most active zone for tsunami generation but 
tsunamis have been generated in many other bodies of water including the Caribbean and Mediterranean Seas, and 
Indian and Atlantic Oceans and other bodies of water. There were no known tsunamis generated in the Atlantic 
Ocean in the period from 1982 to 2001 but they have occurred there historically. North Atlantic tsunamis include the 
tsunami associated with the 1755 Lisbon earthquake that caused up to 60,000 fatalities in Portugal, Spain, and North 
Africa. This tsunami generated waves of up to seven meters in height into the Caribbean. Since 1498 the Caribbean 
has had 37 verified tsunamis (local and remote sourced) plus an additional 52 events that may have resulted in 
tsunamis. The death toll from these events is about 9,500 fatalities. In 1929, the Grand Banks tsunami off the coast 
of Labrador generated waves of up to 15 meters in Newfoundland, Canada, killing 26 people, and the waves were 
recorded along the New Jersey coast. Smaller Atlantic coast tsunamis have been generated in the Norwegian fjords, 
Iceland, and off the coast of the New England states of the United States. Major tsunamis have also occurred in the 
Marmara Sea in Turkey associated with the Izmit earthquake of August 17, 1999. Since this catalog contains 
information on 154 tsunamis, it necessarily has to be a summary of the reports of the events. Almost all of the 
tsunamis reported during this period are due to seismic effects. An exception, the 1994 Skagway tsunami, was due to 
a landslide without a causative earthquake. Other events such as the 1996 Irian Jaya tsunami are probably multiple 
cause events with the earthquake displacements causing a tectonic tsunami and the vibrations causing additional 
submarine landslide tsunamis. This is also probably true for the 1992 Flores Island, Indonesia, event where there 
were reports of initial receding of the ocean a few minutes after the earthquake, and large scarps on the coastline. 
Although tsunamis generated by volcanic eruptions can be deadly, this catalog includes only one, the tsunami at 
Rabaul in 1994. 

 
Liu, P.L.-F., 2009, Chapter 9: Tsunami modeling: propagation, In: Bernard, E.N., and 

Robinson, A.R. (eds.), The Sea, v. 15: Tsunamis, Harvard University Press, Cambridge, 
Massachusetts, p. 295-319. 

Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 9, Tsunami Modeling: 
Propagation, deals with the modeling of tsunami propagation. Liu covers the subject of propagation modeling 
thoroughly by providing an overview, formulation of numerical models, discussion of the two-dimensional 
governing equations, report on other applications, and an application to the 2006 Kuril Island tsunami. He also 
provides an Appendix deriving the two-dimensional governing equations. For his case study, he shows how 
propagation models can reveal certain features of tsunami behavior that may have value in warning operations. This 
chapter provides an excellent example of using the simplest model to gain insights into tsunami dynamics. 
 

Lockridge, P.A., 1990, Nonseismic phenomena in the generation and augmentation of tsunamis, 
Natural Hazards, v. 3, no. 4, p. 403-412. 

Abstract: While earthquakes generate about 90% of all tsunamis, volcanic activity, landslides, explosions, and other 
nonseismic phenomena can also result in tsunamis. There have been 53 000 reported deaths as a result of tsunamis 
generated by landslides and volcanoes. No death tolls are available for many events, but reports indicate that villages, 
islands, and even entire civilizations have disappeared. Some of the highest tsunami wave heights ever observed 
were produced by landslides. In the National Geophysical Data Center world-wide tsunami database, there are 
nearly 200 tsunami events in which nonseismic phenomena played a major role. In this paper, we briefly discuss a 
variety of nonseismic phenomena that can result in tsunamis. We discuss the magnitude of the disasters that have 
resulted from such events, and we discuss the potential for reducing such disasters by education and warning 
systems. 
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Mofjeld, H.O., 2009, Chapter 7: Tsunami measurements, In: Bernard, E.N., and Robinson, 
A.R. (eds.), The Sea, v. 15: Tsunamis, Harvard University Press, Cambridge, 
Massachusetts, p. 201-235. 

Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 7, Tsunami Measurements, deals 
with the in situ instrumental measurement of tsunamis for use in tsunami warnings and research. Mofjeld provides a 
detailed report, with extensive references, on the history of tsunami instrumentation, an overview of present in-situ 
instruments and observational networks, a discussion of tsunami time series derived from these networks, and the 
types of data collected during a post-tsunami survey. Because observations are so fundamental to research, in situ 
tsunami measurements are closely linked to model validation, forecast and warnings, while post-tsunami surveys are 
useful for determining sources, impacts, contribute to the historical data base, and are used as a basis for interpreting 
paleotsunami evidence. As a result of the 2004 Indian Ocean tsunami there is an international commitment to create 
and maintain a global tsunami-observing network of coastal and deep-ocean instruments that will share data freely 
over the Internet. Deep-ocean data will be standardized for use in warnings as well as research. The tsunami 
research community will have its real-time, dedicated observing network to advance the understanding of tsunami 
dynamics. These data will also be archived in World Data Center A in Boulder, Colorado to assure access and use in 
future publications. The author recommends research that will sustain these observational networks by either 
combining tsunami networks with other observing systems and/or reducing the cost of the present system. 

 
Morton, R.A., Gelfenbaum, G., and Jaffe, B.E., 2007, Physical criteria for distinguishing sandy 

tsunami and storm deposits using modern examples, Sedimentary Geology, v. 200, p. 184-
207, doi:10.1016/j.sedgeo.2007.01.003. 

Abstract: Modern subaerial sand beds deposited by major tsunamis and hurricanes were compared at trench, transect, 
and sub-regional spatial scales to evaluate which attributes are most useful for distinguishing the two types of 
deposits. Physical criteria that may be diagnostic include: sediment composition, textures and grading, types and 
organization of stratification, thickness, geometry, and landscape conformity. Published reports of Pacific Ocean 
tsunami impacts and our field observations suggest that sandy tsunami deposits are generally <25 cm thick, extend 
hundreds of meters inland from the beach, and fill microtopography but generally conform to the antecedent 
landscape. They commonly are a single homogeneous bed that is normally graded overall, or that consists of only a 
few thin layers. Mud intraclasts and mud laminae within the deposit are strong evidence of tsunami deposition. Twig 
orientation or other indicators of return flow during bed aggradation are also diagnostic of tsunami deposits. Sandy 
storm deposits tend to be >30 cm thick, generally extend <300 m from the beach, and will not advance beyond the 
antecedent macrotopography they are able to fill. They typically are composed of numerous subhorizontal planar 
laminae organized into multiple lamina sets that are normally or inversely graded, they do not contain internal mud 
laminae and rarely contain mud intraclasts. Application of these distinguishing characteristics depends on their 
preservation potential and any deposit modifications that accompany burial. The distinctions between tsunami and 
storm deposits are related to differences in the hydrodynamics and sediment-sorting processes during transport. 
Tsunami deposition results from a few high-velocity, long-period waves that entrain sediment from the shoreface, 
beach, and landward erosion zone. Tsunamis can have flow depths greater than 10 m, transport sediment primarily 
in suspension, and distribute the load over a broad region where sediment falls out of suspension when flow 
decelerates. In contrast, storm inundation generally is gradual and prolonged, consisting of many waves that erode 
beaches and dunes with no significant overland return flow until after the main flooding. Storm flow depths are 
commonly <3 m, sediment is transported primarily as bed load by traction, and the load is deposited within a zone 
relatively close to the beach. 

 
Murty, T.S, Rao, A.D., Nirupama, N., and I. Nistor, I., 2006, Tsunami warning systems for the 

Hyperbolic (Pacific), Parabolic (Atlantic), and Elliptic (Indian) Oceans, Journal of the 
Indian Geophysical Union, v. 10, no. 2, p. 69-78. 

Abstract: It is shown that the Pacific, Atlantic and Indian Oceans have very different tsunami characteristics. Hence the 
numerical modelling of tsunamis in these three oceans has to be quite different, with particular relevance for the 
tsunami warning system. The Pacific and Indian Oceans generate ocean-wide tsunamis, but with one major 
difference. The Indian Ocean, being much smaller in geographical extent than the Pacific Ocean, has shorter tsunami 
travel times and in the Indian Ocean, reflected waves from the coast lines can interact with subsequent tsunami 
waves. Hence to determine the maximum tsunami amplitudes in the Indian Ocean, boundary reflections must be 
taken into account. In the much larger Pacific Ocean, the influence of boundary conditions is somewhat minimal. In 
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the Atlantic Ocean, unlike in the Pacific and Indian Oceans, there are no converging tectonic plates, where 
tsunamigenic earthquakes could be generated. The mid-Atlantic Ridge is a diverging plate boundary. In the Atlantic 
Ocean, there are tsunamis only in the marginal seas at the edges. Since tsunamis travel slower in shallow water, 
Atlantic tsunamis are slow moving, somewhat like a diffusion or a parabolic process. On the other hand, Pacific 
tsunamis, which are more influenced by initial conditions, are a hyperbolic process. Indian Ocean tsunamis, which 
are strongly influenced by the boundary conditions, have to be modelled as an elliptic process. 

 
Obee, B., 1989, Tsunami!, Canadian Geographic, v. 109, no. 1, p. 46-53. 
Summary: On March 27, 1964, a tsunami was generated by North America’s strongest earthquake of the century. The 

earthquake in the Gulf of Alaska caused a section of the ocean floor to rise by 15 metres, and the resulting tsunami 
swept down Canada’s West Coast at up to 720 km/hr. The southwest coast of Vancouver Island bore the brunt of the 
tsunami. 18 of the 20 houses in Hot Springs Cove were torn from their foundations. Basements flooded and gardens 
washed away at Bamfield on Barkley Sound, before the waves travelled 40 kilometres up Alberni Inlet to spill into 
the streets of downtown Port Alberni. Fishing boats were ripped from their moorings. Uprooted homes were washed 
a kilometre or more up the Somass River at the head of Alberni Inlet. Piled logs and lumber became water-borne 
projectiles, and hydro poles snapped like matchsticks. Damage to homes (69 were heavily damaged), businesses and 
industrial sites amounted to nearly $5 million, a figure that would be closer to $30 million today. As of the late 
1960’s, Canada now is one of 23 Pacific Rim countries tied into the Pacific Tsunami Warning Network. Today, with 
dozens of seismic stations around the Pacific, tsunami-generating earthquakes can be verified and all countries 
informed within 20 minutes. Earthquakes registering more than 6.7 on the Richter scale are examined, and if a quake 
of more than 7.0 occurs in Alaska, a warning message is issued. Earthquakes over 7.5 anywhere else in the Pacific 
also warrant a warning. Once the magnitude and epicentre of an earthquake is determined, the times it would take a 
tsunami to arrive at various locations can be estimated. All places within six hours of the epicentre are warned, and 
communities within three hours may be readied for evacuation. Since the tsunami warning system was put in place, 
only two official tsunami warnings have been issued, but no significant waves materialized and Pacific Coast 
residents (except those in Port Alberni) still do not take the threat of giant waves seriously. A 1988 report to the 
federal Department of Fisheries and Oceans pinpoints 185 locations on Canada's West Coast that could be 
submerged by tsunamis at any time. While some communities have emergency plans that are tested by practice drills, 
most have room for improvement. There are no plans to deal with tsunamis at more than half these sites. 

 
Okal, E.A., 1988, Seismic parameters controlling far-field tsunami amplitudes: a review, 

Natural Hazards, v. 1, no. 1, p. 67-96, doi:10.1007/BF00168222. 
Abstract: We present a review of the influence of various parameters of the sources of major oceanic earthquakes on the 

amplitude of tsunamis at transoceanic distances. We base our computations on the normal mode formalism, applied 
to realistic Earth models, but interpret our principal results in the simpler framework of Haskell theory in the case of 
a water layer over a Poisson half-space. Our results show that source depth and focal geometry play only a limited 
role in controlling the amplitude of the tsunami; their combined influence reaches at most 1 order of magnitude 
down to a depth of 150 km into the hard rock. More important are the effects of directivity due to rupture 
propagation along the fault, which for large earthquakes can result in a ten-fold decrease in tsunami amplitude by 
destructive interference, and the possibility of enhanced tsunami excitation in material with weaker elastic properties, 
such as sedimentary layers. Modelling of the so-called 'tsunami earthquakes' suggests that an event for which 10% 
of the moment release takes place in sediments generates a tsunami 10 times larger than its seismic moment would 
suggest. We also investigate the properties of non-double couple sources and find that their relative excitation of 
tsunamis and Rayleigh waves is in general comparable to that of regular seismic sources. In particular, landslides 
involving weak sediments could result in very large tsunamis. Finally, we emphasize that the final amplitude at a 
receiving shore can be strongly affected by focusing and defocusing effects, due to variations in bathymetry along 
the path of the tsunami. 

 
Okal, E.A., 2007, Seismic records of the 2004 Sumatra and other tsunamis: a quantitative 

study, Pure and Applied Geophysics, v. 164, no. 2-3, p. 325-353, doi:10.1007/s00024-006-
0181-4. 

Abstract: Following the recent reports by Yuan et al. (2005) of recordings of the 2004 Sumatra tsunami on the 
horizontal components of coastal seismometers in the Indian Ocean basin, we build a much enhanced dataset 
extending into the Atlantic and Pacific Oceans, as far away as Bermuda and Hawaii, and also expanded to five 
additional events in the years 1995–2006. In order to interpret these records quantitatively, we propose that the 
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instruments are responding to the combination of horizontal displacement, tilt and perturbation in gravity described 
by Gilbert (1980), and induced by the passage of the progressive tsunami wave over the ocean basin. In this crude 
approximation, we simply ignore the island or continent structure, and assume that the seismometer functions de 
facto as an ocean-bottom instrument. The records can then be interpreted in the framework of tsunami normal mode 
theory, and lead to acceptable estimates of the seismic moment of the parent earthquakes. We further demonstrate 
the feasibility of deconvolving the response of the ocean floor in order to reconstruct the time series of the tsunami 
wave height at the surface of the ocean, suggesting that island or coastal continental seismometers could 
complement the function of tsunameters. 

 
Okal, E.A., 2009, Chapter 5: Excitation of tsunamis by earthquakes, In: Bernard, E.N., and 

Robinson, A.R. (eds.), The Sea, v. 15: Tsunamis, Harvard University Press, Cambridge, 
Massachusetts, p. 137-177. 

Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 5, Excitation of Tsunamis by 
Earthquakes, presents theories, with examples, of estimating the initial tsunami intensity from earthquake moment 
magnitude or normal mode theory. Okal details, with extensive references, the seismic theory behind the seismic 
moment as a representation of the earthquake source and then applies this theory to show how earthquake seismic 
moment can be converted to tsunami initial conditions. His approach is applied to several tsunamis that show the 
gross characteristics of the theory in the near and far field. He then details the theory behind the normal fault mode 
formalism, which treats tsunamis as free oscillations of the earth. One limit to the normal mode theory is that it 
cannot be applied to the near field. He then discusses the problems of relating the seismic moment to near-field 
inundation where success is elusive. He concludes his discussion with the “tsunami earthquake,” or a slow rupturing 
earthquake that produces larger than expected tsunamis. Seismic moment and normal modes theories break down 
because of scaling laws. The time to determine seismic moment is much longer for slow earthquakes because the 
process is much slower. In this discussion, Okal demonstrates that the definition of “tsunami earthquake” is vague, 
misleading, and misused. Attempts to explain this phenomenon using seismic theory fall short and the few studies 
that use empirical approaches are not reliable. He concludes that for the real-time warning problem, seismic theory 
explains some characteristics of tsunami generation, but not reliably. He recommends, for real-time magnitude 
computations, research that develops different magnitude scales for different parts of the seismic spectrum. 

 
Papadopoulos, G.A., 2003, Quantification of tsunamis: a review, In: Yalçiner, A.C., Pelinovsky, 

E.N., Okal, E., and Synolakis, C.E. (eds.), Submarine Landslides and Tsunamis, Kluwer 
Academic Publishers, p. 285-291. 

Abstract: The efforts made since 1923 to quantify tsunami size in terms of either intensity or magnitude are critically 
reviewed. The existing 6-point intensity scales need a drastic revision and replacement by modern, detailed, 12-point 
scales in analogy to earthquake intensity scales. A new tsunami intensity scale proposed by Papadopoulos and 
Imamura [1] seems to meet these requirements. Among the existing tsunami magnitude scales even the most 
sophisticated ones need either better calibration of formulas based on more wave height data or significant 
improvement in the tsunami source energy calculation. 

 
Pelayo, A.M., and Wiens, D.A., 1992, Tsunami earthquakes: slow thrust-faulting events in the 

accretionary wedge, Journal of Geophysical Research, v. 97, no. B11, p. 15,321-15,337. 
Abstract: The November 20, 1960, Peru, October 20, 1963, Kurile and June 10, 1975, Kurile earthquakes are classified 

as tsunami earthquakes based on anomalously large tsunami excitation relative to earthquake magnitude. Long-
period surface wave analysis indicates double-couple (faulting) mechanisms for all three events rather than single-
force mechanisms indicative of submarine landslides. The earthquakes have shallow depths (< 15 km) and are 
located near the trench axis and seaward of most other thrust zone events beneath the accretionary prism. Body 
waveform inversion indicates very shallowly dipping thrust faulting mechanisms for the three events, with dip 
angles of 6° - 8°. Surface wave spectral amplitudes and deconvolution of SH waveforms suggests anomalously long 
source durations and large seismic moments relative to Ms. Specifically, the 1963 Kurile event (Ms 7.2) shows a 
duration of 85 s and a moment of 6.0 x 1027 dyn cm (Mw 7.8), the1975 Kurile event (Ms 7.0) shows a duration of 60 s 
and a moment of 2.0 x 1027 dyn cm (Mw 7.5), and the 1960 Peru event (Ms 6.75) shows a time function consisting of 
four subevents with a total duration of 110-130 s and a seismic moment of 3.4 x 1027 dyn cm (Mw 7.6). Estimated 
rupture velocities are about 1 km/s or less, but there is no evidence of unusually low stress drops. The August 1, 
1968, Philippines event, previously classified as a tsunami earthquake, shows none of the anomalous source 
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properties, and teleseismic tsunami height measurements are sparse; we do not consider this event a tsunami 
earthquake. Most of the “anomalous” tsunami excitation results from underestimation of earthquake size by Ms due 
to the long source duration; the tsunami heights are not significantly anomalous relative to seismic moment. The 
slow nature of these events may result from rupture through the sedimentary rock along the basal decollement of the 
accretionary prism. Standard scaling laws when adjusted for the slow seismic velocity in the source region show an 
Mw - Ms relationship similar to that observed for the tsunami earthquakes and predict Ms saturation at about 7.3 
rather than 8.0 for typical events. 

 
Rabinovich, A. B., 1997, Spectral analysis of tsunami waves: separation of source and 

topography effects, Journal of Geophysical Research, v. 102, no. C6, p. 12,663–12,676.  
Abstract: A new approach is proposed to separate the influence of source and topography in observed tsunami spectra 

and to reconstruct the initial source spectrum. The method assumes a linear tide gauge response to external forcing 
and is based on comparative analysis of tsunami and background spectra. Evaluation of the ratio of tsunami to 
background spectra gives functional characteristics that are invariant of station location and dependent only on the 
source parameters. Three events, the Urup tsunami of December 22, 1991 (northwest Pacific), the Hokkaido 
Southwest (Okushiri) tsunami of July 12, 1993 (Sea of Japan), and the Shikotan tsunami of October 4, 1994 
(northwest Pacific), are used as examples of the proposed approach. The source spectra reconstructed from the 
analysis of different tide gauges were found to be in good agreement with each other and with the seismological, 
geodetic, and field survey data. 

 
Rabinovich, A.B., 2009, Seiches and harbor oscillations, In: Kim, Y.C. (ed.), Handbook of 

Coastal and Ocean Engineering, World Scientific Publ., Singapore, Chapter 9, p. 193-236.  
Shortened Introduction: Seiches are long-period standing oscillations in an enclosed basin or locally isolated part of a 

basin. The term “seiches” originated from the Latin word siccus, meaning dry or exposed (exposure of the littoral 
zone at the down-swing). Free-surface oscillations have long been observed; seiching in Lake Constance, 
Switzerland, was described in 1549; the first instrumental record was obtained in 1730 in Lake Geneva. Korgen 
(1995) describes seiches as “the rhythmic, rocking motions that water bodies undergo after they have been disturbed 
and then sway back-and-forth as gravity and friction gradually restore them to their original, undisturbed 
conditions.” Oscillations occur at the natural resonant periods of the basin (“eigen periods”) and physically are 
similar to vibrations of a guitar string. Resonant periods of seiches are determined by basin geometry and depth and 
in natural basins range from a few tens of seconds to several hours. The oscillations are known as natural (or eigen) 
modes. The fundamental mode is that with the lowest frequency (longest period). The eigen frequencies and 
associated modal structures are a fundamental property of a basin, independent of the external forcing mechanism. 
In contrast, the amplitudes of the generated seiches strongly depend on the generating energy source. Resonance 
occurs when the dominant frequencies of the external forcing match the basin’s eigen frequencies. Harbor 
oscillations are a type of seiche motion in partially enclosed basins (gulfs, bays, fjords, inlets, ports, and harbors) 
that are connected through one or more openings to the sea. They differ from seiches in closed water bodies in three 
principal ways: (1) In contrast to seiches generated by direct external forcing (e.g., atmospheric pressure, wind, and 
seismic activity), harbor oscillations are mainly generated by long waves entering through the open boundary 
(harbor entrance) from the open sea. (2) Energy losses of seiches in closed basins are mostly associated with 
dissipation, while the decay of harbor oscillations is mainly due to radiation through the mouth of the harbor. (3) 
Harbor oscillations have a specific fundamental mode, the Helmholtz mode, similar to the fundamental tone of an 
acoustic resonator. This mode is absent in closed basins. Even relatively small vertical motions (sea level 
oscillations) in harbors can be accompanied by large horizontal water motions (harbor currents); when the period of 
these motions coincides with the natural period of sway of a moored ship, further resonance occurs, which can result 
in considerable motion and possible damage of the ship. Harbor oscillations can break mooring lines, disrupt 
loading/unloading operations at port facilities, and seriously affect harbor procedures. Omori was likely the first to 
notice in 1902 that the dominant periods of observed tsunami waves are normally identical to those caused by 
ordinary long waves in the same coastal basin. His explanation was that the bay or portion of the sea oscillates like a 
fluid pendulum with its own period, i.e., the arriving tsunami waves generate similar seiches as those generated by 
atmospheric processes and other external forces. Spectral analyses of tsunami records have confirmed this 
conclusion. Catastrophic destruction may occur when the frequencies of arriving tsunami waves match the resonant 
frequencies of the harbor or bay. One of the best examples of strong tsunami amplification is the resonant response 
of Port Alberni (located at the head of long Alberni Inlet on the Pacific coast of Vancouver Island, Canada) due to 
the 1964 Alaska tsunami. 
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Shuto, N., 1991, Numerical simulation of tsunamis – its present and near future, Natural 

Hazards, v. 4, no. 2-3, p. 171-191, doi: 10.1007/BF00162786. 
Abstract: Hindcasting of a tsunami by numerical simulations is a process of lengthy and complicated deductions, 

knowing only the final results such as run-up heights and tide records, both of which are possibly biased due to an 
insufficient number of records and due to hydraulic and mechanical limitation of tide gauges. There are many 
sources of error. The initial profile, determined with seismic data, can even be different from the actual tsunami 
profile. The numerical scheme introduces errors. Nonlinearity near and on land requires an appropriate selection of 
equations. Taking these facts into account, it should be noted that numerical simulations produce satisfactory 
information for practical use, because the final error is usually within 15% as far as the maximum run-up height is 
concerned. The state-of-the-art of tsunami numerical simulations is critically summarized from generation to run-up. 
Problems in the near future are also stated. Fruitful application of computer graphics is suggested. 

 
Shuto, N., 2003, Tsunamis of seismic origin: science, disasters and mitigation, In: Yalçiner, 

A.C., Pelinovsky, E.N., Okal, E., and Synolakis, C.E. (eds.), Submarine Landslides and 
Tsunamis, Kluwer Academic Publishers, p. 1-8. 

Abstract: Present knowledge of tsunamis are reviewed and discussed. The tsunami generation mechanism is not yet 
fully understood. Theories are examined in relation to observed tsunami phenomena. Conditions to be satisfied in 
numerical simulation are summarized. In addition to loss of human lives, several disasters are tabulated. Defense 
works including coastal structures, city planning and prevention systems are briefly introduced. Three subjects in 
urgent needs are the deep-sea measurement of tsunamis, transfer of tsunami knowledge and strengthening of coastal 
cities against tsunamis. 

 
Song, Y.T., 2007, Detecting tsunami genesis and scales directly from coastal GPS stations, 

Geophysical Research Letters, v. 34, L19602, doi:10.1029/2007GL031681. 
Abstract: Different from the conventional approach to tsunami warnings that rely on earthquake magnitude estimates, 

we have found that coastal GPS stations are able to detect continental slope displacements of faulting due to big 
earthquakes, and that the detected seafloor displacements are able to determine tsunami source energy and scales 
instantaneously. This method has successfully replicated three historical tsunamis caused by the 2004 Sumatra 
earthquake, the 2005 Nias earthquake, and the 1964 Alaska earthquake, respectively, and has been compared 
favorably with the conventional seismic solutions that usually take hours or days to get through inverting 
seismographs. Because many coastal GPS stations are already in operation for measuring ground motions in real 
time as often as once every few seconds, this study suggests a practical way of identifying tsunamigenic earthquakes 
for early warnings and reducing false alarms. 

 
Synolakis, C.E., and Kânğolu, U., 2009, Chapter 8: Tsunami modeling: development of 

benchmarked models, In: Bernard, E.N., and Robinson, A.R. (eds.), The Sea, v. 15: 
Tsunamis, Harvard University Press, Cambridge, Massachusetts, p. 237-294. 

Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 8, Tsunami Modeling: 
Development of Benchmarked Models, deals with the evolution and development of numerical models to be used for 
tsunami warnings and inundation map production. Synolakis and Kânğolu provide an extensive report on the 
substantial progress achieved over the past 50 years of tsunami science, leading to the creation of numerical models 
to simulate tsunami dynamics. The authors take us through a fascinating history of the interplay between 
hydrodynamic theory and tsunami observations, through a medium called benchmark workshop, to advance our 
abilities to forecast, in real time, tsunami behavior. Not only do the authors detail the successes and failures of this 
evolution, but they also give us a roadmap on how tsunami science must be accountable, through rigorous testing, 
and adaptable, when new observations challenge the state-of-the-science. The authors are very thorough in 
explaining the role of analytical and experimental results to verify numerical experiments and provide an extensive 
reference list. They also present results from landslide- and asteroid-generated tsunami simulations. The history of 
tsunami model development has direct linkage to model validation and to propagation, inundation, and forecast 
modeling methods. The authors recommend the continuation of benchmarking workshops, as new data from the 
observational systems will challenge the present set of numerical models. They believe that the next generation of 
models will be higher-order approximations of the Navier-Stokes equations. The chapter integrates the various sub-
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disciplines of tsunami research (observation, theory, analytical/experimental/numerical modeling, and forecast) into 
a focused forecast framework that has value to society. 

 
Synolakis, C., Liu, P., Carrier, G., and Yeh, H., 1997, Tsunamigenic sea-floor deformations, 

Science, v. 278, p. 598-600. 
Conclusions: Overall, despite significant advances over the past 5 years, the following issues remain troublesome, and 

progress is needed for reliable tsunami warnings. (i) There is lack of quantitative information on sediment layers 
overlying tsunamigenic faults and about how these layers affect directly the generation of tsunamis. (ii) A consistent 
methodology for differentiating between submarine slumping and tsunami-earthquake events needs to be developed. 
(iii) The distribution of friction in the fracture zone of tsunamigenic events needs to be better calculated either 
through measurement or theory. (iv) The effects of onshore small-scale topography and focus-inducing large-scale 
bathymetry and areas at risk from exceptional runup need to be further identified to allow for more targeted real-
time warnings. (v) Better methods for identifying the strikewise and slipwise slip distribution need to be developed. 
Yet, there is wide consensus that the seismic moment, the hypocentral location, and the dip and strike angles, if 
known from fault characteristics, are reliably determinable in the short term for first-order initialization of 
hydrodynamic computations and are sufficient for differentiating between small and large events, except in the 
Okal-style atypical events. The key for better data, better warnings, and faster results is the deployment of 
strategically located BPRs with redundancy built in and the use of satellite communications as soon as cost-effective. 
 

Titov, V.V., 2009, Chapter 12: Tsunami forecasting, In: Bernard, E.N., and Robinson, A.R. 
(eds.), The Sea, v. 15: Tsunamis, Harvard University Press, Cambridge, Massachusetts, p. 
371-400. 

Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 12, Tsunami Forecasting, deals 
with real-time tsunami forecasting once a tsunami has been formed. Titov has written an outstanding summary of 
the need for real-time forecasting, the history of the development of the measurement and modeling technologies 
required to produce forecasts, the stringent standards that must be met, and the ten real-time experimental forecasts 
that show the timeliness and skill of the forecast methodology. He starts with past problems of tsunami warnings 
based on seismic and tide gauge data alone, including over-warning that leads to unnecessary evacuations. He then 
describes the measurement and modeling technologies required to produce real-time forecasts. He then explains how 
to combine these two technologies into a real-time system capable of delivering a forecast before the tsunami arrives. 
Thus, accuracy, speed, and robustness must be guiding principles of the system. Deep-ocean measurements are 
available in real time to assimilate into numerical models, and benchmarking and testing models over a decade 
provide the confidence that the models are accurate. By pre-computing the propagation part of the model (based on 
historical sources) and selecting inundation models that can be run fast and efficiently, forecasts can be produced 
before the tsunami arrives at the forecast site. Robustness is defined by the reliability of the measurement system to 
deliver real-time data and the stability of the models to perform under a wide range of conditions. Titov 
demonstrates the integration of these elements into a timely, reliable forecast system by describing ten different 
tsunamis that were experimentally forecasted in real time. He shows the impact of these forecasts. The November 
2006 Kuril tsunami is an excellent example of a Pacific-wide tsunami that caused no deaths, but provided tsunami 
data at many tide gauges, providing scientists with the perfect research tsunami. The United States will install the 
forecast system described in this chapter in its two warning centers in 2009. The author recommends more testing of 
the system with every new tsunami to identify and repair errors in the system.  

 
Titov, V.V., and Synolakis, C.E., 1998, Numerical modeling of tidal wave runup, Journal of 

Waterway, Port, Coastal, and Ocean Engineering, July/August, p. 157-171. 
Abstract: A numerical solution for the 2 + 1 (long-shore and onshore propagation directions and time) nonlinear 

shallow-water wave equations, without friction factors or artificial viscosity is presented. The models use a splitting 
method to generate two 1 + 1 propagation problems, one in the onshore and the other in long-shore direction. Both 
are solved in characteristic form using the method of characteristics. A shoreline algorithm is implemented, which is 
the generalization of the earlier 1 + 1 algorithm used in the code VTCS-2. The model is validated using large-scale 
laboratory data from solitary wave experiments attacking a conical island. The method is applied then to model the 
1993 Okushiri, Japan, the 1994 Kuril Island, Russia, and the 1996 Chimbote, Peru tsunamis. It is found that the 
model can reproduce correctly overland flow and even extreme events such as the 30-m runup and the 20-m/s 
inundation velocities inferred during field surveys. The results suggest that bathymetric and topographic resolution 
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of at least 150 m is necessary for adequate predictions, while at least 50 m resolution is needed to model extreme 
events, contrary to intuitive expectations that long waves would not interact with morphological features of such 
short scales. 
 

Titov, V.V., González, F.I., Bernard, E.N., Eble, M.C., Mofjeld, H.O., Newman, J.C., and 
Venturato, A.J., 2005, Real-time tsunami forecasting: challenges and solutions, Natural 
Hazard, v. 35, p. 41-58. 

Abstract: A new method for real-time tsunami forecasting will provide NOAA’s Tsunami Warning Centers with 
forecast guidance tools during an actual tsunami event. PMEL has developed the methodology of combining real-
time data from tsunameters with numerical model estimates to provide site- and event-specific forecasts for tsunamis 
in real time. An overview of the technique and testing of this methodology is presented. 

 
Ward, S.N., and Day, S., 2005, Tsunami thoughts, CSEG Recorder, December 2005, p. 38-44. 
Summary: The Canadian Society of Exploration Geophysicists has asked us to contribute a piece about recent tsunami 

developments and we’ve chosen to lightly touch on a wide suite. The format is unusual in that each case illustrated 
below is accompanied by one or more Quicktime movie links that readers can click to view the figures in action. 
The following past and/or potential tsunamis are considered: (1) La Palma (volcanic island landslide): year 
550,000bp and soon again; (2) Alika II Slide, Hawaii (volcanic island landslide): year 120,000bp; (3) Ritter Island 
(volcanic island landslide): year 1888; (4) Grand Banks (submarine landslide): year 1929; (5) Monterey Canyon, 
California (submarine landslide): year 1000ybp; (6) Asteroid 2004MN4 (potential asteroid impact): year 2036; (7) 
Cascadia (megathrust earthquake): year 1700 and soon again. 
 

Whitmore, P.M., 2009, Chapter 13: Tsunami warning systems, In: Bernard, E.N., and 
Robinson, A.R. (eds.), The Sea, v. 15: Tsunamis, Harvard University Press, Cambridge, 
Massachusetts, p. 401-442. 

Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 13, Tsunami Warnings, is a 
comprehensive summary of tsunami warning operations and capabilities. He describes, with extensive references, 
the need for tsunami warning systems through a detailed history of tsunamis affecting the United States. He also 
describes the areas of responsibility for other tsunami warning centers throughout the world. He points out that the 
warning must be accompanied by the proper response of the population for the warning to be effective in saving 
lives and protecting property. He describes the observational networks, including real-time seismic and sea level 
data required for a warning system to function. He then describes how the center processes these data to identify 
where the earthquake occurred, when it occurred, and what magnitude it represented. Based on earthquake location 
and magnitude thresholds, the warning center disseminates information in the form of information bulletins, tsunami 
watches, and tsunami warnings. If a warning is issued, the center will provide tsunami forecast information in the 
form of tsunami arrival time for predetermined locations. Then the center will process either deep-ocean or tide 
gauge data for confirmation that a tsunami exists. If a tsunami exists, the center continues to issue warning messages 
containing the latest tsunami data. It is the responsibility of local authorities to initiate evacuations. The states of 
Hawaii and Washington have procedures to evacuate if a warning is in effect for their state 3 hours prior to the 
tsunami arrival time at their coastline. Other states rely on state emergency management organizations to make these 
decisions. Once the recording at coastal tide gauges subsides, the center cancels the warning. A warning cancellation 
is issued when the center determines that the tsunami danger has passed. Other functions of the warning center 
include outreach and education on the products disseminated by the center. The author recommends that the staff of 
the warning centers be properly trained and the center’s operations be rigorously tested on a daily basis. 

 
Wiegel, R.L., 2006, Tsunami information sources, Science of Tsunami Hazards, v. 24, no. 2, p. 

58-171, also available online at www.lib.berkely.edu/WRCA/tsunamis.html. 
Contents: List of information sources on: tsunami generation (sources, impulsive mechanisms), propagation, effects of 

nearshore bathymetry, and wave run-up on shore - including physical (hydraulic) modeling and numerical modeling. 
It also includes the subjects of field investigations of tsunamis soon after an event; damage effects in harbors on 
boats, ships, and facilities; tsunami wave-induced forces; damage by tsunami waves to structures on shore; 
scour/erosion; hazard mitigation; land use planning; zoning; siting, design, construction and maintenance of 
structures and infrastructure; public awareness and education; distant and local sources; tsunami warning and 
evacuation programs; tsunami probability and risk criteria. A few references are on “sedimentary signatures” useful 
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in the study of historic and prehistoric tsunamis (paleo-tsunamis). In addition to references specifically on tsunamis, 
there are references on long water wave and solitary wave theory; wave refraction, diffraction, and reflection; shelf 
and basin free and forced oscillations (bay and harbor response; seiches); edge waves; Mach-reflection of long water 
waves (“stem waves”); wave run-up on shore; energy dissipation. References are given on subaerial and submarine 
landslide (and rockfall) generated waves in reservoirs, fjords, bays, and ocean; volcano explosive eruptions/collapse; 
underwater and surface explosions; asteroid impact. This report is in two parts: 1) Bibliographies, books and 
pamphlets, catalogs, collections, journals and newsletters, maps, organizations, proceedings, videos and photos; 2) 
Articles, papers, reports listed alphabetically by author. 

 
Wiegel, R.L., 2006, Tsunami information sources part 2, Science of Tsunami Hazards, v. 25, no. 

2, p. 67-125, also available online at www.lib.berkely.edu/WRCA/tsunamis.html. 
Contents: This is Part 2 of the report. It has two components. They are: 1. (Sections A and B). Sources added since the 

first report, and corrections to a few listed in the first report. 2. (Sections C and D). References from both the first 
report and this report, listed in two categories: Section C. Planning and engineering design for tsunami 
mitigation/protection; adjustments to the hazard; damage to structures and infrastructure; Section D. Tsunami 
propagation nearshore; induced oscillations; runup/inundation (flooding) and drawdown. 

 
Wiegel, R.L., 2009, Tsunami information sources part 3, Science of Tsunami Hazards, v. 28, no. 

4, p. 232-254, also available online at www.lib.berkely.edu/WRCA/tsunamis.html. 
Abstract: This is Part 3 of Tsunami Information Sources published by Robert L. Wiegel, as Technical Report UCB/HEL 

2006-3 of the Hydraulic Engineering Laboratory of the Department of Civil & Environmental Engineering of the 
University of California at Berkeley. Part 3 is published in "Science of Tsunami Hazards" -with the author's 
permission -so that it can receive wider distribution and use by the Tsunami Scientific Community. 

 
Wiegel, R.L., 2009, Tsunami information sources part 4 (with a section on impulsively 

generated waves by a rapid mass movement, either submerged, or into a body of water), 
Science of Tsunami Hazards, v. 28, no. 4, p. 255-346, also available online at 
www.lib.berkely.edu/WRCA/tsunamis.html. 

Abstract: Tsunami Information Sources, Part 4, was originally published, on 14 March 2008, as a Hydraulic 
Engineering Laboratory, Report UCB/HEL 2008-1, of the Dept. of Civil and Environmental Engineering of the 
University of California at Berkeley. It is published now in "Science of Tsunami Hazards" with the permission of 
the author, so that it can receive wider distribution and use by the Tsunami Scientific Community. 

 
Xu, Z., 2007, The all-source Green’s function and its application to tsunami problems, Science 

of Tsunami Hazards, v. 26, no. 1, p. 59-69. 
Abstract: The classical Green’s function provides the global linear response to impulse forcing at a particular source 

location. It is a type of one-source-all-receiver Green’s function. This paper presents a new type of Green’s function, 
referred to as the all-source-one-receiver, or for short the all-source Green’s function (ASGF), in which the solution 
at a point of interest (POI) can be written in terms of global forcing without requiring the solution at other locations. 
The ASGF is particularly applicable to tsunami problems. The response to forcing anywhere in the global ocean can 
be determined within a few seconds on an ordinary personal computer or on a web server. The ASGF also brings in 
two new types of tsunami charts, one for the arrival time and the second for the gain, without assuming the location 
of the epicenter or reversibility of the tsunami travel path. Thus it provides a useful tool for tsunami hazard 
preparedness and to rapidly calculate the real-time responses at selected POIs for a tsunami generated anywhere in 
the world’s oceans. 

 
Yeh, H., 2009, Chapter 11: Tsunami impacts on coastlines, In: Bernard, E.N., and Robinson, 

A.R. (eds.), The Sea, v. 15: Tsunamis, Harvard University Press, Cambridge, 
Massachusetts, p. 333-369. 

Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 11, Tsunami Impacts on 
Coastlines, deals with the complex tsunami/shoreline interaction problem of which he has provided an excellent 
overview, with exceptional references. The reader interested in land use management and building code 
development in tsunami hazard zones will find this chapter of value. He begins with a comprehensive introduction 
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that includes photographs of tsunami damage to illustrate the wide variations of flooding along neighboring 
coastlines (due to initial waveform, tsunami reflectivity, coastal topography, and local bathymetry) as well as 
structural damage (due to direct water forces, impact by water born missiles, i.e., fishing boats, fire spread by 
floating material, scour, and slope/foundation failures). He then presents processes of inundation onto the shore that 
takes field data and laboratory experiments and converts these results into crude mathematical models to describe 
initial inundation dynamics for non-breaking waves and bores. The model uses nonlinear shallow-water wave theory 
coupled with a run-up algorithm, derived in Appendix A, to simplify the computations. He computes many cases of 
run-up and drawdown to determine which flows have the greatest velocities, and hence impact. His findings are 
consistent with observations and experimental results. With these tools, he proceeds to apply his models to estimate 
forces on inshore structures. These estimates would be a good starting point for designing tsunami-resilient 
structures. He acknowledges that these formulations do not consider the impact of water borne missiles, but the flow 
velocity could be used as a proxy for their impact speed. The author recommends further research on the role of 
water-borne missiles in estimating forces on structures and investigating tsunami forces in the shallow offshore 
region where new structures (for example, LNG terminals and wind farms) may be built. 

 
Zhang, H., Shi, Y., Yuen, D.A., Yan, Z., Yuan, X., and Zhang, C., 2008, Modeling and 

visualisation of tsunamis, Pure and Applied Geophysics, v. 165, no. 3-4, p. 475-496, 
doi:10.1007/s0024-008-0324-x. 

Abstract: Modeling tsunami wave propagation is a very challenging numerical task, because it involves many facets: 
Such as the formation of various types of waves and the impingement of these waves on the coast. We will discuss 
the different levels of approximations made in numerical modeling of 2-D and 3-D tsunami waves and their relative 
difficulties. In this paper new attempts are proposed to evaluate the hazards of tsunamis and visualization of large-
scale numerical results generated from tsunami simulations. Specialized low-level computer language, based on a 
parallel computing environment, is also employed here for generating FORTRAN source code for finite elements. 
This code can then be run very efficiently in parallel on distributed computing systems. We will also discuss the 
need to study tsunami waves with modern software and visualization hardware. 

 
Reports, Government Publications, and Theses 
 
Atwater, B.F., Cisternas V., M., Bourgeois, J., Dudley, W.C., Hendley, J.W., II, and Stauffer, 

P.H. (comps.), 2005, Surviving a tsunami – lessons from Chile, Hawaii, and Japan, U.S. 
Geological Survey, Circular, 1187, version 1.1, 18 p. 

Introduction: This book contains true stories that illustrate how to survive—and how not to survive—a tsunami. It is 
meant for people who live, work, or play along coasts that tsunamis may strike. Such coasts surround most of the 
Pacific Ocean but also include some coastal areas of the Atlantic and Indian Oceans. Although many people used to 
call tsunamis “tidal waves,” they are not related to tides but are rather a series of waves, or “wave trains,” usually 
caused by changes in the level of the sea floor during earthquakes. Tsunamis have also been caused by the eruption 
of coastal and island volcanoes, submarine land slides, and oceanic impacts of large meteorites. As happened in 
Sumatra in 2004, tsunamis can reach heights of 50 feet, not just on the coast but miles inland as well. The stories in 
this book were selected from interviews with people who survived a Pacific Ocean tsunami in 1960. Many of these 
people contended with the waves near their source, along the coast of Chile. Others faced the tsunami many hours 
later in Hawaii and Japan. Most of the interviews were done decades later in the 1980’s and 1990’s. The stories 
provide a mixed bag of lessons about tsunami survival. Some illustrate actions that reliably saved lives—heeding 
natural warnings, abandoning belongings, and going promptly to high ground and staying there until the tsunami is 
really over. Others describe taking refuge in buildings or trees or floating on debris—tactics that had mixed results 
and can be recommended only as desperate actions for people trapped on low ground. 

 
Costello, J.A. (compiler), 1985, Tsunamis: hazard definition and effects on facilities, U.S. 

Geological Survey Draft Technical Report of Subcommittee 3, Evaluation of Site Hazards, 
a part of the interagency committee on seismic safety in construction, 138 p. 

Abstract: This report describes the tsunami threat in the United States and its territories and possessions and the kinds of 
physical effects that a tsunami can have on facilities. The report is intended for use by engineers who require the 
forcing function produced by these hydrodynamic phenomena for structural design purposes and by emergency 
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managers and planners who desire to reduce the potential risk that these phenomena present to life and property. 
Chapter 1 presents an account of the historical tsunami hazard in the United States and describes important physical 
characteristics of tsunamis. Numerical and hydraulic scale model methods are discussed in the context of their use to 
simulate tsunami generation, deep-ocean propagation, interaction with islands or continental coastlines, and land 
inundation, and, most importantly, to evaluate the tsunami hazard in the United States. Tsunami hazard maps for the 
United States are included in Chapter 1. Chapter 2 describes the effects of tsunamis on structures and facilities in the 
nearshore region. The water level depicted in the hazard maps of Chapter 1 can be used with force formulas 
presented in Chapter 2 to determine tsunami forces on structures. Examples are included to illustrate the concepts. 

 
Hedervari, P., 1984, Catalog of submarine volcanoes and hydrological phenomena associated 

with volcanic events, 1500 B.C. to December 31, 1899, World Data Center A for Solid 
Earth Geophysics, Report SE-36, 75 p. 

Preface: The idea of a comprehensive catalog of hydrological phenomena associated with volcanoes originated in 1979. 
The author has since collected hundreds of pieces of worldwide data, spanning 3500 years from antiquity to the 
present. It soon became clear, however, that there are too many pieces of data to include all of the entries in a single 
volume. Therefore, it was decided to treat the events in three different volumes. This first volume contains a short 
description of the events from about 1500 B.C. to the end of 1899. The second volume treats those events that 
occurred between January 1900 and December 1979. In these two volumes a catalog of submarine volcanic 
eruptions, new islands, tsunamis, seiches, and base surges is given. The third volume summarizes all the known 
subglacial eruptions and jokulhlaups (that is, glacier bursts that are the consequences of such eruptions). Not only 
the known cases are treated, but also those that are doubtful. These are symbolized by a question mark beside the 
conventional volcanological abbreviations. In certain cases I have expressed my own view i n the discussion of 
certain phenomena; readers should regard these views as personal opinions only, which can be accepted or rejected 
on the basis of the results of further research. 

 
Hedervari, P., 1986, Catalog of submarine volcanoes and hydrological phenomena associated 

with volcanic events, January 1, 1900 to December 31, 1959, World Data Center A for Solid 
Earth Geophysics, Report SE-42, 35 p. 

Preface: This volume is the second part of a comprehensive catalog of hydrological phenomena associated with 
volcanoes. The first volume (Hedervari 1984) consisted of the submarine eruptions, new volcanic islands, tsunamis, 
seiches, and base surges related to volcanic activity from antiquity to the end of 1899. The first event discussed was 
the famous Santorini eruption, which occurred about 1500 B.C., that altered the history of Crete and the surrounding 
islands and buried by volcanic ash and pumice a really wonderful Minoan settlement on the volcanic island itself. 
The number of events treated in Hedervari (1984) totaled 302, including questionable and uncertain cases. Here, in 
the second volume, I discuss phenomena that occurred from January 1, 1900, to December 31, 1959. The same 
methods are applied. As in Hedervari (1984), this volume not only treats well-understood events, but also discusses 
those that are more doubtful. The latter are denoted by a question mark beside the conventional volcanological 
symbols. In certain cases the author expresses his own view: these should be regarded as personal opinions only; 
they can be accepted or rejected on the basis of the results of further research. 

 
Intergovernmental Oceanographic Commission, 2008, Tsunami, the great waves, revised 

edition, IOC Brochure 2008-1, UNESCO, Paris, 16 p. 
Summary: The purpose of this brochure is to increase awareness and knowledge of tsunamis. It describes tsunamis and 

tsunami hazard, and the following topics: what causes tsunamis (plate tectonics; earthquakes and tsunamis; tsunami 
earthquakes); tsunamis on the move (ocean-wide and regional tsunamis; how fast; how big; how frequent); how we 
save lives (Tsunami Warning Centers); looking into the eyes of the monster (Deep-ocean Assessment and Reporting 
on Tsunamis (DART) project; tsunami research activities); what you should do (if you are on land or on a ship/boat). 

 
Intergovernmental Oceanographic Commission, 2008, Tsunami glossary, IOC Technical Series, 

v. 85, UNESCO, Paris, 36 p. 
Summary: This glossary provides definitions of tsunami terms, grouped into the following sections. (1) Characteristics 

of tsunami phenomena; (2) general tsunami terms used in tsunami mitigation and in tsunami generation and 
modelling; (3) terms used in the measurement and surveying of tsunami waves and data; (4) terms used to describe 
sea level and tsunami measurement instrumentation; (5) acronyms and organizations - the IOC Global Tsunami 
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Warning and Mitigation Systems work in partnership with a number of organizations and utilize specific acronyms 
to describe system governance, and the different tsunami information products. 

 
Murty, T.S., 1977, Seismic sea waves – tsunamis, Fisheries Research Board of Canada Bulletin 

198, Ottawa, Ontario, 337 p. 
Abstract: This Bulletin is an attempt to synthesize current knowledge of tsunamis. Although it is directed primarily to 

oceanographers, other disciplines are not excluded. The book deals with phase and amplitude dispersion problems 
and the “Ursell” parameter, which delineates various regimes of dispersion. The classical Cauchy-Poisson problem 
is also introduced and the subsequent developments in the field of water-wave generation due to explosions is 
discussed. Tsunami generation by earthquakes and seismic sources such as volcanic explosions and nuclear 
explosions is considered. Some related phenomena such as landslides and turbidity currents are also included. The 
propagation of tsunamis across the oceans is discussed. The influences of refraction, diffraction, and scattering is 
examined, and the problem of trapping tsunami energy by islands and shoals is examined in detail. The coastal 
tsunami problems such as forerunner, initial withdrawal of water, secondary undulations, and tsunami bore are 
included, as well as the influence of resonance on tsunamis. Tsunamis in various parts of the world are described. 
Tsunami warning systems of the past, present, and future are discussed, as well as tsunami instrumentation and 
protection measures. Background information on seismology is in the Appendix (in microfiche form). 

 
Page, R.A., and Basham, P.W., 1985, Earthquake hazards in the offshore environment, U.S. 

Geological Survey Bulletin 1630, 69 p. 
Shortened Abstract: This report discusses earthquake effects and potential hazards in the marine environment, 

describes and illustrates methods for the evaluation of earthquake hazards, and briefly reviews strategies for 
mitigating hazards. Much of the current petroleum exploration on the continental shelves is in areas of moderate to 
high earthquake activity. For economic and safe development of resources in these areas, potential earthquake 
hazards must be identified and mitigated both in planning and regulating activities and in designing, constructing, 
and operating facilities. Potentially hazardous effects include surface faulting, tectonic uplift/subsidence, seismic 
shaking, sea-floor failures, turbidity currents, and tsunamis. Shaking typically contributes most to losses, through 
vibratory damage and triggering of landslides in sedimentary deposits, which, in turn, may cause local tsunamis and 
turbidity currents hazardous to ocean-bottom/coastal facilities. Uplift/subsidence and tsunamis are likely to be 
serious hazards only in coastal areas. Surface faulting affects only a limited area, but can rupture pipelines and offset 
foundations, causing structures to fail. Strategies for mitigating such hazards rely on our ability to predict the 
location and size of future earthquakes, their imminence and frequency of occurrence, and the type, severity, extent, 
and likelihood of resulting geologic effects. Rather precise estimates of the location and size of future earthquakes, 
and satisfactory frequency estimates, can be provided for many seismic zones, e.g., along the Pacific margin of 
North America, but routine prediction of the precise time of future shocks is currently beyond the state of the art. In 
less seismically active regions, such as the Atlantic and Arctic margins of North America, estimates of the location, 
size, and frequency of future earthquakes are less reliable. The general absence of detailed documentation and 
measurement of earthquake effects in the offshore environment seriously constrains our ability to identify and 
mitigate potential hazards. Experience with surface faulting on land is directly applicable to assessing the potential 
for and style of surface faulting in offshore earthquakes. However, for strong seismic shaking and sea-floor failure, 
ignorance of the onsite geotechnical properties of saturated marine sediment and its response to seismic disturbances 
is a serious impediment. There are also earthquake phenomena peculiar to the marine environment with poorly-
understood origins and hazards. Mitigation strategies include selectively siting facilities and limiting activities in 
hazardous areas, designing and constructing facilities to withstand or accommodate expected earthquake effects, and 
instituting response plans for earthquake and related emergencies such as tsunamis. 
 

Wigen, S.O., 1978, Historical study of tsunamis – an outline, unpublished manuscript, Pacific 
Marine Science Report 78-5, Institute of Ocean Sciences, Sidney, B.C., 18 p. 

Abstract: This paper is intended to set forth objectives for a Historical Study of Tsunamis; to summarize the preparatory 
work carried out at the International Tsunami Information Center; and to provide a procedural outline for those 
participating in the Study. 

 
Witten, D., 1984, Tsunami: a wave like no others, National Oceanic and Atmospheric 

Administration, v. 14, no. 2, 5 p. 
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Summary: In response to the destructive 1946 Aleutian tsunami, by 1948 the U.S. established the Pacific Tsunami 
Warning system with its center of operations in Honolulu. A 24-hour watch is maintained to monitor instruments 
thousands of miles away, including seismographs to detect and locate earthquakes and tide gauges to detect the 
generation and propagation of tsunami waves. Warnings of the November 4, 1952, tsunami in Hawaii prevented loss 
of life, despite damage of > $800,000. The March 28, 1964 Alaska earthquake reinforced the need for a second 
Tsunami Warning Center. A major tsunami swamped much of the Alaskan coast before the Honolulu Observatory 
could confirm generation of a deadly wave. It produced major damage in Alaska and Canada, and killed 96 people 
in Alaska, and 15 in California/Oregon. Warnings helped keep the death toll from reaching the hundreds. NOAA's 
Tsunami Warning System today consists of two warning centers: at Palmer, Alaska, and Honolulu. The Palmer 
center issues regional tsunami warnings for Alaska, Canada, and the west coast of the U.S., whereas the Honolulu 
center issues Pacific-wide watches and warnings. Both centers depend upon a seismograph network extending from 
Virginia to the Aleutians to detect earthquakes, and a Pacific tide station network to confirm possible tsunamis. 
Satellites, voice communications, and teletype systems are used to collect information and issue tsunami watches 
and warnings. At the first tremor, alarms are sounded automatically at the centers, based on seismograph data. Either 
center will issue an instant tsunami warning calling for evacuation of areas within 3 hours tsunami travel time from 
the epicenter of strong earthquakes. The Pacific Center also will advise other Pacific nations of the possible danger. 
Both centers then turn their attention to the tide stations. If no tsunami waves have been generated, the warning is 
cancelled immediately, but when dangerous waves are detected, warnings are extended to the coastline of the U.S. 
and other Pacific countries. Estimated arrival times of the tsunami are then computed and issued in bulletins. 
Dissemination of watches and warnings is made to emergency organizations in each country, territory, or state. 
Local warning, evacuation, and other emergency procedures are activated by regional emergency and relief 
organizations. In 1965, the United Nation's Intergovernmental Oceanographic Commission (IOC) established an 
international coordination group for the Tsunami Warning System in the Pacific to provide close coordination and 
liaison between countries sharing a mutual tsunami threat. The IOC also established the International Tsunami 
Information Center in Honolulu, to conduct tsunami disaster surveys and serve as the focal point for historical 
tsunami records. The 22 May 1960 Chile tsunami killed 1,000 people in Chile and 61 in Hawaii, and caused 
extensive damage in Chile, Hawaii, the Philippines, Okinawa, and Japan. However, a 6 hour advance warning from 
the Pacific Tsunami Warning System prevented a much higher death toll. NOAA is now conducting a special 
project to place instruments in the immediate vicinity of Valparaiso within the next several years. This will establish 
a regional warning center for Chile, tied into the Pacific Tsunami Warning System, to serve as a prototype for other 
Pacific areas. 

 
Xu, Z., 2010, Real-time tsunami simulation: a web-based application for simulations of 

tsunami arrival time series at a point of interest from any source region, 
http://odylab.uqar.ca/tsunami/ 

Introduction: To simulate tsunami propagations in real-time is a great challenge. All the previous attempts have focused 
either on running a model on the fly or on limited-source Green's functions (named after George Green). Even with 
a supercomputer and massively parallel computations, it would be very difficult to run a model on the fly in a vast 
transoceanic domain and yet still win the race for time against a fast moving tsunami (~700km/hour). The limited 
source Green's function approach can provide results very quickly, but unfortunately only for cases in which a 
tsunami originates within a few pre-assumed source regions. The real-time simulation system illustrated here is 
based on a new method, referred to as the all-source Green's function (ASGF) method (Xu 2007). The method pre-
calculates the fundamental response functions of a point of interest against all the sources distributed in the entire 
domain (hence the name all-source Green's function). When a tsunami triggering event (an earthquake, a submarine 
slide, or even an asteroid impact) occurs, the pre-calculated all-source Green's functions corresponding to the source 
region of the event will be loaded into RAM and multiplication with the source functions almost instantaneously 
gives the real response at the point of interest. The pre-calculated all-source Greens functions are dynamically 
consistent with the model, and the results are the same as if you ran the model on the fly but requires much less CPU 
time. The response to forcing anywhere in North Atlantic Ocean can be determined within a few seconds using 
commonly available computer resources. Please note that the experiments results will be somewhat influenced by 
artificial closed boundaries along 100° W, the prime meridian, the equator and 80° N. An improvement on this 
should be, and will be soon, implemented for practical applications, but for the demonstration purpose here, it is not 
essential. 
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Conference Proceedings and Abstracts 
 
Jaffe, B.E., and Gelfenbaum, G., 2002, Using tsunami deposits to improve assessment of 

tsunami risk, In: Solutions to Coastal Disasters ’02, Conference Proceedings, American 
Society of Civil Engineers, p. 836-847. 

Abstract: In many places in the world the written record of tsunamis is too short to accurately assess the risk of tsunamis. 
Sedimentary deposits left by tsunamis can be used to extend the record of tsunamis to improve risk assessment. The 
two primary factors in tsunami risk, tsunami frequency and magnitude, can be addressed through field and modeling 
studies of tsunami deposits. Recent advances in identification of tsunami deposits and in tsunami sedimentation 
modeling increase the utility of using tsunami deposits to improve assessment of tsunami risk. 

 
Lander, J.F., 1989, The historical approach to the study of tsunamis; results of recent United 

States studies, In: Intergovernmental Oceanographic Commission, Workshop Report no. 
58, Supplement, Second international tsunami workshop on the technical aspects of 
tsunami warning systems, tsunami analysis, preparedness, observation and 
instrumentation, Novosibirsk, USSR, p. 226-237. 

Abstract: An essential element in developing an appropriate response to a tsunami hazard is a detailed knowledge of the 
effects of prior tsunamis. From this the design tsunami can be selected to be used with the contemporary coastal 
zone development and variables such as possible tide stages and time of day and date effects. Warning systems, 
education, insurance, emergency planning (including evacuation, and search and rescue), modeling and engineering 
options may be combined to mitigate the hazard. An analysis of the historical tsunami record from Hawaii, Alaska, 
the United States West Coast and the Puerto Rico/Virgin Islands area shows the hazard to be quite different among 
these areas and among localities within each region. Although the quality of the compiled historical record for 
United States tsunamis has been substantially improved, further improvements can be made. 

 
Lander, J.F., and Yeh, H. (eds.), 1995, Report of the International Tsunami Measurements 

Workshop, Estes Park CO, USA, 102 p. 
Contents: Topics include discussion of and recommendations for: post-tsunami international surveys; instrumentation; 

modeling; mitigation. 
 
Shuto, N., 2000, Tsunami disasters and mitigation, In: Clague, J., Atwater, B., Wang, K., 

Wang, M.M., and Wong, I. (eds.), Proceedings of the Geological Society of America 
Penrose Conference “Great Cascadia earthquake tricentennial”, p. 102-103. 

Abstract: TSUNAMI DISASTERS collected from documents in the past are as follows: Human Lives [Drowned. 
Injured by debris etc. Diseases caused by swallowing alien substances during drifting.] Houses [Washed away. 
Destroyed. Flooded.] Coastal Structures [Toe erosion, displacement and overturning of sea walls, sea dikes, 
breakwaters and quay walls.] Traffic: Railway [Erosion of embankments. Displacement of rails and bridges. Railed 
buried by sands or by debris], Highway [Displacement and falling down of bridges. Overturning of bridge abutments 
or piers by erosion. Erosion of embankment. Closure of traffic by debris on roads], Harbor [Change in water depth. 
Closure of port area due to transported debris and cars. Collision of ships in harbors.] Lifelines: Water Supply 
[Destruction of hydrants by collision of debris], Electricity [Overturning and washing away of electric poles. 
Submersion of power plants], Telephone [damage to telephone lines and poles. Cut-off of underground telephone 
line at the junction to the aerial lines. Submergence of telephone receivers.] Fishery [Damage to fishing boats. 
Destruction and loss of rafts, fishes and shells in aquaculture. Loss of fishing gears. Closure of harbor entrance by 
fishing gears.] Commerce and Industry [Depreciation of goods by submergence.] Agriculture [Physiological damage 
to crops due to submergence. Farms buried by sands. Closure of irrigation channels by sands and debris.] Forest 
[Physical damage (breaking and overturning of trees, soil erosion). Physiological damage by sea water and sands.] 
Oil Spill [Environmental pollution. Spread of fires.] Fire (Causes) [Kitchen fire. Heating. Engine room of fishing 
boats. Submerged batteries of fishing boats. Collision to gasoline tank. Electricity leakage.] PHENOMENA OF 
NEAR-FIELD TSUNAMIS AND THE DEGREE OF DAMAGE (Shuto 1993, 1997) are roughly expressed in terms 
of tsunami height H (=crest height above MSL in the sea or crest height above ground on land). A near-field tsunami 
may have a dominant wave period shorter than 10 minutes. At H=1m, in case of a steep bottom slope, a tsunami is 
like a tide without breaking. In case of a gentle bottom slope, it swells rapidly near the shoreline although it is not 
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recognized in the offing. Some of wooden houses are partially damaged. At H=2m, in case of a steep bottom slope, a 
tsunami is like a tide which sometimes has breaking short waves on its front. In case of a very gentle bottom slope, it 
can be recognized like a wall in the offing. Sometimes the crest of the wall-like tsunami shows the spilling breaker. 
The second, third and later waves can easily show the plunging breaker when they meet the receding current of the 
preceding waves. Most of wooden houses are demolished. Stone, brick and concrete block houses can withstand. 
Damage to fishing boats and loss of lives begin. Tsunami control forests can stop floating materials. If undergrowth 
is thick, tsunami energy is reduced. At H=2.5m, a tsunami begins to have the spilling breaker at its front in the long, 
shallow sea, and generates continuous noise like a sea roar, a storm, a locomotive or large trucks. At H=4m, tsunami 
profiles are similar to the case of H=2m, with the increasing percentage of appearance of the breaking front. Some of 
stone houses are demolished. Reinforced concrete buildings can withstand. Half the fishing boats are damaged. 
Tsunami control forests are damaged, but some of them are still effective to stop floating materials. At H=5m, when 
a tsunami hits the coastal cliff, it generates a loud sound that can be heard at distant places, expressed as a distant 
thunder or an explosion. At H=8m, no tsunami shows tide-like rise of water level. The first wave becomes plunging 
breaker. Stone houses are demolished. Reinforced concrete buildings may withstand although no examples that 
experienced such deep inundation are available in the past. All the fishing boats are damaged. Most of tsunami 
control forests are ineffective. TSUNAMI DEFENSE WORKS consists of three parts; defense structures, city 
planning and defense systems. Three major items are as follows: Defense Structures [Sea walls. Tsunami 
breakwaters. Tsunami gates. Tsunami control forest.] Coastal embankments without solid covers such as stone and 
concrete are easily scoured by overflow deeper than 20 cm. Tsunami breakwaters at the entrance of a bay limit the 
discharge into the bay, effectively reducing the tsunami height inside. Tsunami gates are constructed at the river 
mouth, in place of heightening river embankments for a long length. City Planning [Relocation of residence. 
Tsunami resistant building zone.] Residences, town halls, hospitals, fire stations, schools, kindergartens and others 
should be located at the high ground outside the tsunami risk area. Reinforced concrete buildings are resistant to 
impact forces of tsunamis and floating materials, even though their windows and doors are often broken. Rows of 
reinforced concrete buildings along the shore will stop floating materials and thus protect weak wooden houses 
behind. Defense Systems [Forecasting. Evacuation. Drills. Continuation of disaster culture. Rescue operation.] The 
best and last method to save human lives is an early evacuation according to forecasting and warning. Shaking 
caused by an earthquake is a natural tsunami warning with 10% exception, i.e. tsunami earthquake. In 90’s, 11 major 
tsunamis occurred in the Pacific. Three of them were tsunami earthquakes. Public education is indispensable to 
make forgettable human beings to continue the precious former experiences and to prepare for the next tsunami. 

 
Soulsby, R.L., Smith, D.E., and Ruffman, A., 2007, Reconstructing tsunami run-up from 

sedimentary characteristics — a simple mathematical model, In: Kraus, N.C., and Rosati, 
J.D. (eds.), Proceedings of the Sixth International Symposium on Coastal Engineering and 
Science of Coastal Sediment Processes, Coastal Sediments '07, Coasts, Oceans, Ports and 
Rivers Institute of the American Society of Civil Engineers, v. 2, p. 1075-1088. 

Abstract: Tsunamis frequently leave a characteristic sediment deposit on the inundated land surface, which can be 
interpreted to deduce some of the features of the original tsunami wave. A simple trajectory-based theory of the 
tsunami hydrodynamics and sediment dynamics is presented here, yielding expressions for the landward variations 
in thickness and sediment composition of the deposit. Each grainsize contribution to the deposit thins linearly 
landwards, with the sediment run-up limit increasing with decreasing grainsize. The expressions can be fitted to 
observed sedimentary characteristics to deduce the run-up height and distance of the water. Example applications of 
the theory are given for the 1929 “Grand Banks” Tsunami, and the Holocene Storegga Slide Tsunami. 
Reconstruction of palaeo-tsunamis can help with assessments of present day risks from tsunamis.  

 
Wigen, S.O., and Ward, M.M., 1981, Post-tsunami disaster survey, In: Proceedings of the 20th 

Annual Conference, Canadian Hydrographers Association, Sidney, BC, Canada, p. 50-61. 
Abstract: Canadian coasts may at any time experience destructive sea waves from a local or distant tsunami. 

Hydrographers, with their knowledge of surveying, tidal reference levels, and photogrammetry, and with their 
intimate awareness of the coasts and coastal populations, are uniquely qualified to conduct post-tsunami surveys. 
Tsunamis occur with sufficient frequency on Canadian coasts that their threat has to be anticipated in designing bulk 
cargo facilities, oil superports, liquid natural gas terminals, and atomic power plants using saltwater cooling. Yet 
because of the limited systematic knowledge of past occurrences the design of tsunami protection is being based on 
hypothetical events. It is important that for each new major tsunami, systematic observations be made over affected 
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coastal areas. Procedures for such surveys are outlined, and the needs of scientists for specific information are 
reviewed. 

 
 

RETURN TO CONTENTS 
 

 
Landslide Tsunamis 
 
Scientific Books and Articles 
 
Bardet, J.-P., Synolakis, C.E., Davies, H.L., Imamura, F., and Okal, E.A., 2003, Landslide 

tsunamis: recent findings and research directions, Pure and Applied Geophysics, v. 160, p. 
1793-1809, doi: 10.1007/s00024-003-2406-0. 

Abstract: Underwater landslides can trigger local tsunamis with high runup, endangering human life and devastating 
coastal cities, offshore structures, communication cables, and port facilities. Unfortunately, hazards from underwater 
landslides are not well understood and the extents of their potential damage remain difficult to ascertain at present. 
There is immediate need for multidisciplinary research to improve our understanding and plan countermeasures for 
mitigating their hazards. Conceived in the wake of the Papua New Guinea earthquake landslide and tsunami of 1998, 
this volume summarizes the state-of-the-art knowledge on underwater landslides and their potential to generate 
tsunamis from the multidisciplinary perspectives of observational and engineering seismology, geotechnical 
engineering, marine geology, and hydrodynamics. These various fields of engineering and science offer new 
synergetic opportunities to examine landslide tsunamis. This paper makes recommendations on future research 
directions, and will hopefully advance scientists’ and engineers’ understanding of these natural hazards and assist 
planners in mitigating their risks. 

 
Biscontin, G., and Pestana, J.M., 2006, Factors affecting seismic response of submarine slopes, 

Natural Hazards and Earth System Sciences, v. 6, p. 97-107. 
Abstract: The response of submerged slopes on the continental shelf to seismic or storm loading has become an 

important element in the risk assessment for offshore structures and “local” tsunami hazards worldwide. The 
geological profile of these slopes typically includes normally consolidated to lightly overconsolidated soft cohesive 
soils with layer thickness ranging from a few meters to hundreds of meters. The factor of safety obtained from 
pseudo-static analyses is not always a useful measure for evaluating the slope response, since values less than one do 
not necessarily imply slope failure with large movements of the soil mass. This paper addresses the relative 
importance of different factors affecting the response of submerged slopes during seismic loading. The analyses use 
a dynamic finite element code which includes a constitutive law describing the anisotropic stress-strain-strength 
behavior of normally consolidated to lightly overconsolidated clays. The model also incorporates anisotropic 
hardening to describe the effect of different shear strain and stress histories as well as bounding surface principles to 
provide realistic descriptions of the accumulation of the plastic strains and excess pore pressure during successive 
loading cycles. The paper presents results from parametric site response analyses on slope geometry and layering, 
soil material parameters, and input ground motion characteristics. The predicted maximum shear strains, permanent 
deformations, displacement time histories and maximum excess pore pressure development provide insight of slope 
performance during a seismic event. 

 
Biscontin, G., Pestana, J.M., and Nadim, F., 2004, Seismic triggering of submarine slides in 

soft cohesive soil deposits, Marine Geology, v. 203, p. 341-354, doi:10.1016/S0025-
3227(03)00314-1. 

Abstract: The geological profile of many submerged slopes on the continental shelf consists of normally to lightly 
overconsolidated clays with depths ranging from a few meters to hundreds of meters. For these soils, earthquake 
loading can generate significant excess pore water pressures at depth, which can bring the slope to a state of 
instability during the event or at a later time as a result of pore pressure redistribution within the soil profile. Seismic 
triggering mechanisms of landslide initiation for these soils are analyzed with the use of a new simplified model for 
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clays which predicts realistic variations of the stress-strain-strength relationships as well as pore pressure generation 
during dynamic loading in simple shear. The proposed model is implemented in a finite element program to analyze 
the seismic response of submarine slopes. These analyses provide an assessment of the critical depth and estimated 
displacements of the mobilized materials and thus are important components for the estimation of submarine 
landslide-induced tsunamis. 

 
Fine, I.V., Rabinovich, A.B., Thomson, R.E., and Kulikov, E.A., 2003, Numerical modeling of 

tsunami generation by submarine and subaerial landslides, In: Yalçiner, A.C., Pelinovsky, 
E.N., Okal, E., and Synolakis, C.E. (eds.), Submarine Landslides and Tsunamis, Kluwer 
Academic Publishers, p. 69-88.  

Abstract: Recent catastrophic tsunamis at Flores Island, Indonesia (1992), Skagway, Alaska (1994), Papua New Guinea 
(1998), and İzmit, Turkey (1999) have significantly increased scientific interest in landslides and slide-generated 
tsunamis. Theoretical investigations and laboratory modeling further indicate that purely submarine landslides are 
ineffective at tsunami generation compared with subaerial slides. In the present study, we undertook several 
numerical experiments to examine the influence of the subaerial component of slides on surface wave generation 
and to compare the tsunami generation efficiency of viscous and rigid-body slide models. We found that a rigid-
body slide produces much higher tsunami waves than a viscous (liquid) slide. The maximum wave height and 
energy of generated surface waves were found to depend on various slide parameters and factors, including slide 
volume, density, position, and slope angle. For a rigid-body slide, the higher the initial slide above sea level, the 
higher the generated waves. For a viscous slide, there is an optimal slide position (elevation) which produces the 
largest waves. An increase in slide volume, density, and slope angle always increases the energy of the generated 
waves. The added volume associated with a subaerial slide entering the water is one of the reasons that subaerial 
slides are much more effective tsunami generators than submarine slides. The critical parameter determining the 
generation of surface waves is the Froude number, Fr (the ratio between slide and wave speeds). The most efficient 
generation occurs near resonance when Fr = 1.0. For purely submarine slides with ρ2 ≤ 2.0 g·cm-3, the Froude 
number is always less than unity and resonance coupling of slides and surface waves is physically impossible. For 
subaerial slides there is always a resonant point (in time and space) where Fr = 1.0 for which there is a significant 
transfer of energy from a slide into surface waves. This resonant effect is the second reason that subaerial slides are 
much more important for tsunami generation than submarine slides. 

 
Gusiakov, 2003, Identification of slide-generated tsunamis in the historical catalogues, In: 

Yalçiner, A.C., Pelinovsky, E.N., Okal, E., and Synolakis, C.E. (eds.), Submarine 
Landslides and Tsunamis, Kluwer Academic Publishers, p. 17-24. 

Abstract: Despite the fact that the parametric tsunami catalogs contain very limited information on a particular event, 
the preliminary identification of landslide-generated events in the catalogs is possible on the basis of several criteria 
such as width of an area with the maximum runup values, a large difference between the tsunami magnitude (on the 
Iida scale) and the tsunami intensity (on the Soloviev-Imamura scale) and a difference between the observed and the 
expected tsunami intensity. The latter criterion, introduced in the present study, allows us to divide the Pacific 
tsunamigenic events into three groups (“red”, “green” and “blue”). The geographical distribution of events from the 
“red” group shows its clear correlation with areas of a high sedimentation rate in the Pacific, thus making possible 
its interpretation as events where involvement of the slide mechanism into the tsunami generation is essential. 

 
Haugen, K.B., Løvholt, F., and Harbitz, C.B., 2005, Fundamental mechanisms for tsunami 

generation by submarine mass flows in idealised geometries, Marine and Petroleum 
Geology, v. 22, p. 209-217, doi:10.1016/j.marpetgeo.2004.10.1016. 

Abstract: Tsunami generation from submarine gravity mass flows is investigated using linear two-dimensional 
analytical models, a simplified slide geometry, and a prescribed sub-critical slide velocity. Slide characteristics as 
maximum slide velocity, initial acceleration, slide length, and thickness, are all found to determine the 
characteristics of the tsunami. Effects of dispersion usually turn out to be of minor practical importance. Tsunamis 
due to retrogressive slides are generally smaller than for a similar fixed shaped slide with the same characteristics 
due to an increased duration of slide mass mobilisation. However, above the rear of the slide, the surface elevation 
can also be increased for small time lags. 
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Keating, B.H., and McGuire, W.J., 2000, Island edifice failures and associated tsunami 
hazards, Pure and Applied Geophysics, v. 157, no. 6-8, p. 899-955. 

Abstract: Volcanic ocean islands are prone to structural failure of the edifice that result in landslides that can generate 
destructive tsunamis. These island landslides range enormously in size, varying from small rock falls to giant sector 
failures involving tens of cubic kilometers of debris. A survey of literature has allowed us to identify twenty-three 
processes that contribute to edifice collapse. These have been divided into endogenetic and exogenetic sources of 
edifice failure. Endogenetic sources of instability and failure include unstable foundations, volcanic intrusions, 
thermal alteration, edifice pore pressures, unbuttressed structures, and buried faults. Exogenetic sources of instability 
and failure include collapse of subaerial or submarine deposits, endo-upwelling, karst megaporosity, fractures, 
oversteepening, overloading, sea-level change, marine erosion, weathering including hurricanes, glacial response, 
volcanic activity, regional uplift or subsidence, tectonic seismicity and anthropogenic agents. While the endogenetic 
sources dominate during periods of active volcanism and cone building, the exogenetic sources may cause failure at 
any time. Tsunamis, both small and large, are associated with these edifice failures. 

 
LeBlond, P.H., and Jones, A.T., 1995, Underwater landslides ineffective at tsunami generation, 

Science of Tsunami Hazards, v. 13, no. 1, p. 25-26. 
Abstract: Underwater landslides of deformable sediments have been shown to be relatively ineffective at generating sea 

surface waves. Calculations of tsunamis waves which assume that the sliding mass behaves like a rigid body are 
bound to be overestimates. We apply this principle to the discussion of the hypothetical 105 Ka Lanai tsunami. 

 
Lee, H.J., Kayen, R.E., Gardner, J.V., and Locat, J., 2003, Characteristics of several 

tsunamigenic submarine landslides, In: Locat, J., and Mienert, J. (eds.), Submarine Mass 
Movements and their Consequences, Advances in Natural and Technological Hazards 
Research, v. 19, Kluwer Academic Publishers, Dordrecht, the Netherlands, p. 357-366. 

Abstract: Submarine landslides are becoming recognized as a potential source of damaging local tsunamis. However, 
there are presently few documented case studies of landslide events that have caused historic tsunamis or likely 
caused prehistoric tsunamis. We present three case studies of submarine landslide environments off the west coast of 
the United States, including Alaska. Each environment has been imaged using multibeam technology allowing 
excellent resolution of the morphology of the seafloor. Based on this imagery and the historic record, we document 
the character of these environments and the resulting tsunamis. In the case of one of the failures, we present a model 
of the motion of the landslide and the size of tsunami that this motion would have produced. 

 
Locat, J., and Lee, H.J., 2002, Submarine landslides: advances and challenges, Canadian 

Geotechnical Journal, v. 39, p. 193-212, doi:10.1139/T01-089. 
Abstract: Due to the recent development of well-integrated surveying techniques of the sea floor, significant 

improvements were achieved in mapping and describing the morphology and architecture of submarine mass 
movements. Except for the occurrence of turbidity currents, the aquatic environment (marine and fresh water) 
experiences the same type of mass failure as that found on land. Submarine mass movements, however, can have 
run-out distances in excess of 100 km, so their impact on any offshore activity needs to be integrated over a wide 
area. This great mobility of submarine mass movements is still not very well understood, particularly for cases like 
the far-reaching debris flows mapped on the Mississippi Fan and the large submarine rock avalanches found around 
many volcanic islands. A major challenge ahead is the integration of mass movement mechanics in an appropriate 
evaluation of the hazard so that proper risk assessment methodologies can be developed and implemented for 
various human activities offshore, including the development of natural resources and the establishment of reliable 
communication corridors. 

 
Locat, J., and Lee, H., 2009, Chapter 6: Submarine mass movements and their consequences: 

an overview, In: Sassa, K., and Canuti, P. (eds.), Landslides – Disaster Risk Reduction, 
Springer-Verlag, p. 115-142. 

Abstract: Submarine mass movements pose a threat to coastal communities and infrastructures, both onshore and 
offshore. They can be found from the coastal zone down onto the abyssal plain and can take place on slope angles as 
low as 0.5°. They can move at velocities up to 50 km/h and reach distances over 1000 km. Their volume can be 
enormous, as illustrated by the 2.5 × 103 km3 Storegga slide. Similar to their sub-aerial counterparts, submarine mass 
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movements can consist of soil or rock and can take the form of slides, spreads, flows, topples or falls, but in addition 
they can develop into turbidity currents. Their main consequences are linked either to the direct loss of material at 
the site where the mass movement is initiated or along its path and to the generation of tsunamis.  

 
Lynett, P., and Liu, P.L.-F., 2003, Submarine landslide generated waves modeled using depth-

integrated equations, In: Yalçiner, A.C., Pelinovsky, E.N., Okal, E., and Synolakis, C.E. 
(eds.), Submarine Landslides and Tsunamis, Kluwer Academic Publishers, p. 51-58. 

Abstract: A mathematical model is derived to describe the generation and propagation of water waves by a submarine 
landslide. The model consists of a depth-integrated continuity equation and a momentum equation, in which the 
ground movement is a forcing function. These equations include full nonlinear, but weakly dispersive effects. The 
model is also capable of describing wave propagation from relatively deep water to shallow water. A numerical 
algorithm is developed for the general fully nonlinear model. As a case study, tsunamis generated by a prehistoric 
massive submarine slump off the northern coast of Puerto Rico are modeled. The evolution of the created waves and 
the large runup due to them is discussed. 

 
Lynett, P., and Liu, P.L.-F., 2005, A numerical study of the run-up generated by three-

dimensional landslides, Journal of Geophysical Research, v. 110, C03006, 
doi:10.1029/2004JC002443. 

Abstract: A large set of numerical experiments are designed to examine the maximum run-up generated by three-
dimensional (3-D) submerged and subaerial, solid body landslides. A depth-integrated numerical model is utilized, 
allowing for the efficient simulation of landslides in shallow and intermediate water. Six dimensionless parameters 
are introduced: the slide thickness, the slide wave number, a slide shape parameter, the horizontal aspect ratio of the 
slide, the specific gravity of the slide mass, and the slope of the beach. Six sets of simulations are first presented, 
wherein one of the six dimensionless parameters are singularly varied. This allows for the identification of 
parameter dependence on maximum run-up. After combining the dependencies a number of relationships appear. 
Most notably, a very clear division between the near and far field is observed, where here the far field is defined as 
the region displaced from the projection of the landslide, on the nearby beach, where edge waves may dominate the 
wave pattern. For submerged slides a nondimensional estimation of the maximum run-up just landward of the slide 
is found as well as the location and magnitude of the secondary run-up peak. This secondary peak is due to the 
propagation of edge waves and is in some cases larger than the peak immediately landward of the slide. The results 
presented in this paper may be useful for preliminary hazard assessment, where a simple and quick estimation of the 
maximum run-up height and locations are required. Additionally, the formulas developed will be particularly 
beneficial to those developing 3-D landslide experiments. 

 
Murty, T.S., 2003, Tsunami wave height dependence on landslide volume, Pure and Applied 

Geophysics, v. 160, p. 2147-2153, doi:10.1007/s00024-003-2423-z. 
Abstract: Tsunami generation from submarine landslides depends mainly on the volume of the slide material and also 

on other factors which include: angle of the slide, water depth, density of the slide material, the speed with which the 
material moves, duration of the slide, etc. Based on an incomplete data set of volume V of slide versus maximum 
amplitude H of the resulting tsunami waves, gleaned through available literature, a simple linear regression 
relationship was developed. Another partial data set was developed also from published literature, on V versus H 
values, based on numerical models. It was found that the agreement between the results of the numerical simulations 
and the observations is rather poor. It is not clear why this is so, and which data set is of questionable relevance. 
This is not to cast doubt on numerical models that do not use volume of the slide in an explicit manner. 

 
Nisbet, E.G., and Piper, D.J.W., 1998, Giant submarine landslides, Nature, v. 392, p. 329-330. 
Summary: The 1929 Grand Banks earthquake off Newfoundland set off a 20-km3 submarine landslide, which generated 

a tsunami that killed 27 people and a turbidity current that carried 200 km3 of debris into deep water. Trans-Atlantic 
submarine telegraph cables were cut. Submarine slides occur especially where huge piles of unstable sediment build 
up. Deposits of methane hydrate (ice-like solids of water and gas) are sometimes implicated in causing them. Decay 
of organic matter in sediments produces gas, increasing pore pressure and reducing sediment strength. Under 
ambient pressure-temperature, methane hydrate grows in the upper layers of sediment on the continental slope; 
below, free gas collects in sediment. During glaciation, as sea level drops, the confining pressure in the sediment 
decreases and the lower hydrate layers break down, releasing free gas that is trapped in the sediment pile. The slide 
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trigger may be an earthquake, sediment brought down by a flooding river, or a large storm. Once movement is 
initiated, gas pools in sediment below the hydrate may rupture. However, the case cannot be proved until a smoking 
methane release is found. The Storegga suite comprises three slides whose nearly 300-km-long headwall runs 
roughly along the edge of the continental shelf off Norway. Debris up to 450 m thick is spread 800 km out to the 
3.6-km-deep abyssal floor. The first slide occurred at 30–50 k.y.; the volume involved would cover the area of 
Alaska above head height. The glide plane is at the same depth as the base of a gas hydrate layer, seen as a bottom-
simulating reflector which cross-cuts bedding reflections, on the margin of the slide scar. In the second slide (6–8 
k.y.), two slabs up to 10x30 km were moved 200 km downslope, and a tsunami deposited sediment up to 4 m above 
high-water on the Scottish coast. The climate connection through methane release is potentially large, especially if 
sediment rich in free gas is ruptured. Some giant slides in late glacial time could, individually, have released many 
times the amount of methane in the air at that time (roughly 1 gigatonne). The first Storegga collapse could have 
released 5 gigatonnes or more. If it did, for a few years the greenhouse impact could have been profound. Although 
sediment failures were commoner when sea level was close to its glacial low, huge piles of sediment have since 
accumulated in many places near steep slopes. In 1979 a 0.15-km3 slide off Nice airport caused a tsunami that killed 
11 people. The hazards of submarine landslides range from the economic impact of severed fibre-optic submarine 
cables and pipelines, to the devastating effects of massive tsunamis or involvement in the slide itself. Small slides 
near densely populated areas may be particularly dangerous, so that cities close to deltas (e.g., Vancouver) may be 
most at risk. Some of the most spectacular submarine landslides are from volcanic islands, where volcanoes have 
built up vast edifices of lavas onto weak substrates of oceanic sediments. These fail and cause the flank of the 
volcanic structure to collapse into the deep. The Hawaiian islands are surrounded by vast aprons of debris of over 
100,000 km2 in extent. Slides can be over 200 km long, with volumes of about 5,000 km3. Similar collapses of 
volcanic edifices have also taken place off the Canary Islands and off Réunion Island in the Indian Ocean. 

 
Okal, E.A., and Synolakis, C.E., 2003, A theoretical comparison of tsunamis from dislocations 

and landslides, Pure and Applied Geophysics, v. 160, p. 2177-2188, doi:10.1007/s00024-003-
2425-x. 

Abstract: We use simple physical models to evaluate and compare the orders of magnitude of the energy generated into 
a tsunami wave by seismic dislocations and underwater slumps. We conclude that the two sources can generate 
tsunamis of comparable total energy. However, the slumping source is shown to be fundamentally dipolar in nature, 
which results in a low-frequency deficiency in the far-field. These simple conclusions corroborate the interpretation 
of the 1998 Papua New Guinea tsunami as being generated by an underwater slump. 

 
Parlaktuna, M., 2003, Natural gas hydrates as a cause of underwater landslides: a review, In: 

Yalçiner, A.C., Pelinovsky, E.N., Okal, E., and Synolakis, C.E. (eds.), Submarine 
Landslides and Tsunamis, Kluwer Academic Publishers, p. 163-169. 

Abstract: Natural gas hydrates occur worldwide in polar regions, normally associated with onshore and offshore 
permafrost, and in sediment of outer continental margins. The total amount of methane in gas hydrates likely 
doubles the recoverable and non-recoverable fossil fuels. Three aspects of gas hydrates are important: their fossil 
fuel resource potential, their role as a submarine geohazard, and their effects on global climate change. Since gas 
hydrates represent huge amounts of methane within 2000 m of the Earth’s surface, they are considered to be an 
unconventional, unproven source of fossil fuel. Because gas hydrates are metastable, changes of pressure and 
temperature affect their stability. Destabilized gas hydrates beneath the seafloor lead to geologic hazards such as 
submarine slumps and slides. Destabilized gas hydrates may also affect climate through the release of methane, a 
“greenhouse” gas, which may enhance global warming. 

 
Pelinovsky, E., 2003, Analytical models of tsunami generation by submarine landslides, In: 

Yalçiner, A.C., Pelinovsky, E.N., Okal, E., and Synolakis, C.E. (eds.), Submarine 
Landslides and Tsunamis, Kluwer Academic Publishers, p. 111-128. 

Abstract: The simplified models of tsunami generation by underwater landslides are derived and their analytical 
solutions are discussed. The shallow-water model describes the properties of the generated tsunami waves usually 
well for all regimes except the resonance case. The nonlinear-dispersive model based on the forced Korteweg-de 
Vries equation is developed to describe the resonant mechanism of the tsunami wave generation by the landslide 
moving with near-critical speed (long wave speed). 
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Shigihara, Y., Goto, D., Imamura, F., Kitamura, Y., Matsubara, T., Takaoka, K., and Ban, K., 
2006, Hydraulic and numerical study on the generation of a subaqueous landslide-induced 
tsunami along the coast, Natural Hazards, v. 39, no., 2, p. 159-177, doi:10.1007/s11069-006-
0021-y. 

Abstract: By carrying out the hydraulic experiments in a one-dimensional open channel and two-dimensional basin, we 
clarified the process of how a landslide on a uniform slope causes the generation of a tsunami. The effect of the 
interactive force that occurs between the debris flow layer and the tsunami is significant in the generation of a 
tsunami. The continuous flow of the debris into the water makes the wave period of the tsunami short. The present 
experiments apply numerical simulation using the two-layer model with shear stress models on the bottom and 
interface, and the results are compared. The simulated debris flow shows good agreement with the measured results 
and ensures the rushing process into the water. We propose that the model use a Manning coefficient of 0.01 for the 
smooth slope and 0.015 for the rough slope, and a horizontal viscosity of 0.01 m2/s for the landslide; an interactive 
force of 0.2 for each layer is recommended. The dispersion effect should be included in the numerical model for the 
propagation from the shore. 

 
Stark, C.P., and Hovious, N., 2001, The characterization of landslide size distributions, 

Geophysical Research Letters, v. 28, no. 6, p. 1091-1094. 
Abstract: Landslide size distributions generally exhibit power-law scaling over a limited scale range. The range is set by 

the mapping resolution, by the number of observed events, and by the slope failure process itself. This property of 
self-similarity is an important insight into the physics of hillslope failure. Typically, however, a large proportion of 
the landslide data does not fit a simple power law. These data are always ignored in order to characterize the scaling. 
We show that landslide data sets from New Zealand and Taiwan exhibit two scaling regimes, separated by a 
crossover scale that is purely an artefact of mapping resolution. Below this scale the landslide data are undersampled. 
We propose a general model for the size distribution of observed landslides which can account for the whole 
population of mapped slope failures. The model quantifies the undersampling of smaller landslides and provides an 
improved estimation of the power-law scaling of larger landslides. Estimates of this scaling suggest that the area 
disturbed by landsliding, and perhaps the landslide sediment yield, are essentially dependent on the frequency of 
smaller landslides. Higher resolution landslide maps will be required in order to quantify these fluxes. Our results 
also indicate that the probability of extreme landslide events is less than previous studies would predict. 

 
Sue, L.P., Nokes, R.I., and Walters, R.A., 2006, Experimental modeling of tsunami generated 

by underwater landslides, Science of Tsunami Hazards, v. 24, no. 4, p. 267-287. 
Abstract: Preliminary results from a set of laboratory experiments aimed at producing a high-quality dataset for 

modeling underwater landslide-induced tsunami are presented. A unique feature of these experiments is the use of a 
method to measure water surface profiles continuously in both space and time rather than at discrete points. Water 
levels are obtained using an optical technique based on laser induced fluorescence, which is shown to be comparable 
in accuracy and resolution to traditional electrical point wave gauges. The ability to capture the spatial variations of 
the water surface along with the temporal changes has proven to be a powerful tool with which to study the wave 
generation process. In the experiments, the landslide density and initial submergence are varied and information of 
wave heights, lengths, propagation speeds, and shore run-up is measured. The experiments highlight the nonlinear 
interaction between slider kinematics and initial submergence, and the wave field. The ability to resolve water levels 
spatially and temporally allows wave potential energy time histories to be calculated. Conversion efficiencies range 
from 1.1%-5.9% for landslide potential energy into wave potential energy. Rates for conversion between landslide 
kinetic energy and wave potential energy range between 2.8% and 13.8%. The wave trough initially generated above 
the rear end of the landslide propagates in both upstream and downstream directions. The upstream-travelling trough 
creates the large initial draw-down at the shore. A wave crest generated by the landslide as it decelerates at the 
bottom of the slope causes the maximum wave run-up height observed at the shore. 

 
Tappin, D.R., 2010, Mass transport events and their tsunami hazard, In: Mosher, D.C., Shipp, 

C., and Moscardelli, L. (eds.), Submarine Mass Movements and their Consequences, 
Advances in Natural and Technological Hazards, v. 28, Springer, the Netherlands, p. 667-
684. 
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Abstract: Mass transport events, such as those from submarine landslides, volcanic flank collapse at convergence 
margins and on oceanic islands, and subaerial failure are reviewed and found to be all potential tsunami sources. The 
intensity and frequency of the tsunamis resulting is dependent on the source. Most historical records are of 
devastating tsunamis from volcanic collapse at convergent margins. Although the database is limited, tsunamis 
sourced from submarine landslides and collapse on oceanic volcanoes have a climate influence and may not be as 
hazardous as their frequency suggests. Conversely, tsunamis sourced from submarine landslides at convergent 
margins may be more frequent historically than previously recognized and, therefore, more hazardous. 

 
ten Brink, U.S., Barkan, R., Andrews, B.D., and Chaytor, J.D., 2009, Size distributions and 

failure initiation of submarine and subaerial landslides, Earth and Planetary Science 
Letters, v. 287, no. 1-2, p. 31-42. 

Abstract: Landslides are often viewed together with other natural hazards, such as earthquakes and fires, as phenomena 
whose size distribution obeys an inverse power law. Inverse power law distributions are the result of additive 
avalanche processes, in which the final size cannot be predicted at the onset of the disturbance. Volume and area 
distributions of submarine landslides along the U.S. Atlantic continental slope follow a lognormal distribution and 
not an inverse power law. Using Monte Carlo simulations, we generated area distributions of submarine landslides 
that show a characteristic size and with few smaller and larger areas, which can be described well by a lognormal 
distribution. To generate these distributions we assumed that the area of slope failure depends on earthquake 
magnitude, i.e., that failure occurs simultaneously over the area affected by horizontal ground shaking, and does not 
cascade from nucleating points. Furthermore, the downslope movement of displaced sediments does not entrain 
significant amounts of additional material. Our simulations fit well the area distribution of landslide sources along 
the Atlantic continental margin, if we assume that the slope has been subjected to earthquakes of magnitude ≤6.3. 
Regions of submarine landslides, whose area distributions obey inverse power laws, may be controlled by different 
generation mechanisms, such as the gradual development of fractures in the headwalls of cliffs. The observation of a 
large number of small subaerial landslides being triggered by a single earthquake is also compatible with the 
hypothesis that failure occurs simultaneously in many locations within the area affected by ground shaking. Unlike 
submarine landslides, which are found on large uniformly-dipping slopes, a single large landslide scarp cannot form 
on land because of the heterogeneous morphology and short slope distances of tectonically-active subaerial regions. 
However, for a given earthquake magnitude, the total area affected by subaerial landslides is comparable to that 
calculated by slope stability analysis for submarine landslides. The area distribution of subaerial landslides from a 
single event may be determined by the size distribution of the morphology of the affected area, not by the initiation 
process. 

 
Todorovska, M.I., Hayir, A., and Trifunac, M.D., 2002, A note on tsunami amplitudes above 

submarine slides and slumps, Soil Dynamics and Earthquake Engineering, v. 22, p. 129-141. 
Abstract: Tsunami generated by submarine slumps ad slides are investigated in the near-field, using simple source 

models, which consider the effects of source finiteness and directivity. Five simple two-dimensional kinematic 
models of submarine slumps and slides are described mathematically as combinations of spreading constant or 
slopping uplift functions. Tsunami waveforms for these models are computed using linearized shallow water theory 
for constant water depth and transform method of solution (Laplace in time and Fourier in space). Results for 
tsunami waveforms and tsunami peak amplitudes are presented for selected model parameters, for a time window of 
the order of the source duration. The results show that, at the time when the source process is completed, for slides 
that spread rapidly (cR/cT ≥ 20, where cR is the velocity of predominant spreading), the displacement of the free 
water surface above the source resembles the displacement of the ocean floor. As the velocity of spreading 
approaches the long wavelength tsunami velocity (cT = √(gh)), the tsunami waveform has progressively larger 
amplitude, and higher frequency content, in the direction of slide spreading. These large amplitudes are caused by 
wave focusing. For velocities of spreading smaller than the tsunami long wavelength velocity, the tsunami 
amplitudes in the direction of source propagation become small, but the high frequency (short) waves continue to be 
present. The large amplification for cR/cT ~ 1 is a near-field phenomenon, and at distances greater than several times 
the source dimension, the large amplitude and short wavelength pulse becomes dispersed. A comparison of peak 
tsunami amplitudes for five models plotted versus L/h (where L is characteristic length of the slide and h is the water 
depth) shows that for similar slide dimensions the peak tsunami amplitude is essentially model independent. 
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Todorovska, M.I., Hayir, A., and Trifunac, M.D., 2003, Near-field amplitudes of tsunami from 
submarine slumps and slides, In: Yalçiner, A.C., Pelinovsky, E.N., Okal, E., and Synolakis, 
C.E. (eds.), Submarine Landslides and Tsunamis, Kluwer Academic Publishers, p. 59-68. 

Abstract: Tsunami generated by submarine slumps and slides are investigated in the near-field, using simple source 
models that consider the effects of source finiteness and directivity. Five simple two-dimensional kinematic models 
of submarine slumps and slides are described mathematically as combinations of spreading constant or sloping uplift 
functions. Tsunami waveforms for these models are computed using linearized shallow-water theory for constant 
water depth and transform method of solution (Lapace in time and Fourier in space). Results for tsunami waveforms 
and tsunami peak amplitudes are illustrated for selected model parameters, in the near-field, for a time window of 
the order of the source duration. 

 
Trifunac, M.D., and Todorovska, M.I., 2003, Tsunami source parameters of submarine 

earthquakes and slides, In: Locat, J., and Mienert, J. (eds.), Submarine Mass Movements 
and their Consequences, Advances in Natural and Technological Hazards Research, v. 19, 
Kluwer Academic Publishers, Dordrecht, the Netherlands, p. 121-128. 

Abstract: The nature of the tsunami sources (displacement, duration, area and volume) is reviewed for selected past 
earthquakes, slumps and slides, from the point of view of tsunami generation. It is concluded that slides and slumps 
differ significantly from earthquakes in: (1) the velocity of spreading, (2) the balance of the uplifted material, and 
(3) the vertical displacements per unit horizontal area. 

 
Ward, S.N., 2001, Landslide tsunami, Journal of Geophysical Research, v. 106, no. 6, p. 11,201-

11,215. 
Abstract: In the creation of “surprise tsunami”, submarine landslides head the suspect list. Moreover, improving 

technologies for seafloor mapping continue to sway perceptions on the number and size of surprises that may lie in 
wait offshore. At best, an entirely new distribution and magnitude of tsunami hazards has yet to be fully appreciated. 
At worst, landslides may pose serious tsunami hazards to coastlines worldwide, including those regarded as immune. 
To raise the proper degree of awareness, without needless alarm, the potential and frequency of landslide tsunami 
have to be assessed quantitatively. This assessment requires gaining a solid understanding of tsunami generation by 
landslides and undertaking a census of the locations and extent of historical and potential submarine slides. This 
paper begins the process by offering models of landslide tsunami production, propagation, and shoaling and by 
exercising the theory on several real and hypothetical landslides offshore Hawaii, Norway, and the United States 
eastern seaboard. I finish by broaching a line of attack for the hazard assessment by building on previous work that 
computed probabilistic tsunami hazard from asteroid impacts. 

 
Watts, P., 2002, The need for underwater landslide hazards prediction, Science of Tsunami 

Hazards, v. 20, no. 2, p. 95-101. 
Abstract: As of early 2000, scientists were unable to assess many underwater landslide hazards, to predict their 

occurrence following a nearby earthquake, to evaluate their tsunamigenic potential, and to warn coastal communities 
of imminent danger. Underwater landslides pose a continuous threat to US coastal economic activity, including 
valuable offshore structures, communication cables, and port facilities. Underwater landslides can generate tsunamis 
reaching at least 30 m above sea level, surpassing bounds of tsunamis generated by earthquakes. In the 1990s, more 
than 2400 people perished from landslide tsunamis as villages were swept clean by walls of water moving faster 
than residents could run, notably during the 1992 Flores Island, Indonesia and 1998 Papua New Guinea events. 
Local tsunamis also threaten lives and property along most US coastal waters, including Southern California. This 
fact calls into question the preparedness of US coastal communities for such events and fuels the need for 
underwater landslide prediction. This report summarizes the motivation for a workshop funded by the US National 
Science Foundation and reports on the consensus finding of workshop participants. 

 
Watts, P., 2003, Probabilistic analyses of landslide tsunami hazards, In: Locat, J., and Mienert, 

J. (eds.), Submarine Mass Movements and their Consequences, Advances in Natural and 
Technological Hazards Research, v. 19, Kluwer Academic Publishers, Dordrecht, the 
Netherlands, p. 163-170. 
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Abstract: Probabilistic analyses of underwater landslides can yield probability distributions of landslide tsunami 
amplitudes. About 35% of all earthquakes may generate landslide tsunamis with a maximum tsunami amplitude that 
surpasses vertical coseismic displacement. A finite probability exists for underwater landslides to generate tsunamis 
with amplitudes in excess of 10 meters, as in the 1998 Papua New Guinea event. Indicators of prospective 
tsunamigenic landslides, such as sediment shear strength, improve our ability to predict future events and to assess 
their impact on coastal populations and infrastructure. Probabilistic analyses may play an important role in tsunami 
risk assessment from landslide tsunamis. 

 
Wright, S.G., and Rathje, E.M., 2003, Triggering mechanisms of slope instability and their 

relationship to earthquakes and tsunamis, Pure and Applied Geophysics, v. 160, p. 1865-
1877, doi:10.1007/s00024-003-2410-4. 

Abstract: Submarine and shoreline slope failures that accompany large earthquakes and large tsunamis are triggered by 
several mechanisms. Triggering mechanisms range from direct effects, such as inertial forces from earthquake 
shaking, to indirect effects, such as rapid drawdown that occurs when an earthquake-generated tsunami first 
approaches a shoreline. Soil shear strength also plays an important role in earthquake-related slope failures. 
Earthquakes change the shear strength of the soil by inducing excess pore water pressures. These excess pore water 
pressures change with time after the earthquake, resulting in changes in shear strength and slope stability with time. 
This paper reviews earthquake-related triggering mechanisms for submarine and shoreline slope failures. The 
variation in shear strength with time following an earthquake is examined and it is shown that delayed slope failures 
after an earthquake can occur as a result of changes in earthquake-induced excess pore water pressures and shear 
strength with time. 

 
Conference Proceedings and Abstracts 
 
Terzaghi, K., 1956, Varieties of submarine slope failures, Proceedings of the 8th Texas 

Conference on Soil Mechanics and Foundation Engineering, 41 p. 
Abstract: Known submarine slope failures can be divided into three categories, local minor slumps on steep, otherwise 

stable slopes, vast mass movements of short duration on steep or gentle slopes and intermittent local slumping on 
gentle slopes. Local, minor slumps have occurred only on steep slopes where a local accumulation of fine-grained, 
silty material rests on coarse-grained material, forming the bulk of the deposit. The slide occurs as soon as the 
deposit grows beyond a certain size. During the slide the perched deposit of fine-grained material moves down on its 
base. In any event the slides represent only minor incidents in the otherwise continuous growth of the deposit. 
Nevertheless a slide of this type can cause serious damage to structures located along the upper edge of the slope. 
Earthquakes may trigger the occurrence of the slides, but they have no effect on the slope supporting the perched 
deposits, other than a slight S-shaped deformation of the slope. Large-scale mass movements of short duration have 
been experienced only on fine-grained, cohesionless or slightly cohesive sediments. They commonly start at one 
point and spread over larger and larger areas. They can occur on steep as well as on very gentle slopes. If the slope is 
steep the mass movement assumes the character of a landslide in which the slide material moves out of the slope and 
comes to rest on the sea bottom in the shape of an alluvial fan with a very gentle slope. If the original slope subject 
to failure is gentle, the ground movement assumes the character of more or less violent agitation of the flowing 
material and a corresponding change in the topography of the surface of the sediments. During the brief period of 
agitation, heavy objects sink into the sediment. Submarine cables crossing the agitated portion of the sediment are 
likely to be torn. In order to account for the mass movements of this category it is necessary to assume that the 
original structure of the sediment is metastable. The movement can be started even by small earthquakes, by blasting 
operations in the vicinity of the deposit, by a temporary increase of the seepage pressures and other relatively 
insignificant events. More or less continuous slumping on gentle slopes occurs only where a slope is underlain by 
soft, recently deposited clay. It is caused by the fact that consolidation lags behind sedimentation. On account of its 
continuity it can be considered a geologic process and practically excludes the possibility of supporting a permanent 
structure on the slope. Earthquakes have no significant influence on the stability of the slope. The preceding general 
statements are supplemented by the description of typical slope failures. 
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Meteorological Tsunamis 
 
Scientific Books and Articles 
 
Churchill, D.D., Houston, S.H., and Bond, N.A., 1995, The Daytona Beach wave of 3-4 July 

1992: a shallow-water gravity wave forced by a propagating squall line, Bulletin of the 
American Meteorological Society, v. 76, no. 1, p. 21-32. 

Abstract: An unexpected run-up of the ocean along Daytona Beach, Florida, on 3-4 July 1992 was associated with at 
least one large ocean wave. The wave, which reached a height of about 3 m above normal tide, injured 75 people 
and damaged property along Daytona Beach. Analyses of meteorological and oceanographic observations are 
consistent with the hypothesis that a squall line generated a long water wave. The critical evidence is that the 
propagation speed of the squall line matched the shallow-water wave speed that prevailed along the direction of 
motion of the squall line. The squall line exerted force on the ocean for at least 3 h. The issues of recurrence and 
public safety are discussed. 

 
Monserrat, S., Rabinovich, A.B., and Casas, B., 1998, On the reconstruction of the transfer 

function for atmospherically generated seiches, Geophysical Research Letters, v. 25, no. 12, 
p. 2197-2200. 

Abstract: A method recently proposed to separate source and topographic effects in observed tsunami spectra is revised 
and applied to atmospherically generated seiches. The method is used to investigate the origin of abnormal seiche 
events (“rissaga waves”) recorded in the region of Ciutadella, Balearic Islands. The reconstructed open-sea source 
spectra and the observed atmospheric pressure spectra are combined to estimate the “transfer function” between the 
atmosphere and the sea surface. This function is used to predict sea level spectra for given locations near to the coast. 
Theoretically computed spectra for two “rissaga” events are in good agreement with observations. 

 
Monserrat, S., Vilibić, I., and Rabinovich, A.B., 2006, Meteotsunamis: atmospherically 

induced destructive ocean waves in the tsunami frequency band, Natural Hazards and 
Earth System Sciences, v. 6, no. 6, p. 1035-1051. 

Abstract: In light of the recent enhanced activity in the study of tsunami waves and their source mechanisms, we 
consider tsunami-like waves that are induced by atmospheric processes rather than by seismic sources. These waves 
are mainly associated with atmospheric gravity waves, pressure jumps, frontal passages, squalls and other types of 
atmospheric disturbances, which normally generate barotropic ocean waves in the open ocean and amplify them 
near the coast through specific resonance mechanisms (Proudman, Greenspan, shelf, harbour). The main purpose of 
the present study is to describe this hazardous phenomenon, to show similarities and differences between seismic 
and meteorological tsunamis and to provide an overview of meteorological tsunamis in the World Ocean. It is 
shown that tsunamis and meteotsunamis have the same periods, same spatial scales, similar physical properties and 
affect the coast in a comparably destructive way. Some specific features of meteotsunamis make them akin to 
landslide-generated tsunamis. The generation efficiency of both phenomena depend on the Froude number (Fr), 
with resonance taking place when Fr~1.0. Meteotsunamis are much less energetic than seismic tsunamis and that is 
why they are always local, while seismic tsunamis can have globally destructive effects. Destructive meteotsunamis 
are always the result of a combination of several resonant factors; the low probability of such a combination is the 
main reason why major meteotsunamis are infrequent and observed only at some specific locations in the ocean. 

 
Rabinovich, A.B., and Monserrat, S., 1996, Meteorological tsunamis near the Balearic and 

Kuril Islands: descriptive and statistical analysis, Natural Hazards, v. 13, no. 1, p. 55-90. 
Abstract: Large-amplitude sea level oscillations in the tsunami frequency range have been occasionally observed in 

some coastal zones of the World Ocean when no seismic activity was recorded. These waves are mainly related to 
local atmospheric disturbances and, following Defant, are going to be referred to as “meteorological tsunamis”. As 
well as ordinary tsunamis, meteorological tsunamis can also be a cause of loss of life and catastrophic destruction in 
coastal areas. A review of such waves is presented with particular attention to the disastrous oscillations in 
Ciutadella inlet, the Balearic Islands, locally known as “rissaga”. Sea level/bottom pressure measurements in the 
regions of the Balearic (Western Mediterranean) and Kuril (Northwest Pacific) Islands were processed together with 
simultaneous atmospheric pressure records in the same areas to study the nature of meteorological tsunamis. The 
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results are used to present a descriptive and statistical analysis of strong events in these regions, to examine the 
response of the same inlet to different atmospheric events, and the different bay/inlets to the same event. It is found 
that seiches in various inlets strengthen at the same time just when atmospheric activity increases, although every 
inlet responds to a similar atmospheric forcing with different intensity, probably due to the influence of the local 
topography and geometry. Three types of strong events are identified apparently responding to different generation 
mechanisms. 
 

Rabinovich, A.B., and Monserrat, S., 1998, Generation of meteorological tsunamis (large 
amplitude seiches) near the Balearic and Kuril Islands, Natural Hazards, v. 18, no. 1, p. 27-
55. 

Abstract: Extreme atmosphere-induced seiche oscillations occasionally occur in specific inlets and bays of the world 
ocean causing severe damage to coastal areas, ships and port constructions. Ciutadella inlet (Menorca Island, 
Western Mediterranean) can be singled out as a place where such large seiches, locally known as rissaga, are quite 
common. Similar (although weaker) oscillations are also regularly observed in bays of Shikotan Island (South Kuril 
Islands, northwestern Pacific). Several spectacular events in these regions, identified in the first part of this study 
(Rabinovich and Monserrat, 1996), are analysed to determine the atmospheric parameters responsible for the 
generation of large-amplitude seiches. Their generation mechanism was shown to be quite different from that 
causing ordinary background oscillations. Coincidence of some external factors and certain resonance effects seem 
to be necessary to produce the destructive waves. In particular, rissaga waves in Ciutadella inlet were found to be 
related to significant atmospheric disturbances propagating from the southwest, coinciding with the orientation of 
the inlet, and having a phase speed of about 30 m/s, which is close to the phase speed of long waves offshore from 
Menorca. Pronounced resonant properties of the inner basin strongly amplify incoming waves in Ciutadella inlet. In 
contrast, the bays of the northwestern coast of Shikotan Island are protected from normally incident atmosphere-
induced waves by the elongated Kunashir Island, hence the whole situation there is not so favorable for the 
excitation of large seiches. 

 
Rabinovich, A.B., Vilibić, I., and Tinti, S., 2009, Meteorological tsunamis: atmospherically 

induced destructive ocean waves in the tsunami frequency band, Editorial, Physics and 
Chemistry of the Earth, v. 34, no. 17-18, p. 891-893, doi:10.1016/j.pce.2009.10.006. 

Summary: Tsunamis are the main cause of destructive seiches observed in the World Ocean. However, atmospheric 
forcing (atmospheric gravity waves, pressure jumps, frontal passages, and squalls) can also be responsible for 
significant, even devastating, long waves with the same temporal and spatial scales as typical tsunami waves. These 
waves are similar to ordinary tsunami waves and can affect coasts in a similar way, although their catastrophic 
effects are normally observed only in a limited number of specific bays and inlets. The term “meteorological 
tsunamis” (“meteotsunamis”) has been suggested for such waves. At certain places in the World Ocean, hazardous 
meteotsunamis occur regularly and have specific local names: “rissaga” in the Balearic Islands, “marubbio” 
(“marrobio”) in Sicily, “šćiga” on the Croatian coast of the East Adriatic, “milghuba” in Malta, “abiki” and “yota” in 
Japan, “Seebär” in the Baltic Sea, “death waves” in Western Ireland, and “inchas” and “lavadiads” in the Azores and 
Madeira islands. These waves have also been documented for the Yellow and Aegean seas, the Great Lakes, the 
northwestern Atlantic, for coastal areas of Argentina and New Zealand, and in some specific ports such as Port 
Rotterdam. Because of the pronounced similarity between “meteotsunamis” and seismically-generated tsunamis, it 
is often difficult to recognize one form of wave from another. Tsunami catalogues contain references to “tsunami-
like” events of unknown origin that could, in fact, be atmospherically generated ocean waves. In the past, little 
attention has been paid to tsunamis of meteorological origin in comparison to seismically-, volcanically-, or 
landslide-generated tsunamis. The situation changed drastically after the devastating megathrust 2004 Sumatra 
tsunami. Firstly, this extreme catastrophic event attracted high public and scientific interest toward tsunamis and 
other marine natural hazards in general. Secondly, this event initiated a major upgrade of existing tide gauge 
networks around the globe. The new digital instruments were designed to continuously measure sea level variations 
with high precision and to store the sea level records once every 1–2 min. The upgraded coastal tide gauges enabled 
scientists to measure relatively high-frequency local seiches in regions previously inaccessible to such investigations. 
Also, at certain sites, sea level measurements were accompanied by precise observations of atmospheric pressure 
fluctuations. As a result, high-quality records of meteorological tsunamis now exist for many areas. Modern data on 
meteotsunamis, together with new computing facilities and numerical procedures, have greatly accelerated 
international research on this phenomenon. This editorial summarizes 12 paper contributions to a special journal 
issue on meteotsunamis that came out of the First International Symposium on Meteotsunamis in 2008. Topics 
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include atmospheric source and generation mechanisms, risk assessment and mitigation, and the establishment of an 
effective warning system in the Mediterranean to forecast meteotsunamis. 

 
Šepić, J., Denis, L., and Vilibić, I., 2009, Real-time procedure for detection of a meteotsunami 

within an early tsunami warning system, Physics and Chemistry of the Earth, v. 34, no. 17-
18, p. 1023-1031, doi:10.1016/j.pce.2009.08.006. 

Abstract: A meteotsunami detection algorithm, based on real-time measurements of air pressure, was developed and 
tested. The algorithm consists of two modules: the first module detects potentially dangerous air pressure 
disturbances with tendencies exceeding a certain threshold value; the second module determines the speed and 
direction of propagation of those disturbances. The algorithm was tested on artificial and measured air pressure time 
series from three Mediterranean meteotsunami hot-spots (the Balearic Islands, the northern Adriatic, the middle 
Adriatic). Functionality, rapidity and reliability of two methods for determination of the air pressure disturbance’s 
propagation speed and direction, the isochronal analysis method and the pressure tendency method, were tested. 
Both methods work acceptably well, and the detection algorithm is generally able to detect potentially dangerous air 
pressure disturbances and to determine their speed and direction of propagation. 

 
Vilibić, I., Monserrat, S., Rabinovich, A., and Mihanovic, H., 2008, Numerical modelling of the 

destructive meteotsunami of 15 June, 2006 on the coast of the Balearic Islands, Pure and 
Applied Geophysics, v. 165, p. 2169–2195. 

Abstract: A destructive tsunami-like event (locally known as “rissaga” waves) occurring on 15 June, 2006 in Ciutadella 
Harbour (Menorca, Balearic Islands) is reproduced by a numerical model forced by a travelling atmospheric 
disturbance. The disturbance is reconstructed from microbarograph measurements, being the only available 
instrumental data at the time of the event. The model is verified based on two weaker 1997 events, which were 
recorded by a number of bottom pressure recorders operating at that time on the Menorca shelf, in Ciutadella Inlet 
and adjacent Platja Gran Inlet. Both 1997 events are numerically simulated and good agreement is achieved with 
observations in time, frequency (including eigenfrequencies of the affected inlets) and wave heights. Subsequently 
the same model is applied to simulate the 2006 event. The vigorous currents with speeds up to 400 cm/s are found to 
occur specifically at those areas of the harbour where the most severe damage and sinking of boats had been 
reported. Maximum simulated sea-level heights of 2.5 m were about one half of those reported by eyewitnesses. 
This difference is apparently caused by quality and spatial resolution of bathymetry data. However, in general, the 
model is capable of reproducing the event fairly well and can probably be used for future assessment and mitigation 
activities on the coasts of the Balearic Islands. 
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Crawford, D.A., and Mader, C.L., 1998, Modeling asteroid impact and tsunami, Science of 

Tsunami Hazards, v. 16, no. 1, p. 21-30. 
Abstract: A study of the interaction of a typical stony asteroid (density of 3.32 g/cc and velocity of 20 km/sec) with the 

atmosphere, and a 5 km deep ocean with a basalt bottom has been modeled using the CTH computer code for 
multidimensional, multi-material, large deformation, strong shock wave physics. Two dimensional axial symmetric 
calculations were performed for up one minute of real time. This was adequate to follow the ocean cavity formation 
until maximum cavity size for 250, 500, and 1000 meter diameter asteroids. The maximum hemispherical cavity size 
was 2500, and 5000 in radius for the 250 and 500 meter asteroid. The maximum cavity size was a 5 km deep, 10 km 
radius cylinder for the 1 km diameter asteroid. The collapse of the cavities, the resulting tsunami waves and the 
propagation for up to 150 km was modeled using the ZUNI code which solves the incompressible Navier-Stokes 
equations. A 250 meter asteroid would result in less than a 10 meter high tsunami after 60 km of travel, a 500 meter 
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asteroid would result in a 100 meter high wave after 30 km of travel and in a 10 meter high tsunami after 200 km of 
travel. The tsunami generated by a 1 km diameter asteroid would run 80 km before the tsunami wave amplitude was 
less than 100 meters and 500 km before it was less than 10 meters. The tsunami period, wavelength and velocity 
increases with run distance while the amplitude decreases. The tsunami wave amplitudes and velocities are less than 
the shallow water wave values. 

 
Hills, J.G., and Goda, M.P., 2001, The asteroid tsunami project at Los Alamos, Science of 

Tsunami Hazards, v. 19, no. 1, p. 55-65. 
Abstract: Tsunami may produce most of the economic damage in large asteroid impacts. The dust from large asteroid 

impacts would produce worldwide darkness lasting several months that may kill more people by mass starvation, 
especially in developing countries, than will tsunami, but the dust should not severely affect economic infrastructure. 
The tsunami may even kill more people in developed countries with large coastal populations, such as the United 
States, than the starvation resulting from the darkness. At Los Alamos we are in the middle of a systematic study of 
asteroid tsunami. The study is divided into three parts: A determination of those regions of Earth that are most 
susceptible to asteroid tsunami by simulating the effect of an asteroid impact into mid-ocean, the simulation of the 
formation of the initial crater and the waves generated by it by use of a SPH code, and a Monte Carlo study of the 
accumulative effect of many small impactors on some of the more strategically valuable regions that we find to be 
particularly vulnerable in the first part of this study. The first part of the study is well underway. Progress has been 
made on the other two. The critical factor in the third part of the study is to accurately determine the dispersion in 
the waves produced by the smaller impactors. Dispersion may greatly reduce the effectiveness of the smaller 
impactors at large distances from the impact point. We wish to understand this effect thoroughly before performing 
the Monte Carlo study. We have modeled the effect of mid-Atlantic and mid-Pacific impacts with craters 300 and 
150 km in diameter. The larger of these craters would be produced by a KT-size impactor. The code has been 
progressively improved to eliminate problems at the domain boundaries, so it now runs until the tsunami inundation 
is finished. We find that tsunami generated by a large mid-Atlantic impactor will travel to the Appalachian 
mountains in the Eastern USA. We find that the larger of these two mid-Atlantic impacts would engulf the entire 
Florida Peninsula. The smaller one would inundate the eastern third of the peninsula while a tsunami passing 
through the Gulf of Cuba would inundate the west coast of Florida. Impacts at three different sites in the Pacific 
show the great vulnerability of Tokyo and its surroundings to asteroid tsunami. 

 
Paine, M.P., 1999, Asteroid impacts: the extra hazard due to tsunami, Science of Tsunami 

Hazards, v. 17, no. 3, p. 155-166. 
Abstract: This paper provides an introduction to the consequences of an asteroid colliding with the Earth above an 

ocean. A method of estimating the risk to coastal regions from tsunami generated by such impacts is presented. This 
risk is compared with the risk of being within the area of direct devastation from an asteroid impact. An advantage 
of this approach is that uncertainty about the frequency of asteroid impacts does not affect the assessment. This 
tentative analysis suggests that the risk from asteroid tsunami has been substantially overstated - particularly in 
popular books about asteroid impacts with Earth. For typical coastal regions the risk of dying from an asteroid-
generated tsunami is probably no greater than that of dying from the indirect effects (for example, global starvation) 
of a large asteroid striking the Earth. For some coastal regions with unusual vulnerability to tsunami the risk of 
dying from asteroid-generated tsunami may be several times greater than that of dying from other asteroid-related 
causes. The tsunami risk from asteroids 200m in diameter or smaller is likely to be very low. 

 
Ward, S.N., and Asphaug, E., 2000, Asteroid impact tsunami: a probabilistic hazard 

assessment, Icarus, v. 145, p. 64-78. 
Abstract: We investigate the generation, propagation, and probabilistic hazard of tsunami spawned by oceanic asteroid 

impacts. The process first links the depth and diameter of parabolic impact cavities to asteroid density, radius, and 
impact velocity by means of elementary energy arguments and crater scaling rules. Then, linear tsunami theory 
illustrates how these transient cavities evolve into vertical sea surface waveforms at distant positions and times. By 
measuring maximum wave amplitude at many distances for a variety of impactor sizes, we derive simplified 
attenuation relations that account both for geometrical spreading and frequency dispersion of tsunami on uniform 
depth oceans. In general, the tsunami wavelengths contributing to the peak amplitude coincide closely with the 
diameter of the transient impact cavity. For the moderate size impactors of interest here (those smaller than a few 
hundred meters radius), cavity widths are less than or comparable to mid-ocean depths. As a consequence, 
dispersion increases the 1/√r long-wave decay rate to nearly 1/r for tsunami from these sources. In the final step, 
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linear shoaling theory applied at the frequency associated with peak tsunami amplitude corrects for amplifications as 
the waves near land. By coupling this tsunami amplitude/distance information with the statistics of asteroid falls, the 
probabilistic hazard of impact tsunami is assessed in much the same way as probabilistic seismic hazard, by 
integrating contributions over all admissible impactor sizes and impact locations. In particular, tsunami hazard, 
expressed as the Poissonian probability of being inundated by waves from 2 to 50 m in height in a 1000-year 
interval, is computed at both generic (generalized geography) and specific (real geography) sites. For example, a 
typical generic site with 180 degrees of ocean exposure and a reach of 6000 km, admits a 1-in-14 chance of an 
impact tsunami exceeding 2-m in height in 1000 years. The likelihood drops to 1-in-35 for a 5-m wave, and to 1-in-
345 for a 25-m wave. Specific sites of Tokyo and New York have 1-in-24 and 1-in-47 chances, respectively, of 
suffering an impact tsunami greater than 5 m in the next millennium. 
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Acharya, H., 1989, Estimation of tsunami hazard from volcanic activity – suggested 

methodology with Augustine volcano, Alaska as an example, Natural Hazards, v. 1, no. 4, p. 
341-348. 

Abstract: A general approach for the estimation of tsunami height and hazard in the vicinity of active volcanoes has 
been developed. An empirical relationship has been developed to estimate the height of the tsunami generated for an 
eruption of a given size. This relationship can be used to estimate the tsunami hazard based on the frequency of 
eruptive activity of a particular volcano. This technique is then applied to the estimation of tsunami hazard from the 
eruption of the Augustine volcano in Alaska. Modification of this approach to account for a less than satisfactory 
data base and differing volcanic characteristics is also discussed with the case of the Augustine volcano as an 
example. This approach can be used elsewhere with only slight modifications and, for the first time, provides a 
technique to estimate tsunami hazard from volcanic activity, similar to a well-established approach for the 
estimation of tsunami hazard from earthquake activity. 

 
Annaka, T., Satake, K., Sakakiyama, T., Yanagisawa, K., and Shuto, N., 2007, Logic-tree 

approach for probabilistic tsunami hazard analysis and its application to the Japanese 
coasts, Pure and Applied Geophysics, v. 164, no. 2-3, p. 577-592, doi:10.1007/s00024-006-
0174-3. 

Abstract: For Probabilistic Tsunami Hazard Analysis (PTHA), we propose a logic-tree approach to construct tsunami 
hazard curves (relationship between tsunami height and probability of exceedance) and present some examples for 
Japan for the purpose of quantitative assessments of tsunami risk for important coastal facilities. A hazard curve is 
obtained by integration over the aleatory uncertainties, and numerous hazard curves are obtained for different 
branches of logic-tree representing epistemic uncertainty. A PTHA consists of a tsunami source model and coastal 
tsunami height estimation. We developed the logic-tree models for local tsunami sources around Japan and for 
distant tsunami sources along the South American subduction zones. Logic-trees were made for tsunami source 
zones, size and frequency of tsunamigenic earthquakes, fault models, and standard error of estimated tsunami 
heights. Numerical simulation rather than empirical relation was used for estimating the median tsunami heights. 
Weights of discrete branches that represent alternative hypotheses and interpretations were determined by the 
questionnaire survey for tsunami and earthquake experts, whereas those representing the error of estimated value 
were determined on the basis of historical data. Examples of tsunami hazard curves were illustrated for the coastal 
sites, and uncertainty in the tsunami hazard was displayed by 5-, 16-, 50-, 84- and 95-percentile and mean hazard 
curves. 
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Borrero, J., Yalçiner, A.C., Kanoglu, U, Titov, V., McCarthy, D., and Synolakis, C.E., 2003, 
Producing tsunami inundation maps: the California experience, In: Yalçiner, A.C., 
Pelinovsky, E.N., Okal, E., and Synolakis, C.E. (eds.), Submarine Landslides and Tsunamis, 
Kluwer Academic Publishers, p. 315-326. 

Abstract: More than 20 tsunami events have impacted the State of California in the past two centuries. While some 
earlier 19th century reports are subject to interpretation, there is little question that offshore seismic sources exist 
and could trigger tsunamis directly or through coseismic submarine offshore landslides or slumps. Given the intense 
coastal land use and recreational activities along the coast of California, even a small hazard may pose high risk. 
California presents nontrivial challenges for assessing tsunami hazards, including a short historic record and the 
possibility of nearshore events with less than 20min propagation times to the target coastlines. Here we present a 
brief history of earlier reports to assess tsunami hazards in the State, and our methodology for developing the first 
generation inundation maps. Our results are based on worst case scenario events and suggest inundation heights up 
to 13m. These maps are only to be used for emergency preparedness and evacuation planning. 

 
Burbidge, D., and Cummins, P., 2007, Assessing the threat to Western Australia from tsunami 

generated by earthquakes along the Sunda Arc, Natural Hazards, v. 43, p. 319-331, doi: 
10.1007/s11069-007-9116-3. 

Abstract: A suite of tsunami spaced evenly along the subduction zone to the south of Indonesia (the Sunda Arc) were 
numerically modelled in order to make a preliminary estimate of the level of threat faced by Western Australia from 
tsunami generated along the Arc. Offshore wave heights from these tsunami were predicted to be significantly 
higher along the northern part of the west Australian coast than for the rest of the coast south of the town of 
Exmouth. In particular, the area around Exmouth may face a higher tsunami hazard than other areas of the West 
Australian coast nearby. Large earthquakes offshore of Java and Sumbawa are likely to be a greater hazard to WA 
than those offshore of Sumatra. Our numerical models indicate that a magnitude 9 or above earthquake along the 
eastern part of the Sunda Arc has the potential to significantly impact a large part of the West Australian coastline. 

 
Burbidge, D., Cummins, P.R., Mleczko, R., and Thio, H.K., 2008, A probabilistic tsunami 

hazard assessment for western Australia, Pure and Applied Geophysics, v. 165, no. 11-12, p. 
2059-2088. 

Abstract: The occurrence of the Indian Ocean Tsunami on 26 December, 2004 has raised concern about the difficulty in 
determining appropriate tsunami mitigation measures in Australia, due to the lack of information on the tsunami 
threat. A first step in the development of such measures is a tsunami hazard assessment, which gives an indication of 
which areas of coastline are most likely to experience tsunamis, and how likely such events are. Here we present the 
results of a probabilistic tsunami hazard assessment for Western Australia (WA). Compared to other parts of 
Australia, the WA coastline experiences a relatively high frequency of tsunami occurrence. This hazard is due to 
earthquakes along the Sunda Arc, south of Indonesia. Our work shows that large earthquakes offshore of Java and 
Sumba are likely to be a greater threat to WA than those offshore of Sumatra or elsewhere in Indonesia. A 
magnitude 9 earthquake offshore of the Indonesian islands of Java or Sumba has the potential to significantly impact 
a large part of the West Australian coastline. The level of hazard varies along the coast, but is highest along the coast 
from Carnarvon to Dampier. Tsunamis generated by other sources (e.g., large intraplate events, volcanoes, 
landslides and asteroids) were not considered in this study. 

 
Burroughs, S.M., and Tebbens, S.F., 2005, Power-law scaling and probabilistic forecasting of 

tsunami runup heights, Pure and Applied Geophysics, v. 162, p. 331-342, 
doi:10.1007/s00024-004-2603-5. 

Abstract: A power-law scaling relationship describes tsunami runup heights at ten locations in Japan. Knowledge of the 
scaling law for tsunamis can be the basis for probabilistic forecasting of the size and number of future events and for 
estimating probabilities of extremely large events. Using tsunami runup data archived by the U.S. National 
Geophysical Data Center, we study ten locations where the tsunami record spans at least one order of magnitude in 
runup height and the temporal record extends back several decades. A power law or upper-truncated power law 
describes the cumulative frequency-size distribution of tsunami runup heights at all ten locations. Where the record 
is sufficient to examine shorter time intervals within the record, the scaling relationship for the shorter time intervals 
is consistent with the scaling relationship for the entire record. The scaling relationship is used to determine 
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recurrence intervals for tsunami runup heights at each location. In addition to the tsunami record used to determine 
the scaling relationship, at some of the locations a record of large events (>5 m) extends back several centuries. We 
find that the recurrence intervals of these large events are consistent with the frequency predicted from the more 
recent record. For tsunami prone locations where a scaling relationship is determined, the predicted recurrence 
intervals may be useful for planning by coastal engineers and emergency management agencies. 

 
Choi, B.H., Pelinovsky, E., Ryabov, I., and Hong, S.J., 2002, Distribution functions of tsunami 

wave heights, Natural Hazards, v. 25, no. 1, p. 1-21. 
Abstract: The problem of describing the distribution functions of tsunami wave heights is discussed. Data on runup 

heights obtained in field surveys of several tsunamis for the last decade are used to calculate the empirical 
distribution functions. It is shown that the log-normal distribution describes the observed data well. This means that 
the irregular topography and coastline are major factors which influence the height distribution. The power 
distribution related with the geometric decay of the propagated wave is a good approximation for one event 
(Sulawesi, January 1, 1996) only. Results of a numerical simulation of the tsunami event in the Japan (East) Sea on 
July 12, 1993 are presented. It is shown that the computed wave height distribution, obtained by using the runup 
correction in the framework of nonlinear shallow-water theory, is in good agreement with the observed height 
distribution. Simulations are used to study the transformation of the distribution function on different distances from 
the source. 

 
Dunbar, P., 2009, Integrated tsunami data for better hazard assessments, Eos Transactions, 

American Geophysical Union, v. 90, no. 22, p. 189-190. 
Summary: Following the 26 December 2004 Indian Ocean tsunami, the National Oceanic and Atmospheric 

Administration’s (NOAA) National Geophysical Data Center (NGDC) began examining all aspects of the tsunami 
data archive to help answer questions regarding the frequency and severity of past tsunamis. Historical databases 
span insufficient time to reveal a region’s full tsunami hazard, so a global database of citations to articles on tsunami 
deposits was added to the archive. NGDC further expanded the archive to include information from across the globe 
from tide gauges (used for modeling the interaction of tsunami waves with the coast and for verifying propagation 
and inundation models), Deep-ocean Assessment and Reporting of Tsunami (DART®) buoys (used by models to 
simulate tsunami generation, propagation, and inundation), and digital elevation models (DEMs; used as a base layer 
to model propagation and inundation). These added databases allow NGDC to provide the tsunami data necessary 
for hazard assessments, mitigation efforts, and warning guidance. The majority of the data in the tsunami archive are 
discoverable online (http://www.ngdc.noaa.gov/hazard/tsu.shtml). The data are searchable by attribute (date, 
location, etc.) and displayed as tables, reports, interactive maps, and imagery; they are also accessible via interactive 
Web maps and through the international Open Geospatial Consortium (OGC) Web Map Service (WMS). The 
interactive maps provide access to individual geographic information system (GIS) layers of tsunami sources, 
tsunami runups, tsunami inundation DEMs, underlying bathymetric data, DART® data, and various spatial 
reference layers including topography, population density, and political boundaries. 

 
Dunbar, P.K., Stroker, K.J., Brocko, V.R., Varner, J.D., McLean, S.J., Taylor, L.A., Eakins, 

B.W., Carignan, K.S., and Warnken, R.R., 2009, Long-term tsunami data archive supports 
tsunami forecast, warning, research, and mitigation, Pure and Applied Geophysics, v. 165, 
no. 11-12, p. 2275-2291, doi:10.1007/s00024-008-0419-4. 

Abstract: In response to the 2004 Indian Ocean tsunami, the United States began a careful review and strengthening of 
its programs aimed at reducing the consequences of tsunamis. Several reports and calls to action were drafted, 
including the Tsunami Warning and Education Act (Public Law 109–424) signed into law by the President in 
December 2006. NOAA’s National Geophysical Data Center (NGDC) and co-located World Data Center for 
Geophysics and Marine Geology (WDC-GMG) maintain a national and international tsunami data archive that 
fulfills part of the P.L. 109-424. The NGDC/WDC-GMG long-term tsunami data archive has expanded from the 
original global historical event databases and damage photo collection, to include tsunami deposits, coastal water-
level data, DARTTM buoy data, and high-resolution coastal DEMs. These data are used to validate models, provide 
guidance to warning centers, develop tsunami hazard assessments, and educate the public about the risks from 
tsunamis. In this paper we discuss current steps and future actions to be taken by NGDC/WDC-GMG to support 
tsunami hazard mitigation research, to ultimately help save lives and improve the resiliency of coastal communities. 
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Geist, E.L., and Parsons, T., 2006, Probabilistic analysis of tsunami hazards, Natural Hazards, 
v. 37, p. 277-314, doi:10.1007/s11069-005-4646-z. 

Abstract: Determining the likelihood of a disaster is a key component of any comprehensive hazard assessment. This is 
particularly true for tsunamis, even though most tsunami hazard assessments have in the past relied on scenario or 
deterministic type models. We discuss probabilistic tsunami hazard analysis (PTHA) from the standpoint of 
integrating computational methods with empirical analysis of past tsunami runup. PTHA is derived from 
probabilistic seismic hazard analysis (PSHA), with the main difference being that PTHA must account for far-field 
sources. The computational methods rely on numerical tsunami propagation models rather than empirical 
attenuation relationships as in PSHA in determining ground motions. Because a number of source parameters affect 
local tsunami runup height, PTHA can become complex and computationally intensive. Empirical analysis can 
function in one of two ways, depending on the length and completeness of the tsunami catalog. For site-specific 
studies where there is sufficient tsunami runup data available, hazard curves can primarily be derived from empirical 
analysis, with computational methods used to highlight deficiencies in the tsunami catalog. For region-wide analyses 
and sites where there are little to no tsunami data, a computationally based method such as Monte Carlo simulation 
is the primary method to establish tsunami hazards. Two case studies that describe how computational and empirical 
methods can be integrated are presented for Acapulco, Mexico (site-specific) and the U.S. Pacific Northwest 
coastline (region-wide analysis). 

 
Geist, E.L., and Parsons, T., 2008, Distribution of tsunami interevent times, Geophysical 

Research Letters, v. 35, L02612, doi:10.1029/2007GL032690. 
Abstract: The distribution of tsunami interevent times is analyzed using global and site-specific (Hilo, Hawaii) tsunami 

catalogs. An empirical probability density distribution is determined by binning the observed interevent times during 
a period in which the observation rate is approximately constant. The empirical distributions for both catalogs 
exhibit non-Poissonian behavior in which there is an abundance of short interevent times compared to an 
exponential distribution. Two types of statistical distributions are used to model this clustering behavior: (1) long-
term clustering described by a universal scaling law, and (2) Omori law decay of aftershocks and triggered sources. 
The empirical and theoretical distributions all imply an increased hazard rate after a tsunami, followed by a gradual 
decrease with time approaching a constant hazard rate. Examination of tsunami sources suggests that many of the 
short interevent times are caused by triggered earthquakes, though the triggered events are not necessarily on the 
same fault. 

 
Geist, E.L., Titov, V.V., Arcas, D., Pollitz, F., and Bilek, S.L., 2007, Implications of the 26 

December 2004 Sumatra-Andaman earthquake on tsunami forecast and assessment models 
for great subduction-zone earthquakes, Bulletin of the Seismological Society of America, v. 
97, no. 1A, p. S249-S270, doi:10.1785/0120050619. 

Abstract: Results from different tsunami forecasting and hazard assessment models are compared with observed 
tsunami wave heights from the 26 December 2004 Indian Ocean tsunami. Forecast models are based on initial 
earthquake information and are used to estimate tsunami wave heights during propagation. An empirical forecast 
relationship based only on seismic moment provides a close estimate to the observed mean regional and maximum 
local tsunami runup heights for the 2004 Indian Ocean tsunami but underestimates mean regional tsunami heights at 
azimuths in line with the tsunami beaming pattern (e.g., Sri Lanka, Thailand). Standard forecast models developed 
from subfault discretization of earthquake rupture, in which deep-ocean sea level observations are used to constrain 
slip, are also tested. Forecast models of this type use tsunami time-series measurements at points in the deep ocean. 
As a proxy for the 2004 Indian Ocean tsunami, a transect of deep-ocean tsunami amplitudes recorded by satellite 
altimetry is used to constrain slip along four subfaults of the M >9 Sumatra–Andaman earthquake. This proxy model 
performs well in comparison to observed tsunami wave heights, travel times, and inundation patterns at Banda Aceh. 
Hypothetical tsunami hazard assessments models based on end-member estimates for average slip and rupture 
length (Mw 9.0–9.3) are compared with tsunami observations. Using average slip (low end member) and rupture 
length (high end member) (Mw 9.14) consistent with many seismic, geodetic, and tsunami inversions adequately 
estimates tsunami runup in most regions, except the extreme runup in the western Aceh province. The high slip that 
occurred in the southern part of the rupture zone linked to runup in this location is a larger fluctuation than expected 
from standard stochastic slip models. In addition, excess moment release (~9%) deduced from geodetic studies in 
comparison to seismic moment estimates may generate additional tsunami energy, if the exponential time constant 
of slip is less than approximately 1 hr. Overall, there is significant variation in assessed runup heights caused by 
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quantifiable uncertainty in both first-order source parameters (e.g., rupture length, slip-length scaling) and 
spatiotemporal complexity of earthquake rupture. 

 
Geist, E.L., Parsons, T., ten Brink, U.S., and Lee, H.J., 2009, Chapter 4: Tsunami probability, 

In: Bernard, E.N., and Robinson, A.R. (eds.), The Sea, v. 15: Tsunamis, Harvard 
University Press, Cambridge, Massachusetts, p. 93-136. 

Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 4, Tsunami Probability, presents 
formal approaches for estimating tsunami probability based on probability distributions. Geist et al. choose 
candidate functions for the distributions that have parameters that can be fitted empirically to historic data at a 
coastal site or estimated via tsunami modeling. Since empirical data of run-up and maximum wave heights are 
limited, especially for large tsunamis, it is necessary to use probability distributions of tsunamigenic earthquakes (as 
the principle source of tsunami) to estimate tsunami probability. The use of probability distributions involves 
assumptions about the characteristics of tsunamis generated by earthquakes. Tsunami propagation and inundation 
models are then used to produce ensembles of synthetic run-up, maximum wave heights, inundation extent, and 
tsunami-induced currents within the coastal areas of interest. A pilot study using this approach has recently been 
applied to Seaside, Oregon to estimate probability of maximum tsunami flooding for 100 and 500 years. The authors 
also discuss what is known about landslide sources with particular focus on the Storegga and Southern California 
areas. The effects of large uncertainties in the frequency and magnitude of tsunami sources are also presented, along 
with suggestions for further research that may reduce these uncertainties. Reducing uncertainty will require a better 
understanding of earthquake slip distributions, more data on landslide speed, and how uncertainty affects probability 
estimates. 

 
Heidarzadeh, M., Pirooz, M.D., Zaker, N.H., and Synolakis, C.E., 2008, Evaluating tsunami 

hazard in the northwestern Indian Ocean, Pure and Applied Geophysics, v. 165, no. 11-12, 
p. 2045-2058. 

Abstract: We evaluate here the tsunami hazard in the northwestern Indian Ocean. The maximum regional earthquake 
calculated from seismic hazard analysis, was used as the characteristic earthquake for our tsunami hazard 
assessment. This earthquake, with a moment magnitude of Mw 8.3 and a return period of about 1000 years, was 
moved along the Makran subduction zone (MSZ) and its possible tsunami wave height along various coasts was 
calculated via numerical simulation. Both seismic hazard analysis and numerical modeling of the tsunami were 
validated using historical observations of the Makran earthquake and tsunami of the 1945. Results showed that the 
possible tsunami may reach a maximum height of 9.6 m in the region. The distribution of tsunami wave height along 
various coasts is presented. We recommend the development of a tsunami warning system in the region, and 
emphasize the value of education as a measure to mitigate the death toll of a possible tsunami in this region. 

 
Imamura, F., 2009, Chapter 10: Tsunami modeling: calculating inundation and hazard maps, 

In: Bernard, E.N., and Robinson, A.R. (eds.), The Sea, v. 15: Tsunamis, Harvard 
University Press, Cambridge, Massachusetts, p. 321-332. 

Summary (from Bernard and Robinson, 2009 in Chapter 1, same volume): Chapter 10, Tsunami Modeling: 
Inundation, deals with the modeling of tsunami inundation applied to tsunami hazard map production. Imamura 
gives a succinct, yet comprehensive, description of inundation models in use in 2007. He walks the reader through 
the details of the various numerical methods for tracking the waveform on land, for computing the advance of the 
tsunami, and for applying bottom friction. He elaborates on the application of friction depending on the type of land 
being inundated. For example, a coastal forest has more frictional resistance than a river. He then explains how to 
use these models for developing hazard maps. He suggests using tsunami scenarios to identify areas expected to be 
flooded and the arrival time and height of the initial tsunami. Once the tsunami hazard is identified for the specific 
community, then the public should be involved to best plan activities that would mitigate the tsunami hazard, 
including evacuation planning and land use activities. Inundation models are also used to study impacts on structures 
and in tsunami forecasting. The author recommends the use of inundation models to produce inundation maps for 
hazard identification, education, and public safety. 

 
Kaistrenko, V.M., Pinegina, T.K., and Klyachko, M.A., 2003, Evaluation of tsunami hazard for 

the southern Kamchatka coast using historical and paleotsunami data, In: Yalçiner, A.C., 
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Pelinovsky, E.N., Okal, E., and Synolakis, C.E. (eds.), Submarine Landslides and Tsunamis, 
Kluwer Academic Publishers, p. 217-228. 

Abstract: An example of solution of the problem of quantitative evaluation of the tsunami hazard is considered using 
tsunami data for the Kamchatka coast. This approach is based on the probability model of the Poisson type for 
tsunami process, with parameters calculated using geophysical data. The quality of the model used for tsunami risk 
estimation depends on the tsunami incidence frequency f and characteristic tsunami height H*. The parameters f and 
H* are not stationary and we refer them to their evolution as dispersion. Three models using different tsunami data 
sets were considered: a homogeneous model based on a 50-year data set, a second model using the same set with 
additional 15-meter run-up data on Khalaktyrka coast in eastern Kamchatka caused by the 1841 tsunami, and a third 
model using the additional paleotsunami data from Khalaktyrka lake. The comparison between them allows to 
conclude, that using the paleotsunami data for an elected point combined with the historical data makes the 
dispersion of the tsunami process parameters f and H* much less. 

 
Korup, O., and Clague, J.J., 2009, Natural hazards, extreme events, and mountain topography, 

Quaternary Science Reviews, v. 28, p. 977-990. 
Abstract: The hazard of any natural process can be expressed as a function of its magnitude and the annual probability 

of its occurrence in a particular region. Here we expand on the hypothesis that natural hazards have size–frequency 
relationships that in parts resemble inverse power laws. We illustrate that these trends apply to extremely large 
events, such as mega-landslides, huge volcanic debris avalanches, and outburst flows from failures of natural dams. 
We review quantitative evidence that supports the important contribution of extreme events to landscape 
development in mountains throughout the world, and propose that their common underreporting in the Quaternary 
record may lead to substantial underestimates of mean process rates. We find that magnitude–frequency 
relationships provide a link between Quaternary science and natural hazard research, with a degree of synergism and 
societal importance that neither discipline alone can deliver. Quaternary geomorphology, stratigraphy, and 
geochronology allow the reconstruction of times, magnitudes, and frequencies of extreme events, whereas natural 
hazard research raises public awareness of the importance of reconstructing events that have not happened 
historically, but have the potential to cause extreme destruction and loss of life in the future. 

 
Kulikov, E.A., Rabinovich, A.B., and Thomson, R.E., 2005, Estimation of tsunami risk for the 

coasts of Peru and northern Chile, Natural Hazards, v. 35, no. 2, p. 185-209, 
doi:10.1007/s11069-004-4809-3. 

Abstract: Data for tsunamigenic earthquakes and observed tsunami run-up are used to estimate tsunami-risk for the 
coasts of Peru and northern Chile for zones bounded by 5–35° S latitude. Tsunamigenic earthquake estimates yield 
magnitudes of 8.52, 8.64, and 8.73 for recurrence periods of 50, 100, and 200 years, respectively. Based on three 
different empirical relations between earthquake magnitudes and tsunamis, we estimate expected tsunami wave 
heights for various return periods. The average heights were 11.2 m (50 years), 13.7 m (100 years), and 15.9 m (200 
years), while the maximum height values (obtained by Iida’s method) were: 13.9, 17.3, and 20.4 m, respectively. 
Both the “averaged” and “maximum” seismological estimates of tsunami wave heights for this region are 
significantly smaller than the actually observed tsunami run-up of 24–28 m, for the major events of 1586, 1724, 
1746, 1835, and 1877. Based directly on tsunami run-up data, we estimate tsunami wave heights of 13 m for a 50-
year return period and 25 m for a 100-year return period. According to the “seismic gap” theory, we can expect that 
the next strong earthquake and tsunami will occur between 19 and 28° S in the vicinity of northern Chile. 

 
Kulikov, E. A., Rabinovich, A.B., and Thomson, R.E., 2005, On long-term tsunami forecasting, 

Oceanology, v. 45, no. 4, p. 488–499. 
Abstract: Data for tsunamigenous earthquakes and tsunami events from the Expert Tsunami Database for the Pacific 

(ETDB) and from the Tsunami Database of the National Geophysical Data Center (NGDC) are used for long-term 
tsunami forecasting and for the determination of tsunami run-up distribution functions. The comparative analysis is 
exemplified using the data for the Pacific coast of South America from 5° to 35° S (adjacent to Peru and northern 
Chile). The calculated recurrence periods and tsunami wave heights from the corresponding data were compared 
with each other and with the estimations from other independent sources. A stochastic model with a lognormal 
alongshore tsunami run-up distribution was found to be quite efficient for the region under study. Based on the 
ETDB data, we expect tsunami wave heights of 2.7, 5.1, 10.2, and 16.3 m for 10-, 20-, 50-, and 100-year periods, 

  

http://www.pac.dfo-mpo.gc.ca/sci/OSAP/projects/tsunami/documents/OCEN488.pdf


 240

while, from the NGDC data, we obtained 3.0, 5.7, 13.3, and 25.3 m wave heights, respectively. The significant 
differences in the results arise from the differences in the two datasets. 

 
Leroueil, S., Locat, J., Levesque, C., and Lee, H.J., 2003, Towards an approach for the 

assessment of risk associated with submarine mass movements, In: Locat, J., and Mienert, 
J. (eds.), Submarine Mass Movements and their Consequences, Advances in Natural and 
Technological Hazards Research, v. 19, Kluwer Academic Publishers, Dordrecht, the 
Netherlands, p. 59-67. 

Abstract: With the growing development of offshore natural resources, use of sea-floor transport and communication 
routes, considerations for the environment and the effects of global climate changes, and will for protecting 
populations and their infrastructures, the need for assessing risk associated with submarine mass movements is 
increasing. The present paper proposes an approach for the assessment of risk associated with submarine mass 
movements based on geotechnical characterisation. 

 
Loomis, H.G., 2006, What is the probability function for large tsunami waves?, Science of 

Tsunami Hazards, v. 24, no. 3, p. 218-224. 
Abstract: Most coastal locations have few if any records of tsunami wave heights obtained over various time periods. 

Still one sees reference to the 100-year and 500-year tsunamis. In fact, in the USA, FEMA requires that at all coastal 
regions, those wave heights due to tsunamis and hurricanes be specified. The same is required for stream flooding at 
any location where stream flooding is possible. How are the 100 and 500-year tsunami wave and stream flooding 
heights predicted and how defensible are they? This paper discusses these questions. 

 
Nirupama, N., 2009, Analysis of the global tsunami data for vulnerability and risk assessment, 

Natural Hazards, v. 48, no. 1, p. 11-16, doi:10.1007/s11069-008-9243-5. 
Abstract: For the assessment of tsunami risk and vulnerability, one has to make use of past tsunami observations. The 

most comprehensive tsunami databases for the world have been prepared by the National Geophysical Data Center 
of USA which are listed on their website for all the four oceans as well as the following marginal seas: Caribbean 
Sea, Mediterranean Sea, Black Sea, Red Sea and Gulf of Mexico. The dataset goes back as far as the first century 
AD and lists the events on a confidence rating scale of 0–4; 0 being an erroneous entry and 4 being a definite 
tsunami. Based on these various datasets for different geographical areas, a comprehensive global dataset was 
prepared in this study, which included only tsunami events with confidence rating of 3 and 4, meaning either 
probable or definite. In this composite and abridged global tsunami database there is no distinction either according 
to geography or tsunami strength as implied by its impact on the coast. A simple and straightforward statistical 
analysis suggests an almost complete randomness and no patterns that can be used for future tsunami predictions 
with a few minor exceptions. 

 
Orfanogiannaki, K., and Papadopoulos, G.A., 2007, Conditional probability approach of the 

assessment of tsunami potential: application in three tsunamigenic regions of the Pacific 
Ocean, Pure and Applied Geophysics, v. 164, no. 2-3, p. 593-603, doi:10.1007/s00024-006-
0170-7. 

Abstract: We develop stochastic approaches to determine the potential for tsunami generation from earthquakes by 
combining two interrelated time series, one for the earthquake events, and another for the tsunami events. 
Conditional probabilities for the occurrence of tsunamis as a function of time are calculated by assuming that the 
inter-arrival times of the past events are lognormally distributed and by taking into account the time of occurrence of 
the last event in the time series. An alternative approach is based on the total probability theorem. Then, the 
probability for the tsunami occurrence equals the product of the ratio, r (= tsunami generating earthquakes/total 
number of earthquakes) by the conditional probability for the occurrence of the next earthquake in the zone. The 
probabilities obtained by the total probability theorem are bounded upwards by the ratio r and, therefore, they are 
not comparable with the conditional probabilities. The two methods were successfully tested in three characteristic 
seismic zones of the Pacific Ocean: South America, Kuril-Kamchatka and Japan. For time intervals of about 20 
years and over the probabilities exceed 0.50 in the three zones. It has been found that the results depend on the 
approach applied. In fact, the conditional probabilities of tsunami occurrence in Japan are slightly higher than in the 
South America region and in Kuril-Kamchatka they are clearly lower than in South America. Probabilities 
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calculated by the total probability theorem are systematically higher in South America than in Japan while in Kuril-
Kamchatka they are significantly lower than in Japan. The stochastic techniques tested in this paper are promising 
for the tsunami potential assessment in other tsunamigenic regions of the world. 

 
Pararas-Carayannis, G., 1988, Risk assessment of the tsunami hazard, In: El-Sabh, M.I., and 

Murty, T.S. (eds.), Natural and Man-Made Hazards, D. Reidel Publishing, Dordrecht, the 
Netherlands, p. 183-191. 

Abstract: With the exception of the exceedingly rare impact of large meteorites, there are certainly no other natural 
hazards which are capable of ravaging such vast expanses of our planet with an intensity and suddenness 
comparable to that of large earthquakes. But even the effects of such large earthquakes are relatively localized 
compared to the devastating impact that their offspring, tsunamis, can have, often across an entire ocean. When the 
tsunami risk is potentially life-threatening or damaging to property, as often is the case, there is a paramount need to 
evaluate this risk in order to reduce or mitigate factors endangering public safety and property in coastal 
communities which have been historically impacted by such natural hazards. The risk potential of tsunamis is of 
extensive interest to governmental, non-governmental agencies, and to industries and the public in general. The 
interest of the insurance industry must also be directed toward this risk potential, particularly since in the last twenty 
years we have witnessed an unprecedented development of the coastal regions in most of the developed and 
developing countries of the world. Presently, the tsunami risk potential is frequently included in the coverage of 
insurance policies either explicitly or by implication. Because the tsunami hazard frequency in the Pacific is the 
highest, most efforts in risk assessment and hazard management have concentrated in this area of the world. Other 
communities in other parts of the world are not immune to the tsunami hazard. No matter how remote, the likelihood 
of a tsunami should be considered in developing coastal zone management and land use. While some degree of risk 
is acceptable, government agencies should promote new development and population growth in areas of greater 
safety and less potential risk. These agencies have the responsibility of evaluating the tsunami hazard and 
establishing adequate warning procedures to protect the communities under their jurisdiction. Furthermore, these 
agencies should establish proper training for public safety personnel, and formulate land-use regulations for given 
coastal areas particularly if these areas are known to have sustained tsunami damage in the past. Finally, in 
designing important engineering structures in the coastal zone, the risk resulting from the tsunami hazard should be 
evaluated and construction should incorporate adequate safety features. This paper provides some of the appropriate 
guidelines and methodology needed for the evaluation of the tsunami risk in terms of frequency of occurrence, 
severity of impact, design adequacy of important coastal structures, and finally, in terms of preparedness and 
planning for hazard mitigation. 

 
Rikitake, T., and Aida, I., 1988, Tsunami hazard probability in Japan, Bulletin of the 

Seismological Society of America, v. 78, no. 3, p. 1268-1278. 
Abstract: An analysis of future tsunami hazard on the coast of the Japanese Islands is made in terms of probability for a 

coastal site being hit by a tsunami, of which the wave height exceeds a certain level during a period from 2000 to 
2010. Tsunami wave height at a site on the Pacific coast is estimated mostly based on numerical experiment, in 
which a typical fault model of the tsunami-generating earthquake is assumed. Meanwhile, probability of the 
tsunami-generating earthquake occurring during 2000 to 2010 is evaluated either from historical data of earthquake 
occurrence or from near-shore crustal strain accumulation. Combining the wave height estimate with the probability 
evaluation of tsunami occurrence, probabilities of a site being hit by a tsunami, of which the wave height exceeds 
certain levels, are evaluated on the Pacific coast. It seems that the probability for a violent tsunami, of which the 
wave height exceeds 5 m, is highest along the Pacific coast in central Japan, reaching a value of 41 per cent. On the 
other hand, a probability value as high as 69 per cent is found for a moderately large tsunami having a wave height 
of 1 m or so along the Shikoku and Kyushu coasts. A crude probability evaluation is also made for tsunamis on the 
Japan Sea coast, where tsunami activity is substantially lower than that of the Pacific coast. The probability for a 
violent tsunami seems to amount to only 1 per cent or so for a 10-yr period. Similar probabilities for tsunamis 
excited by a distant source off Peru, Chile, Kamchatka, and Aleutian-Alaska are also evaluated. In this case, 
probabilities of tsunami wave height exceeding 1 and 3 m are, respectively, evaluated as 19 and 15 per cent on the 
Pacific coast, such probabilities being not quite negligible. 

 
Simoes, J.Z., Afilhado, A., Mendes Victor, L., 1992, Assessing the tsunami risk using 

instrumental and historical records, Science of Tsunami Hazards, v. 10, no. 1, p. 3-7. 
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Abstract: Portugal mainland and adjacent ocean domain, have a well documented, 2000 years old, history of strong 
earthquakes and destructive tsunamis originated in the “Gorringe Bank”, probably the most important tsunamigenic 
area in Europe. Assessing the risk of a tsunami in that area is mainly to answer to two questions: Which is the lowest 
seismic magnitude, able to generate a destructive tsunami? Which is the probability of occurrence of an earthquake 
with magnitude equal to or greater than that value? Since only a small fraction of events generating tsunamis 
occurred this century, we had to use historical data to try to answer those two questions. Reports and chronicles of 
the damages and casualties in different locations, had allowed the estimation of epicentral position and magnitude of 
historical seisms, and the magnitude of the tsunami that they have generated, allowing an estimate of the lowest 
magnitude able to generate destructive tsunamis. Evaluating the probability of an occurrence of such earthquakes is 
a complex task. Mixing historical and instrumental records, we are probably over representing earthquakes of great 
magnitudes. In order to work out the problem, a “Historical Sensibility Function” has been created. That function is 
supposed to represent the first time that each magnitude could have been recorded. The number of occurrences of 
earthquakes in a given interval of magnitudes is, for subsequent computations, weighted, with the use of the 
“Historical Sensibility Function”. The weighted data shows a good agreement with the Gutenberg-Richter relation, 
for magnitudes greater than 3.0. The parameters of that relation, computed with the weighted data, have been used to 
evaluate the seismic and tsunami hazard. 

 
Titov, V.V., González, F.I., Mofjeld, H.O., and Newman, J.C., 2003, Short-term inundation 

forecasting for tsunamis, In: Yalçiner, A.C., Pelinovsky, E.N., Okal, E., and Synolakis, C.E. 
(eds.), Submarine Landslides and Tsunamis, Kluwer Academic Publishers, p. 277-284. 

Abstract: Since 1997, PMEL has been involved in the R&D effort to provide tsunami-forecasting capabilities for the 
Pacific Disaster Center (PDC) in Hawaii. As a part of this effort, modeling tools for the short-term forecasting and 
assessing the risk of tsunami inundation have been developed. The Short-term Inundation Forecasting for Tsunamis 
(SIFT) will involve gathering information from several observation system – seismic network, Deep-ocean 
Assessment and Reporting of Tsunamis (DART) and coastal tide-gages –, “sifting” through the information that will 
be used for tsunami modeling and, finally, provide inundation forecast for selected communities based on simulation 
results. The modeling part of the SIFT project will employ a two-step procedure. The first step will estimate the 
offshore wave heights using a database of the pre-computed tsunami propagation runs. This phase will utilize 
linearity of the tsunami propagation to construct a solution that matches observations for a particular event. This 
offshore forecasting methodology has been implemented for the PDC [1] to predict tsunami amplitudes in deep 
ocean for tsunamis originated in Alaska. The second step of the tsunami forecasting procedure will include model 
estimates of tsunami inundation for specified coastal sites. The inundation modeling will use the offshore estimates 
from the first step as input to obtain amplitude and current velocity estimates of tsunami inundation for selected sites. 

 
Watts, P., 2004, Probabilistic predictions of landslides tsunamis off southern California, 

Marine Geology, v. 203, no. 3-4, p. 281-301, doi:10.1016/S0025-3227(03)00311-6. 
Abstract: A review of tsunamis during the 1990s reveals about 30% of maximum runup peaks probably involved 

tsunamigenic mass failure. Submarine mass failure includes underwater slides, underwater slumps, and reef failures, 
most often triggered by a nearby earthquake. Earthquakes above magnitude 7 are believed to be accompanied by 
thousands of mass failure events, although most of these will not be tsunamigenic. A geological context derived 
from marine surveys is needed to identify prospective mass failures and to predict their size and location. 
Probabilistic, or Monte Carlo, calculations of underwater slides and slumps off Southern California yield probability 
distributions of mass failure sizes. Tsunami amplitude is estimated from accurate curve fits of numerical simulations 
of mass failure events. About 26-33% of all earthquakes trigger landslide tsunamis that locally surpass the 
earthquake tsunami in amplitude. A finite probability exists for mass failures to generate tsunamis with amplitudes 
in excess of 10 m. The probabilities of nearshore and offshore earthquakes can be converted directly into tsunami 
hazards from submarine mass failure. Indicators of prospective tsunamigenic landslides such as sedimentation rate 
or liquid limit improve our ability to predict future events and to assess their impact on coastal populations and 
development.  
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Reports, Government Publications, and Theses 
 
Bernard, B., Dengler, L., and Yim, S. (eds.), 2007, National Tsunami Research Plan: report of 

a workshop sponsored by NSF/NOAA, NOAA Technical Memorandum OAR PMEL–133, 
135 p. Available at: www.pmel.noaa.gov/pubs/PDF/bern3043/bern3043.pdf 

Executive Summary: The Office of Science and Technology released a report in 2005 that called for a review of 
tsunami research needed to reduce tsunami vulnerability in the United States. An Organizing Committee was 
appointed by the Chair of the U.S. National Tsunami Hazard Mitigation Program (NTHMP) to develop a Strategic 
Plan for tsunami research. The Committee assembled a group of tsunami experts to review the current state of 
knowledge in areas essential to tsunami risk reduction and a workshop was held 25–26 July 2006 to develop a 
consensus on priority research needs. The focus of the effort was to define the basic research in areas of technology, 
geosciences, oceanography, engineering, and social sciences needed to develop, promote, and institutionalize 
tsunami-resilient communities in the United States. The group agreed to fifteen recommendations in tsunami hazard 
assessment, tsunami warnings, and tsunami preparedness and education. The Organizing Committee combined these 
recommendations into six synthesized high-priority areas for tsunami research. The synthesized plan was approved 
by the NTHMP Steering Committee on 1 November 2006. This final report reflects the comments for the NTHMP 
Steering Committee and workshop participants. Serendipitously, the U.S. Congress passed the Tsunami Warning 
and Education Act which President Bush signed into law on 20 December 2006. This Research Plan is consistent 
with the Tsunami Act and provides a roadmap for successful implementation of a multi-agency research effort. 1: 
Enhance and sustain tsunami education. Research needs: understand how individuals process and respond to natural 
and official tsunami warnings, and how people behave and communicate when warned to evacuate. Assess the 
effectiveness of outreach programs and products. 2: Improve tsunami warnings. Research needs: assess and improve 
tsunami warning products, include projected water levels and duration at specific coastal locations. Design scalable, 
sustainable multi-purpose observational networks for both local and distant tsunami sources and tsunami dynamics, 
including existing and non-seismic networks. 3: Understand the impacts of tsunamis at the coast. Research needs: 
implement a methodology for measuring the tsunami current regime in harbors and at the coast, improve 
hydrodynamic modeling, develop credible fragility models of the interaction of tsunamis with the built and natural 
environment, and validate models through benchmarking against modern events, tsunami deposits, and other 
paleoindicators of past tsunami events. 4: Develop effective mitigation and recovery tools. Research needs: 
understand the interaction of structures and the surrounding environment with high velocity, debris-strewn water, 
determine response of buildings and structures to extreme waves, develop a framework for pre-event mitigation 
techniques and post-event tsunami response, recovery, and reconstruction that incorporates both sustainability and 
reducing vulnerability from future tsunami events. 5: Improve characterization of tsunami sources. Research needs: 
identify tsunami sources including earthquakes, subaerial and submarine landslides, volcanic eruptions, and impacts, 
develop a probabilistic framework for characterization of tsunami sources that includes thousands of years of 
recurrence. 6: Develop a tsunami data acquisition, archival, and retrieval system. Research needs: develop a web-
based archival system for field and laboratory observations, scenarios, remote sensing, topographic and bathymetric 
data, numerical models, and mitigation products and projects. 

 
Dunbar, P.K., and Weaver, C.S., 2008, U.S. States and Territories National Tsunami Hazard 

Assessment: Historical Record and Sources for Waves, National Oceanic and Atmospheric 
Administration, National Geophysical Data Center Technical Report No. 3, U.S. 
Department of Commerce, 59 p. 

Conclusions: This report provides a national qualitative assessment of the United States tsunami hazard at a regional 
level by examining the record of historical tsunamis and earthquakes, the predominant cause of tsunamis, at the 
State and territory level. Two different sources of information were compiled to assess the United States tsunami 
hazard. The NGDC historical tsunami database was first examined and resulted in a qualitative tsunami hazard 
assessment based on the distribution of runup heights and the frequency of tsunami runups. The NGDC tsunami 
database contains reported tsunamis and is therefore limited to written records existing for an area. The hazard 
assessment also used the USGS National Seismic Hazard Map (NSHM) databases to partially extend the time 
interval. These databases made it possible to estimate the rate of occurrence of larger magnitude earthquakes that 
could generate a tsunami. Based on the total spread of events, runup amplitudes, and earthquake potential, we 
assigned a subjective hazard from very low to very high. These assessments recognize that tsunami runups of a few 
tens of centimeters have a lower hazard than those with runups of a few to many meters. This hazard assessment 
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reinforces the common understanding that the U.S. Atlantic coast and the Gulf Coast States have experienced very 
few tsunami runups. In contrast, all U.S. coasts in the Pacific Basin as well as Puerto Rico and the U.S. Virgin 
Islands have a “moderate” to “very high” tsunami hazard based on both frequency and known runup amplitudes. 
The total number and the large number of runups greater than 3.0 m observed in Alaska and Hawaii justified 
assigning a “very high” hazard for these two States. We assigned a “moderate” hazard to the Pacific island territories 
due to the rare occurrence of events with amplitudes greater than 3.0 m. Both the frequency and the amplitudes of 
tsunami runups support a qualitative “high” hazard assessment for Washington, Oregon, California, Puerto Rico, 
and the Virgin Islands. The “high” value for Oregon, Washington, and northern California reflects the low frequency 
(~1 per 500 years) but the potential for very high runups from magnitude 9 earthquakes on the Cascadia subduction 
zone. Although tsunami deaths are a measure of risk rather than hazard, we compared the known tsunami deaths 
found in our NGDC database search with our qualitative assessments based on frequency and amplitude. As our 
understanding of the tsunami hazard facing the United States improves, this document will be updated. Updates will 
be required as additional knowledge is obtained of possible sources in the Atlantic Basin and offshore southern 
California. Updates will also be required as knowledge increases of the Cascadia subduction zone earthquakes. A 
complete tsunami hazard and risk assessment, called for in the Framework report, brings together the hazard 
assessment, the exposure of people and structures, and their combined vulnerability. The next step is to determine 
what is at risk from tsunamis. NGDC, in partnership with States and territories and other federal offices, plans to 
examine the exposure, vulnerability, and, finally, the risk of people and structures to tsunamis on the coasts of the 
United States. 

 
Conference Proceedings and Abstracts 
 
Berryman, K., and Smith, W., 2006, A comprehensive study of tsunami risk in New Zealand, 

including probabilistic estimates of wave heights from all sources, damage to buildings, 
deaths and injuries, Proceedings of the 8th U.S. National Conference on Earthquake 
Engineering, San Francisco, California, Abstract 244. 

Abstract: We have examined all the likely sources of tsunamis that can affect New Zealand, and developed a 
probabilistic methodology to evaluate their potential to generate tsunamis, the likely waves produced, and their 
impact on the principal urban centres around the New Zealand coastline. We have treated both epistemic uncertainty 
and aleatory variability, in order to establish confidence limits for the wave heights and loss estimates. Modelled 
impacts include likely damage to buildings, deaths and injuries. Where possible, we have used historical and 
paleotsunami data to validate source models. We have been able to place formal statistical uncertainties on the 
empirical relationships between source models and wave height. Earthquake sources were modelled as either 
characteristic earthquake or Gutenberg-Richter sources, as appropriate. Wave heights were modelled using Abe’s 
formulae for distant and local source tsunamis, calibrated by numerical modelling. Inundation modelling and loss 
estimation were done using GIS, with detailed elevation models. Three separate inundation models were used to 
address the epistemic uncertainty in onshore water depths. The study shows that the ongoing risk from tsunamis in 
New Zealand is significant. The most likely sources of damaging tsunamis are South America and the subduction 
zone to the east of New Zealand. Historical incidents have caused few casualties and little damage to property and 
infrastructure, but the fragility is now much greater because of recent coastal development. On a national basis, the 
median estimates of damage to property from tsunamis are about twice what we expect from earthquakes, and the 
deaths and injuries are many times more, although the tsunami loss estimates have large uncertainties. 
Deaggregation indicates that while some locations are most prone to tsunamis from distant sources, others are more 
exposed to local tsunamis. The second part of the study (not reported here) examines tsunami preparedness. It is 
being used by the Ministry of Civil Defence and Emergency Management in order to develop effective warning 
systems and especially to face the challenges presented by tsunamis of local origin. 

 
Jaffe, B.E., and Gelfenbaum, G., 2002, Using tsunami deposits to improve assessment of 

tsunami risk, Solutions to Coastal Disasters ‘02, Conference Proceedings, ASCE, p. 836-847. 
Abstract: In many places in the world the written record of tsunamis is too short to accurately assess the risk of tsunamis. 

Sedimentary deposits left by tsunamis can be used to extend the record of tsunamis to improve risk assessment. The 
two primary factors in tsunami risk, tsunami frequency and magnitude, can be addressed through field and modeling 
studies of tsunami deposits. Recent advances in identification of tsunami deposits and in tsunami sedimentation 
modeling increase the utility of using tsunami deposits to improve assessment of tsunami risk. 
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Moss, R.E.S., and Travasarou, T., 2006, Tsunamigenic probabilistic fault displacement hazard 

analysis for subduction zones, Proceedings of the 8th U.S. National Conference on 
Earthquake Engineering, San Francisco, California, Paper 238, 9 p. 

Abstract: The recent Sumatra earthquake and subsequent tsunami has provoked greater awareness of the hazard posed 
by coseismic fault displacement associated with sea-floor subduction zones. This catastrophic event has focused 
renewed efforts on tsunami forecasting, modeling, and detection. Yet the mechanism that causes this type of tsunami, 
coseismic fault displacement of a sea-floor subduction zone, is still treated deterministically. This paper describes a 
methodology for probabilistic fault displacement hazard analysis (PFDHA) for a sea-floor subduction zone, and 
presents example displacement hazard curves for the Cascadia Subduction Zone. The goal of this probabilistic 
methodology is to quantify the uncertainty and associated hazard of coseismic fault displacement of sea-floor 
subduction zones. This will provide tsunami modelers with a probabilistic measure of the occurrence of fault 
displacement, and decision makers with a rational basis for tsunami hazard mitigation measures.  
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Historical Tsunamis Elsewhere 
 
Krakatoa 1883 
 
Scientific Books and Articles 
 
Choi B.H., Pelinovsky, E., Kim, K.O., and Lee, J.S., 2003, Simulation of trans-oceanic tsunami 

propagation due to the 1883 Krakatau volcanic eruption, Natural Hazards and Earth 
Systems Science, v. 3, p. 321-332. 

Abstract: The 1883 Krakatau volcanic eruption has generated a destructive tsunami higher than 40m on the Indonesian 
coast where more than 36 000 lives were lost. Sea level oscillations related with this event have been reported on 
significant distances from the source in the Indian, Atlantic and Pacific Oceans. Evidence of many manifestations of 
the Krakatau tsunami was a subject of the intense discussion, and it was suggested that some of them are not related 
with the direct propagation of the tsunami waves from the Krakatau volcanic eruption. Present paper analyzes the 
hydrodynamic part of the Krakatau event in details. The worldwide propagation of the tsunami waves generated by 
the Krakatau volcanic eruption is studied numerically using two conventional models: ray tracing method and two-
dimensional linear shallow-water model. The results of the numerical simulations are compared with available data 
of the tsunami registration. 

 
Mader, C.L., and Gittings, M.L., 2006, Numerical model for the Krakatoa hydrovolcanic 

explosion and tsunami, Science of Tsunami Hazards, v. 24, no. 3, p. 174-182. 
Abstract: Krakatoa exploded August 27, 1883 obliterating 5 square miles of land and leaving a crater 3.5 miles across 

and 200-300 meters deep. Thirty three feet high tsunami waves hit Anjer and Merak demolishing the towns and 
killing over 10,000 people. In Merak the wave rose to 135 feet above sea level and moved 100 ton coral blocks up 
on the shore. Tsunami waves swept over 300 coastal towns and villages killing 40,000 people. The sea withdrew at 
Bombay, India and killed one person in Sri Lanka. The tsunami was produced by a hydrovolcanic explosion and the 
associated shock wave and pyroclastic flows. A hydrovolcanic explosion is generated by the interaction of hot 
magma with ground water. It is called Surtseyan after the 1963 explosive eruption off Iceland. The water flashes to 
steam and expands explosively. Liquid water becoming water gas at constant volume generates a pressure of 30,000 
atmospheres. The Krakatoa hydrovolcanic explosion was modeled using the full Navier-Stokes AMR Eulerian 
compressible hydrodynamic code called SAGE which includes the high pressure physics of explosions. The water in 
the hydrovolcanic explosion was described as liquid water heated by the magma to 1100 degree Kelvin or 19 
kcal/mole. The high temperature water is an explosive with the hot liquid water going to a water gas. The BKW 
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steady state detonation state has a peak pressure of 89 kilobars, a propagation velocity of 5900 meters/second and 
the water is compressed to 1.33 grams/cc. The observed Krakatoa tsunami had a period of less than 5 minutes and 
wavelength of less than 7 kilometers and thus rapidly decayed. The far field tsunami wave was negligible. The air 
shock generated by the hydrovolcanic explosion propagated around the world and coupled to the ocean resulting in 
the explosion being recorded on tide gauges around the world.  

 
Pararas-Carayannis, G., 2003, Near and far-field effects of tsunamis generated by the 

paroxysmal eruptions, explosions, caldera collapses and massive slope failures of the 
Krakatau volcano in Indonesia on August 26-27, 1883, Science of Tsunami Hazards, v. 21, 
no. 4, p. 191-201. 

Abstract: The paroxysmal phases of Krakatau's volcanic activity on August 26-27, 1883, included numerous submarine 
Surtseyan (phreatomagmatic) eruptions, three sub air Plinian eruptions from the three main craters of Krakatau on 
Rakata Island, followed by a fourth gigantic, sub air, Ultra-Plinian explosion. Landslides, flank failures, subsidences 
and a multiphase massive caldera collapse of the volcano - beginning near the Perbowetan crater on the northern 
portion of Rakata and followed by a collapse of the Danan crater - occurred over a period of at least 10 hours. The 
first of the three violent explosions occurred at 17:07 Greenwich time (GMT) on August 26. The second and third 
eruptions occurred at 05:30 GMT and at 06:44 GMT on August 27. Each of these events, as well as expanding gases 
from the submarine phreatomagmatic eruptions, lifted the water surrounding the island into domes or truncated 
cones that must have been about 100 meters or more in height. The height of the resulting waves attenuated rapidly 
away from the source because of their short periods and wavelengths. It was the fourth colossal explosion (VEI=6) 
and the subsequent massive flank failure and caldera collapse of two thirds of Rakata Island, at 10:02 a.m., on 
August 27 that generated the most formidable of the destructive tsunami waves. A smaller fifth explosion, which 
occurred at 10:52 a.m., must have generated another large water cone and sizable waves. The final collapse of a still 
standing wall of Krakatau - which occurred several hours later at 16:38, generated additional waves. The near field 
effects of the main tsunami along the Sunda Strait in Western Java and Southern Sumatra were devastating. Within 
an hour after the fourth explosion/caldera collapse, waves reaching heights of up to 37 m (120 feet) destroyed 295 
towns and villages and drowned a total of 36,417 people. Because of their short period and wavelength, the wave 
heights attenuated rapidly with distance away from the source region. It took approximately 2.5 hours for the 
tsunami waves to refract around Java and reach Batavia (Jakarta) where the only operating tide gauge existed. 
Waves of 2.4 meters in height were recorded - but with an unusually long period of 122 minutes. The long period is 
attributed to modification due to resonance effects and did not reflect source characteristics. The tsunami travel time 
to Surabaya at the eastern part of Java was 11.9 hours. The reported wave was only 0.2 meters. The far field effects 
of the tsunami were noticeable around the world, but insignificant. Small sea level oscillations were recorded by tide 
gauges at Port Blair in the Andaman Sea, at Port Elizabeth in South Africa, and as far away as Australia, New 
Zealand, Japan, Hawaii, Alaska, the North-American West Coast, South America, and even as far away as the 
English Channel. It took 12 hours for the tsunami to reach Aden on the southern tip of the Arabian Peninsula, about 
3800 nautical miles away. The wave reported at Aden, at Port Blair and at Port Elizabeth, represents the actual 
tsunami generated in the Sunda Strait. There were no land boundaries on the Indian Ocean side of Krakatau to 
prevent the tsunami energy from spreading in that direction. The tsunami travel time of a little over 300 nautical 
miles per hour to Aden appears reasonable. However, it is doubtful that the waves, which were reported at distant 
locations in the Pacific or in the Atlantic Ocean, represented the actual tsunami generated in the Sunda Strait. Very 
little, if any at all, of the tsunami energy could have escaped the surrounding inland seas to the east of the Sunda 
Strait. Most probably, the small waves that were observed in the Pacific as well as in the Atlantic were generated by 
the atmospheric pressure wave of the major Krakatoa explosion, and not from the actual tsunami generated in the 
Sunda Strait. The unusual flooding, which occurred at the Bay of Cardiff, in the U.K., was caused by atmospheric 
coupling of the pressure wave from the major Krakatau eruption. 

 
Pelinovsky, E., Choi, B.H., Stromkov, A., Didenkulova, I., and Kim, H.-S., 2005, Analysis of 

tide-gauge records of the 1883 Krakatau tsunami, In: Satake, K. (ed.), Tsunamis: Case 
Studies and Recent Developments, Advances in Natural and Technological Hazards 
Research, v. 23, Springer, Dordrecht, the Netherlands, p. 57-78. 

Abstract: The 1883 Krakatau volcanic eruption has generated giant tsunami waves reached heights of 40 m above sea 
level. Sea level oscillations related with this event have been reported in the Indian, Atlantic and Pacific Oceans, 
Main goal of this study is to analyze all available tide-gauge records (35) of this event. They are digitized with time 
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step 2 min and processed. First of all, the tidal components are calculated and eliminated from the records. Filtered 
tide-gauge records are used to re-determine the observed tsunami characteristics (positive and negative amplitudes, 
wave heights). The results of given analysis are compared with the results of the direct numerical simulation of the 
tsunami wave propagation in the framework of the linear shallow-water theory using the ETOPO2 bathymetry. 

 
Lituya Bay 1958 
 
Scientific Books and Articles 
 
Fritz, H.M., Hager, W.H., and Minot, H.-E., 2001, Lituya Bay case: rockslide impact and wave 

run-up, Science of Tsunami Hazards, v. 19, no. 1, p. 3-22. 
Abstract: On July 8, 1958, an 8.3 magnitude earthquake along the Fairweather fault triggered a major subaerial 

rockslide into Gilbert Inlet at the head of Lituya Bay on the South coast of Alaska. The rockslide impacted the water 
at high speed creating a giant nonlinear wave and the highest wave run-up in recorded history. The soliton like wave 
ran up to an altitude of 524 m causing forest destruction and erosion down to bedrock on a spur ridge in direct 
prolongation of the slide axis. Total area between trimline of forest destruction on shores of Lituya Bay and high-
tide shoreline covered about 10 km2. A cross-section of Gilbert Inlet was rebuilt at 1:675 scale in a two-dimensional 
physical laboratory model at VAW. The subaerial rockslide impact into Gilbert Inlet, wave generation, propagation 
and run-up on headland slope were considered in a geometrically undistorted Froude similarity model. A novel 
pneumatic landslide generator was used to generate a high-speed granular slide with controlled impact 
characteristics. State-of-the-art laser measurement techniques such as particle image velocimetry (PIV) and laser 
distance sensors (LDS) were applied to the decisive initial phase with rockslide impact and wave generation. PIV-
measurements of wave run-up on headland slope were conducted to complement wave and run-up gage records. PIV 
provided instantaneous velocity vector fields in a large area of interest and gave insight into kinematics of wave 
generation and run-up. The whole process of a high speed granular slide impact may be subdivided into two main 
stages: a) Rockslide impact and penetration with flow separation, cavity formation and wave generation, and b) air 
cavity collapse with rockslide run-out and debris detrainment causing massive phase mixing. Impact stages overlap 
and their transition from wave generation to propagation and run-up is fluent. Formation of a large air cavity - 
similar to an asteroid impact - in the back of the rockslide is highlighted. The laboratory experiments confirm that 
the 1958 trimline of forest destruction on Lituya Bay shores was carved by a giant rockslide generated impulse wave. 
The measured wave run-up perfectly matches the trimline of forest destruction on the spur ridge at Gilbert Inlet. 
Back-calculation of wave height from observed trimline of forest destruction using Hall and Watts (1953) run-up 
formula equals measured wave height in Gilbert Inlet. PIV-measurements of wave run-up indicate that enough water 
ran up the headland slope to cause the flooding observed in Lituya Bay as estimated by Mader (1999) with 
numerical simulations of the whole Lituya Bay.  

 
Mader, C.L., 1999, Modeling the 1958 Lituya Bay mega-tsunami, Science of Tsunami Hazards, 

v. 17, no. 1, p. 57-68. 
Abstract: Lituya Bay, Alaska is a T-Shaped bay, 7 miles long and up to 2 miles wide. The two arms at the head of the 

bay, Gilbert and Crillon Inlets, are part of a trench along the Fairweather Fault. On July 8, 1958, a 7.5 Magnitude 
earthquake occurred along the Fairweather fault with an epicenter near Lituya Bay. A mega-tsunami wave was 
generated that washed out trees to a maximum altitude of 520 meters at the entrance of Gilbert Inlet. Much of the 
rest of the shoreline of the Bay was denuded by the tsunami from 30 to 200 meters altitude. The SWAN code which 
solves the nonlinear long wave equations was used to numerically model possible tsunami wave generation 
mechanisms. A landslide of about 30 million cubic meters was probably triggered by the earthquake. It has been 
assumed to have been the source of the tsunami wave even though it was difficult to correlate with the eye-witness 
observations. Numerical studies indicated that the tsunami wave generated by a simple landslide gave tsunami wave 
inundations that were less than a tenth of those observed if the slide was assumed to lift a volume of water 
corresponding to the volume of the slide to above normal sea level. Another possible source of the tsunami was a 
massive uplift of the sea floor along the Fairweather Fault that underlies the Gilbert and Crillon Inlets at the head of 
the bay. Even if all the water in the inlets was initially raised to above normal sea level, the observed tsunami 
inundations could not be numerically reproduced. Dr. George Pararas-Carayannis suggested that tsunami wave was 
formed by a landslide impact similar to an asteroid impact making a cavity to the inlet ocean floor and a wave that 
splashed up to 520 meters height. If the run-up was 50 to 100 meters thick, adequate water is available between the 
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slide and the run-up and the results are consistent with the observations. Further studies will require full Navier-
Stokes modeling similar to those required for asteroid generated tsunami waves. 

 
Mader, C.L., and Gittings, M.L., 2002, Modeling the 1958 Lituya Bay mega-tsunami, II, 

Science of Tsunami Hazards, v. 20, no. 5, p. 241-250. 
Abstract: Lituya Bay, Alaska is a T-Shaped bay, 7 miles long and up to 2 miles wide. The two arms at the head of the 

bay, Gilbert and Crillon Inlets, are part of a trench along the Fairweather Fault. On July 8, 1958, a 7.5 Magnitude 
earthquake occurred along the Fairweather fault with an epicenter near Lituya Bay. A mega-tsunami wave was 
generated that washed out trees to a maximum altitude of 520 meters at the entrance of Gilbert Inlet. Much of the 
rest of the shoreline of the Bay was denuded by the tsunami from 30 to 200 meters altitude. In the previous study it 
was determined that if the 520 meter high run-up was 50 to 100 meters thick, the observed inundation in the rest of 
Lituya Bay could be numerically reproduced. It was also concluded that further studies would require full Navier-
Stokes modeling similar to those required for asteroid generated tsunami waves. During the Summer of 2000, 
Hermann Fritz conducted experiments that reproduced the Lituya Bay 1958 event. The laboratory experiments 
indicated that the 1958 Lituya Bay 524 meter run-up on the spur ridge of Gilbert Inlet could be caused by a landslide 
impact. The Lituya Bay impact landslide generated tsunami was modeled with the full Navier-Stokes AMR Eulerian 
compressible hydrodynamic code called SAGE which includes the effect of gravity. 

 
Miller, D.J., 1960, The Alaska earthquake of July 10, 1958: giant wave in Lituya Bay, Bulletin 

of the Seismological Society of America, v. 50, no. 2, p. 253-266. 
Abstract: Lituya Bay, a T-shaped tidal inlet on the northeast shore of the Gulf of Alaska, heads in the trench along the 

Fairweather fault. Displacement along this fault at the time of the earthquake of July 9, 1958 (local time) triggered a 
rockslide into deep water in Gilbert Inlet, one of the two arms at the head of Lituya Bay. The rockslide, with a 
volume of 40 million cubic yards, caused water to surge to an altitude of 1,740 feet on a spur opposite the point of 
impact, and generated a gravity wave that swept 7 miles to the mouth of the bay at a speed probably between 97 and 
130 miles per hour. The surge and wave of water destroyed the forest on the shores over an area of 4 square miles, 
sank two of three fishing boats in the outer part of the bay, and took two lives.  

 
Pararas-Carayannis, G., 1999, Analysis of mechanism of tsunami generation in Lituya Bay, 

Science of Tsunami Hazards, v. 17, no. 3, p. 193-206. 
Abstract: The giant waves that rose to a maximum height of 1,720 feet (516 m) at the head of Lituya Bay, on July 9, 

1958, were generated by a combination of disturbances triggered by a large, 8.3 magnitude earthquake along the 
Fairweather fault. Several mechanisms for the generation of the giant waves have been proposed, none of which can 
be conclusively supported by the data on hand. Generative causes include a combination of tectonic movements 
associated with the earthquake, movements of a tidal glacier front, a major subaerial rockfall in Gilbert Inlet, and the 
possible sudden drainage of a subglacial lake on the Lituya Glacier. The following mechanism can account for the 
giant 1,720 foot wave runup at the head and the wave along the main body of Lituya Bay: The strong earthquake 
ground motions triggered a giant rockfall at the head of the bay. This rockfall acted as a monolith, and thus 
resembling an asteroid, impacted with great force the bottom of Gilbert Inlet. The impact created a radial crater 
which displaced and folded recent and Tertiary deposits and sedimentary layers. The displaced water and the folding 
of sediments broke and uplifted 1,300 feet of ice along the entire front of the Lituya Glacier. Also, the impact 
resulted in water splashing action that reached the 1,720 foot elevation. The rockfall impact in combination with the 
net vertical crust al uplift of about 1 meter and an overall tilting seaward of the entire crustal block on which Lituya 
Bay was situated, generated a solitary gravity wave which swept the main body of the bay.  

 
Reports, Government Publications, and Theses 
 
Miller, D.J., 1960, Giant waves in Lituya Bay, Alaska, U.S. Geological Survey Professional 

Paper 354-C, p. 51-86. 
Abstract: Lituya Bay, on the northeast shore of the Gulf of Alaska, is an ice-scoured tidal inlet with a maximum depth 

of 720 feet and a sill depth, at the narrow entrance, of only 33 feet. The northeastward-trending stem of the T-shaped 
bay, 7 miles long and as much as 2 miles wide, transects the narrow coastal lowland and foothills belt flanking the 
Fairweather Range of the St. Elias Mountains. The two arms at the head of the bay, Gilbert and Crillon Inlets, are 
part of a great trench along the Fairweather fault. Gentle slopes border the outer part of the bay, but the walls of the 
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inner, fiordlike part rise steeply to altitudes of 2,200 feet to more than 6,000 feet. Until recently, little notice was 
taken of the giant waves that have rushed out from the head of Lituya Bay, leaving sharp trimlines to mark the upper 
limit of total or near total destruction of the forest along the shores. The dates of occurrence of 4 known and 1 
inferred giant waves, and the maximum altitudes of their trimlines are as follows: July 9, 1958-1,720 feet; October 
27, 1936-490 feet; 1899 (?)-about 200 feet; about 1874-80 feet; and 1853 or 1854-395 feet. In 1958 about 40 million 
cubic yards of rock, loosened either by displacement on the Fairweather fault or by the accompanying shaking, 
plunged into Gilbert Inlet from a maximum altitude of about 3,000 feet on the steep northeast wall. This rockslide 
caused water to surge over the opposite wall of the inlet to a maximum altitude of 1,740 feet, and generated a gravity 
wave that moved out the bay to the mouth at a speed probably between 97 and 130 miles per hour. Two of three 
fishing boats in the outer part of the bay were sunk, and two persons were killed. The interpretation that water was 
primarily responsible for destruction of the forest over a total area of 4 square miles, extending to a maximum 
altitude of 1,720 feet and as much as 3,600 feet in from the high-tide shoreline, is supported by eyewitness accounts 
of the survivors, by the writer’s field investigation, and by R.L. Wiegel’s study of a model of Lituya Bay and his 
calculations from existing theory and data on wave hydraulics. The giant waves in 1936 were generated in Crillon 
Inlet. They were described by eyewitnesses at a point about midway along the bay as 3 waves of increasing height, 
in close succession and traveling about 22 miles per hour. Of the possible causes considered here, movement of a 
tidal glacier front or submarine sliding seems most likely but can be neither disproved nor conclusively supported 
from the information at hand. The configuration of trimlines formed by giant waves in late 1853 or early 1854 
(dated by tree ring count) and about 1874, suggests sliding from the south wall of Lituya Bay at Mudslide Creek as a 
likely cause. A slide, fault displacement, or some other disturbance in Crillon Inlet may have caused another giant 
wave during one of the great earthquakes in September 1899. The frequent occurrence of giant waves in Lituya Bay, 
as compared to other similar bays, is attributed to the combined effect of recently glaciated steep slopes, highly 
fractured rocks and deep water in an active fault zone, heavy rainfall, and frequent freezing and thawing. These 
waves are likely to occur again, and should be taken into account in any future use of Lituya Bay. Other giant waves 
have been caused by sliding of part of a mountain into Shimabara Bay in Japan; repeatedly by falling or sliding of 
rock masses into Loen Lake, Tafjord, and Langfjord in Norway; by avalanching of a hanging glacier into 
Disenchantment Bay in Alaska; and repeatedly by landslides into Franklin D. Roosevelt Lake in Washington. 

 
Alaska 1964 
 
Scientific Books and Articles 
 
Christensen, D.H., and Beck. S.L., 1994, The rupture process and tectonic implications of the 

great 1964 Prince William Sound earthquake, Pure and Applied Geophysics, v. 142, no. 1, 
p. 29-53. 

Abstract: We have determined the rupture history of the March 28, 1964, Prince William Sound earthquake (Mw = 9.2) 
from long-period WWSSN P-wave seismograms. Source time functions determined from the long-period P waves 
indicate two major pulses of moment release. The first and largest moment pulse has a duration of approximately 
100 seconds with a relatively smooth onset which reaches a peak moment release rate at about 75 seconds into the 
rupture. The second smaller pulse of moment release starts at approximately 160 seconds after the origin time and 
has a duration of roughly 40 seconds. Because of the large size of this event and thus a deficiency of on-scale, 
digitizable P-wave seismograms, it is impossible to uniquely invert for the location of moment release. However, if 
we assume a rupture direction based on the aftershock distribution and the results of surface wave directivity studies 
we are able to locate the spatial distribution of moment along the length of the fault. The first moment pulse most 
likely initiated near the epicenter at the northeastern down-dip edge of the aftershock area and then spread over the 
fault surface in a semi-circular fashion until the full width of the fault was activated. The rupture then extended 
toward the southwest approximately 300 km. The second moment pulse was located in the vicinity of Kodiak Island, 
starting at ~ 500 km southwest of the epicenter and extending to about 600 km. Although the aftershock area 
extends southwest past the second moment pulse by at least 100 km, the moment release remained low. We interpret 
the 1964 Prince William Sound earthquake as a multiple asperity rupture with a very large dominant asperity in the 
epicentral region and a second major, but smaller, asperity in the Kodiak Island region. The zone that ruptured in the 
1964 earthquake is segmented into two regions corresponding to the two regions of concentrated moment release. 
Historical earthquake data suggest that these segments behaved independently during previous events. The Kodiak 
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Island region appears to rupture more frequently with previous events occurring in 1900, 1854, 1844, and 1792. In 
contrast, the Prince William Sound region has much longer recurrence intervals on the order of 400-1000 years. 

 
Johnson, J.M., Satake, K., Holdahl, S.R., and Sauber, J., 1996, The 1964 Prince William Sound 

earthquake: joint inversion of tsunami and geodetic data, Journal of Geophysical Research, 
v. 101, no. B1, p. 523-532. 

Abstract: The 1964 Prince William Sound (Alaska) earthquake, Mw=9.2, ruptured a large area beneath the continental 
margin of Alaska from Prince William Sound to Kodiak Island. A joint inversion of tsunami waveforms and 
geodetic data, consisting of vertical displacements and horizontal vectors, gives a detailed slip distribution. Two 
areas of high slip correspond to seismologically determined areas of high moment release: the Prince William Sound 
asperity with average slip of 18 m and the Kodiak asperity with average slip of 10 m. The average slip on the fault is 
8.6 m and the seismic moment is estimated as 6.3xl022 N m, or over 75% of the seismic moment determined from 
long-period surface waves. 

 
Plafker, G., 1965, Tectonic deformation associated with the 1964 Alaska earthquake, Science, v. 

148, no. 3678, p. 1675-1687. 
Summary: Alaska's Good Friday earthquake of 27 March 1964 was accompanied by vertical tectonic deformation over 

an area of 170,000 to 200,000 km2 in south-central Alaska. The deformation included two major NE-trending zones 
of uplift and subsidence situated between the Aleutian Trench and the Aleutian Volcanic Arc; together they are 700-
800 km long and 150-250 kilometers wide. The seaward zone is one in which uplift of as much as 10 m on land and 
15 m on the sea floor has occurred as a result of both crustal warping and local faulting. Submarine uplift within this 
zone generated a train of seismic sea waves with half-wave amplitudes of more than 7 m along the coast near the 
source. The adjacent zone to the northwest is one of subsidence that averages about 1 m and attains a measured 
maximum of 2.3 m. A second zone of slight uplift may exist along all or part of the Aleutian and Alaska ranges NW 
of the zone of subsidence. The studies made to date demonstrate that great earthquakes such as the earthquake of 27 
March may be accompanied by regional deformation on a larger scale than has been generally recognized. This 
earthquake indicates that vertical displacement of the sea bottom can generate destructive seismic sea waves, even 
where the epicenter of the main shock is as much as 100 km inland from the coast. The focal region of the 
earthquake, as inferred from the spatial distribution of the major aftershocks, lies almost entirely within the seaward 
zone of uplift and extends front close to the surface to a depth of about 50 km. The primary fault or zone of faulting 
along which the earthquake presumably occurred is not exposed at the surface on land. The only known surface 
breakage is along two preexisting faults on Montague Island, within the area of maximum uplift, that trend NE and 
are near-vertical or dip steeply NW. The displacement, which was subsidiary to the regional uplift, was essentially 
dip-slip, with the NW blocks relatively upthrown. The maximum measured vertical displacement on land is 5 m, and 
along the submarine extension of one of these faults the vertical displacement may exceed 10 m. It is postulated that 
the earthquake is genetically related to the Aleutian Arc and probably resulted from regional compressive stress 
oriented roughly normal to the Arc. Neither the orientation nor the sense of movement on the primary fault along 
which the earthquake occurred is known. Available fault-plane solutions based on P-waves indicate that the primary 
fault could be either a northwest-dipping thrust or a northeast-striking near-vertical fault with the southeast side 
upthrown. Which, if either, of these alternatives represents the primary fault cannot be determined without 
additional field data on the horizontal and vertical displacements that accompanied the earthquake and detailed 
analyses of the innumerable seismographic records written by the earthquake and its aftershocks. 

 
Suleimani, E.N., Hansen, R.A., and Kowalik, Z., 2003, Inundation modeling of the 1964 

tsunami in Kodiak Island, Alaska, In: Yalçiner, A.C., Pelinovsky, E.N., Okal, E., and 
Synolakis, C.E. (eds.), Submarine Landslides and Tsunamis, Kluwer Academic Publishers, 
p. 191-201. 

Abstract: In this work a numerical modeling method is used to study tsunami waves generated by the Great Alaska 
earthquake of 1964 and their impact on Kodiak Island communities. The numerical model is based on the nonlinear 
shallow water equations of motion and continuity which are solved by a finite-difference method. We compare two 
different source models for the 1964 deformation. It is shown that the results of the near-field inundation modeling 
strongly depend on the slip distribution within the rupture area. These results are used for evaluation of the tsunami 
hazard for the Kodiak Island communities. 

 

  



 251

Suleimani, E., Hansen, R.A., and Haeussler, P.J., 2009, Numerical study of tsunami generate 
by multiple submarine slope failures in Resurrection Bay, Alaska, during the Mw 9.2 1964 
earthquake, Pure and Applied Geophysics, v. 166, no. 1-2, p. 131-152, doi: 10.1007/s00024-
004-0430-3. 

Abstract: We use a viscous slide model of Jiang and LeBlond (1994) coupled with nonlinear shallow water equations to 
study tsunami waves in Resurrection Bay, in south-central Alaska. The town of Seward, located at the head of 
Resurrection Bay, was hit hard by both tectonic and local landslide-generated tsunami waves during the Mw 9.2 1964 
earthquake with an epicenter located about 150 km northeast of Seward. Recent studies have estimated the total 
volume of underwater slide material that moved in Resurrection Bay during the earthquake to be about 211 million 
m3. Resurrection Bay is a glacial fjord with large tidal ranges and sediments accumulating on steep underwater 
slopes at a high rate. Also, it is located in a seismically active region above the Aleutian megathrust. All these 
factors make the town vulnerable to locally generated waves produced by underwater slope failures. Therefore it is 
crucial to assess the tsunami hazard related to local landslide-generated tsunamis in Resurrection Bay in order to 
conduct comprehensive tsunami inundation mapping at Seward. We use numerical modeling to recreate the 
landslides and tsunami waves of the 1964 earthquake to test the hypothesis that the local tsunami in Resurrection 
Bay has been produced by a number of different slope failures. We find that numerical results are in good agreement 
with the observational data, and the model could be employed to evaluate landslide tsunami hazard in Alaska fjords 
for the purposes of tsunami hazard mitigation. 

 
Reports, Government Publications, and Theses 
 
McCulloch, D.S., 1966, Slide-induced waves, seiching, and ground fracturing caused by the 

earthquake of March 27, 1964, at Kenai Lake, Alaska, U.S. Geological Survey Professional 
Paper 543-A, 41 p. 

Abstract: The March 27, 1964, earthquake dislodged slides from nine deltas in Kenai Lake, south-central Alaska. 
Sliding removed protruding parts of deltas-often the youngest parts-and steepened delta fronts, increasing the 
chances of further sliding. Fathograms show that debris from large slides spread widely over the lake floor, some 
reaching the toe of the opposite shore; at one place debris traveled 5,000 feet over the horizontal lake floor. Slides 
generated two kinds of local waves: a backfill and far-shore wave. Backfill waves were formed by water that rushed 
toward the delta to fill the void left by the sinking slide mass, overtopped the slide scrap, and came ashore over the 
delta. Some backfill waves had runup heights of 30 feet and ran inland more than 300 feet, uprooting and breaking 
off large trees. Far-shore waves hit the shore opposite the slides. They were formed by slide debris that crossed the 
lake floor and forced water ahead of it, which then ran up the opposite slope, burst above the lake surface, and struck 
the shore. One far-shore wave had a runup height of 72 feet. Kenai Lake was tilted and seiched; a power spectrum 
analysis of a limnogram shows a wave having the period of the calculated uninodal seiche (36 minutes) and several 
shorter period waves. In constricted and shallow reaches, waves caused by seiching had 20- and 30-foot runup 
heights. Deep lateral spreading of sediments toward delta margins displaced deeply driven railroad-bridge piles, and 
set up stress fields in the surface sediments which resulted in the formation of many shear and some tension 
fractures on the surface of two deltas. 

 
Plafker, G., and Kachadoorian, R., 1966, Geologic effects of the March 1964 earthquake and 

associated seismic sea waves on Kodiak and nearby islands, Alaska, U.S. Geological Survey 
Professional Paper 543-D, 46 p. 

Abstract (extract from): The great earthquake, which occurred on March 27, 1964, at 5:36 p.m. Alaska standard time, 
and had a Richter magnitude of 8.4-8.5, was the most severe earthquake felt on Kodiak Island and its nearby islands 
in modern times. Although the epicenter lies in Prince William Sound 250 miles north-east of Kodiak, the areal 
distribution of the thousands of aftershocks that followed it, the local tectonic deformation, and the estimated source 
area of the subsequent seismic sea wave, all suggest that the Kodiak islands lay immediately adjacent to, and 
northwest of, the focal region from which the elastic seismic energy was radiated. The most devastating effect of the 
earthquake on Kodiak and near-by islands resulted from seismic sea waves that probably originated along a linear 
zone of differential uplift in the Gulf of Alaska. A train of at least seven seismic sea waves, with initial periods of 
50-55 minutes, struck along the southeast coast of the island group from 38 to 63 minutes after the earthquake. The 
southeast shores were repeatedly washed by destructive waves having runup heights along exposed coasts of up to 
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40 feet above existing tide level, and 8-20 feet along protected shores. Runup heights of the waves were much less 
on the northwest and southwest sides of the islands, and no wave damage was incurred there. Locally, high-velocity 
currents that accompanied the waves caused intense erosion and redistribution of unconsolidated natural and 
artificial shore deposits and of shallow sea-floor deposits. The Alaska earthquake was the greatest natural 
catastrophe to befall the Kodiak Island area in historic time. The combination of seismic shock and the earthquake-
related tectonic deformation and seismic sea waves took 18 lives, destroyed property worth about $45 million, and 
resulted in estimated losses of income to the fishing industry of an additional $5 million. Most of the damage and all 
of the loss of life were directly attributable to the seismic sea waves that crippled the city of Kodiak, wiped out the 
village of Kaguyak, and destroyed most of the village of Old Harbor and parts of the villages of Afognak and Uzinki. 
Bridges and segments of the highways in the vicinity of the city of Kodiak were washed out, and parts of the Kodiak 
Naval Station were inundated and damaged. Especially serious to all the damaged communities was the loss of 
fishing boats, seafood processing plants, and other waterfront installations, which had been the mainstay of the 
economy. Additional heavy losses resulted from the combined regional tectonic and local surficial subsidence that 
occurred during the earthquake. Widespread shoreline flooding by high tides necessitated raising, protecting, or 
removing many installations otherwise undamaged by the earthquake or waves.  

 
Plafker, G., and Mayo, L.R., 1965, Tectonic deformation, subaqueous slides and destructive 

waves associated with the Alaskan March 27, 1964 earthquake: an interim geologic 
evaluation, U.S. Geological Survey Open File Report 65-124, 32 p. 

Abstract: The great earthquake which struck Alaska on Good Friday, March 27, 1964, caused severe damage to the 
coast of south-central Alaska mainly through vertical tectonic displacements, subaqueous slides, and destructive 
waves of diverse origins. Notable changes in land level occurred over an area in excess of 50,000 square miles in a 
broad northeast-trending belt more than 500 miles long and as much as 250 miles wide, which lies between the 
Aleutian Trench and the Aleutian Volcanic Arc. The northwest part of this belt, which includes most of the Kenai 
Peninsula and the Kodiak Island group, sank as much as 7.5 feet, bringing some roads, rail lines, docks, and 
settlements within reach of high tides and producing a fringe of salt-water-killed vegetation along the drowned 
coasts. The area to the southeast, including most of Prince William Sound and the adjacent continental shelf as far 
south as southern Kodiak Island, rose generally 4 to 8 feet, and locally at least 33 feet. Some beaches and surf-cut 
platforms were permanently raised above the reach of tides, resulting in mass extermination of intertidal faunas and 
floras and impaired usefulness of harbors, channels, and many shoreline installations. Surface faulting was confined 
to Montague Island, and was dominantly vertical and subsidiary to regional uplift. Of the two known faults one has 
been traced more than 16 miles on land and about 15 miles in the submarine topography to the southwest of the 
island. Maximum measured vertical fault displacement on land was 16 feet on one fault and about 18 feet on the 
other. Submarine uplift of the continental shelf generated a train of long-period large-amplitude seismic sea waves, 
the first of which struck the outer coasts of the Kenai Peninsula and Kodiak Island between 19 and 30 minutes after 
the initial shock. The highest waves inundated shorelines locally to elevations of 35 to 40 feet, causing 20 deaths and 
damage to property all along the coast of the Gulf of Alaska, especially in those areas that had been lowered relative 
to sea level by tectonic subsidence. The sea waves were recorded on tide gauges throughout the Pacific Ocean and 
resulted in casualties and local damage at points as distant as British Columbia, Oregon, and California. The 
earthquake caused widespread subaqueous sliding and sedimentation in Prince William Sound, along the south coast 
of the Kenai Peninsula, and in Kenai Lake. These slides carried away the port facilities of Seward and Valdez and 
the small boat harbor at Homer. Local violent surges of water, many of which were generated by known subaqueous 
slides that occurred during the earthquake, left swash marks as much as 170 feet above water level and caused heavy 
damage and took 85 lives at Seward, Valdez, Whittier, Chenega, and several smaller communities in Prince William 
Sound. 

 
Skagway 1994 
 
Scientific Books and Articles 
 
Campbell, B.A., and Nottingham, D., 1999, Anatomy of a landslide-created tsunami at 

Skagway, Alaska, November 3, 1994, Science of Tsunami Hazards, v. 17, no. 3, p. 19-45. 
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Abstract: At 7:10 p.m. on November 3, 1994, a large tsunami generated by a massive landslide in the submerged 
Skagway River delta occurred near Skagway, Alaska, resulting in one fatality and damaging or destroying many 
harbor structures. At first, it was theorized by some that construction activity in the harbor caused the initial 
landslide. However, this paper presents the findings of an in-depth scientific investigation that concludes that such a 
theory is impossible. The findings paint a clear picture of the failure of the submerged Skagway River delta that was 
overloaded by flood sediments and exacerbated by river diking. Slide volumes estimated at over 20,000,000 cubic 
yards that consisted of a massive initial slide and subsequent retrogressive earth slides produced the tsunami that 
caused the fatality and destroyed or damaged harbor structures. The analysis relies on physical evidence and 
reconstructs the tsunami on a second-by-second timeline that shows conclusively that the failure of the submerged 
Skagway River delta was not caused by the harbor construction. Each shred of evidence is examined and the event 
systematically reconstructed on a step-by-step basis without interjecting supposition, speculation, theory or 
hypotheses. 

 
Cornforth, D.H., and Lowell, J.A., 1996, The 1994 submarine slope failure at Skagway, Alaska, 

In: Senneset, K. (ed.), Landslides, v. 1, Balkema, Rotterdam, p. 527-532. 
Abstract: On November 3, 1994, a 260 m length of dock rapidly sank into the harbor at Skagway, Alaska causing one 

fatality. The wave of water extensively damaged the ferry terminal 280 m from the dock. At the time of failure, a 
portion of the dock was in the early stages of a reconstruction project. Failure occurred coincidentally with an 
extreme low tide. An investigation of causation included submarine surveys of the post-failure ground surface, five 
overwater borings near the center of the slide area, in-situ vane testing of cohesive silts, and laboratory tests to 
measure soil properties. This showed that the dock failure caused scouring of soft marine silts to a depth of more 
than 23 m immediately offshore from the dock, and produced a scour channel which extended from the dock area to 
deeper water offshore. Analysis indicates that stockpiling of riprap in the construction area probably caused an 
initial shear failure which rapidly developed into a large flow slide, taking out most of the dock. 

 
Kowalik, Z., 1997, Landslide-generated tsunami in Skagway, Alaska, Science of Tsunami 

Hazards, v. 15, no. 2, p. 89-106. 
Abstract: Landslide on November 3, 1994 produced large amplitude tsunami in Skagway Harbor. This study uses 

numerical modeling to investigate generation and propagation of tsunami in the Taiya Inlet and Skagway Harbor. 
Several mechanisms are invoked to explain persistent motion of a 3 min period, recorded by the tide gage in 
Skagway Port. It appears that persistent motion was sustained by the resonance transfer of energy between Taiya 
Inlet and Skagway Harbor due to proximity of periods of the natural oscillations in these domains. Important 
parameter in the effective transfer of energy from the outside domain to the port is velocity of the landslide. 
Numerical model used in computations is based on the nonlinear shallow-water equations which are solved by a 
finite-difference method. Two landslides are studied for investigation of how different source parameters influence 
tsunami recorded in Skagway Harbor. First, a landslide in proximity to Skagway Harbor is considered and 
afterwards tsunami generated by a massive landslide in the Taiya Inlet is studied. Numerical experiments indicate 
that a landslide near Skagway Harbor was unable to sustain tsunami recorded by the tide gage on November 3, 1994. 

 
Kulikov, E.A., Rabinovich, A.B., Thomson, R.E., and Bornhold, B.D., 1996, The landslide 

tsunami of November 3, 1994, Skagway Harbor, Alaska, Journal of Geophysical Research, 
v. 101, no. C3, p. 6609-6615. 

Abstract: We show that the tsunami of November 3, 1994 in Skagway, Alaska, was generated by an underwater 
landslide formed during the collapse of a cruise ship wharf undergoing construction at the head of Taiya Inlet. This 
event occurred at a time of extreme low tide and was not associated with a regional seismic event or incoming 
oceanic tsunami. Persistent wave motions with an amplitude of 1 m and a period of 3 min recorded by a tide gauge 
in Skagway Harbor following the landslide are linked to the formation of a cross-inlet seiche and quarter-wave 
resonance within the harbor. The high Q factor for the harbor (Q ≈ 20) indicates weak dissipation and strong 
resonance within the harbor. 

 
Lander, J., 1995, Nonseismic event in Skagway, Alaska, Tsunami Newsletter, v. 27, no. 1, p. 8-9. 
Summary: A landslide generated tsunami occurred at Skagway, Alaska, on November 3, 1994 at about 19:00 hours 

(local time) which generated a 20-25 foot wave in the harbor. Workers had been working on the White Pass and 
Yukon Railway Dock and there was pile driving equipment and about 9,000 cubic yards of riprap weighing about 
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10,000 tons on the dock. There was a minus tide of 3-4 feet (below sea level) which triggered a slide of the glacial 
outwash material on which the dock was built. The slide was estimated to be 600 feet wide, 50-60 feet thick and 
4,500 feet long containing 1-3 million cubic feet of material. The (tsunami) wave crossed the harbor and caused one 
fatality, Paul Wallen, on the ferry terminus dock. This is the first tsunami fatality in the United States since 1975 
(two deaths were attributed to the November 29, 1975 local tsunami on the Big Island of Hawaii) and the first in 
Alaska since 1964. The Skagway tsunami event caused $1 million in damage to the Ferry Terminus, and $100,000 
to the small boat harbor which was between the two docks. Replacement costs for the railroad dock are estimated at 
$15-20 million. “Nonseismic” tsunamis may be infrequent but present a serious hazard with little if any natural 
warning. 

 
Mader, C.L., 1997, Modeling the 1994 Skagway tsunami, Science of Tsunami Hazards, v. 15, 

no. 1, p. 41-48. 
Abstract: On November 3, 1994, a tsunami wave with a period of 3 minutes and maximum height of 25 to 30 feet 

occurred at Skagway, Alaska in the Taiya Inlet. The wave was observed traveling along the PARN dock from the 
south or deep end of Taiya Inlet. The tsunami has been proposed to have been caused by a landslide at the dock or in 
the inlet. Possible landslides have been numerically modeled using the SWAN code to evaluate the various proposed 
sources. The dock landslide generated a tsunami wave with much shorter wave periods than observed (less than a 
third). The direction of the wave was 90 degrees different than observed. Since the dimensions of the slide used in 
the model were about as large as possible from the surveys, the dock landslide alone could not have generated the 
observed tsunami wave. The sea floor elevations before and after the event indicate that a considerable area of the 
sea floor was lower for about 5000 feet down the inlet and then much of the sea floor was higher further down the 
inlet. The complicated bottom topography changes that occurred were described in the numerical model using a 3 
slide region model. The landslides generated a tsunami wave with about the wave amplitude and period observed. 
The direction of the wave was the same as observed along the dock. 

 
Nottingham, D., 1997, The 1994 Skagway tsunami tide gage record, Science of Tsunami 

Hazards, v. 15, no. 2, p. 81-88. 
Abstract: The tide gage record from a landslide generated tsunami which occurred November 3, 1994, in Taiya Inlet 

near Skagway, Alaska has been calibrated. The initial short-period gage trace does not appear to have been wave 
generated, but instead in all probability is an instrument reaction to an atmospheric pressure change. The remainder 
of the gage trace consists of approximately three-minute period waves starting with an initial drawdown. Waves 
during the first part of the trace have been calibrated to illustrate actual wave heights. 

 
Nottingham, D., 2002, Review of the 1994 Skagway, Alaska tsunami and future plans, Science 

of Tsunami Hazards, v. 20, no. 1, p. 42-49. 
Abstract: On November 3, 1994 a nine meter amplitude submarine landslide-created tsunami with a resonate wave train 

lasting about 30 minutes struck the Skagway, Alaska, waterfront causing extensive damage and loss of one life. 
Numerous scientists and engineers have studied the 1994 tsunami and at a workshop on the subject in Seattle, 
Washington, on October 30-3 1, 2001, have generally concluded that large down inlet submarine landslide(s) 
created the tsunami. A general plan under the National Tsunami Hazard Mitigation Program was developed to start a 
study, which could lead to mitigation measures at Skagway with possible adaptability to other parts of the world 
with similar problems. This paper briefly overviews the events preceding the tsunami, reviews findings following 
the event and outlines plans relating to similar future expected tsunamis. 

 
Rabinovich, A.B., Thomson, R.E., Kulikov, E.A., Bornhold, B.D., and Fine, I.V., 1999, The 

landslide-generated tsunami of November 3, 1994 in Skagway Harbor, Alaska: a case study, 
Geophysical Research Letters, v. 26, no. 19, p. 3009-3012. 

Abstract: We examine the origin and behavior of the catastrophic tsunami that impacted Skagway Harbor at the head of 
Taiya Inlet, Alaska, on November 3, 1994. Geomorphologic and tide gauge data, combined with numerical 
simulation of the event, reveal that the tsunami was generated by an underwater landslide formed during the collapse 
of a cruise-ship dock undergoing construction. Use of a fine-grid model for Skagway Harbor and a coarse-grid 
model for Taiya Inlet enables us to explain many of the eyewitness accounts and to reproduce the dominant 
oscillations in the tide gauge record, including the persistent (~ 1 h) 3-min oscillation in Skagway Harbor. The 
occurrence of the landslide is linked to critical overloading of the slope materials at a time of extreme low tide. 
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Thomson, R.E., Rabinovich, A.B., Kulikov, E.A., Fine, I.V., and Bornhold, B.D., 2001, On 

numerical simulation of the landslide-generated tsunami of November 3, 1994 in Skagway 
Harbor, Alaska, In: Hebenstreit, G.T. (ed.), Tsunami research at the end of a critical 
decade, Advances in Natural and Technological Hazards Research, v. 18, Kluwer 
Academic Publishers, Dordrecht, the Netherlands, p. 243-282. 

Abstract: A three-dimensional, shallow-water numerical model for a viscous landslide with full slide-wave interaction 
(Kulikov et al., 1996; Fine et al., 1998) has been modified to include the subaerial component of the landslide. The 
model is used to simulate the November 3, 1994 tsunami in Skagway, Alaska generated by collapse of the PARN 
Dock. Results show that the dock slide moved down the steep (30-35°) slope of Taiya Inlet and was guided along 
the trough at the base of the slope, consistent with geomorphological findings. The leading tsunami wave, 
propagating in front of the advancing slide, impacted the Alaska State Ferry Terminal and the NOAA tide gauge site 
as a positive wave (crest), consistent with the tide gauge record and with the results of laboratory modelling by 
Raichlen et al. (1996). Computed wave heights for the PARN Dock failure (13 m at the Ferry Terminal, 7.7 m at the 
tide gauge site, and 1.3 m in the Small Boat Harbor) agree closely with the tide gauge record and eyewitness 
accounts. The computed 3.0 min period for the fundamental long-wave mode for Skagway Harbor is nearly identical 
to the observed period. Estimates of the Q-factor (Q≈24) are comparable to observed values (Q≈21), suggesting 
significant tsunami energy retention in the harbor. Energy loss appears to be through radiation damping rather than 
from frictional effects. A detailed examination of the slide motion and associated tsunami waves in the vicinity of 
the PARN Dock reveals that, in the first few seconds, a “wall of water” would have formed opposite the dock and 
that the floating Ferry Terminal would have been impacted 15 to 20 s after onset of the event, consistent with 
eyewitness accounts. The floating debris observed at the still-standing northern portion of the dock was apparently 
carried alongshore by a secondary wave crest originating near the collapsed southern part of the dock. As with 
similar phenomena in other coastal regions of the world ocean, and with an earlier landslide and tsunami generated 
in Skagway Harbor in October 1966, the November 1994 Skagway event is linked to critical overloading of the 
slope materials at the time of extreme low tide. An examination of the physical mechanism linking coastal landslides 
and low tides indicates that the 1994 Skagway tsunami was largely the result of a subaerial component of the 
landslide. This supports our contention that the slide was caused by failure of the PARN Dock. We conclude that our 
numerical model of the landslide associated with the 1994 PARN Dock failure in Skagway Harbor accounts for all 
aspects of the observed wave field without additional assumptions concerning simultaneous, hypothetical, 
geophysical, geological or hydrometeorological events in the adjoining region.  

 
Conference Proceedings and Abstracts 
 
Fine, I.V., Rabinovich, A.B., Kulikov, E.A., Thomson, R.E., and Bornhold, B.D., 1998, 

Numerical modelling of landslide-generated tsunamis with application to the Skagway 
Harbor tsunami of November 3, 1994, Proceedings of the International Conference on 
Tsunamis, Paris, p. 211-223. 

Abstract: The three-dimensional numerical model of Jiang and LeBlond (1994) for a viscous landslide with full slide-
wave interaction was modified and improved to simulate tsunami wave generation in natural basins of complicated 
geometry and bottom topography. Model reliability was verified against the catastrophic event of November 3, 1994, 
in Skagway Harbor, southeastern Alaska. Several numerical experiments were performed with different sediment-
to-water density ratios (1.6-2.4) and different kinematic viscosity of the slide body (0.01-2.0 m2s-1) to evaluate the 
effect of these parameters on slide movement and the height of the tsunami waves. Model results for these 
parameters are in good agreement with the conclusion that the observed tsunami was caused by the PARN Dock 
collapse. Numerical simulation of the sea level changes associated with the tsunami closely agree with the tide 
gauge records and the eyewitness observations. 
 

Raichlen, F., Lee, J.J., Petroff, C., and Watts, P., 1996, The generation of waves by a landslide: 
Skagway, Alaska, a case study, Proceedings of the 25th International Coastal Engineering 
Conference, Orlando, Florida, American Society of Civil Engineers, p. 1293-1306. 

Conclusions: The following major conclusions can be drawn from this study. (1) The gas-purged pressure recording 
(bubbler) tide gage with normal operating settings has a response (measured amplitude/actual amplitude) of 40% to 
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75% for waves with periods of 3 min and 5% to 25% for waves with periods of 20 sec. (2) An impulsive wave 
generated in Skagway Harbor by the simple motion of a section of the coast can induce groups of complex waves 
composed of a wide range of frequencies. (3) The frequency content of the transient waves generated by the 
boundary motion is strongly dependent on location. (4) Different forms of the boundary motion tend to generate 
similar spectral energy distributions at the same location in the harbor. (5) The damage to the floating ferry dock 
observed at Skagway may have occurred due to the combined effect of the mooring dynamics of the dock and the 
frequency content of the waves at that location. 
 

Papua New Guinea 1998 
 

Scientific Books and Articles 
 

Geist, E.L., 2000, Origin of the 17 July 1998 Papua New Guinea tsunami: earthquake or 
landslide, Seismological Research Letters, v. 71, no. 3, p. 344-351. 

Summary: On 17 July 1998, a Mw 7.0 earthquake occurred off of the coast of Papua New Guinea and a destructive 
tsunami occurred soon after. Analysis of far-field tsunami records and seismic waveforms are consistent with the 
earthquake occurring on a fault plane dipping steeply to the north-northeast. The 25 km length of coastline affected 
by the tsunami is also consistent with generation by slip along a 40-km-long fault corresponding to a Mw 7.0 
earthquake, with most of the moment release on the northeast half of the fault. The combination of the unusual 
source parameters of the earthquake with the deep water depth at the source (greater tsunami amplification) and 
short transit distance to shore (less attenuation from geometrical spreading) resulted in a much larger tsunami than 
expected from a typical Mw 7.0 subduction zone earthquake. Given the steep bathymetry off the northern Papua 
New Guinea coast, it is plausible that an aseismic submarine landslide accompanied the earthquake and generated a 
tsunami contemporaneous with the seismogenic tsunami. Though the earthquake-generated tsunami is consistent 
with the average value and distribution of runup, it is logical to infer that additional tsunami energy from a triggered 
landslide is needed to explain the observed 15 m maximum value of runup, though much depends on the exact start 
times, periods, and phases of the tsunami components generated from each mechanism. A similar event was the 
1992 Flores tsunami generated after a Mw 7.9 earthquake. Most of the runup observations can be explained from the 
seismogenic tsunami, but the 26.2 m runup at Riangkroko on Flores Island is best explained by a landslide-generated 
tsunami occurring concomitantly with the earthquake-generated tsunami. A similar conclusion was reached by 
Johnson and Satake (1997) with regard to the tsunami generated by the 1946 Mw 8.2 Aleutian earthquake. An 
earthquake origin for the tsunami is consistent with most of the Pacific tide gauge records, but additional tsunami 
energy from a landslide source may be necessary to explain the Honolulu record. We can be fairly certain that the 
1998 Papua New Guinea earthquake generated a tsunami. But, to what extent did a submarine landslide generate 
additional tsunami energy? To answer this, it is necessary to develop a specialized hydrodynamic model for the 
tsunami generated from this particular earthquake mechanism, as well as a model that simulates the coupled, three-
dimensional dynamics between the slide and wave generation. Even if such a model were applied to study this event, 
the lack of near-field waveform data makes validation difficult. 
 

Lynett, P.J., Borrero, J.C., Liu, P.L.-F., and Synolakis, C.E., 2003, Field survey and numerical 
simulations: a review of the 1998 Papua New Guinea tsunami, Pure and Applied 
Geophysics, v. 160, p. 2119-2146, doi:10.1007/s00024-003-2422-0. 

Abstract: The Papua New Guinea (PNG) tsunami of 1998 is re-examined through a detailed review of the field survey 
as well as numerous numerical computations. The discussion of the field survey explores a number of possible 
misinterpretations of the recorded data. The survey data are then employed by a numerical model as a validation tool. 
A Boussinesq model and a nonlinear shallow water wave (NLSW) model are compared in order to quantify the 
effect of frequency dispersion on the landslide-generated tsunami. The numerical comparisons indicate that the 
NLSW model is a poor estimator of offshore wave heights. However, due to what appears to be depth-limited 
breaking seaward of Sissano spit, both numerical models are in agreement in the prediction of maximum water 
elevations at the overtopped spit. By comparing three different hot-start initial profiles of the tsunami wave, it is 
shown that the initial shape and orientation of the tsunami wave is secondary to the initial displaced water mass in 
regard to prediction of water elevations on the spit. These numerical results indicate that agreement between 
numerical prediction of runup values with field recorded values at PNG cannot be used to validate either a NLSW 
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tsunami propagation model or a specific landslide tsunami hot-start initial condition. Finally, with the use of 
traditional tsunami codes, a new interpretation of the PNG runup measurements is presented. 

 
Matsuyama, M., and Yeh, H., 2003, Effects of tsunami at Sissano Lagoon, Papua New Guinea: 

submarine-landslide and tectonics origins, In: Yalçiner, A.C., Pelinovsky, E.N., Okal, E., 
and Synolakis, C.E. (eds.), Submarine Landslides and Tsunamis, Kluwer Academic 
Publishers, p. 151-162. 

Abstract: A submarine landslide has been conjectured at the outset as a source of the 1998 PNG tsunami, because the 
observed run-up pattern was much more localized than the predictions of numerical simulations with a co-seismic 
fault source. The discrepancy is however resulted from the faulty bathymetry data and insufficient grid size in the 
simulations. An earthquake fault source combined with the seafloor geometry taken from the published nautical 
chart can explain the tsunami focusing. A smaller source area of the submarine landslide results a runup distribution 
pattern distinct from the fault-source model. 

 
Okal, E.A., and Synolakis, C.E., 2001, Comment on “Origin of the 17 July 1998 Papua New 

Guinea tsunami: earthquake or landslide?” by E.L. Geist, Seismological Research Letters, 
v. 72, no. 3, p. 362-366. 

Conclusions: In conclusion, the argument in Geist (2000) is to cast doubt on the performance of numerical modeling 
methods on account of his perception of computational inadequacies and to prefer an analytical solution, which 
under an optimal, albeit not justified, choice of his constant γ can result in an 8 m run-up. We show that the 
shortcomings of this approach actually lead to overestimating the final amplitude to the extent that the maximum 
run-up predicted for the dislocation model (4.5 m) provides only a mediocre fit to the observed values. Based on our 
discussion of both seismological and hydrodynamic issues, we believe that the local devastating tsunami was the 
result of the slump documented inside the amphitheater by the surveys and which took place at 09:02 GMT, i.e., 13 
minutes after the main shock, as evidenced by the hydroacoustic records. Several independent modeling efforts 
using various modern codes do provide acceptable, if arguably not perfect, matches to the observed run-up heights. 

 
Tappin, D.R., Watts, P., McMurtry, G.M., Lafoy, Y., and Matsumoto, T., 2001, The Sissano, 

Papua New Guinea tsunami of July 1998 – offshore evidence on the source mechanism, 
Marine Geology, v. 175, p. 1-23. 

Abstract: The source of the local tsunami of 17th July 1998 that struck the north shore of Papua New Guinea remains 
controversial, and has been postulated as due either to seabed dislocation (fault) or sediment slump. Alternative 
source mechanisms of the tsunami were addressed by offshore investigation using multibeam bathymetry, sub-
bottom profiling, sediment sampling and observation from the JAMSTEC Dolphin 3 K Remotely Operated Vehicle 
and Shinkai 2000 Manned Submersible. The area offshore of Sissano is a complex active convergent margin with 
subduction taking place along the New Guinea Trench. Dominant transpressional convergence results in 
diachronous collision of the highstanding North Bismarck Sea Plate in a westerly direction. The result is a 
morphological variation along the Inner Trench Slope, with the boundary between eastern and western segments 
located offshore Sissano in an area of on- and offshore subsidence. This subsidence, together with nearshore 
bathymetric focusing, is considered to increase the tsunamigenic potential of the Sissano area. The offshore data 
allow discrimination between tsunami generating mechanisms with the most probable source mechanism of the local 
tsunami as a sediment slump located offshore of Sissano Lagoon. The approximately 5–10 km3 slump is located in 
an arcuate, amphitheatre-shaped structure in cohesive sediments that failed through rotational faulting. In the area of 
the amphitheatre there is evidence of recent seabed movement in the form of fissures, brecciated angular sediment 
blocks, vertical slopes, talus deposits and active fluid expulsion that maintains a chemosynthetic vent fauna. Dating 
of the slump event may be approximated by the age of the chemosynthetic faunas as well as by a seismic signal from 
the failing sediment mass. Faults in the area offshore Sissano are mainly dip–slip to the north with recent movement 
only along planes of limited lateral extent. A possible thrust fault is of limited extent and with minimal (cm) reverse 
movement. Further numerical modelling of the tsunami also supports the slump as source over fault displacements. 
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Paatuut Greenland 2000 
 
Scientific Books and Articles 
 
Dahl-Jensen, T., Larsen, L.M., Pedersen, S.A.S., Pedersen, J., Jepsen, H.F., Pedersen, G.K., 

Nielsen, T., Pedersen, A.K., von Platen-Hallermund, F., and Weng, W., 2004, Landslide 
and tsunami 21 November 2000 in Paatuut, west Greenland, Natural Hazards, v. 31, p. 
277-287. 

Abstract: A large landslide occurred November 21, 2000 at Paatuut, facing the Vaigat Strait on the west coast of 
Greenland. 90 million m3 (260 million tons) of mainly basaltic material slid very rapidly (average velocity 140 
km/h) down from 1,000–1,400 m altitude. Approximately 30 million m3 (87 million tons) entered the sea, creating a 
tsunami with an run-up height of 50 m close to the landslide and 28 m at Qullissat, an abandoned mining town 
opposite Paatuut across the 20 km wide Vaigat strait. The event was recorded seismically, allowing the duration of 
the slide to be estimated to circa 80 s and also allowing an estimate of the surface-wave magnitude of the slide of 2.3. 
Terrain models based on stereographic photographs before and after the slide made it possible to determine the 
amount of material removed, and the manner of re-deposition. Simple calculations of the tsunami travel times are in 
good correspondence with the reports from the closest populated village, Saqqaq, 40 km from Paatuut, where 
refracted energy from the tsunami destroyed a number of boats. Landslides are not uncommon in the area, due to the 
geology with dense basaltic rocks overlying poorly consolidated sedimentary rocks, but the size of the Paatuut slide 
is unusual. Based on the observations it is likely at least 500 years since an event with a tsunami of similar 
proportions occurred. The triggering of the Paatuut slide is interpreted to be caused by weather conditions in the 
days prior to the slide, where re-freezing melt water in pre-existing cracks could have caused failure of the steep 
mountain side. 

 
Sumatra 2004 
 
Scientific Books and Articles 
 
Arcas, D., and Titov, V., 2006, Sumatra tsunami: lessons from modeling, Surveys in 

Geophysics, v. 27, no. 6, p. 679-705, doi:10.1007/s10712-006-9012-5. 
Abstract: The need for the combination of seismic data with real-time wave height information for an effective 

prediction of tsunami impact is emphasized in the paper. A preliminary, but comprehensive study of arrival times, 
wave heights and run-up values at a number of locations and tide gage stations throughout the Indian Ocean 
seaboard is presented. Open ocean wave height data from satellite observations are analyzed and used in the 
reconstruction of a tsunami source mechanism for the December 26, 2004 event. The reconstructed source is then 
used to numerically estimate tsunami impact along the Indian Ocean seaboard, including wave height, and arrival 
times at 12 tide gage stations, and inundation at 3 locations on the coast of India. The December 2004, as well as the 
March 28, 2005 tsunamis are investigated and their differences in terms of tsunami generation are analyzed and 
presented as a clear example of the need for both seismic and real-time tsunami data for a reliable tsunami warning 
system in the Indian Ocean.  

 
Borrero, J.C., Synolakis, C.E., and Fritz, H., 2006, Northern Sumatra field survey after the 

December 2004 great Sumatra earthquake and Indian Ocean tsunami, Earthquake Spectra, 
v. 22, no. S3, p. S93-S104, doi:10.1193/1.2206793. 

Abstract: A field survey of earthquake and tsunami effects was conducted in the region around Banda Aceh in northern 
Sumatra. The field data included visual observations of watermarks, which were located via handheld GPS units and 
then photographed. Where possible, watermarks were surveyed along cross-shore profiles to determine runup height. 
Additional information on wave arrival and behavior—including the timing and the number of waves—was 
collected through interviews with witnesses and survivors and from video recorded during the tsunami event. These 
data were used in conjunction with satellite imagery obtained before and shortly after the earthquake to describe the 
effects of the tsunami and earthquake in terms of runup height, inundation distance, flow depth, levels of structural 
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damage, shoreline erosion, and earthquake-related subsidence. This data set is far from complete, and additional 
information is needed to fully assess the tsunami effects in northern Sumatra. 
 

Candella, R. N., Rabinovich, A. B., and Thomson, R. E., 2008, The 2004 Sumatra tsunami as 
recorded on the Atlantic coast of South America, Advances in Geosciences, v. 14, p. 117–
128. 

Abstract: The 2004 Sumatra tsunami propagated throughout the World Ocean and was clearly recorded by tide gauges 
on the Atlantic coast of South America. A total of 17 tsunami records were found and subsequently examined for 
this region. Tsunami wave heights and arrival times are generally consistent with numerical modeling results. 
Maximum wave heights of more than 1.2m were observed on the coasts of Uruguay and southeastern Brazil. 
Marked differences in tsunami height from pairs of closely located tide gauge sites on the coast of Argentina 
illustrate the importance that local topographic resonance effects can have on the observed wave response. Findings 
reveal that, outside the Indian Ocean, the highest waves were recorded in the South Atlantic and not in the Pacific as 
has been previously suggested. 

 
Fine, I.V., Rabinovich, A. B., and Thomson, R.E., 2005, The dual source region for the 2004 

Sumatra tsunami, Geophysical Research Letters, v. 32, no. L16602, 
doi:10.102g/2005GL023521. 

Abstract: Wave arrival times obtained from coastal tide gage and satellite altimetry records for the Indian Ocean are 
used to delineate the source region for the December 26, 2004 Sumatra tsunami. Findings define a curved, 250-km 
wide, 1000-km long tsunami source region centered over the Sunda Subduction Zone, which closely matches the 
seismic source estimated from broadband geophysical data. Imbedded in this general region are “hot spots” 
associated with the southern fast-slip and northern slow-slip domains which served as distinct source areas for the 
destructive waves that inundated the coast of the Indian Ocean. 

 
Fisher, D., Mosher, D., Austin, J.A., Jr., Gulick, S.P.S., Masterlark, T., and Moran, K., 2007, 

Active deformation across the Sumatran forearc over the December 2004 Mw9.2 rupture, 
Geology, v. 35, no. 2, p. 99-102, doi: 10.1130/G22993A.1; 3. 

Abstract: A 220-km-long, single-channel seismic reflection profile crosses the northern Sumatra margin and presumed 
rupture zone of the December 2004 Mw9.2 tsunamigenic earthquake and images active deformation across the 
forearc. At the largest wavelength (tens of kilometers), the forearc surface is defined by a steep, 55-km-wide outer 
slope, a 110-km-wide upper slope forming a broad depression between two forearc highs, and a 25-km-wide steep 
inner slope between the landward high and forearc basin. Superimposed on these prism-wide variations are 
anticlinal ridges spaced ~13 km apart; the inner and outer slopes are characterized by landward and seaward fold 
vergence, respectively. Between anticlines, growth strata deposited in slope basins are folded at ~2–3 km 
wavelengths. These small folds deform the seafloor and increase in amplitude with depth, verging toward anticlinal 
hinges. We suggest that long-wavelength variations are consistent with variations in strength across the forearc. The 
~13 km anticline spacing implies deformation of a slope apron that deforms independently of a stronger wedge 
interior. Growth strata geometries indicate ongoing deformation within individual basins. Our model for prism 
architecture suggests that the wedge interior advances during great earthquakes like the 2004 Mw9.2 event, peeling 
up shallower and less competent trench fill, deforming the toe and the upper slope of the forearc, and producing 
seabottom uplift responsible for the tsunami. 

 
Geist, E.L., Bilek, S.L., Arcas, D., and Titov, V.V., 2006, Differences in tsunami generation 

between the December 26, 2004 and March 28, 2005 Sumatra earthquakes, Earth Planets 
and Space, v. 58, p. 185-193. 

Abstract: Source parameters affecting tsunami generation and propagation for the Mw > 9.0 December 26, 2004 and the 
Mw = 8.6 March 28, 2005 earthquakes are examined to explain the dramatic difference in tsunami observations. We 
evaluate both scalar measures (seismic moment, maximum slip, potential energy) and finite-source representations 
(distributed slip and far-field beaming from finite source dimensions) of tsunami generation potential. There exists 
significant variability in local tsunami runup with respect to the most readily available measure, seismic moment. 
The local tsunami intensity for the December 2004 earthquake is similar to other tsunamigenic earthquakes of 
comparable magnitude. In contrast, the March 2005 local tsunami was deficient relative to its earthquake magnitude. 
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Tsunami potential energy calculations more accurately reflect the difference in tsunami severity, although these 
calculations are dependent on knowledge of the slip distribution and therefore difficult to implement in a real-time 
system. A significant factor affecting tsunami generation unaccounted for in these scalar measures is the location of 
regions of seafloor displacement relative to the overlying water depth. The deficiency of the March 2005 tsunami 
seems to be related to concentration of slip in the down-dip part of the rupture zone and the fact that a substantial 
portion of the vertical displacement field occurred in shallow water or on land. The comparison of the December 
2004 and March 2005 Sumatra earthquakes presented in this study is analogous to previous studies comparing the 
1952 and 2003 Tokachi-Oki earthquakes and tsunamis, in terms of the effect slip distribution has on local tsunamis. 
Results from these studies indicate the difficulty in rapidly assessing local tsunami runup from magnitude and 
epicentral location information alone. 

 
Gower, J., 2007, The 26 December 2004 tsunami measured by satellite altimetry, International 

Journal of Remote Sensing, v. 28, no. 13, p. 2897-2913, doi:10.1080/01431160601094484. 
Abstract: The 26 December 2004 magnitude 9 earthquake off Sumatra provided the first examples of travelling tsunami 

waves in mid-ocean clearly detected by satellite altimetry. The earthquake was the largest since satellite altimetry 
started in the 1970s and gave peak-to-trough wave heights in mid-ocean of over a metre. The tsunami was detected 
by three of the four altimeters presently giving sea surface height information. Each detected the spreading front 
twice, as it moved southwestwards into the Indian Ocean and as it moved northwards into the Bay of Bengal. They 
also detected the disturbed region closer to the epicentre that expands with the slower velocities of higher-frequency 
waves. Although the plate rupture is estimated to extend over about 1300 km in a north/south direction, the satellite 
observations appear consistent with a smaller generation area towards the south of this rupture zone. Fronts observed 
in the Indian Ocean show a positive first crest. Those observed in the Bay of Bengal are of smaller amplitude and 
appear to show a first negative first crest (trough). The structure in the Indian Ocean front observed by Jason-1 
suggests the possible presence of a shorter-wavelength negative component superimposed on the positive crest. 

 
Hudnut, K.W., 2006, Geologic and geodetic aspects of the December 2004 great Sumatra-

Andaman and 2005 Nias-Simeulue earthquakes, Earthquake Spectra, v. 22, no. S3, p. S13–
S42, doi: 10.1193/1.2222383. 

Abstract: Geologic data from field observations and satellite imagery analysis contribute a constraint on the “pivot line” 
between uplift and subsidence of coral reefs, indicating the downdip rupture extent. Geodetic global positioning 
system (GPS) data contribute vector displacements of points on islands along the archipelago, indicating amount and 
direction of slip along strike of the rupture. Geodetic and geologic data are sensitive not only to rapid coseismic fault 
movement, but also to slower motion across the plate interface that occurs postseismically. Consequently, the source 
dimensions and slip pattern estimates based on various geodetic and geologic data differ from purely seismic 
estimates. A more complete understanding is emerging, based upon joint inversions that use various combinations of 
all available data, of ways in which sudden slip and gradual afterslip occurred in each of these two major plate 
boundary ruptures. 

 
Joseph, A., Odametey, J.T., Nkebi, E.K., Pereira, A., Prabhudesai, R.G., Mehra1, P., 

Rabinovich, A.B., Kumar, V., Prabhudesai, S. and Woodworth, p., 2006, The 26 December 
2004 Sumatra tsunami recorded on the coast of West Africa, African Journal of Marine 
Science, v. 28, no. 3-4, p. 705–712. 

Abstract: Analysis of sea-level data obtained from the Atlantic Global Sea Level Observing System (GLOSS) sea-level 
station at Takoradi, Ghana, West Africa, clearly reveals a tsunami signal associated with the Mw = 9.3 Sumatra 
earthquake of 26 December 2004 in the Indian Ocean. The tsunami arrived at this location on 27 December 2004 at 
approximately 01:38 UTC (which is close to the expected tsunami arrival time at that site), after travelling for more 
than 24 hours. The first wave was negative (trough), in contrast with the South African stations where the first wave 
was mainly positive (crest). The dominant observed period at Takoradi was about 42 minutes. The maximum 
trough-to-crest wave height (41cm) was observed on 28 December at 00:15 UTC. There were two distinct tsunami 
‘bursts’, separated in time by about 14 hours, the larger being the second burst. A small residual lowering of the sea 
level (~15cm) during the tsunami and for several days afterwards, and a delayed (~4.5 days) lowering of seawater 
temperature (up to ~4.5°C), was observed, possibly indicating the presence of internal waves through the Gulf of 
Guinea associated with propagating tsunami waves. The prominent tsunami signal found in the Takoradi record 
suggests that tsunami waves could also be found at other sites off the West African coast. 
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Kanamori, H., 2006, Seismological aspects of the December 2004 great Sumatra-Andaman 

earthquake, Earthquake Spectra, v. 22, no. S3, p. S1-S12, doi:10.1193/1.2201969. 
Abstract: The 2004 Great Sumatra-Andaman earthquake had an average source duration of about 500 sec. and a rupture 

length of 1,200–1,300 km. The seismic moment, M0, determined with a finite source model, was 6.5 x 1022 N-m, 
which corresponds to Mw=9.18. Allowing for the uncertainties in the current M0 determinations, Mw is in the range 
of 9.1 to 9.3. The tsunami magnitude Mt is 9.1, suggesting that the overall size of the tsunami is consistent with what 
is expected of an earthquake with Mw =9.1 to 9.3. The short-period body-wave magnitude mb is 7.25, which is 
considerably smaller than that of large earthquakes with a comparable Mw. The mb versus Mw relationship indicates 
that, overall, the Great Sumatra-Andaman earthquake is not a tsunami earthquake. The tectonic environment of the 
rupture zone of the Great Sumatra-Andaman earthquake is very different from that of other great earthquakes, such 
as the 1960 Chile and the 1964 Alaska earthquakes. This difference may be responsible for the unique source 
characteristics of this earthquake. The extremely large size of the Great Sumatra-Andaman earthquake is reflected in 
the large amplitude of the long-period phase, the W phase, even in the early part of the seismograms before the 
arrival of the S wave. This information could be used for various early warning purposes. 
 

Kowalik, Z., Knight, W., Logan, T., and Whitmore, P., 2007, The tsunami of 26 December, 
2004: numerical modeling and energy considerations, Pure and Applied Geophysics, v. 164, 
no. 2-3, p. 379-393, doi:10.1007/s00024-006-0162-7. 

Abstract: A numerical model for the global tsunamis computation constructed by Kowalik et al. (2005), is applied to the 
tsunami of 26 December, 2004 in the World Ocean from 80°S to 69°N with spatial resolution of one minute. 
Because the computational domain includes close to 200 million grid points, a parallel version of the code was 
developed and run on a Cray X1 supercomputer. An energy flux function is used to investigate energy transfer from 
the tsunami source to the Atlantic and Pacific Oceans. Although the first energy input into the Pacific Ocean was the 
primary (direct) wave, reflections from the Sri Lankan and eastern shores of Maldives were a larger source. The 
tsunami traveled from Indonesia, around New Zealand, and into the Pacific Ocean by various routes. The direct path 
through the deep ocean to North America carried miniscule energy, while the stronger signal traveled a considerably 
longer distance via South Pacific ridges as these bathymetric features amplified the energy flux vectors. Travel times 
for these amplified energy fluxes are much longer than the arrival of the first wave. These large fluxes are organized 
in the wave-like form when propagating between Australia and Antarctica. The sources for the larger fluxes are 
multiple reflections from the Seychelles, Maldives and a slower direct signal from the Bay of Bengal. The energy 
flux into the Atlantic Ocean shows a different pattern since the energy is pumped into this domain through the 
directional properties of the source function. The energy flow into the Pacific Ocean is approximately 75% of the 
total flow to the Atlantic Ocean. In many locations along the Pacific and Atlantic coasts, the first arriving signal, or 
forerunner, has lower amplitude than the main signal which often is much delayed. Understanding this temporal 
distribution is important for an application to tsunami warning and prediction.  

 
Malik, J.N., Murty, C.V.R., and Rai, D.C., 2006, Landscape changes in the Andaman and 

Nicobar Islands (India) after the December 2004 great Sumatra earthquake and Indian 
Ocean tsunami, Earthquake Spectra, v. 22, no. S3, p. S43-S66, doi:10.1193/1.2206792. 

Abstract: Plate tectonics after the 26 December 2004 Great Sumatra earthquake resulted in major topological changes in 
the Andaman and Nicobar islands. Aerial and land reconnaissance surveys of those islands after the earthquake 
provide evidence of spectacular plate tectonics that took place during the earthquake. Initial submergence of the 
built environment and the subsequent inundation upon arrival of the tsunami wave, as well as emergence of the new 
beaches along the islands—particularly on the western rims of the islands and in the northern islands—are the major 
signatures of this Mw=9.3 event. 
 

Mosher, D.C., and Chapman, C.B., 2005, BIO contributes to studies of the great Sumatra-
Andaman earthquake and tsunami, Bedford Institute of Oceanography Review 2005, p. 34-
37. 

Summary: The Geological Survey of Canada (GSC) (Atlantic) participated in a program to investigate seafloor 
displacement and its links to tsunami generation in the region of the December 2004 Great Sumatra-Andaman 
earthquake, by acquiring seismic reflection data and collecting seafloor observations and sediment samples using a 
Remotely Operated Vehicle (ROV). Focal mechanisms of the earthquake show that it occurred on a thrust fault at 30 
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km depth. Determination of the location and amount of seafloor displacement that generated the tsunami remains 
problematic. Early estimates did not accurately reconstruct either the observed waves (i.e., from tide gauge records, 
satellite observations) or the coastal run-up measured by field survey teams. The seismic reflection profiling focused 
on a regional transect across the accretionary prism, on the deformation front at the leading edge of the prism, and 
on the forearc basin near the epicentre. The combination of seismic profile data and ROV dive observations 
indicates that there is surprisingly little evidence of widespread seafloor disruption across the margin, suggesting 
only small ground motions occurred during the earthquake. Seismic profiles through the forearc basin show coherent, 
well-stratified sediment layers, interbedded with mass-transport deposits. These mass- transport deposits may have 
resulted from landsliding during previous large earthquakes; however, no large mass transport deposit nor faulting 
and disruption of reflectors that could be attributed to this most recent earthquake were noted. A trench (~20 km 
long, 200 m wide and 15 m deep) along one of the frontal thrust folds was noted from seafloor imagery. Seismic 
profiles showed no clear underlying structures (faults). ROV observations showed a fresh looking cliff face about 12 
m high on the seaward wall of the trench; this cliff could be the expression of a major thrust fault or collapse of the 
trench wall due to earthquake ground shaking. The 2004 Sumatra tsunami was clearly recorded by many tide gauges 
throughout the world's oceans, including the North Pacific and North Atlantic. DFO scientists examined these 
gauges, which identified significant wave heights even in Halifax, 20,000 km from the tsunami source area. 
Tsunami propagation models show that mid-ocean ridges serve as topographic wave-guides, transmitting tsunami 
energy from the source area to far-field regions. In the Atlantic Ocean, the Mid-Atlantic Ridge acted as the primary 
waveguide. At about the latitude of the Tropic of Cancer, the orientation of the ridge turns rapidly from 
northwestward to northward. Here, branches of tsunami energy separated from the waveguide, propagated through 
the Bermuda Islands, and hit the east coast of North America. Removal of predicted tide and storm components of 
the tide gauge signals results in an estimated tsunami wave height of 43 cm at Halifax (the highest recorded in the 
North Atlantic). The record is undersampled, however, as the gauge recorded only every 15 minutes. Interpolation 
suggests the true tsunami wave height was likely more than 60 cm. 
 

Mosher, D.C., Austin, J.A., Jr., Fisher, D., and Gulick, S.P.S., 2008, Deformation of the 
northern Sumatra accretionary prism from high-resolution seismic reflection profiles and 
ROV observations, Marine Geology, v. 252, p. 89-99, doi:10.1016/j.margeo.2008.03.014. 

Abstract: Following the 2004 Great Sumatran–Andaman Mw≈9.2 earthquake, high-resolution seismic reflection, 
multibeam bathymetric and remotely operated vehicle data were acquired to investigate the tectonic framework of 
the rupture zone and search for evidence of seafloor and near-surface displacement. Three distinct regions off 
northern Sumatra were investigated; 1) a portion of the Sunda Trench, 2) the adjacent frontal deformation zone, and 
3) the seaward flank of the Aceh (forearc) Basin. A thick (>1.5 km) sediment section within the Sunda Trench 
shows evidence of shallow normal faulting, possibly representing early stages of assimilation into the accretionary 
wedge. The frontal deformation zone consists of ridges of predominantly landward-verging thrust folds. Seaward-
verging backthrust faults at or near the base of the steep slope commonly reach the seafloor. We do not observe a 
single, laterally extensive structural offset at the deformation front that might be interpreted as contributing to the 
2004 tsunami. Rather, a series of small-offset (tens of metres) faults were noted across this broad zone of the frontal 
accretionary wedge. The western boundary of the Aceh (forearc) Basin is the West Andaman strike-slip fault, 
juxtaposing the accretionary complex's forearc high with basin fill sediments. Neither the seismic nor ROV data 
show evidence of recent seafloor displacement along the fault trace. Basin infill demonstrates consistent along-strike 
patterns of tilting and seaward subsidence during sedimentation, while modern fill is flat-lying and coherent across 
the entire basin. Intercalated chaotic layers interpreted as mass transport deposits may record a history of seismicity, 
but recent examples of such deposits were not observed on the modern seafloor, either seaward of the deformation 
front or in the Aceh Basin. Lack of any evidence of faulting, offset or disruption of sediments within Aceh Basin 
suggests that there was little impact of the 2004 earthquake in this area. Distributed faults throughout the frontal 
deformation zone, combined with observations of landward-verging folds at the deformation front, folding within 
piggy-back basin sediments, and lack of evidence of disruption along the West Andaman Fault zone and within the 
forearc basin all support strain partitioning across the margin. A proposed strong wedge interior may act as a 
backstop during major thrust events, constraining deformation to the frontal deformation zone and the slope apron. 
Tsunami generation in response to the 2004 event did not result from surficial displacements along a single fault or 
narrow fault zone at the toe of the deformation front, but was more likely a result of vertical displacement across the 
entire outer forearc. 
 

  



 263

Murty, T.S., Nirupama, N., Nistor, I., and Rao, A.D., 2005, Leakage of the Indian Ocean 
tsunami energy into the Atlantic and Pacific Ocean, CSEG Recorder, December 2005, p. 
33-36. 

Abstract: The tsunami of 26 December 2004 in the Indian Ocean propagated not only throughout the Indian Ocean but 
also propagated into the Pacific and Atlantic oceans. Some of the tsunami energy from the Indian Ocean leaked into 
the Pacific and Atlantic oceans through the opening in the south. This leakage of tsunami energy from the Indian 
Ocean produced maximum tsunami amplitudes of 0.65 m on the Pacific coast of South America, and maximum 
amplitude of 0.3 m on the coast of Nova Scotia in the Atlantic Ocean. A simple analytical model has been adapted 
here to show that indeed the tsunami flux from the Indian Ocean into the Pacific Ocean is greater than the flux into 
the Atlantic Ocean.  

 
Rabinovich, A.B., and Thomson, R.E., 2007, The 26 December 2004 Sumatra tsunami: 

Analysis of tide gauge data from the World Ocean: Part 1, Indian Ocean and South Africa, 
Pure and Applied Geophysics, v. 164, no. 2-3, p. 261-308. 

Abstract: The Mw = 9.3 megathrust earthquake of December 26, 2004 off the northwest coast of Sumatra in the Indian 
Ocean generated a catastrophic tsunami that was recorded by a large number of tide gauges throughout the World 
Ocean. Part 1 of our study of this event examines tide gauge measurements from the Indian Ocean region, at sites 
located from a few hundred to several thousand kilometers from the source area. Statistical characteristics of the 
tsunami waves, including wave height, duration, and arrival time, are determined, along with spectral properties of 
the tsunami records. 

 
Rabinovich, A.B., Thomson, R.E., and Stephenson, F.E., 2006, The Sumatra tsunami of 26 

December 2004 as observed in the North Pacific and North Atlantic oceans, Surveys in 
Geophysics, v. 27, no. 6, p. 647-677, doi:10.1007/s10712-006-9000-9. 

Abstract: The Mw=9.3 megathrust earthquake of December 26, 2004 off the coast of Sumatra in the Indian Ocean 
generated a catastrophic tsunami that caused widespread damage in coastal areas and left more than 226,000 people 
dead or missing. The Sumatra tsunami was accurately recorded by a large number of tide gauges throughout the 
world’s oceans. This paper examines the amplitudes, frequencies and wave train structure of tsunami waves 
recorded by tide gauges located more than 20,000 km from the source area along the Pacific and Atlantic coasts of 
North America. 

 
Synolakis, C.E., and Kong, L., 2006, Runup measurements of the December 2004 Indian 

Ocean tsunami, Earthquake Spectra, v. 22, no. S3, p. S67-S91, doi: 10.1193/1.2218371. 
Abstract: We summarize some of the findings and observations from the field surveys conducted in the aftermath of the 

horrific tsunami of 26 December 2004 and reported in this issue. All these field surveys represent an unprecedented 
scientific undertaking and involved both local and international scientists working side by side. The 26 December 
tsunami was the first with transoceanic impact, since comprehensive postevent hydrodynamic surveys began to be 
conducted in the early 1990s with modern measurement tools. The tsunami impacted at least 16 nations directly: 
Indonesia, Malaysia, Thailand, Myanmar, India, Sri Lanka, Oman, Somalia, Kenya, Tanzania, Madagascar, the 
Maldives, Rodrigues, Mauritius, Réunion, and the Seychelles. The death toll included citizens from many other 
countries in Asia, Europe, the South Pacific, and the Americas, giving this tsunami the grim distinction of being the 
first universal natural disaster of modern times. 

 
Tappin, D.R., McNeil, L.C., Henstock, T., and Mosher, D., 2007, Mass wasting processes – 

offshore Sumatra, In: Lykousis, V., Sakellariou, D., and Locat, J. (eds.), Submarine Mass 
Movements and their Consequences, Advances in Natural and Technological Hazards 
Research, v. 27, Springer, the Netherlands, p. 327-336. 

Abstract: Earthquakes are a commonly cited mechanism for triggering submarine landslides that have the potential to 
generate locally damaging tsunamis. With measured runups of over 35 metres in northern Sumatra from the 
December 26th 2004 tsunami source, these runups might be expected to be due, in part, to local submarine 
landslides. Mapping of the convergent margin offshore of Sumatra using swath bathymetry, single channel seismic 
and seabed photography reveals that seabed failures are common, but mainly small-scale, and composed of blocky 
debris avalanches and sediment flows. These failures would have contributed little to local tsunami runups. Large 
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landslides are usually formed where there is significant sediment input. In the instance of Sumatra, most sediment is 
derived from the oceanic plate, and there is little sediment entering the system from the adjacent land areas. Input 
from the oceanic source is limited because of the diversion of sediment entering the subduction system off of 
Sumatra, that is attributed to collision between the Ninetyeast ridge and the Sunda Trench at approximately 1.5 
million years ago. 

 
Titov, V., Rabinovich, A.B., Mofjeld, H.O., Thomson, R.E., and González, F.I., 2005, The 

global reach of the 26 December 2004 Sumatra tsunami, Science, v. 309, no. 5743, p. 2045-
2048, doi:0.1126/science.1114576. 

Abstract: Numerical model simulations, combined with tide-gauge and satellite altimetry data, reveal that wave 
amplitudes, directionality, and global propagation patterns of the 26 December 2004 Sumatra tsunami were 
primarily determined by the orientation and intensity of the offshore seismic line source and subsequently by the 
trapping effect of mid-ocean ridge topographic waveguides. 

 
Wilson, M., 2005, Modeling the Sumatra-Andaman earthquake reveals a complex, nonuniform 

rupture, Physics Today, v. 58, no. 6, p. 19-21. 
Introduction: Data from a global network of seismometers were available within minutes of last December's Sumatran 

earthquake. Constructing a detailed, self-consistent picture of where, when, how fast, and how much the sea floor 
moved has taken months. 

 
Reports, Government Publications, and Theses 
 
Jackson, L.E., Jr., Barrie, J.V., Forbes, D.L., Shaw, J., Manson, G.K., and Schmidt, M., 2005, 

Effects of the 26 December 2004 Indian Ocean tsunami in the Republic of Seychelles, 
Report of the Canada-UNESCO Indian Ocean Tsunami Expedition, 19 January-5 
February 2005, Geological Survey of Canada, Open File 4935, 73 p. 

Summary: On 26 and 27 December, 2004, numerous tsunami waves impacted the coast of the Seychelles archipelago. 
This study documents the timing, elevation, and effects of these waves on the largest granitic islands of this 
archipelago, Mahé and Praslin, and to collate any available information on effects on other islands of the Seychelles 
archipelago. The tsunami impacted Mahé and Praslin as a sequence of waves at intervals of tens of minutes to hours. 
The first wave struck at low tide, but others occurred through several tidal cycles, with some arriving at high tide. 
The first indication of the tsunami on the Mahé tide gauge was a rise in water level to lower than higher high water 
at large tides; this was corroborated by some observers, in contrast to most observers who noticed an initial lowering 
of sea level far below the level of the lowest tides but missed the preceding rise. Maximum water levels, run-ups, 
and inland flooding distances were in coastal lowlands generally facing east toward the source of the tsunami, but 
run-up and damage were locally as severe on shores facing away from the source of the tsunami. Some observers on 
the west sides of both islands reported water approaching from two directions (from northwest and southeast). 
Highest flood levels on Mahé ranged from ~1.6 m to more than 4.4 m above mean sea level; on Praslin they ranged 
from ~1.8 m to 3.6 m. Maximum withdrawal of water was as much as 4 m below sea level. Maximum inundation of 
coastal Victoria (capital of The Republic of Seychelles) occurred about 16 hours after the arrival of the first tsunami 
wave. Damage to coastal infrastructure on both eastern and western shores was most severe where natural coasts 
have been modified, i.e., where berms have been removed from the tops of beaches, roads are immediately adjacent 
to beaches, and hotel structures are either adjacent to the high water mark or project seaward over the beach. There 
were two deaths in the entire archipelago; the islands were spared a higher death toll because the initial and largest 
tsunami waves occurred at low tide. Most damage occurred at hotels and restaurants in coastal embayments adjacent 
to beaches. Some homes were flooded and some incurred structural damage. Dock structures were damaged in Port 
Victoria, causeway bridges failed, and coastal roads were damaged. Most impacts to private property consisted of 
minor structural damage, but major structural damage occurred at a hotel on Praslin caused primarily by the draining 
of tsunami waters, which eroded and undermined the foundations. Direct wave impacts were also sustained, 
resulting in broken windows and interior damage. Major structural damage occurred along the north side of the inner 
harbour; lateral spread failures were caused by inundation and saturation of artificial fills during tsunami runup and 
flooding followed by rapid draw-down during flood drainage. Road washouts on a causeway over reclaimed land 
south of Victoria resulted from inundation and subsequent drainage of floodwaters. As far as we have been able to 
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determine, damaging effects of the tsunami were confined to the granitic islands of the northern Seychelles group, 
located on a shallow seabed shelf. Other islands in the Seychelles archipelago outside this group are coral atolls 
located on seamounts that rise from abyssal depths. The lack of impact on the atolls is due, we believe, to the deep 
water surrounding them, resulting in minimal shoaling and amplification of the long wavelength and low-amplitude 
tsunami waves. It appears that the shallow (<200 m) shelf platform surrounding the granitic islands refracted the 
tsunami waves, allowing them to approach the islands from various directions. In many places, the tsunami waves 
broke on the outer reef and then propagated across the reef as a bore. Coastal sites facing reef gaps sustained some 
of the highest run-up elevations. Bottom velocities of tsunami surges were in the 3.6 to 4.4 m/s in some locations 
based on the transport of large boulders. The December 2004 tsunami in the Seychelles provides an instructive 
example of tsunami interaction with an island group on a shallow shelf and further bathymetric modification of the 
wave in shallow water. It is evident that important progress in reducing the impact of future tsunamis could result 
from adoption of appropriate coastal management practices, in particular recognizing the vital role of natural coastal 
features such as berms and mangroves in creating a buffer against storm and tsunami waves. 
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Pre-historic Tsunamis Elsewhere 
 
Storegga Slides 
 
Scientific Books and Articles 
 
Bondevik, S., Svendsen, J.I., Johnsen, G., Mangerud, J., and Kaland, P.E., 1997, The Storegga 

tsunami along the Norwegian coast, its age and run up, Boreas, v. 26, no. 1, p. 29-53, 
doi:10.1111/j.1502-3885.1997.tb00649.x. 

Abstract: The stratigraphy in 25 coastal lakes shows that most of the Norwegian coastline was impacted by a large 
tsunami about 7200 14C BP. The methodology has been to core a staircase of lake basins above the contemporary 
sea level in several areas and to map the tsunami deposit to its maximum elevation. The tsunami was identified in 
the sedimentary record as an erosional unconformity overlain by graded or massive sand with shell fragments, 
followed by redeposited organic detritus. The greatest recorded runup along the coast (10–11 m above high tide) is 
found in areas most proximal to the Storegga slide scar on the Norwegian continental slope (Sunnmøre). To the 
north and south, runup is less, about 6–7 m at Bjugn (250 km north of Sunnmøre) and about 3–5 m in Austrheim 
(200 km to the south of Sunnmøre). This runup pattern supports the suggestion that the tsunami was generated by 
the Second Storegga Slide. The recorded runup heights are consistent within and between the investigated areas, and 
imply that the tsunami wave was not significantly influenced by the local topography, suggesting a very long wave 
length. The mapped runup estimates are in good agreement with a numerical model of the tsunami generated by the 
Second Storegga slide, and indicate that the slide was a single major event rather than a set of smaller slides. 

 
Bondevik, S., Svendsen, J.I., and Mangerud, J., 1997, Tsunami sedimentary facies deposited by 

the Storegga tsunami in shallow marine basins and coastal lakes, western Norway, 
Sedimentology, v. 44, no. 6, p. 1115-1131. 

Abstract: Sedimentary successions in small coastal lakes situated from 0 to 11 m above the 7000 year BP shoreline 
along the western coast of Norway, contain a distinctive deposit, very different from the sediments above and below. 
The deposit is interpreted to be the result of a tsunami inundating the coastal lakes. An erosional unconformity 
underlies the tsunami facies and is traced throughout the basins, with most erosion found at the seaward portion of 
the lakes. The lowermost tsunami facies is a graded or massive sand that locally contains marine fossils. The sand 
thins and decreases in grain size in a landward direction. Above follows coarse organic detritus with rip-up clasts, 
here termed “organic conglomerate”, and finer organic detritus. The tsunami unit generally fines and thins upwards. 
The higher basins (6-11 m above the 7000 year shoreline) show one sand bed, whereas basins closer to the sea level 
7000 years ago, may show several sand beds separated by organic detritus. These alternations in the lower basins 
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may reflect repeated waves of sea water entering the lakes. In basins that were some few metres below sea level at 
7000 years BP, the tsunami deposit is more minerogenic and commonly present as graded sand beds, but also in 
some of these shallow marine basins organic-rich facies occur between the sand beds. The total thickness of the 
tsunami deposit is 20-100 cm in most studied sites. An erosional and depositional model of the tsunami facies is 
developed. 

 
Bondevik, S., Løvholt, F., Harbitz, C., Mangerud, J., Dawson, A., and Svendsen, J.I., 2005, The 

Storegga Slide tsunami – comparing field observations with numerical simulations, Marine 
and Petroleum Geology, v. 22, no. 1-2, p. 195-208, doi:10.1016/j.marpetgeo.2004.10.003. 

Abstract: Deposits from the Storegga tsunami have been found in coastal areas around the Norwegian Sea and North 
Sea, from the northeast coast of England to beyond the Arctic Circle in northern Norway. The tsunami deposits 
reach onshore elevations of 10–12 m above sea level of their time in western Norway, 3–6 m in northeast Scotland 
and above 20 m on the Shetland Islands. These elevations are compared with surface (wave) elevations derived from 
a numerical simulation of the Storegga slide. A good agreement is obtained for a retrogressive slide that descends at 
25–30 m/s, and that has short time lags of 15–20 s between each individual slide-block.  

 
Bondevik, S., Mangerud, J., Dawson, S., Dawson, A., and Lohne, Ø., 2005, Evidence for three 

North Sea tsunamis at the Shetland Islands between 8000 and 1500 years ago, Quaternary 
Science Reviews, v. 24, no. 14-15, p. 1757-1775, doi:10.1016/j.quascirev.2004.10.018. 

Abstract: Coastal fen- and lake deposits enclose sand layers that record at least three Holocene tsunamis at the Shetland 
Islands. The oldest is the well-known Storegga tsunami (ca 8100 cal yr BP), which at the Shetlands invaded coastal 
lakes and ran up peaty hillsides where it deposited sand layers up to 9.2m above present high tide level. Because sea 
level at ca 8100 cal yr BP was at least 10–15m below present day sea level, the runup exceeded 20 m. In two lakes, 
we also found deposits from a younger tsunami dated to ca 5500 cal yr BP. The sediment facies are similar to those 
of the Storegga tsunami—rip-up clasts, sand layers, re-deposited material and marine diatoms. Runup was probably 
more than 10 m. Yet another sand layer in peat outcrops dates to ca 1500 cal yr BP. This sand layer thins and fines 
inland and was found at two sites 40km apart and traced to ca 5–6m above present high tide. The oldest tsunami was 
generated by the Storegga slide on the Norwegian continental slope. We do not know what triggered the two 
younger events. 

 
Bryn, P., Berg, K., Forsberg, C.F., Solheim, A., and Kvalstad, T.J., 2005, Explaining the 

Storegga Slide, Marine and Petroleum Geology, v. 22, p. 11-19, 
doi:10.1016/j.marpetgeo.2004.12.003. 

Abstract: The Storegga Slide occurred 8200 years ago and was the last megaslide in this region where similar slides 
have occurred with intervals of approximately 100 ky since the onset of continental shelf glaciations at 0.5 Ma. A 
geological model for the Plio-Pleistocene of the area explains the large scale sliding as a response to climatic 
variability, and the seismic stratigraphy indicates that sliding occurs at the end of a glaciation or soon after the 
deglaciation. The slides are in general translational with the failure planes related to strain softening behaviour of 
marine clay layers. The destabilisation prior to the slide is related to rapid loading from glacial deposits with 
generation of excess pore pressure and reduction of the effective shear strength in the underlying clays. Basin 
modelling has shown that excess pore pressure generated in the North Sea Fan area is transferred to the Storegga 
area with reduction of the slope stability in the old escarpments in distal parts of the Storegga Slide. The slide was 
most likely triggered by a strong earthquake in an area 150 km downslope from the Ormen Lange gas field and 
developed as a retrogressive slide. The unstable sediments in the area disappeared with the slide 8200 years ago. A 
new ice age with infilling of glacial sediments on top of marine clays in the slide scar would be needed to create a 
new unstable situation at Ormen Lange. 

 
Dawson, A.G., Long, D., and Smith, D.E., 1988, The Storegga Slides: evidence from eastern 

Scotland for a possible tsunami, Marine Geology, v. 82, no. 3-4, p. 271-276. 
Abstract: The Second Storegga Slide on the continental slope off western Norway has been dated at between 8000 and 

5000 yrs B.P. A prominent sand layer in Flandrian (Holocene) deposits along the coast of eastern Scotland, and 
dated at approximately 7000 yrs B.P. may have been deposited by a tsunami generated by the slide. The altitude and 
stratigraphy of the layer allow estimates to be made of the magnitude of the earthquake which initiated the slide. 
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Haflidason, H., Sejrup, H.P., Nygård, A., Mienert, J., Bryn, P., Lien, R., Forsberg, C.F., Berg, 
K., and Masson, D., 2004, The Storegga Slide: architecture, geometry and slide 
development, Marine Geology, v. 213, p. 201–234, doi:10.1016/j.margeo.2004.10.007. 

Abstract: The detailed mapping of the Storegga Slide morphological elements and the analyses of the slide development 
are based on high-quality acoustic and sampling data sets acquired through a cooperation between academia and the 
petroleum industry. The Storegga Slide has affected an area of c. 95000 km2 and a sediment volume of minimum 
2400 km3 and maximum 3200 km3 has been displaced with c. 250 km3 deposited as turbidite sediments in the 
Norway Basin. This volume places the Storegga Slide event as one of the world largest exposed submarine slides. 
The Storegga Slide can be divided into six distinctive morphological provinces. Associated, and superimposed, on 
these provinces a total of 63 slide lobe phases have been identified and mapped. The morphological investigations 
have furthermore made it possible to generate a set of numerical values for statistical analysis of slide sediment 
rheology. This knowledge also makes it feasible to model the Storegga Slide. The analyses of the slide have 
revealed that the slide has developed through a retrogressive process starting most probably on the lower slope. The 
most likely location for initializing is in an area close to the Faroe–Shetland Escarpment. 

 
Harbitz, 1992, Model simulations of tsunamis generated by the Storegga Slides, Marine 

Geology, v. 105, p. 1-21. 
Abstract: A mathematical model based on the hydrodynamic shallow water equations is developed for numerical 

simulation of water waves generated by the submarine Storegga Slides on the Norwegian continental slope. The 
equations are solved numerically by a finite difference technique. Computations of wave amplification effects reveal 
run-up heights for the Second Storegga Slide between 3 and 5 m in exposed areas along the eastern coast of 
Greenland, Iceland and Scotland and the western coast of Norway. The calculated run-up heights agree remarkably 
well with possible tsunami wave heights deduced from geological evidences along the eastern coast of Scotland. The 
generated wave heights are strongly dependent on the acceleration of the slide. The effects of shear stress at the 
interface between the water and the slide body, has turned out to be important. 

 
Henry, R.F., and Murty, T.S., 1992, Model studies of the effects of the Storegga Slide tsunami, 

Science of Tsunami Hazards, v. 10, no. 1, p. 51-62. 
Abstract: Recent evidence from sand deposits on the east coast of Scotland support the idea that a major submarine slide 

off the coast of Norway between 8000 and 5000 years B.P. (the second Storegga slide) caused a tsunami in the 
North Sea (Dawson et al., 1988). A distinctive sand layer dated to this period has been observed in beach sediments 
from the Dornoch Firth to just south of Dunbar. Although this deposit could conceivably have been caused by a 
storm surge, the high water velocities needed to scour sufficient bottom material would be more likely to have 
occurred during a tsunami. A numerical model could help to resolve this question, as well as indicating possible 
other coastal locations where the tsunami amplitudes were great enough to have caused similar deposits. Based on 
data available on the dimensions of the slide (Jansen et al., 1987) an analytical model gives a value of about 12m for 
the tsunami amplitude at the source. The same one-dimensional model gives a rough estimate of about 4m amplitude 
at the Scottish coast, but realistic topography is not adequately represented in the analytical model. A two-
dimensional finite-difference model was used to simulate the propagation of the tsunami from the Storegga site and 
estimate the resulting amplitudes along the opposite coasts. 

 
Kvalstad, T.J., Andresen, L., Forsberg, C.F., Berg, K., Bryn, P., and Wangen, M., 2005, The 

Storegga slide: evaluation of triggering sources and slide mechanics, Marine and Petroleum 
Geology, v. 22, p. 245-256, doi:10.1016/j.marpetgeo.2004.10.019. 

Abstract: The Storegga slide occurred about 8200 years ago. The enormous slide was released in an area where the 
average slope inclination is in the order of 0.6–0.7°. Slide mechanisms and possible triggering sources that can cause 
large scale slide events at such low inclinations have been studied. The morphology of the upper part of the slide 
scar shows lateral spreads along marine clay layers indicating a retrogressive slide mechanism. Mechanical models 
of this slide mechanism have been developed considering the strain softening behaviour typical for marine clays. 
Numerical modelling of the rapid sedimentation during glacial periods and field measurements show that excess 
pore pressure existed, and still exists in areas adjacent to the slide. The three factors; slide mechanism, excess pore 
pressure and strain softening, have been incorporated in a retrogressive slide model, which demonstrates that large 
scale slide processes are possible, even at the low slope gradients in the Storegga area. 

 

  



 268

Løvholt, F., Harbitz, C.B., and Haugen, K.B., 2005, A parametric study of tsunamis generated 
by submarine slides in the Ormen Lange/Storegga area off western Norway, Marine 
Geology, v. 22, p. 219-231, doi:10.1016/j.marpetgeo.2004.10.017. 

Abstract: Tsunami generation by submarine slides have been a major concern in the risk assessment for the Ormen 
Lange gas field off Western Norway. Tsunamis are analysed with a numerical model supplemented by an analytical 
one. Both models show how slide extensions and slide dynamics influence the tsunamigenic potential for a large 
region. Several combinations of slide parameters were tested, and the product of initial acceleration and the volume 
of the slide gave the best correlation with the maximum surface elevation for the near coastal domain. 

 
Mienert, J., Vanneste, M., Bünz, S., Andreassen, K., Haflidason, H., and Sejrup, H.P., 2005, 

Ocean warming and gas hydrate stability on the mid-Norwegian margin at the Storegga 
Slide, Marine and Petroleum Geology 22 (2005) 233–244, 
doi:10.1016/j.marpetgeo.2004.10.018. 

Abstract: The sensitivity of oceanic gas hydrates and submarine slope stability to the combined forcing of sea level 
changes and bottom water perturbation is a critical issue for risk assessment in the Storegga Slide area on the mid-
Norwegian margin. Evidence for the existence of gas hydrates both inside and outside the Storegga Slide complex 
comes from reflection seismic profiles, where a bottom-simulating reflection marks today’s base of the gas hydrate 
stability zone. Paleo-bottom water temperatures show a relatively fast increase at approximately 12.5–10 ka 
(calendar years) following the Younger Dryas while stable warm water conditions have prevailed since then. 
Despite sea level rise, this warm-water inflow caused a major reduction in the thickness of the gas hydrate stability 
zone along the upper slope of the mid-Norwegian margin. Modelling results indicate that critical hydrate stability 
conditions and consequently the maximal potential pore pressure build-up occur at the location of the Storegga Slide 
headwall. Although the major phase of hydrate melting predates the Storegga slide event, dated at 8.2 ka (calendar 
years), reduced hydrate stability conditions could have facilitated or contributed to sub-marine slope failure. 
Additionally, the bottom-simulating reflections within the slide complex seem to have nearly adjusted to new 
equilibrium conditions, highlighting the dynamics of hydrate stability in continental margin sediments under 
environmental changes (climate change, geohazards). 

 
Paull, C.K., Ussler, W., III, and Holbrook, W.S., 2007, Assessing methane release from the 

colossal Storegga submarine landslide, Geophysical Research Letters, v. 34, no. L04601, 
doi:10.1029/2006GL028331. 

Abstract: Marine slope failure involving methane-gas-hydrate-bearing sediments is one mechanism for releasing 
enormous quantities of methane to the ocean and atmosphere. The Storegga Slide, on the Norwegian margin, is the 
largest known Holocene-aged continental margin slope failure complex and is believed to have occurred in 
sediments that may have initially contained gas hydrate. Here, we report pore water sulfate gradient measurements 
that are used as a proxy for the relative amounts of methane that exist in continental margin sediments associated 
with the colossal Storegga Slide. These measurements suggest that a considerable inventory of methane occurs in 
sediments adjacent to, and unaffected by, the Storegga Slide events, but indicate that methane is notably absent from 
sediments on the sole of the slide and distal deposits created by the slide events. Either methane was lost during 
previous Pleistocene failure events or was never present in significant concentrations within the sediments that failed. 

 
Solheim, A., Berg, K., Forsberg, C.F., and Bryn, P., 2005, The Storegga Slide complex: 

repetitive large scale sliding with similar cause and development, Marine and Petroleum 
Geology, v. 22, p. 97-107, doi:10.1016/j.marpetgeo.2004.10.013. 

Abstract: Seven large pre-Holocene slides on the mid-Norwegian continental margin between 62 and 67°N have been 
investigated. Most of the slides are located in the area of the Holocene Storegga Slide and in the North Sea Fan. The 
largest of the pre-Holocene slides are comparable in size to the Storegga Slide. With the exception of one slide, the 
sliding took place after the onset of continental shelf glaciations at 0.5 Ma. Despite limited chronostratigraphic 
resolution, at least one large slide apparently occurs during every 100 ky, following glacial–interglacial cyclicity. 
The slides have several common characteristic features, and they detach in fine-grained, seismically stratified 
hemipelagic deposits, commonly developed as contourite drifts. The instability is most likely created by pore 
overpressure built up in the hemipelagic deposits by rapid loading from glacial deposits. In some cases fluid flow 
from underlying oozes may be a cause of overpressure. Earthquakes are the most likely trigger. The slide 
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morphologies and other characteristic features favour a retrogressive slide development, as also suggested for the 
Storegga Slide. The area of the Storegga Slide Complex is particularly slide prone because of its structural setting 
and the preference for fine grained drift deposition in this region. 
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