What can the marine record tell us about tsunamis?

Introduction

Tsunamis are of course essentially marine events, generated by submarine or subaerial landslides, submarine earthquakes, or marine impacts.  While tsunamis leave geologic records on land, these can be spotty spatially, and are subject to erosion and lack or preservation potential.  Offshore records offer the potential of both good preservation, good spatial coverage, and long temporal span.  Whether the event was generated by landslide, impact, eruption, or great earthquake, offshore records offer opportunities for correlation along the source zone, as well as to the land record. Stratigraphic correlation methods offer an added dimension to the investigation of tsunami source zones, and have potential to address source zone spatial extent, as well as the long recurrence record available in the continuously recording marine environment.  Offshore deposits can be investigated geologically and geophysically to define their extent, stratigraphic relationships, and timing.  While inspection of deposits at the sub-meter scale is challenging in the offshore environment, deposits are unlikely to have been modified by humans, and high-resolution geophysical techniques allow for quickly characterizing the 3-D geometry of sizable deposits.  As with all deposits that do not have a direct physical link to their causative sources,  marine tsunami and associated earthquake deposits must be distinguished from other deposits through either regional correlation, dating, or criteria for recognition within the deposit itself.  

State of Knowledge

What are the processes that occur in the marine environment?  These depend to some extent on the source of the tsunami, and are intimately linked with source processes in the source zone.  Tsunamis outside the source zones carry less imprint of the originating event, and indeed the source may be difficult to pinpoint, as in the case of submarine landslides and earthquakes, which maybe coeval.  


For tsunamis in and near the original source, deposits from the tsunami and source event can include: 


1) Landslides and turbidity currents (all source types)


2) Preservation of tsunami effects in nearshore and coastal basins (all source types)


3) Evidence of coeval motion of upper plate faults and venting (earthquakes and landslides)


4)  Tephra layers (volcanic sources)

For tsunamis in the far field, effects are most likely limited to preservation of tsunami deposits in nearshore and coastal basins, but could conceivably trigger submarine slides and turbidity currents through either wave loading or washback effects.    

Landslides and Turbidity Currents 

The marine environment includes many geologic environments that become increasingly unstable with time, can act as “loaded guns” waiting for an earthquake or tsunami to trigger them.  As such they are processes that can be triggered by earthquakes, and can also record the event in the geologic record.  These sites and processes include:

  Sediment load in canyons

  Gas hydrates

  Shelf edges destabilized by groundwater input.

  Seamount edifice destabilization

The triggering of turbidity currents and landslides from submarine canyons, shelf edges, and seamount edifices are becoming reasonably well known.  In particular, turbidity currents triggered along the Cascadia margin, the northern San Andreas margin, Chile, the Japan Trench and other localities are under investigation and yielding good earthquake records.  Many of these have been linked temporally to onshore tsunami deposits, and are becoming recognized as viable event pairs that document the occurrence of earthquake triggered tsunami.  These events can be dated and correlated in the marine environment, providing long continuous records that also provide good evidence for spatial continuity. 

Coastal and nearshore basin deposition:  

Sediment traps for tsunami deposits exist in many forms, some have been tested for their utility in paleo-tsunami and paleo-earthquake records, while others offer potential, but remain somewhat speculative.   The tested modes of tsunami deposition in the marine environment include submarine deposition of tsunami sediment in bays, lagoons, and lakes whose seaward boundaries were overwashed by tsunami waves (we include lakes here as “marine deposits” for simplicity of discussion, though they may also be considered land deposits.  Tsunami overwash deposits are well known now from several settings including Sweden, Japan, Kamchatka, and Cascadia.  They offer long records and continuous sedimentation, much like deeper marine environments, but are more accessible.  Deposits in these settings may be mixed with other events, and thus may present some ambiguities, however the same can be said of any off-fault paleoseismology or tsunami deposit.  


Lesser known are deposits in open bays, shelves, and forearc basins that result from tsunami backwash.  A few cases have been reported, and others exist in Japanese literature, however these types of deposits remain to some extent in the realm of speculation.    Earthquake related turbidites have now been found in forearc basins, sounds, and fjords in Cascadia, so there is reason to believe they will be found elsewhere as well.  The few reports of tsunami backwash deposits in nearshore environment is suggestive of potential preservation, perhaps more subject to special conditions, but possibly offering sites where other preservation sites are not available. 

Coeval fault motion and fluid venting evidence:   

Four earthquake related tsunami, the source region may be characterized by direct evidence of faulting offshore using high resolution bathymetric, seismic, and ROV or submersible surveys.  Offshore upper plate faults (subduction zones), or the primary fault (other systems) leave evidence of movement and timing in the form of colluvial wedges similar to onshore faults, and in the form of fluid venting, which existing studies suggest is invigorated in the rupture region following a significant earthquake.  Using coring, seismic profiling, bathymetry surveys, and submersible observations, the rupture extent can be determined for the most recent event, and a paleoseismic history for a fault segment can be developed much as is done in onshore paleoseismology.  Recent advances such as coring devices with video capability, and high resolution deep-towed CHIRP sonars make pinpointing and interpreting such targets possible.  Rupture extents can then be used to refine tsunami source models which presently include only an approximate realization of the causative source in many cases.  

Evidence from Volcanic and Impact sources

Abundant evidence exists for the association of tsunamis with volcanic and impact sources.  Though these sources are less common, their devastating potential cannot be overstated.  These sources offer less ambiguity in their relationship to the causative events.  Impact tsunamis will be associated with an impact structure, which can leave direct evidence even in mid ocean to the hypervelocity arrival of the impactor.  They also can be associated with iridium deposits, and the waves themselves can reach far inland, beyond the runup of any other source.  Submarine or near marine volcanic explosions such as Krakatau near Java, can also generate large tsunami, and are of course associated directly with easily recognized and dated tephra layers.  It is also possible that major volcanic episodes may be temporally linked to subduction earthquakes in convergent margin settings.  Testing of these ideas through dating of ashes and associated tsunami deposits may find further such linkages.  

Other possible deposits associated with tsunamis

Nearshore deposits (<50m water depth) may also preserve critical information as to wave direction and speed.  However, to the best of our knowledge, none of these have been reported in the English literature.  These might include the preservation of sediment aprons, sand bars, large sediment waves, deposited during backwash. Also, large objects (boulders, coral blocks, human artifacts) may be dragged or deposited on the seafloor, producing a debris field and other evidence on the seafloor.




 What can we do?  Methods


Most of the deposits that are known to occur or may occur in the marine environment require improvements in the criteria for recognition, and in some cases, exploration for environments and deposit types that are speculative.  Development of such criteria are best done when there are deposits of unquestioned origin.  Presently most literature regarding marine tsunami deposits comes from the ancient geologic record and cannot be tested.  


Some of the specific areas that can be addressed include: 

1)  Collecting geotechnical information from submarine canyon areas that either failed or did not fail under shaking or wave loads, generated by either the earthquake or wave loading from the tsunami. If done using a known well recorded event, such investigations places strong constraint on shaking triggered failures from past events.  (Even wave loading from large storms may trigger landslides, and in turn generate tsunami).  

2)  Capturing long records of earthquakes and or landslides in potential source zones.   These can be compared to the onshore temporal and spatial record of uplift subsidence, and wave run up to determine source length, segmentation, timing, and slip magnitude in the case of earthquake sources. Offshore deposits associated with earthquakes may have distinctive signatures depending on whether or not they are associated with tsunami. If true, the characterization of these signatures would be invaluable for understanding source mechanisms of great earthquakes and for hazard assessment.

3) Development of methodologies for correlation of stratigraphy associated with submarine tsunami deposits and turbidites.  Such techniques can provide spatial continuity not available from onshore deposits.  Dating of offshore deposits of all types also includes an independent pelagic and hemipelagic sediment recorder of time between events, strengthening the age model for a given region.  With improved temporal and spatial records, it is possible to address fundamental source characteristics such as clustering, seismic gaps and stress triggering, all critical for time dependant hazard assessment

4)  Bathymetric surveys of suspected source zones are important for many aspects of tsunami science.  Pre-event surveys may identify regions where local faulting and landsliding may enhance tsunami generation, where tsunami will focus at the shoreline, and identify potential sites of preservation of past events.  Bathymetric mapping technology (multibeam sonar systems, and also LIDAR surveys nearshore -<20m depth-) can now produce maps of the seafloor with meter to sub-meter resolution. The systematic survey with these technologies of coastal areas at high risk for tsunami would make it possible to exactly characterize the effects of a tsunami on sedimentation processes should one happen in the near future.

The December, 2004 Sumatra-India earthquake and tsunami represents an opportunity to catalogue marine effects from a very well recorded series of events, many of which are unknown or poorly known at present.  A modern deposit of unquestioned origin is invaluable for defining the paleo record, and this event represents the best recorded great earthquake in human history.  The Sumatra-India margin represents a natural laboratory where processes and resulting deposits can be measured against known earthquake and tsunami parameters, and where these parameters vary in a systematic way along strike, from a slow rupture in the north to a faster conventional rupture in the south.   Using this variation to test thresholds for deposit generation can be used to benchmark similar deposits around the world.  

