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Abstract 

 

Physical	  models	  of	  tsunami	  deposition:	   

An	  investigation	  of	  morphodynamic	  controls 
 

Katherine Lynn Delbecq MSGeoSci 

The University of Texas at Austin, 2013 

 

Supervisors:  Wonsuck Kim, David Mohrig 

 
A key goal of tsunami research is to quantitatively reconstruct flow parameters from 
paleotsunami deposits in order to better understand the geohazards of coastal areas.  
These reconstructions rely on grain-size and thickness measurements of tsunami deposits, 
combined with simple models that allow an inversion from deposit characteristics to 
wave characteristics.  I conducted flume experiments to produce a data set that can be 
used to evaluate inversion models for tsunami deposition under controlled boundary 
conditions.  Key variables in the flume experiments are sediment grain-size distribution, 
flow velocity and depth, and depth of water ponded in the flume before the tsunami bore 
was released.  Physical experiments were run in a 32 m-long outdoor flume at The 
University of Texas at Austin.  The flume has a head box with a specialized mechanical 
lift gate that allows instantaneous release of water to create a bore.  Various sediment 
mixtures (silt to very coarse sand) are introduced to the upstream end of the channel as a 
low dune positioned just below the lift gate.  The bore entrained the sediment mixture, 
producing an unambiguous suspension-dominated deposit in the downstream half of the 
channel.  Deposits were sampled for grain-size and thickness trends.  The experimental 
results capture characteristics of many recent and paleotsunami deposits, including 
consistent fining in the transport direction.  In addition to overall fining, trends in deposit 
sorting and coarse (D95) and fine (D10) fractions reveal the importance of sediment-source 
grain-size distribution on tsunami deposit attributes. 
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Nor should we omit to mention the havoc committed on low coasts, during earthquakes, 
by waves of the sea which roll in upon the land, bearing everything before them, for many 
miles into the interior throwing down upon the surface great heaps of sand and rock, by 
which the remains of drowned animals may be overwhelmed. 

Charles Lyell, 1832 

 

Chapter 1: Introduction 

An emerging goal among tsunami researchers is to reconstruct flow parameters 

from paleotsunami deposits in order to constrain potential geohazards of coastal areas.  

These methods rely on grain-size and thickness measurements of the paleotsunami 

deposits in the transport direction.  In the field, tsunami deposit thickness can be locally 

variable, thinning from 20 cm to just a few centimeters over short distances (Moore, 

Nishimura et al. 2006, Fujino, Naruse et al. 2010).  Therefore, it is difficult to capture the 

variability in thickness of paleotsunami deposits through coring one shore-normal 

transect, a common method for field surveys (Clague and Bobrowsky 1994, Nanayama, 

Shigeno et al. 2000, Jaffe and Gelfenbaum 2002, Monecke, Finger et al. 2008, Fujino, 

Naruse et al. 2010).  Grain-size distribution in the suspension-dominated deposits is less 

variable than thickness, but consistently fines in the landward direction.  Current inverse 

models used to estimate tsunami magnitude from deposit grain-size, thickness, and inland 

extent of the deposit have been calibrated using data collected from modern tsunamis 

(Moore, McAdoo et al. 2007, Spiske, Weiss et al. 2010, Jaffe, Buckley et al. 2011, Jaffe, 

Goto et al. 2012).  The advection-settling model uses the Law of the Wall, along with 

particle settling velocity for the D95 fraction of a tsunami deposit and the distance inland 

traveled to estimate tsunami flow height and average velocity (Moore, McAdoo et al. 
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2007, Woodruff, Donnelly et al. 2007).  The Tsunami Sedimentation Model (or 

TsuSedMod) uses deposit grain-size, thickness, an estimated flow depth, inundation 

distance, and suspended sediment profile to iteratively arrive at the flow depth and 

velocity needed to generate the deposit (Jaffe and Gelfenbaum 2007).  TsuSedMod 

requires more inputs that are sometimes unknown, especially for paleotsunami studies, 

but has been shown to be fairly accurate when applied to some modern tsunami deposits 

from Indonesia 2004 and Tohoku 2011 tsunamis (Spiske, Weiss et al. 2010, Jaffe, Goto et 

al. 2012). 

Tsunami inundation occurs in diverse coastal environments, including barrier 

island and lagoon complexes, tidal marshes, dry coastal plains, and mangrove swamps.  

Preservation potential of a tsunami deposit is highest in low-energy environments with 

minimal bioturbation, but deposits have been reported in many locations around the 

world.  Many paleotsunami studies have been conducted in temperate peat marshes of the 

northwestern United States and southwestern Canada (Atwater and Moore 1992, Dawson 

1994, Peterson, Cruikshank et al. 2008, Peterson, Cruikshank et al. 2010), and northern 

Japan (Nishimura, Miyaji et al. 2000, Sawai 2002, Nanayama, Satake et al. 2003, 

Kamataki, Sawai et al. 2004, Tanioka, Nishimura et al. 2004, Nanayama and Shigeno 

2006).  In the Kuril Islands, New Zealand, and Australia, tsunami deposits have been 

studied in pocket beaches and broad, gravely embayments backed by coastal cliffs and 

headlands (Bryant, Young et al. 1996, Goff, Rouse et al. 2000, Goff, Chague-Goff et al. 

2001, Nichol, Lian et al. 2003, MacInnes, Pinegina et al. 2009).  Following the December 

2004 Indian Ocean tsunami that devastated the coastlines of Indonesia, Thailand, India, 
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the Maldives, and places further afield, tsunami deposits were identified and studied in 

the marshy beach ridge and swale topography of Aceh, Indonesia and Phra Thong, 

Thailand (Jankaew, Atwater et al. 2008, Monecke, Finger et al. 2008).  Investigations of 

the 2004 tsunami deposit were conducted in similar beach strand plain environments just 

south of Banda Aceh (Moore, Nishimura et al. 2006), and in Thailand (Fujino, Naruse et 

al. 2010).  Following the March 2011 Tohoku earthquake and tsunami a host of rapid 

response surveys were conducted to establish flow depths, inundation extent, tsunami 

deposit thickness, grain-size, sedimentary structures, and geochemical and biological 

signals (Abe, Goto et al. 2012, Chagué-Goff, Andrew et al. 2012, Jaffe, Goto et al. 2012, 

Nakamura, Nishimura et al. 2012, Naruse, Arai et al. 2012, Richmond, Szczuciński et al. 

2012, Szczuciński, Kokociński et al. 2012, Takashimizu, Urabe et al. 2012).  While a lot 

can be learned by comparing and contrasting the modern and ancient deposits found in so 

many depositional environments, it is still difficult to isolate how a certain variable, such 

as the grain-size distribution found on a beach and available to the oncoming tsunami 

would control the resulting deposit grain-size trends.  With paleotsunamis, it can be 

difficult to estimate the source grain-size distribution of the beach and dunes before the 

ancient tsunami struck, and even with modern tsunamis, the pre-tsunami beach and dune 

grain-size may not be known with certainty. 

Even with modern tsunami field studies where scientists can go out weeks or 

months after the event to survey observed damage, measure flow depths and inundation 

limit proxies, interview eyewitnesses, or even use cell phone or news videos posted on 

YouTube to calculate flow velocities, it is still hard to fully reconstruct the properties of 
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the flow necessary to completely understand an associated tsunami deposit.  Because of 

the enormous complexity of field studies, where local bathymetry and topography steers 

flow, vegetation may slow and trap sediment, and coastal structures such as piers and 

buildings complicate tsunami inundation patterns, a laboratory investigation of the first-

order controls of tsunami deposit morphology is beneficial.  I conducted a series of flume 

experiments (in summer 2011) to isolate the effects of source grain-size variation and 

standing water on tsunami-like deposits.  A flume at The University of Texas at Austin 

generates bores hydraulically similar to tsunami flow across a coastal plain or lagoon and 

allows for examining the controls in tsunami deposit built under a range of external 

conditions.  In this study, I present the results defining the morphodynamic controls on 

deposit grain-size and thickness. 
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 Chapter 2:  Experimental Design 

This study was motivated by a need for data defining the relationship between the 

wave hydrodynamics and the resultant sediment deposit morphology.  

A 32 m long, 0.5 m wide, and 0.8 m high flume was constructed of concrete, 

Plexiglas, and plywood at The University of Texas at Austin Morphodynamics Lab with 

a ~6 m3 capacity holding pool behind a mechanical lift gate (Figure 1a,b).  This setup 

allows users to create a bore that simulates flash flood or tsunami flow.  Sediment was 

introduced just in front of the lift gate as a 1.5 m long and 12 cm high dune.  When the 

bore was released from behind the lift gate, flow over the sand dune rapidly entrained the 

sediment mixture mimicking the entrainment of sand by a tsunami moving onshore over 

a coastal dune, barrier island, or other sediment source.  Sediment quantity for each 

experiment is determined by weight rather than volume to account for different porosity 

or packing; 180 kg of dry sediment was used in each experiment.  The flume bed is flat 

with no overall slope, so a low ramp at the end of the flume is used to pond water within 

the flume, slowing the bore and increasing the time for deposition of suspended sediment.  

This porous ramp at the end of the flume is designed to reduce wave reflection and allow 

slow drainage of water out of the flume, simulating tsunami backflow in a natural setting 

within the geometric constraints of a flat-bedded flume that allows only unidirectional 

flow (Figure 1a,c).  Wave reflection does occur as the bore hits the downstream 

boundary, but sediment transport and reworking of the deposit is minimal, based on 



 6 

observations and video taken through a Plexiglas portion of the flume wall located 15 m 

downstream of the lift gate (Figure 1a).  For simplicity of interpretation, each experiment 

consisted of a single bore that created a thin deposit rather than multiple flows that are 

sometimes seen in nature due to a train of tsunami waves or a storm surge event.  The 

flume was instrumented with ultrasonic transducers to measure water height above the 

bed located in the head box, and at 6 m, 10 m, and 16 m downstream of the lift gate, and 

two Acoustic Doppler Velocimeters (ADVs) mounted at 9 cm and 15 cm above the bed 

located 16 m downstream of the lift gate.  Flow height and instantaneous velocity data are 

not presented here.  Video was taken through a Plexiglas portion of the flume wall 

located 15 m downstream of the lift gate and was used as a visual measure of average 

flow velocity and maximum flow depth (Figure 1a). 

During each experiment, the bore was released from behind the mechanical lift 

gate and the water pump was left at roughly 0.27 m3/s for an additional ten seconds and 

then turned off.  Some water and sediment flowed over the ramp and out of the flume but 

most remained ponded within the flume.  The downstream barrier was constructed to be 

leaky, such that water drains slowly from the flume over 30 minutes without disturbing 

the deposit.  We then measured deposit thickness manually at 25 cm intervals along the 

length of the flume.  Sediment samples were collected at one-meter intervals and later 

analyzed for grain-size distribution at 1/8th ϕ resolution using a Retsch Technology 

Camsizer, a digital image processing particle size and shape analysis system.  The 

sediment samples included the entire thickness of the deposit to avoid bias from vertical 

grain-size variation.   
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The experiments were designed to test the sensitivity of sediment deposition to 1) 

the depth of ponded water within the flume before the bore was released and 2) the initial 

grain-size distribution in the source dune.  I was particularly interested in discovering 

how surge deposit grain size and thickness were affected by these two system properties.  

The first three experiments (referred to “Ts_Dry_Fine”, “Ts_10_Fine”, and 

“Ts_19_Fine”) examined how the depth of ponded water within the flume shapes the 

resulting deposit.  We used 180 kg of quartz sand with a mean grain-size of 200 μm 

(Figure 2) placed in a low dune-like pile 12 cm thick in the center with upstream and 

downstream sides sloping at the angle of repose located 0.5 – 1.5 meters downstream of 

the lift gate for each of these three experimental runs.  Ts_Dry_Fine released a bore into a 

completely dry bed (Table 2); Ts_10_Fine used the same sediment mixture and bore flow 

conditions, but added 10 cm of ponded water within the flume before the bore was 

released; whereas Ts_19_Fine increased the ponded water depth to 19 cm.   

The second set of experiments used different grain-size mixtures in the source 

dune to examine sensitivity of deposit thickness and grain-size trends (Figure 2).  These 

three experiments are referred to “Ts_8_FinerBi”, “Ts_8_MedUni”, and “Ts_8_MedBi”.  

Ts_8_FinerBi and used a moderately sorted, coarsely skewed, slightly bimodal sediment 

mixture with peaks at 200 μm and 427 μm (Table 1).  Ts_8_MedUni used a moderately 

sorted, unimodal distribution with a peak at 280 μm and a coarse lag of coarse to very 

coarse sand (Table 1).  Ts_8_MedBi used a moderately sorted, bimodal distribution with 

peaks at 208 μm and 400 μm (Table 1).  These three experiments used nearly identical 

tsunami bore conditions of a ponded water depth of 8 cm in the flume before the bore 
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was released, resulting in average flow velocities of 1.4 – 1.6 m/s behind the bore, and 

maximum flow depths of 0.35 – 0.4 m (Table 2). 
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Chapter 3:  Experimental Results 

3.1.  Ponded water depth 

The deposits created in the first series, Ts_Dry_Fine, Ts_10_Fine, and 

Ts_19_Fine show distinct patterns of fining and thinning with transport distance.  Figure 

3a shows decrease of grain-size in the final deposit in Ts_Dry_Fine and Ts_10_Fine, 

which indicates the influence of a dry flume bed opposed to shallow ponded water within 

the flume before the tsunami bore is released.  The trend in D10, D50, and D90 values to the 

downstream are presented to show no fining trend in the dry bed case (Ts_Dry_Fine), 

while the deposit produced by Ts_10_Fine clearly demonstrates grain-size fining.  

However, Ts_10_Fine and Ts_19_Fine (Figure 3b) using the shallow ponded water (10 

cm) and deep ponded water (19 cm) conditions, produce very similar grain-size trends.  

D10, D50, and D90 values with fitted regression lines represent minimal difference in fining 

trend within these two runs.  In these scaled experiments, doubling the depth of ponded 

water has very little impact on the resulting deposit grain-size. 

The thickness of the deposit produced by bores over varying ponded water depths 

varies greatly.  Figure 4a shows that Ts_Dry_Fine, the run that utilized a dry bed, 

produced a thin, fairly uniform deposit along the flume to the downstream with a 

maximum thickness of 11 mm.  All of the sediment in the source dune was mobilized by 

this high-velocity flow.  Ts_10_Fine, the run with 10 cm of ponded water in the flume, 

fully mobilized the source dune but left a slightly thicker wedge of 20 mm between 3 and 

10 meters downstream of the lift gate.  Ts_19_Fine used the deepest ponded water of all 
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the experiments, producing a 50 mm thick, minimally reworked deposit between 1 and 6 

meters, rapidly thinning to only several millimeters in the distal portion of the flume.  In 

experiment Ts_19_Fine, a substantial portion of the source dune was not suspended and 

was only minimally reworked.  Based on grain-size and thickness trends, Ts_10_Fine 

behaved most like a tsunami inundating a coastal area, so the ponded water depth of all 

following experimental runs was set at 8 – 10 cm.   

3.2.  Source grain-size distribution 

Experiments Ts_8_FinerBi, Ts_8_MedUni, and Ts_8_MedBi examined the effect 

of different source grain-size distribution on the resulting deposit.  In each case, as the 

deposit thins between 10 – 12 m downstream of the lift gate, the grain-size coarsens 

relative to the source sand mixture.  Ripples may be present in the proximal reach of the 

flume, but fade downstream of 12 meters.  In Ts_8_FinerBi (Figure 5a), the grain-size 

coarsens slightly between 5 m and 17 m, then fines downstream of 17 m.  This fining 

trend is observed over all grain-sizes, but is especially pronounced in the D95 values, 

producing a slightly better sorted deposit in the distal portion of the flume.  For 

Ts_8_MedUni, a source mixture that contained a unimodal distribution with a more 

abundant very coarse sand lag, the grain-size coarsens markedly between 5 and 15 m 

(Figure 5b).  This coarsening is very pronounced in the D95 fraction and less so in the D50 

or D10 fractions.  Downstream of 15 m, the grain-size fines and thins to a relatively even 

layer between 1 and 5 mm thick, and becomes better sorted with increased transport 

distance.  In Ts_8_MedBi (Figure 5c), the deposit becomes coarser than the source 

material between 5 and 10 m, then fines consistently downstream of 12 m, corresponding 
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to where the deposit also thins from 25 mm to less than 5 mm.  As in Ts_8_MedUni, the 

coarsening response is most visible in the D95 size class.  

Because the experiments Ts_10_Fine, Ts_8_FinerBi, Ts_8_MedUni, and 

Ts_8_MedBi were all run with similar ponded water depth and flow conditions, we might 

expect the deposit thickness to be very similar on the condition that shear stress was great 

enough to mobilize and suspend even the largest grains in the source dune.  Figure 4b 

shows the thicknesses of each experimental run.  In each case, the deposit is between 20 

and 30 mm just downstream of the original source dune, between 2 and 10 m, where the 

deposits thin rapidly.  Downstream of 10 m, each deposit forms a thin sheet that varies 

between 1 and 10 mm.  In Ts_10_Fine, the thickest part of the deposit is several meters 

farther downstream, and the distal portion of the deposit is slightly thicker than the other 

experiments.  This may be attributed to the finer grain-size used in that experiment being 

more easily entrained and transported.   
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Chapter 4:  Discussion 

4.1.  Ponded depth and grain-size controls on deposit morphology 

The presence of water ponded within the flume before the bore is released has a 

large effect on both the deposit thickness and grain-size trends of the deposit.  With no 

ponded water in the flume, the bore mobilized all of the source sediment and traveled at 

an average of 2 m/s down the flume.  The deposit from Ts_Dry_Fine showed no thinning 

or fining trends with transport distance (Figures 3,4).  It is possible, due to the velocity of 

this bore being higher than any successive experiment, the flow was moving too rapidly 

to allow a suspension-dominated transport-associated fining trend to become apparent in 

the relatively limited 32 meters of flume length.  The finer grain sizes were transported 

out of the flume, over the ramp, resulting in a slight coarsening over the length of the 

flume. 

In the experiments Ts_10_Fine and Ts_19_Fine, with a ponded water depth of 10 

cm and 19 cm, the grain-size fining and sorting trends with transport distance were nearly 

identical (Figure 3).  While the Ts_10_Fine deposit had a thin wedge of remobilized 

sediment near the head of the flume, Ts_19_Fine had a thick wedge of remobilized 

sediment with the deposit thinning rapidly downstream of 7 meters, and to less than 1 

mm at the distal end of the flume.  With an identical 12 cm thick source dune for each 

experiment, the deep ponded water of run Ts_19_Fine effectively sheltered the source 

dune under the water from erosion and entrainment.  Less of the source sediment was 

mobilized, but because the grain-size trends are nearly the same as run Ts_10_Fine, we 
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can conclude that a similar grain-size mixture became suspended in each run despite the 

doubling of ponded water depth.  This may have implications for the interpretation of 

tsunami deposits in the field where lagoons or shallow marshes have different water 

depth.  The source dune exposure relative to base level controls the amount of sediment 

entrainment and thus the final deposit thickness, while the trend of grain-size fining can 

be identical despite different initial water depth in the lagoon or marsh, at least across the 

ratios of tsunami height to ponded water depth studied here.  

The role of source grain-size distribution was investigated in experiments 

Ts_8_FinerBi, Ts_8_MedUni, and Ts_8_MedBi.  I found that the thickness of the deposit 

with transport is not substantially impacted, with the exception that very fine sand 

(Ts_10_Fine) is more easily entrained and transported, producing a deposit that is slightly 

thinner in the remobilization reach and slightly thicker in the distal reach than the 

mixtures that incorporate coarser material (Figure 4b).  

The rate of grain-size fining with transport distance is dependent on the grain-size 

distribution in the sediment source dune (Figure 5).  Specifically, the presence of a very 

coarse peak (or lag) can greatly increase the rate at which the D95 fraction changes with 

transport distance because the settling velocity of very coarse sand and pebbles is much 

greater than that of finer grained sand, producing rapidly fining deposits with distance.  

Ts_8_MedUni had the coarsest D95 value of any of the source dune mixtures (Figure 5b), 

and that experiment showed the most pronounced coarsening between 8 and 14 meters in 

the remobilization reach, followed by the greatest reduction of D95 in the distal portion of 

the flume.  If the bulk of the sediment is being transported as suspended load, a simple 
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advection transport model can capture the result of introducing a population of very 

coarse grains relative to the mean grain-size.  The bigger the size difference between the 

coarsest grains and the bulk of the grains in suspension, the more rapidly those grains will 

settle out and be deposited, increasing the downstream fining rate.   

Due to time and cost constraints, only a limited number of experiments were 

possible.  It is certain that tsunami flow depth and ponded water depth are first-order 

controls on deposit thickness and grain-size change with transport distance.  However, 

the rate of thinning and grain-size fining, if normalized for inundation distance and flow 

depth, yield helpful information about source grain-size and how to interpret 

paleotsunami deposits.  

4.2.  Dynamics of sediment mobilization 

In experiments Ts_8_FinerBi, Ts_8_MedUni, and Ts_8_MedBi, I found that as 

thickness of the deposit decreases between 8 and 14 meters downstream of the lift gate, 

there is a corresponding coarsening in grain-size of the deposit (Figure 5).  Based on the 

grain-size and thickness trends in these experiments, I interpret that a portion of the 

source sediment was not entrained into the interior flow, but was transported as a bed-

material wave that moved a relatively short distance down the flume, though this process 

was not directly observed.  The finer grains on the surface of the source dune are actively 

entrained into suspension and removed from the wave, causing an overall coarsening of 

the bed-material wave with transport down the flume. 

The grain-size in the remobilized reach of the flume shows that much of the finest 

material has been removed, though the sediment in the remobilized portion has not been 
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reworked sufficiently to increase sorting or leave a lag of the coarsest grains.  Because 

entrainment of the source dune is so rapid and flow conditions during the experiment are 

inherently unsteady, we hypothesize that little surface armoring occurs.  Though almost 

all grains present in the source dune were small enough to become suspended under the 

shear stresses generated by the bore released into the flume, a larger proportion of the 

finest material is entrained into the interior of the flow, yielding slight coarsening of D10, 

D50, and D95 fractions.  For the flows generated in the flume, an average flow velocity 

measured behind the bore of U=1.5 m/s yields a shear velocity u*, 

             (Eq. 1) 

estimated as u*=0.1 m/s using the Law of the Wall velocity profile (Eq. 1) with sediment 

grains as the main roughness elements, such that z0 =D84/30, a common assumption for 

hydraulically rough flow (Middleton and Southard 1984).  It should be noted that the 

Law of the Wall assumes quasi-steady, uniform flow and a fully developed boundary 

layer, conditions that may not apply to the rapidly changing bores used in these 

experiments.  However, this method allows us to put broad bounds on the shear velocities 

and Rouse numbers for sediment mobilization in the flume.  Rouse number, P (Eq. 2), is 

then calculated as, 

          (Eq. 2) 

where κ is the von Karman constant (0.41), and ws is settling velocity of a given grain-

size calculated in the manner of (Dietrich 1982).  For grains with a diameter of 1 mm, 
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P≈2.9, for 800 μm, P≈2.4, and for 400 μm, P≈1.2.  Because the criteria for pure bedload 

transport is P>6.1, incipient suspended transport is 6.1>P>2.5, and full suspension is 

P<2.5, in our experiments, grains greater than 1 mm would travel in incipient suspension 

and grains smaller than 900 μm would be in full suspension or wash load (Eastwood, 

Kocurek et al. 2012).  Because average flow velocity was measured 16 m downstream of 

the flume entry, it is likely that velocity, and therefore shear velocity at the bed, are 

greater over the source dune and become less with distance traveled.  Therefore, the 

Rouse number values presented here are conservative estimates used to demonstrate why 

we can treat the D95 fraction of the deposits as having been deposited from suspension or 

incipient suspension in the portion of the flume downstream of 12 meters.  

Downstream of 10 to 14 meters (depending on the experiment), the deposit 

abruptly thins and coarsens (Figure 5).  At this location, suspended sediment transport 

becomes dominant.  The coarsest grains in suspension settle rapidly out while smaller 

grains with lower settling velocities are advected farther downstream.  Figure 6 presents a 

generalized cartoon schematic of the experiments, with the sudden thinning of deposit 

and coarsening deposit grain-size marking the boundary between the proximal 

remobilization reach and the distal suspended transport reach (Figure 6).  The source 

sediment distribution of Ts_8_MedUni has a longer coarse tail in the distribution (Figure 

2), causing the coarsest peak at the start of the suspended transport reach (Figure 5b).  

Comparing Ts_8_FinerBi and Ts_8_MedBi, due to the longer and thick tail to fine grain-

size in Ts_8_FinerBi, decrease in grain-size over the suspended transport reach is less 

(Figure 5).  In the suspended transport reach, the deposit becomes finer and better sorted 



 17 

with increased transport distance.  In each of experiments Ts_8_FinerBi, Ts_8_MedUni, 

and Ts_8_MedBi, the D95 and D50 values in the most distal portion of the flume are 

markedly finer than the respective fractions in the source dune, showing that the coarsest 

material in the source was not carried along the full length of the flume (Figure 5).  

While the experimental setup offers an artificial and simplified 2D tsunami 

inundation scenario, the physics of sediment mobilization by a rapidly moving, highly 

turbulent bore moving over a low dune are similar.  While many paleotsunami studies 

(Atwater and Moore 1992, Moore, McAdoo et al. 2007, Morton, Gelfenbaum et al. 2007, 

Nanayama, Furukawa et al. 2007) have focused on sand sheets that thin and fine inland, 

deposited from suspension-dominated sediment transport, it is possible that the 

remobilized beach sediment in the thickest and most proximal portion of the deposit 

would exhibit similar or even coarser average grain-size and sorting to the sediment 

source.  It is possible that preservation potential is much higher for a tsunami deposit in 

the low energy marsh or lagoon environments often found behind higher energy beach 

ridges, where tsunami deposits are more likely to be reworked or eroded by wind and 

waves.  Tsunami backwash, or return flow of the water to the ocean, may erode and carry 

away some of the proximal deposit, further reducing preservation of bedload-dominated 

near-shore tsunami deposits comparable to those formed in the remobilization reach of 

the flume.  Even in field studies of modern tsunamis, it can be very difficult to distinguish 

a tsunami deposit that is atop beach or dune sands rather than overlying soil, peat, 

vegetation, or other distinguishing surfaces (Morton, Gelfenbaum et al. 2007, Abe, Goto 

et al. 2012, Sugawara, Goto et al. 2012).  
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4.3.  Scaling of onshore tsunami flow 

In developing flume experiments, it is important to consider geometric and 

dynamic scaling to relate model results to tsunami onshore flow in the field.  The 

similarity of the flume setup to natural tsunami inundation on a flat coastal plain allows 

the use of the simplest geometric scaling between the model (lab) and prototype (nature).  

Naturally occurring tsunamis that leave discernable deposits range from 10 to 100 times 

our experimental flow depths and 10 to 100 times the flow distance or inland extent 

(Figure 7) (Moore, Nishimura et al. 2006, MacInnes, Pinegina et al. 2009, Moore, Goff et 

al. 2011, Abe, Goto et al. 2012). The experiments produce an undistorted geometric 

model of the natural system with both the horizontal and vertical scale factors ranging 

between 10 and 100.  It should be noted that not all of the modern tsunamis represented 

in Figure 7 inundated a flat plain.  A tsunami presented with a sloping or terraced coastal 

morphology would have a reduced inundation distance compared to the same wave 

arriving at a flat marsh or rice paddy.   

An approximate dynamic scaling of the experimental tsunami bores is found by 

imposing Froude Number similarity between the models and nature (Eq. 3).  Imposing 

this similarity ensures that the relative magnitudes of the body and inertial forces are 

comparable between the reduced-scale experiments and the natural flows.  Froude 

Number similarity implies that the characteristic bore velocities associated with best-

matched natural tsunamis range from (10)1/2 or 3 times to (100)1/2 or 10 times faster than 

those studied experimentally. The characteristic duration of the best matched natural 

events are also 3 to 10 times longer than those observed in the laboratory. 
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        (Eq. 3) 

A bore forms where Fr=1, while flow upstream of the bore (or behind it, in the 

terminology of tsunami inundation) has a Froude number less than 1 and is subcritical 

flow.  Indeed, the overall Froude number for the flume experiments ranges from 0.95 in 

Ts_Dry_Fine to 0.78 in Ts_19_Fine, as reported in Table 2.  The 2006 Java tsunami, 

surveyed by (Moore, Goff et al. 2011) produced an average Froude number of 0.87, using 

observed flow depth (5 m) and velocity (6 m/s).  The 2011 Tohoku tsunami, surveyed by 

many scientists, had observed flow depths of 10 m and velocity exceeding 8 m/s, 

producing a Froude number of 0.81.  The hydrodynamic behavior of gravity waves for 

the laboratory tsunami bores compare well with what has been observed for natural 

tsunamis.  

A very broad range of grain-sizes is found in natural tsunami deposits, from silt to 

boulders.  The grain-sizes that end up in a tsunami deposit are a result of the grain-sizes 

available offshore and on the beach and dunes.  A tsunami may mobilize all the grain-

sizes present on a beach if it has sufficient shear velocity to do so.  I have followed the 

standard procedure of enforcing similarity in the dimensionless Rouse Number to 

compare grain scales between the experiments and nature (Straub, Mohrig et al. 2008).  

Rouse Numbers estimated in the lab indicate that the results presented here are best 

applied to those natural events in which all available sediment can travel in incipient 

suspension and suspended load.  These modes of sediment transport are extremely 

common for tsunami deposits preserved in marshes and other protected coastal areas.   
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In order to compare the results of the flume experiments to field tsunami deposits, 

we normalized transport distance to the total length of a deposit (Figure 8).  Figure 8a 

shows trends in grain-size fining with normalized transport distance for two experimental 

runs (Ts_8_FinerBi and Ts_8_MedUni) and the 2006 Java tsunami.  The source grain-

size distribution on the beach in the Java study area is quite similar to that used in 

experiment Ts_8_FinerBi, but the tsunami traveled nearly 750 meters inland and was at 

least 6 meters high near the shoreline.  In Figure 8, the data points from Ts_8_FinerBi 

and Ts_8_MedUni show that the variation in fining rate within the experimental runs is 

similar to the differences between Java and the flume scale.   
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Chapter 5:  Conclusions 

A bore over a dry bed produces a deposit very different in both thickness (does 

not thin with travel distance as abruptly) and grain-size (no fining observed) from that 

made by a bore over ponded water.  Over the range of bore height to ponded water depth 

ratios studied here, the deposit grain-size is insensitive to the depth of the ponded water, 

so long as there is some ponded water present.  This observation may serve as an 

analogue to the presence or absence of a coastal lagoon in the field, or to bed roughness 

and vegetation type.  This observation also points to the importance of the original 

entrainment of source sediment into the tsunami bore.  The degree of entrainment of 

sediment into the interior of the flow changes the entire length scale and character of the 

ensuing deposit. 

The rate of fining with transport distance within a tsunami deposit is dependent on 

the proportion of the coarse fraction.  Coarsely skewed deposits show faster rates of 

fining with transport distance.  It is important to estimate the source grain-size 

distribution of an ancient coastline in order to accurately reconstruct paleotsunami flow 

conditions. 

Remobilization and suspended transport zones may be seen in modern tsunamis, 

but frequently only the suspended transport zone is preserved in paleotsunami deposits.  

The experiments highlight two distinct styles of deposits associated with the experimental 

tsunamis: (1) a source entrainment zone that is characterized by a down-flow coarsening 
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trend produced by the de-mixing of incipiently and fully suspended sediment grains; and 

(2) a “classic” suspended sediment deposit. 

Future work that focuses on the mechanics of sediment entrainment during 

tsunami inundation and partitioning into bedload and suspended load would be beneficial 

to our interpretation of modern and paleotsunami deposits.  Current attempts to inversely 

estimate tsunami flow depth and velocity from deposit metrics rely heavily on the 

assumption that at least 90% of sediment is transported as suspended load; understanding 

the mechanics of sediment entrainment by a rapid, temporally and spatially unstable flow 

presents a worthy challenge with clear benefits.   
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Figure 1: (a) Schematic of flume setup, showing location of head box, lift gate, source 
dune, and ADV sensors.  Time 1, 2, and 3 show before, during, and after the 
bore is released.  (b) Flume inlet from the head box looking upstream, (c) 
ADV and flow depth instrumentation at 16m downstream, and (d) ramp at 
end of flume designed to reduce wave reflection and allow slow drainage, 
simulating tsunami water runoff in a natural setting. 
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Sand 
mix 

Unimodal or 
bimodal? 

D50 
(μm) 

D95 

(μm) 
D10 

(μm) 
Sorting Skewness Kurtosis 

Fine Unimodal (peak at 
200μm) 

220 413 148 0.48 well sorted 0.01 
symmetrical 

1.12 

FinerBi  Bimodal (peak at 
200μm and 427µm) 

336 565 148 0.71 moderately 
sorted 

-0.28 coarse-
skewed 

0.89 

MedUni   Unimodal (peak at 
280μm) 

285 612 166 0.73 moderately 
sorted 

0.15 fine-
skewed 

1.50 

MedBi   
 

Bimodal (peaks at 
208μm and 400µm) 

341 580 174 0.63 moderately 
sorted 

-0.19 coarse-
skewed 

0.86 

Table 1.  Five sand mixtures were created and used in these experiments.  Grain-size 
statistics are reported in this table and use definitions set forth by Folk and 
Ward (1957).  Full grain size curves of each source sediment mixture are 
presented in Figure 2. 

Table 2.  Experiment names and run conditions are reported in this table.  Three 
additional experiments were conducted, but are not presented here.  
Tsunami 7 used a very fine sand and silt mixture and a smaller tsunami (1/2 
the volume of water).  Tsunami 8 used a very coarse sand mixture, but the 
lift gate malfunctioned during that run, producing several pulses of flow and 
no distinct bore.  Tsunami 9 used the same sediment mixture and flow 
conditions as Ts_19_Fine, but lifted the sediment pile higher up onto 
cinderblocks to increase entrainment.  Unfortunately, the cinderblocks 
became bedload and the experiment had to be stopped before any sensors 
were damaged. 

Experiment 
name 

Ponded 
water 
depth 

Mean 
velocity 

Sand 
mix 

Max flow 
depth (at 

15m) 

Calculated 
Froude # 

Calculated 
Reynolds # 

Rate of 
D95 fining 
(μm/m) 

Ts_Dry_Fine Dry Bed 2.1 m/s Fine 0.30 m 0.95 651000 n/a 
Ts_10_Fine 10 cm 1.5 m/s Fine 0.33 m 0.81 495000 n/a 
Ts_19_Fine 19 cm 1.6 m/s Fine 0.42 m 0.78 546000 n/a 

Ts_8_FinerBi 8 cm 1.7 m/s FinerBi 0.37 m 0.84 629000 -9.98 
Ts_8_MedUni 8 cm 1.4 m/s MedUni 0.34 m 0.82 476000 -15.6 
Ts_8_MedBi 8 cm 1.6 m/s MedBi 0.35 m 0.81 525000 -13.9 
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Figure 2: Grain-size distribution for each of the source sand mixes placed in the low 
dune to be transported by the bore.  The Fine mix, used for Ts_Dry_Fine, 
Ts_10_Fine, and Ts_19_Fine is shown in green.  FinerBi, in black, is a 
bimodal sand mix and was used for experiment Ts_8_FinerBi.  The MedUni 
mix, used for Ts_8_MedUni, is a unimodal mix that contains a higher 
percentage of grains greater than 800 μm than other mixes.  MedBi, the red 
dotted line, is a bimodal sand mix and was used for experiment 
Ts_8_MedBi. 
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Figure 3: (a) The grain-size with transport distance for Ts_Dry_Fine (in red tones) and 
Ts_10_Fine (in gray tones) show the influence of a dry flume bed opposed 
to shallow ponded water within the flume before the tsunami bore is 
released.  D10, D50, and D95 values are presented to show no fining trend in 
the dry bed case, while the deposit produced by Ts_10_Fine fined with 
transport distance.  (b) The grain-size with transport distance for 
Ts_10_Fine (in gray tones) and Ts_19_Fine (in blue tones) show that 
shallow ponded water (10 cm) and deep ponded water (19 cm) produce very 
similar grain-size trends.  D10, D50, and D95 values with fitted regression lines 
are presented to show little change in fining trend with transport distance. 
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Figure 4: In (a), deposit thickness from experiments Ts_Dry_Fine (in red), 
Ts_10_Fine (in black) and Ts_19_Fine (in blue) is shown.  Thickness is 
sensitive to ponded water depth, with a thin uniform deposit in the dry bed 
case and thicker, wedge-shaped deposits that thins with transport distance 
when ponded water is introduced. In (b), deposit thickness from experiments 
Ts_10_Fine (in yellow), Ts_8_FinerBi (in black), Ts_8_MedUni (in purple) 
and Ts_8_MedBi (in green) are presented, showing that deposit thickness is 
insensitive to source grain-size.  
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Figure 5: Ts_8_FinerBi, Ts_8_MedUni, and Ts_8_MedBi were hydraulically 
identical but used different source grain-size distributions.  In (a), (b), and 
(c), deposit thickness is showed by the grey line and grain-size fractions of 
the deposit by the colored shapes, D10 in black squares, D50 in red triangles, 
and D95 in blue circles.  In (d), the D95 values of Ts_8_FinerBi, 
Ts_8_MedUni, and Ts_8_MedBi are shown in black, green, and blue, 
respectively, to show that fining rate in the suspended transport reach was 
highest in Ts_8_MedUni, where the relative coarsening between 8 and 14 
meters is greatest, followed by Ts_8_MedBi, then Ts_8_FinerBi, which had 
the lowest fining rate. 
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Figure 6: This cartoon shows the tsunami deposits broken into two reaches based on 
grain-size and deposit thickness resulting from the suspended and bedload 
modes of transport.  In the remobilization reach, sediment from the source 
moved as a bedload wave and was quickly deposited.  The suspended 
transport reach was dominated by grains fully entrained into the flow and 
fines, thins, and becomes better sorted with downstream distance. 
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Figure 7: The flow depth and inundation distance of the flume experiments presented 
here (black diamond) and observed values for seven recent tsunamis studied 
in the field.  The maximum flow depth of tsunamis that leave measurable 
deposits ranges from 10 to 100 times the flow depth of our flume 
experiments, as does the inland flow distance.  The tsunamis listed here are 
the Java 2006 deposit (Moore, Goff et al. 2011), the Aceh, Sumatra 2004 
deposit (Moore, Nishimura et al. 2006), the 2011 Tohoku, Japan deposit 
(Abe, Goto et al. 2012), the 2006 Kuril Islands deposit (MacInnes, Pinegina 
et al. 2009), the historic 1929 Grand Banks, Newfoundland landslide-
generated tsunami deposit (Moore, McAdoo et al. 2007), the 2010 Chilean 
deposit (Spiske and Bahlburg 2011), and the 1998 Papua New Guinea 
(PNG) tsunami. 
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Figure 8: In (a), the grain-size values of Ts_8_FinerBi, Ts_8_MedUni, and a field 
transect from the Java 2006 tsunami deposit (Moore, Goff et al. 2011) are 
presented with normalized transport distance.  The fining rate of each 
deposit is similar, though in Java, it is slightly lower.  In (b), the grain-size 
values of Ts_8_FinerBi and of a field transect from the Aceh 2004 tsunami 
deposit (Moore, Nishimura et al. 2006) are presented with normalized 
transport distance.  The source material in Aceh was more poorly sorted, 
with grains ranging from 1 cm to 100 µm making up the tsunami deposit.  
This broad range of grain-sizes in suspension causes a much greater fining 
rate with transport distance compared to the flume experiments. 
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Appendix 

The complete grain-size data for the experiments described in the included Excel 

spreadsheet (Delbecq_Tsunami_data.xlsx) attached to this thesis in the digital repository.  

Each experiment has an allocated sheet that includes all measurements of grain-size 

distribution and D95, D50, and D10 values from each meter along the flume as well as 

deposit thickness (in mm) measured every 0.25 meters along the flume.  Video of each 

experiment is also included in the supplemental material, each labeled with the 

appropriate experiment name.   
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