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Summary

In May 2005, an international, interdisciplinary team of
scientists conducted a detailed survey of the seafloor in
the vicinity of the epicenter of the Great Sumatra earth-
quake of December 26, 2004. The survey was named
the Sumatra Earthquake and Tsunami Offshore Survey
(SEATOS). The December 26 tsunami was one of the
most devastating in recorded history. It was gener-
ated in the Indian Ocean off of the Indonesian island
of Sumatra by one of the largest earthquakes ever re-
corded, with a moment magnitude M = 9.1-9.3 (Am-
mon et al,, 2005; Lay et al., 2005; Stein and Okal, 2005).
The number of fatalities caused by the tsunami is an
estimated 300,000 (http://portal.unesco.org/en/ev.php-
URL_ID=24838&URL_DO=DO_TOPIC&URL_SEC-
TION=201.html), spread over more than 10 countries
located on the coast of the Indian Ocean. Over 130,000
of those who died lived on the Indonesian island of Su-
matra in the region of Banda Aceh. The other most af-
fected countries included Thailand, Sri Lanka, and India.

The earthquake and tsunami had a global impact.
The earthquake shook the Earth’s axis and slowed down
Earth’s rotation by 2.68 us per day. The tsunami wave
traveled around the world for three days. The wide-
spread destruction resulted in one of the largest emer-
gency relief efforts ever mounted. Scientists had pre-
viously warned that a major earthquake and tsunami
could strike the region off Sumatra, although the exact
location and impact was not accurately identified. In all
the countries affected by the tsunami, the absence of any
effective tsunami education or warning system increased
the number of fatalities, although victims on the island
of Sumatra, closest to the earthquake epicenter, had little
chance of escaping the waves.

The overall goal of the SEATOS was to gather data
to improve models of seafloor displacement and the re-
sulting tsunami wave. To achieve this aim, single chan-
nel seismic (SCS) data and seabed images and cores
from a remotely operated vehicle (ROV) were acquired.

The SEATOS survey was planned using the results of

HMS Scott multibeam data acquired in February 2005
(Henstock et al., in press). Eight sites were selected from
the HMS Scott data for SEATOS detailed investigations:
a large underwater landslide (two sites) and a ~20-km-
long trench feature (the “Ditch”) located at the deforma-
tion front, both of which were interpreted as possibly
due to the December 26 earthquake; two locations on
the forearc high to investigate evidence of recent seabed
movement; two locations on the margin of the Aceh
forearc basin, which may be the sites of recent strike slip
faulting; and a steep mound north of Sumatra, interpret-
ed as a volcano.

SCS data were also acquired across the margin in the
north of the study area and between detailed study sites
to characterize the style of subduction in this area.

Data acquisition began after a 30-hour steam from
Phuket, Thailand to the northeastern edge of the plate
margin offshore Sumatra where the high-resolution seis-
mic system was deployed to acquire a cross-margin tran-
sect. SCS data, ROV imagery (high-definition television
quality video), biological core data, and sedimentologi-
cal cores were acquired at sites located at the accretion-
ary complex deformation front, at one site in the forearc
fold regions, and at sites along the forearc high. Early
results suggest a likelihood of significant seafloor distur-
bance from the December 26, 2004 earthquake at least
at one site at the deformation front. The forearc high is
characterized mainly by stable seafloor conditions. The
sites on the western margin of the forearc basin revealed
no visible evidence of recent movement. To the north of
the Aceh forearc basin, and north of Sumatra, the 200-
m high conical shaped structure proved to be a volcano
with no evidence of recent activity.

This cruise report includes a background chapter de-
scribing the rationale for the expedition; methods chap-
ters for each scientific team; and eight site/transect chap-
ters that include descriptions of survey operations, site
data acquired, and initial interpretations. There is also a

separate appendix on tsunami wave modeling.



1. Background

During earthquakes greater than Ms > 7, there is the po-
tential to generate large tsunamis by the co-seismic dis-
placement of the seafloor. In the deep open ocean, tsu-
namis take the form of small amplitude (~0.5-1 m), long
period waves (~100 km), which are difficult to discern.
Such waves propagate at great speed (>300 km/hr) and
travel over great distances. As they approach the shore,
and water depth decreases, bottom friction results in
wave deceleration and a transfer of energy that leads to
the formation of taller and shorter-wavelength (~5 km)
waves that can be over 10-m high and very destructive.
Co-seismic displacement waves are usually generated
over a larger source area, have a longer wavelength and
greater energy, but have lower energy per unit area (and

are thus smaller on a local scale) than landslide-gener-

Figure 1. Basemap of the study
area showing the northern tip

of Sumatra (green/brown) and
the adjacent continental mar-

gin. Overlying the ETOPO2
bathymetry data is an image of
the multibeam data collected by
HMS Scott. White lines are single
channel seismic lines. SEATOS
2005 study sites (red boxes) were
selected from the multibeam data.
Site 1 is the landslide; 2 is the
“Ditch;” 3 is “Frog Pond;” 4, 5, 6
are forearc high sites; and 7 (not
shown), located norht of Sumatra,
is the volcano.

ated waves. The initial wave heights of co-seismic tsuna-
mis correlate with earthquake magnitudes.

On December 26, 2004 at 0058 GMT, an earthquake
of M =~9.1-9.3 (Ammon et al., 2005) occurred along
the Sumatra subduction zone rupturing 1300 km of crust
and creating a teleseismic tsunami that, on striking ad-
jacent coastlines, resulted in the deaths of an estimated
300,000 people and caused billions of dollars of damage.

In January 2005, as one response to the disaster, the
British government dispatched the Royal Navy’s hydro-
graphic research vessel, HMS Scott, to the region. Off
the northwest coast of Sumatra, the ship mapped, using
a 12 kHz multibeam system, over 40,000 km? of seabed

on the margin of the subduction zone and over the Aceh

forearc basin (Figure 1). The objectives of the multibeam




survey were to investigate the regional morphology and
underlying subductions zone structure, and identify ar-
eas of recent seabed movement and submarine mass fail-
ures that may have been caused by the earthquake.
SEATOS scientific program targets were based on
interpretations of the HMS Scott multibeam data (Hen-
stock et al,, in press) (Figure 1). Most survey sites were
chosen where it looked like recent, large-scale defor-
mation had taken place. From May 9 to May 25, 2005,
the SEATOS program acquired SCS and ROV imagery,
although initial survey plans included acquisition of
high-resolution deep-tow Huntec sparker data, side-scan
sonar data, and sediment cores. SEATOS program objec-
tives were to investigate the seafloor near the great Su-
matra earthquake epicenter. Previous to the survey, five
main locations were selected for detailed investigation: a
large young, underwater landslide (two sites); a~20-km-
long trench feature (the “Ditch”) located at the deforma-
tion front, both of which were interpreted as possibly
due to the December 26 earthquake; a location on the
forearc high to investigate for evidence of recent seabed
movment; and the western margin of the Aceh forearc
basin, which may have been the site of recent strike-slip
faulting. Two more locations were added during the sur-
vey, another site on the forearc high (Sweet Spot) and a
steep mound north of Sumatra, interpreted as a volcano.
Data collected would enable reconstruction of
seafloor displacement, which could then be incorporated
into new earthquake models because an additional and
important SEATOS objective was to improve existing
models of the tsunami source, propagation, and runup.
Early estimates of seafloor displacements used in tsuna-
mi wave models to hindcast the event did not accurately
reconstruct all of the observations of the tsunami gener-
ated on December 26, including those from tide gage
records, satellite observations, and coastal run-up mea-
sured by field survey teams along the impacted coasts of

the Indian Ocean.

Regional models of seafloor displacement (along the
entire rupture zone) with vertical uplift of 5-10 m cal-
culated from the earthquake magnitude were used as
a basis for modeling the tsunami source. The feature,
termed the “Ditch,” identified in the HMS Scott data,
displayed a similar order-of-magnitude vertical move-
ment and may have formed coseismically during the
2004 earthquake (Henstock et al., in press)



2. Methods & Approaches

GEOPHYSICS

The Geological Survey of Canada (Atlantic) provided
most of the mechanical equipment used in the collection
of seismic reflection data for the cruise. The University
of Rhode Island provided the air compressors. Two re-
flection systems were mobilized: a single channel seismic
reflection profiling system and a high-resolution Huntec
DTS sparker system received on an internal and exter-
nal hydrophone array. However, the Huntec system had
extremely limited application in SEATOS due to water
depth limitations.

The seismic reflection profiling system consisted of
a pneumatic source, supplied with pressurized air from
two onboard compressors, a firing system, a receiving
hydrophone array, a digital data recorder, and a hard-

copy recorder.

The sound source used for seismic operations on
SEATOS was the Seismic Systems Inc. Generator Injec-
tor (GI) gun (or a two GI gun array) (Figure 2). The two
guns were mounted horizontally below a 3-m-long I-
beam tow frame that, in turn, was suspended from two
Norwegian Floats. Tow depth was 1.25 m below the sea
surface and 50 m behind the fantail. When operating
two GI guns, the blast phones were used to synchronize
the guns. The Long Shot firing unit automatically adjusts
fire delays to synchronize the two guns.

The concept behind the GI gun is that an initial pres-
sure wave is generated by the release of compressed air
(the generator), as in a conventional airgun. This sudden
re-lease of compressed air produces the primary pulse
and the resulting volume of air (the bubble) starts to ex-
pand. When the bubble approaches its maximum size, it

encompasses the injector ports and its internal pressure

Figure 2. The two air gun array on the fantail of M/V The Performer



is far below the outside hydrostatic pressure. In a conven-
tional airgun, the bubble would now collapse and it is this
expansion and collapse that gives rise to the bubble pulse.
In the GI gun, the injector is fired at this time, inject-

ing air directly inside the bubble, increasing the internal
pressure of the bubble and preventing its violent collapse.
The oscillations of the bubble and the resulting secondary
pressure pulses are thus reduced and reshaped.

With two air guns, the source amplitude is nearly
doubled. The resulting power spectral density of the two
gun array (Figure 3) shows the power.

There are two modes of operation of the GI gun.

For this expedition, the gun was operated in harmonic
mode (recommended for high-resolution surveying).

In harmonic mode, the generator and injector volumes
are each 105 in’, so the sum total volume for both guns

combined is 420 in?.

The GI gun is equipped with a blast phone. Through
monitoring the blast phone and varying the delay be-
tween the generator and injector pulses, the optimum
bubble cancellation was achieved. The optimum delay
was found to be 16 ms.

Compressed air, maintained between 1,750 and
1,820 psi (12,065 and 12,548 kPa), was supplied to the
GI guns from 2 Price Model W2 electric. These com-
pressors are driven by two diesel generators producing
approximately 80-85 SCFI of compressed air, at pres-
sures up to 2,500 PSI. Cooling water for the compressor
intercoolers comes from a pump in the engine room of
the vessel. Because of the complexity of the Price diesel
compressor, an operator must be constantly available to
monitor the functions of both the diesel engine and the
compressor. All machine statistics were inspected at 15-

min intervals by watch keepers.
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Airgun (GI and sleeve) firing was controlled by the
MITS system to fire on time intervals. The trigger signal
was supplied to the RTS Long Shot firing box that sent
a voltage to the gun solenoids to trigger firing. The time
interval between the generator and the injector firing
for the GI gun was set by the software of the Long Shot
gun controller. We observed that the optimal interval
between “G” and “I” firing was 16 ms for the gun tow
depth of approximately 1 m (3.14 ft). The fire rate was 8 s
throughout the cruise.

The Teledyne model 28420 streamer is 61 m (200 ft)
in length, which includes an 8 m (27 ft) lead in dead sec-
tion and a 4.9 m (16 ft) dead section at the tail. The ac-
tive section is 45.2 m (148.33 ft) long, consisting of two
interlaced sets of three groups, comprising a total of six
groups of Teledyne B-1 acceleration-canceling hydro-
phone cartridges. There are 16 individual hydrophones
within a group, each element separated by 1 m (3.14 ft).
The companion, interlaced group is equivalent in dimen-
sions and is offset from the first group by 0.23 m (0.75
ft). For all operations, signals from the active groups in
the streamer were summed into a single channel. This
capability is provided by a deck-unit switching board
into which the signal feeds. This unit also provides some
gain control on signal levels.

The Teledyne hydrophone streamer was outfitted with
a DigiCourse DigiBird Model 9000-5010 for each de-
ployment, mounted at the lead dead section. This “bird”
allows for actively setting and maintaining hydrophone

streamer tow depth. It can be controlled and monitored

47 m
—
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from the shipboard lab with the DigiScan system and it
is self-correcting (dynamic) to maintain depth of flight.
To remain compatible with the tow depth of the sound
source array, the bird was set to fly at 4 m (12 ft). The
streamer was towed 50 m astern of the fantail (Figure 4).
It was noted that the length of the “lead in” cable de-
ployed had a direct affect on the ability of the bird to
control the depth. Too much “lead in” cable caused the
eel to sink; with too little “lead in” cable deployed, the
bird could not “sink” the eel. Further investigation on
placing positive buoyancy devices on the lead in cable
should be undertaken. It was clear that the optimum tow
distance placed the front of the eel adjacent to the GI
gun, a distance of 50 m behind the vessel.

Seismic signals were digitally recorded with a GSC-
DIGS unit and the parameters shown in Table 1.

The GSCDIGS system is built upon a sigma-delta A/D
converter. This converter provides the ability of employ-
ing high sample rates and high dynamic range, avoiding
the need for anti-alias filtering and constant gain adjust-
ment. The result is ease of use to the end user and higher
and consistent data quality. Acquisition and interface
software (GDAim v. 1.4) was designed and built by D.
Hefller of GSC-A. The software allows for real-time
monitoring of signals including time series and power
spectral density views. Data are recorded to hard drive
in 24-bit long integer SEG-Y format. Deepwater delay
times and navigation data are written to the SEGY head-
ers. Data are immediately suitable for commercial seis-

mic processing and interpretation software as a result of

N

| 97 m i
I

Source Layback

1 Figure 4. Schematic depict-
ing the position of the air gun

I source and receiver streamer in

Teledyne receiver Layback ~ 177m

their towed positions.



the data format and information in the headers. Data are
recorded on commercially available DVD media, pro-
viding ease of backup and recovery.

For the Huntec system (Figure 5), the GSCDIGS sys-
tem manages the master trigger and the fire trigger to
accommodate heave compensation, and it integrates the
fish depth. It also successfully tracks multiple shots in
the water, often used in deep-water data acquisition. The
result is that all records are referenced from sea level.

Seismic signals were first passed through a Krohn-
Hite Model 3905B multi-channel filter and band passed

between 65 and 500 Hz with a 20 dB gain amplification
before going to the EPC hardcopy recorder. Signals to
the digitizer were unfiltered and unamplified. Post-ac-
quisition, these raw seismic signals were digitally filtered
with an Ormsby bandpass filter of 10/35 to 325/350 Hz.
An exponential gain (time*el.5) was applied to compen-
sate for spherical spreading losses. Seismic traces were
padded to compensate for deepwater delays and data
were compiled into line segments before being imported
into interpretation software.

The Huntec (DTS) typically uses a boomer source,

Table 1. GSCDIGS (GDAIMS v. 1.4)

Seismic - Raw (Channel 1)

Sample rate 250 ps (0.25 ms), sample window 2,500 ms, number of samples 10,000

Seismic - Filtered (Channel 2)

Sample rate 250 ps (0.25 ms), sample window 2,500 ms, number of samples 10,000

Deep Water Delays Managed on the fly through software window and recorded in the SEG-Y header
Data Recording' Data written to hard drive and backed up on DVD media
'Seismic digital data log is structured as:
Disk Start Day UTC time End Day UTC time Lines
DVD 1 1/31/2005 00:16 132/2005 23:54 1-5

Figure 5. The Huntec fish on the after deck of the M/V The Performer




but for deep water or hard seafloor substratum a sparker ~ mersed, and tow depth (pressure field). At equivalent

attachment can be used to increase the source energy. depths, source characteristics are similar but vary slight-
Higher frequencies and source repeatability are sacri- ly in amplitude as a result of input voltages (Figure 6).
ficed as a result. At different water depths, however, the differences in
Sparker systems operate by creating an explosive source characteristics are dramatic. At greater depths,
spark arcing between electrodes and the fish body that the initial amplitude resulting from the spark is smaller,
vaporizes the water. The resulting vapor bubble then col-  but the vapor bubble collapses much more rapidly un-
lapses under ambient pressure. The sparker signature der the higher ambient pressure, causing a shortening of
(Figure 6), therefore, is highly dependent upon energy the pulse. This rapid collapse also causes oscillations in
input (voltage), relative positions of the electrodes, the bubble resulting in a ringing characteristic. Figure 7
conductivity (salinity) of the medium in which it is im- shows the source spectra characteristics of the sparker at
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100 m depth and various voltages. For operations dur-
ing this mission, the Huntec fish was towed at a depth
of about 60 m. Due to the great water depths and steep
terrain encountered, few useful Huntec sparker seismic

signals were obtained.

BIOLOGY

The primary objectives of the biology team were: (1)

to compare the macrofauna and meiofauna inhabiting
seafloor features interpreted as “disturbed” by recent
seismic activity with “undisturbed” reference sites at
comparable depth; and (2) to survey the megafauna of
the accretionary prism, with particular attention to any

chemosynthetic communities.

ROV Setup

A quadrant frame was attached to the port side of the

Magellan 825 ROV (Figure 8) to carry:

1. a mesh sample basket (mesh size 1 mm) with hydrau-
lic lid;

2. three push cores (60 mm diameter) and quivers, sup-
plied by CLVD; and

3. three IFREMER blade corers (200 x 100 mm), carried
in sample basket.

TR LY

The ROV also carried a suction sampler (50 mm tube
diameter) connected to a second mesh sample basket
(5 mm mesh) at the rear of the vehicle. The ROV was
equipped with a three-chip CCD video camera and digi-
tal still camera (set at 2,048 x 1,536 resolution) on a pan-

and-tilt mount to obtain seafloor images.
Videography

The occurrence and putative identification of benthic
and benthopelagic megafauna was logged by biologi-
cal observers during ROV transects. Digital still images
were also obtained for post-dive reference. Approximate
scale of specimens and features was provided by the

50 mm width of the suction sampler mounted by the

starboard manipulator.

Sampling of Macro- and Meiofauna

IFREMER blade corers were used to collect macrofaunal
and meiofaunal samples for analysis and additional sam-
ples were collected by push cores. Following recovery

of the ROV, cores were photographed prior to extrusion
and sectioning into core depths of 0-10 mm, 10-30 mm,
30-50 mm, 50-100 mm, and 100-150 mm. Sections

were fixed with 10% buffered seawater formalin. Each
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Figure 8. Left photo. ROV setup (left to right): suction sampler hose, pan-and-tilt cameras, sample basket on quadrant frame. Right photo.
Sample basket containing blade cores; pushcores and quivers were mounted to the right of basket.



section was sieved into greater than 500 mm, 300-500
mm, and 250-300 mm size fractions. A 63-250 mm
fraction was also collected for sections in the top 50 mm

of each core sample.

Sampling of Megafauna

The suction sampler attached to the starboard manipula-
tor was used to collect specimens into mesh basket at-
tached to the rear of the vehicle. Epibenthic megafauna
were also collected using the blade corers. Specimens
were either preserved in 95% ethanol (for genetic stud-
ies) or fixed in 10% seawater formalin for 48 hours and

preserved in 70% ethanol (for morphology).

EARTHQUAKE MODELING

The main objectives of the SEATOS Tectonics Team
were: (1) to characterize the structure and determine
the structural evolution across the margin using seismic
reflection profiles, and (2) to use the offsets on recent
structures identified from seismic reflection profiling
and ROV observations to constrain the slip distribution

of the earthquake.

Wedge Structure and Kinematics

The forearc of thickly sedimented convergent margins is
characterized by a critically tapered wedge that faces the
incoming plate. This prism grows seaward through time
due to transfer of material from the downgoing plate to
the overriding plate by offscraping of material at the toe
of the prism and underplating of material along the base.
In general, the surface of the prism is convex upward,
and the forearc can be subdivided into three domains
from the trench to the volcanic arc: (1) the steep lower
slope or toe of the prism, (2) the upper slope and fore arc
high, and (3) the fore arc basin.

The multibeam bathymetry in the Sumatran forearc
acquired by HMS Scott depicts a lower slope with ridges
parallel to the plate margin that represent the surface
expression of fault-related folds. The frontal structure of
the margin (i.e., the most recent structure to develop) is

unusual when compared to other similar margins (e.g.,
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Nankai, Barbados, eastern Aleutian); ridge segments
display a gentle slope facing seaward and a shorter,
steeper slope facing landward, a geometry that is sug-
gestive of backthrusting along a fault that is antithetic to
the margin(Henstock et al., in press). A segment of the
Cascadia accretionary wedge displays similar features
that have been attributed to low friction along basal
decollement that defines the plate boundary. Another
potential explanation along the Sumatran margin is that
the shallower sediments of the trench are delaminated
from the deeper part of the section as a passive roof that
is uplifted and backthrust over a trenchward propagating
duplex at depth.

The SCS reflection program investigated the forearc
frontal structures in the following manner:

1. The geometry of the faulted folds together with sedi-
ments in basins between ridges describe the kinemat-
ics of fault-related folding. Growth strata in these
basins may record progressive tilting of pre-growth
strata that define fold limbs, and these stratal geom-
etries can be used to evaluate how these structures
have evolved through time.

2. Using the seismic lines that cross the entire accretion-
ary wedge, we employed similar methods to investi-
gate perched basins on the upper slope to determine
whether these older structures record a similar defor-
mation history to those lower down. By comparing
the deformation history recorded by different basins
across the wedge, we determined the distribution of
deformation in time and space.

3. A seismic survey across the fore arc basin was used to
determine the geometry of the basement-cover con-
tact, particularly at the margin of the basin proximal
to the fore arc high. This boundary was important for
evaluating the gross morphology of the wedge and
placing the seismic transect in the context of geody-
namic models for critical wedge dynamics model that
provides an explanation for the location of large sub-
duction megathrust earthquakes.

4. Finally, we attempted to relate any scarps on the
seafloor imaged by the ROV biology/geology teams
that may be related to recent seabed movement, such
as the December 26 earthquake, to subsurface faults

imaged by the Geophysics Team.



Deformation, Stress, and Pore Pressure
Models

A slip distribution for the December 26, 2004 M 9.2
earthquake was estimated by inverse modeling tech-
niques using the available deformation data and Green’s
functions for deformation due a dislocation in a homo-
geneous, isotropic, half-space (Okada, 1992). The result-
ing slip distribution predicts the coseismic as well as the
steady-state deformation, stress, and pore pressure in the
region. The two poroelastic-states are simulated by using
undrained and drained material properties for coseismic
and steady-state conditions, respectively (Berryman and
Wang, 2000). These calculations not only predict the de-
formation that drives the tsunami, but also addresses the
potentially causal relationship linking the 2004 M 9.2
and 2005 M 8.7 Sumatra earthquakes via Coulomb
stress analyses (Masterlark and Wang, 2002).

TSUNAMI MODELING
General Approach

The two main objectives for the Tsunami Modeling
Group were to: (1) refine the tsunami source to perform
more accurate simulations of the December 26, 2004
tsunami at the Indian Ocean basin scale based on new
information obtained during the cruise; and (2) perform
regional simulations on refined grids and better estimate
coastal tsunami impact for selected areas (e.g., Ko Phi
Phi, Banda Aceh). The latter can be referred to as case
studies. A full description of the modeling and results is
attached in Appendix A.

The tsunami source used in the modeling was based
on existing pre-cruise information, supplemented by
seafloor morphology and other information about the
earthquake obtained during the cruise and provided by
the geophysics and seismology groups. The initial rup-
ture model used in our pre-cruise work (Watts et al.,
2005) was made of four separate segments, with differ-
ent characteristics, along a 1200-km-long rupture zone.
Tsunami sources for these segments were obtained using

Okada’s (1985) method. According to information from

existing rupture models (Okada, 1985), we triggered
these sources in a time sequence spanning 331 s, and
performed a numerical simulation of the tsunami with
a higher-order Boussinesq model (i.e., a dispersive long
wave model with full nonlinearity up to a certain order).
The pre-cruise source gave reasonable agreement of nu-
merical results with a few observed coastal runup values.
During the cruise, as more became known about
the tsunami source, we iteratively conducted modeling
studies at a number of selected locations aimed at bet-
ter reproducing tide gage measurements, Jason I satel-
lite observations, and runup data collected by a variety
of international teams. We also created the topographic
and grid data for the regional studies and modeled these

in order to perform the selected case studies.

Methods

There were direct instrument observations of the event
in and around the Indian Ocean region, including seis-
mometers, tide gages (Figures 9 and 10), buoys, GPS
stations, and at least one satellite overpass (Jason I) (Fig-
ures 11 and 12) (Gower, 2005; Kulikov, 2005). Some of
the tide-gage data were processed to estimate the likely
location and extension of the tsunami source area (e.g.,
Figure 13). A similar analysis performed by Lay et al.
(2005), using nine additional arrival times around the
western Indian Ocean basin, yields a tsunami source
area for strong initial tsunami excitation apparently ex-
tending 600-800 km north of the epicenter.

These data, after proper correction and interpreta-
tion, represent invaluable records of what happened
on December 26, 2004 and will help us understand the
tsunami event better and calibrate and validate our nu-
merical models. Direct eyewitness observations of the
December 26, 2004 tsunami event were numerous, and
many of these observations were in the form of still pic-
tures and movies, because some of the regions hit by the
wave are popular tourist destinations. These records dis-
play a wide variety of waveforms and wave activity that
are distinct to each location. In addition, various media
recorded numerous eyewitness accounts, and many of

these were posted on the web, with a great deal of detail
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provided about the size and timing of the tsunami waves
(e.g., http://www.yachtaragorn.com/Thailand.htm). The
quantity of such records, along with their unknown
quality, makes the processing and collection of these
observations a difficult and lengthy task. We devoted
significant effort during the cruise in analyzing some of
these less-traditional observations in order to reconcile
them with the other more absolute data discussed above
and to be able to use them with some degree of confi-
dence when validating our models.

Soon after the tsunami, the international scientific
community mounted a response to this event through
multiple tsunami survey teams. These were largely co-
ordinated by the International Tsunami Information
Center, a United Nations agency. These teams of scien-
tists documented damage, measured vertical runup and
horizontal inundation, and assembled careful recon-
structions of wave activity (e.g., Gusiakov, 2005; Harada,
2005; Yalciner et al., 2005) (e.g., Figure 14). Each team
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was restricted to a limited geographical region, given the
length of damaged coastline and number of countries in-
volved. The runup and inundation data are still becom-
ing available through various publications and web sites,
in a piecemeal fashion, region by region.

Prior to this cruise, we conducted initial modeling
studies of the tsunami using reasonable sources, based
on available seismological and other information, and
compared runup results with some of the available obser-
vations at a few locations (Watts et al., 2005). The agree-
ment was found reasonable. More detailed analyses and
comparisons were conducted during the cruise and ad-
ditional comparisons with various field data were made.
These, however, do not yet include a comprehensive
comparison of modeling results with all of the available
data and records. Such a lengthy analysis is still prema-
ture, pending confirmation of the selected characteristics
of the tsunami source. Thus, we focused our efforts on

constructing increasingly accurate tsunami sources and
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Figure 14. Runup distribution in northern Sumatra (Indonesia), Thailand, India, Sri Lanka, and the Maldives (Yalciner et al., 2005).
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tsunami modeling grids (including ocean bathymetry
and coastline topography), based on geophysical and
seismological data, some of it newly acquired or analyzed
during the cruise. Based on these sources, we performed
tsunami simulations aimed at explaining the observed
large-scale features of tsunami propagation and inunda-

tion at the Indian Ocean basin scale.

SURVEY PLANNING

The Visualization Team’s efforts focused on the provision
of tools and products for the integration, display, analy-
sis, and interpretation of the many complex data sets
used on the SEATOS Expedition. Tools included those
for real-time planning and decision-making, for scien-
tific analysis and interpretation, and for visualizations
aimed at helping the general public understand the sci-
ence behind the expedition. The general approach was to
bring the disparate data sets together in a common geo-
referenced framework that allows intuitive exploration
and manipulation of data in a 3-D environment. This
approach was implemented through the use and modifi-
cation of several software packages and, when necessary,

the development of new code.

Multibeam Bathymetry

Multibeam bathymetry collected by the 12 kHz SAS
system on the HMS Scott provided the basemaps upon

which cruise planning was done.
Real-time Ship Navigation (2-D and 3-D)

Real-time navigation was provided to the scientific party
in both a 2-D and 3-D environment. Navigation strings
were provided via two Trimble 4000RL and one Trimble
4000DS GPS receivers located on the bridge. No dif-
ferential correction service was available so all receivers
operated in non-differential mode. The output of these
receivers was sent to the Oceaneering ROV Nav shack
where the three independent solutions were combined
using the Winfrog software package and a single blended
solution derived. Serial input navigation lines were run

to the visualization computers (originally in the confer-
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ence room and then in the “barn”). Two separate data
streams were provided: (1) for surface-ship navigation,
NMEA GPGGA, GPVGT, and GPHDT telegrams were
sent over one line and (2) for ROV navigation, a Win-

frog ASCII data stream was sent over the other line.

Real-Time 3-D Display of ROV Position

Real-time navigation of the ROV was based on the se-
rial line sending data from WinFrog, a data-acquisi-
tion software packaged used to aggregate the data from
instruments on the ROV, GPS, and the LS-5 low-fre-
quency ultra-short baseline acoustic positioning system.
GeoZui3D was modified to parse the supplied WinFrog
data, project the latitude and longitude into UTM coor-
dinates, and display the ROV data in three dimensions
over the bathymetry. Relevant information was also
displayed on the screen, including latitude, longitude,
depth, time, altitude, and heading.

Software was developed to allowed the real-time dis-
play of the video telemetered from the ROV. A video
feed was provided from the ROV to the visualization
team using a shuttle computer with a video capture card.
The video was displayed in real time on a screen in front
of the ROV. As the ROV moved, the screen moved syn-
chronously. This tactic proved successful, however, the
camera pan, tilt, and zoom settings were not known,
requiring a static setting of the camera with a straight-
ahead look angle. Knowledge of pan, tilt, and zoom
would have allowed more accurate positioning of the
video with respect to the ROV.

ROV Track Filtering

Occasionally, the ROV’s depth sensor was noisy. The
ROV’s navigation was noisy, too, jumping up to 70 m
between pings. The ROV navigation was smoothed by
running a moving average of positions over a period of
five minutes. The ROV depth was smoothed by keeping
track of the last plausible depth and replacing the in-
tervening noise with a linear interpolation between the
known good points. A depth was considered plausible if

it was within 1.5 m from the last known good depth.



ROV Launch and Descent Visualization

Real-time track planning tools were created for modify-
ing the 3-D models to build a 3-D visualization of the
ROV launch procedure. Real-time navigation tools (2-D
and 3-D) were also used for survey planning. Based on
interactive 3-D exploration of the region, survey lines
were selected. Way points for these lines were recorded

in degree, minute format and passed on to the bridge.

Digitization of Bathymetric Data for
Tsunami Modeling

The tsunami modeling sought to generate a high-reso-
lution model of wave inundation in the vicinity of Phi
Phi Island. This modeling required much more detailed
bathymetry than that provided by either the GEBCO
or ETOPO-2 data bases. The only available source of
more detailed bathymetry (at least on board the vessel)
was the paper nautical chart of the region. To digitize
the chart we took high-resolution (8 Megapixel) digital
photos of small subsets of the chart. These subsets were
cropped to known geographic boundaries and then

georeferenced (made into GEOTIF images) using the

IVS ImageViewer software. Each image thus became

a high-resolution georeferenced image that contained
soundings and contours. Fledermaus was then used in
the “geopicking” mode to move a cursor to the position
of the sounding and then manually enter the sounding
depth into the position table generated by Fledermaus.
The result is an x, , z file of position and depths that
could then be input into the tsunami model.

Interactive 3-D Visualization of the
Tsunami Model

The output of the tsunami modeling team’s effort was

a series of grids each depicting sea surface height at

a point in time after the initiation of a tsunamogenic
disturbance. These grids were passed to the visualiza-
tion team in the form of “Surfer” grids. The Surfer grids
were then sun-illuminated, shaded, and converted to
Fledermaus objects. The Fledermaus objects were then
constructed into a time series of surfaces that could be
combined with a bathymetric grid (from ETOPO-2), in-
teractively rendered, and explored in the full interactive

3-D environment (Figure 15).

Figure 15. Single frame from a 3-D animation of the tsunami model superimposed over ETOPO-2 bathymetry.
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GEOTECHNICAL AND SLOPE
STABILITY

Miniature vane-shear tests were performed on select
cores recovered with the ROV. A description of the cor-
ing equipment is given in the biology sampling section.
The miniature vane-shear test provides an estimate of
undrained shear strength of clay sediments. The device
consists of a 1-cm square blade that is inserted into the
sediment and rotated at a rate of about one revolution
per minute. The resistance of the blade is measured with
a mechanical torque sensor (torque watch). The torque
measurements were converted to undrained shear
strength in accordance with ASTM 4648.

Both undisturbed and remolded vane measurements
were made. The remolded test, which represents a large
strain or residual strength condition, was performed
by rotating the vane a number of revolutions after an
undisturbed measurement was made. The sensitivity
was calculated from the ratio of the undisturbed to the
remolded strengths. Sensitivity provides a quantitative
measure of the loss in strength that can result from sedi-
ment disturbance.

Samples of sediment from each core were also placed
in sealed containers for transport back to the University
of Rhode Island for bulk density and water content de-

termination.
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3. Survey Results

CROSS-MARGIN TRANSECT

Data collection began on the expedition with a cross-
margin seismic line that collected a continuous single
channel air gun profile from 6.8°N 94.9°W to 4.4°N
92.9°E (Figure 16). Seismic data were recovered to ap-
proximately 1 s two-way travel time (TWT) penetration
beneath the seafloor. The reflection data clearly imaged
the sub-seafloor across the margin. A thin sediment cov-
er was observed on the accreted ridge tops with thicker
sediment accumulation within the ridge-bounded ba-
sins.

SEATOS Line 1 is a single-channel GI-gun profile
extending from the outer arc high (~2.5 s water depth)
to the abyssal plain seaward of the deformation front
(~6.0 s water depth). Profiling began (inboard end) at
1206z, JD 131; the profile was completed at 1100z, JD
132. Most of this profile has undergone F-K migration at
water velocity (Figure 17).

Bathymetry crossing the inner trench wall consists of
a series of highs (thrust ridges) and sediment-filled lows.
The most pronounced high has a local relief of ~1.1 s.
Penetration across highs is limited. Sediment thicknesses
within ponded basins range from ~200 ms (inboard) to
~500 ms (farther seaward). Preliminary examination
suggests that ponded sediments are undergoing progres-
sive deformation with depth, consisting of progressive
tilting and folding.

Seaward of the deformation front, in the Sunda
Trench, sediment fill exceeds 1.0 s; oceanic crust could
not be observed. There is evidence for incipient folding
beneath the seafloor increasing toward the deformation
front, fluid escape (some sub-seafloor wipeouts), slump-
ing, and perhaps a seaward-verging thrust plane surfac-

ing at the seafloor coincident with the deformation front.
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Figure 16. Track plot of seismic lines 1 through 19,
which includes the landslide site (2-4), the Ditch
(6-18), and the Proto-Ditch (19).
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Site 1: Landslide Site

The first site to be investigated in detail was a recent
landslide identified in the north of the HMS Scott survey
area. The Scott survey scientists considered it possible
that the December 26, 2004 earthquake had caused the
landslide. The landslide was characterized as a large de-
bris flow complex with blocks that moved up to 13 km
onto the abyssal plain (Figures 1 and 17).

The objective for studying the landslide site was to
determine if the landslide was caused by the Decem-
ber 26 earthquake and, if so, to assess the impact of the
landslide on the resulting tsunami. Preliminary assess-
ments of the landslide by Scott survey scientists suggest-
ed that if the landslide had occurred on December 26,
2004, it would have had minimal, if any, impact on the
tsunami generated due its location in deep water and
the size of the slide when compared with the estimated

co-seismic displacement.

Surveys

Several seismic lines were run (Figure 17) parallel to
the direction of slope failure. A series of four profiles
(Figure 17; Lines 2-5) were collected with the Huntec
sparker and the single-channel GI system along and sea-
ward of the toe of the deformation front. Returns from
the Huntec sparker were unsatisfactory; power levels at
the ambient water depths were too low to resolve much
more than the seafloor on flat terrain, and could not
even track seafloor on the deformation front. SCS pro-
file quality was generally excellent, with more than 1 s of
penetration in sedimentary fill of the Sunda Trench.
Line 2 was parallel to the deformation front and im-
aged sedimentary fill of the Sunda Trench in ~4.5 km
of water. In general, sediments were well stratified with
occasional channel cut-and-fill sequences interrupting
the flat-lying strata. A normal fault with several meters

of offset to the seafloor was observed on this transect.
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Figure 17. Position of seismic track lines run at the Landslide site.
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Lines 3, 4, and 5 (northeastern portion) were designed
to image the interpreted landslide scar at the foot of the
deformation front. Lines 4 (southwestern portion) and 5
crossed the largest of a series of slide blocks now sitting
atop Sunda Trench fill seaward of the deformation front.
These crossings showed an interpreted debris flow up to
50 ms beneath the seafloor, with stratified sediments on
top. The large slide blocks appear rooted within this de-
bris flow, suggesting the landslide causing them is old.
One ROV survey line was run (Figure 18) along the
central upslope transect line that crossed landslide-dis-
turbed sediment and slope failure scars. The survey in-
cluded continuous video capture of the seafloor. Discrete
sampling using push cores and slab cores (six per dive)
was planned, but a hydraulic problem occurred and no
samples were collected in this manner. The vacuum hose
was used to collect living and dead specimen along the
transect. Figure 19 summarizes the ROV survey transect

in terms of the geological description and the biota.

Landslide Velocity Evaluation

An analysis was performed to estimate the velocity of a
block slide that was identified on the outer slope of the
margin. A cross section of the slide is shown in Figure 20.
As shown, the cohesive block is located approximately
8,600 m from the base of the slope. A deep scarp of com-
parable thickness, identified about 12,000 m upslope,
suggests that the block originated from this location.

In the analysis, the block slide was assumed to be a
rigid body having a elliptical shaped top surface in the
direction of the slope. It was assumed that the block
starts at zero initial velocity at the location of the scarp.
Gravitational body forces act to push the block down-
slope and viscous drag forces on the top surface together
with basal friction on the bottom act to oppose its mo-
tion. Once the block reaches the base of the slope, gravi-
tational forces no longer act in the direction of motion

and the block slows, eventually stopping. Analytical

Figure 18. The landslide site multibeam data with the location of the seismic survey lines (white) and the ROV dive (red).
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Figure 19. Summary of ROV transect showing geological and biological features observed at the landslide.

Figure 20. Cross section of the landslide site.

solutions to the equation of motion for the rigid body
model were derived.

Using the assumed point of origin, the basal friction
in the model was iteratively adjusted until the block
stopped at the known run-out distance. The block veloc-
ity was calculated from the analytic solutions using the
estimated basal friction. The velocity profile calculated
along the length of the slope is shown in Figure 21. The
analysis suggests that the velocity reached a maximum
value of about 35 m/s (126 km/hr) at the base of the

slope approximately 3,500 m down-slope of the scarp.
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Landslide Block Simulation

A computer simulation was prepared to evaluate and
explain how the large blocks, up to 8 km from the foot
of the slope, could have originated from region that had
been identified as a likely source. This combined com-
puter graphics rendering with numerical simulation. The
work was carried out in the following steps.

o Step 1: An editor was constructed to allow for the
blocks to be edited out. This enabled the total volume
of the blocks to be estimated (~ 0.5 km?). The largest
block had a volume of ~ 0.2 km?®.
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Figure 21. Estimated velocity profile of the slide block. The vertical and horizon-

tal axes are velocity (m/s) and run-out distance (m), respectively.

o Step 2: The conjectured origin region of the landslide

was filled in, allowing for the volume of source mate-
rial to be estimated to be 1.0 km?>.

Step 3: The source region was packed with 108 hemi-
spheric objects, each having a constant radius of

500 m. These were then simulated to slide down the
slope using a simple model that included terms for
acceleration due to gravity, momentum, and friction.
The resulting spread of the objects closely approxi-
mated the distribution of the blocks at the foot of

the slope.

Step 4: To create the visualization, first we discovered
which of the 108 hemispheric objects came closest

at terminal position to the center of each of the 13
blocks identified from the bathymetry. The motion
path of each of these 13 objects was then used to ani-
mate its corresponding block. To represent debris
flow, each of the remaining 95 objects was rendered as
50 semi-transparent particles having a random Gauss-
ian distribution about its center. The 98 motion paths

were used to animate these particle clouds.

o Step 5: The simulation described in Step 3 was modi-
fied to incorporate terms provided by the modeling
team describing idealized blocks sliding down an in-
clined plane underwater. In this case, the source re-
gion was packed with hemi-ellipsoidal objects having
random radii between 250 and 1,000 m. The distribu-
tion of radii was biased so that there were more of the
smaller sizes. An example of the output is shown in

Figure 22.
Geotechnical ROV Results

At the landslide site, the ROV descended to near the
base of the landslide at a depth of 4,284 m and then
traversed up the slope to the top of the ridge at a depth
of 3,289 m. Near the base of the slide, the bottom was
smooth with scattered angular blocks up to 4 m in diam-
eter. On the slope, the ROV crossed numerous cracks,
berms, and ridges as well as a series of vertical seaward-
facing scarp walls with heights of tens of centimeters

up to 2 m. Scarp walls were typically striated or corru-
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Figure 22. Example from a final frame grab of the block slide simulation.

gated, with a sharp or scalloped upper ledge. The slope
surface varied from smooth and littered with scattered
biological debris to bumpy with elongate lumps and
blocks. Near the top of the slope, the gradient steepened
and there were numerous ridges, grabens, cracks, and
chutes oriented down-slope. The steeper slope region
was marked by a series of striated, stepped scarps with a
total height of 26 m. The top of the ridge was lumpy and
pockmarked. The presence of abundant biota and the
smooth to lumpy sedimented surface of the slide indi-
cate that the landslide was relatively old. The scarps with
sharp upper ledges and striations on the scarp wall sug-
gested more recent slope failures that likely could have

occurred on December 26, 2004.
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Biological Results

Initial observations at Site 1 made during the first part
of the dive indicated several bands of flat seafloor cov-
ered in ripples and containing infauna. Between these
bands were areas of more hummocky sediment, which
also showed evidence of small, meter-scale fractures.
The middle part of the dive covered a sedimentary

zone where we observed the pennatulids Umbellula
monocephalus and U. lindahli and a moribund brisin-
gid seastar. No other megafauna were observed. As the
slope steepened sediment clouds in the water column
increased although there was a brief observation of pos-
sibly fresh fractures on a vertical wall, but this could not
be substantiated. Except for the crumple zone at the be-
ginning of the dive there was no positive evidence of a

recent landslide.



Site 2: The Block

Seismic Surveys

See description of the landslide site.
Geotechnical ROV Results

The ROV descended to the trench floor on the north-
east side of the block (between the block and the trench
slope) at a depth of 4,473 m (Figure 23). The seabed was
flat and featureless to lumpy and undulating, with rough-
ness increasing up the slope of the block. The surface

was broken by three near-vertical walls with heights of

1, 4, and 7 m with associated debris and cracks near the
scarp face. The absence of any fresh features, such as slide
scars, on the seabed between the block and the landslide
face suggested that the block may not have been em-
placed recently; however, evidence from elsewhere on the
margin and reports from the Japanese JAMSTEC survey
(http://www.jamstec.go.jp/jamstec-e/sumatra/natsu-
shima/bm/contents.html) indicate that seabed sediment

disturbed by the earthquake may, on settling, have cov-

ered seabed features created by the movement of the slid-
ing block from the landslide. An interpretation that the
failure is old is consistent with both the presence of biota
on the slide surface (see below) and the bumpy seabed
surface that suggests a thick sediment cover overlying a

debris flow.
Biological Results

The primary objective of Dive 2 was to identify when
one of the large landslide blocks moved. The dive plan
was to conduct a transect from a point landward of one
of the main blocks westward of the deformation front,
over the block that was about 100 m high, and down the
seaward side. Our hypothesis was that if this block had
slid into position recently, the landward side of the block
would show evidence of a slide and would contain no
fauna, whereas there would be a well-established fauna
on the seaward side. To test this hypothesis we observed
the megafauna and took samples for infaunal analysis
landward, seaward, and on top of the block. Initial data
analysis suggests that the blocks did not slide into posi-

tion recently. There was an established megafuana in

Figure 23. The block: Seismic lines (white) and ROV traverse (yellow)
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front of and behind the blocks and on top; the top also
had numerous tracks and trails. The hypothesis that the

landslide occurred on December 26 is not supported.

Site 3: The “Ditch”

Site 3, dubbed the “Ditch,” is a feature that was identified
on the HMS Scott multibeam data (Figure 1). The Ditch
runs parallel to the margin at the deformation front and
is ~15-20 m deep and ~200 m wide. It was interpreted
by the Scott scientists to have possibly formed coseismi-
cally and may therefore have been contributed to by slip
during the 2004 earthquake.

To investigate the freshness of this feature and its
tectonic significance, orthogonal seismic lines were run
across and along the feature (Figure 24). Also, an ROV
survey was run in the Ditch.

All profiles at this site, located at the toe of the de-
formation front ~50 km southeast of the landslide site,
were collected only with the SCS reflection system.

Profiles 6-15 represent a detailed survey of the Ditch,
a steep-sided linear depression at the foot of the deforma-

tion front. The first profile (Line 6) was initiated far sea-
ward to attempt to image oceanic crust of the incoming
plate beneath thick (> 1 km) sediments filling the Sunda
Trench, but oceanic crust was not observed. All profiles
were oriented to cross the Ditch at right angles. Profile
spacing averaged 2 km; each profile was ~20 km long.
Due to large diffractions, the seismic profiles initially did
not image the Ditch well, but upon migration, the feature
became apparent. Subsurface faults were not readily ap-
parent beneath the Ditch, perhaps due either to strong
vertical motion on them or because the Ditch was at the
hinge line of the toe thrust where sediment is scraped off
the Sunda Plate and thrust onto the accretionary prism.
The resulting thrusting results in apparent landward-
verging folds within the sedimentary sequence.

Three additional profiles (Lines 16-18) were also col-
lected to image Sunda Trench fill northwest of the Ditch
to provide a structural comparison in the same tectonic
position at the toe of the deformation front (Figure 24).
Line 16 crossed the toe of the front obliquely, Line 17
crossed the toe at right angles to image both the toe and

sedimentary fill of the Sunda Trench, and Line 18 com-

432000
3°50'0"N,
422000
<@ N
3°45 k i\bt
412000 \.}(\e
'3
3°40'0"N /05’
iy P
=]
402000 g
)
= n L - w
3°350"N.S 2 3 = 2
— — in ae] ©
392000 \}09 2
512000 522000 532000 542000 552000 562000 572000

Figure 24. Location of seismic lines at the Ditch Site.
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pleted a triangle by tying to the mid-point of Line 16 near
the toe of the deformation front. These data show well-
stratified sediments with channel cut-and fill-sequences.
The toe thrust is a steep structure about 750 m high,
consisting of a single steep anticlinal fold (Figure 25).
Near-surface faults are apparent on the landward side of
the fold. On the seaward side, the slope apron consists
of debris giving incoherent reflections. This debris apron
appears fault-bounded at its seaward extent.

A summary of the Ditch ROV dive (Figure 26) shows
several freshly deformed soft rock features and no marine

life, suggesting that the Ditch was very recently formed.
Geotechnical ROV Results
At Site 3, the ROV descended to a depth of 4,425 m on

the southwest margin of the Ditch and proceeded across

the Ditch to the northeast margin. After traversing the

Ditch, the ROV climbed up and back down the north-
east Ditch slope (Figure 27). The ROV then crossed the
Ditch again and surveyed the southwest margin be-

fore returning to the surface. The southwest margin of
the Ditch was characterized by ridges with a “cottage-
cheese-like” texture and angular cobbles of mudstone
lightly dusted with sediment. The bottom of the Ditch
displayed bifurcating ripple marks and scalloped ripples
and cobble-sized mudstone blocks with a sediment cov-
er. The northeast wall of the Ditch was marked by small
(0.5 m), fresh-looking scarps striking parallel to the
margin, with up to 10-m-wide gullies that were oriented
perpendicular to the margin and increased in abundance
up slope. The southwestern wall of the Ditch in the
north had multiple rounded benches with a sharp wall at
the top. The top of the wall had a jagged edge with or-
thogonal joints that display plumose features. At its base
lay a talus apron formed of angular blocks up to 1 m in

Figure 25. Multibeam image of the Ditch site with seismic lines (white) and ROV survey (red) overlain.

27



28

striations
surfaces.
height of 1

Figure 26. Summary of ROV transect showing features observed at the Ditch.

Re
4 4 kilometers
The Performe

and retrieves

é:Eec?Te_v_:égling_the ditch

=

Illustration not to scale

Figure 27. Summary diagram showing a seismic line and a cartoon image of the ROV. A photomosaic con-
structed from ROV still images in shown in the upper left corner. The general location is shown in the upper right
corner.



size. A “popup” was developed on the upper flank and
had rounded ledges on both sides. The material on the
flank was well consolidated as indicated by the observa-
tion that the ROV could be lifted by suction pipe. The
wall of the scarp had striations, scaly fabric, and multiple
failure surfaces, with a total height of 12 m.

No biota were observed during the Ditch dive. The
absence of biota, the sharpness of the scarp wall on both
sides of the Ditch, the angular talus blocks, and the well-
developed striations on the scarp walls indicate that the
margins of the ditch are faults with recent movement,
probably due to the earthquake that occurred on De-
cember 26, 2004.

Biological Results

Dive 3 concentrated on the Ditch region at ~4,500 m.
During the 14-hour dive, not a single megafaunal or-
ganism was seen. There was some putative evidence of
recent uplift, but the cause of the lack of fauna (either
afaunal or defaunal) could not be positively determined.
It is possible the lack of fauna may have resulted from
tectonic activity or from other factors such as local cur-
rent activity or sediment instability. We were unable to
take any cores for biological analysis on this dive because

of the nature of the sediment.

Site 3A: The Proto-Ditch

A single seismic line (Line 19, Figure 26) was run nor-
mal to another accretionary toe southeast of the Ditch
where there was no outboard longitudinal gully. The
objective was to provide a comparison with the Ditch.
The profile was similar to the others in a similar posi-
tion, showing thrusting and folding of the sedimentary
package at the toe of the accretionary prism. In this case,
a normal-reverse fault was apparent beneath the hinge
point of the fold. A small depression, perhaps represent-
ing an incipient ditch was imaged.

A complete investigation of the Proto-Ditch site was
cut short because of a shipboard medical emergency. The

ROV was not deployed.

Site 4: The “Frog Pond”

The “Frog Pond” was targeted by the Scott scientists
from the multibeam data as a dive site because it was an
oblong scarp-bounded feature lying inboard of the plate
margin (Figures 1, 28, and 29). Its angular morphology

suggested movement on December 26, 2004.
Geotechnical ROV Survey

The objective of Dive 4 was to look for evidence of re-
cent seabed movement due to shaking on December
26, 2004 landward of the deformation front. Here the
thrust folds forming the accretionary prism are older
than those at the front and the sediment is assumed to
be more lithified. The dive traversed a major southwest-
facing scarp with approximately 70 m of relief along a
heading of 054°.

The ROV landed at 1,689 m on a sediment-cov-
ered seabed that had ripples at the surface. The sedi-
ment appeared to be micaceous. Lying on the sediment
were small displaced blocks with trails. At 1,727 m, a
steep (30°), in part almost vertical, scarp was encoun-
tered. The scarp was composed of stratified, green,
well-lithified mudstone, which was strongly folded and
deformed. The scarp face did not look fresh. This inter-
pretation was confirmed by an attached fauna that the
biologists estimated at three to five years old. At 1,662 m,
the scarp became vertical and formed a clift that was
heavily eroded; bedding was sub-horizontal. The cliff
had 20 m of vertical relief. The top of the scarp was at
1,602 m depth where the seabed was a sediment-covered
bench. The sediment formed bifurcating ripples. From
this point, water depths increased, and the seabed was
sediment covered and mainly featureless except for com-
mon burrows and associated mounds.

The presence of displaced blocks and lead-in trails at
the beginning of the dive at the foot of the scarp suggest-
ed recent movement, but this was small scale, no fresh

rock faces were observed.
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Figure 28. Close-up image of the “Frog Pond” from the multibeam dataset.

Figure 29. Detail showing the ROV dive observation and sample locations.

Biological Results

Dive 4 at the Frog Pond went to ~1,700 m depth. We ob-
served a relatively rich megafauna throughout the dive.
This distribution suggested there was tectonic activity in
the recent past. Most of the visible fauna was filter feed-
ing, consisting of anthozoans (anemones, zoanthids,
gorgonians, pennatulids) and sponges. A recent origin of
the scarps was disproved by the presence of a large bam-
boo coral, estimated at three to five years old, attached to

the middle of the scarp face.
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Site 5: Southern Forearc High
(“Sweet Spot”)

Geotechnical ROV Results

Site 5 was designed to examine structural features near
the highest point in the fore arc imaged by multibeam
data (Figure 30). The ROV transect crossed two scarps—
a small lower scarp and a higher, larger scarp that crest-
ed at the highest part of the fore arc imaged in multi-
beam data. The ROV descended to a depth of 843 m and

moved up the lower of the two scarps. The seabed was



Figure 30. Close-up image of the “Sweet Spot” from the multibeam dataset (ROV traverse

in pink).

coarse rippled sand, but blocks were encountered at the
bottom of the scarp, which increased in abundance up
slope. At a depth of 811 m, ledges composed of continu-
ous outcrops of flat-lying bedrock were encountered. A
series of sandy, debris-covered slopes alternating with
rock ledges were observed up to a depth of ~720 m
where numerous fresh-looking cracks or exposed 10-25-
cm-high fault surfaces were observed.

The ROV then crossed a relatively flat sandy, rippled
surface with coarser material in the trough of ripples.
The heading was changed toward perpendicular to the
upper scarp (300°) until the ROV reached the base of
the slope, where the heading was changed again (220°-
245°) to cross the scarp obliquely to the top. The base of
the slope was characterized by a steep sandy surface with
ripples and scattered blocks of small white boulders and
larger dark brown boulders. The abundance of blocks
increased up slope to the base of a clift of bedrock com-
posed of flatlying pillow basalt (?), sandstone, and shal-
low water limestone (546-388 m depth). The ROV was
unable to sample the potential basalt layer, but pieces of
float were collected, which consisted of shallow-water
limestone and sandstone. The limestone was dark brown

to yellow on oxidized surfaces, but was white on fresh

surfaces. Based on subsequent analysis of seismic reflec-
tion data, the sedimentary rocks were interpreted as the
lower part of the Aceh fore arc basin that had been up-
lifted along the fore arc high, potentially along the West
Andaman fault system that was observed in multibeam
data all along the southwestern side of the basin. Fresh
faces on small scarps were observed in the vicinity of
damaged or dead biota, raising the possibility that these
faults were active as recently as December 26, 2004.
However, a bamboo coral attached to one of these faces
cast this interpretation in doubt. The observation of
fresh limestone blocks on the slope, but oxidized lime-
stone surfaces on the outcrop, raised the possibility that
the fresh limestone debris on the slope was dislodged
during the shaking on December 26. Above a depth of
500 m, there was little evidence of marine life, interpret-
ed as due to strong bottom currents that may be related
to the December 26, 2004 tsunami.

Biological Results
Dive 5 was in the region of the “Sweet Spot” and rose

from ~800 m to 400 m water depth. At depths below 500

m there was a rich megafauna, similar to that observed
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on Dive 4, but also containing echinoids, seastars, ophiu-
roids, and abundant shrimp. At ~500 m depth evidence
of recent cracks in the seabed was observed; however,
closer examination during the dive and subsequent still
photography showed the crack faces were colonized by
erect gorgonians as well as encrusting organisms.
Immediately upslope from this level there appeared
to be damage to the erect megafauna; broken stems
or gorgonians lying on their fans were observed. At
depths shallower than 500 m there was no evidence of
megafauna, although examination of still photographs
showed a stunted fauna attached to rock surfaces. It is
possible, but not proven, that the seabed shallower than
500 m was subject to direct impact of the tsunami wave,
which at this depth would exert a current of ~30 cm/s.
Such a current, especially as a shock, might be sufficient
to damage or break off erect megafauna, leaving these
depths bare of erect megafauna whilst having much
less impact on the stunted or encrusting fauna of the

rock surfaces.
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On this dive there was also evidence of recent rock
fractures and possible downslope transport. It was not
possible to quantify this effect on the megafauna, al-
though some gorgonians attached to small boulders ap-
peared to have been disturbed and were lying on their
fans. Much of the seabed along the dive route was rock
face and boulders. Any sediment present was sandy and
usually no more than a few centimeters deep. As a result,

no cores were taken.

FOREARC BASIN SURVEY

En route from the Sweet Spot dive site to the next ROV
location known as “Mosher’s Mystery Tour,” a geophysi-
cal survey (Figure 31) was conducted across the E-W
extent of the Aceh (forearc) Basin (Profiles 20-24) and
along its seaward margin to the north (Profiles 25-26).
Profile 20 began at 2222z, May 21, 2005 and profile 26
ended at 0946z, May 23, 2005. Weather and sea states

were excellent, resulting in extremely high data quality.

Figure 31. Track locations
of seismic survey lines on
the fore arc high.
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Profile 20 crosses the Aceh Basin from SW to NE near
its southern limit. Penetration reached ~1.3 s in basin
fill. There is seismic evidence for debris flows and folds
within the fill. This profile also crossed a topographic
high (almost certainly a large, faulted fold) where pen-
etration was limited. At the NE end of the profile there is
a major deformed sediment pond, the SW side of which
may be bounded by a large normal fault. Active move-
ment along this fault is suggested by increasing rotation
of fill sediments with depth. Possible liquefaction pock-
marks were noted at the surface in this profile.

Profile 21 crosses the basin from SE to NW, once
again crossing well-stratified thick forearc basin fill
sediments. The most distinctive feature of this fill is a
prominent intrabasinal angular unconformity at ~0.7 s
sub-seafloor (Figure 32). Beneath the unconformity, fill
is deformed; deformation appears to increase towards
the NW. At the NW end of the profile, large folds reach
the seafloor, separated at intervals by flat-lying sediment

ponds of varying size. Several debris flow intervals were

noted in this section as well.

Profile 22 crosses the basin obliquely from SSW to
NNE. Imaged basin fill (penetration reached almost
1.5s) is largely flat lying, although low-amplitude reflec-
tions near the bottom of the profile suggest folded strata
at depth. Multiple debris flows are observed intercalated
with parallel-continuous reflections within the fill (Figure
33). The thickness of these beds seems to increase with
depth. The prominent angular unconformity observed
on Profile 21, underlying the landward flank of the basin,
was again observed on the NW part of this profile.

Profiles 23 and 24 together again cross the Aceh Ba-
sin, in this case approximating an E to W transect. Ba-
sin fill is flat lying, with virtually no disruption of the
seafloor. There is folding at depth. Sub-seafloor penetra-
tion was generally 1.0-1.2 s. At ~0020z, May, 23, 2005
there was an acoustically transparent diapiric (fluid es-
cape?) structure at ~0.4 s sub-seafloor that may result
from an underlying debris flow. A possible interpreta-

tion is that a vertical fault associated with this structure
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Figure 32. Airgun seismic profile along Line 21 on the fore arc high.
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Figure 33. Airgun seismic profile along Line 22 on the fore arc high.

reaches the seafloor. The seaward end of Profile 24 is
dominated by a series of folds, which get larger to the
NE. The western boundary of the basin contacts these
folds with sharp truncation of upturned reflectors, sug-
gesting normal faulting (Figure 34). This site was one of
the ROV dive sites (Mosher’s Toe).

Profile 25 extends from the seaward end of the Aceh
Basin NNE to approximately the middle of the basin. At
the SSW end of the profile there are numerous faulted
folds; the faults are normal, with downthrows towards the
basin. The fill, ~1.0 s thick, is flat-lying above becoming
slightly undulatory at depth. There is no disruption of the
seafloor. A prominent angular unconformity forms the
base of the fill. Penetration averaged ~1.0-1.2 s.

Profile 26 extends from the middle of the Aceh Basin
back towards its seaward edge, trending ENE to WSW.
Basin fill is flat-lying above to slightly undulatory at
depth; the base of the fill is defined by the same angular
unconformity imaged by seismic Profile 25. The sea-
ward margin of the basin is dominated, as on Profile 25,

by faulted folds. The normal faults are prominent, with
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downthrown sides towards the basin; offsets appear to
be in the range of 0.1-0.2 s. Submarine landfall debris

at the base of slope is apparent. The seaward end of the
profile is characterized by a prominent topographic high
(almost certainly a fold); penetration crossing this high
is limited. This feature is 1,500 m high. At the top is a
70-m deep gouge zone that was the target of ROV Dive 7
(Figure 35).

Forearc Basin ROV Survey

Two ROV surveys were carried out on the western mar-
gin of the forearc basin (Figure 36). The goal of the first
survey, Dive 6, at depths of 1200 to 1300 m, was to inves-
tigate a strike-slip fault imaged on the HMS Scott multi-
beam data to ascertain whether there was any evidence
of recent strike slip movement. The second dive, located
on the western margin of the planar floored forearc ba-
sin, was to investigate a fault imaged on the SCS and,
again, to determine whether there had been any recent

movement here.
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Figure 35. Airgun seismic profile along Line 26 on the fore arc high.
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Figure 36. Overview of the dive sites on the western margin of the forearc basin from the

multibeam data set. The Dive 6 track is in the north and Dive 7 is in the south; both are in
red. White lines are the SCS transects. For details, see Figures 37 and 38

Site 6: Forearc Basin Survey (“Mosher’s
Mystery Tour”)

Geotechnical ROV Results

Site 6 began on a high in the forearc and descended into
a linear depression imaged on multibeam data, inter-
preted as a strike slip fault, that is the site of a fault along
a crossing line on the SCS data (Figure 37). The seafloor
on the high was at a depth of approximately 1,200 m and
the depression was about 100 m deeper. At the top of the
high there was rock pavement, with orthogonal joint sets
oriented parallel and perpendicular to the margin. The
systematic set was perpendicular to the margin or paral-
lel to the dive heading, and the later, non-systematic set
(parallel to the margin) showed abutting relationships
with the earlier set. Rippled sand was in places nested
within crack-bounded depressions, but the pavement
was mostly devoid of loose sediment cover. Sampling

of the pavement proved that it was a clayey, terrigenous
sediment with foraminifera that was semi-consolidated

and extensively bored by organisms. Downslope there
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was a series of ledges of similar pavement with increas-
ing debris and a sandy rippled surface at the bottom of
the slope. The absence of any scarps indicated that this
fault did not rupture the surface on December 26, 2004.
The heavily bored pavement at the top of the ridge was
consistent with an erosion surface that was swept clean

of sediment.
Biological Results

Dive 6 investigated the scarp of a possible fault iden-
tified from seismic data. The seabed below the scarp
comprised a pavement of cemented mudstone, with oc-
casional patches of rippled sand. Fauna were generally
sparse. Dive 6 was terminated as a result of a hydraulic
leak from the ROV’s starboard manipulator. A second
dive at the site followed a different transect, crossing
terraces at 1,300 m occupied by brisingids, anemones,
sponges and gorgonians. There was little evidence of
seabed disturbance. No core samples or megafauna were

collected.



Figure 37. Close up image of Dive 6 (in red). Image is Mosher’s Toe site from the multibeam
data.

Site 7: Northern Forearc High (“Mosher’s
Toe”)

Geotechnical ROV Results

At Site 7, the ROV surveyed the northeastern slope of

a ridge along the edge of the Aceh Basin where a pos-
sible fault is imaged on a seismic reflection profile (Fig-
ure 38). The seabed was muddy and the surface was flat
at the base becoming increasingly hummocky upslope.
Observed crack features were identified as burrows pro-
duced by shrimp. There was no evidence of recent defor-

mation.
Biological Results

Dive 7 examined the deeper slope between 2,689 m and
2,593 m in the same area as Dive 6. The seabed was san-
dy mud, with occasional cobbles. The fauna were domi-
nated by hexactinellid sponges occupying, what may
have been, the stems of dead gorgonians. An attempt
was made to recover a specimen with the suction sam-

pler, but the base of the stem was buried in sediment at

least 4.5 cm deep. Gorgonian stems were also occupied
by brisingids and flytrap anemones. Occasional linear
burrows up to ~0.5 m long in the sediment appeared to
be occupied by shrimp. Blade cores and push cores were

collected at the start and end of the dive transect.

Site 8: Don’s Volcano

Geotechnical ROV Results

The purpose of the dive was to investigate a small bathy-
metric conical shaped high surrounded by a relatively
flat sedimentary basin (Figure 39). The morphology of
the high suggested a submarine volcano. The conical
structure had a total relief of about 200 m, a diameter

of about 1 km at its base, and was located in a posi-

tion aligned with the ship’s course for the return trip to
Phuket, Thailand. The ROV landed at 12:48 UTC several
tens of meters to the southwest of the conical structure.
The ocean floor was mudstone covered with a layer of
silt. The ambient water column had a lot of suspended
particles and visibility was poor. During the short trip to

the flanks of the conical structure, the ROV revealed a

37



38

Figure 38. Close up image of Dive 7 (in red). Image is of Mosher’s Mystery Tour site from
multibeam data.

Figure 39. Close up image of Dive 8, Don’s Volcano, from the multibeam data.



series of small ledges a few centimeters in height, as well
as cobble fields. Samples of the rocks were broken-oft
and collected with the ROV manipulator.

The lower regions along the flank of the conical struc-
ture included boulder fields. The boulders became more
common in the upslope direction. The surfaces of the
boulders and in situ rocks had a fabric that suggested a
cooling rind consistent with cooling basalt. A small de-
pression at the top of the conical structure suggested a
small caldera. The flanks of the conical structure were
interspersed with small, flat areas covered with well-
sorted and well-rounded cobbles. All rocks on the coni-
cal structure appeared to be black. Rock samples were
collected regularly during the ascent to the summit of
the conical structure. Many flat horizontal surfaces were
covered with the remains of large coral that had died de-
cades or centuries prior to our discovery. The ROV dive
was terminated 18:01 UTC. Rock samples recovered,
along with the in situ geologic structures, confirmed the
conical structure is a small basaltic volcano. Outstand-
ing questions include (1) When was the last eruption?
(2) What is the origin of the cobble fields? and (3) What

caused the coral to die?
Biological Results

Dive 8 was mainly to investigate for chemosynthetic
communities. It specifically surveyed a 200-m-high
mound interpreted as a volcanic feature from the HMS
Scott multibeam data. The ROV climbed the steep sides
of the mound, encountering beds of weathered frag-
ments of gorgonians. Rock samples confirmed a volca-
nic origin of the mound. At the summit of the mound,
large bryozoans, sponges, and gorgonians dominated the
fauna. An aggregation of pennalids was also present in
a crevice. A survey of the summit did not find any evi-
dence of current or recent volcanic or hydrothermal ac-

tivity. No core samples or megafauna were collected.
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Appendix A:

Tsunami Wave Modeling Results

Numerical Simulation of the December 26, 2004 Indian Ocean Tsunami:
SEATOS Cruise report
(DRAFT)

Stéphan Grilli ' (group leader),
Mansour Ioualalen?, Frédéric Dias® Kate Collins*
Fengyan Shi® (shore-based), James T. Kirby? (shore-based),
and Philip Watts® (shore-based).

Abstract: There were two main objectives for the modeling group: (i) based
on new information obtained during the cruise, to refine the tsunami source and
perform increasingly accurate simulations of the 12/26/04 tsunami at the Indian
Ocean Basin scale; (ii) to perform regional simulations on refined grids and
better estimate coastal tsunami impact for selected areas (Ko Phi Phi, Banda
Aceh,...). The latter can be referred to as case studies. The tsunami source
used in the modeling is based on existing pre-cruise information, supplemented
by seafloor morphology and other information about the earthquake obtained
during the cruise and provided by the geophysics and seismology groups. The
initial rupture model used in our pre-cruise work (Watts et al., 2005) is made of
four separate segments, with different characteristics, along a 1200 km long rup-
ture zone. Tsunami sources for these segments are obtained by using Okada’s
(1985) method. According to information from existing rupture models (de
Groot-Hedlin, 2005; Ammon et al., 2005), we trigger these sources in a time
sequence spanning 331 s, and perform a numerical simulation of the tsunami
with a high-order Boussinesq model (i.e., a dispersive long wave model with
full nonlinearity up to a certain order). The pre-cruise source already gave rea-
sonable agreement between numerical results and a few observed runup values.

During the cruise, as more became known about the tsunami source, we iter-
atively conducted modeling studies aimed at better reproducing tide gage mea-

surements, Jason I satellite observations, as well as runup data collected by a
variety of international teams, at a number of selected locations. We also cre-
ated the topographic and grid data for the regional studies and modeled those in
order to perform the selected case studies.
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