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Following the devastating 2004 tsunami that hit the southwestern coast of Thailand, the need for detailed
bathymetric data of the Andaman Sea outer shelf became evident in order to better predict tsunami wave
propagation and coastal impact. Bathymetric data and subbottom profiler records covering the outer
shelf and upper slope of the Thai exclusive economic zone (EEZ) were collected onboard Thai RV Chakr-
atong Tongyai in 2006 and 2007. The data cover an area of approximately 3000 km? between 500 and
1600 m water depth. The soundings allowed generating a final bathymetric grid with 50 m grid cell spac-
ing. The outer shelf is rather smooth and slightly inclined southward, while the upper slope is strongly
dissected by gullies. Several previously unknown features are identified including mud-domes, pock-
marks, three large plateaus surrounded by moats, gas-charged sediment on subbottom profiler records,
and only few indications for small submarine landslides on the upper slope. The largest of these possibly
translational submarine landslides involved 2.2 x 107 m? of sediment. This slide would have generated a
tsunami wave of less than 0.12 m wave height. Considering the entire data, there is no evidence that

landslides have been the source of tsunami waves in recent geological time.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

On December 26, 2004 tsunami waves triggered by the Sumatra-
Andaman earthquake of magnitude 9.3 (Lay et al., 2005) struck the
southwestern coast of Thailand, causing considerable damage and
killing thousands of people (Choowong et al., 2008). Subsequently,
the impact of the tsunami on various field elements has been docu-
mented (Velmurugan et al., 2006; Choowong et al., 2008) including
buildings, infrastructure (Ghobarah et al., 2006) and coastal ecosys-
tems (Cochard et al., 2008). Different models for predicting future
tsunamis, their travel times and potential impact on the Andaman
coast have been developed (Kowalik et al., 2005; Geist et al., 2007,
Kietpawpan et al., 2008). In order to deliver reliable results, these
models require detailed knowledge of the bathymetry of the Thai
shelf beyond the accuracy of existing GEBCO bathymetry or satellite
derived altimetry data (Smith and Sandwell, 1997).

In addition, tsunamis are not only triggered by large earth-
quakes but can also be generated by large submarine landslides
(Hampton et al., 1996; McAdoo and Watts, 2004; McMurtry
et al., 2004; Smith et al., 2004; Lépez-Venegas et al., 2008). Consid-
ering the bathymetry of the Andaman Sea outer shelf break and
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slope with gradients up to 4.5° (I0C, IHO and BODC, 2003), the
Andaman Sea slope has the potential for generating landslides
(Hampton et al., 1996). In order to detect and characterize possible
submarine landslides on the continental slope, detailed bathymet-
ric data are required. At present such data are only available for the
Central Basin of the Andaman Sea (Raju et al., 2004) and the south-
ern part of the basin including parts of Mergui Ridge and Mergui
Basin (Krabbenhoeft et al., 2010).

In this paper, we present for the first time the multibeam bathy-
metric data covering approximately 3000 km? on the outer shelf
and upper slope of the Thai EEZ between 500 and 1600 m water
depth. These data have been acquired using a portable Seabeam
1050 system installed on Thai RV Chakratong Tongyai during two
cruises in 2006 and 2007. The resulting detailed bathymetry reveals
a number of previously unknown seafloor features including three
large plateaus and several indications for fluid escape on the sea-
floor, but no clear indications for recent large submarine landslides.

2. Geological setting of the Andaman Sea

The Andaman Sea is an active backarc basin resulting from the
subduction of the Indo-Australian Plate under the Asian Plate. The
distribution of earthquakes indicates rather unequal longitudinal
compression and relative oblique movement of different segments
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along the subduction zone (Eguchi et al., 1979; Kumar, 1981;
Curray, 2005). The oblique convergence of the plates causes bend-
ing of the Sunda Arc and therefore forms an extension of the plate
between the subduction zone and right-lateral faults. An increas-
ing of the rate of strike-slip motion caused the opening of the Mer-
gui Basin and separating the East Andaman Basin starting at about
32 Ma ago (Curray, 2005).

The East Basin (Fig. 1) probably represents a right lateral com-
pressive segment affected by pull-apart extension faults occurring
in the Central Basin (Raju et al., 2004) and many strike-slip faults
in the vicinity of the outer shelf. The Central Basin is underlain by
oceanic crust and seafloor spreading probably started about 4 Ma
ago (Curray, 2005) with initial rates of about 1.6 cm/yr increasing
to roughly 3.8 cm/yr at present (Raju et al., 2004). In Myanmar
and Thailand, many longitudinal strike-slip faults were studied,
especially the Shan Scarp Fault. The faults are almost oriented in a
N-Sdirection (Mitchell, 1992; Richter et al., 1993; Bertrand and Ran-
gin, 2003), but their seaward extension into the East Basin is not ex-
actly known (Curray, 2005). In addition, the Mergui Faults could
have cut off the southern ends of the Ranong and the Klong Marui
Fault and may have crossed the Mergui Ridge. The faults are oriented
in a NW-SE direction and lie on the complex strike-slip faults zone
between the Mergui Ridge and the Ranong Ridge. Nevertheless, their
positions in the basin are not accurately known (Polachan and Ra-
cey, 1993). These faults possibly also generate pathways for fluids.
The Mergui Ridge was probably part of the original volcanic arc,
and four mud-volcanoes were reported on the ridge (Curray, 2005).

The sediment blanket in the East Basin consists of sand and
foraminiferal ooze (Rodolfo, 1969; Saidova, 2008) or sandstone
and coral-algal reef limestone (Polachan and Racey, 1993). The East
Basin has a section of flat lying-sediments of at least 4.6 km in
thickness (Curray, 2005). The main sediment source of the
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Andaman Sea is fluvial input from the Irrawaddy River (Rodolfo,
1969) with a large sediment influx over 360 million tons/yr (Rao
et al., 2005). Over 70% of the sediment accumulated on the inner
shelf and in the Gulf of Martaban, whereas the rest settled offshore
near the edge of the continental shelf (Ramaswamy et al., 2008).
The average primary productivity of the Andaman Sea is presently
rather low with approximately 6 x 107 tons of C/yr (Qasim, 1977).
However, the biogenic productivity at about 10-8 Ma ago was
higher than at present (Gupta et al., 2004).

3. Method and depth accuracy testing

Bathymetric data of the Thai EEZ on the outer shelf and upper
slope of the Andaman Sea were collected during two cruises of Thai
RV Chakratong Tongyai in November-December 2006 and Octo-
ber-November 2007 using a pole-mounted Seabeam 1050 system
with 50 kHz transducers. The investigated area comprises water
depths ranging between 500 and 1600 m. During the first cruise
in 2006 some of the staves of the multibeam transducers were
damaged so that several beams did not provide useful data. In
addition, vibrations of the pole supporting the multibeam trans-
ducers limited the range of the multibeam system to generally less
than 1500 m water depth. The multibeam data were processed
using MB-System (Caress and Chayes, 2004) and displayed using
Generic Mapping Tool-GMT (Wessel and Smith, 1998). In addition
to multibeam data, 4-12 kHz subbottom profiler records were ob-
tained with an INNOMAR SES2000 medium system. The records
were processed and analyzed by using the traditional SES software
and subsequently imported into KINGDOM Suite. However, the
sandy sediments of the Andaman Sea prevented good penetration
of the parametric signal.

Fig. 1. (a) Location of study area in the Andaman Sea of the northeastern Indian Ocean. (b) Synthesis tectonic map of the East Andaman Basin redrawn from Curray (2005)
showing pull-apart extension fault in the Central Basin (Raju et al., 2004), strike slip faults with their approximate positions such as the Shan Scarp Fault and the Mergui
Faults in the East Basin, strike-slip faults zone between Mergui Ridge and Ranong Ridge, the Ranong and the Klong Marui Fault (Richter et al., 1993; Polachan and Racey, 1993;
Curray, 2005), and known detailed bathymetry (Raju et al., 2004; Krabbenhoeft et al., 2010). Boundary of Thai EEZ is shown by red line. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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The depth accuracy tests revealed that 95% of the processed
grids obtained values equal or better than 1% of water depth, which
is acceptable for the generation of a final grid (Beyer et al., 2003,
2005; de Alteriis et al., 2003) when grid resolution has been set
to 50 m (Fig. 2). The depth accuracy of the instrument can also
be linked to the standard deviation, thus the values should vary be-
tween 5 and 16 m height. This test reveals that 95% of the grid cells
obtained standard deviations better than 16 m height.

4. Results

The bathymetry and subbottom profiles allow the characteriza-
tion of gradients of the upper slope and reveal several previously
unknown prominent features (Fig. 3). On N-S profiles (Fig. 4a),
the outer shelf, lying in 500-600 m water depth, is rather smooth
and slightly inclined southward with a gradient of less than
0.08°. In contrast, the upper slope comprises several escarpments
and gullies or possible heads of submarine canyons. Slope inclina-
tion angles on E-W profiles (Fig. 4b) allow dividing the slope into
two zones; the upper slope and the middle slope. The upper slope
comprises the area on the southern end of the investigated area
where the gradient is approximately 1° at 700-1200 m water

depth, and the northern part of the shelf where gradients range be-
tween 1.5° and 2.2° at 600-900 m. The middle slope covers the
area where gradients vary from 3° along the southern part at
900-1300 m water depth to 4.8° further north.

Several prominent features are observed in the study area.
These include; fault traces, an area comprising small slumps, vari-
ous indications of gases and fluids in the shallow sub-surface, var-
ious escarpments and gullies on the continental slope (Fig. 3), a
possible submarine landslide (Fig. 5), a possible mud-dome
(Fig. 7), three large plateaus protruding more than 50 m above
the ocean floor on the smooth outer shelf and a possible giant
pockmark (Fig. 8).

4.1. Submarine landslides and slope failures

At location 8°12.94'N and 95°48.80'E the bathymetric data
show evidence for a possible submarine landslide occurring on
the slope at a water depth of roughly 945 m. The trapezoid-like
slide scar is oriented in an E-W direction and incises as much as
25 m into the underlying sediments (Fig. 5a). Surface extent of
the failure is approximately 1100 m width and 800 m length
(Fig. 5b) resulting in a volume of roughly 2.2 x 10’ m> of failed

96°00'E 1

g

|THE ANDAMAN SEA SHELF BREAK
SWATH BATHYMETRY
71 Ship: RV Chakratong Tongyai cruise MASS-I, -1l

] System: SEABEAM 1050  Projection: Mercator
| Datum: WGS-84 Grid resolution: 50 m

] distance (km)

Jl — e— |
] 0 10 20
1 altitude (m)

-2000 -1500 -1000 -500

8°20

SEABEAM 1050 track lines

9°E | 96°E

“The Andaman Sea -

Fig. 2. Detailed bathymetry of the upper slope of the Andaman Sea outer shelf overlain on GEBCO 30 arc-second (The GEBCO_08 Grid, 2009) is shown by color-shaded relief

map.

Journal of Asian Earth Sciences (2011), doi:10.1016/j.jseaes.2011.11.003

Please cite this article in press as: Jintasaeranee, P., et al. Morphology of the Andaman outer shelf and upper slope of the Thai exclusive economic zone.



http://dx.doi.org/10.1016/j.jseaes.2011.11.003

[ 95°40' E 95°507 96°00
[ Legend 2 G
- ® gasffluid? 58
& x slide/slump? | £ i )
'g A mud-dome ;; A
— Fault traces? § 434
L /’Fig. 8a
I 1 °j e
_2 s s (: Weg-60p .2
[= p((3 -
% 1 ~ ™~
Bz j », Fig- 8b| £
‘ ;U! i
;EFQ § 8 L Fig. 5
= g T 3} Wes
ke o n
/\ 8
ey
[ ® M Flg. 8c
pidt
| %)
L <
[ & N
4 ;
L2 pé
? o Wesz
. 2
£ g
P~ o
: RS
[ xx&x X% Fig. 7
L X A
_b h/é\] ]
<t
M~
distance (km)
0 10 20

Fig. 3. Interpretation of the bathymetry and subbottom profiles showing promi-
nent features including a mud-dome, a possible slide, three large plateaus, drawn
lines of escarpments, and an area comprising gaseous sediments or fluids and
slumps. Contour interval is 40 m.

sediment. A subbottom profile across the area (Fig. 5c) indicates
different phases of failure processes. The first slide scar is about
13 m height, followed by a second slide scar of 10 m height. About
2.5 km downslope of the main scarp, convex-upward slope profiles
probably correspond to the deposits from this sediment failure.
The echo-character of these deposits (Fig. 5c) shows weak, trans-
parent subbottom reflections that could represent sediment flows
and their deposits (Pratson and Laine, 1989).

In addition, eleven other locations of possible small slides/slumps
are observed on subbottom profiler records from the southwestern
end of the study area (Fig. 3) where slope gradients are approxi-
mately 1°. Although the area is rather smooth, slides occurring on
similar slopes have been reviewed (Hampton etal., 1996). Their sizes
vary between 500 and 1000 m long and 10-20 m high. Distributions
of the slides/slumps cover an area of approximate 200 km?. The echo
character is a distinct, continuous, steeply dipping bottom echo with
dipping subbottom reflectors. The echo type is classified as quiescent
hemipelagic sedimentation by combined processes and/or slump
deposited by mass wasting (Pratson and Laine, 1989).
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Fig. 4. (a) Latitudinal (NS1-1 to NS3-3) and (b) longitudinal profiles (WE1 to WES8)
show the general morphological trends of the Andaman Sea outer shelf and upper
slope. For profile locations refer to Fig. 3.

4.2. Fault traces

On the outer shelf and upper slope, longitudinal escarpments
generally stretching N-S are observed (Fig. 3). The escarpments
are contour parallel and occur in water depths between 600 and
1300 m. The escarpments are not uniform in height and continu-
ous, but separated into various sizes of escarpments. Their sizes
vary from few kilometers to more than twenty kilometers in length
with a height of tens of meters. Although available data do not al-
low clear identification of the nature of these features, they most
likely represent the seafloor expression of normal or strike-slip
faults related to the opening of the Andaman Basin.

4.3. Fluid flow features

At least 24 locations show evidence of possible gas or fluid
accumulation below the seafloor in the southwestern part of the
study area (Fig. 3) in water depths of about 950 m. Anomalous fea-
tures such as dome-shaped structures beneath the seafloor
(Fig. 6a) are visible on subbottom profiler records. The domes have
at least 10 m relief height and 200 m width, but could be much lar-
ger, as the deeper structure is not resolved with the present sub-
bottom profiler data. On top of the domes, negative polarity
reflections are shown in blue, while bottom reflections and subbot-
tom reflectors are shown in red, point to the presence of gas or
fluid beneath seafloor (Fig. 6b).

A sub-circular mound-like feature is observed at 7°48.04'N and
95°57.80'E in a water depth of about 500 m (Fig. 7a). Surface profiles
traced over the dome with a dimension of about 900 m length (pro-
file aa’), 40 m height (profile bb’), and 400 m width (profile cc’) re-
veal that the dome is not a complete circle, but stretched in a NE-
SW direction (Fig. 7b). In addition at 7°48.19’N and 95°57.75’E,
one subbottom profile showed another tiny dome north of the actual
mound. The size of this dome is approximately 20 m height and
400 m length. Strong subbottom echoes and echoes in the water
column suggest that sediments are gas-charged in the vicinity of
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Fig. 6. (a) Subbottom profiler records at location 7°58.6'N and 95°45.97’E and (b)
interpretation of possible gas or fluid occurrence.

the mound and that gas may even escape into the water column
(Fig. 7c).

4.4. Plateaus

The most striking features that were discovered by the new, de-
tailed bathymetry are three plateau-like structures between 8°07’
to 8°24'E and 95°50’ to 95°57'N (Fig. 8). The northernmost plateau
(Fig. 8a) has an elliptical shape and covers an area of approximately
2 x 8 km. The middle plateau (Fig. 8b) is about 2 x 4 km in dimen-
sion, and the southern oval-like plateau (Fig. 8c) covers an area of
approximately 4 x 6 km. The plateaus have an almost flat top, but
are slightly inclined westward. The edges of the plateaus are
bounded by rather steep vertical slopes with relief heights of about
50 m towards the shelf and exceed more than 200 m towards the

slope, i.e. at their western end. Although the three plateaus have
many features in common, there are distinct differences. All pla-
teaus show the presence of cracks around their edges and deep
moats surrounding them. The moat is actually much wider and
more pronounced for the southern plateau. This plateau also shows
the smoothest surface except for the southwestern quadrant that
displays the presence of several sub-rounded depressions
(Fig. 8c). The middle and northern plateaus show a rather smooth
surface on their western half while the eastern half is more irreg-
ular (Figs. 8a and 8b). These two plateaus also show an irregular,
hummocky surface at the western down-dip slope in the continu-
ation of the plateaus that could represent slump deposits from dis-
integration of part of the plateaus. However, unequivocal
interpretation of the observed features is not possible with the cur-
rent data set. Finally, a possible pockmark is recognized just north
of the middle plateau at 8°18.90'N and 95°54.64’E (Fig. 8b). This
giant pockmark covers an area on approximate of 1 x 0.3 km and
incises to a depth of 30 m.

5. Discussions

The relatively steep slope of the Andaman Sea outer shelf and
upper slope within the Thai EEZ presents many features that are
prerequisites for the generation of large submarine landslides
(Hampton et al., 1996; Mulder and Cochonat, 1996). These features
include rapid sedimentation originating from the Irrawaddy River,
the expulsion of gases and fluids, and the occurrence of large earth-
quakes at close distance. However, close analysis of the detailed
bathymetric data presented in this paper, shows only one distinct
submarine landslide located at 8°12.94'N and 95°48.80'E (Fig. 5),
and even this potential submarine landslide only involved
2.2 x 10’ m? of sediment. Based on the morphology of the mass
failure, the Skempton ratio between the depth (H = 85 m) and the
length (L =2240 m) of the slide, together with the character of
the slump or slide, is generally used for the classification of the
mass failures. The ratio which is estimated from subbottom profil-
er records is H/L = 0.04, suggesting that the mass failure corre-
sponds to a translational submarine landslide (Mulder and
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Cochonat, 1996). Could such the landslide generate a tsunami
wave?

The theoretical tsunami wave length and maximum amplitude
directly over the slope failure generated by disintegrative submar-
ine landslides can be calculated by the semi empirical equations
proposed by Watts et al. (2003) and McAdoo and Watts (2004),
but the formulae do not include tsunami propagation and run-up
along shore.

A = 3.87(bd/ sin 0)*> (1)

A, = 0.224T[w/(w + 2)][(sin 0)'*° — 0.746(sin 0)°*
+0.170(sin 0)**)(b/d)** (2)

where b is the initial length of the failure perpendicular to the mar-
gin, w the initial width of failure parallel to the margin, 0 the mean
slope of the failure scar, T the maximum initial thickness of the fail-
ure normal to the slope and d the initial water depth at the center of
the failure. The landslide is assumed as thin, linear slides with no
basal friction and strong fluid dynamic drag. Intrinsic amplitude
accuracy regarding the equation is +5.3%. The results show that
the observed landslide would have generated a tsunami wave of
about 4450 m wave length and with a maximum wave height of
about 0.12 m. These initial wave characteristics could be input cri-
teria for tsunami propagation models (Synolakis et al., 2002; Brune
et al., 2009) in order to calculate wave propagation and potential
onshore run-up. However, the small initial wave height already
indicates that the observed submarine landslide could not generate
a devastating tsunami on the coast. It is consequently unlikely that
submarine sliding has contributed to the tsunami hazard along the
Andaman Sea coast in the recent geological past. Similar conclu-
sions have been drawn by Brune et al. (2009) who also found only
small landslides offshore West Sumatra. However, the presence of
the landslide indicates the existence of upper slope instability.
The reason for the absence of large, tsunami-generating landslides
might be found in the nature of the sediments at the Andaman
Sea outer shelf and upper slope. Both subbottom profiler records
(Fig. 5¢) and published data from Rodolfo (1969) suggest the pres-
ence of sandy deposits that would be well drained precluding the
build-up of overpressure.

Another point that needs to be discussed is the nature of the
three prominent plateaus on the outer Andaman shelf. Morpholog-
ically, the plateaus resemble guyots, i.e. drowned coral atolls. How-
ever, irregular surfaces on the eastern part of the middle and
northern plateaus are not consistent with this interpretation. Sub-
bottom profiler records over the plateaus (Fig. 9) show prolonged
echoes of about 10 m of thickness with no subbottom reflectors.
This echo type could be interpreted as coarse-grained sediment
cover on top of the plateau similar to echo-type defined by Damuth
(1980) for 3.5 kHz echograms. Sediments covering the Mergui
Ridge consist of sand and foraminiferal ooze or sandstone and coral
reef limestone (Rodolfo, 1969; Polachan and Racey, 1993; Saidova,
2008). Consequently, we interpret the plateaus as old coral struc-
tures or atolls that are blanketed by sediment deposits. The edges
of the plateaus show numerous signs of disintegration of already
consolidated deposits. Additional data are clearly required in order
to clarify the nature and evolution of these structures.

6. Conclusions

New detailed bathymetric data of the Andaman Sea outer shelf
and upper slope of the Thai EEZ derived from multibeam swath
mapping allow generating a final grid with 50 m grid cell spacing.
The new map allowed the identification of several previously un-
known features such as mud-domes, three large plateaus that most
likely represent oceanic guyots, and allowed the characterization
of potential submarine landslides. In addition, the new bathymetry
will help improving tsunami wave propagation models and impact
assessment.

One possible translational submarine landslide of 1100 m
length, 800 m width and 25 m height is identified on the upper
slope. Based on the geometry of the failed mass, a tsunami wave
length of about 4450 m and a maximum tsunami wave height of
about 0.12 m directly above the slide are computed following semi
empirical equations. The Andaman Sea upper slope consequently
does not show evidence for potential recent submarine landslides
that could have been the source for generating tsunamis. However,
the presence of submarine landslide suggested widespread insta-
bility of the upper slope.
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Fig. 9. Subbottom profiler records over the northern plateau shows possible coarse-grained sediment covering on top of the northern plateau. For profile locations refer to
Fig. 3.
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The exact nature of many of the observed features could not be
clarified with the existing data set. Additional data including high-
resolution seismic data are required to decipher the history of the
Andaman Sea outer shelf region.
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Abstract. 2-D seismic data from the top and the western1 Introduction

slope of Mergui Ridge in water depths between 300 and

2200 m off the Thai west coast have been investigated in or- ) ) )
der to identify mass transport deposits (MTDs) and evalu-The extremely catastrophic tsunamis of December 2004 in
ate the tsunamigenic potential of submarine landslides in thi¢he SE Indian Ocean and March 2011 in Japan, as well as
outer shelf area. Based on our newly collected data, 17 mas&any other incidents (NGDC/WDC Global Tsunami Event
transport deposits have been identified. Minimum volumes ofPatabase, 2012), show that tsunamis pose a major threat
individual MTDs range between 0.3 Bnand 14 knd. Land- to low-lying coastal areas. Ocean-wide tsunamis are pre-
slide deposits have been identified in three different settingsdominantly triggered by earthquakes, but submarine land-
(i) stacked MTDs within disturbed and faulted basin sedi- Slides are also known for their potential to trigger regional
ments at the transition of the East Andaman Basin to thdSunamis of significant wave heights (Ward, 2001; Harb-
Mergui Ridge; (i) MTDs within a pile of drift sediments 1t €t al., 2006). A well-studied prehistoric example of a
at the basin-ridge transition; and (jii) MTDs near the edgeIandsllde—trlggered tsunami is the Storegga Slide offshore
offon top of Mergui Ridge in relatively shallow water depths Norway (Jansen et al., 1987; Dawson et al., 1988; Bonde-
(< 1000 m). Our data indicate that the Mergui Ridge sIopeV'k etal., 1997, 2005). Tsunami deposits associated with the
area seems to have been generally unstable with repeated getoregga Slide were reported from Iceland, Norway, Scot-
currence of slide events. We find that the most likely causes@nd and the Shetland Islands with run-up heights exceed-
for slope instabilities may be the presence of unstable driff"d 20m in places (Bondevik et al., 2003). Moreover, sev-
sediments, excess pore pressure, and active tectonics. Mogfal recent examples for locally destructive tsunami haz-
MTDs are located in large water depths {000 m) and/or ards were associated with submarine landslides, such as the
comprise small volumes suggesting a small tsunami poten©rand Banks tsunami (1929, Canada) that killed 28 people
tial. Moreover, the recurrence rates of failure events seem téHasegawa and Kanamori, 1987; Piper et al., 1999; Fine et
be low. Some MTDs with tsunami potential, however, have &l-» 2005), a tsunami at Skagway Harbor (1994, Alaska) with
been identified on top of Mergui Ridge. Mass-wasting eventsOn€ casualty (Kulikov et al., 1996) and the Sissano or Aitape
that may occur in the future at similar locations may trig- tSunami (1998, Pap“ff‘ New Guinea) causing about 2000 fa-
ger tsunamis if they comprise sufficient volumes. Landslidet@lities (Tappin, 1999; Tappin et al., 2001; Matsumoto and
tsunamis, emerging from slope failures in the working areaTappln,_2003). E_xtenswe research and modeling of landslide
and affecting western Thailand coastal areas therefore canngtUnami generf’;ltlon has been un.dertgken (Ward, 2001; Harb-
be excluded, though the probability is very small compared'tz et al., 2006; Grilli et al., 2009; Weiss et al., 2009). How-

to the probability of earthquake-triggered tsunamis, arisingeVeh early warning of Ic_';mdslide_ tsunami hazards is difficult
from the Sunda Trench. due to the fact that seismological (Lomax et al., 2007) or

GPS (Blewitt et al., 2006; Sobolev et al., 2007) techniques,

Published by Copernicus Publications on behalf of the European Geosciences Union.



2610

applicable to earthquake induced tsunamis, are not useful
to detect landslide-generated tsunamis due to the compara-
bly small amount of seismic energy release and long-period-
signal of submarine landslides (Brune et al., 2009, 2010).
Moreover, the time lag between sediment failure and tsunami
arrival at the coast in the near field of a submarine landslide
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might be too small to forewarn and evacuate endangered re-
gions (Biscontin et al., 2004). =P
It is therefore important to gain thorough knowledge on i i »
current stability of the continental slope for individual areas, f ,O . \
in order to estimate frequencies and dimensions of failures \
and rate probability of future failures. This in turn can be
used to assess tsunami risk and preparedness for correspond-
ing coastal areas, such as the Thai Andaman Sea coast. The & %A \Y' '
vicinity of this coast to the seismically highly active Sunda LR k"
Trench (NGDC, Global Significant Earthquake Database, s X B i
2012) makes the area vulnerable to tsunamis. The geolog- b
ical record reveals recurrent tsunami events of destructive
dimensions that struck the Thai west coast (Jankaew et al.,
2008; Fujino et al., 2009). A potentially unstable continental
slope off the Thai coast may pose an additional risk from sub-
marine landslides, whether co-seismically triggered or trig- %63, 9900, 0%, 00, 9730, 9600 SERY
gered by other factors, provided that these failures would be L 2 \/(
of tsunamigenic dimensions. Assessing this risk is the central y O~
task of the MASS-project (Morphodynamics and Slope Sta- m} /y ‘Qg)
bility of the Andaman Sea Shelf Break) in the frame of the 15 L g
Thai-German cooperation TRIAS (Tracing Tsunami impacts gor{ | -
on- and offshore in the Andaman Sea Region). 18
Bathymetric and sub-bottom profiler data were obtained T
during the first project phases MASS | and MASS II. Jin-
tasaeranee et al. (2012) identified possible slumping areas,
though these landslides are considered to be too small for

having triggered a significant tsunam',m the _recen? past. ‘]'n'Fig. 1. (a)Bathymetric map and structural framework of the An-
tasaeranee et al. (2012), however, did not investigate olde§aman sea area. The structural elements are modified from Cur-
slope failures. New seismic data were collected during theay (2005). Black continuous lines mark fault traces of the main
MASS Il research cruise in January 2011. These data ar€ault systems: SFS: Sagaing Fault System; WAF: West Andaman
used in this study to trace landslide-related features in therault; RF: Ranong Fault; SF: Sumatra Fault System; GOM: Gulf
subsurface in order to (1) identify areas that show indicationsof Martaban; MC: Martaban Canyon; SC: Modern spreading cen-
of previous slope failure, (2) estimate volumes/dimensionstre; CAB: Central Andaman Basin; EAB: East Andaman Basin;
anisms, and (4) assess the tsunamigenic potential of the dé)_B: Dreadnought Bank. The bathymetry has b_een reproduced from
tected landslides. The terms “landslide” and/or “mass trans SEBCO: (b) Close-up of the working area, situated in the west-
port deposit (MTD)” are used in this paper in a broad Senseem flank of _Mergw Rldge..The red lines mark seismic I|'n_es of

. .. . . _MASS lll cruise. The black lines denote fault systems, modified af-
denotmg all types of gravitational mass wasting products, irtar Curray (2005), Morley et al. (2011) and Polachan (1988). MFZ:
respective of the process. Mergui Fault Zone (modified after Curray, 2005 and Morley et al.,
2011. EAFZ: East Andaman Fault Zone (from Polachan, 1988).
DB: Dreadnought Bank. EAB: East Andaman Basin. The grey ar-
row shows the approximate position of a monsoonal gyre that in-
duces currents in deeper parts of the water column (modified after
The study area is situated at the western outer Sunda she¥arkey et al., 1996). The purple dot shows the position of a sedi-
in the Southeastern part Of the Andaman Sea backarc_bas|ment core discussed by Rodolfo (1969) The bathymetry has been
about 250 km off Phuket (Fig. 1). A basement high, the Mer-"éproduced from SRTM3@LUS (Becker et al., 2009).
gui Ridge, forms the outer shelf break, where water depths
increase from 300 to 2200 m in the working area. The Mer-
gui Ridge separates two adjacent basins, the East Andaman
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Basin in the west and the Mergui Basin in the east and Today, the East Andaman Basin comprises a total sedi-
southeast (Fig. 1). The East Andaman Basin and the Mermentary thickness of 4600 m (Curray, 2005). It is under a
gui Basin are elongated, approximately NNE-SSW trend-shallow- to deep- water regime since the Middle to Late
ing, sediment filled sub-basins of the Andaman Sea, located/liocene (Curray, 2005; Jha, 2011) and post-rift sediments
southwest of the Central Andaman Basin (Fig. 1, Curray,up to 2500 m thick have been deposited in this environment
2005). They have been described as rift basins (Hall andince the Middle Miocene (Jha et al., 2010). Presently, the
Morley, 2004; Jha et al., 2010), like numerous other Ceno-main source for fine grained terrigenous sediment in the An-
zoic basins across Sundaland (Polachan et al., 1991; Morleglaman Sea is the Ayeyarwady-Salween river-system (Fig. 1a,
et al., 2001; Morley, 2002; Hall and Morley, 2004; Doust Rodolfo, 1969; Colin et al., 1999). An enormous quantity of
and Noble, 2008) and accordingly comprise a sedimentasediment is shed into the Andaman Sea (364 MY, &obin-
tion history that is linked to typical rift stages (Doust and son et al., 2007), and a fraction of it reaches the deeper basins
Noble, 2007; Doust and Sumner, 2008; Jha et al., 2010)of the Andaman Sea via the Martaban Canyon (Fig. 1; Rao
The formation of the East Andaman Basin and the Merguiet al., 2005; Ramaswamy et al., 2004). An additional source
Basin results from backarc-related extensional tectonics, acef terrigenous input in the southern part of the Andaman Sea
tive throughout the area (Chakraborty and Khan, 2009; Curis the Malacca Strait (Fig. 1), delivering fine grained terrige-
ray, 2005). For the development of the Andaman Sea basinsous detritus to the deeper parts of the Andaman Sea basins
multi-stage models have been suggested (Kamesh Raju €Keller and Richards, 1967). Transport or deposition of ter-
al., 2004; Curray, 2005; Kamesh Raju, 2005; Chakrabortyrigenous sediments on the outer shelf areas along Myanmar
and Khan, 2009). The area of rifting moved from the Mer- and the Thai-Malay peninsula (Sunda shelf, Fig. 1a), be-
gui Basin over the East Andaman Basin to its current posi-tween the Ayeyarwady mouth and Mergui Ridge (Fig. 1a),
tion (Fig. 1) during Oligocene to Pliocene, due to increas-is not important; these areas are described to be sediment
ingly oblique plate motions and changing convergence ratestarved (Rao et al., 2005; Ramaswamy et al., 2004; Panchang
of Indian and Sundaland plates (Curray, 2005). In the Centrakt al., 2008; Rodolfo, 1969), whereas the adjacent East An-
Andaman Basin active sea floor spreading has occured sincgaman Basin is one of the main depocenters in the Andaman
4 Ma (Kamesh Raju et al., 2004; Kamesh Raju, 2005; KhanSea (Morley et al., 2011).
and Chakraborty, 2009). This modern spreading center links The recent hydrographic regime of the Andaman Sea is
a group of N-S striking dextral strike-slip faults (Sagaing dominated by the Asian Monsoon, leading to seasonal rever-
Fault, West Andaman Fault and Sumatra Fault, Fig. 1a). Thissal of upper ocean circulation directions (Wyrtki, 1961). Dur-
system is described to accommodate the oblique convergendeg Northeast Monsoon (December—March) the circulation
of the Indian and Sundaland plates (Michel et al., 2001;is cyclonic, whereas during Southwestern Monsoon (June—
Nielsen et al., 2004a; Curray, 2005; Socquet et al., 2006 September) anticyclonic circulation prevails (Rao et al.,
Chakraborty and Khan, 2009). 2005). Seasonal upwelling (Wirtky, 1961; Buranapratheprat
The East Andaman Basin has been influenced by extenet al., 2010) and lowered salinity in the surface waters due to
sional and also strike-slip faulting. Kishore et al. (2010) de- freshwater discharge during SW Monsoon (Wirtky, 1961) are
scribed NE-SW trending extensional faults, truncated by N-consequences of the monsoonal influence on the area. Circu-
S trending strike slip faults. W-NW facing listric block fault- lation in greater water depths is affected as well. A steady,
ing at the western flank of Mergui Ridge was reported by seasonal gyre is reported (Varkey et al., 1996) to be located
Curray (2005). The general trend of main strike-slip faults slightly northwest of the working area (Fig. 1b). Lateral ex-
in the East Andaman Basin area is N-S to NE-SW (Morleychange with Indian Ocean water masses occurs at sills in
et al., 2011). The East Andaman Basin is bounded towardshe Andaman-Nicobar Ridge (Fig. 1, Wyrtki, 1961). They
the Mergui Basin by the East Andaman Fault Zone (EAFZ,comprise maximum depths of around 1800 m. Below 1800 m
Fig. 1b), interpreted as a branch of the Sagaing Fault Systeraxchange is restricted (Rodolfo, 1969; Dutta et al., 2007).
(Polachan and Racey, 1994; Jha et al., 2010). North of thédowever, a very uniform well mixed water mass is present
working area, the NW-SE trending strike-slip Mergui Fault in the deepest parts throughout the Andaman Sea (Varkey et
is cutting across Mergui Ridge (Fig. 1b). Recent reactivational., 1996; Dutta et al., 2007). This implies vigorous vertical
at this fault has been observed (Polachan and Racey, 1994)mixing (Dutta et al., 2007) with renewal times of about 6 yr
The establishment of the Pliocene spreading center hagOkubo et al., 2004). Dutta et al. (2007) suggest that internal
been given as a reason for thermal subsidence of the aremaves, creating turbulence over irregular topography, may be
(Morley et al., 2011), which is still ongoing today (Lin et responsible for this mixing process. Large amplitude inter-
al., 2010). Moreover, right lateral movement along strike slip nal waves have indeed been reported to occur repeatedly in
faults in the East Andaman Basin, such as the EAFZ, tookthe Andaman Sea (Osborne and Burch, 1980; Nielsen et al.,
place during the Late Miocene and caused subsidence and t1#904b; Hyder et al., 2005; Vlasenko and Alpers, 2005). They
development of mass wasting complexes west of the Merguare described to be created by tidal currents near the shal-
Ridge (Jha et al., 2010). low sills of the Andaman and Nicobar island arc from where
they travel eastward across the Andaman sea, propagating at

www.nat-hazards-earth-syst-sci.net/12/2609/2012/ Nat. Hazards Earth Syst. Sci., 12, 262889 2012



2612 J. M. Schwab et al.: Submarine mass wasting and associated tsunami risk offshore western Thailand

Table 1. Measured properties of identified MTDs in the working area.

MTD Interpolated Maximum Approx  Depth of shallowest
areal extent  thickness of volume of point from
(km?)  MTD(m) MTD (km3) surface (m)
Al 70 56 1.3 1130
A2 27 36 0.3 1280
A3 33 55 0.8 1350
Ad 69 166 3.0 1210
B1 24 91 1.0 1850
B2 10 46 0.3 1950
B3 43 135 3.0 1570
B4 53 150 34 1710
B5 27 125 15 2020
C1 23 76 0.7 1480
c2 46 89 2.6 1420
C3 45 90 2.1 1550
C4 32 62 1.0 1530
C5 22 72 1.0 1560
D1 40 75 0.9 880
D2 33 234 4.0 830
D3 585 62 14.0 640

density interfaces (Vlasenko and Alpers, 2005); over shal-migration (using a constant velocity of 1500 m¥ IHS
lowing ground they may break and form turbulence (Os-Kingdom Suite was used for interpretation and volumetric
bourne and Burch, 1980; Hyder et al., 2005; Vlasenko andcalculations.
Stashuk, 2007). Scattering of an internal wave and creation of The bathymetry data set analysed in this study was ob-
secondary internal waves has been reported from the southained during previous cruises MASS | and MASS Il in 2006
ern tip of Mergui Ridge (Dreadnought Bank, Vlasenko and and 2007, using a portable Seabeam 1050 multibeam echo
Alpers, 2005). sounder. The system uses a frequency of 50 kHz, 126 indi-
vidual beams and a swath width of up to $§3intasaeranee
et al., 2012). Resolution of the processed bathymetric grid is
3 Dataset and methods 50 m.
The general architecture of the background sedimen-
A total of 39 seismic reflection lines were collected at the tary units and the distributions and dimensions of mass
transition Mergui Basin-Mergui Ridge-East Andaman Basintransport deposits (MTDs) were deduced from the seismic
within the Thai exclusive economic zone in ESE-WNW ataset. MTDs were interpreted according to their external
and N-S directions during cruise MASS IlI from 11 Jan- geometries and internal reflector characteristics. Examples of
uary 2011 to 24 January 2011 (Fig. 1b). The total lengthacoustic facies characteristics are given in Fig. 2. Lens- or
of acquired seismic lines is about 630 km and the inVGSti-Wedge_shaped bodies Showing a chaotic to transparent seis-
gated area comprises approximately 5008 kHigh resolu-  mic facies were classified as MTDs. Precise measurements of
tion seismic reflection data were acquired using a micro Gl-vo|umes and areal extents of MTDs were not possib|e from
Gun (2x 0.11) and a 150 m-long 96-channel digital Geomet- oyr dataset, as spacing between profiles is relatively large,
rics GeoEel streamer. The gun was operated at 120 bars angnging between about 1km and 7 km. Therefore, the ge-
shot every 5s resulting in a shotpoint distance of 10 m at vespmetries of the MTDs had to be interpolated over long dis-
sel speeds of 4 knots. The main frequency used was 200 Hzances of up to 7 km. An isopach grid was calculated, based
The streamer consisted of 12 sections with 8 channels eacla)n interpreted horizons of top and base for each MTD, using
The channel distance was 1.56 m. The signals were digitize@ constant sound velocity of 1500 mis Subsequently, vol-
at 4kHz and converted into SEG-Y format for further pro- ume and areal extent was deduced from the isopach grid. Val-
cessing. ues are summarized in Table 1. The values in Table 1, how-
Standard processing steps were performed with Vista Seisever, have to be regarded only as rough estimations due to the
mic Data Processing (GEDCO). After setup of the geometry,yncertainties mentioned above and due to the fact that the lat-
common midpoint sorting and normal moveout correctionseral houndaries of the MTDs are not present in our dataset,

were applied as well as bandpass frequency filtering for fre-except for one MTD close to the sea floor, where boundaries
quency contents of 250-6001200 kHz, stacking and time-
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Fig. 2. (a) Bathymetric map of the working area modified after Jintasaeranee et al. (2012). The stippled black lines mark the three defined
settings in the working area: Mergui Ridge, East Andaman Basin north and East Andaman Basitb}&xtamples of the acoustic facies

that were identified in the subsurface sediments of the northern working area, which are background sedimentary unit NB and MTDs B1-B5
and C1-C5(c) Example of the acoustic facies of the surficial sedimentary unit HU identified throughout the East Andaman Basin area.
(d) Examples of acoustic facies identified in the subsurface sediments of the southern working area, which are background sedimentary
units SB1 and SB2 and MTDs Al-A{e) Examples of the acoustic facies identified in the Mergui Ridge setting, which are subsurface
sedimentary units MR1 and MR2, surficial unit MR3 and MTDs D1-D3.

could be deduced from the bathymetry. Therefore, the valuegmately 200 N, 95°57 E). The results of the calculations are
represent minimum estimates of individual MTDs, and actualgiven in Table 2.

volumes might be larger than mapped in this study. For a sim-

ple estimation of thickness of undisturbed sediment between

the individual failure events, we calculated the thickness be# Results

tween the top and base horizon isopach grids of consecutiv

MTDs. For calculation of time intervals between the MTDs ?‘he investigated area is located at the transition from the

we used a sedimentation rate of 10 crmkaThis sedimenta- Mergui Ridge/outer shelf area to the deep sea environment

tion rate was established by Rodolfo (1969) from a s;edimenf)f the East Andaman Basin, and seismic profiles used in this

. : _study run across this basin-ridge transition (Figs. 1b, 2a and
core about 50 km north of our working area (Fig. 1b, approx 3). Water depths are increasing from east (Mergui Ridge)
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Fig. 3. (a) Bathymetric map of the working area (from Jintasearanee et al., 2012) with contour lines from SRLMS30(Becker et al.,

2009). The interpretation of several morphological features, carbonate platforms, slump deposits, fault traces, as well as the positions of small
scale slumps and gas-bearing sediment are taken from Jintasaeranee et al. (2012) as well. The black continuous lines show the cruise trac
and the red lines indicate the seismic profiles shown in this study. The grey shaded areas on the Mergui Ridge mark the areal extents of MTDs
D1-D3, the black stippled lines show the slide margins where they were interpolated. The grey dotted lines indicate positions of branches
of the EAFZ (from Polachan, 1988(b) Close-up of the northern working area. The coloured dotted lines indicate heads (hB1-hB5 and
hC1-hC5) and toes (tC1-tC5) of individual MTDs, as mapped from the seismic data. The grey shaded areas show the extents of the Mergui
Ridge-MTDs D1-D3(c) Close-up of the southern working area. The purple shaded area indicates the areal extent of MTD Al. The purple
dotted line indicates the slide margins where they were interpolated. The dark grey block indicates the position of a potential in-situ block
(B1, see also Fig. 5) or the slide margin north of ALl. The coloured dotted lines denote the interpolated heads of MTDs A2—-A4 (hA2—-hA4).

to west (East Andaman Basin) from about 300 m to aboutapproximately N—S to NNE-SSW (Fig. 3). Bathymetric fea-
2200 m (Fig. 3). The western flank of Mergui Ridge forms tures that have been examined in more detail by Jintaseara-
the slope of the East Andaman Basin. Slope gradients ofiee et al. (2012) are marked on Fig. 3. Seismic data reveal a
the basin—ridge transition are generally lower in the southerrsmooth relief further down the slope, where sediments of the
working area with values of about 2.9Figs. 4 and 5). To- East Andaman Basin are deposited (Figs. 6 and 7).

wards the north, slope angles at the edge of the Mergui Ridge

are considerably higher, and reach, for example on Profile 144.1 Background sedimentary units and their

values around 12(Fig. 6). Downslope of the flank of the architecture
Mergui Ridge, the basin area is deepening towards the north ) o o
(Fig. 3). Based on the architecture of the basin-ridge transition, we

The bathymetric dataset reveals a very smooth seafloor off ferentiated three settings in the working area: (1) Mergui
Mergui Ridge in the eastern part of the working area, exceptXid9€ in the western part of the working area; (2) Basin sed-

for three pronounced morphological highs that are pinching'men_tS of the East Andaman Basin in the southern working
out from the flat top of Mergui Ridge (Fig. 3). In contrast, the 27€&; (3) Basin sediments of the East Andaman Basin in the

sea-floor morphology is generally rough towards the westerd0rtherm working area. The location of these three settings
edge of the ridge. Several slope normal channels cut the edg"d @n Overview on the acoustic facies of the seismic units

of Mergui Ridge, and numerous elongated depressions rufflentified are given in Fig. 2.
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Fig. 4. (a) Seismic profile MASS04 across the basin—ridge transition Mergui Ridge-East Andaman Basin in the southern working area.
(b) Interpretation of the seismic profile showing the seismic units of Mergui Ridge in the east (MR1-MR3) and those of the southern East
Andaman Basin area to the west. Faults are marked as black vertical lines. Black lines mark boundaries of seismic units. The black dashec
lines mark the positions of possible discontinuities within SB2. The red line denotes the position of the uncoriforiieycolored areas

mark the position of the MTDs A1-A4. See Figs. 2 and 3 for location of prdfileBlowup of the superficial MTD A1, showing blocky

structure of the deposit. The label BSR indicates the location of a potential bottom simulating reflector. See text for further explanations. See
Figs. 2 and 3 for location of the profile.

Table 2. Calculated minimum time intervals between slide events, 4.1.1 Mergui Ridge

based on constant sedimentation rates of 10cnd k&rom

Rodolfo, 1969). o o o o )

The seismic units identified in the Mergui Ridge setting are

Interval Maximum thickness Calculated laterally traceable on all profiles. We separated them into
between of undisturbed sediment time interval three seismic units: MR1 shows continuous parallel reflec-
MTDs between MTDs (m) (ka) tors of variable amplitude (Fig. 2), and in the northern part
towards its top a reflection pattern of transparent patches,
Al1-A2 94 940 . . L . .
A2_A3 o1 910 alternating with chaotic high amplitude areas (Figs. 6 and
A3-A4 119 1190 7); MR2 comprises high-amplitude, subparallel reflectors
B1-B2 39 390 (Fig. 2); MR3 is characterized by parallel reflectors of vari-
B2-B3 22 220 able amplitude with good lateral continuity (Fig. 2).
B3-B4 96 960 MR1 is overlying the acoustic basement at the western
B4-B5 147 1470 flank of Mergui Ridge (Fig. 4). It has a wedge-shaped geome-
C1-C2 47 470 try. The thinning of this unit towards the east and its reflector
C2-C3 95 950 characteristics indicate deposition in a hemipelagic environ-
C3-C4 37 370

ment (Figs. 4 and 5). Deformation of MR1 is caused by nu-
merous faults throughout the working area (Figs. 4-7). In the
north, a section of MR1 sediments is exposed to the seafloor
(Fig. 8a), indicating a recent erosive or non-depositional

C4-C5 48 480

www.nat-hazards-earth-syst-sci.net/12/2609/2012/ Nat. Hazards Earth Syst. Sci., 12, 262889 2012



2616 J. M. Schwab et al.: Submarine mass wasting and associated tsunami risk offshore western Thailand

SP: 10[00 20|00 30|00 40|00 50|00 10|00 20|00 30|00 4000 50|00 60|OO 700?

SW MASS_05 NE | W MASS_06

1 East Andaman Basin

TWT [s]

Mergui Ridge

SP: 10|00 20|00 30|00 40|00 SOIOO 1 OIOO ZOIOO 30|00 40|00 50|00 60|00 7000

sw NE | W sidewall, E
truncation MR2
i sidewall, 1
East Andaman Basin (EAB) sidewall, fruncation —
truncation o
. discontinuities? MR1
2, X
=
R O/ RO
F P | e L - -
2.0
Mergui Ridge
BN e B
A
25 ~ Il

Fig. 5. (a) Seismic profiles MASD5 and MASS06, from the southern working aregn) Interpretation of the profile, showing Mergui

Ridge seismic units MR1 and MR2 in the east and basin sedimentary units SB1, SB2 and HU in the SE. The black lines mark boundaries
of seismic units. The red line denotes the position of unconforigiityrhe vertical lines mark the positions of faults. The colored areas
denote the position of MTDs within the basin sediments. The black dashed line marks discontinuities within the upper unit HU, indicative of
drift deposits. B1 marks a stable block/slide margin, confined by steep sidewalls, and bordered by disturbed sediment bodies of superficial
deposit MTD Al; “IN” indicates an incision in the sedimentary column. See Figs. 2 and 3 for the location of the profiles and text for further
explanations.

environment at the western edge of Mergui Ridge. In thisdepositions do not extent across the edge of Mergui Ridge. In
area, individual blocks have been displaced and faults araddition, large-scale buried slope parallel channel incisions,
cutting through the surface. A smaller block is situated basin+eaching incision depths of up to ca. 200 m are identified in
ward of these deformed MR1 sediments. A pronounced eroplaces within MR1 (Figs. 6 and 7). Such slope-parallel chan-
sive unconformity /) bounds unit MR1 at its top. The un- nels are identifiable from the bathymetry as well (Fig. 3).
conformity is traceable on top of the Mergui Ridge (Figs. 4— Seismic unit MR2 is overlying the acoustic basement and
7). In the southern working area, unconformity can be  unit MR1 on top of Mergui Ridge with a maximum thickness
traced westward into the East Andaman Basin (Figs. 4 and 5)f around 100 m (Fig. 4). In places, it has an eroded irregular
To the north, where MR1 exhibits a more transparent/chaotidop with truncated reflectors (Fig. 5). This indicates an ero-
reflection pattern in its upper part, unconformityis difficult sive phase between deposition of MR2 and the unit on top.
to trace to the East Andaman Basin (Figs. 6 and 7). We interMR2 is exposed to the seafloor at the edge of Mergui Ridge,
pret the chaotic reflection pattern of the upper part or MR1forming an irregular topography (Figs. 5 and 6). Downslope
as depositions of slope channels as such channels are visibtd the edge of Mergui Ridge, eroded packages of MR2 seem
in the bathymetric data of this area (Fig. 3). However, these
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Fig. 6. (a) Seismic profile MASSL4, running across the basin-ridge transition in the northern working area, with channel-fillings indicated

at the edge of Mergui Ridgéb) Interpreted profile showing Mergui Ridge units MR1-MR3 in the east and basin sediments NB and HU

in the west. The black lines mark boundaries between the seismic units. The red line denotes the position of uncéhfdimeitlack

stippled line marks the possible upper boundary of MR1. Channel fillings are present in the upper part of MR1. The reflectors of the upper
Mergui Ridge units (MR2 and MR3) are truncated at the edge of the ridge. At the edge of the ridge a U-shaped structure is present, indicating
an approximate slope parallel paleo-channel. The coloured areas mark the position of the stacked MTDs B1-B5 and a possible southwarc
continuation of MTD D2. See text for further explanations and Figs. 2 and 3 for location of the profile.

to be present partially on top of the basinward continuation SBL1 is overlain by SB2. SB2 shows packages of well
of unconformityU (Fig. 4). stratified, continuous to sub-continuous parallel reflectors of
Seismic unit MR3 is the youngest of the Mergui Ridge weak-to-moderate amplitudes, separated by pronounced re-
units. It is deposited on top of MR2. The thickness of this flectors of high amplitude (Fig. 2). Towards its upslope edge,
unit varies between about 120 m and 40 m; it is tapering outSB1 onlaps against MR1/MR2 and it is confined by a moat
towards its seaward edge. Marginal valleys and moundedFigs. 4 and 5). Sediment waves are a characteristic feature of
structures are present at the surface within MTD3 around thehis up to 300 m thick unit (Fig. 4). Narrow vertical zones of

morphological highs on top of Mergui Ridge (Fig. 3). low amplitude, crossing several reflectors, are evident within
. SB2 (Fig. 8b). These features may represent fluid migration
4.1.2 East Andaman Basin South pathways. At one location, a possible bottom simulating re-

) o ] flector (BSR) has been identified at subsurface depths around
Directly west of the Mergui Ridge lies the East Andaman gq 1, (Fig. 4c). The youngest unit HU, deposited on top

Basin, Wh'Ch, COMprises .Water depths between 900_m andh SB2, shows very regular, parallel, high-amplitude reflec-

2200m. Sediments, infilling the East Andaman Basin, arey,rs with amplitude strengths increasing towards the seafloor
resolved in the dataset to a subsurface depth of up to aboykig 2) Based on its reflector characteristics, it is interpreted
900 m. In the southern working area, we differentiate three,g 4 hemipelagic deposit, which is undisturbed in most parts.
seismic units within these basin sediments. SB1 is the Olde%ediment waves have a topographic expression in this unit

basin fill unit. It exhibits a disturbed acoustic character with (Fig. 4). Towards the surface, a few zones with small scale
reflectors of varying amplitude and continuity (Fig. 2). To- faulting are evident within HU,(Fig. 8b).
wards its landward termination, the oldest basin fill unit SB1

is directly overlying MR1/MR2 sediments (Figs. 4 and 5).
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Fig. 7. (a) Slope normal seismic line MAS33 from the basin ridge transition in the northern working area with channel fillings indicated

at the edge of Mergui Ridgp) Interpreted profile, showing seismic units of Mergui Ridge in the east (MR1, MR2) and seismic units of
basin sediments in the west (HU, NB). The black lines indicate boundaries between units. The red line marks the position of unconformity
U. The black dashed line marks a possible top boundary of MR1 towards the basin. The vertical lines indicate fault positions. The colored
areas mark the stacked MTDs C1-C5 in the basin area and MTDs D1 and D2 on Mergui Ridge. See Figs. 2 and 3 for location of profile and
text for further explanation.

4.1.3 East Andaman Basin North also labeled as HU (Figs. 6 and 7). HU is quite undisturbed,
in contrast to the unit NB below it. However, some faults are

We differentiated two seismic units within the northern basin cutting through HU to the surface. Along one of these faults,
sediments. The lower unit (NB) onlaps the Mergui Ridge unit the seafloor is displaced by about 20 m (Fig. 8c). Seaward of
MR1. Several bodies, characterized by transparent/low amthis fault, the sediments show a wavy pattern (Fig. 8c). Verti-
plitude chaotic reflections are alternating with sediments im-cal transparent zones, interpreted as potential fluid migration
aged as high-amplitude reflections within NB (Figs. 6 and Pathways, are present in the seismic unit HU (Fig. 8c)

7). Deformation of NB sediments is evident from numerous
normal faults, dissecting the entire basin fill into blocks and
leading to a rather disturbed appearance of NB (Fig. 7).

We did not correlate the lower units in the southern work-
ing area (SB1, SB2) and the lower unit in the north (NB). No
seismic lines for direct lateral correlation are available. Al- Seventeen individual mass transport deposits (MTDs) were
though these units show similar characteristics, such as higidentified in the three different environments described
amplitude reflectors alternating with low-amplitude pack- above. Four MTDs are located in the southern basin
ages, a clear correlation is not possible due to the disturbedrea (MTD A1-A4), ten MTDs in the northern part (MTD
character of NB and the lack of an internal boundary within B1-B5 and MTD C1-C5), and three MTDs on Mergui
NB, corresponding to the boundary between SB1 and SB2. Ridge (MTD D1-D3). The positions of the MTDs, their

The older NB basin sediments in the north are overlainboundaries and minimum areal extents, as far as they were
by an up to 200 m-thick hemipelagic unit characterized bytraceable on the dataset, are illustrated on Fig. 3. The MTDs
parallel and fairly continuous/sub-continuous reflectors. Theidentified within the basin sediments (A1-A4, B1-B5, C1-
seismic character of this unit is very similar to the southernC5) are generally characterized as lens- or wedge-shaped
unit HU. Hence, we assume that this unit is the same and it idodies, partially with a hummocky surface. They reveal

4.2 Distribution and dimensions of mass transport
deposits
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Fig. 8. Possible locations of future slope failures from the Mergui Ridge setting (MAHSthe East Andaman Basin in the southern
working area (MASS36) and the East Andaman Basin in the northern working gegaSeismic profile from the edge of Mergui Ridge

located slightly south of MTDs D1 and D2. Several faults, marked by black lines, cut to the surface and indicate recent deformation and
dislocation of blocks. A small slumped block may indicate that some failure already oc¢oyéttofile MASS36 shows drift sediments

from the southern working area. Fluid migration pathways are imaged in these sediments as transparent narrow vertical zones (yellow
arrows). Small scale faulting and deformation of the upper sedimentary layers may indicate future failure of the drift ¢epSsitsmic

profile MASS 23 reveals numerous vertical transparent features interpreted as pathways for fluids (yellow arrows), and a fault dislocating
the sea floor (green dotted line), that might act as future rupture surface. Wavy deformation of the surficial sediments downslope of this fault
may indicate remobilization of the sediment. See Figs. 2 and 3 for location of profiles, and text for further explanations.

internal chaotic to transparent reflector characteristics (seéore, we include them all in MTD A1 for the volume estima-

Fig. 2 for examples of acoustic facies). tion. Being situated at or very close to the seafloor, MTD Al
is likely one of the youngest mapped slide deposits. Within
4.2.1 MTDs in the southern working area (A1-A4) the MTD A1, partially sub-parallel reflections are preserved,

indicating that movement of slide bodies caused only lim-
Four MTDs have been identified within basin sediments ofited internal deformation (Fig. 4c). Individual bodies/lobes
unit SB2 and HU (A1-A4, Figs. 4 and 5) on the flank of the of MTD Al are found east and southwest of an un-mobilized
East Andaman Basin in the southern working area (see Fig. 8ediment block (B1 on Fig. 5). This block shows an undis-
for location). Estimated minimum volumes of these depositsturbed internal structure characteristic for units HU/SB2. It
range between 0.3 kiand 3 kn? (Table 1). is truncated by steep, about 65 m-high sidewalls. Depend-
At or close to the seafloor (Figs. 3, 4 and 5) we identi- ing on the motion direction of the slides, B1 may represent
fied several bodies with disturbed internal structure, inter-a stable in-situ block within the slide area of MTD Al, or
preted as MTDs. From our dataset we cannot clearly identhe margin of the slide (Fig. 3). Northeast of B1, a 700m
tify if these bodies are interconnected. As they occur in closewide and up to 65 m deep incision, marked as IN in Fig. 5,
proximity to each other and in the same stratigraphic depthjs confined by truncated sidewalls at its eastern and western
we interpreted them to belong to one failure event. There-boundaries, which indicate erosion and removal of sediment.
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This structure is interpreted as an evacuated area, which wasr location of MTDs) range between 0.9 Rnand 14 kn3
most likely created during the failure of MTD A1l. Disturbed (Table 1). The individual MTDs exhibit very different char-
small sediment bodies interpreted to belong to the MTD Alacteristics in terms of external and internal structures.
are located inside the evacuated area. Volumes of MTD A1 MTD D1 consists of displaced sediment blocks with dis-
deposits are estimated to bel.3 kn?, which then is a min-  turbed internal structure (Fig. 9). These blocks are located
imum estimate for MTD AL. near the seafloor at the western edge of Mergui Ridge. The
MTD A2, A3 and A4 are buried mass transport depositshigh amplitude reflectors inside these blocks show charac-
(Figs. 4 and 5) within seismic units HU and SB2. They areteristics similar to those of MR2 sediments. This suggests
characterized by transparent to chaotic internal structures antthat MTD D1 consists of remobilised MR2 sediment. The
hummocky tops. The boundaries of the individual MTDs are partly preserved stratification of the blocks implies that de-
not easily detectable because of the overall low amplitude reformation was probably not strong and the blocks have not
flectors of the surrounding background sediment. MTD A4 ismoved very far. As MTD D1 is situated close to the seafloor,
the largest slide body identified in the southern working areaits boundaries are deducible from seafloor morphology. The
with an estimated volume of 3.0 KniFigs. 4 and 5, Table 1). possible extent of MTD D1 therefore was deduced from the
bathymetric dataset (Fig. 3).
4.2.2 MTDs in the northern working area (B1-B5 and MTD D2 is found within seismic unit MR1 (Figs. 7 and
C1-Cb) 9). Compared to the other MTDs, it shows a large maximum
thickness of up to 230 m. The body of MTD D2 comprises
In the northern working area (see Fig. 2 for location), massblocks ranging from acoustic transparency to some weak in-
transport deposits were identified in two locations within ternal sub-parallel layering. Its top is eroded (Figs. 7 and 9)
seismic unit NB (Figs. 3, 6 and 7). In both settings, severaland its slide toe is deformed (Fig. 9a). A possible rupture
stacked MTDs are located at the basin-slope transition (B1l-surface is located at the base of MTD D2 (Fig. 9). A steep
B5 and C1-C5). Figure 3 shows positions and extents of thelepression in the seafloor morphology is located upslope of
deposits as mapped out based on the available data set. Fitjie head area of MTD D2 (Fig. 9b). This 75 m-deep incision
ure 2 gives examples of the acoustic characteristics of theses characterized by slope angles of up to $3he incision
bodies. can also be identified on the bathymetry, where it shows an
The seismic profile in Fig. 6 shows at least five stackedamphitheatric shape, typical for a landslide headwall (Fig. 3).
slide deposits (B1-B5), originating at or near the slope ofThe southern boundary of MTD D2 is not very clearly identi-
Mergui Ridge within background sediments of unit NB. The fiable in the seismic dataset (Fig. 6); the MTD may therefore
volumes of the mapped parts of these deposits range fromactually be larger than mapped.
0.3kn? to 3.4 kn? (Table 1). The mapped slide bodies con- MTD D3 is situated on the flat top of Mergui Ridge, in-
tain patches of higher amplitude reflections (Fig. 6). Theseterbedded in the strata of MR3 (Fig. 4). Due to its internal
reflections possibly result from un-deformed blocks within chaotic structure, we categorize it as a MTD, although no
the MTDs. An alternative explanation for these higher am-headwall or other indicators typical of slide deposits are ob-
plitude reflections may be multiple failure events. The high served. MTD D3 is traceable over a large part of the working
amplitude reflectors may then represent boundaries betweesrea (about 580 k). Despite its large areal extent, it has a
individual events. Several smaller MTDs are present in themaximum thickness of about 60 m. MTD D3 comprises the
vicinity of Mergui Ridge, predominantly in unit HU, but largest volume of all identified MTDs (about 14 Ry Ero-
also in the deeper parts of the basin sedimentary successi@ive structures and channel fills at the top of MTD D3 imply
(Fig. 6). that its original thickness may have been larger. Moreover, its
The MTDs C1-C5 (Fig. 7) are located within the same eastward maximum extent may not be covered by our dataset,
basin-slope transition setting as MTDs B1-B5 and they arewhich also implies a larger original volume of the deposit.
also stacked slide deposits, but their thicknesses are smaller
than those of B1-B5 (Table 1). Itis also difficult to determine 4.3 Recurrence of failure events
individual slide bodies at this location, because the back-
ground sediment in this part of the basin is generally dis-Approximate time intervals between individual slide events
turbed and exhibits widespread irregular reflector character(A1-A4, B1-B5, C1-C5) have been established for the
istics. Hence, only chaotic to transparent areas without traceMTDs in the southern and northern East Andaman Sea set-
able reflectors were mapped as slide bodies. Volumes antings (see Fig. 3 for locations) following the approach de-

depths are listed in Table 1. scribed in Sect. 3. For the southern working area (A1-A4)
they range between 940ka and 1.19 Ma; for the northern
4.2.3 MTDs on Mergui Ridge (D1-D3) working area between 220 ka and 1.47 Ma (B1-B5) and 370

and 950 ka (C1-C5), respectively (Table 2). For the MTDs on
Estimated volumes of the MTDs identified in the Mergui Mergui Ridge (D1-D3), no calculation of recurrence inter-
Ridge setting (see Fig. 2 for location of setting and Fig. 3vals have been established as information on sedimentation
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Fig. 9. Seismic profiles showing the edge of Mergui Ridge. The vertical lines indicate positions of faults. The red line marks unconformity
U. (a) Deformed toe of MTD D2 (coloured in light grey(b) Head area of D2 (coloured in light grey) with a steep scarp at its upper part,
which may represent the modified head wall (see text for details). The green dotted line indicates the location of a possible rupture surface
of D2. See Figs. 2 and 3 for the location of the profiles.

rates was not available. The subsurface depths of the uppeirput (Rodolfo, 1969). Left lateral movement along Ranong
most MTDs in the northern working area range between 100Fault (Fig. 1) is described as the cause for diversion of river
and 150 m for B1 and between 40 and 120 m for C1. systems towards the Gulf of Thailand and subsequently re-
duced riverine input from the Thai-Malay Peninsula since the
Miocene (Andreason et al., 1997). Recent sediment starva-
tion along the western outer shelf of the Thai-Malay penin-
sulais explained by Rao et al. (2005) to be due to the trapping
of the Ayerawaddy riverine input in the Gulf of Martaban,
and direct transfer into the deeper parts of the Andaman Sea
by submarine canyons. Detritus delivered by via the Malacca
Strait is also deposited only in the deeper parts of the An-

The reflector characteristics of the youngest seismic units Hi#aman Sea (Keller and Richards, 1967). Therefore, input of
and MR3 indicate recent hemipelagic sedimentation in theterrigenous material is largely restricted to the areas off the
working area (Figs. 4-7). Main sedimentary components infidge, and sedimentation rates on top of the Mergui Ridge are
the working area are derived from terrestrial detritus and bioJow, whereas they are moderately high in the off-ridge part of
genic production (Keller and Richards, 1967; Rodolfo, 1969; the working area (around 10 cmk Rodolfo, 1969, Fig. 1).
Colin et al., 1999). Regarding sediment type and sedimen-

tation rates, there are differences between the area on top.1.2 Sediments of Mergui Ridge

of Mergui Ridge and the downslope basin area of the East

Andaman Basin. Whereas on top of the ridge, sedimentComparison of our data set with data from the Mergui Basin
mainly consist of foraminiferal oozes, silty clays prevail in (Fig. 1) east of Mergui Ridge (Polachan, 1988) suggests an
the adjacent basin area (Keller and Richards, 1967; Rodolfoapproximate age of Lower Miocene for unit MR2, a large
1969). The outer shelf of the Thai-Malay peninsula is de-hiatus between units MR2 and MR3 and a Plio-Pleistocene
scribed as sediment starved (Rodolfo, 1969; Andreason et alage of unit MR3. MR1 reveals faulting at the western edge
1997; Panchang et al., 2008). Rodolfo (1969) described relicof Mergui Ridge (Fig. 4). Extensive faulting along the west-
foraminifera and relict corals in modern sediments of theern flank of Mergui Ridge is explained by several authors
Mergui area, implying that sedimentation rates on the Mer-by extension due to basin formation processes all over the
gui Ridge are generally low and/or mainly related to biogenicAndaman Sea (Polachan et al., 1991; Curray, 2005; Jha et

5 Discussion

5.1 General development and influences on background
sedimentary units

5.1.1 Hemipelagic sedimentation

www.nat-hazards-earth-syst-sci.net/12/2609/2012/ Nat. Hazards Earth Syst. Sci., 12, 262889 2012



2622 J. M. Schwab et al.: Submarine mass wasting and associated tsunami risk offshore western Thailand

al., 2010; Kishore et al., 2010; Morley et al., 2011). Accord- Hérnandez-Molina et al. (2008) give examples of typical
ing to Morley et al. (2011), rifted sequences are deposited agjeometries of sediments deposits that develop around obsta-
the western flank of Mergui Ridge as a result of this exten-cles when bottom currents rework sediments. Regarding the
sion. These late syn-rift deposits west of Mergui Ridge werecurrent direction, a characteristic marginal valley may persist
probably deposited during formation of the East Andamanon the stoss side and a depositional tail on the lee side of the
Basin in Late Oligocene/Early Miocene in an open-marineobstacle. Such structures have developed around the carbon-
environment (Jha et al., 2010). As the deposition of MR1ate platforms in our working area, reworking sediments of
clearly predates the Lower Miocene unit MR2, and its reflec-unit MR3 (Fig. 3). We therefore conclude that bottom cur-
tor characteristics indicate that the sediments are deposited irents may act over a large part of the working area and influ-
a hemipelagic environment, we speculate that the sedimentsnce the sediments on Mergui Ridge as well. In this context,
of unit MR1 correspond to these synrift sequences and fornthe rugged morphology at the edge of the ridge may be at-
an older eroded slope of Late Oligocene/Early Miocene agdributed to erosive processes induced by bottom currents.
deposited in the marine environment that was prevailing in The presence of reversal currents in the Andaman Sea
the area since Early Miocene (Jha et al., 2010). Younger sedarea is explained to be monsoon controlled (Wirtky, 1961).
iments on top of Mergui Ridge (MR2/MR3) are not tectoni- Such wind driven currents can extend to the bottom and
cally deformed. induce sediment reworking (Hollister and McCave, 1984;
Shanmugan, 2008). Northwest of our working area (Fig. 1b),
a stable, monsoon-induced eddy/gyre is described by Varkey
et al. (1996). Measurements revealed currents speeds of
12ms?! at 500m and 10m$¥ at 1000m water depth
(Varkey et al., 1996). In addition, internal waves and tides
Jha et al. (2011) described a post-rift sedimentary successioare able to influence deep-water bottom currents and their
in the region directly west of our working area. They iden- deposits (Shanmugan, 2008). Large amplitude internal waves
tified a lower sequence containing a chaotic seismic faciehave repeatedly been observed in the working area (Osburne
interpreted as mass flow complexes, and an upper sequenaad Burch, 1980; Nielsen et al., 2004b; Vlasenko and Alpers,
characterized by pelagic sedimentation since Late Miocene2005). They can affect the water column in the working area
This upper sequence is described to exhibit mass flow deas deep as several hundred meters below the surface (Os-
posits in places and to be influenced by contour currents. Jhiaurne and Burch, 1980; Nielsen et al., 2004b). Vlasenko and
et al. (2011) attribute the mass flows within their lower se- Alpers (2005) report in depths of up to 241 m interaction of
guence to subsidence in the East Andaman Basin caused higternal waves with the Dreadnought Bank (see Fig. 1b for
rifting in the Central Andaman Basin since Late Miocene. location). Such internal waves may be able to rework sedi-
The presence of mass flows in their upper unit is attributed tanent (Pomar et al., 2012).
disturbances due to modern sea-floor spreading in the Central Although we do not have direct information on bottom
Andaman Basin since Late Plio-Pleistocene. The sedimeneurrents, we suggest that the two processes described above
tary succession in the southern working area (SB1 and SB2nay induce or influence bottom currents in our working area
see Fig. 2 for location) reveals a pattern similar to that de-in the East Andaman Basin. Therefore, we interpret the char-
scribed by Jha et al. (2011). Seismic unit SB1, situated on togcter of units SB2 and HU in the southern working area and
of the assumed synrift sediments of MR1, reveals largely dis-unit MR3 on top of Mergui Ridge as formed by reworking
turbed sediments, possibly attributable to an older mass flovand deposition of currents.
complex and correlatable to the mass flow unit described by
Jha et al. (2011). 5.1.4 Tectonically deformed sediments in the

The unit SB2 comprises distinct low amplitude packages, East Andaman Basin
separated by high amplitude reflectors. Sediment waves are
present (Fig. 4). Rebesco and Stow (2001) described chaffhe EAFZ is a strike slip fault zone west of the Mergui
acteristics of elongated plastered drift deposits. Typical feaRidge (Polachan et al., 1988; Polachan and Racey, 1994;
tures are erosive moats at their boundaries and fields of miMorley et al., 2011). Polachan (1988) reported branches of
grating sediment waves within the deposits. Seismic characthe EAFZ cutting through our working area (Fig. 3). Recent
teristics of drift deposits comprise uniform low-to medium fault reactivation has been reported from the Mergui Fault
amplitude patterns (Nielsen et al., 2008). Moreover, discon-north of the working area (Morley et al., 2011). Jintaseara-
tinuities within drifts, marked by high amplitude reflectors, nee et al. (2012) interpreted steep NNE-SSW striking scarps
are common (Fawges et al., 1999). These criteria are metin the bathymetry of our working as fault traces exposed at
by seismic unit SB2 and we therefore interpret it as bottomthe sea floor. These observations let us infer that tectonic de-
current controlled sedimentary unit. SB2 may correlate to theformation in the working area is ongoing. The East Andaman
upper, bottom current influenced unit of Jha et al. (2011). TheBasin sediments in the northern working area (see Fig. 2 for
approximate age of SB2 would then be Plio-Pleistocene. location), especially the older deposits of seismic unit NB,

5.1.3 Drift deposits in the East Andaman Basin and on
top of the Mergui Ridge
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exhibit features of tectonic movement, such as the presencéKamesh Raju, 2005) due to dextral movement along EAFZ
of numerous faults. Although the youngest basin unit HU in Late Miocene (Jha et al., 2010) and/or due to thermal con-
exhibits an overall undisturbed character, a few faults cuttraction (Morley et al., 2011). Jha et al. (2010) described
through this unit in the northern working area (Figs. 7b andlarge scale subsidence as a cause for the formation of mass
8c). This pattern is in agreement with the description of re-flows west of our working area. These deposits may be cor-
cent deformation due to activity of fault zones near the work-relatable to our seismic unit SB1 (see above). Recent subsi-

ing area, such as EAFZ and Mergui Fault. dence rates from the shelf area of the Malacca Strait are in
_ 3 the range of 0.25 mntd (Lin et al. (2010). This value is rel-
5.2 Causes for slope instability atively small compared to areas with recent extension, for ex-

. . . ample the Corinth Basin with a subsidence rate of 1 mf a
Causes for slope failures are manifold and may mclud(;&Ib

- A s ) ~(Lykousis et al., 2007). In addition, subsidence rates tend to
(i) sedimentary processes, such as sedimentation at very highg rease after termination of rifting (Prosser, 1993). There-

rates and resulting excess pore pressures, margin overstee@ie, subsidence and steepening may still play a role for slope
ening, and the deposition/formation of weak layers; (ii) the gapility but its influence became probably smaller since the

presence of fluids and resulting overpressure; (iii) tectonicynget of rifting that created the large mass flows described by

processes, such as fault activity and tectonic steepening; angl, ot 4. (2010).

(iv) cyclic loading by earthquakes (Hampton et al., 1996, thg presence of faults has been suggested to act as con-
Canals et al., 2004; Masson et al., 2006; Yamada et al., 201¢jing or preconditioning factor for slope failures (Dillon,

and references therein). The factors relevant for the survey ggs3. Hampton, 1996 Anasetti et al., 2012). Except for the
area are discussed below. top unit HU, large parts of the basin fill sediments in the
northern working area (unit NB, see Fig. 2 for location) are
tectonically deformed. The MTDs C1-C5 and B1-B5 are lo-
gated in this environment and we consider fault activity as

Slope channels can act as a sediment conduit from the she

to the deep sea (Stow and Mayall, 2000). Erosion and over®"€ of the main reasons for slope failures in our working

steepening may also cause slope failure within canyons (Ar&7€a: Episodic slope failure due to episodic fault activity has

zola et al., 2008). In our data, channels are mainly evidenP€en described by Reicherter et al. (2011) to result in slide

from the northern area and only directly at the edge of thedeposits interbedded in well stratified layers. A similar pat-

Mergui Ridge (Figs. 3, 6 and 7). As sedimentation rates ardern can be observed for the MTDs in the northern work-
low in the Mergui Ridge area and erosion takes place on thd"d aréa (B1-B5 and C1-C5) (Figs. 6 and 7). Moreover, the
edge of Mergui Ridge (see above), we hypothesize that inpuMTDs B1-B5seem tooccurin stratigraphic depths similar to
of sediments by slope channels into the East Andaman basif{10S€ of C1-CS. This would imply laterally contemporane-
may result from erosion of older sediments (MR1). The chan-0US failures in the northern working area. We therefore sug-
nels, however, seem to be restricted to the edge of the ridgegeSt thgt episodic fault activity was important for weakening
and no continuation of them has been detected in the basii'e Sediments along the slope. _

sediments further downslope. Hence, we consider their influ- 1€Ctonic deformation may also play a role in development
ence on basin sedimentation and slope stability as small, bt MTDs on top of/at the edge of the Mergui Ridge (D1~
better data coverage of the basin would be needed to be conf?3), Where sedimentation rates are low and oversteepening
dent about the distribution of canyons and their influences orP0P2bly is not a preconditioning factor for slope failure.
slope stability. As sediment transport from the Mergui Ridge Sufficial MTD D1 and buried MTD D2 are both located at

into the East Andaman Basin seems to be of minor impor-the edge of the Mergui Ridge. Tectonic deformation of the

tance and mainly results from erosion of older Mergui Ridge {OP Parts of unit MR1 may have caused the development of
sediments, rapid sediment load and associated oversteepe'r'l'JStable blocks that were subse_quently dislocated. Internal
ing and/or development of overpressure may play a role omystrucFures of these blocks are still preserved; therefore, run
in the deeper parts of the working area, basinward below th@Ut distances of blocks seem to be small. ,
edge of Mergui Ridge (MTDs A1-C5). For the destabiliza- In conclusion, weakening of the sediments due to tectonic
tion of sediments on top of Mergui Ridge (MTDs D1-D3) activity is considered as a main pre-conditioning factor for
other preconditioning factors must be more important. slope failure, especially at the basin-ridge transition.

5.2.1 Influence of sedimentation on slope stability

5.2.2 Tectonic influence: subsidence and fault 5.2.3 Instable drift deposits

controlled failures
Drift deposits are present in the southern working area (see

Tilting of the slope due to subsidence of a margin can act as &ig. 2 for location). Laberg and Camerlenghi (2008) show an
preconditioning factor for slope failure (Masson et al., 2010).interrelation between contourite features and slope instabil-
The Mergui Ridge has undergone subsidence since the orities: Drifts generally tend to be prone to liquefaction dur-

set of rifting in the Central Andaman Basin in Late Miocene ing seismic loading due to good sorting of their particles and
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resulting high porosity. High sedimentation rates in drift de- 5.3 Recurrence of mass transport deposits
posits may result in rapid loading and development of ex-
cess pore pressure. The development of excess pore prekt the East Andaman Basin, several MTDs were detected
sure is further facilitated by gas migration, fueled by high at different stratigraphic depths at the basin-ridge transition.
organic matter input from productive water masses alongThe stacking of MTDs in the East Andaman Basin sediments
continental margins. (Laberg and Camerlenghi, 2008). Allimplies recurrent slide events. The ages and hence the recur-
these factors increase the susceptibility of drift sedimentgence rates for the slides in the working area are difficult to
for failure (Laberg and Camerlenghi, 2008). Migrating flu- estimate. No age data are published; hence, direct age de-
ids can especially cause build-up of excess pore pressurrminations are not possible. The thickness of undisturbed
in upper sediment layers, a process which is well knownsediments between individual slide events can be used to es-
to be capable for destabilizing slope sediments (Vorren etimate the recurrence rates of landslides if accumulation rates
al., 1998; Stigall and Dugan, 2010). Sediments that buildare known. However, information on accumulation rates in or
drift deposits in the southern working area contain terrige-close to the working area are sparse. The most reliable value
nous material from the Ayeyawady River and/or the Malaccais given by Rodolfo (1969), who suggested an average sedi-
Strait, whereas sediment input from the Mergui Ridge seemsnentation rate of 10 cm k& for the basin sediments west of
unlikely (see above). Off the ridge, sedimentation rates areMergui Ridge. Using this accumulation rate and the mapped
high (10 cm kal, Rodolfo, 1969). An unusually high content sediment thickness between individual slide deposits, calcu-
of terrestrial organic carbon has been reported for these sedations of recurrence rates result in values around 100 ka. We
iments (Keller and Richards, 1967; Colin et al., 1999; Bird would like to point out that the estimates for landslide re-
et al., 2008; Ramaswamy et al., 2008,), which may be favor-currence intervals contain very large error bars. This simple
able of formation of gas within the drift deposits. Jintasaera-calculation, however, shows that recurrence rates are several
nee et al. (2012) reported gas-charged sediment at the Meft0 000 to 100 000 yr and not 100 to 1000 yr.
gui Ridge slope area from subbottom profiler data (Fig. 3). The values are similar for the different settings of the
Several possible gas migration pathways are imaged on oupasin sediments. Only one slide in the basin area (MTD Al)
seismic data as vertical zones of acoustic transparency (sée found close to or at the seafloor, while all other slides
Fig. 8). A possible bottom simulating reflector (BSR) was are deeply buried. However, the presence of several MTDs
identified in the southern working area (Fig. 4c). Therefore,throughout the working area lets us deduce that landslides
we consider that build-up of excess pore-pressure due to mieccurred repeatedly and that the slope area has been gener-
grating fluids and instability of drift deposits was an im- ally unstable and prone to failure.
portant pre-conditioning factor for the failure events in the
southern working area (MTDs A1-A4). 5.4 Estimation of tsunamigenic potential and indicators

for failure susceptibility

5.2.4 Final trigger mechanism 5.4.1 Pastfailures and likelihood of tsunamis

An important factor for the formation and recurrence of sub- Important criteria that control the tsunamigenic potential of a
marine landslides is the presence of a final trigger leadindandslide are volume, stiffness/cohesiveness of the slide ma-
to the failure of potentially unstable sediments (e.g. Massorterial, water depth, and initial acceleration of the landslide
et al., 2006). Seismic activity is common along the Sunda(Lgvholt et al., 2005; Haugen et al., 2005; Grilli and Watts,
trench and also within the Andaman Sea (Lay et al., 200522005; Ward, 2001; Greene et al., 2006). We have no knowl-
Ornthammarath et al., 2011; Khan, 2012; NGDC, Globaledge on the initial acceleration and only sparse information
Significant Earthquake Database, 2012). Neotectonic activen sediment properties, but we can analyse water depths and
ities have been reported from many structures in the An-volumes of the identified MTDs leading to a qualitative as-
daman Sea, such as the modern spreading centre (Kameskssment of the likelihood of tsunami generation in the past.
Raju et al., 2004), the Sagaing Fault (Wang et al., 2011), th&enerally, the critical water depth for tsunami generation
Andaman Arc (Radhakrishna et al., 2008), or the West An-is given as maximum 1000 m, while the minimum volume
daman Fault (Kamesh Raju et al., 2007). Ongoing tectonicsufficient to create a tsunami from a submarine landslide is
activity is also documented in our data as faults reaching the~ 2 km?® (Greene et al., 2006). We would like to point out
surface. Therefore, earthquakes are likely final triggers forthese values can only be used as guidelines; large landslides
slope failures. in water depths deeper than 1000 m (Tappin et al., 2001) and
In summary, several concurring factors have contributedsmall landslides € 2 km®) in very shallow water (Rahiman
to past slope failures. We consider migrating fluids, instabil-et al., 2007) have triggered tsunamis in the past.
ity of drift sediments and tectonic activity as most important The volumes of the MTDs detected in our working area
preconditioning factors. Regular earthquakes may act as fingl0.3—14 kn?, Table 1) are small compared to giant landslides
trigger for slope failure. on active and passive margins, which may reach volumes
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of several hundreds of cubic kilometersi(ftherbach et al., bottom current influenced unit MR3. A possible source area

2004; Geersen et al., 2011; Krastel et al., 2012). is not evident from our dataset. Although the conditions for
In the southern working area (see Fig. 2 for location), only slide initiation and evolution cannot be reconstructed, we can

one MTD (A4) comprises a volume 2 km? (Table 1), while  infer that this slide definitely falls in the range of tsunami-

the others are less than 2 RniThe presence of discontinuities genic landslides.

within background unit SB2 indicates erosive events. Such

erosive events are common in drift deposits, due to shorttern®.4.2  Possible locations of future slope failures and their

changes of boundary conditions (Faues et al., 1999). This tsunamigenic potential
implies that MTDs identified within SB2 may originally have
been larger. Three locations of possible future slope failures were iden-

All MTDs in the southern area are located at water depthgtified in our data set. Slightly south of the location of MTD
deeper than 1000 m. Subsidence in the working area is ongd>2 (see Fig. 3 for location), faults cut through the seafloor
ing, but rates have been moderate since cessation of riftingjFig. 8a). As fault reactivation and deformation in the re-
and therefore the water depth at the time of failure was mosgion seems plausible, these deformed back rotated blocks
likely below 1000 m. may fail in the future. Moreover, a slumped block is lo-

The situation is different for superficial MTD Al. Its cated basinward of this deformed area, which may indicate,
source area (see depth of evacuated area IN, Fig. 5) is Iathat some disintegration and failure already occurred. Mas-
cated at water depths around 1000 m. The mapped volume afon et al. (2006) suggest that thick slide blocks with a steep
MTD A1l is smaller than 2 ki (Table 1). However, the true headwall (rotational slides) might be particularly effective in
extent of this MTD is not known and might be larger than tsunami generation even without large displacements. There-
2 kme. Therefore, MTD A1 may fall in the range of tsunami- fore, future slope failures at this location in relatively shallow
genic landslides. In the northern working area, four slide de-water depths between 700 m and 1100 m may definitively be
posits with volumes greater than 2 Rwvere found, but none  tsunamigenic. Regarding MTD D3 that is also located on
of these MTDs shows a volume of more than 3.3KMTDs Mergui Ridge, we cannot reconstruct initiation or evolution
B3, B4, C2 and C3, Table 1). As all of these slides are sit-of this MTD, as outlined above. However, we can infer that
uated in water depths significantly deeper than 1000 m, ita potential future failure of the same dimensions at the same
seems unlikely that the relatively small MTDs B3, B4, C2 water depths of about 500—700 m definitely falls in the range
or C3 triggered a tsunami. of tsunamigenic landslides.

On top of Mergui Ridge all detected MTDs (D1, D2 and  An area in water depths near 1000 m close to MTD Al
D3) are located above/near 1000 m water depth, and MTDOn the southern working area may be prone to future fail-
D2 and MTD D3 comprise volumes 2 km?, whereas MTD  ures (Fig. 8b). Widespread sediment waves in combination
D1 which is located near the surface, has a volume belowwith small scale faulting and indications for fluid migra-

2 km?® and therefore it has probably not been a tsunamigenidion pathways suggest a potentially unstable slope. Jintasaer-
landslide. anee et al. (2012) described numerous small scale failures
MTD D2 comprises a volume of 4 kinlts toe region is in this area. Therefore, we conclude that future failures in

deformed. Similar structures have been described by Freythis area are likely. A failure of significant volume of this
Martinez et al. (2006) to occur near the frontal ramp of slidespart of the slope may be tsunamigenic. However, the area
that do not leave the scarp area and are frontally confinedcomprises large structural complexity and ongoing tectonic
A horseshoe incision is located on the landward side of thisactivity. Slope failures from areas with regular seismic activ-
deposit (Fig. 3b). In contrast to most landslide scarps, thisties are expected to be small in size, due to frequent triggers
feature is more similar to an incision than a morphologicalin the form of earthquakes, subsequently, not leaving suffi-
step (Fig. 9b). The landward flank of the incision, however, cient time to accumulate large amounts of material for vo-
is significantly higher than the seaward side. Such shapekiminous slides (dlker et al., 2009). Therefore, we would
of landslide scarps are reported from other areas. Krastel aather expect several small failures of individual sediment
al. (2011) suggest that such scarps were modified by postpackages instead of voluminous failures. Hence, we consider
failure processes, especially strong bottom currents. Thighe tsunami hazard emerging from this area as low.

seems plausible, as bottom currents are acting in the working Figure 8c shows an enlargement of the topmost sediment
area. Hence, we interpret the incision as headwall of MTDlayers of profile MASS23 in the northern working area. A
D2. This headwall is the location of slide initiation and lo- listric fault cuts and dislocates parts of the superficial sedi-
cated at around 830 m water depth. Therefore, D2 potentiallyment of unit HU. This fault may be interpreted as possible
falls in the range of tsunamigenic slides. future failure surface. Downslope of the surface expression

MTD D3 shows the largest (mapped) volume of the slidesof the fault, the sediment is deformed and destabilization may
detected in our working area (14 RnTable 1). MTD D3 has  be indicated by the wavy deformation patterns visible on the
a somewhat outstanding position among the MTDs on Mer-seismic data. Migrating fluids may further contribute to fu-
gui Ridge. It is located within the tectonically undisturbed ture slope instability. However, within the northern working
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area, all MTDs as well as the area of potential future slope6 Conclusions
failure are situated well below 1000 m water depth. Conse-
quently, future slides in the northern part of the East An-We investigated the top and the western slope of Mergui
daman Basin area may occur but probab|y do not pose Bldge and the Andaman Basin and found that older back-
tsunami hazard. ground sediments in the working area show clear indica-
In summary, the same settings that induced slope failure$ions for tectonic deformation and rifting processes, leading
in the past may also lead to slope failure in the future, butto extension and faulting. Younger sediments in the East An-
only a few slides show volume and depth values typical fordaman Basin and on top of Mergui Ridge are mainly shaped
tsunamigenic slides. However, it has to be taken into accounpy bottom currents.
that our volume estimations are minimum values, as the lat- Special attention was drawn to the occurrence of MTDs
eral boundaries of the MTDs in most cases are not covere@nd the related tsunami hazard. Several MTDs as well as po-
by the seismic dataset. Moreover, we cannot exclude a corrdential future slope failure locations were identified within
lation between the stacked MTDs (B1-B5 and C1-C5) in thesediments of the Mergui Ridge and East Andaman Basin.
northern working area, as the settings where they occur shoipenerally, the slope area seems to be unstable and landslides
great similarity regarding characteristics, amount and archi-occur repeatedly, mainly because of occurrence of potentially
tecture of the MTDs. This implies that more slides than out-unstable drift sediments, the presence of fluids, and ongo-
lined above may have triggered tsunamis in the past. Howing tectonic activity that produces deformation and generates
ever, even then their number would be small as suggested b§arthquakes that are most likely the final trigger for the desta-

the time intervals between the slides. bilization of the sediments.
Tsunami generation in the past by most of these slope
5.5 Recurrence of landslide tsunamis compared to failures is unlikely due to their relatively small size and
earthquake tsunamis in the Andaman Sea their occurrence at large water depths. Recurrence rate of

(tsunamigenic) landslides is small compared to the frequency
The Mergui Ridge—East Andaman Basin transition seems t®f tsunamigenic earthquakes in the area. Hence, we consider
be unstable and slides seem to occur repeatedly. Most of thghe risk of landslide-generated tsunamis for the Thai west
identified slides are relatively smat-(2 kn®) and occur at  coast as very low. Triggering of tsunamis by submarine land-
relatively large water depths-(1000 m); hence, itis unlikely  slides, however, cannot be excluded, especially for slope in-
that these slides triggered significant tsunamis. Though nustabilities at the edge of or on top of Mergui Ridge, and such

merous slides were found throughout the working area, theily tsunami would hit the Thai coast almost without warning
recurrence rate is definitely very long, exceeding 100ka.  time.

The recurrence rates of major tsunamigenic earthquakes
occurring in the Sumatra—Andaman area, which triggered
tsunamis also affecting the coast off Thailand, were esti-AcknowledgementsiVe thank the scientists and crew of MASS IlI
mated by Monecke et al. (2008). These authors analysed éruise for their help in collecting the data. Logistic support by the
1000_yr Sed|ment record Oﬂ: Northern Sumatra They |den_PhUket Marine Biological Center and the Thailand Southeast ASia
tified two older extensive sand sheets with similar sedi-START Regional Center is greatly appreciated. We thank Deniz

ment characteristics as the sand sheet deposited by the 20(%',':5\;’;0& hf Sli}rl)iEiogedcl)eri]c? Zillzrlgn%at:n a::cl)f';oignrggsgf
tsunami and concluded that the 2004 Indian Ocean tsunan)| y 1299 glop Y

. . significantly improved the quality of the manuscript. Our work is
is separated from its youngest full predecessor+500 yr. funded in the frame of German-Thai TRIAS-project funded by

Similar values for major tsunamis are reported by Jankaew efne peutsche Forschungsgemeinschaft (Grant KR2222-8) and the
al. (2008) for the Andaman Sea coast in Thailand suggestin@ational Research Council of Thailand (NRCT).

recurrence rates of major earthquake tsunamis in the range

of 400-600 yr for the Thai coast. Our estimations of time in- The service charges for this open access publication

tervals between individual MTDs suggest that they are in thehave been covered by a Research Centre of the

hundred ka to Ma range and only four potential tsunamigenicHelmholtz Association.

landslides were identified in the sedimentary record. Hence,

the risk of submarine landslide tsunamis is negligible com-Edited by: K. Schwarzer

pared to earthquake-generated tsunamis. Landslide-triggeredfi€"ed by: A. Georgiopoulou and one anonymous referee
tsunamis, however, would hit the coast with almost no warn-

ing time.

Nat. Hazards Earth Syst. Sci., 12, 260263Q 2012 www.nat-hazards-earth-syst-sci.net/12/2609/2012/



J. M. Schwab et al.: Submarine mass wasting and associated tsunami risk offshore western Thailand 2627

References meso-scale cyclonic eddies in the Andaman Sea, Coast. Mar.
Sci., 34, 68-73, 2010.

Anasetti, A., Winkelmann, D., Krastel, S., Bialas, J., and Canals, M., Lastras, G., Urgeles, R., Casamor, J. L., Mienert, J.,
Briickmann, W.: The BGR slide off Costa Rica: Preconditioning  Cattaneo, A., De Batist, M., Haflidason, H., Imbo, Y., Laberg, J.
factors, trigger, and slide dynamics, in: Submarine mass move- S, Locat, J., Long, D., Longva, O., Masson, D. G., Sultan, N.,
ments and their consequences, edited by: Yamada, Y., Kawa- Trincardi, F., and Bryn, P.: Slope failure dynamics and impacts
mura, K., Ikehara, K., Ogawa, Y., Urgeles, R., Mosher, D., Chay-  from seafloor and shallow sub-seafloor geophysical data: Case
tor, J., and Strasser, M., Advances in natural and technological studies from the COSTA project, Mar. Geol., 213, 9-72, 2004.
hazards research, Springer, Netherlands, 289-299, 2012. Chakraborty, P. P. and Khan, P. K.: Cenozoic geodynamic evo-

Andreason, W. M., Mudford, B., and Onge, E. S. J.: Geologic |ution of the Andaman—Sumatra subduction margin: Cur-
evolution and petroleum system of the Thailand Andaman Sea rent understanding, Isl. Arc, 18, 184—2Gfhi:10.1111/j.1440-
basins, in: Indonesian Petroleum Association Proceedings of the 1738.2008.00643,2009.

Petroleum System of SE Asia and Australasia Conference, MayColin, C., Turpin, L., Bertaux, J., Desprairies, A., and Kissel, C.:

1997, 337-350, 1997. Erosional history of the Himalayan and Burman ranges during
Arzola, R. G., Wynn, R. B,, Lastras, G., Masson, D. G., and Weaver, the last two glacial-interglacial cycles, Earth Planet. Sc. Lett.,

P. P. E.: Sedimentary features and processes in the &larar 171, 647—660, 1999.

Sefibal submarine canyons, west Iberian margin, Mar. Geol.,Curray, J. R.: Tectonics and history of the Andaman Sea region, J.

250, 64-88¢0i:10.1016/j.margeo.2007.12.0a®08. Asian Earth Sci., 25, 187-232, 2005.

Becker, J. J., Sandwell, D. T., Smith, W. H. F., Braud, J., Binder, B., Dawson, A. G., Long, D., and Smith, D. E.: The Storegga slides: Ev-
Depner, J., Fabre, D., Factor, J., Ingalls, S.,Kim, S-H., Ladner, idence from eastern Scotland for a possible tsunami, Mar. Geol.,
R., Marks, K., Nelson, S., Pharaoh, A., Trimmer, R., Von Rosen- 82, 271-276, 1988.
berg, J., Wallace, G., and Weatherall,P.: Global Bathymetry andDillon, W. P., Risch, J. S., Scanlon, K. M., Valentine, P. C., and

Elevation Data at 30 Arc Seconds Resolution: SRTMRQJS, Huggett, Q. J.: Ancient crustal fractures control the location and
Mar. Geod., 32, 4, 355-37110i:10.1080/014904109032977,66 size of collapsed blocks at the Blake escarpment, east of Florida,
2009. in: Submarine landslides: Selected Studies in the U.S. Exclu-

Bird, M. I., Robinson, R. A. J., Win Oo, N., Maung Aye, M., Lu, sive Economic Zone, edited by: Schwab, W. C., Lee, H. J., and
X. X., Higgitt, D. L., Swe, A., Tun, T, Lhaing Win, S., Sandar ~ Twichell, D. C., US Geological Survey Bulletin, 54-59, 1993.
Aye, K., Mi Mi Win, K., and Hoey, T. B.: A preliminary estimate  Doust, H. and Noble, R. A.. Petroleum systems
of organic carbon transport by the Ayeyarwady (Irrawaddy) and of Indonesia, Mar. Petrol. Geol.,, 25, 103-129,
Thanlwin (Salween) rivers of Myanmar, Quaternary Int., 186,  doi:10.1016/j.marpetge0.2007.05.0@D08.
113-122d0i:10.1016/j.quaint.2007.08.003008. Doust, H. and Sumner, H. S.: Petroleum systems in rift basins —

Biscontin, G., Pestana, J. M., and Nadim, F.: Seismic triggering of a collective approach in southeast Asian basins, Petrol. Geosci.,
submarine slides in soft cohesive soil deposits, Mar. Geol., 203, 13, 127-144¢0i:10.1144/1354-079307-748007.
341-354d0i:10.1016/s0025-3227(03)003142D04. Dutta, K., Bhushan, R., and Somayajulu, B. L. K.: Rapid vertical

Blewitt, G., Kreemer, C., Hammond, W. C., Plag, H.-P,, Stein, S.,  mixing rates in deep waters of the Andaman Basin, Sci. Total En-
and Okal, E.: Rapid determination of earthquake magnitude us- viron., 384, 401-408j0i:10.1016/j.scitotenv.2007.04.042007.
ing GPS for tsunami warning systems, Geophys. Res. Lett., 33Faugeres, J.-C., Stow, D. A. V., Imbert, P., and Viana, A.: Seismic
L11309,doi:10.1029/200691026142006. features diagnostic of contourite drifts, Mar. Geol., 162, 1-38,

Bondevik, S., Svendsen, J. ., and Mangerud, J.: Tsunami sedimen- doi:10.1016/s0025-3227(99)000681P99.
tary facies deposited by the Storegga tsunami in shallow marineFine, 1. V., Rabinovich, A. B., Bornhold, B. D., Thomson, R. E., and
basins and coastal lakes, western Norway, Sedimentology, 44, Kulikov, E. A.: The Grand Banks landslide-generated tsunami of
1115-1131d0i:10.1046/j.1365-3091.1997.d01-631097. November 18, 1929: Preliminary analysis and numerical model-

Bondevik, S., Mangerud, J., Dawson, S., Dawson, A. G., and ing, Mar. Geol., 215, 45-57, 2005.

Lohne, O.: Record-breaking height for 8000-year-old tsunamiFrey-Marinez, J., Cartwright, J., and James, D.: Frontally con-
in the North Atlantic, EOS, Transactions American Geophysical fined versus frontally emergent submarine landslides: A 3D
Union, 84, 289-293, 2003. seismic characterisation, Mar. Petrol. Geol., 23, 585-604,

Bondevik, S., Lavholt, F., Harbitz, C., Mangerud, J., Dawson, A.,  doi:10.1016/j.marpetgeo.2006.04.0@R06.
and Inge Svendsen, J.: The Storegga slide tsunami—comparingujino, S., Naruse, H., Matsumoto, D., Jarupongsakul, T., Sphawa-
field observations with numerical simulations, Mar. Petrol. Geol.,  jruksakul, A., and Sakakura, N.: Stratigraphic evidence for pre-
22,195-208, 2005. 2004 tsunamis in southwestern Thailand, Mar. Geol., 262, 25-28,

Brune, S., Babeyko, A. Y., and Sobolev, S. V.. Are tilt 2009.
measurements useful in detecting tsunamigenic submaGEBCO 2008: General Bathymetric Chart of the Oceans (GEBCO),
rine landslides?, Geochem. Geophy. Geosy., 10, Q06002, available at:http://www.bodc.ac.uk/data/onlinedelivery/gehco/
doi:10.1029/20099c002492009. last access: 28 June 2012.

Brune, S., Babeyko, A., Gaedicke, C., and Ladage, S.: Hazard asseersen, J., ®ker, D., Behrmann, J. H., Reichert, C., and Kras-
sessment of underwater landslide-generated tsunamis: A case tel, S.: Pleistocene giant slope failures offshore Arauco penin-
study in the Padang region, Indonesia, Nat. Hazards, 53, 205—- sula, southern Chile, J. Geol. Soc. London, 168, 1237-1248,
218,d0i:10.1007/s11069-009-9424-2010. doi:10.1144/0016-76492011-022011.

Buranapratheraprat, A., Laongmanee, P., Sukramongkol, N., Prom-
mas, R., Promjinda, S., and Yanagi, T.: Upwelling induced by

www.nat-hazards-earth-syst-sci.net/12/2609/2012/ Nat. Hazards Earth Syst. Sci., 12, 262884 2012


http://dx.doi.org/10.1016/j.margeo.2007.12.006
http://dx.doi.org/10.1080/01490410903297766
http://dx.doi.org/10.1016/j.quaint.2007.08.003
http://dx.doi.org/10.1016/s0025-3227(03)00314-1
http://dx.doi.org/10.1029/2006gl026145
http://dx.doi.org/10.1046/j.1365-3091.1997.d01-63.x
http://dx.doi.org/10.1029/2009gc002491
http://dx.doi.org/10.1007/s11069-009-9424-x
http://dx.doi.org/10.1111/j.1440-1738.2008.00643.x
http://dx.doi.org/10.1111/j.1440-1738.2008.00643.x
http://dx.doi.org/10.1016/j.marpetgeo.2007.05.007
http://dx.doi.org/10.1144/1354-079307-746
http://dx.doi.org/10.1016/j.scitotenv.2007.04.041
http://dx.doi.org/10.1016/s0025-3227(99)00068-7
http://dx.doi.org/10.1016/j.marpetgeo.2006.04.002
http://www.bodc.ac.uk/data/online delivery/gebco/
http://dx.doi.org/10.1144/0016-76492011-027

2628

Greene, H. G., Murai, L. Y., Watts, P., Maher, N. A., Fisher, M.
A., Paull, C. E., and Eichhubl, P.: Submarine landslides in the

J. M. Schwab et al.: Submarine mass wasting and associated tsunami risk offshore western Thailand

and deepwater postrift sediments in East Andaman Basin: An
overview, Geolndia 2011, Greater Noida, New Dheli, India, 12—

Santa Barbara Channel as potential tsunami sources, Nat. Haz- 14 January, 2011.
ards Earth Syst. Sci., 6, 63—880i:10.5194/nhess-6-63-2006 Jintasaeranee, P., Weinrebe, W., Klaucke, I., Snidvongs, A., and

2006.

Flueh, E. R.: Morphology of the Andaman outer shelf and up-

Grilli, S. T. and Watts, P.: Tsunami generation by submarine mass per slope of the Thai exclusive economic zone, J. Asian Earth

failure, I: Modeling, experimental validation, and sensitivity
analyses, J. Waterw. Port C.-ASCE, 131, 283-297, 2005.

Grilli, S. T., Taylor, O.-D. S., Baxter, C. D. P., and Maretzki, S.:
A probabilistic approach for determining submarine landslide

Sci., 46, 78-85¢0i:10.1016/j.jseaes.2011.11.0@®12.

Kamesh Raju, K. A.: Three-phase tectonic evolution of the An-

daman Backarc Basin, Curr. Sci. India, 89, 1932-198%:
/ldrs.nio.org/drs/handle/2264/33%005.

tsunami hazard along the upper east coast of the United Stateamesh Raju, K. A., Ramprasad, T., Rao, P. S., Ramalingeswara

Mar. Geol., 264, 74-97, 2009.
Hall, R. and Morley, C. K.: Sundaland basins, in: Continent-Ocean
Interactions within the East Asian Marginal Seas, edited by:

Rao, B., and Varghese, J.: New insights into the tectonic evolu-
tion of the Andaman Basin, northeast Indian Ocean, Earth Planet.
Sc. Lett., 221, 145-162, 2004.

Clift, P., Wang, P., Kuhnt, W., and Hayes, D., American Geo- Kamesh Raju, K. A., Murty, G. P. S., Amarnath, D., and Ku-

physical Union, Geophysical Monograph, 149, Washington DC,
55-85, 2004.

Hampton, M. A., Lee, H. J., and Locat, J.: Submarine landslides,

Rev. Geophys., 34, 33-580i:10.1029/95rg03287.996.

mar, M. L. M.: The West Andaman Fault and its influence on
the aftershock pattern of the recent megathrust earthquakes in
the Andaman-Sumatra region, Geophys. Res. Lett., 34, LO3305,
doi:10.1029/20069102873Q@007.

Harbitz, C. B., Lovholt, F., Pedersen, G., and Masson, D. G.: Mech-Keller, G. H. and Richards, A. F.: Sediments of the Malacca

anisms of tsunami generation by submarine landslides: A short

review, Norw. J. Geol., 86, 255-264, 2006.

Strait, Southeast Asia, J. Sediment. Res., 37, 102-127,
doi:10.1306/74d7166d-2b21-11d7-8648000102c186967.

Hasegawa, H. S. and Kanamori, H.: Source mechanism of the magkhan, A.: Seismogenic sources in the bay of bengabwids poten-
nitude 7.2 Grand Banks earthquake of November 1929: Double tial for tsunami generation and its impact in the northern bay of

couple or submarine landslide?, B. Seismol. Soc. Am., 77, 1984—

2004, 1987.

bengal coast, Nat. Hazards, 61, 1127-101:10.1007/s11069-
011-9970-x2012.

Haugen, K. B., Lagvholt, F., and Harbitz, C. B.: Fundamental mech-Kishore, M., Jha, P., and Ros, D.: Structural modeling and seismic

anisms for tsunami generation by submarine mass flows in ide-

alised geometries, Mar. Petrol. Geol., 22, 209-217, 2005.
Hermandez-Molina, F. J., Maldonado, A., and Stow, D. A. V.

Abyssal plain contourites, in: Contourites, Developments in Sed-

attributes analysis of synrift sequences in East Andaman Basin:
A qualitative approach towards fault seal analysis in a frontier ex-
ploration area, 8th Biennial International Conference and Expo-
sition on Petroleum Geophysics, Hyderabad, India, P-262, 2010.

imentology, edited by: Rebesco, M. and Camerlenghi, A., Else-Krastel, S., Wefer, G., Hanebuth, T., Antobreh, A., Freudenthal, T.,

vier, Amsterdam, Netherlands, 345-378, 2008.

Preu, B., Schwenk, T., Strasser, M., Violante, R., Winkelmann,

Hollister, C. D. and McCave, I. N.: Sedimentation under deep-sea D., and M78/3 shipboard scientific party: Sediment dynamics

storms, Nature, 309, 220-225, 1984.
Hiuhnerbach, V. and Masson, D. G.: Landslides in the North
Atlantic and its adjacent seas: An analysis of their mor-

and geohazards off Uruguay and the de la Plata River region
(northern Argentina and Uruguay), Geo-Mar. Lett., 31, 271-283,
doi:10.1007/s00367-011-0232-2011.

phology, setting and behaviour, Mar. Geol., 213, 343-362,Krastel, S., Wynn, R. B., Georgiopoulou, A., Geersen, J., Henrich,

doi:10.1016/j.marge0.2004.10.012004.

Hyder, P., Jeans, D. R. G., Cauquil, E., and Nerzic, R.: Ob-
servations and predictability of internal solitons in the
northern Andaman Sea, Appl. Ocean Res., 27, 1-11,
doi:10.1016/j.apor.2005.07.002005.

Jankaew, K., Atwater, B. F., Sawai, Y., Choowong, M., Charoenti-
tirat, T., Martin, M. E., and Prendergast, A.: Medieval forewarn-
ing of the 2004 Indian Ocean tsunami in Thailand, Nature, 455,
1228-1231, 2008.

doi:10.1016/0025-3227(87)900691087.
Jha, P., Ros, D., degli Alessandrini, A., and Kishore, M.: Specula-

R., Meyer, M., and Schwenk, T.: Large-scale mass wasting on
the Northwest African continental margin: Some general impli-
cations for mass wasting on passive continental margins, in: Sub-
marine mass movements and their consequences, edited by: Ya-
mada, Y., Kawamura, K., lkehara, K., Ogawa, Y., Urgeles, R.,
Mosher, D., Chaytor, J., and Strasser, M., Advances in natural
and technological hazards research, Springer, Netherlands, 189—
199, 2012.

Kulikov, E. A., Rabinovich, A. B., Thomson, R. E., and Born-
Jansen, E., Befring, S., Bugge, T., Eidvin, T., Holtedahl, H., and Se-
jrup, H. P.: Large submarine slides on the norwegian continental
margin: Sediments, transport and timing, Mar. Geol., 78, 77-107,

hold, B. D.: The landslide tsunami of November 3, 1994,
Skagway Harbor, Alaska, J. Geophys. Res., 101, 6609-6615,
doi:10.1029/95jc03562.996.

Laberg, J. S. and Camerlenghi, A.: The significance of contourites

for submarine slope stability, in: Contourites, Developments in

tive petroleum system and play model of East Andaman Basin sedimentology, edited by: Rebesco, M., and Camerlenghi, A., El-

from regional geology and basin evolution concepts: Address-

sevier, Amsterdam, Nertherlands, 537-556, 2008.

ing the exploration challenges of an extreme frontier area, 8thLay, T., Kanamori, H., Ammon, C. J., Nettles, M., Ward, S. N.,

Biennial International Conference and Exposition on Petroleum
Geophysics, Hyderabad, India, P-261, 2010.

Aster, R. C., Beck, S. L., Bilek, S. L., Brudzinski, M. R., But-
ler, R., DeShon, H. R., Ekgim, G., Satake, K., and Sipkin, S.:

Jha, P., Ros, D., and Kishore, M.: Seismic and sequence strati- The great Sumatra-Andaman earthquake of 26 December 2004,

graphic framework and depositional architecture of shallow

Nat. Hazards Earth Syst. Sci., 12, 26022630 2012

Science, 308, 1127-11380i:10.1126/science.111225M005.

www.nat-hazards-earth-syst-sci.net/12/2609/2012/


http://dx.doi.org/10.5194/nhess-6-63-2006
http://dx.doi.org/10.1029/95rg03287
http://dx.doi.org/10.1016/j.margeo.2004.10.013
http://dx.doi.org/10.1016/j.apor.2005.07.001
http://dx.doi.org/10.1016/0025-3227(87)90069-7
http://dx.doi.org/10.1016/j.jseaes.2011.11.003
http://drs.nio.org/drs/handle/2264/339
http://drs.nio.org/drs/handle/2264/339
http://dx.doi.org/10.1029/2006gl028730
http://dx.doi.org/10.1306/74d7166d-2b21-11d7-8648000102c1865d
http://dx.doi.org/10.1007/s11069-011-9970-x
http://dx.doi.org/10.1007/s11069-011-9970-x
http://dx.doi.org/10.1007/s00367-011-0232-4
http://dx.doi.org/10.1029/95jc03562
http://dx.doi.org/10.1126/science.1112250

J. M. Schwab et al.: Submarine mass wasting and associated tsunami risk offshore western Thailand 2629

Lin, Y.-n. N., Sieh, K., and Stock, J.: Submarine landslides along CO, USA, available at: http://www.ngdc.noaa.gov/hazard/
the Malacca Strait-Mergui Basin shelf margin: Insights from  tsudb.shtm) last access: 28 June 2012.
sequence-stratigraphic analysis, J. Geophys. Res., 115, B12108lielsen, C., Chamot-Rooke, N., and Rangin, C.: From par-
doi:10.1029/2009jb00705@010. tial to full strain partitioning along the Indo-Burmese

Lomax, A., Michelini, A., and Piatanesi, A.: An energy-duration  hyper-oblique subduction, Mar. Geol.,, 209, 303-327,
procedure for rapid determination of earthquake magnitude doi:10.1016/j.margeo.2004.05.0@0D04a.
and tsunamigenic potential, Geophys. J. Int., 170, 1195-1209Nielsen, T. G., Bjgrnsen, P. K., Boonruang, P., Fryd, M., Hansen,
doi:10.1111/j.1365-246X.2007.034692007. P. J., Janekarn, V., Limtrakulvong, V., Munk, P., Hansen, O.

Legvholt, F., Harbitz, C. B., and Haugen, K. B.: A parametric S., Satapoomin, S., Sawangarreruks, S., Thomsen, H. A., and
study of tsunamis generated by submarine slides in the Ormen @stergaard, J. B.: Hydrography, bacteria and protist commu-
Lange/Storegga area off western Norway, Mar. Petrol. Geol., 22, nities across the continental shelf and shelf slope of the An-
219-231do0i:10.1016/j.marpetgeo.2004.10.02005. daman Sea (NE Indian Ocean), Mar. Ecol. Prog. Ser., 274, 69-86,

Lykousis, V., Sakellariou, D., Moretti, I., and Kaberi, H.: Late Qua- doi:10.3354/meps274062004b.
ternary basin evolution of the Gulf of Corinth: Sequence stratig- Nielsen, T., Knutz, P. C., and Kuijpers, A.: Seismic expression of
raphy, sedimentation, fault—slip and subsidence rates, Tectono- contourite depositional systems, in: Contourites, Developments
physics, 440, 29-510i:10.1016/j.tecto.2006.11.002007. in sedimentology, edited by: Rebesco, M. and Camerlenghi, A.,

Masson, D. G., Harbitz, C. B.,, Wynn, R. B., Pedersen, G., Elsevier, Amsterdam, Netherlands, 301-321, 2008.
and Lovholt, F.: Submarine landslides: Processes, triggers an®kubo, A., Obata, H., Nozaki, Y., Yamamoto, Y., and Minami, H.:
hazard prediction, Philos. T. R. Soc. A, 364, 2009-2039, 230th in the Andaman Sea: Rapid deep-sea renewal, Geophys.
doi:10.1098/rsta.2006.181R006. Res. Lett., 31, L22306J0i:10.1029/200491020222004.

Masson, D. G., Wynn, R. B., and Talling, P. J.: Large landslides onOrnthammarath, T., Warnitchai, P., Worakanchana, K., Zaman,
passive continental margins: Processes, hypotheses and outstand-S., Sigbfrnsson, R., and Lai, C.: Probabilistic seismic haz-
ing questions, in: Submarine mass movements and their conse- ard assessment for Thailand, B. Earthq. Eng., 9, 367-394,
guences, edited by: Mosher, D. C., Moscardelli, L., Baxter, C. D.  doi:10.1007/s10518-010-9197-3011.

P., Urgeles, R., Shipp, R. C., Chaytor, J. D., and Lee, H. J., Ad-Osborne, A. R. and Burch, T. L.: Internal solitons in the Andaman
vances in natural and technological hazards research, Springer, Sea, Science, 208, 451-4@ihi:10.1126/science.208.4443.451
Netherlands, 153—-165, 2010. 1980.

Matsumoto, T. and Tappin, D. R.: Possible coseismic large-scaldPanchang, R., Nigam, R., Raviprasad, G. V., Rajagopalan, G., Ray,
landslide off the northern coast of Papua New Guinea in July D. K., and Hla, U. K. Y.: Relict faunal testimony for sea-level
1998: Geophysical and geological results from SOS cruises, Pure fluctuations off Myanmar (Burma), J. Palaeon. Soc. India, 53,
Appl. Geophys., 160, 1923-1943, 2003. 185-195, 2008.

Michel, G. W.,, Yu, Y. Q., Zhu, S. Y., Reigber, C., Becker, M., Rein- Piper, D. J. W., Cochonat, P., and Morrison, M. L.: The sequence
hart, E., Simons, W., Ambrosius, B., Vigny, C., Chamot-Rooke, of events around the epicentre of the 1929 Grand Banks earth-
N., Le Pichon, X., Morgan, P., and Matheussen, S.: Crustal quake: Initiation of debris flows and turbidity current inferred
motion and block behaviour in SE-Asia from GPS measure- from sidescan sonar, Sedimentology, 46, 79-97, 1999.
ments, Earth Planet. Sc. Lett., 187, 239-2#11,10.1016/s0012-  Polachan, S.: The geological evolution of the Mergui Basin SE An-
821x(01)00298-92001. daman area, Thailand, Ph.D thesis, University of London, Lon-

Monecke, K., Finger, W., Klarer, D., Kongko, W., McAdoo, B. G., don, 218 pp., 1988.

Moore, A. L., and Sudrajat, S. U.: A 1,000-year sediment recordPolachan, S. and Racey, A.: Stratigraphy of the Mergui Basin, An-
of tsunami recurrence in northern Sumatra, Nature, 455, 1232— daman Sea: Implications for petroleum exploration, J. Petrol.
1234,d0i:10.1038/nature07372008. Geol., 17, 373-406¢0i:10.1111/j.1747-5457.1994.tb0014,7.x

Morley, C. K.: A tectonic model for the Tertiary evolution of strike- 1994.
slip faults and rift basins in SE Asia, Tectonophysics, 347, 189—-Polachan, S., Pradidtan, S., Tongtaow, C., Janmaha, S., Intarawi-
215,d0i:10.1016/s0040-1951(02)000612002. jitr, K., and Sangsuwan, C.: Development of cenozoic basins

Morley, C. K., Woganan, N., Sankumarn, N., Hoon, T. B., Alief, A., in thailand, Mar. Petrol. Geology, 8, 84-9%0i:10.1016/0264-
and Simmons, M.: Late Oligocene-recent stress evolution in rift  8172(91)90047-51991.
basins of northern and central Thailand: Implications for escapePomar, L., Morsilli, M., Hallock, P., and &lenas, B.: Inter-
tectonics, Tectonophysics, 334, 115-1%®i:10.1016/s0040- nal waves, an under-explored source of turbulence events
1951(00)00300-02001. in the sedimentary record, Earth-Sci. Rev., 111, 56-81,

Morley, C. K., Charusiri, P., and Watkinson, I.: Structural geology  doi:10.1016/j.earscirev.2011.12.0@912.
of Thailand during the Cenozoic, in: The geology of Thailand, Prosser, S.: Rift-related linked depositional systems and their seis-
edited by: Barber, A. J. and Ridd, F. D., Geological Society of mic expression, Geological Society, London, Special Publica-
London, London, United Kingdom, 539-571, 2011. tions, 71, 35-66d0i:10.1144/gsl.sp.1993.071.01,0393.

National Geophysical Data Center/World Data Center Radhakrishna, M., Lasitha, S., and Mukhopadhyay, M.: Seismic-
(NGDC/WDC), Significant Earthquake Database, Boulder, ity, gravity anomalies and lithospheric structure of the An-
CO, USA, available athttp://www.ngdc.noaa.gov/nndc/struts/ daman Arc, NE Indian Ocean, Tectonophysics, 460, 248-262,
form?t=10165Q&s=1\&d=1, last access: 28 June 2012. doi:10.1016/j.tecto.2008.08.022008.

National Geophysical Data Center/World Data Center Rahiman, T. I. H., Pettinga, J. R., and Watts, P.: The source
(NGDC/WDC), Global Historical Tsunami Database, Boulder, = mechanism and numerical modelling of the 1953 Suva tsunami,

www.nat-hazards-earth-syst-sci.net/12/2609/2012/ Nat. Hazards Earth Syst. Sci., 12, 262889 2012


http://dx.doi.org/10.1029/2009jb007050
http://dx.doi.org/10.1111/j.1365-246X.2007.03469.x
http://dx.doi.org/10.1016/j.marpetgeo.2004.10.017
http://dx.doi.org/10.1016/j.tecto.2006.11.007
http://dx.doi.org/10.1098/rsta.2006.1810
http://dx.doi.org/10.1016/s0012-821x(01)00298-9
http://dx.doi.org/10.1016/s0012-821x(01)00298-9
http://dx.doi.org/10.1038/nature07374
http://dx.doi.org/10.1016/s0040-1951(02)00061-6
http://dx.doi.org/10.1016/s0040-1951(00)00300-0
http://dx.doi.org/10.1016/s0040-1951(00)00300-0
http://www.ngdc.noaa.gov/nndc/struts/form?t=101650&s=1&d=1
http://www.ngdc.noaa.gov/nndc/struts/form?t=101650&s=1&d=1
http://www.ngdc.noaa.gov/hazard/tsu_db.shtml
http://www.ngdc.noaa.gov/hazard/tsu_db.shtml
http://dx.doi.org/10.1016/j.margeo.2004.05.001
http://dx.doi.org/10.3354/meps274069
http://dx.doi.org/10.1029/2004gl020226
http://dx.doi.org/10.1007/s10518-010-9197-3
http://dx.doi.org/10.1126/science.208.4443.451
http://dx.doi.org/10.1111/j.1747-5457.1994.tb00147.x
http://dx.doi.org/10.1016/0264-8172(91)90047-5
http://dx.doi.org/10.1016/0264-8172(91)90047-5
http://dx.doi.org/10.1016/j.earscirev.2011.12.005
http://dx.doi.org/10.1144/gsl.sp.1993.071.01.03
http://dx.doi.org/10.1016/j.tecto.2008.08.021

2630 J. M. Schwab et al.: Submarine mass wasting and associated tsunami risk offshore western Thailand

Fiji, Mar. Geol., 237, 55-70J0i:10.1016/j.margeo.2006.10.036  Tappin, D. R., Watts, P., McMurtry, G. M., Lafoy, Y., and Mat-
2007. sumoto, T.: The Sissano, Papua New Guinea tsunami of July

Ramaswamy, V., Rao, P. S., Rao, K. H., Thwin, S., Rao, N. S., and 1998 — offshore evidence on the source mechanism, Mar. Geol.,
Raiker, V.: Tidal influence on suspended sediment distribution 175, 1-23, 2001.
and dispersal in the northern Andaman Sea and Gulf of Marta-Varkey, M. J., Murty, V. S. N., and Suryanarayana, A.: Physical
ban, Mar. Geol., 208, 33—-48pi:10.1016/j.marge0.2004.04.019 oceanography of the Bay of Bengal and Andaman Sea, Oceanog-
2004. raphy and Marine Biology: An Ann. Rev., 34, 1-70, 1996.

Rao, P. S., Ramaswamy, V., and Thwin, S.: Sediment tex-Vlasenko, V. and Alpers, W.: Generation of secondary inter-
ture, distribution and transport on the Ayeyarwady con- nal waves by the interaction of an internal solitary wave
tinental shelf, Andaman Sea, Mar. Geol.,, 216, 239-247, with an underwater bank, J. Geophys. Res., 110, C02019,
doi:10.1016/j.marge0.2005.02.Q12005. doi:10.1029/2004jc002462005.

Rebesco, M. and Stow, D.: Seismic expression of contourites and/lasenko, V. and Stashchuk, N.: Three-dimensional shoaling of
related deposits: A preface, Mar. Geophys. Res., 22, 303-308, large-amplitude internal waves, J. Geophys. Res., 112, C11018,
2001. doi:10.1029/2007jc004102007.

Reicherter, K., Hoffmann, N., Lindhorst, K., Krastel, S., Fardez- Volker, D., Weinrebe, W., Behrmann, J. H., Bialas, J., and
Steeger, T., Gitzner, C., and Wiatr, T.: Active basins and neotec-  Klaeschen, D.: Mass wasting at the base of the south central
tonics: Morphotectonics of the Lake Ohrid Basin (FYROM and  Chilean continental margin: The Reloca slide, Adv. Geosci., 22,
Albania), Z. Dtsch Ges. Geowiss., 162, 217-234, 2011. 155-167,doi:10.5194/adgeo-22-155-200809.

Robinson, R., Bird, M., Oo, N., Hoey, T., Aye, M., Higgitt, D., Lu, Vorren, T. O., Laberg, J. S., Blaume, F., Dowdeswell, J. A., Kenyon,
X., Swe, A., Tun, T., and Win, S.: The Irrawaddy river sediment  N. H., Mienert, J., Rumohr, J. A. N., and Werner, F.: The
flux to the Indian Ocean: The original nineteenth-century data Norwegian—Greenland sea continental margins: Morphology and

revisited, J. Geol., 115, 629-640, 2007. late Quaternary sedimentary processes and environment, Quater-
Rodolfo, K. S.: Sediments of the Andaman Basin, northeastern In- nary Sci. Rev., 17, 273-3080i:10.1016/s0277-3791(97)00072-
dian Ocean, Mar. Geol., 7, 371-402, 1969. 3, 1998.

Shanmugam, G.: Deep-water bottom currents and their depositdVang, Y., Sieh, K., Aung, T., Min, S., Khaing, S. N., and
in: Contourites, Developments in sedimentology, edited by: Tun, S. T.: Earthquakes and slip rate of the southern Sagaing
Rebesco, M., and Camerlenghi, A., Elsevier, Amsterdam, Fault: Insights from an offset ancient fort wall, lower Burma
Netherlands, 59-81, 2008. (Myanmar), Geophys. J. Int., 185, 49—-645i:10.1111/j.1365-

Soboley, S. V., Babeyko, A. Y., Wang, R., Hoechner, A., Galas, R., 246X.2010.04918,X011.

Rothacher, M., Sein, D. V., Sabter, J., Lauterjung, J., and Sub- Ward, S. N.: Landslide tsunami, J. Geophys. Res.-Sol. Ea., 106,
arya, C.: Tsunami early warning using GPS-shield arrays, J. Geo- 11201-11215, 2001.
phys. Res., 112, B084180i:10.1029/2006jb00464@007. Weiss, R., Fritz, H. M., and thnemann, K.: Hybrid modeling of

Socquet, A., Vigny, C., Chamot-Rooke, N., Simons, W., Rangin, the mega-tsunami runup in Lituya Bay after half a century, Geo-
C., and Ambrosius, B.: India and Sunda plates motion and defor- phys. Res. Lett., 36, L096080i:10.1029/2009gI037812009.
mation along their boundary in Myanmar determined by GPS, J.Wyrtki, K.: Physical oceanography of the southeast Asian wa-
Geophys. Res., 111, B0540#i:10.1029/2005jb003872006. ters, NAGA Report, Volume 2, Scientific Results of Marine In-

Stigall, J. and Dugan, B.: Overpressure and earthquake initiated vestigations of the South China Sea and the Gulf of Thailand
slope failure in the Ursa region, northern Gulf of Mexico, J. Geo-  1959-1961,The University of California, Scripps Institution of
phys. Res., 115, B0410dpi:10.1029/2009jb006842010. Oceanography, La Jolla, California, 195 pp., 1961.

Stow, D. A. V. and Mayall, M.: Deep-water sedimentary systems: Yamada, Y., Kawamura, K., lkehara, K., Ogawa, Y., Urgeles, R.,
New models for the 21st century, Mar. Petrol. Geol., 17, 125—- Mosher, D., Chaytor, J., and Strasser, M. (Eds.): Submarine
135, 2000. mass movements and their consequences, Advances in natural

Tappin, D. R.: Sediment slump likely caused Papua New Guinea and technological hazards research, Springer, Dordrecht, Nether-
tsunami, EOS Transactions American Geophysical Union, 80, lands, 2012.

1999.

Nat. Hazards Earth Syst. Sci., 12, 260263Q 2012 www.nat-hazards-earth-syst-sci.net/12/2609/2012/


http://dx.doi.org/10.1016/j.margeo.2006.10.036
http://dx.doi.org/10.1016/j.margeo.2004.04.019
http://dx.doi.org/10.1016/j.margeo.2005.02.016
http://dx.doi.org/10.1029/2006jb004640
http://dx.doi.org/10.1029/2005jb003877
http://dx.doi.org/10.1029/2009jb006848
http://dx.doi.org/10.1029/2004jc002467
http://dx.doi.org/10.1029/2007jc004107
http://dx.doi.org/10.5194/adgeo-22-155-2009
http://dx.doi.org/10.1016/s0277-3791(97)00072-3
http://dx.doi.org/10.1016/s0277-3791(97)00072-3
http://dx.doi.org/10.1111/j.1365-246X.2010.04918.x
http://dx.doi.org/10.1111/j.1365-246X.2010.04918.x
http://dx.doi.org/10.1029/2009gl037814

Jintasaeranee, P., Weinrebe, W., Flueh, E.R. (Leibniz Institute of Marine Sci-
ences (IFM-GEOMAR), Kiel, Germany), Snidvongs, A. (Department of Marine
Science, Faculty of Science, Chulalongkorn University, Bangkok, Thailand)

Morphodynamics of the Andaman Sea Shelf Break, Thai EEZ

The primary aim of the project Morphodynamics and Slope Stability of the
Andaman Sea Shelf Breakis the in situ characterization of the slope of the An-
daman Shelf in Thai EEZ with special emphasis on previous slope failures and a
possible tendency to fail in the future. The first cruise of the project was conducted
in November-December 2006, the second cruise in October-November 2007 using
the RV Chakratong Tongyai. Both cruises were devoted to hydroacoustic mapping
of the shelf break and the slope. A multibeam bathymetric echosounder (MB) and
a parametric sediment echosounder (sub-bottom profiler; SBP) were used to map
the bathymetry and the thickness and structure of the uppermost sedimentary layer
of hitherto unexplored parts of the shelf break in the Andaman Sea. An area of
more than 3,000 km2 in the southwestern corner of the Thai EEZ in the Andaman
Sea was successfully mapped. The data cover the upper shelf break from about
500 m down to about 1,400 m water depth. Three especially interesting slope
areas and three plateaus are seen in the bathymetric map. In addition, one mud
volcano and more than 10 mounds in the mud volcano area have been indenti-
fied. The processing of the SBP data is still ongoing, so far 34 locations that had
distinct morphologic and/or unusual sediment seismic features in this surveyarea
were studied. Most of these (30) anomalous features were attributed to areas with
possible occurrence of low-density fluids or gases in the shallow sediment layers.
Almost all of these fluid or gas deposits were in lower slope areas with water depth
greater than 900 m. In addition, several manifestations of fluid venting were also
mapped on the upper shelf edge at water depths of about 600 m. Some of these
shallower vents could form mounds with diameters of up to 500 m and heights of
up to 50 m. Diffuse reflections in the vicinity of the mounds and strong signals
not related to seafloor reflections indicate the presence of uprising bubbles or gas
flares.
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Tetonic provinces of the Andaman Sea

The Andaman basin is divided into Active Toctondes

three provinces (Curray, 2005).

1. A forearc basin includes West
Basin.

2. The magmatic arc corresponds to
Barren-Narcondam volcanic
islands

3. The backarc region includes
Alcock and Sewell Rises, East
Basin, the shelf and basins to the
north and east and the Central %6/‘0
Andaman Basin.
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The Andaman sea is an oblique active
backarc basin (Curray, 2005).

An extension of the central fault has
been surveyed (Raju et al., 2004).

The position of strike-slip fault, Shan
Scarp Fault (SSF?) and Mergui
fault (MFZ?), in vicinity of the
Andaman Sea shelf break near the

Mergui Ridge is not exactly known
(Richter, et al., 1993; Polachan and
Racey, 1993; Curray, 2005).
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MASS project

- The 2004 tsunami hit the coast and Kkill
many people.

- The NRCT-DFG cooperation research which
is “Morphodynamic and slope stability of the
Andaman Sea Shelf break” is commenced in
2006 (MASS project)
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Objectives

- To map a new bathymetry which is derived
from multibeam echosounder.

- To characterized the morphology of the
western slope of Mergui Ridge.

Field surveys

- MASS-I, 15t-cruise : 20 November-6 December 2006
- MASS-II, 2™-cruise : 6-15 November 2007

- An area ~3000 km? has been mapped.

Research vessel

R.V. Chakratong Tongyai. (PMBC)
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Survey Instruments

- An INNOMAR SES 2000

Parametric sediment echosounder system - A SEA BEAM 1050

was mounted at starboard side of the vessel. Multibeam echosounder system
was mounted at the port side.

- The IXSEA OCTANS 1000
Motion Sensor recorded the ship
roll, pitch and heave data

- A GARMIN 152 GPS recorded
position, speed and heading of the
ship.
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Accuracy assessment of terrain model
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Prominent morphological features

- The bathymetry could be generated by a 50 m-
grid resolution. It is called “MASS50” in this
presentation.

- Ten positions of mound-like feature and two
positions of volcano-like feature are observed in
a volcano area at 500-950 m depth.

- Three positions of flat-top plateau-like feature
that protrude high above the ocean floor and
two positions of pockmark-like feature are
observed at 500-700 m depth.

- Two possible slumps and more than ten gullies
are identified in a slope area below 700 m depth
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Prominent morphological features

- A circular domal uplift of about 35 m
high with a diameter of about 500 m.

- Strong signals not related to the seafloor
reflection appear in the vicinity of volcano-
like feature.

- Negative polarity signals indicate the
present of escape fliud/gas on top of the
dome.
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Lk Plateau-like

- Moat appear around the features.

; 5 [ oo - Sediment texture in the eastern of Mergui Ridge
consists of sand/Foraminiferal ooze (Rodolfo, 1969) or
sandstone/coral-agal reef limestone (Polachan and Racey,
| 1993).

Loz - Deepwater corals/Old coral fragments?

Pockmark-like

e 22 > .. -1wo carter-shape are priliminary identified as

] pockmark-like features ?.
-Pockmarks are important sedimentary features as
they indicate possible fluid/gas supporting to
deepwater environment (Sumida, et al., 2004).
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Morphology (prominent features)
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comparision of the high resolution bathymetry to global bathymetric data set
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comparision of the high resolution bathymetry to global bathymetric data set
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comparision of the high resolution bathymetry to global bathymetric data set
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Summary

An area ~3,000 km? in the southwestern corner of Mergui Ridge was successfully mapped.
The map covered the upper shelf break from approximate 500 m down to the shelf edge
at approximate 1,700 m depth.

A new bathymetric chart derived from a high resolution swath bathymetry can be generated
with respect to 50 m grid resolution with sufficient data in each grid to be of significance.

Three plateau-like features, two pockmark-like features, one volcano-like feature and ten
mounds-like features are identified in the smooth area above 700 m depth. Two possible
slumps and more than 10 gullies are identified in a slope area below 700 m depth. All
prominent features need more documents to verify.

Sediment echodata are on going process, however, eleven anomalous features with possible
occurrence of low-density fluids or gases in the shallow sediment layers are indentified.
Almost all of these fluid or gas deposits were in lower slope areas with water depths
greater than 900 m.

The quality of fit between the high resolution bathymetry and global bathymetry data sets,
GEBCO 30 arc second, in term of Pearson’s correlation show a value 97% for smooth
area and 65% for distinguished area of prominent features, whereas a root mean square
error (RMSE) show 4 and 85 respectively. The values indicate an accuracy of the global
digital terrain model.
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Morphodynamics of the Andaman Sea Shelf Break, Thai EEZ
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(1) PhD researcher The United Nations University, Institute for Environment and Human Security (UNU-EHS), UN Campus,
Bonn, Germany., (2) Leibniz-Institut fiir Meereswissenschaften an der Universitit Kiel (IFM-GEOMAR), Kiel, Germany., (3)
Southeast Asia START Regional Center, Chulalongkorn University, Bangkok, Thailand., (4) Department of Marine Science,
Faculty of Science, Chulalongkorn University, Bangkok, Thailand., (5) Department of Aquatic Science, Faculty of Science,
Burapha University, Chonburi, Thailand.

The primary aim of the project “Morphodynamics and Slope Stability of the Andaman Sea Shelf Break™ is
the in situ characterization of the slope of the Andaman Shelf in Thai EEZ with special emphasis on previous
slope failures and a possible tendency to fail in the future. The first cruise of the project was conducted in
November-December 2006, the second cruise in October-November 2007 using the RV Chakratong Tongyai.
Both cruises were devoted to hydroacoustic mapping of the shelf break and the slope. A multibeam bathymetric
echosounder (MB)and a parametric sediment echosounder (sub-bottom profiler; SBP) were used to map the
bathymetry and the thickness and structure of the uppermost sedimentary layer of hitherto unexplored parts of the
shelf break in the Andaman Sea.

An area of more than 3,000 km?2 in the southwestern corner of the Thai EEZ in the Andaman Sea was successfully
mapped. The data cover the upper shelf break from about 500 m down to about 1,400 m water depth. Three
especially interesting slope areas and three plateaus are seen in the bathymetric map. In addition, one mud volcano
and more than 10 mounds in the mud volcano area have been indentified. The processing of the SBP data is
still ongoing, so far 34 locations that had distinct morphologic and/or unusual sediment seismic features in this
survey area were studied. Most of these (30) anomalous features were attributed to areas with possible occurrence
of low-density fluids or gases in the shallow sediment layers. Almost all of these fluid or gas deposits were in
lower slope areas with water depth greater than 900 m. In addition, several manifestations of fluid venting were
also mapped on the upper shelf edge at water depths of about 600 m. Some of these shallower vents could form
mounds with diameters of up to 500 m and heights of up to 50 m. Diffuse reflections in the vicinity of the mounds
and strong signals not related to seafloor reflections indicate the presence of uprising bubbles or gas flares.
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~ An area of about 3,000 km?* in the southwestern corner of Mergui Ridge was successfully The primary aim of the project “Morphodynamics and Slope Stability of the Andaman Sea Shelf Break™ 1s
""" mapped. The map covered the upper shelf break from approximate 500 m down to the shelt the in situ characterization of the slope of the Andaman Shelf in Thai EEZ with special emphasis on previous slope
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bathymetric echosounder (MB) and a parametric sediment echosounder (sub-bottom profiler; SBP) were used to map

b the bathymetry and the thickness and structure of the uppermost sedimentary layer of hitherto unexplored parts of the
" shelf break in the Andaman Sea.
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1. Introduction 3. Results

3.1 Accuracy assessment ——
Histogram plots shows ~82% of those 50 m grid
cells obtained data higher 4 points per grid and
show ~60% obtained standard deviation better than
0.4 (Fig.3-left). Regarding to the statistic computed,
the new high resolution bathymetry can be P ST _
generated by 50 m grid resolution. 5725

98" 15"
8'40'

2004 tsunami waves triggered by the Sumatra-Andaman earthquake had o5'EE  08'00 S6'0E 981D
destroyed constructions and Killed many peoples along the Andaman Sea
coast of Thailand. Besides the earthquake, submarine slumping could be a
potential for landslide-generated tsunami hazards [3l. To assesss potential of
slope failure occuring in the area, a reliable bathymetric chart is a major

demand for scientific community.
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By a tectonic point of view, the Andaman Sea is an active backarc basin
which lies above and behind the Sunda subduction zone where convergence
between the overriding Southeast Asian plate and the subducting Australian
plate is highly oblique 11,

3.2 Inclination angle of Slope profiles vl Yt -
Inclination angles are computed from many cross R, Ry '
section profiles. An average of inclination angle

— Generalized Plate Boundaries
Faults (after Pubellier et al., 2004)

wibee Thirust
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exactly known 1l [4l. 5],

20 0.

30-arc second 171 (right).
2.0

resolution bathymetry of the Andaman Sea in Thai EEZ overiaid on GEBCO
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Figure 1. shows a tectonic map of the Andaman basin (http.//enviswb.gov.in/). Approximate situations of Shan Scarp Fault (SSF?)
and Mergui Fault (MFZ?) [ show by solid blue lines. A boundary claim of Thai EEZ (8] shows by a solid red line.

“Morphodynamics and slope stability of the Andaman Sea Shelf break”-MASS
project was commenced in 2006. Primary aim of the project is to map a high
resolution bathymetry of Andaman Sea in Thai EEZ and to determine
morphodynamic and tectonic state of the area. The bathymetry is utilized for
further visual planning of investigations and measurements.

Plateau-like features

Three flat-top plateau-like features with 5-7 km in diameter
that protrude high above the ocean floor and two prominent
features like pockmark are observed at ~500-700 m depth.

A Multibeam backscatter plot shows low reflectivity on top of
the plateau-like features and along slope area which could
indicate high ability of material to absorp echo waves (Fig. 4).

2. Instruments and field surveys

Two hydroacoustic survey systems, the SEABEAM 1050 multibeam
echosounder, and the INNOMAR SES 2000 “medium” parametric profiler,

were used in two research cruises.

Sediment texture in the eastern part of Mergui Ridge consists
of sand and Foraminiferal ooze 6 or sandstone and coral-
agal reef limestone 4], Recently of an especial cruise of MASS
investigation, a bone of coral and gravel were dredged from
the area. The plateau-like features could possibly be
identified as deepwater corals or old coral fragments.
However, the texture can not be proven with out sediment
sampling.

97 "30" 938°00" 98°30" 939°D0"
i~ -. - ; !
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Echo data along ship-track
surveys covering an area ~3,000
km? were obtained on board
between November - December
2006 and November 2007 at
water depth ranging from 500-

1,700 m (Fig. 2).
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Figure 4. show a color-code multibeam back scatter plot of MASS-IT
(left) and a shade relief 50 m-grid resolution bathymetry of a plateau-like
structure and a pockmark-like feature (right).

RV CHAKRATONG TONGYAL: cruise MASS-11
scale 1:60000 grid size 40x40 m ilumination 55

Figure 2. The Thai research vessel RV Chakratong Tongyai.
A color relief bathymetry of Andaman sea and Mergui ridge
generated from GEBCO 1-min (21, The Thai EEZ (4] js shown -3000 -2500 -2000 -1500 -1000 -500
by the red lines. All of ship-track surveys are shown by the

orange lines.

Detailed information of the project can be found at :
www.ilm-geomar.de/index.php?id=4222&L=1

4. Summary

- The new reliable bathymetric chart covering ~3,000 km? derived from a high
resolution swath bathymetry can be generated by 50 m grid resolution.

- Three plateau-like features, two pockmark-like features, one mud-volcano-

like feature and ten mound-like features are identified in the smooth area Mud-volcano M-01
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above ~700 m depth. Two possible slumps and more than ten gullies are
identified in a slope area below ~700 m depth.

600 -590 580 -570 _560 550 —540 0 0.5
Figure 5. A swath bathymetry show bad signal in the vicinity of a
volcano-like structure (left). A shade relief 10 m-grid resolution
bathymetry of the embankment (right). A parametric profile M-01
(upper-left).

- Sediment samples is very important which must be collected to verify the
textures of the prominent features.

Mud-volcano

A circular embankment in flat-top area is observed.
Diameter of the embankment is about 500 m and 35 m
hight (Fig. 5-right).

Strong signals not related to the seafloor reflection are observed in the vicinity of the mud-volcano-
like feature (Fig. 5-left). In addition, negative polarity signals which are observed at position M-01
of sub-bottom profiler indicates the present of escape fliud or gas on top of the dome (Fig. 5-
upperleft). The domal uplift could possibly be identified as submarine mud-volcano.

- Investigations are important for more understanding insight in the area.
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Agenda

Workshop of the bilateral, NRCT and DFG funded Project
“Morphodynamics and Slope Stability of the Andaman Sea Shelf Break (MASS)”
On Geophysics: acoustic and seismic imaging

Day 1, 22 August 2011

8.30-9.00 Registration
9.00-9.15 Opening of the workshop: MASS-Team

Morning: (include coffee break)
9.15-12.00 Introduction to hydroacoustic imaging: Principles and concepts,
Prof. Dr. Sebastian Krastel, IFM-GEOMAR

Afternoon: (include coffee break)
13.00-16.00  GMT Exercise |

Day 2, 23 August 2011

Morning: (include coffee break)
9.00-12.00 Bathymetric and sidescan sonar imaging,

Prof. Dr. Sebastian Krastel, IFM-GEOMAR
Mr. Pachoenchoke Jintasaeranee, Burapha University

Afternoon: (include coffee break)
13.00-16.00 GMT Exercise |l and real multibeam data (MASS 1&I1)

Day 3, 24 August 2011

Morning: (include coffee break)
9.00-12.00 Seismic Imaging, some basic theory,

Prof. Dr. Sebastian Krastel, IFM-GEOMAR
Dr. Passakorn Pananont, Kasetsart University

Afternoon: (include coffee break)
13.00-16.00  Seismic exercise |

Day 4, 25 August 2011

Morning: (include coffee break)
9.00-12.00 Seismic Processing
Afternoon: (include coffee break)
13.00-16.00  Seismic exercise Il

Day 5, 26 August 2011

Morning: (include coffee break)
9.00-12.00 Integrated data interpretation including exercise with KINGDOM
Afternoon: (include coffee break)
13.00-15.00 cont. Integrated data interpretation including exercise with KINGDOM
15.00-16.00 Conclusion and Discussion
16.00 Closing
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IFM-GEOMAR

Leibniz-Institut fir Meereswissenschaften
an der Universitat Kiel

The Leibniz Institute of Marine Sciences at the University of Kiel (IFM-GEOMAR)
was founded in January 2004 through the merger of the Institut fiir Meereskunde
(IfM) and the Research Center for Marine Geosciences (GEOMAR). The institute
Is @ member of the Leibniz Association and employs more than 750 scientific
and technical staff.

The institutes’ mandate is the interdisciplinary investigation of all relevant
aspects of modern marine sciences, from sea floor geology to marine
meteorology. Research is conducted worldwide in all oceans.

The mission of the institute is:

To investigate the physical, chemical, biological, and geological processes in the
ocean and their interaction with the seafloor and the atmosphere.

Bangkok, 22. — 26.08.11
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Massholmer Vortrage, 28.07.2008
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Kieler Exzellenzcluster ,,Ozean der Zukunft”

Structure

The network
200 scientists from five faculties and 26
institutes at Kiel University, as well as the
Kiel Leibniz Institute of Marine Sciences
(IFM-GEOMAR), the Kiel Institute for the
World Economy (1fW) and the Muthesius
Academy of Fine Arts.

Unique in Germany
Oceanographers, Geoscientists,
Economists, Jurists, and , medics,
mathematicians, and social scientists are
investigating ocean change, resources
and risks.

13 new groups in Kiel investigating the
,Future Ocean’

future ocean
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Massholmer Vortrage, 28.07.2008
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Submarine Hazards at Continental Margins

Research Topic ,Assessment of the Link between the Structure and Dynamics of
Subduction Zones and the Mega-Earthquake Cycle*

O Research Topic ,Slope Stability at Continental margins*
Bangkok, 22. — 26.08.11
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Thai - German Cooperation

Tracing Tsunami Impacts On- and Offshore
in the Andaman Sea Region

+~TRIAS"
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MASS - Morphodynamics and slope stability of the Andaman Sea Shelf Break
ORCAS - Pelagic-benthic coupling near Andaman Sea Coral Reefs
TUNWAT - Tsunami deposits in near-shore and coastal waters of Thailand

TRIAS-COAST -Tracing tsunami impacts in coastal geo- and bio-archives
along the west coast of Thailand

TAPFOR - Tsunami attenuation performance of coastal forests

TRAIT - Tsunami risks and vulnerability in the Phang-Nga Province, Thailand

TRIAS - COAST

Bangkok, 22. — 26.08.11
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Objectives of MASS project R o
-Assessing the potential risk for tsunamis generated by :
submarine mass-wasting in the Andaman Sea =
-Acquisition of bathymetric multibeam data and sediment o —
echo sounder data :
- Morphometric characterization of the survey area

Field surveys 32 days
- MASS-I, 1st-cruise : 20 November-6 December 2006
- MASS-II, 2nd-cruise : 6-15 November 2007

Thai research vessel
RV Chakratong Tongyai

Equipment: SEABEAM1050 and INNOMAR “medium, 2000 SBP

An area ~3000 km? has been mapped from ~500-1.600 m water depth
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Aim of the short course: Introduction to the principles of acoustic imaging
Including data processing and interpretation

3 main topics
Introduction to marine Mapping Techniques (bathymetry, sidescan
sonar, high resolution seismics)
*Processing of the data using state of the art software (GMT,
Fledermaus, Vista seismic processing, Kingdom Suite)

*Analysis of data (especially data collected in the Andaman Sea in the
past years)

Bangkok, 22. — 26.08.11
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Day 1, 22 Auqust 2011

8.30-9.00 Registration

9.00-9.15 Opening of the workshop MASS-Team

Morning: (include coffee break)

9.15-12.00 Introduction to hydroacoustic imaging: Principles and concepts,

Prof. Dr. Sebastian Krastel, IFM-GEOMAR
Afternoon: (include coffee break)
13.00-16.00 GMT Exercise |
18.00 Welcome Reception

Day 2, 23 Auqust 2011

Morning: (include coffee break)
9.00-12.00 Bathymetric and sidescan sonar imaging,
Prof. Dr. Sebastian Krastel, IFM-GEOMAR
Mr.Pachoenchoke Jintasaeranee, Burapha University
Afternoon: (include coffee break)
13.00-16.00 GMT Exercise Il and real multibeam data (MASS 1&I1)

Bangkok, 22. — 26.08.11
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Day 3, 24 Auqust 2011

Morning: (include coffee break)
9.00-12.00 Seismic Imaging, some basic theory,
Prof. Dr. Sebastian Krastel, IFM-GEOMAR
Dr.Passakorn Pananont, Kasetsart University
Afternoon: (include coffee break)
13.00-16.00 Seismic exercise |
18.00 Reception Dinner

Day 4, 25 Auqust 2011

Morning: (include coffee break)

9.00-12.00 Seismic Processing
Afternoon: (include coffee break)
13.00-16.00 Seismic exercise 11

Bangkok, 22. — 26.08.11
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Day 5, 26 Auqust 2011

Morning: (include coffee break)

9.00-12.00 Integrated data interpretation including exercise with KINGDOM
Afternoon: (include coffee break)

13.00-15.00 cont. Integrated data interpretation including exercise with KINGDOM
15.00-16.00 Conclusion and Discussion

16.00 Closing

Selected literature:
Marine Geophysics, E. J. W. Jones, Wiley

Sound Images of the Ocean, P. Wille, Springer

Several specialized books discussing individual methods and topics

Bangkok, 22. — 26.08.11
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What mapping techniques are available?

«2D/3D reflection-seismics (with different resolutions)
*Refraction-seismics (Ocean Bottom Seismometer, Bottom Cable)
«Sediment Echo Sounding

*High frequency sounders (Bubble Detection)

*Bathymetry

«Sidescan Sonar

*Deep-towed acoustics (AUVs, ROVSs)

Bangkok, 22. — 26.08.11
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Configuration at Sea
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Canary I S|andS Pico de Teidel(3718 m asl)

Glimar valley

Tenerife

Glimar debris
avalanche

Gran
Canaria

Volcanic cone
(1700 m bsl)

TAcoustic Surficial Mapping: Swath Bathymetry
and Sidescan Sonar Imaging

—
Seismoacoustic Structural Imaging: Sediment

Echo Sounder, 2D- and 3D Seismics

3D Seismic Image of a Salt Dome (Brown,
AAPG Memoir 42)

Bangkok, 22. — 26.08.11
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1702 Sir Edmond Halley publishes a world map showing magnetic
declination at sea.

18th century First bathymetric measurements with plumbs

1855 Murray publishes a bathymetric profile between Mexico and
NW- Africa =

s,
ol ey
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Figure 1.2 Bathymetric profile between Mexico and West Africa published by M.F. Maury {1835). Water depths and land

elevations are in feet (5500 ft = 1676 m; 11000 ft = 3353 m; 16 500 ft = 5029 m). The profile position is shown in Figure 1.1. The

place names are those used by Maury. 26.08.11
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Boston
New York

PORTUGAL

AFRICA

“*Fig.1.2

+ Scunding position
P —2000- 'sobath (fathoms)

i i i A

Atlantic Bathymetry
M.F. Maury (1853)

SOUTH AMERICA

1 1 1

Figure 1.1 A bathymetric map of the North Atlantic, redrawn from a plate published by M.F. Maury (1855). Contours of water
depth are given in fathoms (1000 fathoms = 1829 m). The continental margins, deep ocean basins and Mid-Atlantic Ridge are
clearly outlined, despite the wide spacing of spot soundings. The place names used by Maury are retained. ) _26.08.11
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1702  Sir Edmond Halley publishes a world map showing magnetic
declination at sea.

18th century First bathymetric measurements with plumbs

1855 Murray publishes a bathymetric profile between Mexico and
NW- Africa

1872-1876 The Challenger Expedition circumnavigates the globe in the

first great oceanographic expedition.

Research is conducted on salinity, density and temperature of sea water as well as ocean
currents, sediment and metrology. Hundreds of new species are discovered and underwater
mountain chains documented. Modern oceanography is based on this research.

Sir Wyville Thomson leads the British Challenger expedition, the first worldwide
oceanographic cruise. Thomson dies before all of the results are compiled. Sir John Murray
finishes the great work, publishing 50 volumes of the Challenger's results and discoveries.

1876 C.W Siemens builds a bathometer for measuring the water
depth (based on gravity)

Bangkok, 22. — 26.08.11
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1913 Alexander Behm builds the first echo sounder

1922 The USS Stewart runs a line of soundings across the Atlantic
Ocean using an acoustic echo sounder devised by Dr. Harvey
Hayes, a U.S. Navy scientist. The French also run an acoustic
sounding line from Marseilles to Phillipeville, Algeria, for a
submarine cable survey.

1925-1927 The German Meteor expedition systematically surveys the

South Atlantic with echo-sounding equipment and other

oceanographic instruments, proving beyond a doubt the

continuity of the Mid-Atlantic Ridge.
First systematic survey of an entire ocean basin.

Bangkok, 22. — 26.08.11
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1937 First seismic measurements at sea

2nd world war Development of magnetometers, hydrophones, sonars,
and navigations systems, detailed investigations of the water
column

1955 The Coast and Geodetic Survey Ship Pioneer in a joint project
with the U.S. Navy and the Scripps Institution of Oceanography
tows the first marine magnetometer and discovers magnetic
striping on the seafloor off the west coast of the United States.
Called the PIONEER Survey, this survey was called one of the
most significant geophysical surveys ever conducted as it
provided a key element to the Theory of Plate Tectonics.

Since 1955 Major advances in computer technology
1963 The first operational multibeam sounding system was installed
on the USNS Compass Island.

Bangkok, 22. — 26.08.11
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1982 Gebco (GENERAL BATHYMETRIC CHART OF THE
OCEANS) 5th Edition

1997 Smith and Sandwell: Global sea floor topography from satellite
altimetry and ship depth soundings

Bangkok, 22. - 26.08.11
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Canary Islands
Measured Bathymetry a
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Frequency Range: 15kHz

Wavelength: 10cm

Vertikaler Fehler: ~0.5% der Wassertiefe
Laterale Auflosung: 1° Beam-Breite
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Mulberry Harbor: Data courtesy: Larry Mayer, University of New FE%W&P&J?EE‘?
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Sidescan Sonar
GLORIA (shallow towed deep water sonar)

20°W 19°W 18°W
Frequency: 7kHz l , _ -
Coverage 45km Mercator Projection
- L]
Resolution: ~100m - . 50 km N
26°N - - 26°N

200W 19°W 18°W
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Conventional 3D-Seismics

Frequency Range:
10 -100 Hz

Wavelength:
15 — 150 meters

Vertical Resolution:
[ — 75 meters

Lateral Resolution:
10 — 20 meters

Penetration:
Up to 10000 meters

3D Seismic Image of a Salt Dome
(Brown, AAPG Memoir 42) Bangkok, 22. — 26.08.11



“‘“‘ Acoustic Imaging

future ocean c IFM-GEOMAR '
KIEL MARINE SCIENCES Introduction Laibaiz- st faF Misreswiieindzhitia

an der Universitat Kiel

i E o~

High-resolution 2D-Seismic
requency Range: 100 -500 Hz  Lateral Resolution: 5-10 m.
avelength: 3—-15m. Penetration: Up to 2000 m.

ertical Resolution: 1 -7 m.
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Earthquakes and Conventional reflection
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| teleseismic sources High resolution digital
| Crustal refraction studies 1 Sparker profiling
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TAcoustic Surficial Mapping: Swath Bathymetry
and Sidescan Sonar Imaging

—
Seismoacoustic Structural Imaging: Sediment

Echo Sounder, 2D- and 3D Seismics

3D Seismic Image of a Salt Dome (Brown,
AAPG Memoir 42)
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Map Production using GMT
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Datei Bearbeiten Ansicht Chronik Lesezeichen Extras Hilfe

@ (& 2 ™ http://www.soest.hawaii.edu/gmt/ T

'.'.lv generic mapping tools 1°| M %

£ Meistbesuchte Seiten w Erste Schritte 5. Aktuelle Machrichten = NDRInfo - Kindernach...

J"’" The GMT Home Page |+

ENERIC MAPPING TOOLS

GMT Pages maintained by:
Paul Wessel

Last updated:
March 10, 2011

What is GMT?

GMT is an open source collection of ~60 tools for manipulating geographic and Cartesian data sets (including filtering. trend fitting, gridding. projecting, etc.) and producing
Encapsulated PostScript File (EPS) illustrations ranging from simple x-v plots via contour maps to artificially theminated surfaces and 3-D perspective views. GMT supports ~30 map
projections and transformations and comes with support data such as GSHHS coastlines, rivers, and political boundaries. GMT is developed and maintained by Paul Wessel and
Walter H. F. Smith with help from a global set of volunteers, and is supported by the National Science Foundation. It is released under the GNU General Public License.

Current version is 4.5.6, Released March 10, 2011. For a peek at the next generation GMT 5, see our GMT 5 pages.
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GMT is used all over the world. Each vellow dot represent a 15x15 arc minute block with one or more registered user or institution. So far, almost 2000 such blocks have been registered, representing
more than 15,000 individual GMT users. To add vour dot, fill out the registration form.
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VS 3D Fledermaus
Professional but
expensive software but
free viewer

Acoustic Imaging

Introduction

i COMPANY | PRODUCTS | NEWS i SUPPORT i DOWNLOAD
) L |

Products > Fledermaus Standard

m‘-}.‘
idfefnim a“u.s

"3D Visualization - more than just a pretty picture"

Fledermaus Standard is
a powerful interactive
3D data visualization
system that is used for

a variety of applications
including

environmental impact
assessment, mining,
geology, and research.

Innovative data
exploration features
including the
ShiftScape™ rendering
engine and the Bat (3D
input device), allow for
intuitive 3D exploration
of geo-spatial data.

A wide variety of et mnimy

industry standard Screenshot of Fledermaus Standard

formats are supported

for direct import of data to the 3D scene. Object types such as digital terrain maps,
point clouds, lines, polygons, satellite imagery, etc. can all be loaded and analyzed
in a single scene. Due to its flexible object oriented software design, Fledermaus

can be easily tailored to support many additional visualization modules.

If you would like more information on Fledermaus, the fulldocumentation is
available online. A free viewer for Fledermaus files named iView3D is also available.

Features

® Display scales automatically from high-end to low-end systems using the
powerful ShiftScape ™ rendering engine.

® Multiple data sets and types of different resolution can be visualized and
interactively explored at the same time.

® Integrated support for very large data sets.

e All data sets can be geo-referenced in the 3D scene.

e Users can interactively query data sets to select coordinates for profiles and
measurements.

e Advanced object oriented architecture allows easy integration of new data
types into the system.

® Explorations can be recorded and used to create movies of data exploration
sessions.

® Visualizations can be displayed in 3D stereo with suitable graphics hardware.

® Software and data files can be used across wide variety of computer platforms

from laptops to large immersive visualization systems.

i
Alternate Media

IFM-GEOMAR

Leibniz-Institut fir Meereswissenschaften
an der Universitat Kiel

Product Links:

Fledermaus
Standard
Fledermaus
Professional
View3D

Application Links:

Geological
Surveys
Hydrographic
Survey QC
Offshore
Industry
Academic
Research
Environmental
Applications
Military
Applications
Large Immersive
Viualization
Centers
Marine
Construction
Coastal Zone
Mapping
Google Earth

Related Links:

Evaluate
Fledermaus
Applications
Technologies
Purchase
Information
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Bathymetric Measuremen'l's a'l' Sea

Sebastian Krastel

Depth'Height (om)
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1 Echo sounder

2 Visualization of
bathymetric data
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1 Echo sounders

Single-Beam echo sounder

2*water depth = v, *t

V. ...~1.5km/s

water

depth (km)=1.5/2*t=3/4*t (t in seconds)

water

N
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Tpical frequencies:
10 — 300 kHz

Velocity = wave length x
frequency

—=Wave length: 3-15 cm

Attenuation in water Wasser:

300 kHz = 73 dB/km
12 kHz = 1 dB/km

Acoustic Imaging

Echolote
Bathymetry
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What opening angle should we use?
= - S

"
[\ Main lobe 30° — Main iobe 3°

/

Seabed

100 m
3 km

Figure 39 {4) and (b) Beam patterns of narrow- and wide-beam echo-sounder transducers. () and (d) Echo-sounder profiles
recorded simulianeously across Atlantis I1 Deep in the central Red Sea: (c) wide beam (307, 18 kHz): (d} stabilized narrow beam
{1.3°, 30 kHz). The deepest sounding is 3800 m. The narrow-beam transducer provides far higher acoustic defimtion of the sea fioor
(SF) and reveuls a reflecting zone (R) within the water column which marks the top of a hot brine laver associated with
hydrothermal activity (reprinted from Ritcher er al, Copyright 1986, with pernussion from Flsevier Seience).
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What opening angle should we use?

Footprint: The protion of the seafloor ensonified by the echosounder

Water depth Opening Angle Footprint diameter
5000m 40° 3600m

5000m 2° ~180m

200m 40° ~150m

200m 2° ~7m

The opening angle determines the lateral resolution
but ... A |

Slope angle >opening angle/2

= No energy return to the
echosounder
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Multibeam echosounder

Multi-beam echosounder are using a swath of beams giving off-track-depth

L LI
|

|
I

E

—
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How do they work?

Figure 3.21  Principle of Seabeam swath-mapping system, manufactured by General Instruments Inc., USA. (a) Total area of sea
floor insonified by transmission pulse. (b) Area of sea floor covered by receiving hydrophones. Signals are received from 16
rectangular zones. (c) Combination of (a) and (b), showing the received acoustic energy coming from 16 square zones on the sea
floor (from Renard and Allenou, 1979). Reproduced by permission of the International Hydrographic Bureau.
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Multibeam Echosounders
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The multibeam sonar

SURVEY VESSEL

How can we realize such beams?

=> Beam forming (transmission) and beam steering (receiving)
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Beam forming

Beam forming uses the principle of constructive and destructive interference:
Transmission of sherical waves results in points with constructive and destructive
Interference.

X - POINTS OF CONSTRUCTIVE
INTERFERENCE
o - POINTS OF DESTRUCTIVE
INTERFERENCE

Constructive interference occurs at points with the same distance to the
transducers or if the difference in distance corresponds to a multiple of
the wave length.



future ocean
KIEL MARINE SCIEMNCES

Beam Form for two
transducers at a distance of A/2:

0

20—

180

Acoustic Imaging
Bathymetry

Doy Laverna e o
Beam for 1111g

AXIS OF PROJECTOR

* —— 90 +— SEPARATION

SIDE LOBES
RS\VZ

HALF POWER

BEAM WIDTH
o< A/ D—"}

P(6,)

PO =2~-3CB

PATTERN
AXIS 6,

1

0,

Beam Form for a Multiple-
Element Line Array

MAIN LOBE

AXIS OF LINE
4—~ARRAY

P(e,)

P(6.)

D = Length of sounding array
=> Narrow beams require a long

array.
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,Beam steering“ = The hydrophone array is listening in specific directions through
time-delayed scanning of individual hydrophones

- 2<—d 3 1 p 3 — ARRAY

WAVE FRONTS

.I
1

Wave front arrives at array under the angle 0.

Sound waves arrive at hydrophone 3 first.

Afterwards they have to travel the distance A before they arriving at hydrophone 2, and B before
arriving at hydrophone 1.

A =dsin(0);

B=2dsin(0)

=> 12 (time to hydrophone 2) = A/c = (d sin 0) / c
T'l (time to hydrophone 1) = B/c = (2d sin 0) / c
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Beam steering

1 2] 8 — ARRAY

WAVE FRONTS

12 (time to hydrophone 2) = (d sin 0) / c
Tl (time to hydrophone 1) = (2d sin 0) / c

Variations in the time lag between individual hydrophones allows to listen in specific directions.
This is done by summing up the signals of individual hydrophones. Constructive interference is
only achieved, if the signal is coming from this direction. E.g. summing up hydrophones 3 and 2
with a time lag of T2 and hydrophone 1 with a time lag T1=> Array “listens’ in directionn &

In general: Using different time lags allows to listen in any direction but accurate knowledge
of the sound velocity is needed (so-called keel)
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Data processing allows to use the same array for a broad range of
angles..

= One data set can be processed simultaneously in that way, that sound
waves arriving from different directions are recorded as individual

beams.
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Mills Cross —
Bringing beam forming and beam steering together

The transmitted or received swath is narrow in the direction of the transudcer array and
broad perpendiculat to the array.

=> |n a Mills Cross configuraion, transmitting and receiving arrays are orientated
perpendicular to each other; hence the received energy is coming from portions of the
seafloor characterized by small opening angles in along and across track direction.

Transducer

Mills Cross /

Transmitter BEAMS STEERED TO
DIFFERENT ANGLES
Receiver l

ARRAY

ENSONIFIED

ECHOES RECEIVED BY
EACH BEAM ONLY IN
INTERSECTING AREAS

STRIPS OBSERVED
BY EACH BEAM

Survey mode SeaBeam

®
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I ‘Transmit Beam Footprint

60 receive beam footprints

intersection of transmit and receive

gE

Ocean Mapping Group

u

‘ N
¥

%

University of Mew Brunswick ‘

CANADA

SE 3352 maging aid Mapping IT
Submarine Acousfic Inaging Methods
@© J.E. Hughes Clarke, OMG/UNE



».(“ Acoustic Imaging

future ocean Facherlote
HIEL HARIME SCIENCES Bathym etry

Can we use a constant sound velocity for multibeam sounders?

cl

c2

Snell‘s law:
c3 Sin (a)/c1 = sin ()/c2 = const.

cd

A detailed sound velocity profile is needed for multibeam sounders due to
refraction of non vertical rays at water layer boundaries (change if sound
velocity). Neglecting this effect results in wrong water depths and/or
locations on the sea floor.



A A

~ Acoustic Imaging
KIJEE:ESI:EEEEIEQ Bathymetry
\IAlAaAitv s AAArAR~cA - NDAafirantiAm +ArararAla $laA imAvimaAal Tiia A
VEIULILYy dctLiC€ast. REITALUUIT LIOVWalus UIc 11011Tidl e

HIGH SOUND
VELOCITY

HIGH SOUND
VELOCITY




\("‘*1" Acoustic Imaging
mEIEE:Esl:gE:aEE B athym etry

1

<— Depression

Sound speed

Investigation
depth

Depth

1. Compute common
TWTT using reference
sound speed profile

2. Raytrace using test
sound speed profile

3. Difference the solutions

+ Depth error

Horizontal error

Figure 1. Depiction of raytracing simulator functionality in which errors for depth and
horizontal positioning are computed for a particular investigation depth and depression
angle. The two-way travel time (TWTT) to reach the particular depth of investigation is
first computed using the reference sound speed profile. A second raytrace is done using
the profile to be tested and the TWTT and depression angle. The discrepancy between
the two solutions indicates the sensitivity of the raytraced solution to the differing
depictions of the watercolumn conditions.

J. Beaudoin / The Hydrographic Journal, No. 134, 2010
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Sound speed

>

“Smile” artifacts
/near surface
L

+— Bias cancels out
/ at mid-depth

Depth

i
. N

i
“Frown” artifacts at depth

Figure 2. Example demonstrating the varying nature of refraction bias with depth based
on the two sound speed profiles on the left (green depicts actual conditions, red

represents model used for raytracing). The centre image shows the case of several

synthetic flat seafloors, the image on the right depicts the case of large scale topographic
variations across the swath.

J. Beaudoin / The Hydrographic Journal, No. 134, 2010
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(a) Temperature ('C) Salinity (%) Sound speed (m s7)

20 33 34 35 1480 1540
L J

Typical sound-velocity profiles ot N i

| |
V.ater 1S dependent on m \H .\ j

Temperature (T,) gw}{ | \ '—
1] I
Salinity (S,,) ol | \ L

(b) Sound speed (ms')
on

Pressure (P,) e

T, increase = V,, increase (3m s1°C1) o]

S, rise of 0.1% = V,, increase of 1.3m s l
P, rise of 10 bar (100m) = V,, increase of 1.8m s | |

| N\

Figure 3.2 (a) Variation of temperature, salinity and sound speed in the central Pacific at 39°N, 146°W. A sound speed minimum
occurs at 650m (from Pickard and Emery, 1990). Reproduced by permission of Butterworth Heinemann. (b) Variation of sound
speed with depth at 8 15'N, 23° 32'W in the equatorial Atlantic measured with a velocimeter from RRS Charles Darwin in 1985,
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What else do we need?

Motion sensor providing heading, roll and pitch. A good motion
sensor is essential for high quality bathymetric data.

Transducer Motion Sensor
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Examples of multibeam echosounders

Deep Water

ATLAS HYDROSWEEP DS (STN-Atlas): up to 395 beams, angular
coverage: 140°, swath width: 5.5-times the ocean-depth, frequency:
15.5 kHz

Simrad EM120: 191 beams, angular coverage: 150°, swath width: 6
times the ocean-depth, frequency: 12 kHz, depth range: 10 - 11000m

Middle water

Simrad EM710: 256 beams, angular coverage: 140°, swath width: 5.5-
times the ocean-depth, frequency: 70-100 kHz, depth range: 3 -
2000m

Typical accuracy: 0.2%-0.5% of ocean depth (dependent on relief)



Acoustic Imaging
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Facherlote

Example shallow water bathymetric

swath sounder:

The ATLAS FANSWEEP 20 is a wide swath multi-
beam echosounder designed for survey of ports,
waterways and coastal areas to depths of up to 600 m.
The ATLAS FANSWEEP 20 has a dual head
transducer that provides high quality bathymetric data
with a swath angle of max. 161° and side-scan data
with max. 180° aperture in parallel. It is available in
two versions for 100 kHz and 200 kHz operation.
erhéltlich.
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SeaBeam 1050 (used during the MASS-Cruises)

The dual-frequency multibeam system SeaBeam 1050 collects
bathymetric and side scan date in shallow to medium water depths
with a swath width of up to 150 degrees. The operating frequency
can be changed with a single mouse click.

50/180 kHz dual frequency operation

126 individual beams

153° swath width

1500 m maximal depth

1500 m seafloor coverage

1.5° resolution Control Unit
Integrated side scan sonar

Real time motion compensation
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Multibeam Processing
1) Professional (expensive) Software:
« System independent software: i.e. Caris, Caraibes,...
« Software delivered with system: i.e. Kongsberg, SeaBeam, Reson, Atlas

Hydrographic, ...

2) Free software:
«  MultiBeam System

SYSTEM [ 5]

The MB-System™ Cookbook
Val Schmidt, Columbia University
Dale Chayes, Columbia University
Dave Caress, Monterey Bay Aquarium Research Institute
http://www.ldeo.columbia.edu/M B-System/MB-System.intro.html
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Processing strategy

e Organize your data in useful surveys (covered area, data size)

« Check the raw data to get an overview about area coverage and quality of

depth data, navigation data, metadata (roll, pitch, heave)
= plot data, look statistics
e Process Navigation data (smoothing)
o If neccessary (and possibie), recalculate depth data with better VSP
e Automatic data processing (filter)
e Interactive depth data processing

e Grid and display data
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Automatic editing of multibeam data

. Flag specified number of outer beams.

. Flag soundings outside specified acceptable depth range (difficult on profiles

across slope)

. Flag soundings outside acceptable depth range using fractions of and/or

deviation from local median depth.

. Flag soundings associated with excessive slopes (beware of real slopes in

your data)

. Zap "rails".

. Flag all soundings in pings with too few good soundings.
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Typical applications

Characterization of morphological features on the sea floor
Tectonic Features

Deep sea trenches

Sediment waves

Sediment transport

Cable route survey

Navigation channels
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Examples (Canary Islands)

29 00N

b =0 e o s 50 km

Contour-Plot Color-coded image with artificial illumination
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lLas Hijas Seamounts
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Tenerife (Glimar Debris Avalanche)

o~

Pico de Teide (Tenerife)

.\
y

=
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Main debris avalanche deposits
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Micro Bathymetry

Very high resolution bathymetry (resolution <1m)

In shallow waters from reserach vessel

In deep water only by swath sounders on ROVs or AUV

e 1 » "ﬂﬂ". )

http://www.geoacoustics.com/News%20Pictures/N-3PB%20Aircraft%20-%20Record%202.jpg
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Mulberry Harbor A. Start of Construction: 07.06.1944, Destroyed (storm): 20.06.1944
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Mulberry Harbor: Data courtesy: Larry Mayer, University of New Hampshire
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http://www.reson.com/sw2165.asp Shallow Waster System
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Micro Bathymetry in great water depth
Swath sounder on ROVs oder AUVs

AUV REMUS 6000 IFM-GEOMAR)
Length: 3.89m

Diameter: 66cm

Weight: 880kg

Dive depth: 6000m
Operation time: 22h (120km)

13 LA
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Multibeam Echosounder

Multibeam bathymetry rendering of
longitudinal furrows found seaward of the toe
of Sigsbee Escarpment (Gulf of Mexico).
Ocean bottom currents formed furrows ranging
in depth from 1 to 3 m and 5 to 10 m width.

Multibeam bathymetry rendering of mud
volcano in northern Green Canyon area of the
US Gulf, 300 m wide at the base, protruding 12
m above the seabed.
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Conventional
Bathymetry of
Haakon Mosby Mud
\Volcano with a
Hydrosweep System

Date by A. Meyer,
AWI-Bremerhaven

Acoustic Imaging
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Microbathymetry
collected with a Haakon Mosby Mud Volcano, ARK XIX/3b
multibeam sounder '
mounted on a ROV

72 00' 36

7200 24

7200 12"

1249m

72 00' 00°

1269m —>

[ BN BN BN O B e |
14 42 14 43 14 44’ 14 45

Fig 3. High resclution bathymetry of Hakon Mosby Mud Volcano, produced by IFREMER, using deep towed mult-beam echo sounders,
mounted beneath ROV Victor 6000 . Overlain are posifions of heat flow sites (white dots) and gravity corers (EHlue stars) A regional
dlassification is (i) outside the moat, (ii] the moat ring, (i) a rough area north and west of the cenfre and (iv] a smooth area expanding
from the centre southwards, (For interpretation of the references to colour in this figure legend, the reader is refared to the web version of
this article)

Kaul et al., 2006
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HAAKON MOSBY MUD VOLCANO
30 kHz Side-scan Image

e VR a1

Side-scan image from U.S. Naval research Center, Stennis Space Center, MS)
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Software for visualization (and processing) of bathymetric data

~50,0m : ' 50.0m
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Generic Mapping Tools (GMT)
Used since 1988 (in house software at Lamont-Doherty Earth Observatory)
1991: First official release as public domain software

Used to manipulate columns of tabular data, time-series, and gridded data sets,
and display these data in a variety of forms

Las Hijas Seamounts

Script language (same syntax as Unix)
GMT uses PostScript as output format

GMT includes more than 50 tools




A A
N Y
future ocean

KIEL MARINE SCIENCES

Global Mapper
Interactive Low
Cost program

Acoustic Imaging

Rathvmetrv

Global Mapper Software, LLC

HOME

THE PRODUCT

DOWNLOAD TRIAL

PURCHASE

NEWS

FIND DATA ONLINE

SUPPORT

DEVELOPERS

support@globalmapper.com

.\]
O b

NS¢
~— I b \{,(@]

1 //éff:‘m" o

II.\NYF;. —

Better maps with Global Mapper.
More formats supported!

GPS Tracking - True 3D and more!

Global Mapperis more than just a viewer capable of displaying the most popular rast e
and vector datasets. It converts, edits, prints, tracks GPS and allows you to utilize GIS
functionality on your datasets in one low-cost and easy-to-use software package.

Global Mapper also includes the ability to directly access multiple online sources of im a
topographic maps, and gridded terrain data. This includes access to worldwide high re
color imagery from DigitalGlobe (watermarked access for free) and access to the e n
TerraServer-USA database of USGS satellite imagery and topographic maps free-of- ¢
Global Mapper also has the ability to easily access WMS data sources, including built-in

elevation data and color imagery for the entire world, and to view elevation data

with any loaded raster imagery and vector data draped on top of it!

Global Mapperis a comprehensive software package which includes much more functi o
listed here. Find out more by following this link. Global Mapper overview .
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IVS 3D Fledermaus
Expensive but free
viewer

Acoustic Imaging
Bathymetry
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Products > Fledermaus Standard

Product Links:
Fledermaus
Standard
Fledermaus
Professional
View3D
Application Links:
- 5 p— . . - Geological
3D Visualization - more than just a pretty picture Surveys
Hydrographic
7 Survey QC
Fledermaus Standard is Offshore
a powerful interactive 'IA""“;“V,

. T 1 cademic
3D data V|su_al|zat|on fleceareh
system that is used for Environmental
a variety of applications in’ﬁ{:s“
including Applications
environmental impact l\-{argpi I&mersive

P sualiz: n
assessment, mining, Centers
geology, and research. Marine

Construction
Innovative data ﬁ‘;:itiﬁ'gz"“e
exploration features Google Earth
including the
ShiftScape™ rendering Related Links:

B Evaluate
engine and the Bat (3D Fledermaus
input device), allow for App:icah;grs
" ik . Technologies
intuitive 3D_ exploration Purchase
of geo-spatial data. Informaton

Academic
A wide variety of ettt Eluas;%mss
industry standard Screenshot of Fledermaus Standard Olaiviaiv
formats are supported E'tarédard vs. Pro
for direct import of data to the 3D scene. Object types such as digital terrain maps, Ptiprintel g
point clouds, lines, polygons, satellite imagery, etc. can all be loaded and analyzed Scientific Data
in a single scene. Due to its flexible object oriented software design, Fledermaus ;ﬁ’p’;s;sed

can be easily tailored to support many additional visualization modules.

If you would like more information on Fledermaus, the fulldocumentation is
available online. A free viewer for Fledermaus files named iView3D is also available.

Features

® Display scales automatically from high-end to low-end systems using the
powerful ShiftScape ™ rendering engine.

® Multiple data sets and types of different resolution can be visualized and
interactively explored at the same time.

® Integrated support for very large data sets.

e All data sets can be geo-referenced in the 3D scene.

e Users can interactively query data sets to select coordinates for profiles and
measurements.

® Advanced object oriented architecture allows easy integration of new data
types into the system. TR

® Explorations can be recorded and used to create movies of data exploration
sessions.

® Visualizations can be displayed in 3D stereo with suitable graphics hardware.

L]

Software and data files can be used across wide variety of computer platforms
from laptops to large immersive visualization systems.



Submarine Mapping
e uture ocean Sidescan Sonar
— .

L G T L LT

F
5
L -

| b ¥ f - -

- Sidescan Sonar




A

_— Submarine Mapping

. Some basics
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Knowledge of the Earth and its environment are proving
Increasingly crucial.

The morphology of the Earth is not well know because more than
2/3 of the Earth’s surface Is covered by oceans.

Sound waves are the only means of surveying large regions of the
seafloor with reasonable accuracy.

Acoustic waves are the basis of sonars (Sound Navigation And
Ranging).

Images and maps produced by sonars are not always easy to
Interpret, because of the complex processes at play during the
reflection of the acoustic waves on the seafloor.
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Sidescan Sonar

Topics:

Some basics

Specification of sidescan sonars
Processing of sidescan sonar data

Application and interpretation

Text Books

P. Blondel and B.J. Murton, Handbook of Seafloor Sonar Imagery,
published by Wiley, 1997.

P. Blondel, The handbook of sidescan sonar, published by Springer,
2009
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1 MHz

10 MHz

100 MHz

1 GHz

Medical applications

10 GHz _|

Figure 2.1. Frequencies in use by different acoustic systems

A Submarine Mapping
e ture ocean Sidescan Sonar Some basics
1 Hz Acoustic remote sensing is the only means to map
& and study the surface morphology of the seafloor at
10 Hz 1 all depths
100 Hz . | % Three categories of sonars:
—_— s |z *Echo-sounders (one vertically orientated beam)
’ S| g
o < == «Sidescan sonars (two beams, one on each side)
VA o
: *Multibeam sonars (several tens of beams at each
100 kHz =
-

side)

What can we measure?
*Time => Waterdepth
Amplitude (Energey) => Acoustic imagery
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Configuration at Sea

g ? .

ARG RELLRSTIR SSTESSR SRR
(S Syenepes (el Crrstnezzl



"‘“‘ Submarine Mapping

sl SR SRS Sidescan Sonar Some basics

Sidescan Sonar /
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Example
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Submarine Mapping

Sidescan Sonar

Florida

Escarpment
P 20y

Some basics

Figure 6.5. GLORIA imagery of the De Soto channel, Eastern Gulf of Mexico.
The schematic interpretation shows the nadir tracks of the survey lines (dark grey
pattern), the northern portion of the Mississippi Fan (light grey pattern) and the
highly meandering canyon in black. The image covers a ground area of 110 x 75
km. Courtesy of the United States Geological Survey.
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Sound waves travel through water and interact with the seafloor
1. Travel through water

Sound waves propagate in water with a velocity of ~1500 m/s

Local variations due to variations in water temperature, salinity, and hydrostatic
pressure

Sound waves are refracted and bended due to velocity variations

Speed of sound (mys)
i.-’;TE I.E.EHZI

Ray Diagram
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2. Interaction with the seafloor
(some definitions)

Slant Range: Distance between transducer
and target on the seafloor

Elevation
angle

Ground Range: Horizontal distance
between the sonar‘s nadir and the target

Incidence Angle: Angle between incoming ‘H.
wave and the local normal to the seafloor

Reflection
angle

SONAR PLATFORM'S ALTITUDE

Elevation Angle: Angle between the
sonar’s nadir and the incident beam

>

A

GROUND RANGE

Figure 2.2. Definitions of some parameters.

Line of Sight: Track of the sonar

Swath Width: Total distance ensonified
across-track
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Sidescan Sonar Imagery
(What do we measure?)

Most of the energy is reflected away from
the sonar

A small portion is lost in the ground

A small portion is scattered back to the
sonar, amplified and recorded. This
portion (the so called backscatter) is used
to produce the Sidescan images.

The timeshift between the the
transmission and the reception is directly
proportional to the distance between the
sensor and its target (slant range)

Incident wave

« Reflected
wave
AN
N\
Backscattered
wave

Figure 2.3. Interaction of the acoustic pulse with the seafloor.
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(What do we measure?) JW i

For each ping, the received signal is
recorded over a relatively long time-
window, such that the energy returned L
from across a broad swath of seafloor is
stored sequentially

Low

Individual cross-track profile of backscatter

This cross track scanning produces
individual backscatter profiles

The successive along-track profiles are
accumulated, and put together, form maps
of the seafloor’s backscatter

Figure 2.4. This TOBI image of the Reykjanes Ridge is formed by the acquisition
of successive individual cross-track profiles of backscatter like the one above.



e Submarine Mapping

) Some basics
oduture ocean Sidescan Sonar

Sidescan Sonar Imagery
(What do we measure?)

The backscattering is affected, in
decreasing order of importance, by:

*The geometry of the sensor-target
system (angle of incidence of each beam,
local slope, etc.)

*The physical characteristics of the
surface (micro-scale roughness, ...)

*The intrinsic nature of the surface s
(composition, density, ...) T e o

Figure 3.7. Backscattering from the seafloor is influenced by three factors
(from top to bottom): local geometry of ensonification, roughness of the
seafloor at scales comparable to the sonar's wavelength, intrinsic properties
of the seafloor (e.g. rocks vs sediments).
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Characteristics of Sonars

Towing Configuration: Deep-Tow, Shallow-Tow, Hull-mounted
Depth range: Deep-Sea Sonars, Shallow-Water Sonars
Frequency: 5kHz — 500 kHz

Resolution (area ensonified by each beam, the spacing between
successice measurements, the pixel size in images, minimum scale at
which one object can be detected or two distinct objects separated):
few cm to 100s of meters

Total Swath Width: 10 m — 60 km
Daily Coverage: <10 km? — 20.000 km?
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A
N X

GLORIA: Geological Long-Range Inclined Asdic (AsSDIC: Anti-

Submarine Detection Committee)

Shallow-tow deep-water system for quick mapping of large areas (20.000 km? daily
coverage)

15°W 14"W 13"'W
39°N 4 Mercator Projection 18 Se;mo;mt L 32°N
50 km %
eamount
Dacia aNO. 2
Seamount o
31°N - i N oo S 31N
Seamount
No. 4
Seamount
No. 5 .'c .
. M\Concepcion
30°N I po— Lo

15°'W 14"W 13°"W
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Sidescan Sonar sonars

TOBI: Towed Ocean Bottom Instrument

Deep-tow deep-water system for detailed surveys (~10m resolution, ~500 km? daily coverage)

w> 6
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Reykjanes Ridge

850m 850m

hummocky
terrain

Resolution

Seamarcll TOBI

Blondel and Murton, 1997
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Klein 520:

Shallow-tow shallow-water system

http://pubs.usgs.gov/of/of00-295/report.htm

Kilometers l

Figurg 6, Sidescan-sonar i showing lincar, high-backscatier features inferpreted 1o be Appled scour %ﬂgﬂ;&&inrﬁ (R50k]) affshore of Long Beach,
Mew Yook, The BSDs are floored, in parl, with rippled sandy gravel and gravelly sand. Ageas it the RS0k ase comprised of fine sand. High
hackscauter 15 reprosented by light lones, law backscatter by dark wwoes, Sec Figure 3 Toe location.
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Specification of

sonars

Characteristics of most commonly encountered deep-sea sonars

GLORIA Mk | GLORIA - B TOBI SeaMARC 11 SAR DSL-120 Jason
I1 / HMR-1 190 kHz 200 kHz
Operator(s) SOC, USGS, |SOC SOC Univ. of IFREMER WHOI WHOI
Hawaii
Type Shallow-tow Shallow-tow Deep-tow Shallow-tow Deep-tow Deep-tow Deep-tow
Depth range 200 - 11,000 m | 200 - 11,000 m < 10,500 m 100 - 11,000 m | < 6,200 m < 6,100 m < 6,000 m
Total swath up to 60 km 45 km (imagery) [6km up to 10 km up to 1.5 km 0.1to 1 km 0.3 km
width (typically 45) | 4.5 x depth
(bathymetry) (typically 10 (typically 1 km) |
km)
Typical 100 - 1000 m | 100 - 1000 m 50-500 m long- [ 100 - 1000 m [5-10mlong- |5-10mlong- [0.1-10m
navigation satellite satellite baseline satellite baseline baseline short- or long-
error baseline
Typical daily {20,000 km? 20,000 km? 470 km?2 10,000 km? 10 km2 90 km? 10 km?
coverage (imagery)
11,500 km?
(bathymetry)
Frequency 6.3-67kHz [625-6.75kHz [30-32kHz 11-12 kHz 170 - 190 kHz | 120 kHz 200 kHz
(wavelength) 23.8-224cm 24-222¢m 5-4.7cm 13.6 - 149 cm 09-0.8cm 1.25 cm 0.75 cm
Footprint size | 173 x45 125 x45 m 8x35m 120x 10 m 0.7x08m 33x033mto|05x029m
(along- x 0 657x45m |to 1000 x45m to43x2.1m |tol97x2m to3x04m 13.7x0.15m |t024x0.15m
across-track)
Output data Imagery Imagery Imagery Imagery Imagery Imagery Imagery
Bathymetry Bathymetry Bathymetry Bathymetry
Typical size of | < | Gbyte ~ 5.3 Mbyte 528 Mbyte < | Gbyte < 1 Ghyte > | Gbyte ~ 100 Mbyte
daily data
Ancillary data | Heading Heading + Heading, Heading + Heading, Heading, depth | Heading, depth
depth, speed + depth, speed + +
Roll, pitch, yaw Roll, pitch, Roll, pitch, Roll, pitch, Roll, pitch,
yaw yaw yaw yaw
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Specification of

sonars

Characteristics of some commonly encountered shallow-water sonars (1)

Roll, pitch, yaw

temperature

[TAMU]2 EG&G Deep- | EG&G model | Klein 590/595 Klein 520 Simrad MS-
Tow 272T 992
Operator(s) Texas A&M Government and | Government and | Klein Assoc. U. Kiel, Klein Commercial,
Univ. commercial commercial Massachusetts, U.| Assoc., etc. military ...
surveys surveys Kiel, ...
Type Shallow-tow Deep-tow Shallow-tow Shallow-tow Shallow-tow Deep-tow
Depth range <500 m < 600 m < 1,000 m <300 m < 1,000 m
Total swath width | 100 m - 30 km < 1km N/A < 600 m 25 m - 600 m 10 - 800 m
(100 kHz)
<400 m
(500 kHz)
Typical < 100 m satellite + | < 100 m satellite + [ < 100 m satellite + [ < 100 m satellite + | < 100 m satellite | < 100 m satellite +
navigation error | near-shore near-shore near-shore near-shore + near-shore near-shore
reckoning reckoning reckoning reckoning reckoning reckoning
Typical daily < 13,000 km? Dependent on Dependent on Dependent on Dependent on Dependent on
coverage survey speed survey speed survey speed survey speed survey speed
Frequency 11/12 kHz 59 kHz 105 kHz 100 kHz 500 kHz 120 kHz
(wavelength)
72 kHz 500 kHz 330 kHz
Footprint size Not available 1/400 of the range | N/A N/A N/A N/A
(along- x across-
track)
Output data Imagery Imagery Imagery Imagery Imagery Imagery
Bathymetry
Typical size of < | Gbyte
daily data
Ancillary data Depth + Speed, depth, N/A
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Specification of
sonars

Characteristics of some commonly encountered shallow-water sonars (2)

OKEAN MAK-1 EG&G990S Widescan 60 AMS-36 Sys09
/12081 (SSI Int'l.)
Operator(s) CIS States CIS States Commercial Commercial Acoustic Marine | Commercial
applications, GPI | applications, SOC | Systems, Inc. applications
Kiel
Type Shallow-tow Deep-tow Deep-tow Shallow-tow Deep-tow Shallow-tow
Depth range <300 m < 6,000 m 60 - 10,000 m
Total swath width | 2 x 8,000 m 2 x 1,000 m or 2 x 400 m 3775mto400m [<1,000m <20 km
2x250m
Typical 100 - 1000 m SBL net < 100 m satellite + | < 100 m satellite + | 100 - 1000 m 100 - 1000 m
navigation error | satellite near-shore near-shore satellite satellite
reckoning reckoning
Typical daily 600 km? Dependent on Dependent on Dependent on Dependent on Dependent on
coverage survey speed survey speed survey speed survey speed survey speed
Frequency 9.5 kHz 30 kHz or 100 kHz/ 325 kHz [ 33.3 / 36 kHz 9/10 kHz
(wavelength) 100 kHz
Footprint size 100x5m 35x05m N/A ~02m <lm 02x02m
(along- x across- to 10 x 10 m
track)
Output data Imagery Imagery Imagery Imagery Imagery Imagery
Bathymetry
Typical size of <350 Mbyte < 1 Gbyte Paper record « 1 Gbyte <1 Gbyte > 1 Gbyte
daily data
Ancillary data N/A N/A Pressure, Altitude Altitude, roll, N/A
heading, speed, pitch, yaw
temperature
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Specification of

sonars

Some multibeam systems also provide sidescan imagery of pseudo-sidescan

Imagery (backscatter values associated with each beam)

\

SeaBeam 2000 Hydrosweep Simrad EM-12 Simrad EM-100 Simrad EM-1000

Operator(s) SIO, JMSA, KORDI | UW!, LDEO?, SIMRAD A/S, RVS, | SIMRAD A/S, SIMRAD ASS,

Germany, India, IFREMER ... Canadian Canadian
others ... Hydrographic Service | Hydrographic
Service ...

Type Hull-mounted Hull-mounted Hull-mounted Hull-mounted Hull-mounted

Depth range 200 - 11,000 m 10 - 10,000 m 10-11,000 m 10-700 m 3-1,000 m

Total swath width 90°-120° 2 x water depth (less | 150° (7.3 x water 150° (7.3 x water 150° (7.3 x water

if depth > 7 km) depth ) depth ) depth)
90°-120° for EM-128

Typical navigation 100 - 1,000 m 100 -1,000 m 100 - 1,000 m 100 - 1,000 m 100 - 1,000 m

error (satellite positioning) | (satellite positioning) (satellite positioning) | (satellite positioning) (satellite positioning)

Typical daily 2,500 km? 3,700 km? 4,000 km? Dependent on Dependent on

coverage survey speed survey speed

Frequency 12 kHz (12.5 cm) 15.5 kHz 9.7 cm) 13 kHz (11.5 cm) 95 kHz (1.6 cm) 95 kHz (1.6 cm)

(wavelength)

Footprint size (along- | 3.5% x 3.5% water 134 x 134 m 170 x 170 m 170 x 170 m 170 x 170 m

X across-track) depth .

Output data Bathymetry + Bathymetry + Bathymetry + Bathymetry + Bathymetry +
backscattering backscattering backscattering backscattering backscattering
amplitude amplitude amplitude amplitude amplitude

Typical size of daily | < 1 Gbyte ~ 1 Gbyte Not available Not available Not available

data

Ancillary data Heading + Heading + Heading + Heading + Heading +
Roll, pitch, yaw Roll, pitch Roll, pitch, yaw Roll, pitch, yaw Roll, pitch, yaw
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Processing of Sidescan
Sonar Data

*Pre-Processing: Preparation of
the raw sonar data for processing

*Processing: Processing per se is
the transformation of the raw
sonar data to usable images or
grids

*Post-Processing: All operations
which are not necessary for a
correct interpretation but
constitute a definite plus

Submarine Mapping

Sidescan Sonar

Navi gation

Attitude

Raw Sonar Data

!

———Jp Pre-processing

!

Processing

Requantisation

Across-track corrections

Radiometric corrections

Y

Along-track corrections

Along-track corrections

g . A - ]
Geometric corrections { rRSe-XFaGk correctiane

Map production

'

Post-processing

Mosai cking / Rubbersheeting

(optional )
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Navigation (Ship)

Peter H. Dana 9/22/98

GPS Nominal Constellation
24 Satellites in 6 Orbital Planes
4 Satellites in each Plane
20,200 km Altitudes, 55 Degree Inclination

GPS NAVIGATION

FH Dana /1754
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Navigation (Sonar)

Figure 2.7. Layback of the towfish. The cable is assumed straight.

The layback of the towfish is computed from the lenght of
cable out and simple trigonometric relations assuming the
cable is straight. It is obviously inaccurate for long cable

lengths, but it is the easiest and cheapest of the positioning
methods.
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Figure 2.8. Short baseline system (SBL).

Figure 2.9. Long baseline system (LBL).

Sidescan Sonar

Submarine Mapping

Processing

A short baseline (SBL) consists in acoustic
transponders placed on the hull of the ship as
a net, and receiving signals from a
transponder on the towfish.

A long baseline (LBL) consists in acoustic
transponders emplaced on the seafloor and
accurately positioned. A transponder on the
towfish interrogates acoustically the different
elements of the net and computes the towfish
position by triangulation.
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USBL-Systems
(Ultra short baseline)
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Processing

Radiometric Corrections:
Recalibration of the individual sonar
backscatter measurements

Geometric Corrections: Relocation
of the individual sonar backscatter
measurements

Map production: Merging of images
and the production of maps

Submarine Mapping

Processing

Raw Sonar Data

!

———Jp Pre-processing

+ Requantisation

A . . Across-track corrections
Radiometric corrections

Y

" . A - k i
Geometric corrections { ArERR-ATRc donnect o

Along-track corrections

Along-track corrections

Map production Mosai cking / Rubbersheeting

5 ti !
Post-processing "

Y

Computer-Assisted Inter pretation (see Chapter 10)

Figure 3.15. Data processing chain.
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Radiometric Corrections + I
Radiometric corrections
Requantisation: Most sonar processing packages Y e
work with measurements rescaled between 0 and Geometric corrections {* e
255 (8-bit quantisation). The output of the sonar T —
data does not always follow the same quantisation Map praductian Henlestn/ulershonicy

schemes, and it Is necessary to resample the data |

Across-Track Corrections:

Backscatter signals are attenuated differently.

Attenuation is a complex function of the beam

width and is determined empirically for each

sensor. This is usually performed by surveying R
a flat featureless portion of seafloor. The

resulting tables are used to apply a time-

varying gain (TVG) to amplify each

backscattered return according to its arrival Gisance they ravel, o e atenuated diferenty, depending on e
time
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Radiometric Corrections + ——_

Radiometric corrections
Along-track corrections

Along-Track Corrections: Systematic
radiometric variations are often visible on the Geometric corrections {
sonar images. These variations can be removed to
special filtering processes

Across-track corrections

Along-track corrections

Map production Mosai cking / Rubbersheeting
|

Across-track direction

Figure 3.4. Examples of along- and across-track striping.
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. . Requantisation
Geometric Corrections + P—
Radiometric corrections

. Along-track corrections

Slant-Range Correction (Across-Track + 0 t
correction): Transformation of Slant-Range into Geometric corrections {“ e
Along-track corrections

Ground-Range.

Map pl'OdUCti on Mosai cking / Rubbersheeting
|

Raw sidescan sonar imagery presents
Important across-track geometric distortions
known as slant-range distortions, because the
sonar measures times. Two targets close to the
nadir (D1 and D2) will be associated with
nearly identical slant-ranges R1 and R2. Two
targets at far range (D3 and D4), at the same
distance from one another, will be associated
with very different slant-ranges R3 and R4
and therefore placed further apart. Without
slant-range correction, near range areas are
more compressed than far-range areas. Figure 3.5. Slant-range distortion
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Geometric Corrections + Reauantisation

Radiometric corrections 9 7 ek eorrections
Anamorphic Correction (Along-Track v i
correction): The anamorphic correction aims in Geometric corrections {“" correctiens
producing an image with a 1:1 aspect ration.

Along-track corrections

Map pl'OdUCti on Mosai cking / Rubbersheeting
|
<4— Normal speed ———» l
<«— Higher speed >

<«— Normal speed ——»

— <«—Lower speed —1»

<«— Normal speed ——»p

' !

Along-track Speed profile

Figure 3.6. Variations in the survey speed create distortions in the along-track
footprint. These distortions are corrected through anamorphosis.
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Map Production | + N i
Radiometric corrections
Mosaicking — Stencilling: The v N
processed sidescan sonar imagery is Geometric corrections {m;:::
composed of picture elements
organized into one or several Map praductian Rersicktng:/ Tobershimting

I

Images. Geocoding allows to place
these images on a map. Merging
can be done by stencilling or
mosaicking

Map 2

Mosaicking
Map 1

Map 2
Stencilling

Map 1

Figure 3.9. Overlapping images can be merged by mosaicking or stencilling.
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Map Production

Rubbersheeting (Interpolation):
Interpolation schemes for small
data gaps and overlapping pixels

Incomplete
coverage
L
Overlap
SRE— Overlap
Incomplete
coverage

Figure 3.10. When the ship turns, the portions of the swaths in the inside
corners are overlapping. The portions of the swaths in the outside corners are
more widely spaced and the coverage is incomplete.

,4‘_ _- Submarine Mapping

+

Radiometric corrections

Y

Geometric corrections

Map production
|

Processing

Regquantisation
Across-track corrections

Along-track corrections
Across-track corrections
Along-track corrections

Mosai cking / Rubbersheeting
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Post-Processing Raw Sonar Data

E.g. Histogram Manipulations

Navi gation

——p Pre-processing

Attitude

Requantisation

Across-track corrections

Radiometric corrections

Y

. . Across-track corrections
Geometric corrections {

Along-track corrections

Along-track corrections

Map production Mosai cking / Rubbersheeting

(optional )

* ﬁ Post-processing
,‘, 5 ‘ : a.\

Equalised TOBI image and its histogram

HH@HH@M

Figure 3.12. Example of histogram equalisation. The original TOBI image
(left) shows a histogram with a high number of dark pixels. The histogram of
the equalised image (right) shows increasing contrasts for grey levels which
occur frequently, and decreasing contrasts for the other grey levels.
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Application and Interpretation of Sidescan Sonars
Mapping of the Seafloor

*Analaysis of sedimentary and tectonic structures
*Hazard assessment (Landslides, Pockmarks, ..)

«Study of anthropogenic structures (Wrecks, Dump Sites)

«Searching for Cable Routes
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Sidescan Sonar

INTERPRETATION CHECKLIST

For _the whole image:

¢ How was it acquired ?

Type of sonar

Frequency

Configuration (hull-mounted, deep-towed, altitude above the seafloor ...)
Beam width, swath width, resolution

Vehicle information: heading, speed, attitude (roll, pitch, yaw)

How was it processed ?

Analogue or digital processing ?
Time-varying gain ? Angle-varying gain ?
Slant-range correction ?

Anamorphosis ?

Additional processing ?

a ® @ ° @

For each identifiable region:

* What was the illumination geometry for this particular region ?

* Range (far, close, intermediate ?)
* Angle (sub-perpendicular, grazing, varying ... 7)
« Is the region viewed obliquely, i.e. at several angles and ranges ?

¢ What is the backscatter ?

« Relative values (high or low)

* Variations inside the region (homogeneous or not, contrasted or not ...)
¢ What are the characteristic textures ?

* Appearance (smooth, grainy, mixed ...)

* Organisation (random, regular patterns, directionality ...)

* What are the dimensions of the region ?

e What is the relation of the region to its surroundings ?

* What can it be ? (extraction of the 3-D object from the 2-D sonar image)

Table 4.1. Sidescan sonar interpretation checklist.

Application and
interpretation

W 6

Figure 6.6. Blocks in the El Golfo debris avalanche, close to Hierro Island,
Canaries. This TOBI image is made up of two overlapping swaths and is
approximately 9 km high. Courtesy D. Masson, SOC (UK.)
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Sidescan Sonar: Shallow water, ~500kHz

¥Yersion 9.6 - SonarPro# Sonar Processing System - L-3 Communications Klein Associates, Inc. - [ File: J:"-.,GRUPPEN"-.,5ediment"-.,SchilT_Daten"-.,Rohdaten_Sidescan"-.,ZDlj = |E| Iil

Eli Session  Source Print  Window Help

gEo« liBfaE0ERa 2~ wd B % @ D SN R
[z &% | @@ | o=l | A

Ready

| = |
Courtesy of Martin Wessels (ISF Langenargen)
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Steamer Nedjan

Sture Hultquist  ww £

Source:
www.abc.se/~pa/mar/sidescan.htm

Rick Tamlison Maritime
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Steamer Nedjan

& Rick Tomlison Maritime

This Swedish steamer was 64 m long and built in Greenock, Scotland, in 1893. In January
1954 she left Gavle harbour, Sweden, in storm and freezing temperature. She was then
already an old steamer in poor condition.During the night, her steam powered steering
ceased to work and she started to drift. She had a long radio conversation with a coast guard
station. This conversation was tape recorded, and is still preserved. Eventually the contact
was lost.

She was presumed lost somewhere off the coast. There were no survivors and the wreck
position remained unknown. First in 1996 she was found on 32 m depth by Stiftelsen
Marinhistorik, using side scan sonar. She is standing upright and very well preserved. No
remains of the 17 dead have been found onboard.
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10m, 600kHz sonar

http://www.marinesonic.com

The holes are fish breeding beds located in a lake at a water depth of 146 feet.
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GEBCO Map off NW-
Africa
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GLORIA Mosaick, south of the Canary Islands

20°W 19°W 18°W

L |

T R

Mercator Projection
1
50 km

27°N A - 27°N

26°N - - 26°N

20°W 19°W 18" W

Example 4
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Measured
Multibeam
Bathymetry

Submarine Mapping

: Example 4
Sidescan Sonar .
200W 19°'W 18" W
Mercator Projection
1
27°N - 50 i - 27°N
26°N A - 26°N

20°W 19°W 18"W

5.0 4.5 40 -3.5 -30 2.5 20 ~1.5 1.0 0.5 0.0
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3700

3900

3750

NE

20301312
21000312

= —3900

Fig 6.40 (Parasound Profile) Fig 6.41 (3.5 kHz Profile)

Krastel, unpublished data
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200W

—

Mercator Projection
1

27°N 50 km

Submarine Mapping

Sidescan Sonar Example 4

GLORIA Mosaick and Interpretation Map
(south of the Canary Islands)

[ Seamount
Summit plateau
%2 Debris flow
B Turbidite
Il Sediment transport
@ Volcanic cone

—==== Volcanic Ridge
= Canyon/gully

Mercator Projection

- 26°'N
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Sediment process map
of the Northwest
African Margin

(Wynn et al., 2000)

Submarine Mapping

Sidescan Sonar

]
SAHARAN || 2/ )
SEAMOUNTS S

{ ’?/—‘) SAHARAN
4 /LJ / /i,

DEBRIS

il FLow )
\\'r‘;\i’)/ 7 /) 7l

MAURITANIA
U (

CAPE VERDE | J

TERRACE -

SENEGAL

Example 4

LEGEND

@ TURSIDITY CURRENT FATHWAY
[ARBOUS INDCATE INFERRET PATMAY)

[ cesvsmon
. SEDIMENT SUDE

DEBRIS AVALAKCHE
SEDIMENT WAVES

Wy | MRS NI ATE DECTION
OF WCDERN 137 T3 CLRREN 1LOW)

. ABYSSAL PLAIN (DEPOSITIONAL BASIN

|iA| ERCSIONAL FURRDINS.

HEMIPELAGIC | FELAGIC AND
UNDIFFERENTIATED

B s
_/-<: GHANNELS f CANYONS

(ISOBATHS MARKED IN KILDMETRES)

L S G
SCALE:

AFRICA
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Sidescan Sonar
A . = ‘a N
Local high __| T
(low backscatter) E
Lineations
truncated by
Edge of debris flow
debris flow
Edge of
debris flow
Lateral
facies Lateral
facies

Depositional __|
flow lineations

Debris flow
direction

Lateral facies

Base of debris ﬂbw

Example 4

TOBI 30-kHz sidescan sonar
data. (A) Northern boundary of
the Saharan debris flow showing
onlapping of the debris flow on a
local topographic high. Note flow
direction, convergent
depositional flow lineations and
lineations truncated by the debris
flow. (B) A 3-5-kHz profile; X-Y
shows the debris flow deposit
onlapping the topographic high.
Light tones represent high
backscatter.

Gee et al, 2001
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Sidescan Sonar
Flow
divergence N
Twin trails/
comet marks
Blocks

1 km

Blocks

TOBI 30-kHz sidescan sonar data of strongly lineated fabric showing detail of blocks
and comet marks. Note slight divergence in the lineations towards the NW. Light tones
represent high backscatter.
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hmwc . W N
s Gl oats, otar Pogel @t W tbimg,
Har it Dpogttan, @uy J. T. S0y

Image 7.1.1-1a. The wreck of the ferry Jan Hevelius. Sidescan sonar image. The ferry, 125 m long, built in 1977 sank in 1993 in the
southern Baltic off the Island of Riigen. The sidescan image taken in 2001, viewing the wreck from the keel side, shows an
essentially intact hull and superstructure lying on the portside at about 20 m depth. The bow - as well as the stern construc-
tion - can be identified in detail. The pair of funnels near the stern are still in place (the port side one lies under the starboard
funnel here). Conspicuous is the acoustic difference between the strongly reflecting hull coded dark and the less reflecting
superstructure of considerable height. The broken upper contour in the middle is an open deck; the railings are only weakly

recognizable. The mast constructions are not resolved. The white shadow contours are most evident on the stern side; near
the bow the sea floor surface appears rough; part of the bow near the keel is buried by sediment.

Trmama AAaciscmancsaal . - v -—- - -

Aus Wille, Sound Images of the Ocean
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30°N

GEBCO Map off NW-
Africa

Channel between Gran Canaria
and Tenerife

25°N

Canary Islands are volcanic islands
(Hot Spot volcanism)

2 main types of sediment-transport

Large-scale rapid catastrophic
sediment-transport as a results of
flank-collapses (debris avalanche)

' 20°N

*Channelized sediment-transport
through submarine canyons

15'N | g

20'W 15°'W 10'W
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16° 30'W 16° 00'W
GLORIA Image of the channel between
Gran Canaria and Tenerife. Light tones

present high backscatter (Krastel et al.,
2001).

28°30'

Tenerife

28°00'

27°30'

Mercator Projection
I I

30 km
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16" 30'W 16° 00'W

Bathymetric map of the channel
between Gran Canaria and Tenerife.
Contour-interval is 500 m. (Krastel et
al., 2001).

28°30'

28°00'

Mercator Projection . :
30 km 2730

= _ A

4 3 2 -1 0 1 2 3 4
Depth/height [km]
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Gran
Canaria

Krastel et al., 2001

Submarine Mapping

Sidescan Sonar

Pico de Teide (3718 m asl)

Guimar valley Tenerife

Guimar debris
avalanche

Volcanic cone
(1700 m bsl)

exaggeration is 5. Shading is taken from the GLORIA
data. The lighter color of the debris avalanche is due to
stronger backscatter of the hummocky terrain.

@ Perspective view of Glimar debris avalanche. Vertical
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X

Interpretation map of the channel
between Gran Canaria and Tenerife.
(Krastel et al., 2001)

B Debris avalanche
[ Island

Sediment fan

= Subaerial Cany
=== Volcanic ridge
© Volcanic cone
® Block

woee Scarp

X ODP-Site

Submarine Mapping

Sidescan Sonar
16" 30'W

28°30'

28°00'

Las Bandas del Sur

debris avalanche

s Submarine Canyon

on

27°30"

16" 00'W

Orotava/lcod/
Roques de Garcia e Giiimar debris
debris avalanche —® avalanche

5
W

Q\:

@ Horgazales
Basin

Roque Nublo
debris avalanche
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EM12 Backscatter data draped on top of the bathymetric map

(area between Gran Canaria and Tenerife)

Krastel, unpublished data
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EM12 Backscatter data draped on top of the bathymetric map

(area between Gran Canaria and Tenerife)

-.;If: ?iw‘ L p ‘

Krastel, unpublished data
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Sidescan Sonar
20'W 19°'W 18°'W 17°W 16°W 15°'W 14°W 13'W

1 ! ! ! - ! ! L 30°N
L 29°N
L 28°N

Bl Giant landslide (< 2 Ma)

debris flow (< 2 Ma)

Giant landslide (> 2 Ma)

C  Scarp | 57N

Giant landslides on the flanks of the Canary Islands. All periods of major magmatic activity
are accompanied by large scale mass wasting. The long-lasting volcanic activity of the islands
of the Canary Archipelago is balanced by a corresponding long history of destruction. (Krastel
et al., 2001).
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Seismic imaging — some basics

Boomer-Profile Baltic Sea
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Seismic imaging — some basics
Aim of seismic measurements

Structural imaging by means of acoustic waves

Output
Seismogram with travel times and amplitudes

Introduction

Resulting information
Imaging of structures
Physical properties (e.g. sound velocity)

3900

2| Channel
% F @ Stratified Sediments
.| ﬁﬂ‘\w‘f :
=8 Wik ' :
E.'Q‘ "L,e_" -f i
3 | / Slide Deposits
;‘é%i High Amplitude

= Sea Floor Reflector

4100
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e uture ocean Seismic imaging — some basics

Main applications:
Hydrocarbon exploration
Structural imaging at different scales

Crustal structures

Sediments (e.g., slides, contourites, channels, clinoforms)
Archeology

Fluid migration

Gas Hydrates

Faults, Tectonics
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Some theory
e uture ocean Seismic imaging — some basics
Seismic wave propagation
Body waves
P-waves: (Compressional or primary waves)
dilatation compression
(a)
longitudinal wave f
-
direction of propagation
Particles move in direction of propagation
|
( 4 \2 mit Kappa k=Kompressionsmodul (Bulk modul)
K+ W
- 3 Mu p=Schermodul
p
1 P ) Rho p= Dichte
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Body waves

S-waves: (Shear- or secondary waves)

direction of propagation o

(b)

transverse wave
I -

Particles move perpendicular to direction of propagation

1 ) )
: Shear modulus 1n fluids=0 =>
VY. =] — No shear waves in water =>

Cannot be recorded with a streamer



L Submarine Mapping

e uture ocean Seismic imaging — some basics

Wellenausbreitung

Table 4.1 Approximate runges of compressional wave
velocities in common oflshore maternals.

Lithology . v
(km s~ %)

Seawater 1.45-1.55
Unconsolidated sand 1.5-2.0
Deep-sea pelagic ooze 1.5=19
Clay 1.0-2.5
Shales 2.0-4.]
Permafrost 3.5-4.0
Sandstones (Teruary) 20-235
Sandstones (Carboniferous) 4.0-4.5
Chalk (Cretaceous) 20-23
Limestones (Jurassic) 3040
Limestones (Carboniferous) 5.0-535
Dolomie 2.3-6.3
Halite 4.0-3.3
Basalt 3.5-60
Gubbro 6.0-7.0
Granite 40-6.1
Liltrabasic rock 1.5-8.3
Serpentinite 3.3-6.35
Gneiss 15-76

Duta sources: Christensen (19821, Kearey and Brooks (1991, ShenfT
and Geldart {1993), Reynolds (1996).
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What happens at an interface?

sini sine, sinf; sine;

sin [
. N

%) ﬁz

Ay - Xy ﬁl

Medium 1

Interface —

Medium 2

(4.80)

Submarine Mapping

Some theory

Seismic imaging — some basics

Reflection
Refraction
Conversion

We neglect conversion

Figure 4.43. Waves generated at an
interface between two elastic media by
an incident P-wave. The incident P-wave
has amplitude A, and angle of incidence i.
The reflected P- and SV-waves have
angles of reflection ¢, and f, and
amplitude 4, and B,, respectively. The
transmitted P- and SV-waves have
angles of refraction e; and f, and
amplitude 4, and B;, respectively.
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Seismic imaging — some basics

Submarine Mapping

Some theory

Acoustic energy 1s reflected 1f the seismic impedance is changing

Z=v*p

B;gt density in grnc;n"

18

22 24 26 28 30

45|-— B J T B.GDOO
&
44t &; 25000
2
43r EC-‘ 20000
=
L= - 3 i . . P
T ’é Table 7.3 Typical seismic reflection coefficients (D
42}
> N 115000 8
5 %ﬁ f intarface Approximate ;7
§4-1 a e R B =
s 12000 5 Alr over seq 1.0
Vg Time average —t = Seq over imestone 0.45
¥ = )
gap, Bedsons] {1000 Sea over boulger cioy 0.45
% § Seq over recent sand,/clay 03
—43 > ® Clays cver gas sand, 500m --0.30
e Sec-bed multiples 0.25
g,? {7000 Sand/shale over imestone, 1500m 0.20
0 & 10% change in acoustic impedance +0.05
-4 6000
f;f
37k
Pt g QiR O s
%2 Y

03 0-4
Logarithm of bulk density

Figure 2/7 Velocity—density relationships in rocks of
different lithology (after Gardner et al., 1974).
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Strong impedance contrasts result in strong reflections
Reflections coefficient: R=(Z2-71)/(Z2+Z1).
Transmission coefficient: T=1-R=2721/(Z2+Z1)

(Only for normal incidence)

Reflections can be positive or negative:

Quelisignal Untergundmodell Selsmogramm

22571 Z15Z2

Z1

Z2
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Seismograms are the result of reflections at layer boundaries.
Interference at closely-spaced layers are common.

Integrated Cumpﬂstte
Sonic log Lith.log Vlog plog pViog RClog RClog seismic frace

fade |-—- =) |
Sed - Jowc ’i — 5
Wl
Tand = @ P
Shalg =

1 lime
] Hone
i

ot Shale

A AN Salf

VELOCITY ﬂn"h’-
—_—

FIGURE 2.9 Diagram showing the difference in resolution be-
tween a wireline sonic log and a seismic trace. After Anstey,
1980a, by permission of IHRDC Press.
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The exact behavior at interfaces for non vertical incidence 1s

described by the Zoeppritz-equitation:

Energy coefficient

Angle of incidence

Figure 4.44. Reflected and transmitted
energy (energy/incident energy) for the
situation illustrated in Figure 4.43: a
P-wave incident on an interface between
two solid media. For this example,
ay/ay, =0.5, p,/p, =20, «,/f, = 1.87 and
ay/B, = 1.73. Solid lines, reflected and
transmitted P-wave; long dashed line,
reflected S-wave; the dashed and dotted
line, transmitted S-wave; the short
dashed lines, reflected and transmitted
P-wave when p,/p, = 1.0. (After Tooley
et al. 1965.)
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Calculation of travel time curves (for two layers)
Direct wave
Straight Line with gradient 1/v,
t=x/v, (@) /
\'.
Reflected wave B . 2
By fract®
Hyperbola =
; : |
2 X T 2h ! first arrival lines
= |h+— L | !!
Vl 4 frn! f \/4 |
44 |
\09% @ | %:
Refracted wave Y H 3|
Straight line with gradient 1/v, # s ;|
£] e
0 S, il
[ = 2_h| l_v_|2 + i 0 distance (x)
¢ vé vV, (b) S
Par S . C D’ . distance (x
Occurs from the critical t | orectm /7 / >
distance on 1 e & S
. . Vl vi My | a@p B\\eﬁ
[ =arcsin| — : e & e
C v f ;c”c vy < -
2 gk : ~

1 \D E
— )Xk * x_ - Why
x, =2%h *v, —

V2 - Vl Figure 6.5 Travel-times of refracted and other rays.
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Seismic imaging — some basics
Calculation of travel-time curves:
Three an more layers

Time (T}
Time (T)

Distance {x) el i

. ancs dige after E s 1963)
Figure 4.10 Seismic ray paths for three horizontal layers and the corresponding time distance diagram (after Ewing. 196
Copyright © 1963 John Wiley & Sons Inc.

Laufzeitkurven
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Vertical resolution

Vetical resolution 1s controlled by the wavelength

A= ; A: Wavelength, f: Frequency, v: Velocity

The wavelength is increasing with depth
due decreasing frequencies and

Wave|enght inclreasing velosities .
f= 10 Hz (Large Airgun)

v =5000 m/s (e.g. limestone)
A=500 m

Velocity V \

\

f=1000 Hz (Watergun)
v = 1500 m/s (e.g. water-saturated mud)

Frequency F A=15m
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What is the minimum
thickness of a unit for
receiving separate
impulses from its
lower and upper
boundary?

Submarine Mapping

Auflésung von

. .. . . seismischen Wellen
Seismic Imaging —some basics

Reflection from
fop limasione

Maximum

interferance
Decreasing ampiitude / No interference Separate reflections
/ from fop ond bose
\ f I Iimestone
\ / {
v 45 / Reflection from
\ .‘ \ \ !/ base limestone
Below Va0 wavelength ) ,f (/ \\ /
no reflection \f / h\ 1 / Shale 3000 m/
; ! ¥ m/s
\ \V/ \\,

iz wavelength
(50m)

No inter ference
Limestone S000 m/s

Tumng thickness

Shale 3000 m /s

50 heriz wovelet

Amplitude

Wowvelength

Q Frequency = Number wavelengths per second

> 1 wovelength per second = 1heriz

Time Waveform attributes

FIGURE 2.14 Interference effects associated with a high
acoustic-impedance wedge encased in lower acoustic-imped-
ance shale. The limestone must be thicker than half the
seismic wavelength for no interference between reflections
from its top and base. Maximum interference and amplitude
of the resulting reflection occurs at a limestone thickness
equivalent to one quarter of the seismic wavelength—the tun-
ing thickness. For limestone thicknesses below one-quarter
wavelength, the reflection remains the same shape but de-
creases in amplitude. Once the limestone is about one-thir-
tieth wavelength or less, reflections from the top and base ef-
fectively cancel and there is no detectable seismic response.
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FIGURE 2.16 Reflection from a wedge of acoustic impedance
intermediate in magnitude between that of the over- and
underlying units. The thickness of the wedge is indicated as a
fraction of the dominant wavelength. Note that there is still a
reflection beyond the limit of the wedge due to the contrast in
acoustic impedance between the over- and underlying layers.

(a) Model. (b) Seismic section. Reprinted by permission of the
EAEG from Sheriff, 1975, fig. 6.9, p. 128.

What 1s the minimum thickness of a layer for being imaged in a
seismogram? Answer: ca. 1/30 of the wave length.
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Horizontal resolution: ek S WS
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The horizontal resolution 1s o,
. e g
controlled by the width of the Fresnel =~ __ S ————
Zone | !
Vv t i-.-ﬂasr FRESNEL ZONE—#
r}( = — = =

2 f (a)

Some examples for radius of Fresner
Zones:

f=10 Hz

v =1500 m/s

t=4 s (3000 m Wassertiefe)

=750 * SQR(4/10) =474 m (b)

4 FOR
HIGH FREQUENCY

4 FOR
LOW FREQUENCY

E "

1
]
l
[ ]
i. HIGH FREQUENCY
| ®—— N
1
]

——LOW FREQUENCY ZONE—H™

FIGURE 2.18 Fresnel zone. (a) The first energy to reach a

geophone from a plane reflector is from the point where the
f =200 Hz reflector is first tangent to the wavefront. The area of the
reflector that produces the reflection is limited by the area
V= 1500 m/S that the wavefront one-quarter wavelength Ia‘tf'r maf'ces with
= . the reflector. The energy arriving within this interval sums
t= 20 ms (15 m Wassertlefe) constructively to produce the reflection. (b) The Frﬁn}i zone
= _ is larger for low-frequency components than for high-fre-
rf B 750 * SQR(Ooz/ZOO) o 75 m quency ones. Reprinted by permission of the AAPG from

Sheriff, 1977, fig. 7, p. 11.
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(a)

LINE 1

U FRESNEL ZONE
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FIGURE 2.20 Reflections from a boxr model. (a) Isometric dia-
gram of the model; the length :width -height :depth ratios are
10:5:1:10. (b) Plan showing Fresnel-zone dimensions rela-
tive to bor dimensions. Line 1 passes over the bor. Line 4
passes to the side of the box, but close enough for part of the
Fresnel zone to impinge on the box. Reprinted by permission
of IHRDC Press from Sheriff, 1980a; after Neidell and Poggia-
gliolmi, 1977.
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Seismic imaging — some basics

Improving resolution through
deconvolution and migration

BROAD BANDWIDTH
BY MAXIMUM EFFORT
DATA COLLECTION
ATTENUATION OF HORIZONTAL
vose v — RESOLUTION ——— winimumsize
DATA PROCESSING TS
SAMPLING
VERTICAL
MINIMUM THICKNESS
WAVELET SEISMIC
I MIGRATION
DECONVOLUTION
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We will use Vista 2D/3D (GEDCO) , a low cost commercial software.
GEDCO provided free training licenses for this course

2D/3D Version 8
File Edit Project Dictionary Interactive Statics Velocity VSP  JobFlow Utilities License Font Window Help
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2D/3D SEIsMIC DATA PROCESSING
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We will process data
collected during Mass llI-
cruise early this year
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Digitial Streamer, 96 channels Mini GI-Gun with a
Distance between groups: 1.56 m avolume of 0.1l
2 Birds for depth control

We will work with this data this afternoon



A . .
. Acoustic Imaging

LR B Seismic Data Processing

Aim of seismic data processing:
Production of a zero-offset section with good signal-to-noise ratios

Shot Zero-Offset-Sektion

Prozessing
—_—>
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FIG. 1-36. Common-shot gathers just after demultiplexing. These are from an offshore survey. N

ampiiiudes ai the early part and ithe relatively weaker energy at theé dccper part oOf the recoras. Su
amplitude primarily is due to wavefront divergence.

Long way from shots to
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24007 _y 1920 . 1440 v : J '4§Q < CMP

FIG. 1-54. Migrated CMP stack. The
gained as in Figure 1-53.

input to migration is the filtered stacked section. The migration output was

Zero-Offset-Section
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24007 1'19120 . 1440 v : J '4§0 < CMP

FIG. 1-54. Migrated CMP stack. The
gained as in Figure 1-53.

input to migration is the filtered stacked section. The migration output was

Zero-Offset-Sektion
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The CMP (Common Midpoint) Concept

Rearrangement of data from shots to CMPs

FIG. 1-40. Seismic data acquisition is done in shot-receiver
(s,g) coordinates. The raypaths shown are associated with a
planar horizontal reflector from a shotpoint S to several
receiver locations G. The processing coordinates. midpoint-
(half) offset, (v,h) are defined in terms of (s.g): y = (g + 5)/2.
h = (g — 5)/2. The shot axis here points opposite the profiling
direction, which is 1o the left.

Midpoint
/

S8 8.5 8 S MG G G G G G
| 7 VYV V9 VY

-
Depth Point

FIG. 1-41. Seismic data processing is done in midpoint-offset
(v,h) coordinates. The raypaths shown are associated with a
single CMP gather. A CMP gather is identical to a CDP
gather if the depth point were on a horizontally flat reflector
and if the medium above were horizontally layered.

Offset is the distance between shot and receiver
A Midpoint is the ,midpoint’ between shot and receiver
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A CMP-Gather (Common _—
Midpoint) consists of all traces of LN
shot-receiver pairs with the same e i
midpoint.
Fold: Number of traces in a CMP- vl el
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7 ‘ Empfingerpositionen

A distance x between individual LTIy T, .
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What travel-time curves do we get in a CMP-Gather?

S
AN

\ | / 1L/

Common
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Gi

point
ather

2
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Vi

Hyperbola

Common

Midpoint

; n 22
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2
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‘m=l

>,

m=1

2
Vi =

Zt

m=l

Offset

Vertical two-way-traveltime

rms (root mean square) velocity
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Implementation of CMP-Sorting

Regular Geometries: Construction of a stacking-chart

Common offset gather

S?o-:k:ng chaort X % X X X ‘x\_
[~ o/
‘boo A X X x X X X
N\
b § X X X X X\
X— = X——X— =X — —X~—X— — <= Common shot gother
LN
X X X X X X
. N
25m receiver group interval x X% XXX
P | \
i2-5m shot pull-up X x X X X X
| \
X X X X X X
| ~
i ~
X X X X x
1 \
i X X X X X X
A N
N \ “
Common mid-point gother | X x ox X X X
N
X b x X X X
N
CMP | 2 3 4 5 6 7 8 9 1011121314 1516 I7
Distance (m} O 25 50 75 KO0 125 150 175 00

«— Tgper on—e»<e— [yl fold —m-a—Tgper off —¥

Fig. 3.12. A subsurface stacking chart for a 6 trace cable with
a 25 m receiver group interval and a 12.5 m shot spacing.
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Required information for a stacking chart

Shot distance, Receiver distance, Number of channels, Minimum offset

—Calculation of CMP-Numbers, which are written in the trace-header

— sort for CMPs

Common et gathe
Stacking cha S O
[ = 7\ .
(600%) PIREY
X
X— = X——X— =X = —X——X— — «#— Common shot gather
N
X
25m receiver group interval X oxox X% X
|
c-om shot pull-up x M x
|
[
X
X X X
|
[
Common mid-point gother | x X X X X X
CMP | 2 3 4 5 6 7 8 9 1011213141516 17
— i = i = (SE P - AR
Distance (m) O 25 50 75 00 25 S0 7S 200

«— Toper on—e=-w.—— [y|| fold —m--— Taper off —®

uuuuu

Fig. 3.12. A subsurface stacking chart for a 6 trace cable with
a 25 m receiver group interval and a 12.5 m shot spacing.

w
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Irregual Geometries (e.g. velocity variations during acquisition, no straight lines):

Binning

h 690000 691000 692000 ,Oeslogu £94000 895000 695000
Small areas (bins) are
defined instead of a ’&
CMP
*Binning: Allocation of s, u2 e T e S 8 g sy o2 |8
midpoints to bins 5 9 o ot T |
«Sort for bins g
2D GEoiteyy E8EREN e avi (=
& ‘55333;: 691000 692000 §93000 s o 6:‘:’:303;(2

Fig. 3.92. A ‘binning strategy’ for the mid-point distribution
of Fig. 3.91.

Required Information: Distance of Bins, Shape of Bins, Location of Bins
—=Allocation of midpoints to bins, Bin-Number is written to header

—Sort for bins

In Vista two movies are available for binning at Vista\Vista Movies (Tutorial A 2D
Geometry.avi, 2D Geometry Crooked Line.avi)

Northings
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CMP versus CDP
CDP: Common Depth Point (Common point in the subsurface)
CMP: Common Mid Point

(@ 51 H1 H2 H3

Hydrophone

Horizontal Layering:
" CMP is also a CDP

o e H1 H2 H3
)] 32 5159 (S1(52)153)

\ /y Shot spacing = /2

- Reflector tsea fioor

CMP-1

Figure 4.19 (a) Field recording of common mid-point (CMP})

reflection data. (b) Organization of shot and receiving ponts to I n CI I n ed Iaye rS :
form CMP gather. .
CMP is not a CDP

(a) {b)

*2

'S = Source R = Receiver M = Source ! receiver mid-point

Figure 420 Relation between source-receiver mid-pomt and
reflection point for a single interface. (a) Ray path for dipping
reflector, with coincident source and receiver. (b) Ray path for
dipping reflector with source-receiver oflset.
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NMO-correction and velocity-anaylsis

Seismic data offer the possibility to extract velocities using the so-called Normal
Moveout (NMO)

Normal Moveout (NMO)

Travel-time curve of a horizontal layer in a CMP-Gather

(S

t(x)* =1(0)* + = mit

x: Offset

V. Velocity of sediments above the reflector

to: Vertical two-way-traveltime

Difference between t(x) and t(0) is called NMO
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FIG. 3-4. The NMO geometry for a single horizontal reflec-
tor [refer to equation (3.1)].

1(0). (a) Before and (b) after NMO correction.

Acoustic Imaging

Seismic Data Processing
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FIG. 3-6. NMO correction [equation (3.2)] involves mapping
nonzero-offset traveltime #(x) onto zero-offset traveltime

Difference between t(x) and t(0) is called NMO



A

P

A

future ocean
KIEL MARINE SCIENCES

At o =Hx)—1(0) =

Acoustic Imaging

Seismic Data Processing

Series expansion of the root

At o =1(0) 1+§

Delete higher terms

2
X

At
WO a2 1(0)

-
> 2
- X
=1(0) ,[1+ -
Vo Vot (0)
X 1 X
- — i -1
o 1 (8)) 8| Vot (0)
1€
I§ ;’ %ii Surface
% Reflector
t(x) — SDG
t(0) - 2MD

FIG. 3-4. The NMO ge}orlr;?(ry for a single horizontal reflec

tor [refer

0 equation (

FlG 3-6 NMO correction [equation (3.2)] involves mapping
et traveltime f(x) onto zero-offset traveltime

nzero-offse
r(m (a ) Bel‘o ¢ and (b) after NMO correction
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2
X
Atyyo = 2 0
v;\";t!()t( )

Offset: 2 km Alem?

Water depth: 3 km Atyvo = ; =222ms

=1(0)=4s 2%2.25 KM x4
S‘.\'

Offset: 0.6 km => Aty = 20ms
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NMO-correction: Correction of offset depending NMOs NMOs => Hyperbolas
become a horizontal arrivals.
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What happens with multiples during NMO-Corrections?

Midpoint

Surface

Multiples do have
lower velocities than
primary structures;
TR R .~ hence the correction
L for the multiple is to

Reflector |

Multiple reflector
Reflector 2

i A i +o . small. Stacking
\\ results in partly
rime {212 / ULl destruction of the
\ o multiple, while
g Jw primary structures are

curves

) enhanced.

“UL.‘[l. e
; d LE R T
%::_\ : Attenuated multiples
— ‘h’.ﬂ.. ‘l
PRIMARY -\-\
~
s Stacked trace

(e)
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Determination of velocity from
inclination of the straight line. o
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2. NMO-Correction of CMP-Gathers with constant velocities

K : e :
§ & & Inpucop

A Gath
atner

Velocity (ft/s)

(a)

. é? _.
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B e

Velocity (ft/s)

For the determination of a velocity-depth profile those velocities are selected
which result in horizontal reflectors in a NMO-corrected gather.
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FIG. 3-27. Constant-velocity stacks of 24 CMP gathers (5000 to 13,600 ft/s).
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4. Calculation of Semblance

Mathematical characterization of amplitudes of constant velocity stacks
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FIG. 3-28. Mapping the offset axis to the velocity axis. Each FIG. 3-29. Mappi 1 i i
3 _ _ ; X . Mapping the offset axis to the velocity axis. Each
trace in the [v, T = 1(0)] gather (b) is a stack of the traces in trace in the [v, 7 = 1(0)] gather (b) is a stack of tyhe traces in
:?:HCMP gather (a) using a constant velocity NMO correc- the CMP gather (a) using a constant velocity NMO correc-
. tion.
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Cross-correlation in a cmp-gather allows to determine the velocity with highest
semblance.

VELOCITY, M/SEC
; 328288323

{ s gk 'I“”“ .I & e 3

w3

p——11 200
12150

15
x2 (km2)

FIG. 3-24. The (©* — £ ; i 4 : '
pancl. basad on(e quaﬁ? velocity analysis applied to a CMP gather. The triangles on the velocity spectrum [center

the right. n (3.19)] represent velocity values derived from the slopes of the lines shown on the graph at
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Stacking

s  Stacking: Summation of NMO-corrected traces
in a CMP-Gather.

: 05 ,. .
s Aim: Improvement of des S/N-ratio
03 = (Signal/Noise)
i Bt .
g Improvement of S/N-ratio: ~SQR(Fold).
lummmimmm ﬂmmwuﬁlli.
15 —15

K|
4R M L PR T
I AT TR AT R
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FIG. 3-6. NMO correction [equation (3.2)] involves mapping
nonzero-offset traveltime f(x) onto zero-offset traveltime
1(0). (a) Before and (b) after NMO correction.



- Acoustic Imaging

ey Seismic Data Processing

Stacking
Fig. 3.39. The action of stacking.
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Processing Example

FIG. 1-36. Common-shot gathers just after demultiplexing. These are from an offshore survey. Note the strong
amplitudes at the early part and the relatively weaker energy at the deeper part of the records. Such decay in
amplitude primarily is due to wavefront divergence.
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FIG. 1-37. Common-shot gathers of Figure 1-36 after correcting for the amplitude effects of wavefront divergence.
Note the restored amplitudes at late times on the records.
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FIG. 1-42. Selected CVMP gathers corresponding to the same data as in Figure 1-39.
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FIG. 1-46. The CMP gathers of Figure 1-42 after NMO correction using the velocity picks derived from the spectra
in Figure 1-44. Note the stretching effect at the shallow part of the gathers, particularly at the far offsets. By
properly selecting the velocities, the primaries are flattened. (Compare the individual events in this figure and in
Figure 1-42.)
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FIG. 1-48. The CMP stack associated with the gathers in Figure 1-47. The triangles refer to the locations of the
velocity analyses in Figure 1-44. ‘
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FIG. 1-53. The CMP stack associated with the gathers in Figure 1-47. This stack is the same as in Figure 1-48 with a
time-variant filter (TVF) followed by an rms gain application.
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Migration

Aim: Optimize the similarity of a seismic and geological section.

Migration moves reflectors to their correct location and collpases diffrection
hyperbolas.
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FIG. 4-7. A velocity-depth model (top) and the zero-offset FIG. 4-8. Exploding-reflector modeling of the water bottom.
response (bottom) obtained from normal-incidence rays. The time section is equivalent to a zero-offset section: i.e.,
Note the five arrivals (4, B, C, D, and E) at CMP 130, all the vertical axis is in two-way time.

from the water bottom.
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diffraction hyperbolas in a
- seismic section.

Migration causes the diffraction
hyperboal to collapse at the
diffraction point.
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Figure 7.11 (a) Point and (b) stepped reflector.
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Inclinded reflectors

*Migration enlarges the angle of the
reflector

*Migration shortens incinded
reflectors

*Migration moves the reflector in the
updip direction
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FIG. 4-14. Migratiom principles: The reflection segment cD!
in the tim; section E’b). when migrated, is moved updip,
steepened, shoriemed, and mapped onto 1ts true subsurface
location CD (a3.{Adapted from Chun and Jacewitz, 1981.)
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Synclines: (a) ray paths, one shot point
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FIG. 1-53. The CMP stack associated with the gathers in Figure 1-47. This stack is the same as in Figure 1-48 with a
time-variant filter (TVF) followed by an rms gain application.



A A Acoustic Imaging

relle Seismic Data Processing

L e
3 . e — —— —————
— "-.-_-.r“h’ =y =

9 - E " ..:‘FT-‘-_‘--- et e T —

-

AT
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gained as in Figure 1-33.
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FIG. 4-53. Tests for velocity errors in Kirchhoff migration. Undermigration manifested as inadequate handling of
the bowtie is caused by the use of velocities lower than velocities believed to be optimum (indicated as medium
velocity). :
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FIG. 4-54. Tests for velocity errors in Kirchhoff migration. Overmigration manifested as crossing events
by the use of velocities high
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Marine Seismics
What do we need?

Basics

receivers streamer

L — .m“ 1 2 7 8 48
Ol e e e omw omm

shot point

W/
N/
o TR

COP 12345 6 78

Source: Airgun, Watergun, Boomer, Sparker, Chirp

Receiver: Streamer, Ocean Bottom Seismometer, Ocean
Bottom Cable

Recording Unit
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What would we like to
achieve?

High resolution

3D- controll

Two-Way TravelTime [ms]

Acoustic Imaging Baci
aslics

Seismic Systems

What is the problem?

Wavelenght

Velocity V

Frequency F

Wavelength=Velocity/Frequency
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| Crustal refraction studies 1 Sparker profiling
|Boomers and pingers




A A
N X
future ocean

Sources

Acoustic Imaging Quellen

Seismic Systems

Echo Sounders: Typical frequencies: 2-200kHz, Penetration <100m

«5km — VE =170

Bengal-Fan
R A ! : E
e v
L outer.Levea .......... T ; f , ;‘Outeftevee ............... J
b N SR T .
WOl L RS EER | SRR L S AR TR
Py Te!
E(\l
=
Q R E I
[«}]
(=]
g :
=g
©o H
N :
I e e A TR I e i Mt e ol i Ml § ..............................................
Lo H
3 .
N

Schwenk et al, 2003
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Boomer und Chirp-Systeme:
Typical frequencies: 0.5-10kHz, Penetration <200m
GeoChirp
| m

Waveform can sweep between 500Hz and 13.5kHz at high amplitude, giving high
bandwidth and thus high resolution. The waveforms contain significant amounts of
energy at low frequencies, giving the system high penetration. Output power levels
can also be controlled to minimise environmental impact.
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Boomer

Electromagnetic Source

Sudden separation of a plate from a
coil. The plate is initially held
against the coil. On rapidly
discharging an electrical capacitor
bank through the colil, eddy
currents are induced in the
aluminum plate causing a rapid
repulsion of the plate.
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Sparker:

Typical frequencies: 0.5-2 kHz (some systems with significantly
lower frequencies), Penetration ~100-500m

The seismic source is created by the sudden release of high voltage electrical energy to the
sparker which forms a plasma pulse as it is discharged in sea water. The collapsing plasma forms
a seismic pulse in the water.

SPARKER

RECEIVER
1 I T

Constant offset
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Watergun

Acoustic Imaging Quellen

Seismic Systems

Typical frequencies : 200-1500 Hz, Penetration: several hundred
meter

e i)
“SOLENOID TA— p— —

L VALVEL | "8 7]
= “FIRING

e CHAMBE]
SHUTTLE i_'_- ——
==l -
el
i ———
e TEPORTHOLES

ST R T g <
1. Armed

3. Implosion

Figurc.:':.ﬁ. A water gun al three stages of the firing cycle. (courtesy of Société pour le Développement de la Recherche Appliquée
and Seismic Systems Inc).
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Quellen

Airguns

Typical frequencies :5-500 Hz, Penetration: up to several km

High pressure air

)

Solenoid
——
valve

High pressure
air i %
Triggering
piston
Port —— — ~Port
Firing
piston
High pressure
air
‘\.\'... ___.‘-,.*_"'\'\ .
(a) Sealed position, armed and ready o fire (b) Fired position, ready fo reseal

Figure 5.4 Airgun seismic source. Reproduced by permission of Bolt Technology Corporation.
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2I Airgun (Bolt)
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Phase 1:

GI-Gun

The GENERATOR is fired. The blast of compressed air produces
the primary pulse and the bubble starts to expand.

Phase 2:

When the bubble approaches its maximum size, it encompasses
the INJECTOR ports, and its internal pressure is far below the
outside hydrostatic pressure.

At this time, the INJECTOR "I" is fired, injecting air directly
inside the bubble. Due to the quasi-static state of the bubble, the
timing of the INJECTOR is not critical.

* Phase 3:

\ / The volume of air released by the INJECTOR increases the
internal pressure of the bubble, and prevents its violent collapse.
The oscillations of the bubble and the resulting secondary pressure
»< | pulses are reduced and re-shaped.
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Receiver
Types of receivers:

Hydrophones Geophones
(Pressure sensors in the water column) (Ground movement at the sea floor)

shunt

a To amplifier To amplifier y
( ) ; (b) resistor

Epoxy resin seal /7
2 ke L?)?ifng S =l coil output
support § — = to seismic
> . / § amplifier
N h ;
N 1PN
N - d /‘
N //\
Ceramic \\\4 1550
L[~ A
A LN N
‘ ) b />J permanent
Ceramic : A magnet
coil AT A
(C) Be-Cu plates L\\ b p //} ]
\-4 7 ’/ 3 /
| N T N
Ceramic sheet : ta Brnoifiar N \( - el J
NN A NN NS NN SN NNSIS NN NN

Backing plate = : :
Figure 59 A moving-coil geophone (from Kearey and

Brooks, 1991). Reproduced by permission of Blackwell Science.

Rubber sleeve
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Configuration of hydrophones:
Streamer Sonobuoy
Hydrophones in a long cable Hydrophon at a free floating buoy
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Empfanger
Seismic Systems

Streamer

Tail buoy with radar reflector
and navigaton receiver %

o Depth contraller

Lead-in section /‘-_’ 2 2 4 8 mme 3 /
: 100m
Depressor” Fassive cable section N

Section 30 I
seckon, {Section 1) N
P N Passive tail section
# N
Vs ~
Vs h
s N
s First 12.5 m group .
e with 16 hydrophones i
7 N
LY
’ of®- --s0fe- - as--.e0ls-- 8je---e0{e-"-ecle---e0 o i
Depth transducer f T
Water break
Section A- D converter Magnetic  hydrophone
power supply compass
Figure 515 A multichannel h ydrophone array (courtesy of Western Geophysical).
(a (b) LEo | Airgun souree. 00
— . .‘ =X
sooom | | '. | Tow cable
| | !
| I [ "7 yt00m  s5000m _\\\'_’\.
| N,
it i ) fr X sFreamer
| : e X T
|_seafloor— - ... =-300m
® o
— b — Sub-surface reflector - . i
186m 126m
—_———
866m

Figure 5.16  (a) Comparison of the areas of the first Fresnel zone at 20 Hz for surface source and receiver. surface source and
deep-tow receiver and for deep-tow source and receiver above a plane horizontal reflector. The source and receiver are assumed to
be vertically coincident. Sound speed in seawater is 1500 m s ™", (b) Source-receiver geometry used for recording deep-tow profiles

in the Vema Fracture Zone: d, direct wave: r, sea-floor reflection; r,, sub-bottom reflection (after Bowen and White. 1986).
Reproduced by permission of the Geological Society.
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Configuration of seismometer:

OBS: Ocean-Botoom-Seismometer (Geophone on the sea floor)

flasher
radio beacon .
syntactic foam
Motation s —

acoustic release

pressure tube

{data logger) ‘\\\

release lever
hydrophone \ -
— seismometer

tri star anchor

www.ifm-geomar.de
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OBS Uni Kiel
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OBS Uni Kiel

Omnidirectional
Hydrophone

‘ Interface
| converter

Two channel
24 Bit
A-D-converter

4 5kHz )
Vertical- Single channel
geophone pre amplifyer

' Embedded PC
. with 80GB HD
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Streamer versus OBS/OBH
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Figure 6.5 Travel-times of refracted and other rays.

Streamer

Near vertical incidence

Strength: good vertical resolution, goof
for structural imaging

OBS/OBH
Wide-angle seismics (Refraction)
Strength: Detailed velocity imaging
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Source-receiver Configuration

Near normal incidence reflection seismics (1 Ship+ 1 Streamer)

receivers streamer
— O 7 5 6 7 8 48
= - I G
shot point @
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reflectors
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A streamer consists of several hydrophone groups representing one channel each

aktive Streamersektion mit 4x4 Hydrophongruppen (100m Gesamtldnge)

| | | '
HG1-4 HGS5-8 HGI13-16
Kanal 15 Kanal 14
Kanal 13 Kanal 12
Kanal 11 I aha

T

Programmier-Modul fiir i{‘anjile 11-15

o= %
- ~
S =

i ~

= ~
== ~
! |
L) !

- Hydrophodr;grupj:ie:‘l’é 6,25m (25 m Gesamtlange) \

zum Programmier-

Modul

A A A A

i 29m

| 1.0 m 0,3 my, 1.9m |

Hydrophongruppe mit 5 Hydrophonsubgruppen A-E (6,25m Gesamtldange)

*HSG: Hydrophonsubgruppe

High-Res.
Hydrophon
(HSG D)

A)

B)
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Individual hydrophone groups must not be too long, as incoming wave-fronts might get
distorted.

j——— konventionelle Hydrophongruppe mit 16 Hydrophonen (12,5 m lang) ———

Z/H[? \

B) =)

Pl

|Breitbandiges Wavelet, 16 Hydrophone|
A R=A—

|[Monofrequentes Wavelet, 2 Hydrophone|

A R= &

A 7= 3/8A

A Z= 1/4)
L A F= V2
AZ= 1/8% D) T~ azam

A Z= 0\




L Acoustic Imaging
future ocean

Seismic Systems

Several sections with a specific number of channels per section make
Satellitennavigation up a streamer.

Streamer-

. Vi 1
B I_'QJ Wil
f

e : Zugkabel
Parasound ‘
..-

Watergun

Tiefensteuerung End-Boje

' i Hydrosweep

T

aktive Sektion mit 16 Hydrophongruppen (100 m)
Stecker mit ~ ie

250 Verbindungen %

1 12 [3 |4 |5 |6 |7 |8 |9

.t.?.“

19 |11 |12 [13 [14 |15 |16

L)
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Characteristics of streamer
Oil-filled
-
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Analogue

MTU Trigger Unit

Source

Acoustic Imaging

Seismic Systems

Recording Units]

Source: GI-Gun

Source: Mini-Gl

Generator 0.4 L
Injector 0.4L

Generator 0.25L
Injector 0.25L

2 /////- T
i / I‘ \ \\\k\\\
2\ R

to streamer winch

Mini GI-Gun

Streamer

56 channels (small and
long hydrophone groups)
for details see text

DGPS Data
from B}E

C-Nav

40m Strgch in water

7 active sections a 50 m

6 birds

Recording Unit:
MaMuCs

96 Channels
0.250 ms Samplerate
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PC Controller and Software

=" TriQQOr input
1107220 AC Power Input
=8 Aux Channels (Optional)

Components: (ﬁ) (U)
[ streamer Power Supply Unit (SPSU) o
ssme———————m Deck Cable =s
e Tow Cable (?) (U)
== Repeater Module
E Stretch Section
e—m A/D Digitizer Module i
? Bird (?)b-’
8-channel Active Section

Digital

H Digital Connector Pair

B Analog/Digital Combo Connector Pair

=  Bird Coil n
-

O

()

Ta1‘l Swivel \\ (? N
Tail Buoy Mo
Optional ',--"\;:

Configuration MSM11/2 )

60m deck cable
80m Tow Cable |
25m Stretch ()

16 active sections (8channels) a 12.5m i

2 Birds
Tail buoy
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Important characteristics of streamers:
Length: a few meters up to 15km

Channels: 1 —to several 1000s

Group distance: 1m — 25m

Group length: Single hydrophone to 12.5 m
Number of hydrophones per Group: 1-30
Digital <> Analogue

Solid State <> Oil-filled

Frequency range: 1Hz - 10er kHz
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Shot-Receiver Configurations
Refraction Profile: ship for shooting, OBS/OBH for recording

(a) (b) 34 KM

SINGLE-ENDED @ -
SPLIT e s e 8

REVERSED @———— =

OVERLAPPING &——_——» ®

FAN ® l 10

® Source
—= Shooting track

T B

F_igure 5.18 (a) Tracks for shooting seismic refraction profiles (after Shor, 1963). Copyright © 1963 John Wiley & Sons Inc. (b)
Single-ended seismic profile recorded with a sonobuoy and an airgun source in a water depth of approximately 5800 m. Velocities
of head waves are indicated in km s ™', CR is the critical distance for reflections from the 8.1 km s ! interface (from Houtz, 1977),
Reproduced by permission of the American Geophysical Union.

Schuss-Empfanger
Konfiguration
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Shot-Receiver Configurations

Refraction Profile: ship for shooting, OBS/OBH for recording

Distance [km]

: LT g i
BRI ; I stk J
T G IJ::E.. T e il 4 1‘ _:!F‘.h[: |||
Mand il uh b Bk

-30 -20 -10 0 10 20
12 = iale= g:I T q 8 ;:-E: G -';p‘_ P e i + .-
14 = =
104524 3 5
S O
@
% 8
e i
L] - .ﬁ
g E-g..h.«
ﬁ 5 .b:‘u'l
4
3
2

M24 Gran Canaria Profile 2 OBS 6
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Shot-Receiver Configurations

Wide-angle profiles

(a)

Seismic Systems
Centre
VESSEL 1 point VESSEL 2
s ! e
- =nahl

“&

i "I"!‘ "lri't""!
TR ;;1 o i G

VESSEL 1 VESSEL 2

— ——

1 i

1 T . i, i e |,1 uﬁ JHJI,IH}; ﬂ(
i L .
“‘" Ht'ur;“r“fﬁkﬁ i R oy e R el

CONSTANT OFFSET

Schuss-Empfanger
Konfiguration
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Shot-Receiver Configurations

3D-Seismics

Current
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¢ Seismic source
® Receiver

=== Locus of shot/ receiver mid-points

Brown, AAPG Memoir 42
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Built at: Aker Yards, Langsten The vessel is designed for collection and pr ing of seismic data by up to 22 MAIN PARTICULARS
towed streamers. High efficiency seismic vessel, with high streamer capacity and

Owner: PGS Geophysical AS high bollard pull. Large fuel capacity and high transit speed. Clean class. Length over all 10220 m

Yard No: 213 Total main propulsion effect: 13 000 kW on main propellers. Ié?:agclt.lhb:::vueisgdw %% m
Depth to gun deck 8.50m

Delivery: March 2008 Draught max 739m
Gross tonnage 15086t

Design: Ramform — Ariel AS Speed approx. 16 knots at draft 7.00 m

ACCOMODATION
\ 70 persons (34 single cabins and 17 double berth cabins)

CLASS
2T DNV +1A1, Ice C, EO, HELDK, RP, Clean, TMON, SPS
m
= M CARGO CAPACITIES
r - . BT Heavy fuel ol 6184 m
-.'@: Diesel oil 450 m*
] L Ballast water 4 766 m*
.{_'I,\‘ Fresh water 377 m?
N Cable fluid 7% m'
=N Deadweight 6763t
-
o > MAIN GENERATOR SETS
R 4 x Bergen Diesel B32:40L9, each 4 145 ekW

2 x Bergen Diesel B32:40L86, each 2 765 ekW
HIGH VOLTAGE POWER PLANT
ABB

MAIN PROPULSION

2 x Wirtsilé gear/shaft/propeller lines, twin-in-single-out,
each driven by 2 x 3 250 kW frequency controlled ABB
el-motors, CP propellers, diameter 5.00 m, HR nozzle

EMERGENCY GENERATOR
1 x Mitsubishi DPMG 437-S6B3A, 350 kW

THRUSTERS

Foreship 1 x RRM Ulstein Aquamaster swing-
up combi-thruster, 1 800 kW, CP and
frequency controlled

AUTOMATION PLANT

Haglund alarm and moitoring system

Joystick Redundant seismic cJoy, Kongsberg
Nav. com O. @verland

Power management Haglund PMS

CARGO PUMPS

Engine room pumps Allweiler

DECK EQUIPMENT

Winches
Streamer and gun winches Qdim
Anchoring and mooring Aker Yards Electro
Deck cranes 2 off 12 t / 20 m knokle boom
cranes make ABAS
1 off 5t/ 10 m knockle boom crane
make ABAS
1 off 3t/ 16 m knockle boom crane
make ABAS
Helideck Hydra Marine Aluminium, roll

compensation from TTS / Evomec

LIFESAVING EQUIPMENT

MOB boat 1 x MOB boat Magnum 750
2 x Scarf Harding 70 persons
covered life boats

BOILERS
1 x exhaust boiler and 1 x combined boiler, total 5 320 kg /h

ACQUISITION CONFIGURATION

High capacity multi-st perations, up to 22
streamers (26 streamer reels)

Source Typical 2 x 3090 cu in
Air compressors 3 xLMF 48 /138-207 — E60
HULL

Steel hull built at Aker Yards, Tulcea
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MAIN PARTICULARS

Length over all 102.20 m
Length between pp 95.00 m
Breadth moulded 40.00 m
Depth to gun deck 8.50 m
Draught max 7.39m
Gross tonnage 150861t

Speed approx. 16 knots at draft 7.00 m

ACCOMODATION
70 persons (34 single cabins and 17 double berth cabins)

CLASS
DNV +1A1, Ice C, EO, HELDK, RP, Clean, TMON, SPS

CARGO CAPACITIES

Heavy fuel oil 6 184 m?
Diesel il 450 m?
Ballast water 4 766 m®
Fresh water 7T m?
Cable fluid 75
Deadweight 6 763t

MAIN GENERATOR SETS

4 x Bergen Diesel B32:40L9, each 4 145 ekW
2 x Bergen Diesel B32:40L6, each 2 765 ek\W

HIGH VOLTAGE POWER PLANT
ABB

MAIN PROPULSION

2 x Whinsila gear/shaft/propeller lines, twin-in-single-out,
each driven by 2 x 3 250 kW frequency controlled ABB
el-motors, CP propellers, diameter 5.00 m, HR nozzle

EMERGENCY GENERATOR
1 x Mitsubishi DPMG 437-S6B3A, 350 kW

THRUSTERS

Foreship 1 x RRM Ulstein Aquamaster swing-
up combi-thruster, 1 800 kv, CP and

frequency controlled

Chonicmir Cuectame

AUTOMATION PLANT

Hgglund alarm and moitoring system
Joystick Redundant seismic cJoy, Kongsberg
Nav. com O. @verland

Power management Hgglund PMS

CARGO PUMPS

Engine room pumps Allweiler
DECK EQUIPMENT
Winches

Streamer and gun winches Odim

Anchoring and mooring Aker Yards Electro
2 off 12t / 20 m knokle boom

cranes make ABAS

1 off 5t/ 10 m knockle boom crane
make ABAS

1 off 3t/ 16 m knockle boom crane
make ABAS

Hydra Marine Aluminium, roll
compensation from TTS / Evomec

Deck cranes

Helideck

LIFESAVING EQUIPMENT

MOB boat 1 x MOB boat Magnum 750
2 x Scarf Harding 70 persons
covered life boats

BOILERS

1 x exhaust boiler and 1 x combined boiler, fotal 5 320 kg / h

ACQUIBITION CONFIGURATION

High capacity multi-streamer operations, up to 22
streamers (26 streamer reels)

Source
Air compressors

Typical 2 x 3090 cu in
3 x LMF 48 /138-207 — E60

HULL
Steel hull built at Aker Yards, Tulcea
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P-Cable concept

« A seismic cable towed perpendicular to
the vessel’s steaming direction
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TeCh n | Cal e 16 short streamers

e 6.25 m inline separation

specifications . Full migration possible up to 250 Hz =1.5

m resolution
Single source (airgun 1.7 - 4.1 litres)

airgun

4 om0
£ . __1O_m | \\/§
el \\‘////\\\\ T
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R/V Sonne Deployment

e
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Recelver system

e 8 channel-channel
digital streamer

e Spacing: 10-15m
e Frequency response:
8 — 10000 Hz

e Towing depth: ~1 m
e Swath width: 150 m
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Results

« 3 days of acquisition of data in a
typical target area

» PCable works up to force 6
High signal to noise ratio
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R/V Marcus G. Langseth

Marine Mammal
Observation Station

Streamer-D ! i
ey |

Gun-Deck

Scherbrett
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Langseth Towing Configuration
(2 Gun Arrays, 4 6-km-long streamer => 8 CMP-lines)

/\

Navigation
reference point

a*

=1 295m

L,

l i i%urce arrays’
T 75m T i

\\
“—a

Float I ' Tl

3 b e =
g g 2 :
g 2y gu g
® 7} 7] n

£ 150m 150m 150m

a6

(7]

o

Téil buoy

1
i 8
I
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Racetrack 3D Shooting Pattern

—
£
1
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N
L)

- Fold taper -

-
o
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1

Distance (km) in Cross-line direction
[}

Tumning

1 1 1 1 1 1 1 1 | 1 1 | 1 1 1 ]
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Data recording

*Analog-Filter: High-pass eliminates low frequency noise

Low-pass filter (Anti-aliasing-Filter) eliminates frequencies
higher than the Nyquist frequency

Amplifier
AD-converter
Demultiplexer

Digital drive
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Typical seismic formats:

Society of Exploration Geophysicist
SEG D: Multiplexed Data (Time-sequential format)
SEG Y: Demultiplexed Data (Trace sequential format)

e trr2i3ral, iNntI 20, 0INT 121,
. A O O | B i s
ple [ B | bl 1 & 201 &l 25131 3 1
5 A
| |
Trace L 1212112130131,
| | I . 2 o s i
i LI 1213 e :l o : ; l 2 l l i I . 2 I Fig. 3.1. Illustrating the different organisation of (a)
————— e il s [ multiplexed tape formats, and (b) demultiplexed tape

I | formats.

I Topereel I [ I Data 111 Do@ 11 .. _Y H‘E

| Heoder I'R I Record | R | Record | R 1.,. YQL"‘-' q Q’V
| Record I G ] I G| 2 1 G l...
———————————————————————————— Bytes

Fig. 3.5. A schematic of the SEG Y demultiplexed format. 1-4 Trace sequence number within line
9-12  Original field record number
13-16 Trace number within original field

TQP{. YGCL “ea d(’V ‘ 3(90 O b%ﬁt 29-30 EIf:rca':::l;:didcntiﬁcatiu.m code

1 = seismic data

'D“{:({ Yf-(-()?d ¢ ’)_Lfo \)({)EC TYQ(_,QHeadW 2 = dead

3 = dummy

Lf‘ etc.
_'l" bﬁt& / gampl{- 115-116 Number of samples in this trace

117-118 Sample interval in microseconds for
this trace.
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Aliasing

Acoustic Imaging

Seismic Systems

The seismic trace is a continuous signal, which is digitized at a specific sample rate.

0 e W f\g/\ AN / h o P

‘U U’v ; Lf.,/”v\v

—n A
Nl W

FIG. 1-5. When digitized, a continuous analog signal loses
frequencies above the Nyquist frequency: (a) continuous
analog signal, (b) digitized signal, (c) reconstructed analog
signal. (Adapted from Rothman, 1981.) :

Sampling Rate =2 m

Amplitud_e Spectra

!» | g A b Auwh LEE ] " | I.xl-all. %‘1 l!
B L S A REE TP I G
Bl LU | LY
| + IS N 1S o il g lu"il'"i';-. E"..Iu 2
4 ms [ LI
S B =Y = '|
. '
o | \!ﬂ i 1 1 [¥I ""1-‘I ‘lé‘
It ! oL | l.-'_J-i\_
= I | e, iy
, 8§ms .'
- ] iy 1 ]
} Al l !51!
I L Y .1 [ A |
| W i '
seaa] i 1
0 0.2 0.4 0.6 08s 0 100 200 Hz

FIG. 1-6. A time series sampled at

a

ms has a Nyquist

frequency of 250 Hz. Resampling to 4 and 8§ ms confines the
frequency band to 125 and 62.5 Hz, respectively. Note the
loss of high frequencies at larger sampling intervals.
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Nyquist-Frequenz (Highest frequency which can be reproduced):
fay=1/(2A1)
Exmple: At=2 ms, f\,=250 Hz

Samplig at a sampling rate At allows to reproduce frequencies up to the Nyquist Freqg.
Such a sampling is irreversible, i.e., later resampling with shorter sampling rates will

not reproduce the high frequencies.

Amplitude Spectra

) Amplitude Spectra Sampling Rate = 2 ms
- - - Sampling Rate = 2 ms P et M i J ' |
; : z - s . . 1 T T o oMo
AlIaSIFIg IS e T i B M 0 I |
R R it ‘ ! PRl s .,
- - . AR RIS PR b | | SRRL B N O S A A O
OCCUrInG In _!'.|!II:I:_'.ii||1.'.|||i.‘;i.||E.'I||i|._'.i!||1.'ii:i|_’|i:!:i:lnl':i.'i'li!l:!l, i 1 ; > e : ot o
J e e i . ey s .
- - ™ 2 4.m5 A 2 ) | - | -l!l I T T T [ T T P T TR TR T I
addlttlon e AT : IO O A ‘
. PRI EA LM | LTI T T | 1 LTEL Ve s S T T A A L AT i
R L | | : 8L LA
T R | ; L L L
] = 8 ms
1 |'|'.' .| Il | J | .'...I'-...l !: |
i | {u E ------------
JHLTORR UL 6 s 0 02 04 06 08s 0 100 200 Hz
0 0.2 0.4 0.6 08s 0 100 200 Hz
. ) _ FIG. 1-10. A time series synthesized from two sinusoids at
H(_‘s.‘ [-8. A 75-Hz sinusoid sampled at 2 ms remains 12.5 and 75 Hz at 2-ms sampling rate remains unchanged
u_nc.h..mgcdl when resampled at 4 ms, but appears as a 50-Hz when resampled. at 4 ms. However, at 8 ms, its high-
sinusoid when resampled at 8 ms. Hence, the Iatter is the frequency component shifts from 75 to 50 Hz, while its low-

alias of the original sinusoid. frequency component remains the same.
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Aliasing

Sampling a continuous signal needs to at a high rate. Aliasing
occurs for all frequencies above the Nyquist-frequency.
Freguencies above the Nyquist frequency cannot be reproduced
and are contaminating the frequency spectra.

Consequences of under-sampling

Limitation of frequency spectra up to the Nyqguist-Freguency
Contamination of digital time series due to aliasing

As a consequence, each recording unit includes an analog filter,
which eliminates high frequencies before sampling
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- GeoB08-154 Brute -

SP: 21090.0 ‘ 205|00.0 : ZOOIOO‘O ‘ 19590.0 | 19090.0 | 18590.0 ‘ 18090.0 ‘ 17590.0 : 170|00.0 : 16590.0 ‘ 16090.0
Offset: | 5090 10900 15(|)00 20(|)00 25900 30(|)00 35?00 40(|)00 | 45900 50(|)00 55900
10km E
Y, U ~40 0.500
Alm : 0.600
o Some pitfalls in eae

Seismic Data Interpretation
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1. Some Basics

1.1 When do we get reflected waves?

Bulk density in gm em?
1-8 2-0 22 2-4 26 28 30

"sl_ T T T T T T r —‘
130000
4-4 F 25000
4 3F 20000
t:
4.2} §
P wan
3 o 5
il a
s 112000 §
. ¢ o
‘g Time average ____ ' »”
) (Sandstone) y - =
8 z
g g
4]
39 {8000~
(=]
i
:15" 4 7000
38 o,
-4 6000
37 ’
/ {5000
/—— p=023v" "
6L - L M i
02 03 0a Be o0

Logarithm of bulk density

Figure 2/7 Velocity—density relationships in rocks of
different lithology (after Gardner et al., 1974).

Reflections (vertical incident) occur
at interfaces characterized by a
change of the acoustic (seismic)
Impedance Z=v*p

Table 7.3 Typiccl seismic reflection coefficients (D

interface Approximicte R
Alr aver seaq 1.0

Seq over imestone 0.65

Seq over bouldear cioy 0.45

Seq over recent sand/clay 03

Cloys cver gas sand, 500m - 0.30
sSeg-bed multiples 025
Sand/shale over limestone, 1500m a.20

10% change in acoustic impedance +0.05
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A srong impedance contrast results in strong reflections =>
Reflection coefficient: R=(Z2-2721)/(Z2 +Z1).
Transmission coefficient: T=1-R=2Z1/(Z2 + Z1)
(only for vertical incident)

Reflections do show different polarities (positive or negative):

Quelisignal Untergundmodell Selsmogramm

22571 Z15Z2

Z1

Z2
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Fig. 5-17. Vertical section across Troll
gas field offshore Norway. Note 7 km
long flat spot at about 1700 ms. The
reservoir is Jurassic in age with an
average porosity of 28%. (Courtesy
Norsk Hydro a.s.)
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2 The real world
Central problem in ,The real World*:
Noise, z.B background noise, multiples, diffraktions

Distortion, as we usually have time sections and not depth sections
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3200 3100 3000 2900

2.1 Background Noise e

Land: Wind, traffic, animals,
power line ect

TWO-WAY TIME IN SECONDS

Water: Waves, electrical noise,
Noise from other vessel and/or
the survey vessel

What to do?:

Optimization of all acquisition
parameters

TWO-wAY TIME IN SECONDS

Processing

] 1 2 IKm
I 1 a 1

T T ¥ 1
0 1 2 MILES

FIGURE 3.1 Two seismic profiles shot over the same location.
Line (a), shot in 1982, is poorly processed, and has a very
poor signal-to-noise ratio. Line (b), shot in 1980, is excellent.
Reflectors A, B, and C, and the faults X and Y, so clear on
line b, can only be followed with great difficulty on line a.
Courtesy Norsk Hydro.
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2.2 Multiples

Multiples=multiple reflections between interfaces

Long-Path-Multiples: Travel time of multiple is significantly
different than the primary reflection

Short-Path-Multiples: Travel time of multiple and primary
reflection varies only a bit (often occurrence of interference).

= A
= g
&2 & 2
34 E =
Ze = 32
T i g i = .
T . : SURFACE
' i i ; PEG LEG 14 57
4 i ] ; '
i , ; 3
g ; ; v
v ] i i i 9
| 1! b S | - _ — o
o LK . (T I z
1 i - — —— % e
Vi
{ 4 i %3 4 _ .

TGURE 3.7 Common tvpes of rmuldtiple reflections. Reprintec

FIGURE 3.7 C types of multiple reflections. Reprinte {
. . R .. LI ] Qs My

by permission of Birkhduser Verlag from Al-Sadi, 138C.
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Water multiple: Multiple reflection between sea floor and water
surface (twice the travel time and slope angle)

- geoh002 -
SP: 1.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0 550.0 600.0 6500 700.0 750.0 800.0 850.0

Offset: 0

.300
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N
o
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o
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o
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Simple Multiple: Shot/Reflector/Water-land-surface/same Reflector,
receiver. Same effects as water multiple.

3100 3000 2900 2800 2700
- - L T =T - - -

TWO-WAY TIME IN SECONDS

? o 1 2 IKM
l . 1 L 1 1 1
L] ¥ 1 T 1
) 1 2 MILES

FIGURE 3.14 Seistnic section showing dipping simple multiples from reflection a. Three bounces of the mudtiples, b. ¢, and  can be seen. The dip of eoch sineessive
multiple increases by an amount equal to the dip of the primary reflection a. Courtesy Merlin Profilers Lid. '



».(“ Acoustic Imaging

n.sfﬂﬁgﬁﬁﬁfﬂ Seismic Interpretation

Interbed Multiple: Multiple resulting from multiple reflections in one
layer.

FIGURE 3.10 A seismic section with a “good” set of multiples. SM, simple multiple; WB, water-botton mudtiple; 18N, interhed
multiple. Courtesy Societé Nationale EIf Aguitaine.
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Peg Leg Multiple: one ,Extra-Reflection’ between two
reflectors.

Ghosts: Reflection at the surface immediately after the shot or
prior to recording.

SERRRRRTRRRSTI LY

Main method for B
multiple suppression:
Suppression by stacking M
(lower velocity than gy
primary reflections) }g
Deconvolution
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o GeoB 01-059 GI-Gun (1.7 1) S
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P56
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01-064 ——
1250
1500
1750
2250

2000

01-044 ——
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5000
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2.3 Diffraction
Diffraction hyperbolas develop at
edges or diffraction points

Solution: Migration
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Stacked section with difraction hyperbolas
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2.4 Velocity distortion

As a result of using time
Instead of depth, velocity
variations might result in a
distortion of reflectors.

Acoustic Imaging

Seismic Interpretation
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FIGURE 3.29 The effect of increasing whci(t_v] pgethbdgz;!; :::;del
Py o L it. (2) Geolo
the seismic expression of a dlppfng un GEosE
g ick dipping sandstone unit. The sandstone’s ::mervfll
| B i sis, but its thick-
velocity increases with depth due ta dmgerw.:.w.. t; ;md_
ness femai.ns constant. (b) Seismic erpres'smn. T ;:s e
N stone unit appears to thin. It takes less tu.ne_)fbr' t r.ezsc oo
” signal to travel through the sandstone as its interval velocit

increases.

FIGURE 3.37 Distortion resulting from the focusing effects of
a wedge with high interval velocity. (a) Geological models The
raypath from reflection point F just misses the high-velocity
wedge. The raypath from E, however, is refracted, so that it
crosses the raypath from F. (b) Seismic expression. The ear-
lier arrival of ray E, refracted through the wedge edge, causes
two reflections to be seen beneath P. Reprinted by permission
of the AAPG; after Sheriff, 1982, fig. 9, p. 13.
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3 Seismic Stratigraphy

seismic stratigraphy (seismostratigra-
phy) The study and interpretation of infor-
mation obtained Dby seismic-*reflection
*profiling in order 1o construct subsurface
sgrraticraphic cross-sections. An;ll}_fsw . ot
seismic reflections on a seismic section (see
SEISMIC RECORD) can identity buried stratal

surfaces that, when traced laterally and
continuously, represent surfaces of syn
chronous deposition or their correlative
*unconformity surfaces. The character of a
reflection may vary as the seismic profile
moves across a *fucies boundary, but the
continued presence of the reflection is of
*chronostratigraphic siguiticance. More de-
tailed information regarding the age and
*lithology of the subsurface strata may
be gathered by means of geophysical *well
logging. See also CHRONOSTRATIGRAPHIC COR-
RELATION  CHAKRT; and  DEPOSITIONAL
SEQUENCE.

Acoustic Imaging

Seismic Interpretation

stratigraphy 1. The branch of the geo-
logic sciences concerned with the study of
stratified rocks in terms of time and space.
It deals with the correlation of rocks from
different localities. Correlation methods
may involve the use of *fossils (*biostrati-
graphy}, rock units (*lithostratigraphy), or
*geologic-time units or intervals (*chrono-
stratigraphy). 2. The relative spatial and
temporal arrangement of rock strata.

facies 1. Sum total of features that reflect
the specific environmental conditions
under which a given rock was formed or de-
posited. The Leatures may be lithologic, sedi-
mentological, or faunal. In a sedimentary
facies, "mineral composition, *sediment-
ary structures, and bedding characteristics
are all diagnostic ol a specitic rock or litho-
facies. 2.5c¢¢ METAMORPHIC FACIES.

depositional sequence A discrete suc
cession of *strata, deposited more or less
continuously, and bounded at top and bor-
tom by either an *unconformity surface or
the equivalent, correlative *disconformity
or conformity surfaces (see CONFORMABLE),
The ancient stratal surfaces can be traced
laterally by seismic *reflection *profiling. A
depositional sequence is the basic, opera-
tional, *stratigraphic unit in *seismic
stratigraphy. Where top and bottom bound-
aries can be traced to conformity surfaces
d depositional sequence becomes of
*chronostratigraphic significance, as it rep-
resents a specific interval of geologic time
during which the particular unit was de-
posited. See BASELAP; DOWNLAP; ONLAP: and
TOPLAP.
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Conclusions based on seismic stratigraphy:
*Geological time correlation

eldentification of depositional sequences

*Thickness and depositional conditions of individual sequences
*Paleo-bathymetry

«Sedimentary history

*Relief and topography of unconformities

The following steps may be carried out:

«Seismic sequence analysis

«Sequence analysis of wells

«Calculation of synthetic seismograms for correlation between seismics and wells
«Seismic facies analysis

eInterpretation of depositional conditions and litho facies
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Seismic Sequence analysis:

Depositional sequence (seismic sequence): Stratigraphic unit
consisting of a sequence of individual layers, which are deposited at
‘similar’ depositional conditions. Top und base of a sequence are
bounded by an unconformity or their equivalent conformity surfaces.

Types of Unconformities:
Lapouts: Lateral termination of a unit caused by non deposition.

Truncation: Lateral termination of a unit caused by erosion.
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FIG. 1—Basic concepts of depositional sequence. A depositional sequence is a stratigraphic unit composed of relatively
conformable ions of genetically related strata and bounded at 1ts top and base T:y unconformities or their correla-

tive conformities.

A. Generalized stratigraphic section of a sequence. Boundaries defined by surfaces A and B which pass laterally from
unconformities to correlative conformities. Individual units of strata 1 through 25 are traced by following stratification
surfaces, and assumed conformable where successive strata are present. Where units of strata are missing, hiatuses are
evident.

B. Generalized chronostratigraphic section of a sequence. Stratigraphic relations shown in A are replotted here in
chronostratigraphic section (geologic time is the ordinate). Geologic-time ranges of all individual units of strata given as
equal. Geologic-time range of sequence between surfaces A and B varies from place to place, but variation is confined
within synchronous limits. These limits determined by those parts of sequence boundaries which are conformities. Here,

limits occur at beginning of unit 11 and end of unit 19. A sechron is defined as maximum geologic-tlime range of a
rrauence.)
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Baselap: Termination against the base of a depositional unit

(sequence)
*Onlap: Termination of a horizontal layer against an inclined layer of an
Inclined layer against a more inclined layer.
*Downlap: Termination of a down going layer against a lower boundary.

Hiatus (Schichtllicke) caused by non deposition.
The hiatus increases in the onlap direction.

{

1. ONLAP 2. DOWNLAP
B. | BASELAP |
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Toplap: Termination against the upper boundary of a depositional
unit (sequence). Initially inclined layers, such as progradinig units,
are characterized by toplap. An asymptotic convergence against the
upper boundary may exists but difficult to identify in seismic data.

Hiatus caused by non-deposition
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Erosional Truncation: Termination against the top of a depositional
unit (sequence) caused by erosion.

It is not always easy to distinguish between truncation and toplap. The layers
beneath an erosive surface often show parallel bedding, while toplap structures are
sometimes characterized by asymptotic convergence against the unconformity.

1. EROSIONAL TRUNCATION
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UPPER BOUNDARY

)

1. EROSIONAL TRUNCATION 2 TOPLAP 3. CONCORDANCE
A.
LOWER BOUNDARY
1.
B.

F1G. 2—Relations of strata to boundaries of depositional sequences:

A. Relations of strata to upper boundary of a sequence. Al. Erosional truncation: strata at top of given sequence
terminate against upper boundary mainly as result of erosion (e.g., tilted strata terminating against overlying horizontal
erosion surface, or horizontal strata terminating against later channel surface). A2. Toplap: initially inclined strata at top
of given sequence terminate against upper boundary mainly as result of nondeposition (e.g., foreset strata terminating
against overlying horizontal surface at basc-level equilibrium where no crosion or deposition took place). A3. Top-concor-
dance: relation in which strata at top of given sequence do not terminate against upper boundary.

B. Relations of strata to lower boundary surface of a sequence. B1. Onlap: at base of sequence initially horizontal strata
terminate progressively against initially inclined surface, or initially inclined strata terminate updip progressively against
surface of greater initial inclination. B2. Downlap: at base of sequence initially inclined strata terminate downdip progres-
sively against initially horizontal or inclined surface (e.g. initially inclined strata terminating against underlying initially
horizontal surface). B3. Base-concordance: strata at base of sequence do not terminate against lower boundary.

(OVERLYING TRUNCATION
_TOPLAP  yNCONFORMITY)\

3 i

(UNDERLYING
ONLAP UNCONFORMITY)

DOWNLAP INTERNAL
CONVERGENCE

FIG. 1—Seismic stratigraphic reflection terminations within idealized seismic sequence.




‘,4‘_.&. Acoustic Imaging

unEIHE:EsI:EEEEE Seismic Interpretation

Erosional Nondepositional
ik Always describe terminations
Concordant above Concordant above y

s above and below an

unconformity.

Downlap above Onlap above
——

A hiatus usually increases in
one direction.

Tilting or original depositional
attitude below

Erosional:  Anguli/structural

Onlap sbove Downlap above

Py g
Py P z b7 @
2
1
Erosional: Angular/structural Concordant below
Onlap above Concordant above
16
15
2
1
Erosional:  Angularnonstructural Concordant below

Lapout
Downlap above reflection terminations

= Chronologic

3
————— order
—
P Erosional and
nondepasitional
Ervsional:  Angularmonstructural unconformities

FIGURE 4.16 Seismic reflection configurations that define un-
conformities. Reprinted by permission of the AAPG from
Brown and Fisher, 1980, fig. 46, p. 82.
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Onlap and Baselap

Geological Model

*rc = sign of reflection coefficient

(a)

Wrong pick

P R =Gy GGG GG
e 75 ey
A T SRR RRRRREIEE ERRD,
har, s

T e
"‘—"J'».-_-u._,.-,;;,;‘“ Correct
pick

Continuity of reflection from
lop sandstone fo lmestone.

(b)

-.*_-\

Stay down when picking against 5
#
the direction of onlap or downiap. 9y down

(c)

-

FIGURE 7.14 Picking criterion—onlap and downlap. (a)
Geological model: A sandstone of intermediate acoustic im-
pedance is onlapped by shales of low acoustic impedance,
and limestone of high acoustic impedance. The reflection
coefficient signs are indicated on the diagram. (b) Seismic ex-
pression: The top sand reflection, the sequence boundary
defined by the onlap, changes polarity due to the varying
reflection coefficients between the sandstone, limestone, and
shale. The apparent continuity between the top sand and top
limestone reflections is a potential trap for the unwary in-
terpreter. (c) A general rule when Jfollowing an onlapped se-
quence boundary is to stay down when picking against the
onlap direction, .

Seismic Interpretation

Truncation and Toplap

Lre sign of reflection coefficient

(a)
No reflection
Correct pick
3‘%7_— ?@5&&%’ Nk e ettt
"vﬁ}"’ o f,}“f.; >> I Adddy
= X ! y -'1"‘:’“:_I_
wro/r'u pick PRI
(b)
Stoy - up
- —
(e)

FIGURE 7.15 Picking criterion —toplap and truncation. (a)
Geological model: An interbedded sequence subcrops an un-
conformity overlain by a sand. Signs of the reflection
coefficient are indicated. There is no acoustic-impedance con-
trast between the sands. (b) Seismic expression: The uncon-
Jormity has a positive reflection coefficient to the right, no
reflection where it is subcropped by sand, and a negative
reflection coefficient to the left. A potential interpretation pit-
Jall would be to take the unconformity pick along the top
limestone reflection. (c) A Seneral rule when following a sur-
Jface in the direction of truncation or toplap direction is to
stay high.
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Sea level fluctuations: A typical apllication of
seismic stratigraphie

Relative rise of sea level:

* Rising sea level and stationary, subsiding or slower rising sea
floor.

e Stationary sea level and subsiding sea floor.

UL O I AU, 1 artu AIITUINTY

« Falling sea level but faster subsiding sea floor.
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A relative rise of sea level is indicated by coastal onlap.

TERRIGENOUS INFLUX ——

COASTAL \DEPOSFTS
COASTAL DR e T N T RELATIVE
AGGRADATION ' . =

1
COASTAL ONLAP
COASTAL ENCROACHMENT

-

CHRONOSTRATIGRAPHIC SURFACES
SCALE

TENS TO HUNDREDS
OF METERS

TENS TO THOUSANDS
OF KM

FIG. 2—Coastal onlap indicates a relative rise of sea level. Relative rise of base
level allows coastal deposits of a maritime Sequence to aggrade and onlap initial
depositional surface.
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A rising sea level does not imply a transgression!

LOW TERRIGENOUS INFLUX — TRANSGRESSION

—

COASTAL 1 CDAg e
AGGRADATION L

NONMARINE COASTAL DEPQOSITS
LITTORAL DEPOSITS
MARINE DEPOSITS

FI1G. 3—Trans

gression, regression, and coastal onlap during relative rise of sea level. Rate
determines wh

of terrigenous influx
ether transgression, regression, or stationary shoreline is produced during rela

tive rise of sea level.
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A stationary sea level causes prograding sequences (clinoforms) =>
Toplap

TERRIGENQUS INFLUX —

NONMARINE TOP LAP
COASTAL DEPOSITS LITTORAL OEPOSITS RELATIVE
e o STILLSTAND
OF SEA LEVEL

FIG. 6—Coastal toplap indicates relative stillstand of sea level. With no relative
rise of base level, nonmarine coastal and/or littoral deposits cannot aggrade, so no
onlap is produced; instead, by-passing produces toplap.
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A falling relative sea level causes a downward shift of coastal onlaps.

a) DOWNWARD SHIFT IN COASTAL ONLAP INDICATES RAPID FALL

TERRIGENOUS INALUX —= _[ UNDERLYING UNCONFORMITY

[ NONMARINE COASTAL DEPOSITS
CZLITTORAL DEPOSITS
E3 MARINE DEPOSITS

-

o,
STTIONAL SyRFACE

) DOWNWARD SHIFT. IN CLINOFORM PATTERN INDICATES GRADUAL FALL

TERRIGENOUS INFLUX ——

EROSIONAL TRUNCATION INTIAL
B __I___ﬂ_____,__'ﬁ'[[l&____ RELATIVE

FALL OF
FINAL —'JSEA LEVEL

— —

relative fall of sea level. With relative fall of base level,

erosion is likely: deposition is resumed with coastal onlap during subsequent rise. (a) Downward shift in coastal
onlap indicates rapid fall observed in all cases studied so far. (b) Downward shift in clinoform pattern (after Weller,

1960), indicates gradual fall; but has not been observed on seismic data.

FIG. 8—Downward shift of coastal onlap indicates
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Introduction to Kingdom Suite

Introduction in most important
program features using a real
seismic data
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Interpretation of Seismic Data with Kingdom Suite

Kingdom Suite (Seismic Micro-Technology) is the market share
leader for Windows-based seismic interpretation software.

SMT Educational Gifts Program

The goal of SMT's Educational Gifts Program is to put workstation
software in the classroom so those students graduating from
universities are equipped for the job market with workstation
experience. Our software is utilized for both teaching and research
at the academic institutions shown below.

We can use Kingdom for education and research free of charge!!
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Project Management with Kingdom

Open Kingdom, Create a New Project

55 The KINGDOM Suite

E Wiew Hel

Create New Project

~| & @B cF B

Suchen in: I I seismische_interpretation

Proj name: Isebastian | Create I
Dateityp: IPrniecl Files(* tks) ;] Abbrechen I

~ Project Directory and File to be created

Directary:  C:\Datal\seismische_interpretation’\sebastian
File: sebastian tks

or Help, press F1 [ \' i 7

Use your name as Project-Author, Select any data base
Select ,Meter* at the Window ,Project Options‘ and confirm with ,Yes"
Do you want to use coordinate system of existing Project: No
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Thereafter you screen should look as below:

&5 The KINGDOM Suite - Base Map

Map View Project Surveys Culture Wells Logs Tops Faults Horizons Grids Contours Zones Tools Window Help

# sebastian. tks Q@E\ BN Base Map

-1 £ sebastian(skrastel)
-] Authors
= W skrastel
& £ Contours
&= £ Culture
- @ ] Faults
= B Unassianed (skr.
& £ Formation Tops
& ] Grids
& £ Horizons
® £ Models
+ ] (] PAKnotes
&3 £ Polygons
B C] Surveys
4 (O] Subsets
£ Survey List
® ] Traces
® C0 wavelets/Filters

+ @] wells
< ] >

2d/3dPAK-EarthPAK I | 4 l

*¥:19160.00, Y:-7548.00 Meters
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First of all we would like to select a T
p rOj eCti O n . Standard US Projections  Other Coordinate System |

NOTE: Data already loaded are unaffected by changing Units (feet/meters). Lat-Long will
change if the coordinate system is changed, but XY's are unaffected. To change XY's,

ChOOSe ‘PrOjeCtlxy-Projection- 1 export to different coordinate system.
MethOd, XY (Surface] Units: © Feet & Melers

By default only Standard US
Projections are visible. Choose Other
Coordinate Systems. Select the UTM-

" XY Coordinates Only (Undefined Coordinate System)

* Defined Coordinate System

Zone for 47N because it includes Condnge (0o B
Survey area. The E”|p50|d should be ol 355 (42E 1o 45E) View Projection...|

WG 884 gi:dn?ic 1 View Datum... |
Elipsoid: | View Elipsoid... |

Define New Coordinate System under Group *‘Customized Coordinate System'*
(v t 1
Base on Current Coordinate System Bavaliaw - T I

" Start with Blank Settings

e

Test the Conversion between Latitude/Longitude and X/
Latitude/Longitude Format:  * Decimal Degrees  ( Deg Min Sec

Latitude: | ﬂ Noithing [Y}: |
Longitude: | ﬂ Easting [X): I

NOTE: For'West Longitude and South Latitude use negative degrees

[ o lAbbiechen] Hilfe |
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Now we want to load the processes seismic line. Each line is handled as survey by
Kingdom.

Fore importing a seismic line, select ,Survey management* form the menu ,Survey*.
We want to create a new 2D-survey with the same name as the seismic line (Line

039). o

Survey Management

. . Create | Display | Properties | Order | Delete | Mistie | Area | Sharing|
Now Kingdom would like o

. Line0?

to know, If we want to load ey s e e

coordinates. Answer this pueten

question with Yes.

KINGDOM Suite

If this question does not world coordinates must be loaded before this line can be displayed in map view. Would you like to enter the world

! coordinates now?

show up, choose (]|
‘Surveys/Import World
Coordinates/2D by File.

oK Abbrechen Ubemehmen Hilfe
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Select the coordinate files in the
window shown to the left. The
coordinate files do have the
extension .Dat. Hence select *.* as
file type. Select the coordinate file
(here geob039 pos.dat).

Imported coordinates in meters’:
answer with yes.

Select Coordinate Files

Select Survey |Line0?

4 Suchenin: I._} data

%] GeoB04_007_stack.sqy!
ﬁl GeoB04_026_stack.sgy
i] GeoB026-cdpbins.dat
_3] geob007-cdpbins. dat

~| & @ cF E-

Dateiname: |

Dateityp: | Other Files [".")

Ll Abbrechen |

™
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Il Shot Point Data File: C:\Data1\seismische_interpretation\data\geob007-cdpbins.d

In this window, Kingdom would like
Lines to Skip: ’[]7

to know, which columns should be ] - Slect o e fem e Seloction st todenty a Cokamnin e Dot
interpreted, Tdegar:; Congitude  Latitude
{ 2037 :
The first columns represents the ‘ 2358
Shot_Point. The second column is not 2560
important. The third columns shows | sesents
the longitude (in decimal degrees); | [ shoxpotne Floac
the forth column the latitude. |
Due to reasons I do not understand, T
you need to select the coordinate || Floa
system again (as described above). PN boue
o Latitude pecimal pirection (N or S) Char
Longitude pecimal Direction (E or w) Char

Deselect All |

Load Template... | Save Template... |

| oK I Cancel I Help l
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Afterwards Kingdom would like to
know If you want to load SEGY-data.
Answer with ,No*.

We will load the SEGY-Data via the
,Survey‘ —Menu. Select ,Import SEGY*

Click OK for the next window. Make
sure that the correct survey is selected

In the window shown to the left. Click

at Import SEGY and select the SEGY- ssectsivey: T -
file belonging to the selected survey. o

" Reverse Bytes (Litle Endian)

NOTE: Standard SEG Y file uses Big Endian byte
order. If your SEG Y file is in reverse byte
order, choose the ‘Reverse Bytes' (Little
Endian) option. Choosing wiong byte order
will produce wiong results

Import SEG 'Y Files from :

* Disk Browse ...
" Tape

Data Domain
® Time
" Depth
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Click OK until you see the following
window.

Set: ,Define by starting shot point and set
‘traces per shot* to 1.

Afterwards you should see your line in the
base map with plenty of annotations.

For getting “nicer’ annotations, click with
the right-hand mouse bottom on the line in
the Map-View and select *Survey
Annotation®. Select a proper annotation.
Apply annotations to all 2D-Surveys.

Acoustic Imaging

Introduction to Kingdom

il Assign 2D Shotpoints to Traces @

Survey: |[KEIF -
RELATIONSHIP NOT DEFINED

al??tpoints loaded in world coordinates must be related to the traces loaded from the SEG
ile.

Shotpoint/trace relationship can be established by defining the starting shotpoint and the
number of traces per shotpoint, OR by defining two shotpoints and their corresponding
trace numbers.

Shotpoint and trace data for this survey has the following range:
Shotpoint Range: 1.0 to 1930.0 1
Trace Range: 1.0to 1930.0 by 1. Total 1330

Computed Shotpoint Annotation: 1.00 to 965.50 by 0.50
* Define by starting shotpoint and traces per shotpoint
Starting Shotpoint: |1 Traces per Shotpoint: |2

" Define by two shotpoints and trace numbers
Shotpaints: |0 |0

Corresponding Trace No: |0 0

" Define SP/Trace Relationship by T able
Setup ...
I 0K I

Cancel ] Apply l Help J
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For Displaying the line, click with right-hand mouse button on the Map-View and select
,Display 2D-Line* or double click on the line in the project-window.

& The KINGDOM Suite - Line Line07, Amplitudes MG
- Line View Project Surveys Wells Logs Tops Faults Horizons Grids Contours Zones Tools Window Help
The Image usual Iy ¥ sebastian.tks |- ‘,EI_‘X 'fff‘,.(‘linel,irmOIAmpliludes
= 3 authors A o | @ v | [-Ampitudes (Time) =
needs some 2 & e : Lo
® £ Contours

1420.0 14400 1460.0 1480.0
I 1 1 1 1 1 I 1

. B0 Culture
improvement. Try to / %

select a proper scale e
select a diffe
capture;and vary the (B

Naim rimiime T AmA TR R Tracss
gdlll Ublllg I_O dllu I_O. R £3 Wavelets/Filters

R D wells L}
b ]
< | =

2d/3dPAK-EarthPAK I

@ 1 Models
+ [0 ] PaKnotes
R £ Polygons

= B ] Surveys
[+ £ Subsets

~

What do we see on the
line?

] corelrAw 12... .
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Now we want to continue with Kingdom-Project of the entire
Mass Survey. Close your current Kingdom-Project and open the
Kingdom-Project provided today.

Have a look at the data set. What features do you identify?



~

,4‘_ | Acoustic Imaging

fut : :
IEL MARINE Sc1EnEES Introduction to Kingdom

We would like to pick a few horizons. Select ,Horizon/Horizon Management*
and name your first reflector to pick.

To ensure picking you need to set ,Horizon Picking® in the menu under
view/toolbars. Then you should see the following window.

Try automatic picking (especially
2D-hunt). You can modify the
parameters for automatic picking at
,Horizons/picking Parameters®
Reduce the numbers for Length
(time an depth).
Also check differences between
Delete Picks different picking modes (Peak,
Trough ect)

Horizons Picking

Automatic picking

Manual picking
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Try to pick the same reflector on all
profiles.

There are numerous tools supporting
correlation between profiles:

1) Picks on one line are shown as
little circles at the intersection with
other lines.
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Acoustic Imaging

Introduction to Kingdom

2) You can display crossing lines continously by clicking the
right-nand mouse button on the base map and selecting ‘Digitize
Arbitrary lines/Single across 2D surveys only’.

[=] The KINGDOM Software 32-bit - At mp

Line View Project Surveys Wells Logs JTops Faults Horizons Grids

Maps b ~ B

Contours Annotations Zones Tgols Window Help

bW o8 EEE BokxBElaEailvEsi & 2 LV

r— | ﬁ Base Map O
project.tis = = = = . 7
T Boe BE | w@@kl 2L ORI XS & <
S RV 325400

m}ul Meters i
) " =
=
B ®
il
BB
]
B8
@
%3 s
i
B0
Sl ]
4252600+
Base Feature: 24/

B Arbitrary Line A, Amplitudes [o] @ =
AR =i EBR(P2L THES M E| 9| [ A Tne v «[0 ]+ [EV]A B
|
039_stack 043_stack - 039_stack -
SP: 20 ZDQO : IDElED_JEI - S ; ¥ i 121?00 127jD
Offset O 4169 5000 8548
,,,,,, ; : " =
0.200{
Line 43

03004

0400+

0500
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3) You can copy selected
parts of a profile and paste
this part to any other
profile for comparison.
Choose “Tools/Correlation
Polygon’ and Digitize your
correlation Polygon. You
can move it around on the
line or copy (STRG C) and
(STRG V) paste it to other
lines.

Acoustic Imaging

Introduction to Kingdom

B Line 043 _stack, Amplitudes
k=i E B OO
v = (=]

SP: . . 2000

+ 4

il

&
=
=

0.4004

- S S
- Tl
Pres = s 4 ==
P S
o= o -
- -

0.500+

froma:

. Corrleation =
- Polygon

- diffferent -
ol ing oo oo 2=
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Some other useful features in Kingdom

Flatten horizons: Select ‘Horizons/Flatten or Unflatten’. Follow
the instructions.

rids goours Annotations Zones Tools Window Help
Ded e FiEME BoxBEilaPicfvEFLi & 2 £V

~

Maps h ~ BB

vEe——__JA* QOO0 ARIAALE

(A R=RIB| PO (| FTEE=HE| 2| - | [ampitudes (Time)  ~]| | [A#/QDDOO\nr«
=
13_stack. 3079.34 23_stack, B86.02 26_stack. 288.83
I 1 I
- 07_stack -
L . . . L o e O L
et 0 . 500 . 16000 , 1560 . 2000 .

-0.1004 -

Lom
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VUPak: Create 3D-Plots

Select ,Project/VVUPak®

Select or digitize your seeavenrs 2 I

project bounds Eais 012, stack ;
037_stack
Single 3D survey 039_stack B |
) Project bounds k
Make sure to select the surveys, © Selecied suveys 07 stock
Wh i Ch m i g ht be d iS p I ayed 4 Add Gather Offset 13_stck -

Vertical bounds
@ Time

Start Value: 0

Select the time bounds

EndValue: 1.2

Startup

& Reload last session (display Horizons, Faults, Wells and other objects that
- were displayed in the last VuPAK session)

) New VuPAK session

[0k | [ Concel | [ Hebp |
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[5] The KINGDOM Software 32-bit - VuPAK - project ol Tk e S

Visualization View Project Surveys Culture Wells Logs Tops Faults Horizons Grids Contours Tools Window Help
LeE E&s @SEHEE Q*@;E% %J‘J's;%cﬁcélﬁ\f
s Rotate Image

— N

|E VuPAK - project |E”E|@

Scaling

4273157
4268157

Horizons/Grids can
be selected with
Horizon/grid
managment
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GMT

Generic Mapping Tools (GMT)

Used since 1988 (in house software at Lamont-Doherty Earth Observatory)
1991: First official release as public domain software

Used to manipulate columns of tabular data, time-series, and gridded data sets,
and display these data in a variety of forms

Las Hijas Seamounts

Script language (same syntax as Unix)
GMT uses PostScript as output format

GMT includes more than 50 tools
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A
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| - '__ i
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Generic

Projections, Visualization,
Filtering, Gridding

Acoustic Imaging
GMT

C MAPPING TOOLS

\

Tools

Ca. 60 commands

//lapp{

Ca. 30 projections and
transformations

Operating systems: Unix, Linux, Windows

License: Public Domain, GNU General Public License

Homepage: gmt.soest.hawaii.edu
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Installations for Windows

-Download von:  ftp://ftp.geologi.uio.no/pub/gmt/windows or
https://ftp.ifm-geomar.de/users/skrastel/submarine_mapping/

 GMT _basic_install.exe (GMT-commands)

o GSHHS_highfull_install.exe (high-res coastlines)

e GMT _pdf install.exe (PDF-documentation)

» Ghostview (Visualization of postscript
Install all files

- Configure /gmtfolder/share/conf/gmt.conf
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Content of gmt_folder\share\conf\gmt.conf

Sl <- Setto Sl or US
# $1d: gmt.conf.orig,v 1.1 2001/01/03 02:11:56 pwessel Exp $

GMT configuration file

I MUST contain either the word Sl or US
Il in the first 2 columns of the first record

H HF H H
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How does it work?

- Command-line usage
- Parameters are set via option keys
- Output is Postscript

- Layer-principal

:%GMT~maps >*ECHO OFF
MI 4.8 Environment initialized

:5GMTsmaps *cd boonsville

GMTsmaps~hboonsville *grdimage topo.grd —JM1S -
rdimage: Allocatesz memory and read data file
rdimage: project grdfiles

rdimage = Hew grid size (nx.ny> 1171 by B11
rdimage - Evaluate pixel colors

rdimage : Creating PostScript image 24-hit [colo

GMTsmapss~hoonsville >
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Filtering
blockmean

blockmedian
blockmode
filterld
grdfilter

Sampling
grdsample
grdtrack
sampleld

Acoustic Imaging
GMT

Programs

Coversion /
Extracting
gmt2rgb
gmtconvert
gmtselect
grd2xyz
grdcut
grdblend
grdpaste
grdreformat
splitxyz
Xyz2grd

Information

gmtdefaults
gmtset
grdinfo
minmax

Projection and
transformation
grdproject
mapproject
project
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Important Parameters

-R » Area/ Map area
-B » Frame annotations
-V » ,VVerbose‘-Mode

Note!! A space is needed between indvidual parameters but no
space when setting a specific parameter,
Upper and lower case letters do have different meanings !!
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The -K -O options

Data from NGEDC

File contains gravity i

o s P HEADER *0 ommits the header,
122.55 16.77 -33.9

122.51 16.47 -20.4

122.35 16.14 -13.8

122.05 15.83 -10.9 BODY,

121.85 15.26 -9.9

159 04 15 FleeTls1

%38,32 %3,21 —%%.g Znd trough n-1th overlays
119:79 14:01 :19:'}' require both iO and i'K
119, 41 49, 71 <82 %

119 95 13,33 =567

118.81 13.06 -29.2 BODY,

118.55 12.82 -Z5.1

13807 19543 2368

TRAILER H ommits the trailer,

Figure 1.10: (left) Input les may have an arbitrary number of header records, speci ed with —-H; here, we
would use -H3. (right) A nal FostScrdpr e consists of a stack of individual pieces

The -K and -O options control the generation of FostScript code for multiple overlay plots. All
FostSeript les must have a header (for initializations), a body (drawing the gure), and a trailer (print-
ing it out) (see Figure 1.10). Thus, when overlaying several GMD plots we must make sure that the rst
plot call ommits the trailer, that all intermediate calls omit both header and trailer, and that the nal overlay
omits the header. The -K switch omits the trailer which implies that more FostScript code will be appended
later [Default terminates the plot system]. The —O switch selects Overlay plot mode and ommits the header
information [Default initializes a new plot system]. Most unexpected results for multiple overlay plots can
be traced to the incorrect use of these options.
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Plotting a Mercator-Projected World Map

REM Every comment line needs to start with REM

REM Setting parameters. You can set the parameters here.

REM If you want to to use the parameters in the comand-lines,

REM you need to embed the parameters in %Parameter% (see below)

set REGION=-180/180/-70/70

set PROJECT=M

set SCALE=25

set OUT= world_mercator.ps

REM

REM gmtset will adjust individual GMT defaults settings

gmtset DEGREE_FORMAT 3

gmtset FRAME_WIDTH 0.1c

gmtset COLOR_NAN 255/255/255

gmtset MEASURE_UNIT cm

REM

REM Now we can list our gmt-programs

REM

pscoast -J%PROJECT%%SCALEY% -R%REGION% -DI -G0/255/0 -11/1/0/0/255 -N1 -S0/0/255 -V -K > %0UT%
psbasemap -R%REGION% -J%PROJECT%%SCALE% -Ba40f20 -O >> %0UT%
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Output of previous job
160°W 120°W 80°'W 40°W 0 40°E 80°E 120°E 160°E

40°N 40°N

40°S - 40°S

160°'W 120°'W 80°'W 40°'W 0’ 40°E 80°E 120°E 160°E
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We will use Vista 2D/3D (GEDCO) , a low cost commercial software.
GEDCO provided free training licenses for this course

File Edit Project Dictionary Interactive Statics Velocity VSP  Job Flow Utilities License Font Window Help

VISTA®

2D/3D SEISMIC DATA PROCESSING

VERSION

ROBUST SOLUTIONS. LEGENDARY SUFPPORT.

www.GEDCO.com
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We will process data
collected during Mass llI-
cruise early this year

96'E 97'E

9N

See detailed map

8'N

!
Track
km — Seismic Profile
0 50 e Core
7N 2 LAY
96°'E 97'E 4
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Digitial Streamer, 96 channels
Distance between groups: 1.56 m
2 Birds for depth control

Mini GI-Gun with a a
volume of 0.1l
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Training Licenses for Vista Seismic Processing

1. Open the VISTA software

2. Onthe menu bar, select LICENSE - OPTIONS SOFT / HARD KEY

3. Toggle on “RLM Reprise Soft Key” (make sure Sentinel Pro Key is toggled off)

4. Click LICENSE - SOFT KEY - AUTHORIZE RLM LICENSE

5. Follow Step 2 and 3 of the window (open the license folder and copy the license
key to the folder, then ‘Refresh the License’

6. It may be necessary to close Vista and open it again.
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Now (hopefully) we can start to work with vista.
Open the program (if not done so far)
Create a new project. You should get this window

:E VISTA 2D/3D Ver: 7.029 Project: H:\p367\vista\1_vorlesungs-stunde
File Edit Project Dictionary Interacbve Statics Velooty JobFlow Utiibes Font Window Help

:.; Project Data List : 1_vorlesungs-stunde

DATA |

20/3njud| #|==| BB 4¥| PROJECT DATA SETS

Wmﬂ'[ NAME J20i30 | stackeD | TRAcES | TYPE | START |  END | SR | =]

This window is the so called ,Project Data List* and is used for data
organization. You do not have any data in your project.

Should you close this window, you can get it back via ,Project/Project_Data_list’

First thing to do is loading some data to your project. Click first on 2D and
afterwards on the ,plus‘ and choose add_segy. Select the following data set:
MASS 39 geo_ binned_part.sgy.

After data loading, a window will pop up. Do not close this window, because we
want to discuss it. g

4] »

SORT |FILE | FLOW|LOG | NOTES | HISTORY |

#F|==| EE| SORTDATATOOLS
SORT# |# SORTS| SORT NAME | min | max | SORT #2 | min | max | SORT #3 | min | max | |~
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T VISTA 2D/3D Ver: 7.029 Project: H:\p367\vista\1_vorlesungs-stunde
File Edit Project Dictionary Interactive Statics Velodty JobFlow Utiites Font Window Help

:i Project Data List : 1_vorlesungs-stunde

DATA |

20/30/us] == B{E=| 44| PROJECT DATA SETS |

DATAZ |»»» [Hf | F NAME STACKED =
12 [2]: data_example 2D  UNSTACKED 30880 TIME SEISMIC 0.00 ms 500.00 ms 250.00 us

The Icons in front of the data set can be used for viewing the data and header information as well as
the geometry processing. We will discuss them together in order to get a first impression of the data
set.

If you view the data set, you should get a smiliar picture.

1

<« | »

SORT |FILE | FLOW|LOG | NOTES | HISTORY |
W|==| | SORT DATATOOLS

SORT# J# SORTS SORT NAME MIN MAX SORT #2 MIN MAX SORT #3 MIN MAX =
1 772|SHOT_POINT_NO = 0 35124 CHANNEL_NO 0 0
2 1|FIELD_STATION_NUMBEI | & 0 0
3 40{CMP_NO & 1 40]OFFSET_SH_REC -714609 0
dl 772|FIELD_RECORD_NO ] 1 772|CHANNEL_NO 0 0

<|

=R

VISTA 2D/3... T Prozessing+...

» (@ 2Micosof... ~ [ 3Window.. ~ (@ 2Moosof.. -

=




Acoustic Imaging

~
e uture ocean Seismic data processing: excercise

3 r »u[lﬁll :um 'gfomam SEiSMIC Tom;m T
SR e~ R G e
IR e = il

5 %l AN AR il

W LR A e e R !
W Gl il Al

A
e e
(ot
ey

.

— The plot Icon (upper left) is one of the most important icons. We will discuss the
- options for plotting.

Bl You can use the left-hand mouse button for zooming. Double-click to zoom out.

1000

D L

mELIE

[ | S=EEN

What do we see?
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&3 VISTA 2D/3D Version: 10.000.786(64-Bit) Project: DAthailand\seismik_processingwistaymas=30 N T e

File Edit Project Dictionary Interactive Statics Velocity V5P  Job Flow Utilities License Font Window Help

@ Seismic Data: [ 1] - [2]: MAS5_39_geo_binned_part EI@
1|i|§.}|whlﬂlﬂlgﬁlkl MAIN SEISMIC TOOLBAR

SHOT 88100 88100 88100 88100 88100 88100 88100 88100 88100
CHAN 10 20 30 40 30 60 70 80 90

| | \ I

20

"
-l
&

gt

40

= B2

TIME (ms)

x|@|

ad o
-

100

120

=

60
12

- First we have to check whether the geometry measured during the cruise fits the data.

LTS

I In order to answer this question, we need to calculate the distance between gun and first s | |
channel. You can then calculate, how much time is needed to travel this distance. Does it fit with
the arrival time of the direct wave?
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Geometry during data acquisition

we'y

@ |Gps (ship)

17,0 m 4,5m
: P :
GeoEel Streamer: ) | : @------ =
Lead-in: 36,5 m H GPS %"
12 Sections (1 50m)/ ! . b = Compressors .4 ()}
11 Sections (137,5 m) . - High ' °
| Streamer - Pressure 3
| | winch § Bottles )
Micro GI- Gun e '
S P R — 1 = |
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A first important step during data processing is the creation of a so called brute stack.
For a brute stack, we just use a few selected traces and stack them together (without

any correction). This gives a first impression of the features on the profile.

In order to create a brute stack, open the file brute_stack, under ,Job Flow/Open
Flow File*

We will discuss this flow-file. Afterwards run the job. If anything is yellow, click into the
flow window with the right-hand mouse button and select ,Set all execute on'

You might notice, that the brute stack is still relatively noisy. Noise can be suppressed
by filtering. In order to get familiar with Vista Flow Files, try to include a Ormsby Filter
to the previous Brute-Stack job.

Chose ,Job Flow/Vista Flow Command Window*. A window will open with all available
commands. (click with the right-hand button on any command for help). Select an
,Ormsby-Filter’ from this window and drag and drop it to your ,Brute stack’ Flow. Place
it between the ,Select Data Icon‘ and the ,Stack Icon‘. Double-Click the new Icon and
set the following filter frequencies:

Low-Trun: 55, Low-Cut: 55, High-Cut: 800, High-Trunc: 1500. Chose a different
output name (e,g, prof39 brute_filte). Activate the command and run the job.
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We want to improve the image by changing plotting parameters.

Click on the Icon ‘Seismic Plot Parameters’. Choose

1) Options/Display Type/Variable Density’

2) Set under ‘Display Options’ ‘Max Trcs/Panel’ to 1000.

3) Click OK. What do you see?

4) Try to change the color-scheme for the seismics. Right-hand click into the
seismic section and choose ‘Display Options/Color-Bar Options’ . Try different
Color Bars under List. Which one do you like most?

Before we start with the real data processing, we should check for bad channels.
Open the raw data file and check some shots distributed across the profile. Do
you see bad channels. If yes, | will explain how to delete them.

Next step is the setup of the geometry as preparation for the cmp-sorting. | will
show you how to do it.
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The CMP (Common Midpoint) Concept

Rearrangement of data from shots to CMPs

- g
_— y -—l
sass o
0 S M G

FIG. 1-40. Seismic data acquisition is done in shot-receiver
(s,g) coordinates. The raypaths shown are associated with a
planar horizontal reflector from a shotpoint S to several
receiver locations G. The processing coordinates. midpoint-
(half) offset, (v.h) are defined in terms of (5.2): ¥ = (g + 5)/2.
h = (g — 5)/2. The shot axis here points opposite the profiling
direction. which is to the left.

Midpoint
/

8.5‘S_S.SS."lm/ff;:1

1 _G)

.
Depth Point

FIG. 1-41. Seismic data processing is done in midpoint-offset
(v.h) coordinates. The raypaths shown are associated with a
single CMP gather. A CMP gather is identical to a CDP
gather if the depth point were on a horizontally flat reflector
and if the medium above were horizontally layered.

Offset is the distance between shot and receiver
A Midpoint is the ,midpoint‘ between shot and receiver
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Schuss Empfanger (Abstand=x) Offset
A CMP-Gather (Common —
Midpoint) consists of all traces of oo &
shot-receiver pairs with the same Midooints (Abstand=x2)
midpoint.
Fold: Number of traces in a CMP- TR R
Gather Py vooov |y Schilsse und
| Empfangerpositionen
A distance x between individual | I | | | . v .
receivers results in a midpoint- i | ¥ | w  #
distance of x/2

+ + T Midpointpositionen

Offset

\ 5 Y Vi v
Common
/ Midpoint

Gather

Common
Midpoint
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Irregual Geometries (e.g. velocity variations during acquisition, no straight lines):

Binning
Small areas (bins) are i
defined instead of a Nl &
CMP
*Binning: Allocation of -
midpoints to bins it |
*Sort for bins 8
| b
| E
mleeac-:-c 651000 692000 653000 i s ?ﬁoli

Eostings

Fig. 3.92. A ‘binning strategy’ for the mid-point distribution
of Fig. 3.91.

Required Information: Distance of Bins, Shape of Bins, Location of Bins
—=Allocation of midpoints to bins, Bin-Number is written to header

—Sort for bins

In Vista two movies are available for binning at Vista\Vista Movies (Tutorial A 2D

Geometry.avi, 2D Geometry Crooked Line.avi)
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Your data files already includes all geometry information. Hence we can start with the
CMP-Processing.

First step is the CMP-Sorting. You should write your own job for cmp-sorting. Open a
new flow-file. You just need an input and an output. Drag and drop them to your flow-
window. Select your Input file (double click on the icon and select the raw data file).
In this window you can also choose the sort order. Choose CMP_NO under sort.
Afterwards click OK and double-click on the output command. Choose a proper
name for the output-file. You need to connect these two commands. Choose the
icon with the two rings. Now you can connect commands just by drawing a line with
the mouse (keep it clicked) from the input to the output.

Activate both commands. How does your output look like. How many traces do you
have in a cmp-gather?

Next step is the velocity analysis. This is the most time consuming step during data
processing.
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FIG. 3-4. The NMO geometry for a single horizontal reflec-
tor [refer to equation (3.1)].

: FIG. 3-6. NMO correction [equation (3.2)] involves mapping
nonzero-offset traveltime #(x) onto zero-offset traveltime
1(0). (a) Before and (b) after NMO correction.

Difference between t(x) and t(0) is called NMO
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FIG. 3-8. (a) CMP gather containing a single event with a moveout velocity of 2264 m/s; (b) NMO-corrected gather
using the appropriate moveout velocity; (c) overcorrection because too low a velocny (2000 m/s) was used in_
equation (3.2); (d) undercorrection because too high a velocity (2500 m/s) was used in equation (3.2).
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Determination of velocity from
inclination of the straight line.
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6 § g é§ é? é? ’35? ‘$ Ié'ltégP

Velocity (ft/s)

(a)



Acoustic Imaging

A
4

excercise

Seismic data processing

future ocean

KIEL MARINE SCIENCES

ity Stacks (CVS)

Costant Veloc

3.

imal stacking results

tructed out of opt

IS CONS

A velocity-depth model

FEEEFEEFFFET

FIG. 3-27. Constant-velocity stacks of 24 CMP gathers (5000 to 13,600 ft/s).
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Cross-correlation in a cmp-gather allows to determine the velocity with highest
semblance.
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The velocity analysis on real data is tricky. Hence we will start with a synthetic
example, which is much easier to handle.

Load the following data set to you project. Synthetic.sgy (located in the folder
synthetic).

Open the job flow ,velocity analysis‘ also located in the synthetic folder. We will
discuss this flow together. Afterwards run the flow. You will create three new
outputs. These files will be used for the velocity analysis. Choose
JInteractive/Velocity Tools/Interactive Velocity Analysis’. Select the three new
datasets in the pop-up window. You get the following window:
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7 2D Velocity Pick Selamic Data
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Time Mz

700

Velocity: 1686

Use this icon for picking velocities. Pick a velocity-depth profile.

Acoustic Imaging

Seismic data processing: excercise

The left window shows the semblance.
The central window the CMP-Gather
and the right window Constant-Velocity
Stacks. The combination can be used
to create a velocity-depth profile. First
we should optimize the plotting
parameters. Click with the right-hand
mouse button in the central window
and select Gather Parameters/Plot
Parameters. Choose process and
select as Amplitude Scale —12. Repeat
this step in the cvs-window and select
CVS-Parameters/Plot Parameters.
Choose -18 as amplitude scale.
Afterwards we will discuss the
windows.

This icon = can be used to change between corrected and uncorrected gather. Try the difference.

Clicking on zl opens a new window. Afterwards click on . You will see a graph of your velocities and
the corresponding interval velocities.
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Now we will conduct a velocity analysis with our real data set. Open the job
,\Velocity analysis_prof39‘ (in the job directory). Conduct the velocity analysis
for all selected CMPs. Do not forget to safe your velocity-depth profile as you
will need it for the NMO-correction

Afterwards we need to check the quality of our velocity analysis. Therefore we
want to apply the NMO-correction. Write a job for the NMO-correction. You
should have horizontal arrivals after the NMO-Correction.

If the NMO-Correction looks fine, you can stack the data. Try to write a job for

stacking the data. Do you see major improvements compared to the Brute
Ctark?

LAV .
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Stacking
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FIG. 3-6. NMO correction [equation (3.2)] involves mapping
nonzero-offset traveltime #(x) onto zero-offset traveltime
1(0). (a) Before and (b) after NMO correction.
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Stacking

Fig. 3.39. The action of stacking.
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Summary

The primary aim of the project “Morphodynamics and Slope Stability of the Andaman
Sea Shelf Break” is the in situ characterization of the slope of the Andaman Shelf in terms
previous slope failure and tendency to fail in the future. The first cruise of the project was
conducted in November - December 2006 using the RV Chakratong Tongyai and devoted to
hydro-acoustic mapping of the shelf break and the slope. A multibeam bathymetric
echosounder and a parametric sediment echosounder were used to map the bathymetry and
the thickness and structure of the uppermost sedimentary layer of hitherto unexplored parts of
the shelf break in the Andaman Sea. An area of more than 2,000 km?> in the southwestern
corner of the Thai EEZ in the Andaman Sea was successfully mapped. The data covered the
upper shelf break from about 500 m down to about 1,400 m in water depth. The processing of
the data is still ongoing but so far 34 locations that had distinct morphologic and/or unusual
sediment seismic features in this survey area were identified. Most of these (30) were
attributed to areas with possible occurrence of low-density fluids or gases in the shallow
sediment layers. Almost all of these fluids or gases deposits were in lower slope areas with
water depth greater than 900 m. In addition, several manifestations of fluid venting were also
mapped on the upper shelf edge at water depths of about 600 m. Some of these shallower
vents could form mounds with diameters of up to 500 m and heights of up to 50 m. Diffuse
reflections in the vicinity of the mounds and strong signals not related to seafloor reflections
indicate the presence of uprising bubbles or gas flares.
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Introduction

Since December 26, 2004 when a devastating tsunami generated by an earthquake off
Sumatra hit the west coast of Thailand, claimed the lives of many people and destroyed large
areas along the coast, the potential risk for future tsunami events in that area is of major
concern to the Thai people and the scientific community. Besides the risk for tsunamis
generated by large earthquakes along the Sunda Arc subduction zone, submarine slumping
could be a potential cause for tsunamis in the Andaman Sea as it might had been in Papua

" =

Pl v
Active Teclonics

Figure 1. Presently active tectonic elements in
Andaman Sea shown in heavy black lines (Curray,
2005). Possible location of Shan Scarp Fault is
shown by the blue dashed line. Survey area is
shown as green ellipse and EEZ of Thailand in red.

New Guinea in 1998 (Synolakis et al.,
2002), for example.

Little is known about the sea-
floor and the tectonic structure of the
Thai part of the Andaman Sea, a pull-
apart backarc basin between the
Andaman-Nicobar-Islands, Sumatra
and the west coast of the Malayan
Peninsula. In contrast, the bathymetry,
geology, and tectonic structure of the
Indian part of the Andaman Sea is well
described after recent cruises (Raju et
al.,2004). The eastern boundary of the
central basin is formed by Mergui
Ridge (Fig. 1). According to global
bathymetric data sets (GEBCO 1-min)
the western rim of the Mergui Ridge
forms an escarpment like structure with
steep slopes up to a maximum value of
about 4.5°. The resolution of these
datasets is very coarse and only based
on satellite information or very sparse
single beam soundings. Thus locally
there well may exist much steeper
slopes. To date no high-resolution
bathymetric data by a high-resolution
multibeam bathymetric survey from the
Mergui Ridge is available for research
and scientific communities and is
critically in need to image the
morphology of Mergui Ridge and
slope.



Submarine Slope Stability

Landsliding is an important geomorphic process in mountains areas where it
constitutes a major natural hazard. However, submarine landslides are also surprisingly
abundant on the seafloor, particularly at the continental slope and the flanks of ocean islands.
Mass movements in these settings are of great interest for both fundamental scientific and the
commercial interests. Improved knowledge of slope processes and depositional features is a
priority goal for the energy industry, because of oil exploration and production in deep water
and for protection of existing offshore infrastructure (platforms and pipelines, communication
cables) against natural hazards. In addition, submarine landslides are being given increasing
attention as a plausible cause of tsunamis, which can ravage coastal areas.

Landslides have been defined as the downward and outward movements, generally
driven by gravity, of slope-forming materials, in which shear failure occurs. Most submarine
landslides originated in unlithified sediments (e.g., Hampton ef al., 1996), but also at volcanic
islands within volcaniclastic deposits and volcanic rocks (Watts and Masson, 1995; Urgeles et
al., 1999). However, on land it has been documented that slides also form in well-lithified
rock by fracturing on a small scale (Briickl, 2001). Nevertheless, landslides occur particularly
in environments where weak geological materials such as rapidly deposited fine-grained
sediments or fractured rock are subject to strong environmental stresses such as earthquakes,
large storm waves, and high internal pore pressures. They occur at locations where the
downslope component of stress exceeds the resisting stress, causing movement along one or
several concave to planar rupture surfaces. Slope failure can involve huge amounts of
material and can move great distances. Slide volumes as large as 20,000 km® and runout
distances in excess of 100 km have been reported (Hampton et al., 1996; Mulder and
Cochonat, 1996).

Only a few submarine landslides in historical times, namely those that disrupted
populated shoreline or offshore engineering structures, have been documented directly. In
most cases an earthquake or large storm waves triggered the event. Unfortunately, even from
those extreme events little is known about the state of the slope before failure. Many
questions are still unanswered; e.g., had the slope already been creeping and has been
accelerated because of earthquake excitation or wave loading or was it quasi-stationary before
external forces acted on the slope? Most of what we know about submarine landslides is from
remote sensing of features associated with slides, like rupture surfaces and displaced masses
of sediment or rock (e.g., Hampton et al., 1996; Mulder and Cochonat, 1996).

Types of Offshore Mass Movements

Creep and cyclic mobility are two phenomena that can cause long-term deformation of
sediments and rocks without failure due to elastic and plastic deformation of material under
constant load and very low deformation rate (Mulder and Cochonat, 1996). Onshore, creep
deformation is well documented but offshore it is observed only at a few locations, perhaps
because of difficulties to separate it from tilted blocks. However, creep may accelerate
because of increase in sediment loading or wave or earthquake excitation. If the plastic
deformation limit is reached, creep may change into a slide or into a plastic flow. Thus,
existing creep may characterise an area prone to future failure.



Gravity driven mass movements are avalanches, slides and slumps (Mulder and
Cochonat, 1996). In rock avalanches dislocation of the material is important. Energy
dissipation is due to the impacts between grains or blocks. Avalanches are catastrophic large-
scale events and occur in submarine environments on the flanks of volcanic islands (Watts
and Mason, 1995; Urgeles ef al., 1999). The size and displacement of individual submarine
slide blocks can be impressive. At Tenerife a giant landslide is exposed over an area of 5,000
km’. It is estimated to have a length of 100 km, a width of up to 80 km, and a volume of about
1,000 km® (Watts and Mason, 1995).

Slides and slumps are movements of coherent masses of sediments bounded on all
sides by distinct failure planes. The internal structure of the removed material is largely
undisturbed during the movement and displacement is limited. However, while in slides the
internal structure remains undisturbed it may be distorted in slumps. The rupture surface,
particularly in mechanically homogeneous material, commonly is concave upward and scoop-
shaped. Accordingly, motion of the displaced mass is rotational, whereby the original seafloor
is backtilted. However, if mechanical inhomogeneities such as bedding planes control failure,
then the rupture surface is more or less planar, and the movement is translational. Compared
to subaerial landslides, submarine slides are enormous. Subaerial slides are generally less
than 20 km’® in volume, while the largest submarine slide off South Africa has a volume of
20,000 km?® (Dingle, 1977).

Postfailure evolution of a submarine landslide corresponds to the development of
velocity vectors in the displaced mass. Depending on the in-place stress field, sediment
properties, and morphology, the failed mass either will stop a short distance along the rupture
surface or will evolve into a flow with a relatively large travel distance. Plastic flows are
frequent and usually result from the movement of typically underconsolidated masses of
sediments. The scarps in their source area are usually indistinct or non-observable when the
failure surface is shallow. The only information on the event is provided by the shape and the
nature of the deposits. The potential for limited deformation landslides to transform into
sediment flows is related to the density of the slope forming material and the amount of shear
strength that is lost when the slope fails. If the resulting strength will be smaller than the
downslope gravitational stress, the failed sediment mass will accelerate downslope and tend to
disintegrate and flow. However, only contractive sediment (i.e., sediment which tends to loose
its fabric) can produce a disintegrative type of failure.

Causes of Slope Failure

Some geological environments have certain conditions, which lead to submarine slides
(for a review see Hampton et al., 1996). Rapid accumulations of thick sedimentary deposits,
sloping seafloor and high environmental stresses are the conditions most commonly
associated with such slides. However, many specific factors contribute to submarine
landslides, and they occur in a diversity of environments, like fjords, active river deltas on
continental margins, submarine canyon-fan systems, the open continental slope and oceanic
volcanic islands. Common to all of these environments is the presence of an inclined seafloor
where the force of gravity persistently acts to pull sediment or rock downslope. Continental
slopes are typically 3° — 6° (Shepard, 1963) and volcanic islands have slopes often steeper
than 10°, sometimes as steep as ~30° (Gee ef al., 2001). Thus a relatively high tendency



exists for gravitationally driven downslope movements. However, in the Mississippi Delta
some mass movements occur on slopes of less than 1° (Mulder and Cochonat, 1996).

Mechanically, a landslide occurs when the downslope driving stress exceeds the
resisting strength of the slope forming material. Analyses have shown that the force of
gravity typically is not great enough to be the sole cause of failure on most slopes, except in
some places of high tectonic steepening. In fact, the controls on most identified slides are
obscure, although earthquake shaking and loading by large ocean waves is commonly
speculated to be the cause. However, it has been documented for only a few events.

At river deltas the fine-grained deposits have often very high water content and are
extremely underconsolidated. The same holds for continental slopes in high productivity
regions, for example off Peru. Furthermore, decay of organic material forms expansive
interstitial gas. Consequently, the static shear strength can be so low that these weak
sediments move down the nearly flat delta surface or continental shelf under a small
gravitational driving force. At the head of submarine canyons slope failure might be caused
by internally derived seepage forces (Orange et al., 1994). Analysis of some headless
canyons indicates that increasing hydraulic-head gradient, caused by tectonic compression or
from artesian sources at the canyon head, promotes slope failure and thus causes canyon
growth. Moreover, the repeated loading due to waves and earthquake motion may cause a
build-up of pore pressure in fine-grained sediment that at least partially support the weight of
the grains, decreasing the effective stress (i.e., frictional resistance) at grain contacts and
thereby decreasing the strength (Hampton et al., 1996).

In overall the inclined seafloor is the primary agent to pull sediment or rock
downslope by gravity. To cause a landslide, however, the downslope stress must exceed the
resisting strength of slope-forming material. Geotechnical (physical) parameters of slope-
forming material indicate that nearly always other factors than gravity must contribute to
increase downslope stress or decrease resisting strength; pore pressure and interstitial gas are
important parameters governing the slope stability. Nevertheless, generally external forces
like earthquake shaking or cyclic loading by large storm waves must be involved as well.

Geological Setting of the Andaman Sea

The Andaman Sea extends from Myanmar in the north to Sumatra in the south and
from the Malay Peninsula in the east to the Andaman and Nicobar islands, which form a part
of the Andaman Nicobar ridge, in the west. Andaman Sea Basin presents a very complex sea
floor morphology (Fig. 1). The south western part of the basin is dominated by N-S trending
fault systems. The basin is dissected by a prominent valley-like feature, which corresponds to
the Andaman backarc spreading center. The western part is dominated by volcanic constructs
that are related to arc volcanism and backarc spreading activities, whereas the eastern part is
distinctly smooth (Raju ef al., 2004). From the tectonic point of view, the Andaman Sea
region is divided into three provinces: forearc basin, the magmatic arc and the backarc basin.
The forearc basin includes West Basin, Invisible Bank and other banks further to the South.
The magmatic arc corresponds to Barren-Narcondam volcanic islands, and other small
volcanic constructions. The backarc region includes Alcock and Sewell Rises, East Basin, the
shelf and basins to the north and east and the Central Andaman Basin (Curray, 2005).



The Andaman Sea is an active backarc basin and lies above and behind the Sunda sub-
duction zone where convergence between the overriding Southeast Asian plate and the
subducting Australian plate is highly oblique. This oblique convergence has produced a sliver
plate between the subduction zone and a complex right lateral fault system. The late Paleo-
cene collision between Indian and Asian plates with approximately normal convergence
started clockwise rotation and bending of the northern and western Sunda Arc. The initial
faulting, which probably started in the Eocene, extended through the outer arc ridge offshore
Sumatra, through the present region of the Andaman Sea into the Sagaing Fault. With more
oblique convergence due to the rotation, the rate of strike-slip motion increased and a series of
extensional basins opened obliquely by the combination of back arc extension and the strike-
slip motion. The chronology of the basin formation is the Mergui Basin starting at ca. 32 Ma,
the conjoined Alcock and Sewell Rises starting at ca. 23 Ma, East Basin separating the rises
from the foot of the continental slope starting at ca. 15 Ma and finally at ca. 4 Ma the present
plate edge was formed. As a result Alcock and Sewell Rises were separated by formation of
the Central Andaman Basin, and the faulting moved onshore from the Mentawai Fault to the
Sumatra Fault System dissecting Sumatra (Curray, 2005). In the backarc region the current
spreading centre is located in the Central Andaman Basin, which is oblique to the trench and
lies between Alcock and Sewell Rises. These two seamounts are of volcanic origin and is
defined by the 3,000 m boundary isobath (Curray, 2005; Raju et al., 2004). Their orientation
on either side of the spreading centre indicates that these seamount complexes were probably
together prior to the initiation of backarc spreading (e.g., Raju et al., 2004).

A complex system of short spreading rifts and transforms in the central basin of the
Andaman Sea has been suggested to be the consequence of spreading with an initial slower
opening rate of 1.6 cm/yr and an increase in spreading rate to about 3.8 cm/yr from magnetic
anomaly 2 (2 Ma) to present (Curray et al., 1979; Raju et al., 2004). Current direction of
spreading is NW-SE (e.g. Raju et al. 2004). The topographic expression of the backarc
spreading center varies from a smooth sediment filled 12-15 km wide rift valley in the
northeast to an 8-9 km wide rugged and shallow rift valley toward the southwestern part. The
depth of the rift valley floor varies from ca. 3000 m in NE to ca. 4,000 m in the SW producing
400 to 600 m deep valley with respect to the adjacent seafloor. The sediment thickness in the
Central Andaman Basin ranges from essentially zero in the southwestern part of the basin to
almost 2 km in the outer edges of the northeastern end near the bend in the plate edge. In the
SW, some tilted blocks resulted from basement block faulting, are devoid of sediment covers
(Raju et al., 2004). The spreading has been continuous, but the influx of sediment transported
by turbidity currents into this basin was episodic with fluctuations in Plio-Pleistocene sea
level. During Periods of lowered sea level, sediments poured off the shelf down the canyons
and gullies cut into the shelf edge and slope as massive turbidity currents. Then, during rise
of sea level as the river mouths retreated from the shelf edge, the sediments supply was
greatly reduced and the fan valleys or turbidity channels were filled. This is the Andaman
Submarine fan, extending from the continental slope of the Gulf of Mattama, offshore
southern Myanmar, to East Basin, with more recently opened segment in the Central
Andaman Sea (Curray, 2005).

East Basin presents a section of flat ponded sediments at least 4.6 km thick overlying
an oceanic basement. The tentative limit between oceanic and continental crust runs N-S
though lower continental slope to the east of East Basin. The origin of the margin in the



Andaman Sea is presumed to be an extensional margin formed by opening of the Andaman
Sea along a backarc fault line known as Shan Scarp Fault. Seismic reflection image suggest
down to basin listric faulting beneath the continental slope, as mentioned previously. Faulting
of the shelf is also important in some of the area. Mergui Basin is an offshore extension of
the North Sumatra Basin. It is a backarc basin formed by rifting, transtension and thinning of
continental crust. The basic simplified structure is a sag basin formed by graben and half
graben extensional faulting. The extension was in an E-W to ESE-WNW direction, but
dextral sliver faulting turns this extension direction to NW-SE.

Objectives

The project has primarily aimed to assess the potential risk for tsunamis generated by
submarine slumping of the Andaman Sea shelf break off the west coast of Thailand through
the following tasks:

e To map the morphology of the western slope of Mergui Ridge and identify scarps,
headwalls, escarpments, debris toes and other manifestations of slope failures and
downslope mass transport;

e To determine the character of slope failures (creep, slide, slump) and distinguish
between sequential and catastrophic events; and,

e To determine the morphodynamic and tectonic state of the area derived from high
resolution bathymetry.

Survey Area

Bathymetric and sub-bottom sediment seismic surveys were conducted on board the
R.V. Chakratong Tongyai of the
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(about 1.8 nm) apart, or less, to ensure sufficient overlapping of swaths of the multibeam echo
sounder. The area covered by this survey cruise was about 2,000 km?.

Survey Instruments

Two main survey systems used in this project were the SEA BEAM 1050 Multibeam
Echosounder and the INNOMAR SES 2000 Subbottom Profiler. Both instruments were on
loan from the [IFM-GEOMAR in Kiel, Germany. The principles and configurations of these
two systems are described below.

SEA BEAM 1050 Multibeam Echosounder

The SEA BEAM 1050 System contained two narrow beam width transducer arrays of
the Type LSE 237 with a transmitter power output of 3,500 W for each transducer. The
transducers were mounted over the port side of the R.V. Chakratong Tongyai using a
specially constructed removable pole (Fig. 3). The transducers pinged quasi-simultaneously
into 14 directed sectors. FEach sectors comprised of three narrow beams at which each
contained three subfans a beam width of 1.5° (Phase calculator) and a spacing of 1.25°.
Therefore the entire system comprised
. of 14 sectors x 3 beams x 3 subfans =
slvanized iron pipe 6 126 beams in total. The relatively high

S in diam d operating frequency of 50kHz in

conjunction with small size transducers

— 9 (4) O offered two advantages, high coverage

. H v ‘":-~:.1 and narrow beam width, over one-way

MLom o (3) R procedures, ie. non-directed
' transmission and reception.

The IXSEA OCTANS 1000
Motion Sensor recorded the ship
rolling, pitching and heaving data that
were used to calculate the
compensation for ship dynamic
motion.

The position, speed and
heading of the ship were based on a
GARMIN 1000 GPS which was
regularly compared with the ship main
Figure 3. Multibeam transducer mounting over navigational GPS (FURUNO).
the port side of the R.V. Chakratong Tongyai.

Schematic configuration of the
SEA BEAM 1050 System on board the R.V. Chakratong Tongyai is shown in Fig. 4.
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Figure 4. SEA BEAM 1050 System configuration on board the R.V. Chakratong Tongyai.

Sound Velocity and Motion Calibration of the SEA BEAM 1050

The influence of the sound velocity on the sound beam propagation in water was taken
into account by using ray tracing algorithms based on the sound velocity profiles. Such
profiles were calculated from the in situ temperature, salinity and pressure measured at
positions 7° 42.28" N and 98° 23.8" E and 7° 38.15' N, 95° 46.76' E using a CTD (SEA &
SUN CTD48M).

Roll calibration procedure was first done on 20™ November over a 2 nautical miles
track near to Phuket Island with water depths of around 40 m and quite planar seafloor. The
recordings of the multibeam system were processed for each direction separately. The
differences in the inclination across track of both digital terrain models (DTM) were
calculated. Negative value of the inclination represented the roll calibration value. As the
SEA BEAM 1050 system had two transducers, one each directed towards port and starboard
side of the vessel, two different bias values were applied. Values of 3.35° for the port and
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2.18° for the starboard transducer had been determined. A similar roll calibration was run at
the beginning of leg 2 on 29" November and the same values were retained.

INNOMAR SES 2000 Subbottom Sediment Profiler

The INNOMAR SES-2000 system utilized the parametric or non-linear sound
propagation effect—a principle that when two slightly different frequency sounds were
transmitted, they propagated and generated a secondary sound with lower frequency. These
primary high frequencies can be used for the exact determination of the water depth while the
secondary sound generated by difference of the two primary frequencies, which had a much
lower frequency, could penetrate the bottom sediments down to about 15 m to give
information about the sub-bottom structure and reveal any unconformities related to slope
failures and instabilities.

Because the low frequency was generated from parametric propagation of the two
higher frequencies, the generated sound retained the small and thus high resolution bottom
footprint. This is an advantage over the use of a linear system to generate the same low
frequency since the footprint will be much larger and the survey resolution would be much
less.

Survey Results (Preliminary)
Multibeam Bathymetry Survey

The multibeam echo sounding data have been processed by various visualisation
techniques to image for the morphology of the area in great detail. However due to the
unexpected high noise level during the data acquisition and technical problems with the
multibeam transducers, the processing of the data could not just follow standard routine
procedures but requires special attention and specifically adapted processing algorithms
which had led to a delay in the generation of final maps. The bathymetric map in Fig. 5 shows
along the swathes a distinct noise pattern that was resulted from a defect in the transducer. A
special algorithm to delete these erroneous depth determinations is under development and
will use new data to be collected for the same area in the 2™ cruise in the late 2007 to correct
for these inconsistencies.

The survey cruise covered the southwestern corner of the Thai EEZ (Fig. 2), which
forms the southern end of the Mergui Ridge by a topographic rise that stretches through the
central Andaman Sea in north-south direction. Water depths in the survey area varied from
about 500 m on the top of the Mergui Ridge to more than 1,400 m at the southwestern edge of
the area. The shelf break was pronounced and clearly visible. The top of the Mergui Ridge
displayed by a smooth and gentle topography with no large distinct topographic features on its
top.
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Figure 5. Preliminary results of the multibeam survey.

Parallel to the shelf edge between about 7° 50’ N and 7° 55’ N a small graben with a
maximum width of about 100 m and a maximum depression of around 80 m (Fig. 6) was
visible. The graben could be traced along the break over a distance of about 15 km. Similar
structures could be found along the break at about 8° N to 8° 05' N but, however, smaller and
shorter. Whether on not these grabens in any ways associated with downslope creeping of
sediments remained to be further explored.
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Figure 6. Depth profile crossing the graben like structure at position 7° 50' N, 95° 43" E.

13



Subbottom Profiler Survey

The Innomar parametric subbottom profiler SES2000 was operated during the entire
cruise. Reliable records were obtained down to a water depth of nearly 1,400 m, thus this
system covered the same depth range as the multibeam echosounder. Data quality was
generally good down to a water depth of about 800 m, records from greater depths were
degraded by weaker signals and increased noise level. Penetration of the signals into the
sedimentary layers was achieved up to about 10 m with maximum values of 15 m. Over large
areas the record sections were rather uniform, showing a prominent second reflecting horizon
about 5 m below the seafloor (Fig. 7). In water depths greater than 850 m this second
reflector was not observed. It was not possible to determine whether this reflector disappeared
in greater depths, or was just not recorded due to weaker signals. Observations indicated that
the thickness of this layer might be decreasing with increasing depth (Fig. 11).
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Figure 7. Subbottom profiler record showing the second reflector below the seafloor.

A remarkable number of subbottom profiler records showed reflections with negative
polarity (blue areas in the records), predominantly just beneath the seafloor (Fig. 8). Negative
polarity records indicated reflections from layers with less density than water, such as gas
bubbles or gas layers. This might be an indication for gas bearing sediments or free gas in the
sediments. Generally, the areas with negative polarity records were not continuous over large
distances but often associated with morphological features. Figure 6 shows a domal uplift in
860 m water depth, just reaching the seafloor. Negative polarity records were found just
below the top of the domal uplift. This observation led to a speculation of shallow gas
migrating upwards and concentrating below the non-permeable seafloor.
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Shelf Break Morphology—Indications of Slope Failures

The multibeam bathymetric surveys yielded a high-resolution data set that were used
to develop a morphotectonic map of the area. Indications of downslope mass transport and
slope failures such as faults, scarps, headwalls, debris fields, toes of slide masses could be
identified in the morphology and helped to document the current state of slope stability.
Simultaneously the stratigraphies of the upper sedimentary layers were also recorded by the
parametric subbottom profiler.

Generally, the survey area was characterized by a gentle and smooth morphology, as
derived from the multibeam echosounder data. In Fig. 10 three different depth profiles across
the slope are shown. For most upper slopes the inclination was rather constant with an angle
of just 1.0° to 1.2°. In the northern part of the survey area at a water depth of about 900 m
this gentle inclination was suddenly increasing to about 5° and more, while in the southern
part of the survey area the inclination angle remained rather constantly gentle down to about
1,300 m, the maximum depth which was surveyed. Further processing of the data is
underway to investigate the nature of the rapid increase in inclination angle and its possible
roles in the nature of the slope failures.

Latitude 7°58'N

Latitude 7°53'N

Latitude 7°43'N

Figure 10. Depth profiles from multibeam echo sounding across the slope from north to south

In the subbottom profiler records, some weak indications of slope failures were only
observed in the southern part of the survey area. Profiles derived from digitized subbottom
profiler records across these structures are displayed in Figs. 11 to 15. Possible outlines of
displaced masses can be traced in these Figures, and the thickness of these masses were
usually not more than 10 m.
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Shallow Gas Deposits and Fluid Venting Structures

Negative polarity reflections in some subbottom profiles (e.g., Fig. 9) had led to a
speculation of possible shallow gas deposits in the northwestern part of the survey area. All
of these observations only observed in water depths greater than 800 m.

Shallow seabed gas had been found on continental margins worldwide (Fleischer et
al., 2001). Biogenic methane is generated in shallow seabed sediments on continental margins
by biogeochemical processes, especially in rapidly deposited muddy sediments with high
organic matter content (Best et al., 2006). Gassy sediments can destabilize seabed slopes
(Best et al., 2006) and hence initiate slope failures (Longva et al., 2003). In the subbottom
profiler records we found one possible slump associated with the occurrence of gassy
sediments. These records had to be carefully evaluated further to assess the potential risk for
slope failures.

In addition to the possible occurrence of shallow gas there were also places with very
distinct and focused venting of fluids or gas. A prominent morphological feature was found
at 7° 48' N, 95° 57.8' E and verified in several additional profiles that were surveyed over this
area (Fig. 16). This circular domal uplift of about 35 m high with a diameter of about 200 m
was also mapped by the multibeam bathymetry system. The shape of this mound resembles a
mud dome or mud volcano. The seafloor at both sides was bended downwards. Acoustically
transparent areas near the top and the flanks of the mound indicated the presence of fluids or
gas. This assumption was supported by a number of diffuse reflections above the seafloor in
the water column. In addition, indications for rising gas flares or bubbles were recorded by
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the multibeam system, i.e. strong signals not related to the seafloor reflection were recorded in
the vicinity of the mound.

Figure 16. Subbottom profile across a possible mud dome or mud volcano.

Another example was previously shown in Fig. 9 where a hidden mound-like structure
was imaged. The top of the mound just reaches the ocean floor but did not projected out of the
sediment layer. Negative polarity signals (blue in that figure) again indicated the presence of
fluids and/or gas. However while the “hidden mud dome” shown in Fig. 9 lied in the region
of observed negative polarity signals and furthermore, also with the water depth coincided
with the depth of these observations, the “projected” dome in Fig. 16 fell outside of that
region and was found in shallower water depth. It is not clear so far whether this feature
comprised of a different modes of venting of similar biogenic shallow gas or whether a
different origins of the gas were involved.

Preliminary overlaying the survey area over major tectonic features in the region
(Curray, 2005) revealed that the area was possibly in the vicinity of the Shan Scarp Fault (Fig.
1). However, because this Fault is not known to be active recently and the exact location is in
the sea is not well located, which are so do for Ranong and Klong Marui Faults, whether these
fault zones could be a geological source of heat for the dome venting remained to be
inconclusive.
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Conclusions and Recommendations

So far 34 locations that had distinct morphologic and/or sediment seismic features in
the Cruise I survey area were identified (Fig. 17). The largest number (30) was attributed to
areas with possible occurrence of low-density fluids or gases in the shallow sediment layers.
Almost all of these fluids or gases deposits were in lower slope areas with water depth greater
than 900 m. Among those locations, one was associated with possible slump and another one
with a possible “hidden” mud dome.

Two possible “projected” mud domes were found along the upper slope with water
depth of about 600 m. However, the possibility that these two features were the submarine
rock outcrops still cannot be ruled out. Lastly, two locations with possible downslope
landslide were identified in the southern part of the survey area (Fig. 17).

To verify our speculations for these features, in depth analyses of multibeam
bathymetry and sediment seismic profiles are necessary. At the point, the Thai scientists
were able only to process and basic visualize the data. However, to further analyze and
interpret the data in terms of geodynamic and sediment geophysics the Thai team would
require additional training and practice on deep-sea sedimentology and marine geo-acoustic.
Such advanced training and data analysis workshop is offered by the German counterparts of
this project to be held in Late January 2008 in Kiel, Germany, where 2-3 Thai marine
geological scientists and apprentices engaged in this project will take a 4-weeks post-graduate
level intensive program under closed supervision from German experts from IFM-GEOMAR
as well as from University of Kiel.

Many of the likely to be fluids/gases deposits were located along the deepest
northwestern edge of this survey area. If these were methane deposits, for example, we would
expect to find more of those in the deeper areas and also possibility of having methane
hydrates. About 50 km north of the survey area, there might be a submarine canyon, which
could indicate an old Pleistocene river mouth that might supply large amount of ancient
organics into these sediments. More survey to the north of the current area will yield very
valuable information critically necessary to interpret the current data.
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Legend:

@ Possible deposits of fluids or gases below the seafloor in a shallow deep

[l Possible slump with the occurence of possible fluids or gases
v Possible Mud-Dome below the seafloor with deposits of fluids or gases above
A Striking Mud-Dome or Mud-Vulcano with possible deposits of fluids or gases
—} Steep slope with possible landslide
Figure 17. Seafloor structures classified based on subbottom profiler records. Depth

contours in the background is from GEBCO data and not from this survey, which are under
processing.
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Summary

An enormous 2004 tsunami wave had demolished constructions in large
areas along the Andaman Sea coast of the southwestern Thailand and caused the
worst natural disaster to people life reiterate human in natural hazards. In order to
assess the possible impact of future tsunami in near real time, the availability of a
reliable bathymetric chart is required. In addition, such a chart allows assessing
the potential of slope stability in the area. Seafloor topography of the continental
shelf and upper slope of the Andaman sea within the Thai EEZ was investigated
on board RV Charkratong Tongyai in November-December 2006 and October-
November 2007 in the frame work of the project “Morphodynamics and slope
stability of the Andaman Sea Shelf break” using an ELAC Bottomchart Mk.II 50
KHz multibeam echosounder and an INNOMAR parametric sediment profiler.
The primary aim of the project was to map the hitherto unexplored parts of the
western slope of Mergui Ridge and the in-situ characterization of the slope
stability. An area on approximate 3,000 km” in the Andaman Sea shelf break in
Thai EEZ from 500 m to 1,700 m water depth covering the outer shelf and upper
slope area was successfully mapped.

As yet, one situation as it were a mud volcano and ten positions of
possible mound as seen from parametric sediment profiles are studied in a smooth
area above 700 m water depth. In addition twenty four anomalous features were
attributed to areas with possible occurrence of low-density fluids or gases in the
shallow sediment layers in lower slope areas greater than 900 m water depth. In
order to generte a realible bathymetry, various grid resolutions are evaluated in
term of accuracy assessment by using histrogram plots. A histogram plots of 50 m
grid resolution show that 90% of whole grids obtained data at least 3 points per
grid while the standard deviation of most grids is better than 0.5 % of water depth.
The evaluated values are presented to indicate that a reliable high resolution
bathymetric chart can be generated by 50 m grid resolution. A number of previous
unknown features including three plateaus, two pockmarks as seen from the
bathymetry are visually indentified above 700 m water depth, whereas, three
escarpments with two posible displaced masses and more than ten gullies are
identified in a slope area below 700 m depth.

To evaluate slope stability in the area, slope gradients are computed from
profiles perpendicular to contours depth covering the map. On approximate
between 500-700 m depth, the computed inclination angle of about 0° on average
indicates a smooth area on top of the ridge. On approximate between 700-1,300 m
depth in the west side of the ridge can be divided into two provinces. The
computed angles are ranging 1-1.7° in the first province while the angles are
ranging 3.2°-4.6° in the second province. The angles indicate slope stability in the
continental slope below 700 m depth.

The entire backscatter echoes obtained with simultaneous swath
bathymetry covering the area are mapped. Blanket tones covering the map are
presented to indicate pattern of seafloor textures. Dark tones blanket smooth area
indicates hard seafloor while light tones blanket plateaus, escarpments and gullies



indicate soft seafloor. Less information of subbottom profiles were acquired,
however, surface seafloor can still be studied. Strong continuous reflections are
observed on smooth area, while rough reflections are observed on slope area. The
reflections indicate possible creeping of sediment from uppermost part downslope
to be possible displaced mass behind escarpments.

Keyword : Andaman Sea, Mergui ridge, Thai EEZ, Bathymetry, Parametric sediment echosounder

1. Introduction

The geology and the origin of the Andaman-Nicobar Ridge was started
consideration that the ridge has been formed of sediments uplifted from the deep
ocean floor. The ridge extended southward as the outer arc ridge off Sumatra and
Java (Hochstetter, 1869) and drifted toward to the west away from mainland and
thus forms a little Andaman Island (Sewell, 1925). Rodolfo (1969) was a modern
worker who fully understands the rifting and extensional opening of the Andaman
Sea. The Andaman-Nicobar Ridge and the Indo-Burma range are composes of the
sediments of the Bengal and Nicobar Fans (Curray et al., 1979).

Over past three decades, several modern hypotheses about the tectonic
setting of the Andaman basin and their status at a present to understanding the
rifting and extensional opening of the Andaman Sea were published by many
researchers (Frerichs, 1971; Curray, et al, 1979; Eguchi, Uyeda, and Maki, 1979;
Mukhopadhay, 1984; Dasgupta and Mukhopadhyay, 1993). Recently, data bases
on bottom penetrating echosounder and airgun seismic reflection profiles from
various cruises and from oil companies were used to well describe a tectonic
setting of whole Andaman basin (Curray, 1994; 2003; 2005; Raju et al., 2004;
Khan and Chakraborty, 2005). By a tectonic point of view, the basin is divided
into three provinces, which are: a forearc basin includes West Basin, Invisible
Bank and other banks further to the South. The magmatic arc corresponds to
Barren-Narcondam volcanic islands, and other small volcanic constructions. The
backarc region includes Alcock and Sewell Rises, East Basin, the shelf and basins
to the north and east and the Central Andaman Basin (Fig. 1).
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Figure 1. A Tectonic map of the Andaman Sea and adjacent southern Myanmar
and northern Sumatra (Curray, 2005). An approximate situation of Shan Scarp
Fault (SSF) shows by a solid blue line. A claim of the boundary of Thai-EEZ (The

Royal Gazette, 1988) shows by a solid red line.



The Andaman Sea is an active backarc basin which probably started in
Eocene (Curray, 2005). The effect of the oblique convergence has been formation
of a silver plate between a subduction zones in the southwestern part of Sumatra-
Java and a complex right lateral fault system in the Andaman basin. To date,
seafloor topography covering Sumatra-Java subduction zones in the south of
Indonesia (IFM-GEOMAR, 2005) and central of the Andaman basin in the
vicinity to the Andaman Islands (Raju et al., 2004) are successfully mapped. Rate
of incline Sumatra-Java subduction (Acharyya, 2000; Curray, 2005) and rate of
opening plate in the central Andaman basin are also studied (Raju et al., 2004;
Khan and Chakraborty, 2005).

The central Andaman basin, the swath mapping and magnetic gathering of
the area was carried out (Raju, et al., 2004). The data revealed several
morphotectonic features and divided the central basin into a complex western part
comprising arc-parallel seamount chains, N-S-trending fault systems and a
relatively smooth eastern part. High-resolution reconstruction of Benioff zone
depth-dip angle trajectory for Burma-Java subduction margin were published
(Khan and Chakraboty, 2005). The result also reveals that the basin is much
young spreading phase recorded towards north of 78 Lat. is possibly the result of
late Miocene—Pliocene trench retreat and follow-up trans-current movement along
Sagaing and Sumatran fault system with NW-SE pull-apart extension. In
additional, the position of strike-slip fault which is called a Shan Scarp Fault
(SSF) continue from Burma in vicinity of the northern of Thailand was
investigated, however, position of the fault in vicinity of the Andaman Sea shelf
break near the Mergui Ridge has not been exactly known (Richter, et al., 1993;
Polachan and Racey, 1993; Curray, 2005). Really implication that the basin has
not been fully surveyed and pooly known in morphodynamics of anomylous
features.

Over past decade, one arc minute global digital atlas (GDA) of ocean floor
topography derived from ship soundings and satellite altimetry was developed and
distributed to provide the most accurate data set of major oceans topography
publically available for geoscientists and oceanographers for current essentially
understanding of features covered by the sea (GEBCO, 1997). A global map of
horizontal gradients that has been produces can reveal all of the intermediate and
large-scale structures of the ocean basins (Smith and Sandwell, 1997). By the
way, the global seafloor topography can be completely charted in 5 years by
satellite altimetry, whereas ship sounding surveys would take more than 200 years
(Sandwell, et al., 2006). To date, 30 arc-second global digital bathymetry data is
available. However, grid that has been obtained from many sources of data set
believed to be reliable essentially in deep ocean but its accuracy and completeness
cannot be guaranteed, because most of areas of the oceans have not been fully
surveyed. Moreover, the chart does not include detailed bathymetry for shallow
shelf water (The GEBCO 08 Grid, 2008).

Recently when the devastating 2004 tsunami wave which is generated by
the north Sumatra earthquake had destroyed large area and kills many people
along the coast of the southern Thailand. A reliable bathymetry in the area is a



major requirement. However, no available bathymetry derived from a high
resolution hydroacoustic echodata in the western part in vicinity to Thailand and
Burma for scientific community. This paper purpose a new reliable bathymetry of
the Andaman Sea shelf breaks in Thai EEZ and the prominent features as seen
from the bathymetric chart. In addition, detailed information as seen from the map
can be utilized for asses slope stability which could probably a cause of local
tsunami in the area.

To map a high resolution bathymetry of Andaman Sea in Thai EEZ, the
Natural Research Coucil of Thailand and the German Research Foundation
(NRCT-DFG) cooperation research in the frame work of “Morphodynamic and
slope stability of the Andaman Sea Shelf break” is commenced in 2006. The
primary aim of the project is to characterize a high resolution bathymetry derived
from multibeam bathymetric echodata and to determine morphodynamic and
tectonic state of southeastern part of the Andaman Sea of Thai EEZ. The map is
successfully usefull for characterization of seafloor topographic features and to be
a basemap for further visual planning of investigation and measurement.

The aim of this paper is to chart a new high resolution bathymetric map
derived from a multibeam bathymetric echodata of southeastern part of the
Andaman Sea of Thai EEZ, and to determine morphodynamic and tectonic state
of the basin that can be linked to bathymetric features which will be the topic of
discussion for the next separated publication.

2. Methodology
2.1 A survey area and tentative planning for investigation

An area of investigation is in the southwestern part of the Andaman Sea of
Thai EEZ, the western part of Mergui ridge and Mergui Terrain. By a territorial
claim under a law of the sea, the Andaman Sea is a sea surface area of
combination of own five countries which are Indonesia, Malaysia, Thai, India and
Burma. Prior to survey planning in March 2006, to avoid an unexpected political
problem for exclusive economic zone of such a country, it was really importance
that a boundary of Thai EEZ in the Andaman Sea had to be taken into account. By
this respect, the boundary of Thai EEZ was determined following to EEZ Claims
of Thailand (The Royal Gazette, 1988).

Prior to survey-track planning, a bathymetric chart of Thai EEZ derived
from 1 arc minute GEBCO global digital bathymetry (IOC, THO and BODC,
2003) was evaluated mainly on basis of a high slope area which it was potentially
for submarine landslide occurring following a given well description in an
inclination angle leading to submarine landslides (Hampton, Lee and Locat,
1996). By roughness interpretation from the chart, an area composed with a
narrow-stripe with approximately of about 50 km width has been seen from the
global map and slope gradients in term of inclination angel with maximum on
approximate 4.5° in the area has been computed. Due to steep-slope gradient



variability with in the area, the survey tracks were tentatively planed
perpendicular to the slope contour lines. The spacing between adjacent swathes
coverage was planed to realize approximately of about 10% and coverage of the
entire area.

2.2 Hydroacoustic equipments

The equipments consisted of the hydroacoustic survey systems which are
the ELAC Bottomchart Mk.II 50 KHz multibeam echosounder (SEA BEAM 1050
multibeam echosounder) with an accessory of the Sea&Sun CTD48M-sound
velocity probe and IXEA OCTANS 1000 motion sensor, and an INNOMAR SES
2000 “medium” parametric sediment echosounder.

The SEA BEAM 1050 multibeam echosounder hydroacoustic survey
system of the L-3 Communications ELAC Nautik GmbH (http://www.elac-
nautik.de/) comprising two transducer arrays type LSE 237 which are installed on
board at port and starboard side are used to record echoes in medium water up to
3,000 m water depth by manufacture. Such transducer consists of 126 narrow
beams with of 1.5° resolutions in widths. A transmitter power output of 3,500 W
for such transducer is normally operated. In addition, real time records of ship
rolling, pitching and heaving are obtained by a motion sensor which is an
accessory. A GPS signal receiver was use for record ship navigations along the
survey tracks. During in the surveys, the transducers were operated at regular
frequency of 50 kHz. The swath width of the multibeam echosounder can be
operated in the sea up to 120° with maximum 126 individual beams. The IXSEA
OCTANS 1000 Motion Sensor of the IXSEA SAS manufacturer
(http://www.ixsea.com/en/) was used to record data of ship rolling, pitching and
heaving in real time. The records were used to calculate the real time
compensation for ship dynamic motion. A GPS-receiver of the GARMIN Ltd.
(http://www.garmin.com/garmin/cms/site/us) was used to get ship position
information along surveys.

The Sea&Sun CTD48M-sound velocity probe of the Sea&Sun Technology
GmbH (http://www.sea-sun-tech.com/home.html) is usually used onboard for
self-recording of conductivity, temperature, and depth data along profile of water
column. The records can be downloaded from the data logging through a standard
RS232 interface and were then used for calculation speed of sound propagation in
water column along its profile.

The INNOMAR SES-2000 “medium” single beam hydroacoustic survey
system of the Innomar Technologie GmbH (http://www.innomar.com/) utilized
the parametric or non-linear sound propagation effect a principle that when two
slightly different frequency sounds were transmitted, they propagated and
generated a secondary sound with lower frequency. These primary high
frequencies can be used for the exact determination of the water depth while the
secondary sound generated by difference of the two primary frequencies, which
had a much lower frequency, could penetrate the bottom sediments down to about



15 m to give information about the subbottom structure beneath the seafloor and
reveal any unconformities related to slope failures and instabilities

2.3 Design, Constructions and Attachment of equipments on the
research vessel

Really importance that the Thai research vessel namely RV Chakratong
Tongyai of the Department of Marine and Coastal Resources (PMBC), Ministry
of Natural Resources and Environment Thailand, has no moon pool available for
attachment of hydroacoustic transducers mobile bracket, thereby, constructions
like over-side-arm in shape had to be designed, constructed, and attached onboard
in order to hold the frame of multibeam echosounder and a transducer of
parametric sediment echosounder during the surveys. Two constructions like
inverted-L in shape were sketched carefully following a manufacturing design
sample of the L-3 Communications ELAC Nautik GmbH (http://www.elac-
nautik.de/).

Basically, such construction was divided into two connecting pipes which
were a horizontal short-arm pipe and a vertical long-arm pipe. The short pipe had
to be horizontally attached and fixed to the deck of ship, whereas the long pipe
had to be attached vertically at the end position of such as short pipe. The
Galvanized-iron pipe 6 inches in diameter and 4 inches in diameter were selected
to be a construction for mounting the multibeam transducer and single beam
parametric transducer, respectively. The making processes of constructions were
done at Phuket province and the attachments of them were done at the pier of
PMBC prior to cruise surveys.

Attachment of equipments on the research vessel, the SEA BEAM 1050
transducer was mounted to a mobile bracket and then attached the bracket to the
end of its 6 inches in diameter vertical long-pipe. The pipe was attached to its
short-pipe which was installed over the port side of the research vessel. It is really
importance that the bracket had to be positioned at the end of the long pipe below
the keel of the ship between survey period to avoid unexpected noises or small
bubbles probably generated by the wave during the survey.

Whereas the INNOMAR SES 2000 transducer was mounted at the end of
its 4 inches in diameter and then attached the pipe to its short-arm which was
installed over the starboard side of the research vessel. During transit from the
pier at Phuket island to the research area, the transducers can be hoist up and fixed
outside the water to allow for a higher ship speed. While during survey time at
sea, the transducer had to be placed in a fixed position in the water using U-shape
clamp which was installed beside the vessel very close to surface water level. The
communication cable from both transducers can be passed inside their pipe hole
through the end of the short pipe and direct to control unit box in laboratory. The
acquired echoes can be real time seen on screen in laboratory.

3. Data collection and processing



3.1 Erroneous noise and optimum ship speed determination and roll
calibration

To determine systematically erroneous noises occurring and optimal ships
speed for surveying, multibeam echodata were recorded during transit to the area
of investigation in the first cruise. An interesting was that the multibeam data
acquisition during the determinations revealed higher erroneous noise level. It was
realized that the noise can probably be generated by tiny bubbles of waviness
under the window of transducers due to dimension of transducer pole and the
wires which held the pole in the U-shaped clamp. The noise can also probably be
generated by strong vibrations of ship engine which obviously were transferred to
the transducer along the steel construction of the poles and due to the clamp which
is installed near to the main engine.

Data quality was significantly improved by releasing tension of the wires.
Soundings when the vessel was at position and the engine slowed down were
definitely better. A speed of 3 to 4 knots was determined as an optimum of ship
speed between data quality and mapping yield. However, data quality was not
really good but just acceptability. The noise level was still quite high limiting the
maximum achievable depth to around 1,000 m and the maximum swath width to
around 90° instead of 120°.

To improve the quality of data acquisition in the second cruise, the
dimension of transducer pole of multibeam echosounder was adjusted which are;
the short-arm which was fixed over the deck was reduce for 20 cm from the first
cruise installation and the long-arm which hold the transducer was extend for 0.5
m long beneath the keel of ship. Moreover, the shape of clamp was changed from
U-shape to V-shape and added a rubber sheet to absorb an oscillatory vibration
from wavy.

Roll calibration procedure in the first cruise in legl was done over many a
2 nautical miles track back and forth in vicinity of Phuket Island on a quite planar
seafloor at water depths of about 40 m. The recordings of the multibeam system
were processed for each direction separately. The differences in the inclination
across track of both digital terrain models (DTM) were calculated. Negative
values of 3.35° for the port and 2.16° for the starboard transducer had been
determined from legl in the first cruise. A similar procedure of roll calibration as
well as in legl was done in the beginning of leg2 in the second cruise. Values of
1.66° for the port and 2.11° for the starboard transducer had been determined from
the second cruise over many a 2 nautical miles track in the same area of roll
calibration from the first cruise. The position, speed and heading of the ship were
detected base on a GARMIN 1000 GPS which was regularly compared with the
ship navigation.

3.2 Sound velocity profile



In order to achieve high quality bathymetric data, detailed sound speed
information along water column is essentially to be known. To estimate influence
of the sound velocity on the sound beam propagation in sea water and to calibrate
the sound velocity for data acquisition, two CTD profiles were investigated. The
first CTD profile was continuously measured at shallow water from surface down
to 40 m water depth in approximation, whereas, and the last CTD profile was
continuously measured from surface down to 643 m water depth in approximation
during the transit of ship to survey area in the first cruise.

The profiles were located on 7°42.28' N, 98°23.8" E which named CTD1-1
and 7°38.145" N, 95°46.764' E which named CTD1-2, respectively. A commercial
The supplied Standard Data Acquisition Software package “SST-SDA” for Win95
to XP of the Sea&Sun Technology GmbH was used to download the records from
data logging on board and displayed the sound velocity profile on a screen. After
that all profiles were plotted using a commercial software Grapher 5.0 of Golden
Software, Inc. U.S.A. to publish. Two profile plots of CTD1-1 and CTD1-2 show
in Fig.2. Resemblance of CTD profiles can be seen in the same positions in the
second cruise. Then the acquired data from station CTD1-2 were applied during
the surveys.
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Figure 2. Water sound velocity profiles plots at position 7°42.28'N, 98°23.8'E
(CTD1-1) and 7°38.145'N, 95°46.764'E (CTD1-2).
3.3 Bathymetric survey and echodata processing

Acquired multibeam echoes were obtained from two cruise surveys on
board RV Chakratong Tongyai at water depth ranging from 500-1,700 m. The
first cruise was separated into two legs, leg 1 covered 20-27 November 2006 and
leg2 covered 29 November-6 December 2006. The second cruise was conducted
on 6-15 November 2007. An area on approximate 3,000 km” was successfully
surveyed consisting of more than 60 parallel tracks of about 30 km length (Fig. 3).



During the surveys, difference GPS was planed to get position information
of ship to keep the ship on the track, unfortunately, GPS signal from the bridge
was unavailable in laboratory. Therefore, positions of ship for hydroacoustic
system were measured by a new installation of a GPS signal receiver over the
ceiling of laboratory. The L3 communications ELAC Nautik online software
Hydrostar 3.5.3 was used for data acquisition during surveys.

The fixed beam angle of 1.5° due to the manufacturer generates the foot
print size of the pre-formed beams which is approximately 13 m at 500 m water
depth and which is approximately 44.5 m at 1,700 m water depth corresponding to
a center beam. The investigation was performed at slow ship speed which it was
about 4 knots in average during surveys by take into accounts, to provide
sufficient data points density in the along track direction to be generated a high
resolution bathymetry. The along track point spacing is approximately 10 m and a
dense line spacing is approximately about 100 m with a ping rate interval on
approximate 6-7 seconds.

Most of pre-cleaning processes of the multibeam echodata acquisition
were done onboard. Basically, recorded echoes were revealed on screen and
erroneous points were generally rejected from main records. Roll bias at port and
starboard sides which were determined between the transits, heave and pitch
records and also positions of the ship were required in processing to generate
depth. Then the first plot of each single track was map basis for further post-
cleaning processes. Post-cleaning processes were done by taken into account
using a powerful command of MB-System under GNU public license software
(Caress and Chayes, 2004).

Generic Mapping Tool (GMT) under GNU public license software
(Wessel and Smith, 1998) was used for generating and presentation of whole
cleaned-echodata as digital terrain model (DTM). In this respect, 2D and 3D view
of contours and relief color-shades charts of the entire area were mapped for
visual interpretation of anomalous features in difference prospective views. An
interactive 3D perspective view can also be visualized using a commercial
software Fledermaus of the IVS 3D and software the Global mapper 10.
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Figure 3. Show an area of investigation in this study. Contourline in this map
show in 100 m interval. Lan show in darkbrown. Orange lines show ship track
surveys. Boundary of Thai EEZ shows by red line. A digitize of an approximate
situation of Shan Scarp Fault (SSF?) which is derived from Curray (2005) shows
by a solid blue line

3.4 Parametric sediment echosounder survey and data processing

The INNOMAR SES2000 parametric sediment echosounder was operated
continuously during the cruises simultaneously to multibeam surveys. In the first
cruise of investigation echoes were continuously recorded along 30 profiles in
each of about 22 nm in length in northwest-southeast direction as well as along
several additional short lines perpendicular to the main profiles. However, in the
second cruise the echosounder data was recorded along 20 profiles in north-sound
direction due to strong wave propagations mainly in north-south direction. As
with the multibeam system also the parametric sediment echosounder suffered
from the noise generated by strong vibrations of the engine and amplified by the
long free arm of the pole holding the transducer over the starboard side of the
vessel. However, data quality was generally acceptable. The maximum water
depth surveyed was about 1,700 m. Generally, the penetration of the signals into
the sea bottom was on the order of 5 to 10 m, a maximum penetration of 15 m was
achieved.
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An INNOMAR SES for windows (or SESWIN) software was used for
data collection. Because the low frequency was generated from parametric
propagation of the two higher frequencies, the generated sound retained the small
and thus high resolution bottom footprint. This is an advantage over the use of a
linear system to generate the same low frequency since the footprint will be much
larger and the survey resolution would be much less. The ISE 2.9.2 software of
Innomar Technologie GmbH, was used for display data aquisition of parametric
echosounder profiles. To process the data, raw data were converted and revealed
an operating range of each profile using SES Convert software of Innomar and
were grouped basically by operating range of the data. Grouped data were
exported to SGY format using a commercial VISTA 2D3D Seimic Processing
software of the Geophysical Exploration & Development Corp and then imported
to a generated flow algorithm under a commercial KINGDOM software of the
Seismic Micro-Technology, Inc to process and display subbottom profiles along
ship track surveys. To compare anomalous feature between multibeam bathymetry
and parametric pofiles, the multibeam bathymetry must be imported to the
KINGDOM software as basemap.

4. Result
4.1 Assessment of data accuracy

Really importance is that the acquired echoes which were recorded along
legl in the first cruises provided 79.82% of good beam in average, whereas from
leg2 provided 69.03% while the second cruise provided 72.44%. The results
involve a new concerning with respect to stability of the research vessel during
survey periods which is become a major priority concerning in measurement of a
good data set for next investigation. However, the bathymetry must be generated
by using this echodata set. First of all, assessment of data accuracy must be
evaluated.

To generate a new reliable bathymetry in the area, accuracy assessments
from various grid resolutions were evaluated. A sequence of 30m, 40m, 50m, and
60m grid resolution were processed. First of all, a number of data points which
obtained per individual grid are needed to be known in whole grids. It is therefore
helpful to know some information about the density and regularity of data points
which were obtained in such grid. The second, standard deviations for individual
grid need to be computed to helpful about variation and therefore accuracy of data
points (Beyer, Rathlau, and Schenke, 2005b). Histogram plots to show relation
between a number of data points per grid and frequency of the data set were
presented to reveal dense of data point for all of the various grid resolutions.
Whereas, histogram plots between a standard deviation in % of water depth were
used for the presents of all of accuracy of those grids. A number of data points per
grid and the standard deviation in every grid cells are computed and generated
histogram plots. Overall accuracy includes an accuracy of measurement and grid
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deficiency derived from DTM. Summary results of computed accuracy show in
Table 1.

The results from the table reveal a regular acquisition of a number of data
points per each grid resolution in sequence which is a 30 m, 40 m, 50 m and 60 m
grid quantitative. Accuracy assessments form different grid resolutions are
evaluated in term of dense data points per grid and standard deviation (Fig 4).

Accumulated data achieve in term of a relation plot between a number of
data points per grid and percent frequency show that 56% of a 30 m grid size
obtained more than 3 data points per grid while between 80-90 % of larger grid
size obtained the similar data points per grid. It is found that the difference of
median for 5 m can be compared to standard deviation for 0.4% of water depth.
The accumulated data acquired from a relation plot between standard deviation in
percent of water depth and percent frequency show that 78% of 30 m grid cell
obtained standard deviation better than 0.5 % of water depth, whereas, 80% of 40
m grid and 77% of 50 m grid cell obtained standard deviation better than 0.5% of
water depth and 74% of 60 m grid cell obtained standard deviation better than
0.5% of water depth.

Although, good statistic values which were computed from 50 and 60 m
grids qualities supported by statistic values that a reliable high resolution
bathymetry in this investigation area can be accepted to generate by both grid
resolutions, however, a computed standard deviation of a 50 m grid size show
higher values of about 77% while a computed standard deviation of a 60 m grid
size show lower values of about 74%. The value implied that a high resolution
bathymetry in the investigation area could be generated by a 50 m grid resolution.

The primary aim of the MASS project focuses on a mapping of a new
bathymetric chart derived from a high resolution bathymetry data of southeastern
of the Andaman Sea (or on the southwestern of Mergui Ridge) of Thai EEZ. To
generate a new map in this area following the accuracy assessment which is
derived above, bathymetric data acquisition can be processed and then generated
by 50 m grid quality. Furthermore, a terrain model is applied for generating a
shade relief of a high resolution bathymetric chart. Sea floor topography of an
investigation area derived from the model is revealed in great detail. Overall in the
past, no high resolution bathymetry in this area is publically available. Therefore,
the chart which is shown in this publication becomes the first implication of a new
reliable bathymetric map of the western part of Mergui Ridge (Fig. 5).
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Figure 4. Show cumulative plots in percent frequency of a number of data points
per grid (left), standard deviation and standard deviation in percent of water
depth (right) for 30m, 40m, 50m, and 60m grid resolutions, respectively.
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Figure 5. A color-code shade relief bathymetry map of the southwestern slope of

Mergui Ridge of Thai EEZ overlaid on GEBCO 30-arc second digital global
bathymetry.
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To evaluate a good of fit between a high resolution bathymetry and global
digital bathymetric dataset available worldwide, a high resolution bathymetry was
totally compared to digital global bathymetric dataset which are GEBCO1-min,
ETOPOI, and GEBCO30-sec, respectively. The entire data obtained in the same
area are extracted from a reliable bathymetry and those of global digital
bathymetry, respectively. Spatial analysis in term of correlation (R®) and error in
term of root mean square error (RMSE) are use for spatial evaluation in term of a
goodness of fit of a couple areas (Table 2). A value of 33.43+188.22 reveals a big
difference between MASS50 and GEBCO1, while a value of 92.47+63.32 which
is evaluated from a comparison between MASS50 and ETOPOI and a value of
95.17£50.70 which is evaluated from a comparison between MASS50 and
GEBCO30-sec indicate high correlation between both global bathymetries.

Table 1. Statistic values of various grid resolution show a number of data points
per grid and standard deviation.

Grid resolution 30m 40 m 50 m 60 m
percent of grids obtained at 56 80 90 90
least 3 data points per grid
percent of grids obtained 78 80 77 74

standard deviation better than
0.5 % of water depth

Table 2. Spatial analysis in term of R? and RMSE show a goodness of fit between
a high resolution bathymetry by 50 m grid quantity (MASS50) and digital global
bathymetries which are GEBCO1-min, ETOPO1, and GEBCO30-sec,
respectively.

Spatial analysis MASS50- MASS50- MASS50-
GEBCO1 ETOPOI GEBCO30

SST 5.78E+10 5.78E+10 5.78E+10
SSE 3.85E+10 4.35E+09 2.79E+09
R? 33.43 92.47 95.17

RMSE 188.22 63.32 50.70

4.2 Slope inclination angle

To evaluate seafloor stability in the area, one possibility can be use for
assessment stability in the area is slope inclination angel (Hamton, Lee, and Locat,
1996). Many profiles perpendicular to slope contour lines are drawn on the
bathymetry. Depth records in every 100 m along each profile are extracted to
show characteristic of the profile and slope gradients are computed. Characteristic
of profiles are shown by Fig. 6. Inclination angle computed from ~500-700 m
depth is on average ~0° indicates a smooth area on top of the ridge. West side of
the ridge can be divided into two provinces. The first province is about 700-1,300
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m depth with slopes ~1-1.7°. The second province is about 1,300-1,700 m depth
with slope ~3.2°-4.6° indicates tendency of slope stability in the area.
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Figure 6. Plots of relation between distance and depth show slope cover the
south, the middle, and the north of the research area. The profiles are presented
to indicate tendency of slope stability in the area.

4.3 Morphology of the Andaman Sea in Thai-EEZ

Interpretation by visualization and by determination from many cross
section profiles parallel to slope in near W-E direction reveal that an investigated
area can be characterized into a flat top like of high region coverage in the eastern
part and a slope like of low region coverage in the western part.

4.3.1 Characterization on a flat top area

A flat top area is characterized on the Mergui Ridge at the northeastern
part in the upper most area with approximate 500 m depth continue to the
southern end of the area of about 700 m depth. An inclination angle is computed
from many cross section profiles cover the area. An average angle of about 0°
indicates that the area is rather a smooth or a gently plain topography. Most of
area has no large distinct topographic features on its top.
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4.3.1.1 Mounds and mudvolcano

By literatures, mud volcanism is widely distributed onshore and has
attracted the attention of geologists for over 200 years. Work on onshore mud
volcanoes has delineated their tectonic settings, activity and products (mud as well
as fluids), the mechanisms of formation, and their importance for petroleum
prospecting (Goubkin and Fedorov, 1938; Yakubov et al., 1971; Higgins and
Saunders, 1973; Hedberg, 1974; 1980; Barber et al., 1986; Rakhmanov, 1987; and
many others). However, a comprehensive study of submarine mud volcanoes has
become possible only in the last decades due to the wide use of side scan sonar
and the increased accuracy of the positioning of bottom samplers.

An embankment can be observed on the area from the chart. A situation of
the embankment locates at 95°57.8'" E and 7°48" N. The embankment is
characterized as a prominent feature shaped a mound or volcano like structure.
Shape of the feature is nearly to a circular form. Dimension of the form is about
35 m high with about 500 m in diameter. The characterization of the feature which
could possibly be identified as a volcano is supported by a raw swaths bathymetry
named profill 074.xse from the first cruise (Fig. 7). Regarding to a parametric
sediment profiles, a detailed structure that reveal a mud volcano like structures
(M-01) 1s locates at 95°57.75" E and 7°48.19" N. (Fig. 8). In addition, many
positions of possible mounds (M-02 to M-10) and one position of possible
sediment bank (B-01) behind the mounds can be seen from subbottom profiles
(Table 3).
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Figure 7. Swaths bathymetry covers a volcano like structure.
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Figure 8. A parametric sediment profiles show volcano like structure.

Table 3. Situations of prominent features which are identified as a mud volcano
(M-01) and many positions of mounds (M-02-M-10) and position of sediment

bank (B-01)
Positions Name Filename
95°57.75" E,7°48.19' N M-01 #02122006 021548
95°57.77" E,7°48.22' N M-02 #02122006 091042
95°57.80' E,7°48.16' N M-03 #02122006 091042
95°57.71' E,7°48.26' N M-04 #02122006 062750
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95°57.69" E,7°48.29' N M-05 #02122006_ 062750

95°57.79" E,7°48.20' N M-06 #26112006_052255
95°57.81"' E,7°48.13' N M-07 #26112006_ 084409
95°57.71" E,7°48.03' N M-08 #02122006_062750
95°57.62" E,7°47.95" N M-09 #02122006 105626
95°57.90" E,7°47.94" N M-10 #24112006_ 105735 111209
95°57.96' E,7°48.29' N B-01 #02122006 091042

4.3.1.2 Plateau

An oceanic plateau (also submarine plateau) is a large, relatively flat
submarine region that rises well above the level of the ambient seabed. While
many oceanic plateaus are composed of continental crust, and often form a step
interrupting the continental slope, some plateaus are undersea remnants of large
igneous provinces. These were formed by the equivalent of continental flood
basalts such as the Deccan Traps in India and the Snake River Plain in the Pacific
Northwest of the United States. Geologists believe that igneous oceanic plateaus
may well represent a stage in the development of continental crust as they are
generally less dense than oceanic crust while still being denser than normal
continental crust.

Density differences in crustal material largely arise from different ratios of
various elements, especially silicon. Continental crust has the highest amount of
silicon (such rock is called felsic). Oceanic crust has a smaller amount of silicon
(mafic rock). Igneous oceanic plateaus have a ratio intermediate between
continental and oceanic crust, although they are more mafic than felsic.

However, when a plate carrying oceanic crust subducts under a plate
carrying an igneous oceanic plateau, the volcanism which erupts on the plateau as
the oceanic crust heats up on its descent into the mantle erupts material which is
more felsic than the material which makes up the plateau. This represents a step
toward creating crust which is increasingly continental in character, being less
dense and more buoyant. If an igneous oceanic plateau is subducted underneath
another one, or under existing continental crust, the eruptions produced thereby
produce material that is yet more felsic, and so on through geologic time.

Three conspicuous feature shaped so-called plateaus are observed from the
map at central of an investigation area at water depth about 550 meters (Fig. 9).
The first biggest plateau with approximate dimension 4km x 6km x160m is
revealed at position 95°51'30” E and 8°08'30” N. The middle which is the
smallest plateau with approximate dimension 2km x 4km x 100m is observed at
position 95°54'30” E and 8°18" N. The last plateau with approximate dimension
2km x 8km x 160m is observed at 95°55'30” E and 8°22'30” N. Very interesting
is that moat can be observed around the plateaus. Appearing of moat indicates a
movement of sediment around the plateaus. Detailed analyses need more
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information from subbottom profiles, backscatter map, and also sediment textures
in the area.
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Figure 9. Color code shade relief seafloor topography show three prominent
features which are identified as plateaus.

4.3.1.3 Pockmark
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Pockmarks include isometric cone- to saucer shaped depressions on the
seafloor varying in size from 1 m to more than a few hundred meters across with
depths of less than 1 to more than 10 m. They were described and named for the
first time in 1970 as morphological features formed on the continental shelf off
Nova Scotia, Canada (King and McLean, 1970) and then observed and reported in
many places all over the world ocean (e.g. Hovland and Judd, 1988). They occur
in areas of fluid discharge, and need fine-grained sediments to support their
structure and long existence. Nowadays it is widely accepted that pockmarks
originated by expulsion of gas from over pressured shallow gas pockets,
dispersing the sediment into the water column (Hovland and Judd, 1988) or by
intensive continuous fluid discharge.

At the northern end side of the plateau which is observed at the central of
the bathymetry, a feature which it could probably be characterized as a pockmark
(Fig. 10) can be remarked with approximate dimension lkm x 0.25km x 40m at
situation 95°54'35" E and 8°18'45" N

pockmarki
9575430

RV CHAKRATONG TONGYAL: cruise MA S5-11 km
seale 1159000 grid size 20020 m ilumination S0 f Ty 1
4}% contour intarval 10 m 0 0.5 1

Figure 10. Color code shade relief seafloor topography show a prominent feature
which is identified as a pockmark.
4.3.2 Characterization of a slope area
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A low region slope in W-E direction in the west side of the ridge can be
divided into two provinces. The first province is about 700-1,300 m depth with
slopes ~1-1.7°. The second province is about 1,300-1,700 m depth with slope
~3.2°-4.6° indicates tendency of slope stability in the area. Many prominent
features can be observed from the area, which are escarpments, displaced masses,
and gullies.

4.3.2.1 Escarpments, displaced masses and gullies

In geomorphology, an escarpment is a transition zone between different
physiogeographic provinces that involves a sharp, steep elevation differential,
characterized by a cliff or steep slope. Usually escarpment is used interchangeably
with scarp. But some sources differentiate the two terms, where escarpment refers
to the margin between two landforms, while scarp is synonymous with a cliff or
steep slope. The surface of the steep slope is called a scarp face. Scarps are
generally formed by one of two processes: either by differential erosion of
sedimentary rocks, or by vertical movement of the Earth's crust along a fault.

Two escarpments which are common on inclined areas of the seafloor
where weak geologic materials reside are observed from the bathymetry at about
900 m depth. Dimension of the escarpments are about 5 km long and
approximately 70 m high (Fig 11). The area reveals a number of escarpments
which are probably generated by supporting of creeping sediment from the upper
flat area flowing downslope to the area. A prominent feature which could possibly
be identified as a trace lie along over a distance of about 30 km and parallels to a
shelf edge from about 95°44' E and 7°47' N to 95°45" E and 7°59' N at water
depth about 1,000 meters. Unfortunately, no detailed information of subbottom
profiles in between the escarpment because of problem of current supply from the
ship. However, remaining of some subbottom profiles can be use for presentation
of detail information of displaced masses behind the escarpments. Four situations
of displaced mass are observed from parametric profiles at the first escarpment
which are profiles name S1-1, S1-2, S1-3 S1-4. Whereas, one situation is
observed from another escarpment which is profile name S2-1 (Fig 12-16).
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Figure 11. A 3D color code relief shade of escarpment shows two positions which
can be identified as escarpments. Behind the escarpment are displaced mass.
Solid blue lines show situations of subbottom profiles across the escarpments.
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Figure 12. Shows detailed information of subbottom profile name S1-1.

26



\,

" 43000 14000, 15000 16000 17000 18000 19000 20000 21000
W
-a00
51-2
-10004 T T T T T T
G000 ] 2000 Q000 10000 11000 .

E E distance {m) creep sfammant
& -11004 :
2 5000
& j

displaced mass
VE 10:1 E-
T T €
2000 3000 El 2000
= distance (m)

VE 101

T T T
2000 3000
distance (m)

Figure 13. Shows detailed information of subbottom profile name S1-2.
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Figure 14. Shows detailed information of subbottom profile name S1-3.
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Figure 15. Shows detailed information of subbottom profile name S1-4.
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Figure 16. Shows detailed information of subbottom profile name S2-1.
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The second province is about 1,300 m depth down to 1,700 m with an
approximate slope range of about 3.2° to 4.6°. More than ten features which could
possibly be identified as gullies are revealed at an slope area between about 8°10’
N and 8°34' N at the water depth ranging between 1,000-1,500 m continuously to
northward.

4.3.3 Backscatter map

The use of multibeam echo sounders for bathymetric purposes start in the
seventies with system (e.g. the SEABEAM system) strictly designed to improved
bathymetric mapping efficiency by measuring simultaneous depths inside a fan
narrow acoustic beam. De moustier showed the interest of reflectivity
measurements as a function of incident angle (De moustier 1986; 1991), making
clear that a multibeam echo sounder could be available tool in seafloor
characterization in sprite of the limiting capabilities of the system.

The entire backscatter obtained with simultaneous swath bathymetric
echodata covering the area is mapped (Fig. 17). By visual interpretation, the area
which are presented by tones can be divided into three provinces, which are; (1)
smooth area are blanketed by light tones, (2) area of prominent features are
blanketed by dark tones, and (3) between both area are blanketed by moderate
tones. This texture pattern is interpreted to indicate distribution of sediment-
grained size. However, interface roughness influence which causes high
reflectivity levels must be taken into account for interpretation. In addition, more
information related to transportation of mass in the area is important to be known.
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Figure 17. Show backscatter map covering prominent features and slope area.
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4.3.4 Shallow gases

An area with gathering of conspicuous characteristics of gas is studied
from parametric sediment profilers. Ten positions of possible mound and one
position of possible mud volcanoes are observed at water depth vary about 850-
950 meters. Twenty-four positions of possible occurrence of shallow gas are
observed at water depth ranging about 850-950 meters (Fig. 18). Fourteen
positions of possible slump are observed at water depth ranging about 850-950
meters. The positions of those shallow gases are summarized in Table 4. In
addition, almost of prominent morphologies resemble as slope failures were only
distinguished in the southern part of the survey area. Twelve positions of possible
mass movement are observed at western part of Mergui ridge and the water depth
approximately about 800 m and further downslope. The thickness of these masses
was usually not more than 10 m.
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Figure 18. Show positions of possible mounds, mud volcano, displaced masses,
and fluids/gases beneath seafloor which are observed from subbottom profiles.
SBP tracks of surveys show by black lines.
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Table 4. Show positions of possible shallow gases/fluids beneath seafloor.

Number Longitude Latitude
1. 95°53.81"E, 7°42.11' N
2. 95°53.80" E, 7°42.12' N
3. 95°53.79" E, 7°42.12' N
4. 95°43.87"E, 7°48.95' N
5. 95°43.55"E, 7°49.17" N
6. 95°45.27" E, 7°52.98' N
7. 95°45.18' E, 7°53.04' N
8. 05°45.04' E, 7°53.14' N
9. 95°44.84' E, 7°53.27' N
10. 95°44.69' E, 7°53.37"N
11. 95°44.59" E, 7°53.43' N
12. 05°44.44' E, 7°53.53' N
13. 05°46.44' E, 7°59.61' N
14. 95°46.38' E, 7°59.65' N
15. 95°46.32' E, 7°59.69' N
16. 05°45.72" E, 8°05.73' N
17. 95°57.80" E, 7°48.13' N
18. 95°46.03' E, 7°58.56' N
19. 95°45.80" E, 7°58.70' N
20. 05°45.74" E, 7°58.74' N
21. 95°45.58" E, 7°58.84' N
22. 95°45.22" E, 7°56.42' N
23. 95°45.07' E, 7°54.16' N
24, 95°45.53'E, 7°53.85'N
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Final report MASS Il

Julia Schwab, Sebastian Krastel and Felix Gross

1 Acquisition and processing of new acoustic and core data

1.1 Bathymetry

In addition to already existing bathymetric data of the continental slope,that were
acquired acquired during the previous MASS cruises in 2006 and 2007, it was
planned to use a multibeam echo sounder system (Seabeam 1050 Multibeam
Echosounder) in order to achieve new bathymetric data from previously unsurveyed

areas.

1.1.1 Multibeam configuration

For the multibeam transducers a holding construction was built that had been used
also during the previous MASS cruises onboard of Chakratong Tongyai in 2006 and
2007 (Fig. 1). Construction of the poles was done at the pier of the PMBC. This time
the multibeam was deployed on the starboard side of the vessel (Fig. 1). The holder

construction consisted of:

¢ the holding arm pipe between multibeam transducer and the second arm pipe
e the second straight pipe arm
¢ the elbow holding arm pipe between the second arm pipe and the starboard
pipe
e the starboard fixed pipe (Fig 1)
By using flanges and screws the construction could be moved from the vertical

position where transducers are in the water (during measurement) to a horizontal

position with transducers fixed to the ships side (during transit).
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Figure 1. GPS and multibeam configuration onboard RV Chakratong Tongyay (from
Krastel, 2011)

1.1.2 Results of multibeam data acquisition

The holder construction bent shortly after roll calibration was finished due to high ship
speed (see Krastel 2011 for more detailed information). With the deformed pole it
was not possible to collect bathymetry data anymore. For a more detailed description

of the acquisition of the data refer to the cruise report.

1.2 High resolution multichannel seismic profiling

A high-resolution multichannel seismic survey was carried out during the MASS IlI-
cruise on RV Chakratong Tongyai with the objective to resolve sedimentary
structures along the continental margin west of Thailand. A micro-Gl Gun was used
to transmit a seismic signal. The reflections from the seafloor and deeper geological
structures have been recorded with a digital Geometrics GeoEel150 m long streamer
which was towed behind the vessel. Configuration during the seismic survey is

documented on Figure 2.



N

© 00 ~N o O

10
11
12
13

14
15
16
17
18
19
20
21
22
23
24
25

1.2.1 Data acquisition and system components

Streamer incl. 3 birds

-
Streamer Configuration: e
11/12 Active Sections (each 12.5m) ¢
11/12 A/D module ,Bottles™ s
Birds at 1st, 5th and 10th section =

Deck

Figure 2. Configuration of multichannel seismic system components (from Gross, 2012)

Seismic source

During seismic surveying a Micro-GlI Gun (Fig. 11) was used (Generator 0.1L,
Injector 0.1L). During seismic profile MASS 001 profile only the Generator was shot
due to problems with one of the compressors. From the second profile on the GI-
mode was applied and the Injector was triggered with a delay of 20 ms after the
Generator-signal for depressing the bubble signal. The Micro-GI Gun was towed
about 0.5 m below the water surface. Shooting range was adjusted to the water
depth, varying between 5 and 6 seconds. The gun was shot at an air pressure of ca.

120 bars and was working without problems during the whole seismic survey.

Streamer-system

A digital streamer (Geometrics GeoEel) was used for recording the seismic signals.
The first active streamer section was towed 36.5 m behind the stern of the ship.
During the cruise 11 respectively 12 sections were used, each with a length of 12.5
m, resulting in a total streamer length of 137.5 m / 150 m. Each section contains 8
channels (channel spacing 1.56 m) and each channel consists of two hydrophones.
One AD digitizer module belongs to each active section. These AD digitizer modules
are small Linux computers built in a water resistant housing. Communication
between the AD digitizer modules and the recording system in the acquisition
laboratory was realized via TCP/IP. A repeater was located between the deck cable
and the tow cable (lead-in) to ensure connectivity. The SPSU (streamer power supply
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unit) manages the power supply and communication between the recording system
and the AD digitizer modules. The recording system is described below. Three birds
were attached to the streamer (Fig. 2). Designated streamer depth was 3 m. A small
buoy was attached to the tail swivel. Leakage problems at the beginning of the
survey resulted in removing two sections of the streamer. After checking those
sections onboard one sections was again attached to the streamer between seismic
profile 11-003 and 11-004.

Bird Controller

Three Oyo Geospace Bird Remote Units were attached at the streamer (Fig. 1). All
RUs have adjustable wings. The RUs are controlled by a bird controller in the
acquisition laboratory. Controller and RUs communicate via communication coils
nested within the streamer. A twisted pair wire within the deck cable connects
controller and coils. Operating depth of the birds was set to 3 m. Automatic depth
position scanning during the survey was switched off because this might cause noise
in the recorded data. The birds worked reliable during the whole cruise keeping the
streamer in the designated depth and therefore ensured good quality of the recorded

seismic data.

Data acquisition systems

Geometrics GeoEel software was used for recording incoming data from the
streamer. The analogue signal was digitized in the AD digitizers with 4 kHz. The data
were recorded as multiplexed SEG-D. One SEG-D file was generated per shot. Data
were recorded with delay but the delay was not written to the header. The delay was
adjusted manually, depending on the water depth. The acquisition computer allowed
online quality control by displaying shot gathers, a noise window, and the frequency
spectrum of each shot. The cycle time of the shots is displayed as well. The software
also allowed online NMO correction and stacking of data for displaying stacked
sections. Parameters such as shot time and shot position were saved to log files.
Data were converted to SEG-Y file while being at sea. During acquisition of seismic
profile 01 to profile 03, problems with the GPS occurred, which was represented by

missing GPS times for several shots — the Baud rate of the GPS device was to low
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(4000). This problem was solved by using the system time of the computer from

profile 04. The system time was synchronized on a regular basis.

Trigger unit

A custom trigger unit, (SchwaBox) was used during the cruise. This device generates
triggers (TTL) at arbitrary combinations for controlling seismic sources, acquisitions
systems, and bird controllers. In addition, the SchwaBox was connected to a gun
amplifier unit. The trigger scheme was adjusted to the water depth during the survey.

The trigger system worked very reliable during the entire cruise.

1.2.2 Seismic data processing

Standard processing methods were applied in order to improve data quality. The
processing was carried out with the commercial software Vista Seismic Processing
9.0 by Gedco. Additionally WinGeoapp, a software tool written by Hanno Kelil
(University of Bremen), was used for setting up the geometry. A workflow of the
processing method used is shown in Figure 3.

RAW Data

SEG-D 10 SEG-Y.
= e

Processing Brute Stack
N |
Edit Header, Debias, =R=R= pi= s
Ormsby BP Filter . — &
Sl e e - Channel 9-14 L
s sl il - Delay Shift =
- Ormsby BP Fiter (&
- VertivealStacking 25
Setup Geometry - SEG-Y Output
with WinGeoapp
Import WinGeoapp Header
- to Vista FK Filtertering, NMO Correction
- and CMP Slac‘klng
l = g
=
Navigation Processing s
and Binning |
Statics and CMP Stacking
Delay Shift e
HEE e e Ch R

= e
ﬂ‘ l
| FD Migration
Despike
&=
| l

Hosampic SEG-Youput I &
=R Navigation Output =)

-l -

Figure 3. Processing workflow applied for MASS 111 seismic data (processed with Vista

Seismic Processing Software (from Gross, 2012)

Pre-processing
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During pre-processing the dataset was prepared for further processing steps. The
collected SEG-D dataset was converted to SEG-Y format. Each profile was stored as
a single SEG-Y dataset. During SEG-Y conversion a header was created for each
profile and checked for potential errors. A wide Ormsby Band Pass filter was set to
reduce and cut interfering noise. Low-pass was set to 15/30 Hz and high-pass to
800/1200 Hz.

Navigation processing with WinGeoapp

The vessel position was recorded via GPS during the cruise. The navigation data
were stored in NMEA-format (National Marine Electronics Association standard file
system for navigation data). These files record UTC year, day, hour, second, and
position of the vessel. To set up the geometry of the streamer and its navigation the
custom tool WinGeoapp (Hanno Keil, University of Bremen), was used. It compiles all
navigation/NMEA data for each channel and the position of the GI-Gun. With this
information the header of the SEG-Y files was updated for correct positioning of each
shot and each channel. As WinGeoapp uses an algorithm, that plots each channel of
the streamer in relation to the cruise track, it was possible to enhance quality of

positioning accuracy, especially in curves and changes of the course direction.

Binning

For stacking of the data (carried out with Vista Seismic Processing Software) all
midpoints were assigned to a "bin" (small area according to the midpoint between
source and receiver). To ensure a high signal to noise ratio after data stacking a
minimum fold of 20 traces per bin was applied. With a bin size of 2 m (inline) it was
possible to guarantee a high horizontal resolution in respect to sampling (Fig. 4). This
enhanced especially the resolution at sharp boundaries like escarpments or small-

scale structures.
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Figure 4. Setup Geometry and Bins in the Vista Geometry module — Blue line =
Reveiver/Streamer,Red line = Midpoints, Small red dots = shot points, Big red dots =
calculated crooked line (from Gross, 2012)

Data despike

A despike module was applied to reduce spikes from the dataset. Spikes are high
amplitude noise signals, created by electrical disturbances in the cables between
streamer and vessel, faulty hydrophones or unwanted acoustic sources like breaking
waves and noise from the ship running along the streamer. The despike filter was
applied to NMO corrected and CMP sorted data. It reduced the impact of spikes on
the data quality by adjusting the amplitudes of channels with unusual amplitude
characteristics. This adjustment was carried out by calculation of the standard
deviation of the amplitudes of five neighboring channels within a 50 ms windows, and
comparison to the maximum amplitude of each of these 5 traces. If the amplitude of a
track varied more than 1.5 times the standard deviation, the data content was
reduced to 1.5 times the standard deviation. This filtering was applied subsequently

to the complete dataset.

FK-filter

The FK filter was applied to further eliminate unwanted noise signals in the dataset.
Unwanted data can result from coherent linear noise / ground roll, guided waves and
side scattered energy (Yilmaz, 1987). For most of the profiles a “standard” FK
(frequency, wave number) filter was used by setting up a fan-shaped filter to
eliminate unwanted energy. The unwanted noise was treated as a coherent linear
noise and a side scattered energy, which was especially observed when crossing the

structural highs in the working area.
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Spherical divergence
Spherical divergence correction was calculated for each channel in order to eliminate
the effect of unwanted amplitude variations due to increasing attenuation of the

sound wave amplitudes with increasing distance from the source.

Normal move out correction

Due to varying offsets in a CMP-gather, the recorded travel times differ for each
channel. A dynamic time correction for each shot-receiver pair has to be carried out
in order to create a zero offset section.

As no reliable velocity model for the area was available, the NMO correction was
carried out with the mean water velocity of 1500 m*s-1. An additional velocity
analysis was resigned due to the length of the streamer in relation to the water depth.
For the working area in most parts NMO and residual statics are in the same range
and no reliable velocity picking can be carried out. Additionally strong lateral and
vertical variations in velocities due to bunchy lithology in the working area may have

led to a vertical distortion of the data.

CMP stack

CMP stacking was carried out for the traces within individual bins, which were
assigned to 2 m x 20 m. As each bin contains traces with similar CMP position and
comparable seismic information, all NMO corrected CMP gathers were stacked. This

resulted in an amplification of the signal to noise ratio

Static module

For several profiles the "static module" was used to recalculate residual statics. The
static module in Vista Seismic Processing offers an iterative correlation of the first-
brakes of a CMP and their alignment to each other. After the static module was
applied, the resulting data were compared with the uncorrected CMP stack in order

to preclude distortions.



© 00 N o o B~ W DN

O S A S e e T o o e
O © 00O N oo o0 M W N -~ O

21

22
23
24
25
26

Migration

In order to correct the vertical reflection time of reflection events and to enhance
resolution of the seismic data, "migration” was the final processing step (see Figure 5
for an example of improvement of data quality).

In case of a dipped reflector the first reflection is not origination from the point directly
beneath the source, instead the spherical spread out acoustic wave front is first
interfering with some part of the reflector upslope of this position. Therefore, two way
travel time (TWT) between source and receiver is smaller, which results in a
misinformation for depth and inclination of the reflector. Reflectors in the seismic
section are imaged with reduced inclination and at greater depth than in reality.
These aberrations occur at many geological structures. Sharp edges and diffraction
points result in diffraction hyperboles. (Yilmaz, 1987). Migration of seismic data aims
to correct for the dislocation of seismic reflectors. Diffraction hyperbolae will collapse
in their apex. Inclined reflectors will be steepened and shifted in up-dip direction.
Synclines will get reworked and all “bowties” will be deleted. Anticlines will be
straightened which results in elimination of crossing reflectors.

The seismic dataset was time migrated and "FD Migration" (finite difference
migration) was applied, which means that a differential solution of the wave equation
with the help of finite elements is applied (Yilmaz, 1987)

Figure 5. a) Brute stack of an extract of Profile 14 using only 6 channels (BP filter and
stack), b) Full processed extract of Profile 14 using 96 channels (FD migrated, geometry
setup, FK filtering, NMO, static module, CMP stacking) (from gross, 2012
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1.3 Sediment sampling

A mini-gravity corer was used to take samples from different environments. Three
main areas were chosen for sampling stations. These areas are:

e an assumed mass wasting area in the northern part of the bathymetric map

e the area around a large platform

e adeeper part of the continental slope

Table 1: List of Mini Gravity Corer Stations (Krastel et al.2012)

Core Lat (at Long (at

Station Number | Number Date Time surface) surface) Depth |Recovery
MASS 111-0017 1 19.01.11 | 2:24 8°25.48 95°56.66 573.3 187 cm
MASS 111-002Y none 19.01.11 ([3:45 8°25.30 95°56.95 555.6 | empty
MASS 111-002Y none 19.01.11 (7:39 8°25.47 95°57.08 551.1 |empty
MASS 111-002Y 1 19.01.11 ([8:26 8°25.31 95°35.58 591.2 123 cm
MASS 111-0037 none 19.01.11 |9:45 8°26.04 95°55.57 689.7 empty
MASS 111-0037 none 19.01.11 |11:16 8°25.89 95°55.61 687.9 empty
MASS 111-0047 1 20.01.11 | 3:04 7°49.49 95°43.17 982.2 empty
MASS 111-005Y 1 20.01.11 | 757 7°48.10 95°44.89 857.8 empty
MASS 111-0067 1 20.01.11 |9:16 7°47.32 95°46.28 822.2 30 cm
MASS 111-005Y 2 20.01.11  |[10:51 7°48.33 95°44.80 857.8 fragments
MASS 111-007Y 1 21.01.11 (148 8°11.97 §95°52.96 597.8 142cm
MASS 111-007% 2 21.01.11 |[2:58 8°10.97 95°52.88 604.4 157cm
MASS 111-0087 1 21.01.11 |[3:56 8°09.95 §5°52.06 686.7 empty

MASS 11I-008% 1a 21.01.11 | 4:59 8°09.91 95°52.10 |682.2 |empty

MASS 11I-0097 1 21.01.11 | 5:55 8°09.23 95°49.88 |714.5 |91cm

MASS 11I-0107 1 21.01.11 | 655 8°06.92 95°51.74 |632.2 |150cm
MASS 11I-010Y 2 21.01.11 |7:31 8°06.41 95°51.52 |628.9 |50cm

MASS 111-0117 1 21.01.11 |8:22 8°08.40 95°51.64 |512.2 |empty
MASS 11I-0127 1 21.01.11 | 9:15 8°07.61 95°53.91 |557.9 |empty
MASS 111-0127 2 21.01.11 |9:43 8°07.27 95°53.76 125cm
MASS 111-013% 1 22.01.11 |2:03 7°53.90 97°39.47 |353.3 |empty
MASS 1l -013” 2 22.01.11 |2:34 7°53.66 97°39.36 | 3545 |empty
MASS 11l -014% 1 22.01.11 [3:24 7°53.81 97°39.91 |313.3 |empty

! Archived in core repository of IFM-GEOMAR in Kiel
3 Archived in core repository of Chulzlongkorn University, Bangkok, Thailand

The used mini gravity corer is able to take cores up to 2 m length. Its top weight
counts 250 kg. The installed winch on RV Chakratong Tongyai offered a total cable
length of 2000 m. Hydraulic problems of the winch made an accurate use nearly
impossible. As no device for measurement of rope tension was available coring was
complicated further. Due to a missing dynamic positioning system on RV Chakratong
Tongyai it was not possible to maintain the position of the vessel during corer

deployment. Strong currents resulted in drift velocities of up to 1.5 knots, which made

10
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the accuracy of the real position of the cores very hard to estimate. Widespread
sandy environments anticipated the penetration of the sediment corer and no
sediment recovery was possible in several cases (Table 1). Consequently, adversely
to originally planned, sediment cores could not be acquired at locations crucial for
slope stability analysis such as the areas off Mergui ridge. Therefore age dating of
mass transport deposits was not possible. In total, 9 cores were retrieved from 14
stations (Table 1).
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Figure 6. Overview map of seismic profiles and core locations of MASS 111 cruise (from
Krastel, 2011). The bathymetry has been taken from Jintasaeranee et al. (2012).
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2 Quantification of individual mass wasting events

The general architecture of the background sedimentary units and the distributions
and dimensions of mass transport deposits (MTDs) were deduced from the seismic
dataset. MTDs were interpreted according to their external geometries and internal
reflector characteristics. Lens- or wedge-shaped bodies showing a chaotic to
transparent seismic facies were classified as MTDs. Precise measurements of
volumes and areal extents of MTDs were not possible from our dataset, as spacing
between profiles is relatively large, ranging between about 1 km and 7 km. Therefore,
the geometries of the MTDs had to be interpolated over long distances of up to 7 km.
An isopach grid was calculated, based on interpreted horizons of top and base for
each MTD, using a constant sound velocity of 1500ms-1. Subsequently, volume and
areal extent was deduced from the isopach grid. Values are summarized in Table 2.
The values in Table 2, however, have to be regarded only as rough estimations due
to the uncertainties mentioned above and due to the fact that the lateral boundaries
of the MTDs are not present in our dataset, except for one MTD close to the sea

floor, where boundaries

Table 2. Measured properties of identified MTDs in the working area (Schwab et al. (2012)

MTD interpolated maximum thickness approx Depth of shallowest
areal extent of MTD [m] volume of point from surface [m]
[km?] MTD [km?]

Al 70 56 1.3 1130

A2 27 36 0.3 1280

A3 33 55 0.8 1350

A4 69 166 3.0 1210

Bl 24 91 1.0 1850

B2 10 46 0.3 1950

B3 43 135 3.0 1570

B4 53 150 3.4 1710

12



© 00 N o O B~ W DN =

[EEN
o

[EEN
[EEN

12

13
14
15
16
17
18
19

BS 27 125 15 2020

C1 23 76 0.7 1480
C2 46 89 2.6 1420
C3 45 90 2.1 1550
C4 32 62 1.0 1530
C5 22 72 1.0 1560
D1 40 75 0.9 880
D2 33 234 4.0 830
D3 585 62 14.0 640

Seventeen individual mass transport deposits (MTDs) were identified in the three
different environments described above. Four MTDs are located in the southern
basin area (MTD A1-A4), ten MTDs in the northern part (MTD B1-B5 and MTD C1-
C5), and three MTDs on Mergui Ridge (MTD D1-D3). The positions of the MTDs,
their boundaries and minimum areal extents, as far as they were traceable on the
dataset, are illustrated on Fig.7. The MTDs identified within the basin sediments (Al—
A4, B1-B5, C1- C5) are generally characterized as lens- or wedge-shaped bodies,
partially with a hummocky surface. They reveal internal chaotic to transparent

reflector characteristics.

3 Characterization of slope failures

We did not classify the single mass transported deposits in detail. Classification of
landslides based on single, wide spaced 2d-lines is difficult, because the 3d-
geometry of the deposits could be established based on the available dataset, and
detailed internal structures are not imaged in sufficient detail. We therefore decided
to describe all deposits of gravitational mass wasting events with the general terms
"mass transport deposit" and "landslide", irrespective of the process of formation. A

further classification would be very speculative at the moment.
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Figure 7. Map of locations and areal extent of MTDs identified in the working area

4 Determination of sedimentary properties

4.1 Core description and radiographs

To date, the cores MASS Il 001-1, MASS IIl 002-1, MASS Il 006-1 and MASS llII
007-1 (Figs. 8, 9, 10) were split and visually described (see core descriptions). The

14
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archive halves were photographed and sediment samples for qualitative analysis of

sediment components were taken from the working halves

To gain a better overview on the sedimentary structures radiography samples were
taken. According to the usual sampling method, plastic cases of the width of the core
diameter (length 25 cm, thickness 0.4 cm) were pressed into the sediment surfaces
and slices of the sediment surface were cut off the surface. For conservation the
slices are kept in the plastic cases and are sealed with plastic foil. Digital X-ray

radiographies were obtained by a standard medical X-ray apparatus.
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Date: 19.01.11 Pos: 8°25.48'N 95°56.66'E
MASS Iil 001-1 Water Depth: 573 m Recovery: 188 cm

Lithology

CM [ ithol. Struct. Color Rad. |Ehux
0 = X 0-8cm: light olive brown

ot - I T foraminiferal ooze with minor
10 — clay/silt component

unsharp/gradual basal transition/contact

20_1— =

] 8-91 cm:  olive gray

Py e

30 E - o e £ .
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= = S bioturbation

50 __'_-u-_'_w-

gradual basal contact/transition

.I
]
(9]

80

901 — —+ 91-150 cm:  olive gray

foraminiferal ooze with minor clay/silt component

100 bioturbation

BE single fragmented, complete gastropod
110 . S

e ] unsharp basal contact
120 ==

130

140 =

1501 — — 150-188 cm: olive gray
foraminiferal ooze with minor clay/silt component

?
160 I & higher amount of shell fragments than above ~ 3-4mm
- - 68 (bivalves, gastropods, crinoid spiculae, pteropods
&
&

1 70 "I'-'-'F-l-
180~
188

Figure 8. Visual core descriotion and radiographic images of core MASS 111 001-1
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Date: 19.01.11 Pos: 8°25.31'N 95°35.58'E
MASS Iil 002-1 Water Depth: 602 m Recovery: 72 cm

Lithology

Lithol. Struct. Color Rad.

0 -— - 0-10 cm: light olive brown, oxidation horizon?

- O 25v
— T undisturbed surface

10 m et
Lo foraminiferal ooze with minor
clay/silt component

20 f unsharp/gradual basal transition/contact

30 S e

Ereert 5Y 10-72 cm: olive gray

40
=l e o foraminiferal ooze with minor
B clay/silt component

50 — scattered shell fragments ~ 3-5mm (gastropods, bivalves)
= at 36 cm: cronoid spicule, 1 cm

60 " bioturbation

e s gradual basal contact/transition

I(F

shell fragments scattered throughout core, 2-5 mm (gastropods, bivalves, crinoid spiculae)

Date: 20.01.11 Pos: 7°47.12'N 95°46.33'E
MASS Il 006-1 Water Depth: 822 m Recovery: 25.5 cm

Lithology
CM [ ithol. Struct. Color | Rad.[Ehux
0 = 2'/5: X 0-5cm:  pale yellow
7
P =
T Tle foraminiferal ooze
10 SN * &
b e . &
e irregular bioturbated basal contact
e e
e
20 Cn o 5-25.5 cm:olive gray
X

clay/silt bearing foraminiferal ooze

scattered shell fragments and shells plus unfragmented pteropods/gastropods
Figure 9. Visual core descriotion and radiographic images of core MASS 111 002-1 and
MASS 111 006-1

4.2 Physical properties of sediment samples
MSCL

Magnetic susceptibility and gamma-ray attenuation were measured in order to gain
insight in fluctuations of sediment composition and bulk density. For measurement of
these parameters a GEOTEK Multi Sensor Core Logger at GEOMAR, Kiel was used.
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The working halves of cores MASS IIl 001-1 and 007-1 were analyzed at a sampling
distances of 1 cm. Results of the susceptibility and gamma ray measurements are
shown Figures 11 and 12.

Date: 21.01.11 Pos: 8°10.84'N 95°52.88'E
MASS I11 007-1 Water Depth: 595 m Recovery: 125 cm

Lithology
08 Lithol. Struct. Color Rad. |Ehux
X 0-7cm: gap
10
201
X 7-10 cm:  light olive brown, oxidation horizon?

301

clay/silt bearing foraminiferal ooze with minor

irregular basal transition/contact

40

501

10-142 cm:  olive gray

clay/silt bearing foraminiferal

60 ;

scattered shell fragments ~ 0,1 - 0,5 mm (gastropods, bivalves)
70 at 36 cm: cronoid spicule, 1 cm

partly bioturbation

gradual basal contact/transition

80 1

90;

95cm: 0,5 cm thick shell fragment layer, fragments ~ 0,2 - 0,4 cm

100

104 cm: 2 cm thick shell fragment layer, fragments up to ~ 0,5 cm

110

120

Figure 10. Visual core descriotion and radiographic images of core MASS 111 007-1

XRF

The X-ray fluorescence method was used to determine changes in relative
abundances of elements contained in the sediment. For these measurements an
Aavatech XRF core scanner, located at the Geoscience Faculty of University of Kiel
was used. Cores MASS IIl 001-1, MASS 1l 002-1, MASS Il 006-1 and MASS IIl 007-
1 were analyzed every 10 mm with generator settings of 10 kV, 30 kV and 50 kV.
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Examples for these measurements are shown in Figures 11 and 12. Ratios of K/Al,
Ti/Ca, Ba/Ti and Si/Ca are plotted for cores MASS 111 001-1 and MASS 007-1.

Scanning electron microscope (SEM)

In order to get an estimate of the age of the sediments retrieved in the cores, several
samples from cores MASS Il 01, 02, 06 and 10 were examined for coccoliths that
can be used as biostratigraphic markers (see table and core descriptions). Samples
for coccolithophore analyses were prepared with a combined filtration/dilution
technique. A small amount of sediment was suspended in tab water and
ultrasonicated for 15 to 30 s. Then a small amount of the suspension was filtered on
a polycarbonate membrane filter (0,4 mm pore size). After drying the membranes for
24 h a small piece was mounted on a stub and sputtered with gold/palladium. The
samples were then examined with a CamScanCS44 scanning electron microscope at

the Institute of Geosciences, University of Kiel.

4.3 Sediment types and age estimations

Due to the above described problems with the sampling, most cores that were
retrieved are very short (below 1 m) and are located on top of Mergui Ridge (see fig.
X). and could therefore not be considered so far for slope stability analyses or
absolute age dating of mass transport deposits (MTD). Most cores reveal a quite
uniform lithologies with mostly bioturbated foraminiferal ooze of uniform olive green
colouring throughout the cores. The XRF and MSCL measurements as well as the

radiographic photographs show very uniform properties for all cores examined so far.

All samples that have been examined with the scanning electron microscope (see
core descriptions) contained the coccolith E. Huxleyi. The first appearance date of E.
huxleyi has been dated to 294 kyr by Vey and Peleo-Alampa (1993) and it has been
the dominant species within coccolith assemblages since 73 000 yrs (Thierstein et al.
1977), This indicates that all of the surficial sediments on top of Mergui Ridge that
have been retrieved by the sampling generally are younger than 268 kyr or even

73000 yrs and therefore are of Pleistocene origin.
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Figure 11. Results of the susceptibility and gamma ray measurements as well as Ratios of

K/Al, Ti/Ca, Ba/Ti and Si/Ca for core MASS 111 001-1
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Figure 12. Results of the susceptibility and gamma ray measurements as well as Ratios of

K/Al, Ti/Ca, Ba/Ti and Si/Ca ) for MASS 111 007-1
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4.3.1 Carbonates

Core MASS Il - 011 was taken on top of one of the plateaus (Table 1, Fig. 6) in
water depths around 500 m. The core did not penetrate into sediments but a few
hard rock fragments were recovered in the core catcher (Fig. 13). The fragments
have diameters of up to 4.5 cm in size, but most samples are smaller than 2 cm. The
colors vary from dark greyish over brownish yellow to light grey. The composition of
these assumed biogenous rock samples is heterogeneous. Small clasts are
cemented by a fine grained matrix. Some rounded components can be observed in
the samples, too. Furthermore some vegetal incrustations on some of the fragments
have been observed. Especially sample MASS Ill — 011-A exhibits a fractional
coverage of benthic organic matter, which is determined at a sharp boundary. All
descriptions of these samples have been done with the help of pictures, taken on-

board, as the samples are stored at Chulalongkorn University, Bangkok, Thailand.

2cm

| MASS llI - 011

Figure 13. Examples of biogenic (carbonate ) nodules retrieved from sampling at station
MASS 111 011 (from Gross, 2012)

examples for,organic” shapes
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5 Age determination of mass-wasting events and Freqguency of slope failures

Approximate time intervals between individual slide events (A1-A4, B1-B5, C1-C5)

have been established for the MTDs in the southern and northern East Andaman

Sea settings (see Fig. 7 for locations). For the southern working area (A1-A4) they

range between 940 ka and 1.19 Ma; for the northern working area between 220 ka
and 1.47 Ma (B1-B5) and 370 and 950 ka (C1-C5), respectively (Table 3). For the
MTDs on Mergui Ridge (D1-D3), no calculation of recurrence intervals have been

established as information on sedimentation

Table 3. Calculated minimum time intervals between slide events, based on constant
sedimentation rates of 10cm/ka (from Rodolfo, 1969)

Interval between MTDs

Maximum  thickness  of Calculated time interval [ka]

undisturbed sediment between
MTDs [m]

Al-A2

A2-A3

A3-A4

B1-B2

B2-B3

B3-B4

B4-B5

C1-C2

C2-C3

C3-C4

C4-C5

94

91

119

39

22

96

147

47

95

37

48

940

910

119

390

220

960

1470

470

950

370

480
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6 Analysis of near-surface gas hydrates and fluid seepage

In the seismic data some features indicating the presence of fluids and near surface
gas hydrates have been identified, in addition to the features that have already been
described by Jintasaeranee et al. (2012).

An unusual high content of terrestrial organic carbon has been reported for these
sediments (Keller and Richards, 1967, Colin et al. 1999, Bird et al.,, 2008,
Ramaswamy et al. 2008,), which may be favorable of formation of gas within the drift
deposits. Jintasaeranee et al. (2012) reported gas-charged sediment at the Mergui
Ridge slope area from subbottom profiler data. A possible bottom simulating reflector
(BSR) was identified in the southern working area (Fig. 15c). Several possible gas
migration pathways are imaged on our seismic data as vertical zones of acoustic

transparency (Fig. 16).

7 Correlation of recent (small-scale) failure events with regional seismicity

A correlation of seismic events with slope failures has not been possible yet, due to

the lack of precise absolute age dating of failures.

8 Determination of the current state of the slope

8.1 General architecture of the slope

The investigated area is located at the transition from the Mergui Ridge/outer shelf
area to the deep sea environment of the East Andaman Basin, and seismic profiles
acquired run closed to or across this basin-ridge transition (see Fig. 14 for profile
locations). Water depths are increasing from east (Mergui Ridge) to west (East
Andaman Basin) from about 300 m to about 2200 m. The western flank of Mergui
Ridge forms the slope of the East Andaman Basin. Slope gradients of the basin-ridge
transition are generally lower in the southern working area with values of about 1.5°.

Towards the north, slope angles at the edge of the Mergui Ridge are considerably
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higher, and reach, up to 12°. Downslope of the flank of the Mergui Ridge, the basin
area is deepening towards north.
Based on the architecture of the basin-ridge transition, we differentiated three

settings in the working area:

e Mergui Ridge in the western part of the working area (location of MTDs D1 -
D3)

e Basin sediments of the East Andaman Basin in the southern working area
(location of MTDs A1-A4)

e Basin sediments of the East Andaman Basin in the northern working area
(location of MTDs B1 - B5 and C1 - C5)

95°30' 95°45' 96°00'

East
Andaman
Basin
8°00}

-332_[m]

-500 2

-750

-1000 7°45,

-1250

-1500 O
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Figure 14. Locations of the three defined settings in the working area (dark grey boxes),
Mergui Ridge (1), East Andaman Basin south (2) and East Andaman Basin north (3), and
locations of profiles shown in figures 15 and 16 (red lines)
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1) Mergui Ridge:
Mergui Ridge forms the eastern boundary to the east Andaman Basin. We identified
three main seismic units that make up Mergui Ridge. Their main characteristics are:

e MRL1 is the oldest Mergui Ridge unit. It shows continuous parallel reflectors of
variable amplitude, and in the northern part towards its top a reflection pattern
of transparent patches, alternating with chaotic , high amplitude areas. MR1 is
overlying the acoustic basement at the western flank of Mergui Ridge. It has a
wedge-shaped geometry. The thinning of this unit towards the east and its
reflector characteristics indicate deposition in a hemipelagic environment.
Deformation of MR1 is caused by numerous faults throughout the working
area.

e MR2 overlies comprises high-amplitude, subparallel reflectors.

e MR3 is characterized by parallel reflectors of variable amplitude with good
lateral continuity. This unit is tapering out towards the east.

Based on its architecture and state of deformation we interpret the oldest unit (MR 1)
as sediments of an older slope (see Schwab et al. 2012). Its sediments were
deposited in a hemipelagic environment, and we speculate that they correspond to
synrift sequences of Late Oligocene/Early Miocene age, that have been described
(Polachan 1991, Curray 2005, Jha et al. 2010; Morley et al. 2011,). The two younger
units MR2 and MR3, which are unconformably overlying MR1 are not tectonically
deformed but influenced by bottom currents (see Schwab et al. 2012) which is
indicated by marginal valley and a depositional tail around the morphological highs,
which are characteristic indicators for sediment transport as outlined by Hernandez-
Molina et al. (2008).

2) East Andaman Basin south:
In the southern working area sediments of the East Andaman Basin are overlying the
older Mergui Ridge units. We differentiated three units:

e SBL1 is the oldest basin fill unit. It exhibits a disturbed acoustic character with
reflectors of varying amplitude and continuity. Towards its landward
termination, the oldest basin fill unit SB1 is directly overlying MR1/MR2
sediments (Fig 15).
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SB2 is overlying SB1. It shows packages of well stratified, continuous to sub-
continuous parallel reflectors of weak - to - moderate amplitudes, separated by
pronounced reflectors of high amplitude. Towards its upslope edge SB1
onlaps against MR1 /MR 2 and it is confined by a moat (Fig 15a). Sediment
waves are a characteristic feature of this up to 300 m thick unit (Fig 15).
Narrow vertical zones of low amplitude, crossing several reflectors, are
evident within SB2, (Fig 16a). These features may present fluid migration
pathways. At one location, a possible bottom simulating reflector (BSR) has
been identified at subsurface depths around 80 m (15c).

HU is the youngest unit in the southern working area. It is deposited on top of
SB2 and shows very regular, parallel, high-amplitude reflectors, with amplitude
strengths increasing towards the seafloor. Based on its reflector
characteristics, it is interpreted as a hemipelagic deposit, which is undisturbed
in most parts. Sediment waves have a topographic expression in this unit
Towards the surface, a few zones with small scale faulting are evident within
HU. (16c).

The sediments in the southern working area fulfill typical criteria of drift deposits (see

Schwab et al. 2012) and may be correlated to drift deposits west of the working area
that have been described by Jha et al. (2011)

3) East Andaman Basin north:

In the northern working area (see Fig. 14 for location) we differentiated two units

within the basin sediments that are overlying the Mergui Ridge units:

NB onlaps the Mergui Ridge unit MR1. Several bodies, characterized by
transparent/low amplitude chaotic reflections are alternating with sediments
imaged as high-amplitude reflections within NB. Deformation of NB sediments
is evident from numerous normal faults, dissecting the entire basin fill into
blocks and leading to a rather disturbed appearance of NB. We did not
correlate the lower units in the southern working area (SB1, SB2) and the

lower unit in the north (NB). No seismic lines for direct lateral correlation are
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available. Although these units show similar characteristics, such as high
amplitude reflectors alternating with low-amplitude packages, a clear
correlation is not possible due to the disturbed character of NB and the lack of
an internal boundary within NB, corresponding to the boundary between SB1
and SB2.

e HU is overlying NB with a thickness of up to 200 m. It is, like in the south a
hemipelagic unit characterized by parallel and fairly continuous/sub-
continuous reflectors. The seismic character of this unit is very similar to the D
HU is quite undisturbed, in contrast to the unit NB below it. However, some
faults are cutting through HU to the surface. Along one of these faults the
seafloor is displaced by about 20 m (Fig. 16c). Seaward of this fault, the
sediments show a wavy pattern (Fig. 16c). Vertical transparent zones,
interpreted as potential gas migration pathways are present in the seismic unit
HU (Fig. 16c¢)

The East Andaman Basin sediments in the northern working area, especially the
older deposits of seismic unit NB, exhibit features of tectonic deformation, such as
the presence of numerous faults. Although the youngest basin unit HU exhibits an
overall undisturbed character, a few faults cut through this unit in the northern
working area. This pattern is in agreement with the description of recent deformation
due to activity of fault zones near the working area, such as Mergui Fault (Morley et
al. 2011)
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Figure 15. a, b) Example profile across the basin-ridge transition from Schwab et al. (2012)
with the seismic units of Mergui Ridge in the east and East Andaman Basin sediments in
the west. Moreover, MTDs are present in the basin sediments. ¢) Close-up of an area where
a possible BSRhas been identified in the upper parts ot the sedimentary column

8.2 Main influences on slope stability

The seismic dataset shows that the slope generally has been unstable, with recurrent
failure events. Timing between individual failures is rather long as described in
chapter 5 (see also Schwab et al., 2012). However, several locations with sediment
that may be unstable and fail in the future have been detected (Fig. 16). We find that
the most important preconditioning factors are migrating fluids, instability of drift
deposits and ongoing tectonic activity that produces deformation and generates
earthquakes that are the most likely the final trigger for the destabilization of the

sediments:
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Instable drift deposits

Drift deposits are present in the southern working area. Generally drift deposits are
described to be prone to instability and failure due tend to be prone to liquefaction
during seismic loading due to good sorting of their particles and resulting high
porosity. High sedimentation rates in drift deposits may result in rapid loading and
development of excess pore pressure. The development of excess pore pressure is
further facilitated by gas migration, fueled by high organic matter input from
productive water masses along continental margins. (Laberg and Camerlenghi,
2008). Migrating fluids can cause build-up of excess pore pressure in upper sediment
layers, a process which is well known to be capable for destabilizing slope sediments
(Vorren et al., 1998; Stigall and Dugan, 2010).

Sediment building drift deposits in the southern working area contains terrigenous
material from the Ayeyawady River and/or the Malacca Strait. Off the ridge,
sedimentation rates are high (10 cm/ka, Rodolfo, 1969). An unusual high content of
terrestrial organic carbon has been reported for these sediments (Keller and
Richards, 1967, Colin et al. 1999, Bird et al., 2008, Ramaswamy et al. 2008), which
may be favorable of formation of gas within the drift deposits. Therefore we consider
that build-up of excess pore-pressure due to migrating fluids and instability of drift
deposits was an important pre-conditioning factor for the failure events in the
southern working area (MTDs Al - A4).

Tectonic influence: subsidence and fault controlled failures

Tilting of the slope due to subsidence of a margin can act as a preconditioning factor
for slope failure (Masson et al. 2010). The Mergui Ridge underwent subsidence since
the onset of rifting in the Central Andaman Basin in Late Miocene (Kamesh Raju,
2005) due to dextral movement along EAFZ in Late Miocene (Jha et al. 2010) and/or
due to thermal contraction (Morley, et al. 2011). Jha et al. (2010) described large
scale subsidence as a cause for the formation of mass flows west of our working
area. These deposits may be correlatable to our seismic unit SB1 (see above).
Recent subsidence rates from the shelf area of the Malacca Strait are in the range of
0.25 mm/a (Lin et al. (2010). This value is relatively small compared to areas with

recent extension, for example the Corinth Basin with a subsidence rate of 1 mm/a
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(Lykousis et al. 2007). In addition, subsidence rates tend to decrease after
termination of rifting (Prosser, 1993). Therefore, subsidence and steepening may still
play a role for slope stability but its influence became probably smaller since the
onset of rifting that created the large mass flows described by Jha et al. (2010).

The presence of faults has been suggested to act as controlling or preconditioning
factor for slope failures (Dillon 1993, Hampton 1996, Anasetti et al. 2012). Large
parts of the basin fill sediments in the northern working area are tectonically
deformed. The MTDs C1 - C5 and B1 - B5 are located in this environment and we
consider fault activity as one of the main reasons for slope failures in our working
area. Episodic slope failure due to episodic fault activity has been described by
Reicherter et al. (2011) to result in slide deposits interbedded in well stratified layers.
A similar pattern can be observed for the MTDs in the northern working area (B1 - B5
and C1 - C5). Moreover, the MTDs B1 - B5 seem to occur in stratigraphic depths
similar to those of C1 -C5. This would imply laterally contemporaneous failures in the
northern working area. We therefore suggest that episodic fault activity was important
for weakening the sediments along the slope.

Tectonic deformation may also play a role in development of MTDs on top of/at the
edge of the Mergui Ridge (D1 - D3), where sedimentation rates are low and
oversteepening probably is not a preconditioning factor for slope failure. Surficial
MTD D1 and buried MTD D2 are both located at the edge of the Mergui Ridge.
Tectonic deformation of the top parts of unit MR1 may have caused the development
of unstable blocks that were subsequently dislocated. Internal structures of these
blocks are still preserved, therefore run out distances of blocks seem to be small.

To conclude, weakening of the sediments due to tectonic activity is considered as a

main pre-conditioning factor for slope failure, especially at the basin-ridge transition.

8.3 Final trigger mechanism

An important factor for the formation and recurrence of submarine landslides is the
presence of a final trigger leading to the failure of potentially unstable sediments (e.g.
Masson et al. 2006). Seismic activity is common along the Sunda trench and also
within the Andaman Sea (Lay et al. 2005; Ornthammarath et al. 2011; Khan 2012)
Neotectonic activities have been reported from many structures in the Andaman Sea
such as the modern spreading centre (Kamesh Raju et al., 2004), the Sagaing Fault
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1 (Wang et al.,, 2011), the Andaman Arc (Radhakrishna et al., 2008), or the West
2 Andaman Fault (Kamesh Raju et al., 2007). Ongoing tectonic activity is also
3 documented in our data as faults reaching the surface. Therefore, earthquakes are
4 likely final triggers for slope failures.

5 8.4 Possible locations of future slope failures and their tsunamigenic
6 potential

7  Three locations of possible future slope failures were identified in our data set (Fig.
8 16)
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10  Figure 5. a) Possible locations of future slope failures from the Mergui Ridge setting
11  (MASS_23), the East Andaman Basin in the southern working area (MASS_36) and the
12  East Andaman Basin in the northern working area. a) Seismic profile from the edge of
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Mergui Ridge. Several faults, marked by black lines, cut to the surface and indicate recent
deformation and dislocation of blocks. A small slumped block may indicate that some
failure already occured. b) Profile MASS 36 shows drift sediments from the southern
working area. Fluid migration pathways are imaged in these sediments as transparent
narrow vertical zones (yellow arrows). Small scale faulting and deformation of the upper
sedimentary layers may indicate future failure of the drift deposits. c) Seismic profile
MASS_23 reveals numerous vertical transparent features interpreted as pathways for fluids
(yellow arrows), and a fault dislocating the sea floor (green dotted line), that might act as
future rupture surface. Wavy deformation of the surficial sediments downslope of this fault
may indicate remobilization of the sediment (from Schwab et al. 2012).

1) Mergui Ridge:

Figure 16a shows a profile where faults cut through the seafloor. As fault reactivation
and deformation in the region seems plausible, these deformed back rotated blocks
may fail in the future. Moreover, a slumped block is located basinward of this
deformed area, which may indicate, that some disintegration and failure already
occurred. Masson et al. (2006) suggest that thick slide blocks with a steep headwall
(rotational slides) might be particularly effective in tsunami generation even without
large displacements. Therefore, future slope failures at this location in relatively
shallow water depths between 700 m and 1100 m may definitively be tsunamigenic.
Regarding MTD D3 which is also located on Mergui Ridge, we cannot reconstruct
initiation or evolution of this MTD, as outlined above. However, we can infer that a
potential future failure of the same dimensions at the same water depths of about

500-700 m definitely falls in the range of tsunamigenic landslides.

2) East Andaman Basin south:

An area in water depths shallower than 1000 m close to MTD Al in the southern
working area may be prone to future failures (Fig. 16c). Widespread sediment waves
in combination with small scale faulting and indications for fluid migration pathways
suggest a potentially unstable slope. Jintasaeranee et al. (2012) described numerous
small scale failures in this area. Therefore we conclude that future failures in this
area are likely. A failure of significant volume of this part of the slope may be
tsunamigenic. However, the area comprises large structural complexity and ongoing
tectonic activity. Slope failures from areas with regular seismic activities are expected
to be small in size, due to frequent triggers in the form of earthquakes, hence not

leaving sufficient time to accumulate large amounts of material for voluminous slides
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(Volker et al. 2009). Therefore we would rather expect several small failures of
individual sediment packages instead of voluminous failures. Hence, we consider the

tsunami hazard, emerging from this area as low.

3) East Andaman Basin north:

Figure 16¢c shows an enlargement of the topmost sediment layers of profile MASS
23 in the northern working area. A listric fault cuts and dislocates parts of the
superficial sediment of unit NB2. This fault may be interpreted as possible future
failure surface. Downslope of the surface expression of the fault, the sediment is
deformed and destabilization may be indicated by the wavy deformation patterns
visible on the seismic data. Migrating fluids may further contribute to future slope
instability. However, within the northern working area all MTDs as well as the area of
potential future slope failure are situated well below 1000 m water depth.
Consequently, future slides in the northern part of the East Andaman Basin area may
occur but probably do not pose a tsunami hazard.

To sum up, the same setting that induced slope failures in the past may also lead to
slope failure in the future, but only a few slides show volume and depth values typical
for tsunamigenic slides, However, it has to be taken into account that our volume
estimations are minimum values, as the lateral boundaries of the MTDs in most
cases are not covered by the seismic dataset. Moreover, we cannot exclude a
correlation between the stacked MTDs in the northern working area, as the settings
where they occur show great similarity regarding characteristics, amount and
architecture of the MTDs. This implies that more slides than outlined above may have
triggered tsunamis in the past. However, even then their number would be small as

suggested by the time intervals between the slides.
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