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Ta’u Island (Manu’a-tele): Photo by Michael Tennant (Dec-2006)

“…The god Tagaloa dwelt in the Expanse; he made all things; he alone was
(there); not any sky, not any country…. The Earth was brought forth…. Tagaloa
went to and fro to visit this land; his visit began in the place where are (now) the
Eastern groups (Manu’a). These groups were made to spring up…. And from
whence Manu’a and all of Samoa were born…” (Thomas Powell, 1845).
Ancient Manu’an Belief
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ABSTRACT

Ocean-island flank collapses are amongst the most dangerous of all landslide
related hazards in the world, as they have the potential to trigger ocean-wide
tsunamis that can cause damage and loss of life to communities thousands of
kilometres from their source of origin. The implications for landslide-induced
tsunami originating from high volcanic islands in the Pacific are serious; and
consequent hazards to life, infrastructure, and emergency management need to
be constantly reviewed, monitored, and investigated. Ta’u, the easternmost
inhabited island in the Samoa Islands volcanic chain, exhibits a series of downfaulted benches on its southern flank; believed to be the remnant of catastrophic
collapse involving ~30 km3. An historical map of Ta’u, charted during the first
United States exploring expedition into the Pacific Ocean (Charles Wilkes
Expedition), suggests that the event was recent; having occurred less than 170
years ago. A collapse event of this magnitude would have generated a locally
devastating tsunami, with possible impacts experienced at the regional level.
However, there exists no written or oral record of such an event. It appears that
half the island, involving an estimated 30 km3, disappeared off the map less than
170 years ago without anybody noticing it. A number of key questions thus
emerged. Did this event actually happen within the last 170 years, and if so, how
and why could it have gone unnoticed? Is the event much older than the
impression obtained from the literature? More importantly, what is the likelihood
of a future collapse and subsequent tsunami, and what would the hazard impacts
be at the local and regional levels? These questions formed the research basis for
this thesis. Specific aims were developed to address the issues identified, and a
range of inter-disciplinary scientific techniques using innovative methods and
new datasets were implemented to achieve them. The results demonstrate that
the collapse most likely occurred more than 170 years ago, raising serious debate
on the accuracy of observations made during the Charles Wilkes Expedition. The
results also show that the eruptive-hazard at the site exists. Given that the nature
and frequency of active volcanism in the area is uncertain, the risk of a future
collapse and subsequent tsunami in the medium-term is considered high. The
inter-disciplinary approach to landslide-tsunami hazard investigation on an
oceanic island presented in this thesis, can be developed and applied by disaster
managers to similar hazard investigations on other oceanic islands. Ultimately,
the increase in knowledge-base can be used as a tool for developing safer and
more resilient coastal communities.
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CHAPTER 1: INTRODUCTION

1.1 Rationale
Ta’u is the easternmost inhabited island in the Samoa Islands volcanic chain. It lies
within the Manu’a Goup of the Territory of American Samoa, and has three populated
villages: Faleasao and Ta’u villages in the northwest, and Fitiuta village in the
northeast (Figure 1). The total population of the island is just under 1000 (U.S. Census
Bureau, 2000). The island has a total land area of ~46 km2, with a summit ~925 m
above mean sea level. It is located ~104 km east of Tutuila, the capital island of
American Samoa, and ~6 km southeast of Olosega.
Geologically the island is classified as being in its shield-building stage of volcanism
(Macdonald and Abbott, 1970; Natland, 1980), although the nature of recent historical
eruptions is uncertain. The island has been inhabited for more than 3000 years (Nunn,
1994 and 1998). Despite this, oral traditions only extend back a little under 1000 years
(Linnekin et al, 1995), leaving no specific clues in oral tradition regarding the ages of
historical geologic events.
On the south flank of the island is an unusual depression, believed to be the remnant of
a large-scale flank collapse involving a total estimated volume of about 30 km3.
Similar large-scale collapse features and resulting debris-avalanche deposits have also
been recognized on the submarine slopes of Savai’i and Upolu (Hill and Tiffin, 1993;
Keating et al., 2000; Keating and McGuire, 2000). Paradoxically, the first
internationally published map of the Samoa Islands was presented in Turner (1889),
which depicts Ta’u as having a rounded, regular, dome-shaped morphology; twice the
size of its present-day land area (Figure 2). All of the other islands along the chain look
similar (morphologically) in the map as they do today; Ta’u is an obvious anomaly.
The immediate impression obtained from this is that half of the island appears to have
disappeared less than 120 years ago, i.e. during early post-missionary contact.
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Figure 1: Map of Ta’u Island showing main cultural features (from Fenner et al, 2008). The
collapsed caldera is located within National Park lands, and the main populated areas are
Fitiuta village in the northeast, and Ta’u and Faleasao villages in the northwest.

Further review of the literature indicates that the map in Turner (1889) was based on
the original survey charts of Charles Wilkes, who commanded the 1838 – 1842 U.S
Exploring Expedition; the first United States government funded circum-navigational
scientific exploring expedition. Wilkes reported that three days were spent accurately
surveying the coasts of the Manu’a goup. Ta’u was described as having the form of a
regular dome (Figure 3), with an estimated land area of ~259 km2. This strengthens the
likelihood that large-scale collapse may have been recent. Given the oceanic
environment within which collapse occurred, a large-scale tsunami would have been
generated with definite local catastrophic, and possibly regional, impacts. Interestingly,
there exists no written or oral documentation regarding such an event.
Hence a number of questions emerged. On the one hand, there appeared to be an
obvious dilemma associated with the information described by Wilkes (1849), and lat-
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Figure 2: Historical map of the Samoa Islands presented in Turner (1889). A blow-up of the
Manu’a group is given, and a simple map overlay to illustrate the obvious anomaly in the
morphological depiction of Ta’u from its present shape. Ofu and Olosega Islands in the mapoverlay illustrate an example of how other islands in the chain more or less looked the same then
as they do today.
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Figure 3: Map of the Samoa Islands charted in 1839 during the U.S.N. Charles Wilkes
Expedition (from Wilkes, 1849). The bottom image is a blow-up of the eastern Manu’a Group
from the top map; and depicts a rounded Ta’u morphology.

-er presented by Turner (1889). Were these early observations and resulting map
indeed an accurate depiction of Ta’u in the mid to late 19th century? If so, why is there
no documented account of the collapse; both written and oral? Is it possible that such
an event went unnoticed? Or, could the map represent a significant cartographic error?
If it does, it would raise serious debate regarding the reliability of the reported
observations of Ta’u during the Charles Wilkes Expedition.
Questions also emerged regarding the hazard potential of the area. The collapse event
would most likely have generated a tsunami with catastrophic local impacts. The
magnitude of these impacts might be indicative of impacts that would be experienced
following a similar future collapse event. Did a tsunami event actually occur from this
former collapse? What is the likelihood of a future collapse and subsequent tsunami?
More importantly, what would the likely impacts be, and what priority level should be
assigned in managing the likely hazard?
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These questions formed the basis for specifically designed thesis aims and chapter
objectives which focused on 1) verifying the accuracy of the map presented in Turner
(1889), and 2) investigating the landslide-tsunami hazard associated with past and
future collapse. The outcomes of the research aid in verifying aspects of Ta’u’s history,
and form a solid foundation for similar hazard investigations on other high oceanic
islands.

1.2 Research Scope and Context
The work presented in this thesis represents a multidisciplinary scientific approach to
landslide-tsunami hazard investigation on a high oceanic island. A range of geoscience
and other analytical techniques was used to address the issues identified in Section 1.1.
Activities took place in collaboration with colleagues from the University of
Canterbury NZ, GNS Science Ltd NZ, Woods Hole Oceanographic Institution USA,
and the National Park Service of American Samoa. The results and recommendations
presented are specific to Ta’u. However, the research approach used can be developed
and applied by natural hazard scientists and emergency managers to hazard
investigation on similar oceanic environments.

1.3 Aims and Objectives
The aims of this research were designed to address the issues and hypothetical
questions identified in Section 1.1., as listed below:
1. To assess the accuracy of the morphology of Ta’u depicted in Turner (1889).
This would aid in verifying the initial survey charts presented by Wilkes
(1849), contributing to resolving this cartographic debate in Ta’u’s history.
2. To evaluate the likelihood of a future large-scale collapse on the south of Ta’u,
and evaluate the tsunami hazard implications at the local and regional levels.
This would establish the associated risk of a potential hazard. It would also
establish the priority level for considered inclusion into existing emergency
management frameworks.
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These aims in turn, formed the contextual frameworks for chapter objectives presented
throughout this thesis.

1.4 Thesis Structure and Organization
The overall structure and organization of this thesis was modeled on a similar, though
more comprehensive, hazard investigation conducted by Rahiman (2006) in the Fiji
Islands. Individual chapters have objectives designed to address the aims in Section 1.3
above.
Chapter 2 contains a literature review of the physical characteristics of Ta’u. Aspects
of the island’s geology, geomorphology, and ethnohistory are presented to provide a
picture of the physical processes operating within the system. Specific emphasis is
placed on evidence relevant to the nature and timing of the collapse. Comparisons are
also made with similar features on other oceanic islands. A summary of existing
disaster management frameworks in American Samoa is given at the end, as they
underlie the hazard management component of the thesis.
Chapter 3 involves a geodetic ground deformation analysis of the south flank. It is
based on the application of campaign global positioning system (GPS) data collected
in 2002 and 2004 to measure short-term ground-movement on the island. This formed
a platform for understanding the nature and frequency of short-term slip along likely
faults, with applications to determining the nature and likelihood of possible future
collapse.
A tsunami hazard assessment is presented in Chapter 4, and involves numerical
simulation modeling of the collapse event using available data; the results have
significant indirect implications for the timing of the event. The likelihood and
possible trigger-mechanisms of future collapse are also evaluated, followed by a
hypothetical impact-scenario assessment at the local and regional levels.
An overall synthesis of the main research outcomes is presented in Chapter 5. Overall
conclusions with respect to the thesis aims are given, together with recommendations
for future work that could build on this research. Finally, the application of the
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approach used in this thesis to similar hazard investigations on other oceanic islands is
considered.

1.5 Introduction to Methodologies and Datasets
It was recognized that innovative methods and new datasets were required to
sufficiently address the aims of this research. A summary of the main analytical
techniques and datasets used is given below:
1. A multi-disciplinary literature review combining geology, climate, biodiversity,
and ethnohistory was used to establish a solid information platform for
understanding the relative timing and nature of physical processes in the area.
2. Geomorphic analysis based on 10 m contour resolution topography data, 100 m
contour resolution bathymetry data, and empirical observations was used to obtain
a better understanding of significant morpho-structures in the area. It also enhanced
understanding of the timing of formation of the collapse feature.
3. Raw campaign GPS data collected in 2002 and 2004 was processed and used to
determine the short-term pattern of ground-movement on Ta’u, enabling an
assessment of the style of past and possible future collapse.
4. 100 m contour resolution bathymetry data was used to identify offshore features
possibly associated with a collapse deposit, enabling rational assumptions to be
made on the geometry of past collapse.
5. Simple point interpolation using gravity data published in 1965 enabled a
reconstruction of Ta’u’s past morphology, thereby strengthening assumptions on
the volume and geometry of past collapse.
6. Numerical block-slide tsunami simulation was undertaken using the Cornell
Multigrid Coupled Tsunami Model (COMCOT). 100 m contour resolution
bathymetry data coupled with the assumed landslide geometry enabled the collapse
event to be modeled.
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7. A transient seafloor motion model of the past collapse was developed using
bathymetry data and rational assumptions about the transient motion of the
avalanche material. The intention was to simulate the model using COMCOT for
comparison and verification with the block-slide simulation results obtained.
8. The likelihood of a future collapse on the south flank was determined through a
slope-stability analysis using the Slide 5.0 software. Logical assumptions were
made regarding the physical properties of south flank material. Subsequently, their
response under normal gravitational, seismic, and volcanic loading was modeled.
9. Impact-scenario assessments associated with a future collapse were conducted
based on the results of the slope-stability and numerical tsunami simulation
analysis, respectively.
Objectives associated with individual chapters form a framework for using these
methods, and applying the new datasets to the context of this research. The details of
these objectives are given at the beginning of individual chapters.
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2.1 Overview
This chapter presents a literature review of the physical characteristics of Ta’u, with
particular emphasis on information pertaining to the south flank. A geomorphic
assessment is included based on relevant available documentation and data, as well as
field observations carried out in February and August 2008. An ethnohistorical review
is also discussed in order to draw linkages between early accounts of ethnography and
possible events of geological significance. These assessments were conducted in
search of evidence regarding the age of the collapse feature, as well as subsequent
hazard implications of a future event.

2.2 Tectonic Setting and Processes
2.2.1

Intra-plate processes

The Samoa hotspot chain is anchored in the east by the active submarine volcano,
Vailulu`u, and extends at least 1700 km to the west to the 23 Ma seamount, Alexa
Bank (Hart et. al., 2000, 2003, 2004; Konter et al, 2004; Staudigel et al, 2004, 2006).
The chain consists of the main islands (from east to west), Ta’u, Olosega, Ofu, Tutuila,
Upolu, and Savaii, and is located between latitudes 13o – 15o S, and longitudes 168o –
172o W (Figure 4).
The age-progression along the submarine portions of this chain is a reasonable fit to
Pacific plate velocity, and was previously confounded on the subaerial end (Savai`i) by
an apparent lack of early shield lavas of appropriate age consistent with a plume-driven
hotspot model (Natland and Turner, 1985; Hart et al, 2004; Hart, 2006).

40

Ar/39Ar

dating of samples collected recently from the submarine flanks of Savai’i during the
2005 Alia Expedition, has shown that its volcanic construction began as early as 5.0
Ma and in a true intra-plate setting (Koppers et al, 2008). Shield volcanism along the
chain is thus held here to be attributed to a plume-driven hotspot; which is currently
marked by the active Vailulu’u seamount.
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Figure 4: Location map of the older volcanic seamounts of Samoa, relative to the subaerial
islands (Savai`i, Upolu, Tutuila, Ofu, Olosega, and Ta`u), and submarine volcanoes (Muli,
Malumalu and Vailulu`u) of the Eastern volcanic province (from Hart, 2006). NT marks the
northern termination of the Tonga arc/trench system.
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2.2.2

Tonga Trench migration

Rejuvenated volcanism along older portions of the chain is thought to be attributed to
the eastward rollback of the subducting portion of the Pacific plate at the Tonga
Trench (Figure 5 and Figure 6), over the last four million years relative to the Samoa
hotspot trail (Hart et al, 2004; Koppers et al, 2008). Savai`i, the oldest island in the
chain, has been almost completely re-surfaced with rejuvenated volcanism; with the
oldest exposed flows dating to only 2 Ma.

Figure 5: Simplified depiction of the main tectonic processes within the Samoa islands region.
The block model at the bottom, not drawn to scale, shows the Pacific Plate being torn at the NTboundary; where half subducts beneath the Australia Plate, and the other half goes onto
subduct beneath Asia.
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The lack of old subaerial shield exposures is thus not surprising (Hart et al., 2004;
Hofmann, 2007; Jackson et al., 2007). The anomalously young 0.39 Ma timing of
rejuvenated volcanism occurred when Savai’i was located northwest of the northern
terminus (NT) of the Tonga trench (Koppers et al, 2008).

Figure 6: Simplified depiction of the eastward rollback of the Pacific Plate at the Tonga Trench
over the last 4 million years relative to the Samoan hotspot (from Koppers et al, 2008). The
current NT and hotspot positions are marked by the red and green circles, respectively.

It was proposed that this later stage volcanism may have been driven by lithospheric
cracking along which shallow mantle melts seeped and formed multiple centres of
simultaneous post-erosional volcanism (Figure 7 and Figure 8). This resulted in the
pervasive post-erosional volcanic cap on Savai’i (Koppers et al, 2008), similar to the
model suggested by Natland (2003). Volcanism on the islands is thus held here to be
part of a complex rift-system involving both plume-hotspot (initial shield) and tectonomagmatic (post-erosional) processes. Shield volcanism on Ta’u appears to have
reached a quiescent phase at present, although the nature of the recent submarine
eruption of Pomasame in 1866 – 1867 is uncertain. It could be attributed to the ~300
km long lithospheric fracture induced by plate bending, and which follows the axis of
the Samoa trail (Hawkins and Natland, 1975; Natland, 1980); resulting in posterosional melt extrusion to the surface. Alternatively, it could represent the dying
stages of shield volcanism before reaching current quiescence.
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Figure 7: Simplified structural interpretation showing trends of Samoan fracture lineaments
and ages in relation to the vector of plate motion and the transition from straightforward
subduction along the northerly trending portion of the Tonga Trench (from Natland, 2003).
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Figure 8: Conceptual model of shallow mantle-melts seeping through and forming multiple
centres of post-erosional volcanism (from Natland, 2003).

2.3 Geology
Previous geologic studies indicate that Ta’u has the geologic structure and plate
tectonic setting of a young, basaltic, shield-volcano that has been modified by erosion,
collapse, and rejuvenated volcanism (Stearns, 1944; McCoy, 1965; Stice and McCoy,
1968; Izuka, 2005). Further studies suggest that it was formed by intra-plate plate
volcanism associated with hotspot plume activity (Hart et. al., 2000; Jackson et. al.,
2007; Koppers et al, 2008). Figure 9 illustrates the main stages of shield-volcanism on
Ta’u as interpreted by Stice and McCoy (1968). Smaller satellite shield volcanoes
formed from rift-zone eruptions built out the northwest and northeast coasts of the
island; the Tunoa and Luatele Shields respectively in Figure 9.
2.3.1

Shield-building stages of volcanism

Shield volcanism is confined to the eastern end of the Samoan chain, is plume-driven,
and is marked by the active hotspot volcano Mt. Vailulu’u (Hart et. al., 2000, 2003,
and 2004; Jackson et al, 2007; Koppers et al, 2008). Shield construction on Ta’u began
approximately 0.3 Ma (Workman, 2002; Hart et al, 2004).
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Figure 9: Geological formations on Ta’u (modified from Stice and McCoy, 1968).
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Westward migration of the overlying Pacific plate resulted in the relative eastward
migration of the active hotspot, and subsequent quiescence of shield volcanism on west

Figure 10: Geological history of Ta’u corresponding to formations shown in Figure 9 (modified
from Stice and McCoy, 1968).
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-ward migrating volcanoes along the chain. This concept is applied to Ta’u, in which
shield volcanism appears to have reached a quiescent phase, with the active Mt.
Vailulu’u marking the relative eastward shift of the main shield epicenter. Figure 9
outlines the geologic history of Ta’u; which correlates with formations shown in
Figure 10.
2.3.1.1 Lata formation
The Lata shield, the main shield-volcano that built Ta’u, was formed by the
accumulation of fluid lava originating from weakly explosive summit and rift-zone
eruptions about 0.3 Ma. A caldera was formed at some point during shield building,
while volcanic activity continued.
2.3.1.2 Tunoa and Luatele formations
Smaller satellite shield volcanoes formed from rift-zone eruptions built out the
northwest and northeast coasts of the island; the Tunoa and Luatele Shields
respectively. Figure 10 shows the main geologic units in these formations.
2.3.2

Post-erosional stages of volcanism

A period of volcanic quiescence appears to have occurred following shield-building
activity. This is marked by the ~60 m sea-cliff (major erosional unconformity) which
encircles most of the island, except the south flank, indicating a period of likely
inactivity. The sea-cliff likely represents a subaerial wave-cut platform formed during
a stable sea-level high stand (Stearns, 1944; McCoy, 1965; Stice and McCoy, 1968);
possibly associated with the last interglacial maximum ~0.12 Ma.
2.3.2.1 Faleasao formation
Younger ~0.03 Ma post-erosional activity built the northwest Faleasao formation,
which was 14C dated by Workman (2002) using a coral fragment embedded in the tuff
complex. The sea-cliff was buried by this formation, but was apparent along the older
Luatele formation cliff-base in the northeast (Stice and McCoy, 1968; Workman,
2002).
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2.3.2.2 Fitiuta formation
This formation comprises at least two vents in which lavas erupted and extended the
northeast corner. The recent age of the formation is apparent from the fresh appearance
of numerous tumuli on the lava surfaces (McCoy, 1965; Stice and McCoy, 1968; Field
Observation Notes, August 2008). A submarine erosional unconformity encircling
most of the island, except for the south flank, apparent through 100 m contour
resolution bathymetry, does not appear to be buried or disturbed by this formation
(refer to Section 2.4.3 for a discussion on the submarine erosional unconformity). The
unconformity is assumed to represent a wave-cut platform formed during a stable sealevel low-stand; likely associated with the last glacial maximum ~0.018 Ma. The
Fitiuta formation appears to pre-date this unconformity, placing a likely age bound on
its eruptive history. However, the apparent burial of the fringing reef in the
northeastern corner possibly indicates recent effusive activity, perhaps ≤ 0.002 Ma
(Section 2.4.4); assuming live tropical reefs to be no older than 0.002 Ma (Nunn, 1994
and 1998). Also, the former name of Fitiuta village, Aga’e, was named after the 'hard
breathing made as the land birthed from the rocks and the earth' (Kramer, 1995;
Linnekin et. al., 1995). This is metaphorically translated as the emission of volcanic
gases and lava which, upon solidification, formed new land. Human population of
Ta’u began around 0.003 Ma (Nunn, 1994) with oral records extending back to only
0.001 Ma (Linnekin et al, 1995); implying recent volcanic activity ≤ 0.001 Ma.
2.3.3

Sediments

Non-calcareous sedimentary deposits comprising basaltic boulders up to 3 m in
diameter form the talus at the base of exposed cliffs. Long and narrow calcareous
beaches fringe most of the coastline, and comprise sediments sourced mainly from the
fringing coral reef and lagoon systems, with lesser amounts from terrestrial sources
(McCoy, 1965; Stice and McCoy, 1968; Field Observation Notes, February 2008).
Most of the soils were derived from weathered basalt or tuff. The most significant soil
study was conducted by Nakamura (1984), who classified the soils according to
taxonomic classes; sets of soil characteristics with precisely defined limits. Soils
comprising the south flank were described as 35% rock outcrop, 30% Hydrandepts,
and 25% Dystrandepts; the latter two having formed in volcanic ash (tuff). The
presence of tuff on the south flank indicates that explosive phreatomagmatic activity,
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involving contact between magma and water, probably occurred during its eruptive
history resulting in the ash deposit.
2.3.4

Major Structures
2.3.4.1 Rift-zones

The major rift-zone on Ta’u is represented by a diffuse group of cinder cones that trend
along a strike of ~1100, and curves northward at both the northeast and northwest
corners of the island (Stice and McCoy, 1968; Workman, 2002). The distribution of
volcanic formations and faulting is influenced by the pattern of rifting. Unbuttressed
flanks are at highest risk of undergoing mass failure. Figure 9 illustrates the inferred
rift pattern, with the north and south flanks showing the least buttressing.
2.3.4.2 Dikes
Stice and McCoy (1968) described a number of dike exposures in the Laufuti Stream
canyon on the south (Figure 11), and interpreted them as being associated with the
caldera and rift zones of the Lata shield (Figure 9). Caldera deposits were also
described in the cliffs of the central south coast, and a gravity survey by Machesky
(1965) indicates a positive Bouger anomaly that strengthens the caldera interpretation
(Section 4.3.3). Dikes are important as they are a likely trigger-mechanism for collapse
(Elsworth and Day, 2003), although their influence on the Ta’u collapse was beyond
the analytical scope of this study.
2.3.5

Recent volcanism

The most recent historical eruption occurred in 1866 – 1867 from a series of
seamounts, known locally as Pomasame (pers.comm., Fuaileleosa Fa’avasea, Faleasao
Village, August 2008), located on a shallow submerged ridge about 3 km northwest of
Ta’u village. The ridge connects Ta’u to neighbouring Olosega Island (Figure 12).
Great jets of mud and dense columns of other volcanic matter (eg. ash, bombs, and
fused obsidian) were ejected as high as 600 m (Turner, 1889; Stice and McCoy, 1968;
Keating, 1992). Lots of dead fish were washed ashore, and among them ‘deep-sea
monsters’ 2 – 4 m long, which the locals had never seen before and for which they had
no name (Turner, 1889). This suggests a deep-seated disturbance associated with the
eruption, resulting in a disturbance to deep-seated habitats. No tsunami was observed
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Figure 11: Dike structures on the south of Ta’u. Images a) and b) show dikes in the Laufuti
canyon, and image c) show dikes on the central south coast. The waterfall shown in image a) is
~1m in height.

though during the eruption, and no loss of life was recorded.
Possible offshore sulphur emissions observed on the south coast by Green (1999)
suggest that the area might still be volcanically active, although it is questionable
whether the observed material was indeed sulphur (pers.comm., Alison Green, The
Nature Conservancy Indo-Pacific Resource Centre, August 2008). Sulphur was not
observed during fieldwork in February and August 2008, although these observations
were limited to the coastline. If the observed offshore material by Green (1999) was
indeed sulphur, then it might signify a shallow subsurface heat source possibly
associated with offshore fissures; and that the area might still be active.

2.4 Geomorphology
A brief geomorphic assessment of the south flank was undertaken to obtain a better
understanding of the landscape features and processes, their relative timing of
formation, and their implications to the overall thesis aims. High resolution elevation
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Pomasame
volcanic
seamounts

Figure 12: 10 m contour resolution bathymetry around Ta’u, showing the series of submarine
volcanic cones, known locally as Pomasame, on the NW ridge connecting Ta’u to Olosega
(modified from Fenner et al, 2008).

data, obtained from the American Samoa Department of Commerce, was used to
create a digital elevation model of Ta’u using the Vulcan 7.5 software, which was
further manipulated to identify significant geomorphic features. Field observations in
February and August 2008 were also undertaken to verify some of these features.
2.4.1

South flank collapse

The summit of Ta’u appears to form the northern caldera rim which overlooks the
series of down-faulted, approximately horizontal benches (Figure 13). Afuatai, the
upper bench, is covered with thin-bedded horizontal flows of oceanite and olivine
basalt, with a few small areas that are mantled by a 1 m bed of fine-grained tuff with
laminae less than 1.3 cm thick. The lower bench, Ele’elesa, contains three large pit
craters and a cinder cone, with a likely fault scarp marking the cliff-face down to the
ocean. Lava flows exposed in the high fault-scarp bounding Afuatai bench to the sum-
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Figure 13: Digital elevation model of Ta’u showing the south flank depression. Model was
generated in Vulcan 7.5 using 10 m contour resolution topography data (pers.comm., Richard
Jackson, Maptek Ltd., May 2009). The image has been vertically exaggerated to emphasize
relief.

-mit of Lata mountain dip approximately 15o away from the summit. Stice and McCoy
(1968) suggested that the bench at Afuatai and the narrower benches to the southwest
at Leavania and Tali’i, and to the southeast at Li’u, represent the former summit of the
volcano which has dropped approximately 450 m (Figure 14). They also suggested that
the lower benches at ‘Ele’elesa and Leatutia, the pit craters and the cinder cone,
represent the original caldera of the volcano. The approximately horizontal bedding of
flows comprising these benches relative to the average 15o dip of flows in the
southeast and west escarpments probably indicates a series of rotational slips along the
fault-surface(s). Bathymetry data and gravity data (Machesky, 1965) suggest that the
caldera has no southern rim; denoted by the steep drop of the seafloor to about 3000 m
on the south side (Fenner et al, 2008).
Lava flows from the cinder cone eruption mapped separately in Figure 14 flow over
the Ele’elesa scarp-face, indicating that it was deposited after collapse. This eruption
may have been associated with triggering the initial collapse, although any firm
conclusions would be premature at this stage. If this were the case though, then it see-
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Figure 14: Main geomorphic features on the south flank of Ta’u.
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-ms likely collapse may have been older than the 170 yr impression given by the map
in Wilkes (1849). If the cinder cone eruption was historical and associated with the
collapse, then it would probably have been documented either through written or oral
accounts. The absence of either of these leads to the belief that the eruption was prehistoric, probably ≥ 1 Ka; old enough to have disappeared from oral records.
2.4.2

North flank erosion patterns

The young erosional gullies formed at the head of the north flank fault appear to be
directly related to surface erosion. This flank also appears to be unbuttressed (Figure
9), meaning the likelihood of future collapse similar to the south flank might occur
(Workman, 2002). Further investigations into this would yield more detailed
information; presently there is too little information to make substantive comments.
2.4.3

Erosional unconformities

Erosional processes resulted in the formation of stream gullies and a 200 ft sea cliff
around most of the island; the north-western portion being buried by the Faleasao
formation ~ 30 ka (Workman, 2002). The sea-cliff here is thought to represent a wavecut platform, formed during the sea level high-stand associated with the last
interglacial maximum ~ 0.07 - 0.12 Ma. A submarine wave-cut platform appears to
encircle most of the island, and is assumed to have formed during the sea level lowstand associated with the last glacial maximum ~ 0.018 Ma. Large-scale catastrophic
collapse (Workman, 2002) or long-term slope failure (Stice and McCoy, 1968)
resulted in the removal of the southern half of the original shield volcano; an estimated
total volume of 4 – 30 km3 (but possibly larger). Both the subaerial and submarine
wave-cut platforms are absent on the south flank (Figure 15), leading to the belief that
collapse occurred after their formation; i.e. < 0.018 Ma.
2.4.4

Coral reef distribution

Coral reef growth is an important relative indicator for coastal geomorphic evolution
(Nunn, 1994 and 1998), and for this study, was used to obtain an idea of the relative
ages of bench formation. If collapse was recent (< 167 ya), one would expect live coral
reefs on the south flank to be less abundant than in other areas, as the live reef would
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Figure 15: Major subaerial and submarine erosional features on Ta’u; inferred using 100 m
contour bathymetry data.

have been buried or dislodged by the avalanche deposit. As seen in Figure 16, live
scleractinian corals (primary reef builders) surround most of the island, though much
less abundant along the northwest corners and western coast. An abundance of live
reef exists on the southwestern and southeastern coasts; adjacent to the supposedly
young scarps. The eastern coast and the northwestern ridge comprising the Pomasame
seamounts (not shown in Figure 16) also have an abundance of live growth (Fenner et
al, 2008).
The average growth rate of scleractinian corals depends on the individual species, but
average rates are between 3 – 100 mmyr-1 (Stolarski and Roniewicz, 2001; Reuter et
al, 2005). The abundance of live scleractinian corals on the Pomasame seamounts
indicates rapid species colonization and ecological succession following the 1866 –
1867 eruption. If collapse on the south coast was recent, it is possible that a similar
rapid ecological succession process occurred. The necessary habitat conditions for
primary colonizing species such as scleractinians might have been established
following collapse. Rapid ecological succession, coupled with minimal human impact
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in the National Park, might have resulted in the abundant growth distribution on the
southwestern and southeastern areas.

Figure 16: Distribution of live scleractinian coral reefs around Ta’u (from Fenner et al, 2008).

The relative ages of the benches as inferred from the distribution of live corals thus
cannot be stated conclusively. On the one hand, the abundance of live reefs along the
south coast leads to the immediate impression that collapse must have been much older
than 167 ya. On the other hand, the rapid species colonization and ecological
succession of the northwestern ridge following the Pomasame eruption, leads to the
belief that live corals on the southern areas may have also undergone a similar, rapid
ecological process, following collapse. More detailed ecological studies of the
individual species comprising these reefs, and their geometric dimensions, would aid
in establishing their relative ages; and consequent implications for the age of the south
flank depression.
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2.5 Climate and Hydrology
2.5.1

Rainfall and temperature

The mean annual temperature in the Samoa Islands is 27oC, and mean annual rainfall
between 2000 – 6000 mm (Nakamura, 1984). Rainfall records for Ta’u are meagre, but
data from the National Climate Data Center (2002) for the villages of Luma and
Faleasao indicate that the northwestern end of the island receives about 3800 – 5100
mm of rain per year (Izuka, 2005). The spatial variation of rainfall is not known, but it
is likely that the pattern is similar to that of other islands in the archipelago, where
there is more rainfall at higher elevations and less at lower elevations (Izuka, 1999 and
2005). The Samoa Islands as a whole are characterized by having a tropical maritime
climate, marked by two distinct seasons; hot or wet from October to March, and cool
or dry from April to September. The seasons generally correspond to the southern
hemisphere summer and winter seasons. The north and south easterlies are the
prevailing wind systems during the cooler months, with the north-westerlies (storm or
tropical cyclone winds) prevailing in the hotter months.
It is assumed that annual rainfall amounts on the south flank of Ta’u are similar to the
northwestern amounts recorded in Izuka (2005). The seasonal variability of rainfall is
assumed to be similar to the seasonal pattern established on other islands in the
archipelago; where less rainfall is received during the dry season (April – September),
and more rainfall is received during the wet season (October – March). This would
mean that high rainfall is received annually on the south flank, resulting in high water
saturation levels, and possibly high weathering and erosion rates.
2.5.2 Tropical cyclones
Tropical cyclones are a major hazard in the Samoa Islands, and occur with an average
annual frequency of 15 - 20%; i.e. 1 event every 5-7 years. These events are generally
associated with the El Nino Southern Oscillation (ENSO) pattern, with major hazards
including storm surges, strong winds up to 300 km/hr, torrential rain, and flooding.
These processes are major contributors in shaping physical landscapes on islands
through intensely accelerated, but short-lived, erosion rates.
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2.5.3

Hydrology and hydrogeology

A number of stream gullies formed on the southern Ta’u landscape through erosion
and faulting. The most notable is the Laufuti stream which has its headwaters in the
Afuatai scarp, and is the only stream to flow throughout the entire year (Cook, 2001).
Perennial streams on the north flank have carved distinct erosional gullies in the
landscape. As in other shield-volcano islands (eg. the Hawaiian Islands), groundwater
in Ta’u forms a freshwater lens (Ghyben-Herzberg lens) that floats on seawater in an
aquifer formed principally in permeable basaltic lava flows. The groundwater lens is
higher on the south side than in other areas, possibly due to groundwater impounding
effects of low-permeable geologic structures (eg. dikes), or low permeability caldera
deposits (Izuka, 2005).

2.6 Vegetation
Vegetation on the south flank of Ta’u is mainly dense tropical rainforest (USFWS,
1978; Whistler, 1980; Cole, 1988). Most inland areas are not easily accessible due to
dense vegetation (Field Observation Notes, February and August 2008). Although
species plots have been established on a southeastern portion of the Li’u bench,
growth-ring analysis has yet to be implemented to determine species ages (pers.
comm., Tavita Togia, The National Park of American Samoa, August 2008). On old
Krakatau, a continuous forest cover was established ~40 years after the 1883
cataclysmic eruption and ecological disturbance (Bush et al, 1986; Thornton et al,
1988; Whittaker et al, 1989; Whittaker and Bush, 1993). Assuming this to be
representative of the south flank, it would mean that if collapse occurred > 40 years
ago, one would expect a complex ecosystem to have formed by now; which is clearly
the case on the south flank. Hence, the only conclusive statement which can be made
using vegetation as a relative age indicator is that the benches appear to be older than
40 years.

2.7 Ethnohistory and Geological Significance
Ethnohistorical accounts documented by early scholars in the late 1800’s and early
1900’s provide a more accurate record of the diversity of indigenous, pre-missionary,
oral traditions on Ta’u; as opposed to accounts by present-day generations. Recent
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visits by the author in February and August 2008 indicated that the submarine volcanic
eruption of Pomasame witnessed by residents of Faleasao and Ta’u counties in 1866 1867, and which was recorded in historical texts, was almost absent from the current
oral history.
Ethnohistorical accounts on Ta’u indicate substantial information of geological
significance. The old place name of Fitiuta village, Aga'e, symbolized the 'hard
breathing made as the land birthed from the rocks and the earth' (Kramer, 1995;
Linnekin et. al., 1995). This is metaphorically interpreted as the emission of volcanic
ejecta and lava which upon solidification, formed new land. Humans are thought to
have populated the Samoa Islands around 3000 ya (Nunn, 1998), with inhabitants of
the Manu’a group claiming to be the oldest (Turner, 1889; Kramer, 1995). Oral
tradition however only extends back to 1000 ya (Linnekin et al, 1995). It is not known
when the old place-name Aga’e came into existence, but it was just phasing out while
the new name Fitiuta was becoming accepted during Kramer’s time in Samoa (from
1897 – 1899; Linnekin et. al., 1995). The fact that it was recorded in oral tradition
possibly indicates witness accounts of a northeast eruption < 1000 ya; but perhaps as
recent as several hundred years ago. Stice and McCoy (1968) reported relatively fresh
lava flows in the northeast which they named the Fitiuta formation.
On the midwest portion of the south flank is an area known locally as Taisamasama
(yellow waters), which may be symbolically linked to witness accounts of past sulphur
eruptions on this coast. The name Taisamasama, as recorded in oral tradition, emerged
in relation to the Tuimanu'a and Malietoa (paramount chiefly titles) ceremonial
meeting in the area. The Malietoa title manifested around 600 ya (about 23 generations
ago), following the Tongan occupation of Samoa (Linnekin et. al., 1995).
Green (1999) conducted a rapid ecological assessment of coral resources on the south
coast, and reported locating Taisamasama based on observations of a yellow sludgelike material in the water beneath their boat; about 20 m offshore and 1 m depth. She
also observed yellow stained rocks on the shoreline (Figure 17), and proposed that they
were probably related to sulphur emissions from a shallow heat source, possibly
explaining why the area was named Taisamasama. Most present day locals have never
reported seeing yellow-sludge like material in the area, and recent field observations in
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2008 failed to identify such material. The yellow stained rocks at Taisamasama,
proposed by Green (1999) to be associated with sulphur emissions, are attributed to a
brownish mustard-coloured algae which grows in-situ on the boulders (Field
Observation Notes, August 2008). The offshore yellow-sludge however has not been
verified, meaning offshore sulphur emissions could still be responsible for the material
observed by Green (1999).

Figure 17: Photograph showing the brownish-yellow stained rocks at Taisamasama, verified to
be in-situ algae. Boulders are between 1 – 3 m in diameter.

Assuming that the name Taisamasama emerged from witness accounts of possible
sulphur eruptions during the Tuimanu’a and Malietoa ceremonial meeting, it would
mean recent submarine eruptive activity occurred < 600 ya in the area. It also suggests
that this area was there ~600 ya, indicating that the flank collapse predates the
ceremonial meeting. In addition, assuming the offshore yellow sludge observed by
Green (1999) was indeed semi-solidified or molten sulphur, it would probably signify
active venting along submarine fissures, and that the area might still be volcanically
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active. High resolution bathymetry and offshore gravity mapping would aid in
determining this, as well as possible identification, sampling, and geochemical analysis
of the yellow sludge-like material.

2.8 Hazard and Emergency Frameworks
American Samoa falls under the jurisdiction of the Federal Emergency Management
Agency (FEMA) Region IX unit within the U.S. emergency and disaster management
system, and is obligated to fulfill the statutory requirements established by FEMA in
the Federal Disaster Mitigation Act 2000. The Territorial Emergency Management
Coordination Office (TEMCO), the Territory’s disaster officials, developed a Risk and
Vulnerability Assessment and Hazard Mitigation Plan for the Territory in 2003. The
goal was to establish a framework that could be used as a tool to plan the reduction of
loss of life and lessen the impact of future natural disasters in American Samoa;
tropical cyclones, landslides, earthquakes, droughts, floods, and tsunamis.
While a number of positive outcomes manifested from the project, (GIS mapping of
hazard layers and critical facilities, hazard and loss estimation research, public
awareness and education on hazards, and establishment of a Territorial Hazard
Mitigation Council), it was largely focused on the main island of Tutuila, with little
emphasis on the rural islands of Manu’a. Furthermore, disaster programmes, grant
processes, and planning in general was largely focused on loosely affiliated equipment,
training, exercises, and technical assistance projects, limiting the effectiveness and
efficiency of disaster management processes in the Territory (ASDHS, 2008).
Following Executive Order 003-2007, The American Samoa Department of Homeland
Security (ASDHS) was established by the Governor on February 06, 2007 within the
Executive Branch consolidating the following offices: Office of Vital Statistics (OVS),
Territorial Emergency Management Coordinating Office (TEMCO), Territorial Office
of Homeland Security (TOHS), Office of Territorial and International Criminal
Intelligence and Drug Enforcement (OTICIDE) which houses the South Pacific Islands
Criminal Intelligence Network (SPICIN), and U.S. INTERPOL Pacific Sub-Bureau.
This reform was an attempt to centralize government organizations responsible for
hazard and disaster mitigation in an all-hazards context.
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The State of Preparedness Report (SRP) 2008 was developed by the ASDHS with the
ultimate goal of establishing the first step towards an integrated framework of
prevention, protection, response, and recovery capacity of communities and resources
throughout the Territory. It sought to identify areas that required strengthening in
mutual collaboration and proactive communication between stakeholders; county,
territorial, and federal government agencies, NGOs, private sector companies, and the
general community in a multi-hazard context.
While a number of disaster- and emergency-related plans exist within the territory (eg.
State Homeland Security Strategy (SHSS), Disaster Action Plan (DAP), Territorial
Emergency Operations Plan (TEOP), and the Hazard Mitigation Plan), they are
focused primarily at the national level, with limited specific emphasis on the
community level. Disaster planning at the community level is undertaken through
mediation between village councils and their families with the ASDHS, through the
village mayor (or Pulenu’u). Ta’u has three counties, and each has a Pulenu’u. It is
through these Pulenu’u that disaster planning in a multi-hazard context is undertaken
between the ASDHS and communities at large. There are no current formal
arrangements or County plans in place on Ta’u regarding tsunami hazards and
mitigation.
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CHAPTER 3: GROUND DEFORMATION ANALYSIS

3.1 Overview
This chapter examines ground deformation on Ta’u through an analysis of data
collected from 12 campaign GPS survey stations in 2002 and 2004. Raw data was
collected by a team of researchers from Woods Hole Oceanographic Institute (WHOI)
led by Rhea Workman. Trimble GPS survey stations were installed from 15 June to 2
July 2002, and again from 20 August to 8 September 2004 (pers.comm., Rhea
Workman, University of Hawai’i at Manoa, 2007). Processing of the raw data files was
conducted by John Beavan of GNS Sciences NZ. The objective of the analysis was to
detect any significant ground displacement between the two campaigns, with particular
emphasis on the south flank depression. This would improve understanding of local
deformation patterns, and provide a clue as to whether or not the present-day benches
formed as the result of slow, long-term, gravity collapse, or whether they were due to
much more rapid, large-scale, instantaneous collapse. A similar technique was applied
by Newman and Stiros (2006) to determine ongoing ground deformation at Santorini
Caldera in Greece. A detailed report of the processing procedure is given in Appendix
1.

3.2 Objectives
The objectives of this Chapter are to;
1. Process the raw GPS data files collected during the 2002 and 2004 geodetic field
campaigns.
2. Analyze the processed data for significant vertical and horizontal ground
deformation within the surveyed period, with particular emphasis on the south
flank.
3. Assess the implications of the results to the overall Thesis aims.
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3.3 Methodologies and Data
3.3.1

Campaign GPS data
3.3.1.1 Raw data acquisition

Twelve temporary GPS stations were installed in 2002 and 2004 at the locations
shown in Figure 18. Tables 1a and 2a in Appendix 1 list the total number of data files
recorded from the different stations within the two campaigns. The seasonal influence
on near-surface causes of deformation may not have been adequately constrained. This
is because the 2002 campaign was conducted in the peak dry season months of June –
July while the 2004 campaign was conducted in August – September, transitional
months between dry and wet seasons. More rain and subsequent water loading was
most likely experienced at the sites during the 2004 campaign.

SIUL (SILG)

FITI
LOTO
TIAF
FONZ
LATA

TIDE

SAUA

LAUF
PAPA
AUFO
MOSO

Figure 18: Campaign GPS station locations in 2002 and 2004 denoted by the solid red circles.

3.3.1.2 Selected data files for processing
Data files recorded from stations that were at a static location for more than a few
hours were identified and screened for processing. Tables 1b and 2b in Appendix 1 list
the data files used in the analysis from the two campaigns.
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3.3.2

Processing methodology

The following method was used by John Beavan of GNS Science to process the
selected data files, using Bernese GPS software;
Step 1 (before processing): Trimble .dat files were converted to rinex with correct
antenna types and vertical antenna heights (refer to the two do_teqc... scripts in
Appendix 3). Rinex is the standard data interchange format for raw satellite navigation
system data, enabling it to be processed and analyzed using available software.
Step 2: Precise point positioning (PPP) was used to obtain approximate geographic
coordinates given the absence of base-station data. This technique overcame the need
for base-station data (Witchayangkoon, 2000), and was suited for this analysis as the
CORS base-station for American Samoa was non-operational during the campaign
visits in 2002 and 2004.
Step 3: Double-differencing solution using some regional sites as well as the local ones
was carried out, using ionosphere-free L1/L2 combination and including tropospheric
estimation and ocean loading. This gave a set of daily coordinate and covariance
solutions. Each GPS satellite transmits data on two frequencies, L1 (1575.42 Mhz) and
L2 (1227.60 MHz). Using double differenced observables helped eliminate selective
availability effects as well as other biases superimposed onto the L1 and L2 carrier
frequencies. This is a common technique used in GPS survey applications.
Step 4: The daily coordinates and covariances were processed using adjcoord (Crook,
1992), to simultaneously estimate positions and velocities. The file ucant_02_04.lis in
Appendix 3 shows what was done, and gives the results.
3.3.3

Velocity vector minimizations

Station MOSO was held fixed in the analysis under 95% confidence bounds due to the
general quality of data collected from that site. Thus, the displacements shown in Table
1 indicate velocity vectors relative to MOSO. Pacific plate velocities were also
minimized to emphasize local deformation independent of regional neotectonic
influences. Under 68% confidence bounds, horizontal velocities at stations LOTO,
TIDE, MOSO and AUFO were minimized due to their small relative displacements,
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and because most of them were outside the anticipated areas of south flank
deformation.

3.4 Results and Interpretation
Detected displacements were plotted as horizontal and vertical velocity vectors.
Horizontal velocities were plotted with 95% and 68% confidence bounds, respectively.
Vertical velocities were analyzed under 95% confidence bounds.
3.4.1

Horizontal displacement
3.4.1.1 95 % Confidence level

Horizontal displacements under 95% confidence bounds appeared to be insignificant.
The only station which had a velocity vector that marginally fell outside its uncertainty
ellipse was station LATA (Figure 19). All other stations fell inside their uncertainty
ellipses, indicating either insignificant motion within the campaign period, or that
instrumental noise and monumental instability of field instruments might have reduced
data quality.
The absence of long-term variations of ground-water-level data at the sites meant that a
correlation between the impacts of near-surface causes for deformation and the results
could not be conducted (eg. water loading, soil swelling and shrinking, and
compaction). It is possible the deformation detected might be due to interseasonal
near-surface weathering and erosion processes. Given the short duration of campaign
data (2 campaigns over 2 years), this seems likely.
3.4.1.2 68 % Confidence level
Marginally significant horizontal motion was detected at some of the other sites under
68 % confidence bounds (Figure 20). Velocities at stations LOTO, TIDE, MOSO, and
AUFO were minimized to emphasize displacement on the south flank.
3.4.2

Vertical displacement
3.4.2.1 95 % Confidence level

None of the vertical velocities were significantly greater than the 95% confidence
bounds used. Stations LATA, FOGA, and FITI show the least divergence from the co-

36

CHAPTER 3: GROUND DEFORMATION ANALYSIS

Figure 19: Map plot of detected horizontal movement, plotted as velocities, at 95% confidence
level.

-nfidence bounds (Table 1 and Figure 21). The 95% confidence bounds are typically
10-20 mmyr-1, so if there was actual vertical deformation of ≥ 20 mmyr-1, it would
definitely have been detected (pers.comm., John Beavan, GNS Science, 2008). It is
likely that the vertical motions detected might be due to interseasonal near-surface
causes, or analysis noise producing an artificial, steadily increasing or decreasing
velocity component (Gandolfi et al, 2003; Demoulin et al, 2004).
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Figure 20: Map plot of detected horizontal movement, plotted as velocities, at 68% confidence
level.

3.5 Discussion
3.5.1

Observed motions: styles and causes

Detecting and establishing deformation constraints on the south flank benches was
important to determining short-term slip rates along identified and inferred slip (fault)
planes. Hypothetically, it would delineate whether or not slip rates determined in the
analysis would be sufficient to explain the amount of actual displacement along the sc-
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Table 1: Detected vertical displacements at 95% confidence level. Station MOSO was held fixed
in the analysis. Positive and negative values indicate upward and downward movement,
respectively.
Station

Displacement (mm/yr)

95% Uncertainty (mm/yr)

15.534
16.889
1.418
8.868
6.651
-0.614
13.353
0.0
-13.326
-7.904

±11.839
±12.895
±18.371
±15.351
±11.684
±15.055
±13.342
0.0
±21.3
±19.666

FOGA
LATA
PAPA
AUFO
TIAF
TIDE
FITI
MOSO
LOTO
LAUF

40

LATA

30

PAPA

20

Displacement (mm/yr)

FITI
TIAF
LAUF
LOTO

10
0
-10
-20

MOSO

FOGA
AUFO
TIDE

-30
-40

Figure 21: Graph illustrating detected vertical movement and their associated uncertainty bars
at 95% confidence level. Detected movements are plotted as velocities.

-arps. If displacement was shown to be insignificant within the uncertainty bounds
used, then the assumption could be made that a much more rapid and instantaneous
collapse may have occurred at some point resulting in the observed displacements. On
the other hand if the slip-rates were found to be significant, then the probability of
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slow, long-term, gravity collapse as suggested by McCoy (1965) and Stice and McCoy
(1968) would need to be further investigated.
Detected vertical and horizontal displacements were analyzed as velocity vectors. Most
of the vertical velocities recorded were insignificant under 95% confidence limits;
which is typically ±10 – 20 mmyr-1 (pers.comm., John Beavan, GNS Science NZ,
2008). Stations LATA and FOGA detected vertical displacements of marginal
significance at ~ +16.9 (±12.9) mmyr-1 and ~ +15.5 (±11.8) mmyr-1, respectively.
Based on this, marginal displacement of at least +4 mmyr-1 and +3.7 mmyr-1 would
have been experienced at these respective sites within the surveyed period. All other
vertical displacements from other stations were considered insignificant due to the
large uncertainties associated with the detected values.
A major limitation in the vertical estimates was that rates determined through
campaign GPS requires a long period of time (≥ 10 years) to obtain reliable values
(Demoulin et al, 2004). Near-surface influences on vertical movement such as water
loading or soil shrinking and swelling are difficult to distinguish from structural
movements within a short campaign period. Demoulin et al (2004) interpreted shortterm vertical movement at Eifel in Germany to be attributed to long-term variations
(rise or lowering) in ground-water levels. Vertical movements in their study were
determined through data collected from five GPS campaigns in 1999 – 2003. Given
that only two campaigns were conducted two years apart for this analysis, it becomes
obvious that more campaigns need to be conducted in order to minimize the
uncertainties, and distinguish the influence of near-surface processes from structural or
sub-surface ones.
Marginally significant horizontal motion was detected at sites FOGA, FITI, LAUF,
PAPA, and LATA using 68% confidence bounds. Under 95% confidence limits, only
station LATA showed marginally significant horizontal displacement of ~4 mmyr-1 in
a southward direction of 1730. Horizontal displacements at all other stations were
insignificant, as they did not fall outside of their uncertainty ellipses. The reliability of
data collected from station LAUF on the south flank was at question, as the GPS
marker for this site was in a streambed, and was washed out of the crevice during the
subsequent flood seasons in 2002 and 2003. The actual location of the marker had to
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be guessed during the 2004 campaign making it unreliable (pers.comm., Mathew
Jackson, Woods Hole Oceanographic Institution, May 2009), and hence insufficient
for making logical interpretations.
Stations LATA, LAUF, and PAPA were of particular concern to this study as they
were located on the south flank. As the results have indicated, station LATA was the
only one of these that detected marginally significant horizontal and vertical
displacement. Results from station LAUF were held to be unreliable due to survey
inconsistencies with the GPS marker. It thus appears that the summit of Ta’u might be
bulging upward at a rate of at least 4 mmyr-1, and in a southward horizontal direction at
a rate of 4 mmyr-1. Nishi et al (1998) attributed vertical movement detected through
GPS measurements during the 1990 – 1995 eruption of Unzendake volcano in Kyushu,
Japan, to magma intrusion and subsequent lava discharge. Marshall et al (1997)
attributed ground inflation detected through GPS measurements to be associated with
dike opening at Long Valley caldera, CA. It is possible that uplift detected at LATA
and FOGA in this analysis might be associated with an intrusive body (eg. dikes)
inducing a parallel force greater than resisting forces in the direction of movement.
However, the short campaign period coupled with the absence of long-term
groundwater and soil variation data makes it difficult to distinguish near-surface from
structural causes of movement.
Based on the results of the analysis, it seems likely that overall horizontal and vertical
deformation within the study period was relatively insignificant, suggesting that former
collapse may have been rapid and instantaneous; as opposed to slow, long-term gravity
slumping. If collapse occurred < 1000 ya due to slow gravity slumping, an annual
sinking rate of ~ 450 mmyr-1 would have been required in its formation. This clearly is
not the case. The instantaneous flank collapse and subsequent debris-avalanche of
Mount St. Helens in 1980 provides a morphological analogy. The collapse formed a
series of downfaulted slide blocks along listric-type failure surfaces (Glicken, 1996),
resulting in similar morphology to the downfaulted benches on Ta’u. Obtaining more
datasets through future campaigns would aid substantially in testing this. Long-term
monitoring of groundwater level variations at the sites would also aid in distinguishing
inter-seasonal near-surface from structural causes of movement.
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3.5.2

Result limitations

The reliability of the GPS survey results and interpretations were limited by the
following factors;
•

It was very difficult to measure small vertical changes using campaign GPS,
especially with only two campaigns. More campaigns over a longer time period
would reduce the uncertainties in the results and strengthen analytical
interpretations.

•

Background noise possibly emerged from monument instability. The field log
sheet notes also suggested doubt regarding monument stability in the field (eg.
station LAUF).

•

Inter-seasonal near-surface causes for movement could not be distinguished from
structural causes; hence it is likely that detected movement might be due to nearsurface causes, if not analysis noise.

•

Due to the unreliability of data collected from station LAUF, understanding the
short-term pattern of deformation, if any, on the down-faulted Afuatai and
‘Ele’elesa benches on the south flank was not possible.

Future work to overcome these limitations would help provide a much clearer pattern
of local deformation; enabling more accurate analytical interpretations and subsequent
applications to hazard assessment.

3.6 Summary and Conclusions
It is 95% probable that ground deformation at the station sites within the study period
was insignificant. Given the short time period in which the campaign data was
collected, as well as analysis noise from monument instability, it is difficult to draw
definite conclusions from the results. It seems most likely that the marginal
displacements detected at LATA and FOGA resulted from interseasonal near-surface
movement associated with a variable groundwater level. Although less likely, it might
also be possible that uplift at these sites could have been due to local intrusions such as
dikes. Separating the long-term influence of near-surface from structural origins
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through combining GPS and gravity measurements (Demoulin et al, 2004) would
clarify this. Results from station LAUF were thought unreliable, leaving a gap in data
required to understand the pattern of deformation on the down-faulted Afuatai and
Ele’elesa benches. Longer-term campaign data would be required to reduce the
uncertainties and establish more reliable rates of short-term deformation at all of the
sites.
Assuming the lack of overall deformation in the short-term to be indicative of longerterm deformation behaviour, it would appear that slow ongoing gravity slumping is not
a major contributor to the south flank morphology. Rather, it seems that a much more
rapid and instantaneous deformation collapse may have caused the observed head
scarps and benches. It is likely that the build-up of strain and potential energy within
the system from the time of the last collapse may increase the likelihood of future
instantaneous collapse. However, because the timing and likely trigger-mechanisms of
former collapse have not been constrained, the hazard potential of the site remains
inconclusive. Ongoing weathering and erosion processes would continue to shape the
landscape morphology at time-scales independent of instantaneous collapse triggermechanisms.
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CHAPTER 4: TSUNAMI HAZARD ANALYSIS

4.1 Overview
This chapter presents an assessment of the landslide-induced tsunami hazard and risk
from flank collapse on the south of Ta’u. The initial collapse resulting in the presentday morphology is modeled using available data, coupled with simple geometric
assumptions of the pre-failed mass. The likelihood of future collapse is also modeled,
followed by an impact-assessment of the subsequent tsunami hazard and risk at the
local and regional levels.

4.2 Objectives
The objectives of this Chapter are to;
1. Model the landslide-induced tsunami wave propagation of the Ta’u flank collapse
to obtain an indication of the magnitude and likely impact sites of this hazard
event.
2. Evaluate the likelihood of future collapse and subsequent tsunami hazard at the
local and regional levels.
3. Assess the broader implications of the analysis results with respect to the overall
Thesis aims.

4.3 Methodologies and Data
4.3.1

Simulation model

The Cornell Multi-grid Coupled Tsunami (COMCOT) model (version 1.7) was used to
model a range of landslide-induced tsunami scenarios; the landslides hereafter referred
to as submarine mass failures (SMF). COMCOT v.1.7 was developed and released by
Wang (2009). The system consists of a built-in set of complex algorithms that
calculate and output ocean volume flux within a simulated grid, using bathymetry data
as well as geometric characterizations of a failing mass. For this study, built-in linear
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shallow water equations were used to describe water surface elevation and ocean flux
in both spherical and cartesian coordinate systems. Explicit leap-frog finite difference

Figure 22: Flow chart of the COMCOT simulation model (from Wang, 2009).

method was used to solve these equations (Cho, 1995) in time and space for each grid
cell within the simulation domain (pers.comm., Xiaoming Wang, GNS Science NZ,
April 2009). Figure 22 is a flow chart of the COMCOT system illustrating the data
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flow from data input, to processing, to output results. Visualization of output data was
enabled through post-processing using Matlab functions and scripts developed by
Wang (2009).
4.3.2

Bathymetry data

100 m contour resolution multi-beam bathymetry data collected by the RV Kilo
Moana during the Alia Scientific Cruise Expedition in April 2005 was used in the
simulations. Bathymetry within the numerical domain shown in Figure 23 was used.
4.3.3

SMF geometric characterizations
4.3.3.1 Idealized SMF geometry

Using relationships established by Watts (1998 and 2000), Grilli and Watts (1999,
2001), Grilli et al (2002) and Watts et al (2003), an SMF was considered to be a
wavemaker whose shape and motion needed to be prescribed. The SMF was idealized
as a mound (block) with elliptical cross-section translating along a straight incline at an
angle θ to the horizontal. A maximum thickness T was defined in the middle of the
mound, a total length b along the down-slope axis, a total width w along the crossslope axis, and an initial vertical submergence d at the middle of the landslide (Figure
24). An elliptical platform, b by w, was also assumed for the SMF. The sliding mass
was modeled as a rigid body moving along a straight incline with center of mass
motion s(t) parallel to the incline, and subject to external forces from added mass,
gravity, and dissipation. COMCOT incorporates these relationships through the
landslide tsunami source control files built into the system (Wang, 2009).
4.3.3.2 Idealized geometry of Ta’u SMF
Rational assumptions needed to be made regarding the volume and run-out distance of
discharged SMF material. Volumetric estimations made here were based on contour
interpolation of gravity data collected by Machesky (1965). Figure 25 and Figure 26
depicts what was done. The maximum volume of discharged material estimated from
this reconstruction was 30 km3.
The maximum run-out distance of discharged material was estimated through 3Dexaggeration of bathymetry data in the Vulcan 7.5 software. Hummocky- type relief
with 100 m amplitudes between troughs and peaks were noted approximately 30 km
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Figure 23: Merged bathymetry map of American Samoa; Region 14.3 S, 170.0 W (Source:
http://earthref.org). Contour interval = 200 m. The red border indicates the numerical
(simulation) domain.
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T maximum thickness in the
middle
b total length along down-slope
axis
w total width along cross-slope
axis

Figure 24: Idealized SMF geometric parameters (from Watts et al, 2003).

Figure 25: Gravity map of Ta’u showing a positive Bouger anomaly towards the center of the
island (modified from Machesky, 1965).

48

CHAPTER 4: TSUNAMI HAZARD ANALYSIS

Figure 26: Gravity contour reconstruction using simple point interpolation, illustrating how the
island may have looked in plan-view prior to collapse.

south of the island; these were assumed to represent the run-out maximum of the Ta’u
SMF. Figure 27 and 28 illustrate these assumptions in 3D- and cross-section view.
A slide angle θ of 250 was used. The ratio of drop height to run-out distance h0/xc,
decreases with landslide volume (Ward and Day, 2003), and ranged between 0.05 to
0.15 for the Ta’u Island-sized (4 – 24 km3) landslide. This implies a vertical mass drop
height of about 1 – 3 km, and a run-out distance of about 20 - 30 km. A conservative
volume of 4 km3 was used in this study. The coefficient of basal friction μ, for low
friction slides is approximately equal to h0/xc (Ward and Day, 2003). It was assumed
here that μ ~ h0/xc, hence a mean μ value of 0.1 was used. The mechanism inducing
this low basal friction was assumed to be attributed to intense rock fragmentation that
occurs in the basal region of large landslides (Davies & McSaveney, 2009), and has
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Figure 27: Exaggerated 3D-section view looking north at the southern flank of the Ta’u volcanic
pile. Vertical lines shown across the N-S plane can be ignored. An offshore submarine flow
channel and hummocky-type deposit are apparent south of the avalanche scarp.
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Figure 28: Cross-section of the south flank and offshore morphology of Ta’u. The inferred precollapse profile and failure surface are shown, as well as the inferred deposit denoted by the
hummocky relief ~30km offshore.
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been inferred to act also in submarine mass movements. This is similar to the 1884
Ritter Island collapse in Papua New Guinea (Ward and Day, 2003). A similar
terrestrial analogy would be the rock-debris avalanche of Mount St Helens volcano in
1980, where block-slides accelerated to speeds of over 50 ms-1 within 26 s and 700 m
of the start time and location (Voight et al, 1983; Glicken, 1996; Ward and Day, 2003).
4.3.3.3 Transient seafloor motion model
A transient seafloor motion model was developed for the discharged landslide using
the method developed by Wang and Liu (2006) and Wang (2009). Aspects of the
methods developed by Ward and Day (2003) in their kinematic and mechanical
landslide models of the Ritter Island collapse were also adopted. Refer to Appendix 4
for an explanation of the models used. The kinematic history of the Ta’u collapse was
inferred using comparisons with the Ritter Island and Mount St Helens collapses as
analogies. The reason for developing a transient seafloor motion model for the Ta’u
collapse was to compare the simulated tsunami results for consistency with those of the
idealized block-slide in Section 4.4.1. Grid cell sizes used to define the slide were 9
km2 (Figure 29).
4.3.4

Slope-stability analysis

An assessment of the likelihood of future collapse of the south flank benches was
conducted through a probabilistic 2D slope-stability analysis in Slide vers.5.0 software
(Rocscience, 2003). Slide calculates the factor of safety for a given slope with predefined physical properties, as well as allowing excess load conditions induced from
external seismic and volcanic sources to be modeled. For this study, weak planes were
inferred along the main south flank fault zones, and intra-caldera dykes were also
taken into account.
4.3.4.1 Physical properties
Machesky (1965) determined the bulk density of Ta’u to be 23 kNm-3 (or 2300 kgm-3).
Due to the scale at which the analysis was conducted here, detailed properties of
individual basalt flows were neglected, and only three distinct material-types were
inferred. The bulk of the island was assumed to be massive basalt with an unsaturated
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Figure 29: Landslide model grid and transect lines used for transient seafloor reconstructions
(details in Appendix 4). One grid cell is 3 km in length by 3 km in width; 9 km2.

bulk density of 22 kNm-3, and a saturated bulk density of 24 kNm-3. Weak planes
along fault zones were modeled as broken or weathered basalt with lower density
values, and heavy intra-caldera dykes were modeled as impervious structures with
densities higher than the average determined by Machesky (1965). Table 2 summarizes
the parameters used.
Cohesion values and internal friction angles (Ф) used were adopted from Schultz
(1994), as no previous geotechnical studies of rock mechanics and strength properties
at the site have been carried out. Izuka (2005) modeled groundwater level on the south
flank benches, and yielded water-level estimates of about 7.5 m above mean sea level.
He further hypothesized that ground-water level may be much higher than the modeled
results due to the intrusion of low-permeability dykes into the otherwise high
permeability island; resulting in aquifers at very high elevations. Figure 30 illustrates
this concept.
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Table 2: Physical properties of basalt, broken basalt, and basaltic dykes used in the slopestability analysis.

Material
Unsaturated U.W (kN/m3)
Saturated U.W (kN/m3)
Strength Type
Cohesion (kN/m2)
Ф (degrees)
Water surface
Hu (Initial Pore Press.
Ratio)

Basalt
22
24
Mohr-Coulomb
2500
35
Water table

Broken Basalt
19
21
Mohr-Coulomb
1000
33
Water table

Basalt Dyke
24
24
Mohr-Coulomb
3000
38
Water table

1

1

1

Figure 30: Conceptual model of groundwater occurrence on Ta’u (from Izuka, 2005).

It was thus assumed for this study that ground-water level on the south flank was
consistent with the conceptual model shown in Figure 30. It was further assumed that
water saturation induced excess pore water pressure, serving as a mechanism for
reducing friction along weak planes (Day, 1996).
4.3.4.2 Loading
Three modeled scenarios were simulated using, 1) normal gravitational loading, 2)
seismic loading, and 3) rejuvenated volcanic loading. 0.4 g seismic acceleration
coefficients were used for the seismic load. Seismic accelerations of 0.3 g have a return
period of about 10 years in the Samoa Islands chain; with accelerations ≥ 0.4 g
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occurring ≥ 100 years (SMD, 2007). Rejuvenated volcanic loading was modeled
through incorporating a distributed vertical load onto the benches; comparable to the
estimated load induced by the intra-caldera cinder cone eruption shown in Figure 31.

Figure 31: Illustration of the intra-caldera cinder cone eruption flow; used to estimate the load
effect of modeled rejuvenated volcanism. The stress induced by this eruption was estimated to
be greater than 100,000 kNm-2.

4.4 Results and Interpretation
4.4.1

Idealized block-slide tsunami results

The scenario below assumed the instantaneous collapse of a 4 km3 mass along a slide
angle θ of 250, with a run-out distance of 18.4 km. The length of the sliding mass = 3.2
km, width = 2.5 km, and thickness = 0.5 km. The 500 m drop of the present-day
Afuatai bench from the Lata summit was assumed to be characteristic of the maximum
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thickness in the middle of the sliding block (Ward and Day, 2003). The specific
density used was 2.2 (sliding mass density = 2300 kgm-3: density of seawater = 1030
kgm-3), and the coefficient of basal friction was 0.1. The simulated event run-time was
30 minutes (1800 s), and snapshots of ocean volume flux were recorded at 1 minute
simulation intervals. Dispersion was ignored as shallow-water techniques were used.
Figure 32 shows the simulated tsunami amplitudes and propagation at given times after
landslide initiation. Figure 33 shows the main flux in the north-south and east-west
directions.
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Figure 32: Simulated tsunami amplitude and flux predicted for the Ta’u collapse at 1, 3, 5, 7
and 16 minutes after initiation of the event.
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Figure 33: Direction of tsunami propagation (flux) in the X (north-south; top map) and Y (eastwest; bottom map) axis. Main flux along the X axis is southward, although sufficient wave
diffraction around the island results in a northward propagating wave. Flux along the Y axis is
relatively proportional in both the east and west directions, respectively.
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4.4.2

Transient seafloor deformation results

Appendix 4 details the model used to infer the transient seafloor motion of the
landslide. Because the model has not yet been verified, simulation analysis was not
conducted and subsequent results were not obtained.
4.4.3

Slope-stability results

Using the parameters discussed in Section 5.3.4, three modeled scenarios were
simulated. This was done to determine the threshold for collapse under normal
gravitational loading, seismic loading, and rejuvenated volcanic loading.
4.4.3.1 Gravitational load results
A factor of safety F = 2.4 was determined along the failure plane for the block shown
in Figure 34. This implies the benches are very stable under normal gravitational
loading, with a 0 % chance of mass failure.
4.4.3.2 Seismic load results
A factor of safety F = 1.3 was determined along the failure plane for the block shown
in Figure 35. This implies the benches are stable under a worse-case seismic loading
scenario, with a 0% chance of mass failure.
4.4.3.3 Rejuvenated volcanic load results
A factor of safety F = 0.7 was determined along the failure plane for the block shown
in Figure 36. This implies the benches are likely to fail under an eruptive vertical load
scenario.

4.5 Discussion
4.5.1

Tsunami modeling assessment

The duration of the landslide determined in the idealized block-slide analysis was 7
minutes, with a peak slide velocity of 75.2 ms-1. The average slide velocity was 43 ms. Initial acceleration was 1.1 ms-2, and deceleration of -0.1634 ms-2 began 1 minute

1

after slide initiation; the mass slid for about 4.5 km before reaching the flat of the
ocean floor at a depth of about 3 km. It slowed down for the remainder of the travel
until it stopped approximately 18.4 km from source. The landslide generated a tsunami

60

CHAPTER 4: TSUNAMI HAZARD ANALYSIS

Figure 34: Modeled block-stability result of the south flank under normal gravitational loading.
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Figure 35: Modeled block-stability result of the south flank using 0.4g seismic coefficient
loading.
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Figure 36: Modeled block-stability result of the south flank with added vertical loading; used to
simulate an eruptive scenario.

63

CHAPTER 4: TSUNAMI HAZARD ANALYSIS

with amplitudes greater than 20 m propagating in all directions 5 minutes after slide
initiation.
These effects are comparable with the Ritter Island collapse modeled by Ward and
Day (2003). Their results showed a 4.6 km3 landslide which slid with an average
velocity of 40 ms-1 (peak velocity near 70 ms-1), and took about 5 minutes to run its
course. The steep initial basal slope of 10 – 150 (peak of 250) in their model made for a
short-lived acceleration phase. Having reached a decrease in basal slope, the slide
spent much of the remainder of its movement travelling at a limiting speed. Friction
coefficients used in their analysis ranged between 0.05 – 0.07. The simulation
generated a tsunami with wave amplitudes of 20 m offshore of New Britain, compared
to the actual 12 – 15 m elevation of inundation measured there. This difference was
considered insignificant, and was attributed to the short wave periods and loss of wave
energy on the offshore reefs and in coastal trees as the wave approached and inundated
the coast.
The smaller debris avalanche of 0.05 – 0.09 km3 which formed during the 26th
December 1997 eruption of Soufrière Hills volcano on Montserrat, was immediately
followed by an energetic pyroclastic density current that devastated 10 km2 of the
southwestern volcano flank. The event generated local tsunamis which impacted
Montserrat with maximum wave run-up heights > 10 m (Sparks et al, 2002; Voight et
al, 2002; Le Friant et al, 2006).
The simulation results for the Ta’u block-slide seem consistent with the examples
discussed above. The 0.1 coefficient of basal friction used was consistent with the h0/x0
ratio determined for the slide. This would have been sufficient to slow the sliding mass
down to rest at about 18 km from its source. The rapid acceleration to a peak slide
velocity of 75.2 ms-1 before slowing down was likely attributed to the steep initial
basal slope of 20 - 250. Tsunami waves with amplitudes > 20 m were generated
offshore. The main direction of tsunami propagation was southward. Wave diffraction
around the island resulted in northward propagating waves.
Because the transient seafloor motion model has not yet been verified, simulation
analysis was not conducted and subsequent results were not obtained. Verifying the
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model and generating results would provide a sufficient comparison for the block-slide
results presented.
4.5.2

Likelihood of future collapse and imminent hazard

The slope-stability analysis indicated a 0 % chance of failure along the modeled basal
decollement region of the south flank under normal gravitational and seismic
acceleration (0.4 g) loading. High factors of safety, F, of 2.4 and 1.3 respectively,
suggest that the forces resisting translational failure are much higher than those
promoting failure under these conditions. The apparent hazard thus appears to be not
imminent. It is likely that cohesion values assumed for the weak planes may be overestimated, and actual cohesion values along these planes may be lower. The formation
of weak clay layers as a result of weathering and chemical alteration have been shown
to mark failure planes in volcanic flank edifices (Thouret, 1999; Groppelli et al, nd).
Assuming that clay layers mark failure planes on the Ta’u flank, they would be much
weaker than those used in this analysis. Lower factors of safety may be observed, thus
increasing the potential for future collapse.
The modeled dyke structures probably served as structural reinforcement, thus
increasing the overall stability of the flank. The analysis however did not take into
account the impact of continued mechanical dyke intrusion as a trigger for future
collapse. Elsworth and Day (1999) demonstrated that moderate-sized dyke intrusions
of the order of a meter in thickness and a minimum horizontal length of 1 km were
sufficient to cause volcanic flank failure in the Canarian and Cape Verde
Archipelagoes. They attributed large destabilizing effects to the development of
suprahydrostatic water pressures resulting from concurrent mechanical and thermal
processes, augmented by direct driving pressures from a magmastatic column. The
likelihood of future collapse of the Ta’u flank to this mechanism is not known, and
was beyond the analytical scope of this study.
The simulated vertical load shown in Figure 36 indicates that volcanic eruption would
be a sufficient mechanism for inducing block-failure along weak planes. An F of 0.7
was determined for the block shown. Seismic activity occurs before, during, and after
eruption in documented cases (Druitt and Kokelaar, 2002). Hence, 0.3 g seismic
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acceleration loading was simulated with the added vertical load, to represent a worsecase but not unrealistic coupled-load scenario. The analysis did not account for the
volume formerly occupied by the extruded lava within the subsurface magma chamber.
The volumetric subsurface void left behind by the extruded lava, coupled with the
added vertical load of the flow deposit would increase disequilibrium within the
system. This in turn would increase the forces promoting failure under these conditions
resulting in a lower F, a higher probability of collapse, and possibly larger volume of
the failure block. The timing of collapse associated with this mechanism would depend
on the duration of the eruption and discharge rate of magma to the surface. Coupledseismic loading may not necessarily be required to trigger collapse, although
earthquakes before and during the eruption may induce added stress along weak
planes.
4.5.3

Impact-scenario assessment
4.5.3.1 Modeled historical tsunami

The study showed that flank collapse resulting in the present-day morphology of the
south flank would have generated a tsunami propagating in all directions. Offshore
wave amplitudes > 20 m would have reached the villages of Ta’u and Faleasao in the
northwest, and Fitiuta in the northeast between 3 – 4 minutes after landslide initiation.
Similar offshore waves would have reached the south coast of Ofu and Olosega islands
about 5 minutes after initiation. Wave amplitudes between 10 – 15 m would have
occurred offshore of Tutuila Island 104 km west of Ta’u at about 17 minutes after
initiation. 10 – 15 m waves also propagated outside of the simulated numerical
domain, possibly indicating that populated islands adjacent to, but outside, of the
domain may have also experienced similar offshore tsunami amplitudes.
The island of Upolu, about 200 km west of Ta’u, may have experienced offshore wave
amplitudes > 5 m in some areas, with smaller amplitudes experienced offshore of
southeast areas on Savai’i, 100 km further west. Swains atoll about 380 km northnorthwest may have experienced similar waves. Other places such as the high raised
limestone island Niue 500 km south, the low-lying Pukapuka atoll in the northern
Cook Islands > 500 km northeast, the Tokelau atolls > 500 km north, and Tafahi and
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Niuatoputapu islands in Tonga 480 km southwest, perhaps experienced waves < 2 m
(Figure 37).

Figure 37: Google Earth map showing the location of nearby inhabited islands relative to Ta’u.
The 100 km and 400 km radial boundaries are shown around Ta’u.

67

CHAPTER 4: TSUNAMI HAZARD ANALYSIS

Figure 38: Google Earth image of northwestern Ta’u showing the villages of Ta’u and Faleasao.
More than 95% of development exists less than 10 m above mean sea level in these villages. The
offshore reef crest in both areas would result in short-period waves approaching the shoreline.

The likely elevation of inundation experienced at the northwest villages on Ta’u, and
on Ofu and Olosega islands were probably several metres lower than the modeled
offshore waves > 20 m. The village of Ta’u would most likely have experienced the
greatest elevation of inundation (perhaps > 10 m), being the closest to the source and
located < 10 m above mean sea level. The fringing reef bounding the narrow lagoon
about 100 m between the reef crest and the coastline would have induced short-period
waves and loss of energy as the wave approached the coast (Figure 38). Limited
coastal vegetation on the calcareous sedimentary unit < 10 m above mean sea level,
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would have meant probable inundation to the western base of the Tunoa shield
between 100 – 400 m inland. Similar inundation impacts may have been experienced
at Faleasao, and on Ofu and Olosega. The fringing reef surrounding Ofu and Olosega
is greater than 200 m from crest to shoreline in most places, although > 95% of
inhabited areas are situated < 10 m above mean sea level.
The proximity of Fitiuta village in the northeast of Ta’u, > 25 m above mean sea level,
would have meant that no inundation impacts were experienced at this site. The
ancient village of Saua on the east coast would have experienced inundation similar to
Ta’u and Faleasao villages (Figure 39).

Figure 39: Google Earth image of northeastern Ta’u showing Fitiuta village, which is located
greater than 25 m above mean sea level in most places.

69

CHAPTER 4: TSUNAMI HAZARD ANALYSIS

Inundation into Pago Pago harbour on Tutuila Island about 17 minutes after tsunami
initiation may have been similar, although the narrow opening in the harbour bay may
have induced a funnel-effect which could have resulted in inundation elevations
similar to the modeled offshore waves of 10 – 15 m (Figure 40). Inundation elevations
of < 5 m were probably experienced in low-lying coastal villages along the eastern and
southern coastlines of Upolu and Savai’i in Samoa. Tsunami dissipation in the open
ocean probably meant that populated islands located greater than 400 km from the
source may have experienced only minor inundation impacts; with inundation
elevations in the range of a few millimetres to less than a metre at worst. High islands
such as Niue would not have experienced any inundation hazard.

Figure 40: Google Earth image of Pago Pago harbour on Tutuila island illustrating the funnel
effect. The rapid influx of water (red arrows) coupled with a slow outflux (yellow arrows) would
result in relatively high inundation elevations.
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4.5.3.2 Future landslide-tsunami
Under a worse-case scenario, the volume of material that would be discharged from a
likely future collapse is between 0.1 – 0.7 km3. These estimates are based on the added
load induced by a future volcanic eruption smaller in volume by a factor of 2.5 than the
most recent cinder cone eruption on the south flank. Volcanic earthquakes before and
during an eruption may increase, but are not necessarily fundamental to the chances of
collapse. Modeled offshore tsunami wave amplitudes for a likely 1 km3 block-slide
were > 10 m (Appendix 5). Likely inundation elevations at Ta’u and Faleasao villages,
and Ofu and Olosega Islands would probably be < 10 m, assuming inundation to be
smaller than offshore wave amplitudes. Fitiuta village would not be impacted. Pago
Pago harbour on Tutuila Island would experience offshore waves < 7 m, with
inundation elevations falling within this range; assuming the funnel-effect would slow
down the outflow of water from the harbour entrance. Other populated coastal areas on
Tutuila < 5 m above mean sea level may experience inundation run-ups < 2 m;
assuming sufficient wave loss from coastal vegetation and offshore reefs. Upolu and
Savai’i islands in the west would probably experience inundation elevations no greater
than several tens of centimeters.
The likely offshore tsunami waves and inundation impacts of a probable 0.1 – 0.7 km3
landslide are expected to be similar, if not lower, than those of the modeled 1 km3 slide
discussed above. A larger eruption than that modeled in this study would induce a
heavier load, resulting in a higher likelihood and larger volume of mass failure. The
timing of possible collapse relative to the initiation of the eruption would depend on
the rate of magma extrusion to the surface, which determines the time taken to
accumulate a load sufficient to trigger collapse. In analogy, the 1997 Boxing Day
sector collapse of Soufrière Hills volcano occurred 2 years after the initiation of the
eruption in 1995 (Voight et al, 2002; Sparks et al, 2002). It is possible that the timing
of a future collapse of the south flank on Ta’u might be similar to this event.
The magnitude of damage caused would depend on the kinetic energy of the impacting
wave relative to the structural resisting forces of the built coastal environment (eg.
roads, power lines, infrastructure and housing). Loss of life may be minimal if
warnings are issued and heeded, but cannot be excluded as a realistic possibility.
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Sufficient evacuation of areas at risk before the Soufrière Hills Boxing Day event
resulted in no loss of life from the > 10 m tsunami inundation impacts (Voight et al,
2002). Given that the likelihood of a future sector collapse on the Ta’u flank might not
occur until several months to years following initiation of an eruption, sufficient
monitoring during the eruption should provide ample warning time for tsunami
emergency and evacuation deployment of likely impact-sites.
Constraining the frequency of volcanism and likelihood of a future eruption along
fissures within the collapsed region would be important to further constraining the
imminent tsunami hazard. Natland (2003), Hart et al (2004), and Koppers et al (2008)
discussed the likelihood of rejuvenated volcanism along the island-chain being
associated with the position of the NT-Arc. The eastward migration of the Tonga
Trench and NT possibly induces perpendicular fracture stresses on the main rifts of the
Samoa chain, likely inducing volcanism at weak fissures directly north of its position.
This might explain the recent 1905 – 1911 Mount Matavanu eruption on the northeast
rift of Savai’i (Nunn, 1994; Natland, 2003; Hart, 2006; Cronin et al, 2006). If this were
the case, then rejuvenated volcanism on Ta’u would not occur for about another 1.1
million years from now; eliminating the imminent hazard completely. This
approximation is based on the current NT eastward migration rate of about 18.5 cmyr, and the westward Ta’u migration rate of about 7.1 cmyr-1 (Hart, 2006). It would take

1

about 1.1 million years for Ta’u to be located directly north of the NT-Arc at these
rates (Figure 41).
Paradoxically, the recent eruption of Pomasame from 1866 – 1867 along the
submarine ridge connecting Ta’u to Olosega does not conform to this assumption. It
possibly suggests that a local source mechanism for volcanic eruption may be acting
within the region independent of the NT influence. Natland (2003) conceptualized this
to be associated with shallow heat sources beneath volcanic fissures. In turn, the
likelihood of an eruption in the near future increases, perhaps within tens to hundreds
of years from now, thus reaffirming the imminent eruptive hazard. The establishment
of geophysical and geodetic monitoring programmes coupled with more detailed
assessments of the eruptive history within these islands would aid in delimiting this.
Other likely triggers for future collapse such as dike intrusion were not considered
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here; but cannot be excluded as potential triggers. Detailed modeling of dike triggerpotential for future collapse using the method established by Elsworth and Day (1999)
would aid in redefining the imminent hazard from this process.

Figure 41: Google Earth map showing the current eastward NT and westward Ta’u migration
rates, respectively. The yellow line indicates the relative meridian at which Ta’u would be
located directly north of the NT-boundary at these current rates.

4.6 Summary and Conclusions
The modeled landslide-tsunami results demonstrate that if a historical collapse event
occurred within the last 167 years resulting in the present day south flank morphology,
the impacts could not have gone unnoticed by inhabitants of Ta’u and Faleasao
villages on Ta’u Island, and inhabitants of Ofu, Olosega and Tutuila islands,
respectively. It is likely that inhabitants on eastern and some southern areas of Upolu
and Savai’i islands would have also noticed the impacts. No such recollections exist in
current history. This suggests that the depiction of Ta’u in Turner (1889), which was
based on the original survey charts of Wilkes (1849), may have been incorrect. The
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catastrophic collapse of the south flank and subsequent tsunami were most likely much
older than the impression one gets from the map in Turner (1889). Establishing
absolute age constraints on the scarps through surface exposure dating, using the 4He
or 36Cl cosmogenic techniques would verify this argument (pers.comm, Jackson, M.,
Woods Hole Oceanographic Institution, 2007; pers.comm, Balco, G., University of
Washington, 2009; pers.comm., Cole, J., Davies, T., Shulmeister, J., University of
Canterbury, 2009). High resolution bathymetry mapping of avalanche deposits and
ocean-floor drilling for samples in the hummocky deposit about 30 km south of the
scarps, would allow an analysis of whether the assumed deposit was indeed sourced
from the south flank. In turn it would verify the geometric assumptions made here.
Possible sites in which paleotsunami studies could be carried out in order to verify the
modeled event were also determined. Sufficient wave diffraction around Ta’u would
have resulted in a northward propagating wave, with 10 - 15 m inundation elevations at
the villages of Ta’u and Faleasao in the northwest, and along the south coast of Ofu
and Olosega Islands. A sufficient eastward propagating tsunami would have impacted
the Pago Pago harbour in Tutuila with 3 – 7 m waves. Sediment stratigraphy analysis
could be carried out at these sites to identify tsunami inundation deposits likely
attributed to the modeled event. An age constraint on its timing could also be
established, assuming datable material (eg. coral fragment) is identified in the
deposited unit.
The likelihood of future collapse of the south flank under gravitational and seismic
loading is low; suggesting that the non-eruptive hazard is not imminent. The likelihood
of collapse under eruptive conditions exists, suggesting that the eruptive hazard is
predominant. Given that the frequency of volcanism is ill-constrained along the island
chain, the likelihood of a future eruption at identified rifts and fissures is not known.
Assuming rejuvenated volcanism to be associated with the volcano’s position relative
to the NT-Arc, and based on current neo-tectonic migration rates, it is likely that a
future volcanic eruption would not occur for another 1.1 million years from now.
However, the recent submarine eruption of Pomasame along the rift connecting Ta’u
to Olosega from 1866 – 1867 (see Chapter 2), indicates that eruption of individual
cones may be attributed to a different mechanism. If this were the case, then the
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occurrence of a future eruption could be anytime between now and the next few
hundred years, thus posing an imminent hazard for coastal inhabitants and
infrastructure in American Samoa. The regional tsunami hazard for islands greater than
a few hundred kilometers from source is not significant. Real-time seismic and ground
deformation monitoring on Ta’u would provide a clearer understanding of local
volcanic activity. It would also be a sufficient mechanism for forecasting an eruption,
as well as providing ample warning time for emergency deployment.
4.6.1

Thoughts on the 1839 U.S. Ex. Ex. survey of the Samoa Islands

Retracing the accounts of the U.S. Exploring Expedition (Ex. Ex.) during the 1839
survey of Ta’u is important in understanding the context which likely errors were
made. In his Narrative of the Ex. Ex., Wilkes (1849) mentions that two of the squadron
ships spent three days surveying the Manu’a group from the 8th – 10th October 1839.
These included his flagship, the sloop-of-war Vincennes, and the smaller brig Porpoise
which was commanded by Cadwalader Ringgold. He states that Ta’u was accurately
surveyed in boats, while the two ships passed on each side. There is no mention of a
collapsed feature on the south coast, and is neither apparent in their surveyed chart
(Figure 3).
Wilkes and his selected officers trained in surveying were reputable mid-19th century
surveyors in the U.S. Navy. Wilkes and his team used Ferdinand Hassler’s
triangulation method of surveying, which was remarkably accurate for its time. Hassler
was the U.S.’s most passionate practitioner of geodesy, and mentor of Wilkes
(Philbrick, 2003). Through the application of this method, Wilkes and his team were
able to accurately map the Georges Bank off the coast of New York, Cape Horn in
South America, as well as previously uncharted locations in the Pacific (eg. Tuamotus,
Fiji and Samoa Islands), ~2400 km of the Antarctic coast (Wilkes Land), and the
Pacific Northwest (eg. Puget Sound and Colombia River). Although his charts of the
Antarctic coastline were consistently under-estimated due to the polar effect of
looming (Philbrick, 2003), other mapped areas where he was able to get closer to land
were highly accurate (eg. Knox Coast and Piner Bay).
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It is thus difficult to conceive that a mistake was made during the Ta’u survey. Given
the amount of time they spent surveying the island, as well as the accuracy of their
techniques used, it seems unlikely that they overlooked such a distinct collapse feature.
Interestingly, there are marked differences in the land areas of most of the Samoa
Islands between the 1839 surveys and present. Table 3 shows the land areas of
individual islands surveyed in 1839 compared to their current land areas. The
differences between them are presented as ratio and percentage deviations.
Table 3: Comparison of land area surveyed in 1839 with present-day land area.
Island

Land Area (mi2):
1839

Land Area
(mi2): Present

Ratio (Land Area in 1839
: Present Land Area)

% Difference

700
7
9
560
240
10
24
100

663
0.7
1.2
435
55
3
2
17

1.06 : 1
10.0 : 1
7.5 : 1
1.3 : 1
4.4 : 1
3.3 : 1
12.0 : 1
5.9 : 1

5.6
900.0
650.0
28.7
336.4
233.3
1100.0
488.2

Savai'i
Apolima
Manono
Upolu
Tutuila
Ofu
Olosega
Manu'a (Ta'u)

Manu'a (Ta'u)
Olosega

Island

Ofu
Tutuila
Upolu
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Apolima
Savai'i
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Figure 42: Percentage difference between the land areas of individual islands surveyed in 1839
from their present-day land areas. The 100% difference mark (blue line) indicates a deviation
greater than a factor of 2.

The results indicate that all of the islands surveyed in 1839 are greater in size than their
current land areas. Savai’i and Upolu show the least deviation, while all of the other
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islands are larger by a factor > 3; Olosega showing the greatest deviation (Figure 42).
The impression gained from this is that Savai’i and Upolu were the most accurately
surveyed islands during the Ex. Ex.. Land areas for all of the other islands seem to
have been largely over-estimated for reasons unknown. Alternatively, one might argue
that extremely rapid land denudation rates may account for the apparent deviations.
Despite the obvious differences between the estimated land areas in 1839 with current
land areas, the morphological depictions of the islands are very similar to present-day
morphologies. This is clearly the case for all of the islands except for Ta’u. Hence, the
inconsistency between the estimated land areas and their morphological depictions in
1839 makes it difficult to conclude that the Ta’u survey was incorrect. It is possible
that land areas were over-estimated due to the navigational map grid used, which may
have been less accurate than present-day navigational technology. This however would
not have impacted the morphological sketches made, which served as base maps for
producing the 1839 survey charts.
An alternative explanation is that the maps produced during the Ex. Ex. were
accurately surveyed and that the morphological depiction of Ta’u is a true
representation of how it looked in 1839. If this were the case, and collapse of the south
flank actually occurred < 170 ya, then it would raise debate regarding the modeled
tsunami results presented in Section 4.4.1. It is possible that the results and impacts of
the event were over-estimated due to complex epistemic and ontological uncertainties;
not considered in the simulations. Perhaps collapse did occur > 40 ya (inferred through
vegetation), but < 170 ya, and that it went unnoticed for reasons beyond the scope of
this study. If so, it would present an interesting case of extremely rapid land
denudation within a short period of time, and is a cause for serious concern in the
broader hazard context.
The matter thus remains unresolved. While the landslide-tsunami modeling results
demonstrate that an event of such magnitude could not have gone unnoticed by local
inhabitants, they may have been over-estimated. Furthermore, the attention to detail
made by Wilkes and his survey teams throughout the Ex. Ex., casts doubt that they
made such a significant cartographic error. Their land area estimates suggest
otherwise, although these are inconsistent with corresponding morphological island
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depictions. Surface exposure dating of samples collected from the scarps would
resolve this debate. Similarly, further modeling using the transient seafloor
deformation model can be compared and used to verify the block-slide tsunami results
presented here.
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5.1 Overview
The overall aim of this research was to determine the landslide-induced tsunami
potential of the south flank of Ta’u, and propose an explanation for the apparent
catastrophic collapse implied through the first published map of the island in 1889.
Challenges in meeting these aims were discussed earlier in the thesis. They included
limitations in available data and in some cases, the absence of relevant data, financial
constraints, as well as difficulties associated with conducting fieldwork in a remote
tropical setting. Nevertheless, the overall aims were achieved through specifically
designed objectives which utilized available data to generate new information and
alternative perspectives; in turn serving as evidence sufficient to make relevant
conclusions. This chapter summarizes the main research outcomes, and offers
recommendations for future studies that could build on the findings presented here.

5.2 Summary of Main Research Outcomes
5.2.1

Timing of past collapse: Evidence and conclusions

It was difficult to determine the accuracy of the map presented in Turner (1889) from
the written and oral literature. The map was based on the original survey charts of
Wilkes (1849), which may have been largely overestimated. While there were
documented events that may have influenced or been associated with a likely recent
collapse, there appears to be no physical evidence supporting this. Such events include
the 1866 – 1867 Pomasame eruption, and the March 24th 1883 tsunami on the east end
of Savai’i, whose local source was unidentified (Pararas-Carayannis and Dong, 1980;
Williams and Leavasa, 2006). The accuracy of the survey charts produced by Wilkes
(1849) thus remains an open question.
Geomorphically, the collapse-feature appears to be older than 167 ya implied by
Turner (1889), but younger than the submarine wave-cut platform < 18 ka which
encircles most of the island. It was difficult to determine the age of the benches based
on coral reef distribution and vegetation. The abundance of fringing reef on the south
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might not necessarily indicate the benches are old. It could actually be the opposite,
where rapid species colonization and ecological succession following a recent habitat
disturbance resulted in their present abundance; similar to live coral abundance on
Pomasame. Ecological succession of forest ecosystems generally reaches relative
equilibrium within less than ~40 years. Hence, the dense vegetation noted on the south
flank only indicates that the ecosystem is older than ~40 years, with little insight into
the ages of individual species likely involved in re-establishment following initial
collapse.
The landslide-induced tsunami modeling assessment provides the most conclusive
insight into the possibility of recent collapse, and consequent accuracy of the map in
Turner (1889). The ground deformation analysis led to the belief that collapse was
most likely instantaneous; although more campaign GPS data would largely reduce the
uncertainties associated with the detected deformation. The numerical tsunami analysis
showed that an instantaneous collapse of ≥ 4 km3 would have been sufficient to
generate a tsunami with wave amplitudes ≥ 20 m offshore of Ta’u, Ofu and Olosega
islands. Smaller waves ~10 – 15 m would have inundated the villages of Ta’u and
Faleasao on Ta’u Island, as well as inhabited areas on Ofu and Olosega islands. Pago
Pago harbour on Tutuila island ~104 km west would have been inundated by ~3 – 7 m
waves. The impact to communities living in these areas would have been devastating.
Given the fact that no such catastrophe is recorded in either written or oral records, it
seems highly likely that the collapse feature is much older than the impression
obtained from Turner (1889). Furthermore, it implies that the survey charts of Wilkes
(1849) may in fact be incorrect, leaving one to ponder on the likely causes for such a
significant observational and mapping error. Wilkes was considered one of the great
U.S surveyors of his time, and his men also gained a reputation for their accurate
surveys (Philbrick, 2003). Although Wilkes did not personally partake in the boatsurveys of Ta’u, his experienced officers and men did over a period of three days. His
own morphological observations were made from his ship which encircled the island.
It is possible that accurate observations and surveys of the south flank were not made
for reasons beyond the scope of this thesis. These limitations would have led to the
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inaccurate mapping and portrayal of the island, resulting in a map depicting an
apparently rounded (but incorrect) Ta’u morphology.
Alternatively, the reputation of Wilkes and his team of Navy surveyors coupled with
the relatively accurate surveying of other places they mapped, make it difficult to
understand how such a significant error could have been made. If the chart they
produced was an accurate depiction of Ta’u in 1839, it would imply an interesting case
of extremely rapid land denudation within a short period of time, and that the
landslide-tsunami results presented in Chapter 4 might be at question. Furthermore, it
would present an interesting case in which a recent, distinct, process seemed to have
occurred without anybody noticing it.
5.2.2

Likelihood of future collapse and hazard implications

The slope-stability analysis showed that non-eruptive collapse is insignificant. The
south flank appears to be very stable under normal gravitational and added seismic
loading. A volcanic eruption, smaller in volume than the relatively recent Leatutia
cinder cone eruption on the south flank, would however be sufficient to induce a
vertical load capable of triggering collapse of ~1 km3. Assuming collapse occurred
instantaneously, it would generate a tsunami with offshore waves > 10 m in amplitude,
and inundation elevations of < 10 m at Ofu, Olosega, and northwest villages on Ta’u.
Pago Pago harbour on Tutuila would most likely experience inundation elevations < 7
m. Populated coasts > 400 km from the source would not be impacted significantly.
The frequency of volcanism on Ta’u is ill-constrained, making it difficult to determine
the probability of a future eruption and consequent collapse. The recent eruption of
Pomasame and the possibility of offshore sulphur venting on the south lead to the
possibility that a mechanism independent of the NT migration may be responsible for
rejuvenated volcanism on the island. Alternatively, they possibly represent the dying
stages of plume-driven shield volcanism following a period of quiescence. Until this
can be further constrained, a future eruption, and subsequent collapse, during the next
few tens to hundreds of years remains a very real possibility. The local tsunami hazard
in the medium to long term is thus significant.
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5.3 Recommendations for Future Work
This thesis presented an amalgamation of documented and new information which
formed a basis for preliminary landslide-tsunami hazard assessment on Ta’u, with
applications to similar oceanic islands. A number of associated questions emerged as a
result. These, coupled with the limitations, lead to a number of follow-up studies
which can build on the work presented here. These are outlined below.
1. Cosmogenic

36

Cl or 4He isotope surface exposure dating of basalt samples

collected along the lower scarp in August 2008 would establish an absolute age
constraint on the timing of collapse. These samples were not able to be dated in
this project due to costs. However, the Australian National University has the
necessary lab facilities within the Australasian region to implement both 36Cl and
4

He cosmogenic dating; at a price of ~AUD$1,400 per sample (pers.comm., Tim

Barrows, Australian National University, 2009). Absolute age constraints on the
scarps would be established, thus verifying the hypothesis made here regarding the
timing of collapse, and subsequent implications on the accuracy of Wilkes (1849)
expeditionary chart.
2. More detailed ecological studies of the growth rates of individual scleractinian
species comprising the coral reefs on the south and along the Pomasame ridge
would aid in establishing their relative ages. The ecosystem on Pomasame would
serve as a reference point for comparison, as the last major habitat disturbance in
that area is known. Establishing the ages of the southern reefs might be a sufficient
indicator for inferring the possibility and timing of recent collapse.
3. Establishing vegetation plots along the southern benches, coupled with growth rate
analysis and tree-ring dating, would establish the relative ages of the forest
vegetation. This might also serve as a good indicator for inferring the timing and
possibility of recent collapse.
4. Trace element analysis can be conducted on samples collected from the recent
cinder cone eruption on the south flank. This will distinguish whether it is shield
(tholeiitic and alkalic) or post-erosional (melilitite, nephenelite, and ankaramite)

82

CHAPTER 5: SYNTHESIS AND CONCLUSIONS

related. Subsequently, the flow could be dated by

40

Ar/39Ar or K-Ar radiometric

dating, thereby establishing an absolute age constraint on it. This would serve as an
excellent relative indicator for the timing of collapse, as it could have been
associated with it.
5. Continued high resolution offshore bathymetry and gravity mapping would
indicate possible submarine sulphur vents on the south. Obtaining possible sulphur
samples would provide insights to the nature of possible active fissure eruptions in
the area.
6. Ongoing campaign GPS surveys at the sites used in the 2002 and 2004 surveys
would significantly enhance the ground deformation database, reducing the
uncertainties presently associated with detected movements. This would provide a
better indication of the pattern and processes of deformation, thereby increasing its
effectiveness in assessing the hazard. Inter-seasonal near-surface weathering and
erosion processes (eg. inter-seasonal soil expansion and contraction) could also be
monitored. This might establish a likely inter-seasonal soil weathering pattern,
which would aid in distinguishing short-term near-surface causes from long-term
causes of detected deformation.
7. Ground Penetrating Radar (GPR) surveys could be conducted to identify individual
subsurface flows and fault lines. This would improve the slope-stability model
used here, resulting in more accurate and representative results. Laboratory
strength and physical property tests could be conducted on rock samples collected
from selected sites on a future field expedition. This would result in more accurate
cohesion, friction angles, and other physical properties used in slope-stability
work; increasing the reliability of the modeled results presented here.
8. Conducting a peak ground acceleration (PGA) assessment using data collected
from the Samoa Lithospheric Integrated Seismic Experiment (SLISE) seismic
station on Ta’u, would help in establishing the mean seismic acceleration
coefficients experienced on the island. The frequency of different PGA’s would
also be established. This would verify the seismic loading coefficient used here in
the slope-stability analysis, as well as enable dynamic slope-stability modeling
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over a temporal scale. Ultimately it would provide clearer understanding of the
long-term influence of recurring earthquakes on the stability of the benches.
9. Drilling for samples in the presumed avalanche deposit, represented by the
offshore hummocky terrain, would help assess the likely source of the deposit.
Higher resolution bathymetry mapping and analysis of drill samples would serve to
verify the assumptions made in the tsunami modeling assessment.
10. Verifying the transient seafloor deformation model and generating simulation
results would provide a sufficient comparison for the block-slide results.
Comparison of the tsunami results using other tsunami simulation models would
test the outcomes presented here. Ground-truthing of the modeled event could be
undertaken through sediment stratigraphy analysis at the modeled impact sites
given in Chapter 4. This would help in testing the modeled collapse event, as well
as providing an age which might complement the geomorphic age constraints
presented here.
11. Land denudation rates for all of the Samoa Islands from between 1839 and present
could be estimated using the survey charts produced during the U.S. Ex. Ex.,
assuming the charts produced were accurate. Map and photogrammetric overlays
using progressively recent island depictions, would enable an assessment of the
rate of land denudation over the last 170 years. This would establish the broader
hazard implications of rapid land denudation on local communities inhabiting these
islands.
12. Real-time monitoring of volcanism in the area could be established at the national
level. This could be done through the establishment of a permanent real-time
Seismic and GPS network, coupled with regular field observations as well as rock,
sediment, water, and gas sample collection for geochemical analysis. This would
provide a solid foundation for monitoring the eruptive hazard established here, as
well as provide a sufficient information tool for early warning and emergency
deployment.
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Implementation of these activities could be undertaken through either academic or
government funded means. Individual activities may form the overarching aims or
Chapter-specific objectives for graduate thesis research, and would involve short-term
activities that could be implemented in 1 – 3 years. Longer-term activities such as realtime hazard monitoring could be funded through disaster management frameworks
outlined in Section 2.8, provided they receive sufficient priority and budget allocation.

5.4

Final Comments

This research was undertaken to address a historical cartographic dilemma associated
with Ta’u Island. It employed a range of inter-disciplinary scientific techniques to
resolving this dilemma, which also formed the basis for advancing the knowledge base
of landslide-tsunami hazards in the area. These advancements in understanding are
summarized below:
1. The historical chart of Ta’u produced in Wilkes (1849) might be an incorrect
depiction of the island’s true morphology at the time. Geomorphic and numerical
tsunami modeling analysis demonstrate that such a catastrophe could not have
gone unnoticed by local inhabitants of the Manu’a Group; suggesting the event
occurred much older than the impression obtained from the historical map.
Contradictory to this is that the landslide-tsunami results may have been overestimated. The matter thus remains unresolved.
2. Short-term ground deformation on the island appears to be insignificant based on
the GPS analysis. More campaign data would reduce the uncertainty and increase
the reliability of this statement.
3. Based on geomorphic evidence, the collapse feature is likely < 18 ka. A submarine
wave-cut platform identified through bathymetry data, which presumably formed
during the sea-level low-stand of the last glacial maximum ~18 ka, was shown to
be older than the collapse feature. The absence of oral and ethnohistorical accounts
associated with this collapse suggests that it may have occurred ≥ 1 ka.
4. A likely offshore avalanche deposit was identified using 100 m contour resolution
bathymetry data, which aided in characterizing the likely landslide geometry for
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subsequent tsunami modeling. Possible sites for future stratigraphy analysis and
ground-truthing work to verify the modeled event were also identified.
5. The eruptive hazard at the site is significant, and given the uncertainty associated
with the frequency of volcanism, caution should be applied in managing the
hazard.
6. Impact-scenario assessments and likelihood of a future collapse are indicated
through the tsunami and slope-stability modeling analysis, respectively. This
establishes specific community sites where tsunami education, preparation, and
resilience building activities can be targeted and prioritized.
The approach and techniques used in this thesis have applications to hazard
investigations on similar volcanic islands within oceanic environments. Most
developed and inhabited areas on oceanic islands are sited along low-lying coasts.
While the possibility and long-distance impacts of megatsunami generation from giant
landslides is debatable, the immediate local tsunami hazard caused by such processes
cannot be overstated. Further work to improve on the approach and build on the results
would undoubtedly strengthen the hazard investigation model presented in this thesis.
The knowledge acquired could then be applied to strengthening hazard management
arrangements at the community and national levels, overall serving to build more
resilient and safer coastal communities.
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APPENDIX 1:
TA’U GPS CAMPAIGNS 2002 AND 2004: DATA ANALYSIS
Introduction
A core component of this thesis involved processing GPS data collected from two
geodetic field campaigns on Ta’u that were spaced two years apart (2002 and 2004
respectively). The aim was to obtain a better understanding of ground-motion
behaviour in a geohazard context. These campaigns were led by Dr. Rhea Workman; a
former doctorate student at Woods Hole Oceanographic Institute, Massachusetts. The
aim of the surveys were to measure surface deformation attributable to (i) deep-seated
volcanic processes causing inflation, deflation, or rifting at various locations, or, (ii)
major landsliding of massive volcanic blocks along fault escarpments located on the
south side of Ta’u island. The raw data collected was processed by Dr. John Beavan of
Geological and Nuclear Sciences in Wellington, New Zealand. This report summarizes
the processed method and findings of the analysis.
GPS data
Twelve GPS stations were deployed in 2002 and 2004 at the locations illustrated in
Figure 18. For this analysis, data files recorded from the GPS stations that were at a
static location for more than a few hours were identified and screened for processing.
Table 1a shows the total number of data files recorded from the different stations in
2002, compared to the total number of selected files per station used in the analysis
(Table 1b). Similarly, Table 2a shows the total number of data files recorded from the
stations in 2004, compared to those selected for the analysis (Table 2b).
Table 1a: Aggregate raw data files recorded from the 12 stations in 2002. The data
files selected for analysis, their antenna heights, and run-times are highlighted in
yellow.
Station

File

Antenna Height (m)

Starting Time

End Time

AUFO

AUFO170A

1.096

20/06/2002 8:49am

22/06/2002 11:08am
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FITI

FOGA

LATA

AUFO1821

1.061

2/07/2002 9:33am

3/07/2002 8:33am

FITI1741

1.329

24/06/2002 6:17pm

25/06/2002 6:14pm

FITI1742

1.329

25/06/2002pm

26/06/2002 6:14pm

FITI1743

1.329

26/06/2002 6:17pm

27/06/2002 7:18am

FOGA160A

0

11/06/2002 8:43am

14/06/2002 5:14pm

FOGA160B

0

14/06/2002 5:49pm

14/06/2002 5:54pm

FOGA160C

0

15/06/2002 7:06am

15/06/2002 7:14am

FOGA160D

0

15/06/2002 7:22am

15/06/2002 7:27am

FOGA160E

0

15/06/2002 7:31am

15/06/2002 7:35am

FOGA160F

0

15/06/2002 7:42am

15/06/2002 7:56am

FOGA160G

0

15/06/2002 8:02am

15/06/2002 8:08am

FOGA160H

0

15/06/2002 8:14am

15/06/2002 8:20am

FOGA160I

0

15/06/2002 8:23am

15/06/2002 9:40am

FOGA160J

0

15/06/2002 9:50am

15/06/2002 10:04am

FOGA160K

0

15/06/2002 10:16am

15/06/2002 10:48am

FOGA160L

0

15/06/2002 11:05am

15/06/2002 1:42pm

FOGA160M

0

15/06/2002 1:47pm

15/06/2002 1:52pm

FOGA160N

0

15/06/2002 2:39pm

15/06/2002 2:52pm

FON21651

1.175

15/06/2002 5:13pm

21/06/2002 6:25am

LATA1651

0

15/06/2002 11:22am

18/06/2002 1:21am

LATA1652

0

18/06/2002 2:39am

18/06/2002 2:46am

LATA1653

0

18/06/2002 3:24am

18/06/2002 3:26am

LATA1654

0

18/06/2002 6:05am

18/06/2002 6:12am

LATA1655

0

18/06/2002 6:47am

18/06/2002 6:55am

LATA1656

0

18/06/2002 7:20am

18/06/2002 7:27am

LATA1657

0

18/06/2002 7:42am

18/06/2002 7:47am
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LATA1658

0

18/06/2002 8:01am

18/06/2002 8:10am

LATA1659

0

18/06/2002 8:20am

18/06/2002 8:25am

LATA1661

0

18/06/2002 8:34am

18/06/2002 8:43am

LATA1662

0

18/06/2002 9:04am

18/06/2002 11:28am

LAUF1801

1.315

29/06/2002 1:34pm

29/06/2002 1:38pm

LAUF1802

1.315

29/06/2002 1:40pm

30/06/2002 1:38pm

LAUF1803

1.315

30/06/2002 1:40pm

1/07/2002 1:38pm

LAUF1804

1.315

1/07/2002 1:40pm

1/07/2002 2:05pm

LOTO1781

1.281

28/06/2002 12:36pm

28/06/2002 12:38pm

LOTO1782

1.281

28/06/2002 12:41pm

28/06/2002 12:45pm

LOTO1783

1.281

28/06/2002 12:49pm

29/06/2002 12:46pm

LOTO1784

1.281

29/06/2002 12:49pm

30/06/2002 12:46pm

LOTO1785

1.281

30/06/2002 12:49pm

30/06/2002 2:16pm

MOSO1761

1.194

26/06/2002 2:01pm

26/06/2002 2:02pm

MOSO1762

1.194

26/06/2002 2:03pm

27/06/2002 1:57pm

MOSO1763

1.194

27/06/2002 1:59pm

28/06/2002 1:57pm

MOSO1764

1.194

28/06/2002 1:59pm

28/06/2002 3:30pm

PAPA166A

1.377

19/06/2002 9:36am

19/06/2002 9:39am

PAPA166B

1.377

19/06/2002 9:43am

19/06/2002 9:47am

PAPA166C

1.377

19/06/2002 9:54am

19/06/2002 9:57am

PAPA166D

1.377

19/06/2002 10:05am

19/06/2002 10:09am

PAPA166E

1.377

19/06/2002 10:13am

19/06/2002 10:18am

PAPA166F

1.377

19/06/2002 10:27am

19/06/2002 10:36am

PAPA166G

1.377

19/06/2002 10:46am

19/06/2002 10:54am

PAPA166H

1.377

19/06/2002 11:00am

19/06/2002 11:04am

PAPA166I

1.377

19/06/2002 11:13am

19/06/2002 11:15am

LAUF

LOTO

MOSO

PAPA
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SAUA

SIUL/SILG

TIAF

PAPA166J

1.377

19/06/2002 11:32am

19/06/2002 11:35am

PAPA166K

1.377

19/06/2002 11:44am

19/06/2002 11:49am

PAPA166L

1.377

19/06/2002 12:01pm

19/06/2002 12:04pm

PAPA166M

1.377

19/06/2002 12:11pm

19/06/2002 12:14pm

PAPA166N

1.377

19/06/2002 12:21pm

19/06/2002 12:28pm

PAPA166O

1.377

19/06/2002 12:34pm

19/06/2002 12:37pm

PAPA166P

1.377

19/06/2002 12:49pm

19/06/2002 12:50pm

PAPA1661

1.377

16/06/2002 1:10pm

19/06/2002 6:43am

PAPA1662

1.377

19/06/2002 7:01am

19/06/2002 7:06am

PAPA1663

1.377

19/06/2002 7:21am

19/06/2002 7:25am

PAPA1664

1.377

19/06/2002 7:45am

19/06/2002 7:50am

PAPA1665

1.377

19/06/2002 8:02am

19/06/2002 8:08am

PAPA1666

1.377

19/06/2002 8:28am

19/06/2002 8:32am

PAPA1667

1.377

19/06/2002 8:43am

19/06/2002 8:48am

PAPA1668

1.377

19/06/2002 9:05am

19/06/2002 9:08am

PAPA1669

1.377

19/06/2002 9:18am

19/06/2002 9:22am

SAUA1771

1.28

27/06/2002 2:10pm

30/06/2002 8:01am

SILG1721

1.228

22/06/2002 10:13am

24/06/2002 3:06pm

SIUL1691

1.228

19/06/2002 8:53am

19/06/2002 8:55am

SIUL1692

1.228

19/06/2002 8:57am

19/06/2002 7:59pm

TIAF181A

1.258

30/06/2002 12:22pm

30/06/2002 12:22pm

TIAF181B

1.258

30/06/2002 12:24pm

3/07/2002 6:44am

TIAF181C

1.258

3/07/2002 6:49am

3/07/2002 6:54am

TIAF181D

1.258

3/07/2002 6:57am

3/07/2002 7:01am

TIAF181E

1.258

3/07/2002 7:06am

3/07/2002 7:11am

TIAF181F

1.258

3/07/2002 7:14am

3/07/2002 7:18am
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TIDE

TIAF181G

1.258

3/07/2002 7:21am

3/07/2002 7:23am

TIAF181H

1.258

3/07/2002 7:28am

3/07/2002 7:36am

TIAF181I

1.258

3/07/2002 7:40am

3/07/2002 7:46am

TIAF181J

1.258

3/07/2002 7:50am

3/07/2002 7:56am

TIAF181K

1.258

3/07/2002 7:59am

3/07/2002 8:06am

TIAF181L

1.258

3/07/2002 8:10am

3/07/2002 8:17am

TIAF181M

1.258

3/07/2002 8:20am

3/07/2002 8:26am

TIAF181N

1.258

3/07/2002 8:29am

3/07/2002 8:50am

TIAF181O

1.258

3/07/2002 8:53am

3/07/2002 9:12am

TIAF181P

1.258

3/07/2002 9:15am

3/07/2002 10:05am

TIAF1711

1.329

21/06/2002 2:14pm

21/06/2002 3:33pm

TIAF1712

1.329

21/06/2002 3:34pm

1/01/1970 11:59am

TIAF1713

1.329

21/06/2002 3:41pm

22/06/2002 7:32am

TIAF1714

1.329

22/06/2002 7:33am

22/06/2002 7:36am

TIAF1715

1.329

22/06/2002 7:38am

24/06/2002 7:30am

TIDE1731

1.01

23/06/2002 11:56am

23/06/2002 12:16pm

TIDE1732

1.01

23/06/2002 12:20pm

24/06/2002 12:18pm

TIDE1733

1.01

24/06/2002 12:20pm

25/06/2002 12:18pm

TIDE1734

1.01

25/06/2002 12:20pm

26/06/2002 7:46am

TIDE1811

0.992

1/07/2002 7:48am

2/07/2002 3:21pm

Table 1b: Raw data files recorded from the 12 stations in 2002 that were selected for
processing and analysis.
Station

File

Antenna Height (m)

Starting Time

End Time

AUFO

AUFO170A

1.096

20/06/2002 8:49am

22/06/2002 11:08am
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AUFO1821

1.061

2/07/2002 9:33am

3/07/2002 8:33am

FITI1741

1.329

24/06/2002 6:17pm

25/06/2002 6:14pm

FITI1742

1.329

25/06/2002 6:17pm

26/06/2002 6:14pm

FITI1743

1.329

26/06/2002 6:17pm

27/06/2002 7:18am

FOGA160A

0

11/06/2002 8:43am

14/06/2002 5:14pm

FON21651

1.175

15/06/2002 5:13pm

21/06/2002 6:25am

LATA

LATA1651

0

15/06/2002 11:22am

18/06/2002 1:21am

LAUF

LAUF1802

1.315

29/06/2002 1:40pm

30/06/2002 1:38pm

LAUF1803

1.315

30/06/2002 1:40pm

1/07/2002 1:38pm

LOTO1783

1.281

28/06/2002 12:49pm

29/06/2002 12:46pm

LOTO1784

1.281

29/06/2002 12:49pm

30/06/2002 12:46pm

MOSO1762

1.194

26/06/2002 2:03pm

27/06/2002 1:57pm

MOSO1763

1.194

27/06/2002 1:59pm

28/06/2002 1:57pm

PAPA

PAPA1661

1.377

16/06/2002 1:10pm

19/06/2002 6:43am

SAUA

SAUA1771

1.28

27/06/2002 2:10pm

30/06/2002 8:01am

SIUL\SILG

SILG1721

1.228

22/06/2002 10:13am

24/06/2002 3:06pm

SIUL1692

1.228

19/06/2002 8:57am

19/06/2002 7:59pm

TIAF181B

1.258

30/06/2002 12:24pm

3/07/2002 6:44am

TIAF1713

1.329

21/06/2002 3:41pm

22/06/2002 7:32am

TIAF1715

1.329

22/06/2002 7:38am

24/06/2002 7:30am

TIDE1734

1.01

25/06/2002 12:20pm

26/06/2002 7:46am

FITI

FOGA

LOTO

MOSO

TIAF

TIDE
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Table 2a: Aggregate raw data files recorded from the 12 stations in 2004. The data
files selected for analysis, their antenna heights, and run-time are highlighted in
yellow.
Antenna

Height

Station

File

(m)

Starting Time

End Time

AUFO

60572330

0.053

20/08/2004 12:59pm

21/08/2004 11:59am

60572340

0.053

21/08/2004 12:00pm

22/08/2004 11:59am

60572350

0.053

22/08/2004 12:00pm

23/08/2004 11:59am

60572360

0.053

23/08/2004 12:00pm

23/08/2004 5:06pm

2992460

0.053

2/09/2004 1:15pm

3/09/2004 11:59am

2992470

0.053

3/09/2004 12:00pm

4/09/2004 11:59am

2992480

0.053

4/09/2004 12:00pm

5/09/2004 11:59am

2992490

0.053

5/09/2004 12:00pm

6/09/2004 11:59am

2992500

0.053

6/09/2004 12:00pm

7/09/2004 11:59am

2992510

0.053

7/09/2004 12:00pm

8/09/2004 11:59am

2992520

0.053

8/09/2004 12:00pm

9/09/2004 11:59am

2992530

0.053

9/09/2004 12:00pm

9/09/2004 12:24pm

59932191

0.053

7/08/2004 4:48am

7/08/2004 5:45am

59932230

0.053

11/08/2004 6:21am

11/08/2004 6:22am

59932231

0.053

11/08/2004 6:23am

11/08/2004 6:25am

59932233

0.053

11/08/2004 6:27am

11/08/2004 8:03am

60642190

0.053

7/08/2004 4:57am

7/08/2004 4:59am

AUFO
Rpt

RHEA
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FITI

FOGA

60642230

0.053

11/08/2004 6:18am

11/08/2004 6:19am

60642231

0.053

11/08/2004 6:20am

11/08/2004 6:20am

60642232

0.053

11/08/2004 6:20am

11/08/2004 6:22am

60642233

0.053

11/08/2004 6:22am

11/08/2004 6:25am

60642234

0.053

11/08/2004 6:27am

11/08/2004 8:03am

2992320

0.053

20/08/2004 9:58am

20/08/2004 11:59am

2992330

0.053

20/08/2004 12:00pm

21/08/2004 11:59am

2992340

0.053

21/08/2004 12:00pm

22/08/2004 11:59am

2992350

0.053

22/08/2004 12:00pm

22/08/2004 2:11pm

59842440

0.053

31/08/2004 2:06pm

31/08/2004 2:09pm

59842441

0.053

31/08/2004 2:30pm

1/09/2004 11:59am

59842450

0.053

1/09/2004 12:00pm

2/09/2004 11:59am

59842460

0.053

2/09/2004 12:00pm

2/09/2004 2:26pm

59842461

0.053

2/09/2004 2:34pm

3/09/2004 11:59am

59842470

0.053

3/09/2004 12:00pm

4/09/2004 11:59am

59842480

0.053

4/09/2004 12:00pm

5/09/2004 11:59am

59842490

0.053

5/09/2004 12:00pm

6/09/2004 11:59am

59842500

0.053

6/09/2004 12:00pm

7/09/2004 11:59am

59842510

0.053

7/09/2004 12:00pm

8/09/2004 11:59am

59842520

0.053

8/09/2004 12:00pm

9/09/2004 11:59am

59842530

0.053

9/09/2004 12:00pm

9/09/2004 1:30pm
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LATA

LAUF

LOTO

MOSO

60572420

0.053

29/08/2004 2:19pm

30/08/2004 11:59am

60572430

0.053

30/08/2004 12:00pm

31/08/2004 11:59am

60572440

0.053

31/08/2004 12:00pm

1/09/2004 11:59am

60572450

0.053

1/09/2004 12:00pm

2/09/2004 11:59am

60572460

0.053

2/09/2004 12:00pm

3/09/2004 11:59am

60572470

0.053

3/09/2004 12:00pm

4/09/2004 10:44am

60572471

0.053

4/09/2004 11:55am

4/09/2004 11:59am

2992360

0.053

23/08/2004 2:42pm

24/08/2004 11:59am

2992370

0.053

24/08/2004 12:00pm

25/08/2004 11:59am

2992380

0.053

25/08/2004 12:00pm

26/08/2004 11:59am

2992390

0.053

26/08/2004 12:00pm

26/08/2004 12:40pm

60572361

0.053

24/08/2004 9:02am

24/08/2004 11:59am

60572370

0.053

24/08/2004 12:00pm

25/08/2004 11:59am

60572380

0.053

25/08/2004 12:00pm

26/08/2004 11:59am

60572390

0.053

26/08/2004 12:00pm

27/08/2004 11:59am

60572400

0.053

27/08/2004 12:00pm

28/08/2004 11:59am

60572410

0.053

28/08/2004 12:00pm

28/08/2004 1:06pm

59842330

0.053

21/08/2004 10:42am

21/08/2004 11:59am

59842340

0.053

21/08/2004 12:00pm

22/08/2004 11:59am

59842350

0.053

22/08/2004 12:00pm

23/08/2004 11:59am

59842360

0.053

23/08/2004 12:00pm

24/08/2004 11:59am
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PAPA

TIAF

TIDE

59842370

0.053

24/08/2004 12:00pm

24/08/2004 1:29pm

2992391

0.053

27/08/2004 11:22am

27/08/2004 11:59am

2992400

0.053

27/08/2004 12:00pm

28/08/2004 11:59am

2992410

0.053

28/08/2004 12:00pm

29/08/2004 11:59am

2992420

0.053

29/08/2004 12:00pm

30/08/2004 11:59am

2992430

0.053

30/08/2004 12:00pm

31/08/2004 11:59am

2992440

0.053

31/08/2004 12:00pm

1/09/2004 11:04am

59842380

0.053

25/08/2004 12:00pm

26/08/2004 11:59am

59842390

0.053

26/08/2004 12:00pm

27/08/2004 11:59am

59842400

0.053

27/08/2004 12:00pm

28/08/2004 11:59am

59842410

0.053

28/08/2004 12:00pm

29/08/2004 11:59am

59842420

0.053

29/08/2004 12:00pm

30/08/2004 11:59am

59842430

0.053

30/08/2004 12:00pm

30/08/2004 4:12pm

60572510

0.053

7/09/2004 5:27pm

8/09/2004 7:20am

Table 2b: Raw data files recorded from the 12 stations in 2004 that were selected for
processing and analysis.

Station

File Name

AUFO

60572330

Antenna Height

Starting Time

End Time

0.053

20/08/2004 12:59pm

21/08/2004 11:59am

60572340

0.053

21/08/2004 12:00pm

22/08/2004 11:59am

60572350

0.053

22/08/2004 12:00pm

23/08/2004 11:59am

(m)
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AUFO Rpt

FITI

FOGA

LATA

60572360

0.053

23/08/2004 12:00pm

23/08/2004 5:06pm

2992460

0.053

2/09/2004 1:15pm

3/09/2004 11:59am

2992470

0.053

3/09/2004 12:00pm

4/09/2004 11:59am

2992480

0.053

4/09/2004 12:00pm

5/09/2004 11:59am

2992490

0.053

5/09/2004 12:00pm

6/09/2004 11:59am

2992500

0.053

6/09/2004 12:00pm

7/09/2004 11:59am

2992510

0.053

7/09/2004 12:00pm

8/09/2004 11:59am

2992520

0.053

8/09/2004 12:00pm

9/09/2004 11:59am

2992330

0.053

20/08/2004 12:00pm

21/08/2004 11:59am

2992340

0.053

21/08/2004 12:00pm

22/08/2004 11:59am

59842441

0.053

31/08/2004 2:30pm

1/09/2004 11:59am

59842450

0.053

1/09/2004 12:00pm

2/09/2004 11:59am

59842461

0.053

2/09/2004 2:34pm

3/09/2004 11:59am

59842470

0.053

3/09/2004 12:00pm

4/09/2004 11:59am

59842480

0.053

4/09/2004 12:00pm

5/09/2004 11:59am

59842490

0.053

5/09/2004 12:00pm

6/09/2004 11:59am

59842500

0.053

6/09/2004 12:00pm

7/09/2004 11:59am

59842510

0.053

7/09/2004 12:00pm

8/09/2004 11:59am

59842520

0.053

8/09/2004 12:00pm

9/09/2004 11:59am

60572420

0.053

29/08/2004 2:19pm

30/08/2004 11:59am

60572430

0.053

30/08/2004 12:00pm

31/08/2004 11:59am
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LAUF

LOTO

MOSO

PAPA

TIAF

60572440

0.053

31/08/2004 12:00pm

1/09/2004 11:59am

60572450

0.053

1/09/2004 12:00pm

2/09/2004 11:59am

60572460

0.053

2/09/2004 12:00pm

3/09/2004 11:59am

60572470

0.053

3/09/2004 12:00pm

4/09/2004 10:44am

2992360

0.053

23/08/2004 2:42pm

24/08/2004 11:59am

2992370

0.053

24/08/2004 12:00pm

25/08/2004 11:59am

2992380

0.053

25/08/2004 12:00pm

26/08/2004 11:59am

60572370

0.053

24/08/2004 12:00pm

25/08/2004 11:59am

60572380

0.053

25/08/2004 12:00pm

26/08/2004 11:59am

60572390

0.053

26/08/2004 12:00pm

27/08/2004 11:59am

60572400

0.053

27/08/2004 12:00pm

28/08/2004 11:59am

59842340

0.053

21/08/2004 12:00pm

22/08/2004 11:59am

59842350

0.053

22/08/2004 12:00pm

23/08/2004 11:59am

59842360

0.053

23/08/2004 12:00pm

24/08/2004 11:59am

2992400

0.053

27/08/2004 12:00pm

28/08/2004 11:59am

2992410

0.053

28/08/2004 12:00pm

29/08/2004 11:59am

2992420

0.053

29/08/2004 12:00pm

30/08/2004 11:59am

2992430

0.053

30/08/2004 12:00pm

31/08/2004 11:59am

2992440

0.053

31/08/2004 12:00pm

1/09/2004 11:04am

59842380

0.053

25/08/2004 12:00pm

26/08/2004 11:59am

59842390

0.053

26/08/2004 12:00pm

27/08/2004 11:59am
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TIDE

59842400

0.053

27/08/2004 12:00pm

28/08/2004 11:59am

59842410

0.053

28/08/2004 12:00pm

29/08/2004 11:59am

59842420

0.053

29/08/2004 12:00pm

30/08/2004 11:59am

59842430

0.053

30/08/2004 12:00pm

30/08/2004 4:12pm

60572510

0.053

7/09/2004 5:27pm

8/09/2004 7:20am

Processing methodology
The following method was used by Dr. John Beavan of GNS New Zealand to process
the selected data files.
The two years of data were processed using the Bernese software:
Step 1 (before processing): Convert Trimble .dat files to rinex with correct antenna
types and vertical antenna heights. See the two do_teqc... scripts (refer to data CD).
The reason for converting the files into Rinex format files was that Rinex is the
standard data interchange format for raw satellite navigation system data, enabling it to
be processed and analyzed using available software.
Step 2: PPP (precise point positioning) to get approximate coordinates.
Precise point positioning is a technique used to obtain approximate geographic
coordinates given the absence of base-station data. It overcomes the need for base
station data in developing GPS applications. The technique was suited for this analysis
as there was no base station data obtained for the dates concerned; the CORS basestation for American Samoa was non-operational during the campaign visits in 2002
and 2004 respectively.
Step 3: Double-differencing solution using some regional sites as well as the local
ones, using ionosphere-free L1/L2 combination and including tropospheric estimation
and ocean loading. This gave a set of daily coordinate and covariance solutions.
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Each GPS satellite transmits data on two frequencies, L1 (1575.42 Mhz) and L2
(1227.60 MHz). Using double differenced observables helps eliminate selective
availability effects as well as other biases superimposed onto the L1 and L2 carrier
frequencies. This is a common technique used in GPS survey applications.
Step 4: Process the daily coords and covariances (using adjcoord; Crook, 1992) to
simultaneously estimate positions and velocities. The file ucant_02_04.lis shows what
was done and gives the results (refer to thesis CD).
Limitations
The results are somewhat poorer than would have been expected from two campaigns
two years apart due to the following reasons;
1. It is very difficult to measure small vertical changes using campaign GPS, especially
with only two campaigns.
2. The quality of the monuments may also be suspect; that is, there may be some noise
coming from monument instability.
3. And, the field log sheets do not always inspire confidence that the setups in the field
were stable.
3. Since the island is small it would be possible to try processing the data with the L1
and L2 frequencies separately, ignoring the ionosphere and assuming the same
troposphere at all sites. It is possible that vertical deformation estimates could be
improved by doing this, although there would still be a high level of uncertainty.
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APPENDIX 2:
RAW GPS DATA COLLECTED DURING THE 2002 AND 2004 SURVEYS

The text files containing the raw GPS data collected during the 2002 and 2004 surveys,
respectively, can be found at the following file locations on the Data CD
accompanying this thesis:
DataCD/Appendix 2/2002 Raw GPS Data/Samoa2002.: (Raw data files collected
during the 2002 survey from stations in Figure 16).
DataCD/Appendix 2/2004 Raw GPS Data/Samoa2004.: (same as previous but for
2004 data).
The raw data was processed using the method in Appendix 1.
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APPENDIX 3:
PROCESSED GPS DATA RESULTS

The text files containing the processed GPS data using the selected files in Appendix 1,
can be found at the following file locations on the Data CD accompanying this thesis:
DataCD/Appendix 3/Processed GPS Data/do_teqc_2002.txt.: (conversion of Trimble
.dat files to rinex with correct antenna types and correct antenna heights).
DataCD/Appendix 3/Processed GPS Data/do_teqc_2004.txt.: (same as previous but for
2004 data).
DataCD/Appendix 3/Processed GPS Data/ucant_02_04.lis.: (outlines what was done
and provides the results - 95% confidence).
DataCD/Appendix 3/Processed GPS Data/ucant_02_04.disp.: (gives 68% confidence
displacements).
The raw data was processed using the method in Appendix 1. Files with .txt, .lis, and
.disp extensions can be opened using Wordpad, Notepad, or any other simple text
software.
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APPENDIX 4:
TRANSIENT LANDSLIDE MODEL OF THE TA’U COLLAPSE.

Overview
A transient seafloor motion model was developed for the landslide using the method
developed by Wang and Liu (2006) and Wang (2009). Aspects of the methods
developed by Ward and Day (2003) in their kinematic and mechanical landslide
models of the Ritter Island collapse were also adopted.
Methodology and Assumptions
1. Four transects were taken using the bathymetry and grid shown in Figure 29
(Chapter 4).
2. The transient motion of the slide along each transect was inferred at 60 second
intervals using the method in (Wang, 2009). The inferred pre-collapse profile is
denoted by time (t0) = 0 seconds.
3. The data needs to be converted into an XYT file (Wang, 2009) for simulation
in COMCOT. Because the model has not yet been verified, simulations were
not conducted.
Outputs
Sections A-B, C-D, E-F, and G-H in Figure 29 (see Chapter 4) are given below. The
labels t0, t1, to t7, correspond to inferred landslide positions at 60 second snapshot
intervals; where t0 = 0 seconds (pre-collapse profile). A summary of the overall
transient motion at different snapshots used to create the XYT file is given at the end.
Verifying the model and simulating the event in COMCOT would provide a sufficient
comparison for the block-slide results presented in Chapter 4.
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APPENDIX 5:
SIMULATION OF THE TA’U COLLAPSE: BLOCK-SLIDE RESULTS

The tsunamis simulated in the idealized block-slide analysis can be found at the
following file locations on the Data CD accompanying this thesis. Each of the three
scenarios includes a movie and a parametric description file.
1. Worse-case scenario:
DataCD/Appendix 5/Scenario 1/0.1friction2.wmv:

Movie file of simulated tsunami.

DataCD/Appendix 5/Scenario 1/sim_parameters.bmp:

Simulation parameters.

2. Conservative scenario:
DataCD/Appendix 5/Scenario 2/0.3friction.wmv:

Movie file of simulated tsunami.

DataCD/Appendix 5/Scenario 2/sim_parameters.bmp:

Simulation parameters.

3. Future collapse scenario:
DataCD/Appendix 5/Scenario 3/0.2conservative.wmv:
DataCD/Appendix 5/Scenario 3/sim_parameters.bmp:

Movie file of simulated tsunami.
Simulation parameters.

121

