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Some of the proxies used to identify palaeotsunamis are reviewed in light of new findings following the 2004
Indian Ocean Tsunami and the 2009 South Pacific Tsunami, and a revised toolkit provided. The new
application of anisotropy of magnetic susceptibility (AMS) to the study of tsunami deposits and its usefulness
to determine the hydrodynamic conditions during the emplacement of tsunami sequences, together with data
from grain size analysis, are presented. The value of chemical proxies as indicators of saltwater inundation,
associated marine shell and/or coral, high-energy depositional environment, and possible contamination, is
demonstrated and issues of preservation addressed. We also provide new findings from detailed studies of
heavy minerals.
New information gathered during the UNESCO — International Oceanographic Commission (IOC)
International Tsunami Survey of fine onshore sediments following the 2009 South Pacific Tsunami is
presented, and includes grain size, chemical, diatom and foraminifera data. The tsunami deposit varied,
ranging from fining-upward sand layers to thin sand layers overlain by a thick layer of organic debris and/or a
mud cap. Grain size characteristics, chemical data and microfossil assemblages provide evidence for marine
inundation from near shore, and changes in flow dynamics during the tsunami.
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1. Introduction

Much has been written and argued about the diagnostic criteria or
proxies of historical and palaeotsunamis, (e.g. Atwater, 1987; Dawson
et al., 1988; Goff et al., 2001; Dominey-Howes et al., 2006; Dawson
and Stewart, 2007; Kortekaas and Dawson, 2007; Morton et al., 2007;
Bridge, 2008; Dawson et al., 2008; Kelletat, 2008; Morton et al., 2008;
Switzer and Jones, 2008; Goff et al., 2010a, 2010b; Goto et al., 2010).
Much work still remains to be done and many questions are still
unanswered.

The study of modern deposits carried out during immediate post
tsunami surveys provides the opportunity to refine diagnostic criteria,
without the uncertainty of the generating event and preservation
issues due to natural and anthropogenic disturbance. Follow-up
studies, most of them carried out after the 2004 Indian Ocean Tsunami
(IOT), have demonstrated some of the taphonomic issues researchers
of historical and palaeo-events encounter (e.g. Szczuciński et al.,
2007; McLeod et al., 2010). Although only short-term changes were
addressed, these studies provided useful information for the under-
standing and identification of historical and palaeotsunami deposits.

It is important for researchers to examine every modern/known
tsunami deposit (and landscape — i.e., geomorphology) in as much
detail as possible in order to identify and characterise the impacts and
nature of the event/deposit. From such work, we will develop a more
sophisticated, reliable, and accepted set of diagnostic criteria. Such
research will provide the underpinning data for tsunami risk
assessment.

The aims of this paper are to: 1) review some of the existing
‘toolkit’ proxies used to identify tsunami/palaeotsunami deposits,
and provide an update on rarely used proxies; 2) present new data
gathered immediately after the 2009 South Pacific Tsunami (2009
SPT), on the south and south east coast of Upolu, Samoa and, 3)
propose a revised ‘toolkit’ of tsunami sediment proxies.

2. Proxies

Refining the toolkit of proxy data is an on-going project, and it will
continue to improve as our studies continue. The proxies for modern
and palaeotsunami deposits can be found in Morton et al. (2007), Goff
et al. (2010b), and Peters and Jaffe (2010), to cite a few, although none
of the lists is exhaustive. A summary of most of the commonly used
proxies as well as more detailed information on less frequently used
diagnostic criteria for sandy sediments is provided below (see also
Table 1). Furthermore, some of the ‘common’ sedimentological and
stratigraphic criteria (e.g. rip-up clasts, erosional contact) not
discussed in details are listed in Table 1.

2.1. Grain size characteristics

Grain size analysis and interpretation of various grain size
parameters provide valuable information for both the description of
the sediment and hydrodynamic interpretation of the tsunami
deposits.

Several approaches have been applied to the grain size analysis of
tsunami deposits. Measurements can be conducted by sieving with
calibrated meshes or within settling columns for coarse deposits,
whereas laser diffraction diffractometer measurements are suitable
for clay to sand-sized sediments, when the coarser grains do not

exceed 1 mm (Blott and Pye, 2006). Grain size data are normally
expressed in either micrometres (μm) or phi (ϕ).

Statistical parameters (mean grain size, standard deviation,
skewness and kurtosis) are normally calculated according to the
computation method of moments of Seward-Thompson and Hails
(1973). This method is particularly well adapted for obtaining grain
size statistical parameters, because the whole frequency distribution
is used in the computation, instead of a few selected percentiles. Mean
grain size, standard deviation and skewness appear to be the most
useful to the study of tsunami deposits.

Moreover, the CM diagram of Passega (1957, 1964) based on the
fifth coarsest percentile (C95; Allen, 1971) vs. median grain size from
the calculated cumulative curves provides interesting interpretations
to reconstruct hydrodynamic conditions during the emplacement
of a tsunami deposit (see below and Wassmer et al., 2010). The CM
diagram suggests that transport conditions gradually change from
high-energy rolling along the ground (bed load transport) to low-
energy graded (leading to normal grading deposition) and uniform
suspension (suspension load). The limit between bed- and suspension
load (weakest currents) occurs for sediments with C95 above 500 μm.

During inundation of coastal areas by tsunami waves, sediment
particles are mainly transported in suspension. The free settling of the
particles through the water column, related to a decrease of the
turbulence of the flow, generally forms fining-upward depositional
sequences. Grain size characteristics of the tsunami deposits reflect
both the origin of the displaced sediment and hydrodynamic
conditions of the sedimentation. Tsunami deposits usually display
common characteristics (Sugawara et al., 2008), with normally
graded sand layers related to the decrease of the hydrodynamic
energy during sedimentation (e.g. Dawson et al., 1988, 1991; Shi et al.,
1995; Minoura et al., 2000). Each fining-upward sequence can record
the effects of individual surging tsunami waves.

Alternatively, a coarsening upwards may be indicative of the long
duration time of the tsunami and its source parameters (Higman and
Jaffe, 2005). Tsunamiswith narrower source regions aremore likely to
be normally graded, and those withwider sources havemore complex
deposits (Higman and Jaffe, 2005). This provides a basis for
distinguishing the deposits of large subduction zone earthquakes
from more local tsunamis.

The thickness and mean grain size of tsunami deposits generally
decrease landwards (e.g. Shi et al., 1995; Minoura et al., 1996, 1997;
Gelfenbaum and Jaffe, 2003; Goff et al., 2004a), although it also
depends upon local topography (e.g. Hori et al., 2007). Furthermore,
landward coarsening deposits have also been observed (e.g. Higman
and Bourgeois, 2008).

2.2. The magnetic fabric of tsunami deposits (Anisotropy of Magnetic
Susceptibility — AMS)

2.2.1. Analytical procedures
In rock magnetism, the magnetic fabric is coaxial to a rock's or

sediment's fabric (e.g. Borradaile, 1988; Tarling and Hrouda, 1993).
The magnetic fabric of rocks and unconsolidated sediments is
examined using AMS (Anisotropy of Magnetic Susceptibility). Work
by Hamilton and Rees (1970) confirmed that AMS parameters are
diagnostic of the primary sedimentary fabrics of natural sediments.
AMS can therefore be used to obtain information on the hydrody-
namic conditions of the depositional environment (Taira, 1989;
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Tarling and Hrouda, 1993), and transport direction of the sediments
during their emplacement (e.g. Rees, 1965; Hamilton and Rees, 1970;
Liu et al., 2001).

Sediment samples are usually collected in soft sediment in 2 cm3

non-magnetic plastic boxes. For tsunami deposits, samples are
normally collected along vertical trench sections (see Wassmer et
al., 2010, for details), although cores can also be used (Tarling and
Hrouda, 1993).

Measurements of AMS are obtained with a capacity bridge. Each
sample is analysed in 15 directions to determine the magnitude and
directions of the maximum, intermediate, and minimum AMS axes.
The geometry of the triaxial AMS ellipsoid (e.g. Tarling and Hrouda,
1993) can be reconstructed by means of its principal eigenvectors
Kmax, Kint and Kmin representing the maximum, intermediate and
minimum susceptibility axes, respectively. The maximum suscepti-
bility axis, Kmax, is generally parallel to the mean long axis of the
constituent particles and therefore to the transport direction. The AMS
parameters are calculated for each sample following Ellwood et al.
(1988) and Tarling and Hrouda (1993). The most important
parameters are the magnetic foliation (F=Kint/Kmin), the magnetic
lineation (L=Kmax/Kint), the shape parameter (T), the degree of
anisotropy (Pj), and the alignment parameter (FS), which allow the
reconstruction of the characteristics of the AMS ellipsoids and the
evaluation of the relationship between depositional processes and
magnetic fabric (see Wassmer et al., 2010, for details).

The magnetic fabric is characterised by the magnetic foliation
(oblate) and the magnetic lineation (prolate), and is related to the
conditions in the sedimentary environment. In subaqueous sedi-
ments, the orientation of magnetic grains depends on the intensity of
the bottom currents and FS increases with their strength (e.g. Park et
al., 2000). Studies of experimentally deposited sediment magnetic
fabric indicate that themagnetic grains are mainly oriented parallel or
close to the bedding plane, with their longer axes (i.e. Kmax) parallel to
the flow direction and with an imbrication, when existing, dipping
upstream (e.g. Rees, 1965; Taira, 1989). It is necessary to normalise
AMS data with grain size data.

2.2.2. Application to 2004 IOT deposits, Banda Aceh, Indonesia (Wassmer
et al., 2010)

Tsunami deposits were preserved in shallow lagoons flooded by
successive waves but without significant backwash between each
inundation. Consequently, the lagoons were progressively infilled by
sediment during the tsunami.

The deposits ranged from 2 to 80 cm thick and consisted of a
succession of several cm-thick fining upward sequences with coarse
sand at the base to silt at the top, forming multiple-bed deposits. Each
sequence was interpreted as the deposit resulting from an individual
wave (Wassmer et al., 2007).

An example of themagnetic fabric of a tsunami deposit is shown in
Fig. 1, which combines grain size and AMS data. The mean bulk
volume susceptibilities Kmean are relatively high (3.2 to 5.8×10−3 SI)
due to the presence of ferro- (oxide-coated quartz grains) and
paramagnetic minerals (amphibole and biotite) in the sediment.
Values of the lineation (L), foliation (F), shape parameter (T),
corrected degree of anisotropy (Pj) and alignment parameter (FS)
indicate that the AMS ellipsoids are mainly oblate. The imbrication
angles of the ellipsoids are less than 20°. Values vary with lithologic
changes, the coarser the sediment, the higher the lineation (Fig. 1B).
Lineation is highest at the top of the basal rip-up clast-rich sandy
layer, whereas foliation and shape parameters increase toward the
top, independent of grain size. FS values are highest in the reworked
tsunami sediments near the surface (Wassmer et al., 2010).

Vertical variations of magnetic lineation indicate fluctuations in
bed load transport during the deposition of successive sequences (i.e.
during the arrival of each successive wave), whereas the lineation
values generally vary with grain size. The higher lineation values in
the basal layer suggest that basal shearing and traction processeswere
more efficient during the passage of the first wave. For later waves,
the increase of the magnetic foliation and the oblate shape of the AMS
ellipsoids (T) indicate that settling processes became dominant, and
there was a reduction in the strength of the current. Vertical increases
in values for FS underline the increase of the grain alignment in
the deposit caused by changes in the strength of the current during
sedimentation. However, where there is an inverse relationship

Table 1
Revised proxy toolkit to identify palaeotsunami deposits, with revised and new proxies
presented in this review in bold. Note that most proxies are applicable to fine
sediments.
Modified after Goff et al., 2010b.

1. Particle/grain sizes range from boulders to fine mud — palaeotsunami sediment
grain sizes are source-dependent

2. Sediments generally fine inland and upwards within the deposit, although
coarsening upwards sub-units can be present. Deposits generally rise in altitude
inland and can extend for several kilometres inland and 10's of kilometres
alongshore

3. Each wave can form a distinct sedimentary unit and/or there may be laminated
sub-units

4. Distinct upper and lower sub-units representing runup and backwash can
sometimes be identified

5. Lower contact is unconformable or erosional — infilling of microtopography is
visible in more recent deposits

6. Can contain intraclasts (rip-up clasts) of reworked (natural and anthropogenic)
material

7. Can be associated with loading structures at base of deposit
8. Measurement of anisotropy magnetic susceptibility (AMS) combined with
grain size analysis provides information on hydrodynamic conditions
‘typical’ during tsunami deposition. Essential when no sedimentary
structures are visible.

9. Heavy mineral laminations often present but source-dependent — normally
near base of unit/sub-unit but not always. Composition and vertical
distribution of heavy mineral assemblage recommended (e.g. often more
micas at the top of the deposits),

10. Generally associated with an increase in abundance of marine to brackish
diatoms — generally a greater percentage of reworked terrestrial diatoms near
the upper part of the deposit. Large number of broken valves often observed,
reflecting turbulent flows. Variations in diatom affinities often indicative of
source areas and magnitude of event.

11. Marked changes in foraminifera (and other marine microfossils) assemblages.
Deeper water species may be introduced and/or increase in foraminifera
abundance and breakage of tests. Composition relates to source (near-shore vs.
offshore). Foraminifera size tends to vary with grain size

12. Pollen concentrations are often lower (diluted) in the deposit because of the
marine origin and/or includes high percentage of coastal pollen (e.g. mangroves).
Changes in pollen above deposit due to vegetation change associated with
saltwater flooding.

13. Increases in elemental concentrations of sodium, sulphur, chlorine
(palaeosalinity indicators, including element ratios), calcium, strontium,
magnesium (shell, shell hash, and coral), titanium, zirconium (associated
with heavy mineral laminae if present) occur in tsunami deposits relative to
under- and overlying sediments. Indicates saltwater inundation, and/or high
marine shell/coral content, and/or high energy environment (heavyminerals,
source-dependent). Preservation issues to be considered in particular for salt
(downward leaching), but uptake and preservation in wetlands/soils.

14. Possible contamination by heavymetals andmetalloids (source-dependent,
inc. water depth source)

15. Geochemical (saltwater signature) and microfossil evidence often extends
further inland than landward maximum extent of sedimentary deposit

16. Individual shells and shell-rich units are often present (shells are often
articulated and can be water-worn). Often more intact shells as opposed to shell
hash. Small, fragile shells and shellfish can be found near the upper surface of
more recent palaeotsunami deposits

17. Often associated with buried vascular plant material and/or buried soil and/or
skeletal (human/animal) remains

18. Shell, wood and less dense debris often found "rafted" near top of sequence.
19. Often associated with archaeological remains (e.g. middens) and/or oral record.
In many cases coastal occupation layers are often separated or extensively
reworked at several sites along coastline

20. Known local or distant tsunamigenic sources can be postulated or identified
21.Geomorphology indicates tsunami inundation (e.g. analtereddunegeomorphology,
evidence of either uplift or subsidence)
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between FS and grain size, this reflects an increase in the strength of
the current when the lagoon is infilled with finer sediment as wave
momentum progressively decreases during the flood. Fig. 1C is a
lower hemisphere equal-area projection of the AMS data of all the
samples of the presented section, with the calculated mean Kmax.
Wassmer et al. (2010) reconstructed two main directions for the Kmax

in the tsunami deposits, one parallel and the second perpendicular to
the direction of waves in the area (Wassmer et al., 2007).
Experimental observations on flow-controlled fabrics of sandy de-
posits (e.g. Allen, 1984) show that flow-parallel preferential grain
orientations are related to weaker current strengths than the flow-
perpendicular directions (stronger currents). Consequently, as the
mean Kmax is perpendicular to the flow direction for the section
presented herein, the flood current strength was probably relatively
high.

These AMS data are consistent with the decrease of the mean grain
size that reflects a progressive reduction of the current strength
within the superimposed sequences of the tsunami deposit (Fig. 1A).
In the conditions of progressive reduction of the hydrodynamic
energy, the standard deviation and skewness should decrease to
reflect a better sorting of the sediment, but this is not the case. This
contradiction is explained by the absence of efficient backwash in the
sedimentation area. The arrival of successive waves on an already
flooded area led to the progressive mixing of resuspended sediment
with finer particles. Consequently, the sediment became progressively
more mixed and is characterised by an increase of the standard
deviation and a decrease in the skewness.

Finally, the most interesting correlation is between the AMS
parameters and variations in the CM diagram. The CM diagram
indicates rapid change in sediment transportmechanisms during each
tsunami wave cycle (Fig. 2). On one hand, bed load of the particles is
the major transport process for the basal layers of the deposit
intervals as confirmed by magnetic lineation values. On the other
hand, the settling of particles out of suspension in the top layers is also
reflected by the mainly oblate shape of the AMS. Consequently, each
individual sequence indicates that the mode of particle motion grades
from bed- to suspension load transport during each wave cycle as
proposed by Sugawara et al. (2008).

The applicability of the AMS technique is however limited by the
size of the sampling box (19 mm), and thus the AMS technique can
only be used for sediment layers thicker than 20 mm. Another
limitation of the technique refers to poorly sorted sediments
containing a large fraction of coarse volcanoclastic material, as the
magnetic susceptibility of the latter can bias the susceptibility of the
whole sample (Wassmer et al., 2010). Nevertheless, the AMS
technique can provide essential information of the hydrodynamics
conditions prevailing during a tsunami, in particular when they
cannot be inferred otherwise, due to a lack of sedimentary structures
(Wassmer et al., 2010).

2.3. Heavy minerals

The occurrence of heavy minerals is often reported in tsunami
deposits (e.g. 1992 Nicaragua tsunami: Higman and Bourgeois, 2008;
2001 Peru tsunami: Morton et al., 2007; 2004 IOT: Babu et al., 2007;
Szczuciński et al., 2006; Narayana et al., 2007; Morton et al., 2008),
most commonly at the base (e.g. Morton et al., 2007) but also
throughout the deposit (e.g. Higman and Bourgeois, 2008; Morton et
al., 2008).

Detailed investigations of the heavy mineral assemblages are
however, rare (Switzer et al., 2005; Babu et al., 2007; Jagodziński et al.,
2009). Switzer et al. (2005) analysed the heavy mineral composition
of sand sheets of mid to late Holocene age in southeastern Australia.
The assemblages were different from those in the embayment, but
similar to those from the mid estuary sediments and from the inner
shelf, suggesting transport by a large scale overwash event (Switzer et
al., 2005).

Babu et al. (2007) compared the heavy mineral assemblages of
pre- and post-2004 IOT sediments and found a higher percentage of
magnetite, ilmenite, sillimanite and garnet in post-tsunami sedi-
ments. The increase of magnetite, which has a higher density than the
other heavy minerals it was associated with, was attributed to the
intensity of reworking during the tsunami (Babu et al., 2007). SEM
analysis also revealed more precipitation-corroded features in post-
tsunami heavy minerals, in particular ilmenite (Babu et al., 2007).
However, the position of the heavy minerals in the deposits was not
reported.

Jagodziński et al. (2009) recorded a higher concentration of micas
(muscovite and biotite), at the expense of tourmaline, zircon, and the
opaque heavyminerals, in 2004 IOT deposits in Thailand than in beach
sediments and pre-tsunami soils. Tourmaline and zircon were
generally found to be dominant over the micas and opaque heavy
minerals closer to the shoreline. Higher mica concentrations occurred
towards the upper part of the tsunami deposits, with mica flakes
found more commonly in the finest-grained sediment samples
(Jagodziński et al., 2009). This preferential distribution was attributed
to different modes of deposition during a tsunami, which occurs
through bed load and suspension (e.g. Dawson and Shi, 2000;
Sugawara et al., 2008), as opposed to bed load only in beach sediment
(Jagodziński et al., 2009), and could provide another useful proxy for
identifying palaeotsunami deposits. Furthermore, the presence of
micas suggested a deeper water source for the tsunami sediment
(than solely beach sediments) (Jagodziński et al., 2009).

However, heavy mineral laminae have been reported in both
storm and tsunami deposits (e.g. Switzer et al., 2005; Morton et al.,
2007; Switzer and Jones, 2008), as they are source-dependent
(Morton et al., 2007), which also explains their absence in some of
the tsunami deposits, such as those of the 1993 Hokkaido-nansei-oki
tsunami (Nanayama et al., 2000), the 1998 Papua New Guinea
tsunami (Morton et al., 2007) , and the 2009 SPT in Samoa (Richmond
et al., 2011-this issue). They are indeed more often used as proxies for
high-energy environmental conditions (e.g. Goff et al., 2004b; Switzer
et al., 2005; Nichol et al., 2007; Switzer and Jones, 2008; Goff et al.,
2010c), and while they can provide clues about the origin and depth
of the wave(s), they are more likely to provide useful information
when used in conjunction with other proxies.

2.4. The macrobiology of tsunami deposits

Dead fish are often reported strewn across the landscape following
modern tsunamis (e.g. Lander et al., 2003; Dominey-Howes and
Thaman, 2009), and other marine fauna have also been found onshore
following tsunami inundation. During the 2004 IOT an Indo-Pacific
Humpback dolphin (Sousa chinensis) was washed 1400 m inland over
a 4–5 m high embankment at Phuket and a shark was stranded in a
hotel swimming pool near Khao Lak, Thailand (Goff and Chagué-Goff,
2009). Sea turtles were also found washed up in ponds kilometres
inland in SE Sri Lanka (Goff and Chagué-Goff, 2009). Following the
2009 SPT, sharks, rays and at least two dead dolphins were reported

Fig. 1. Sedimentological log, grain size and AMS data of a tsunami deposit in a breeding pond in the Kajhu Perumnas area (Wassmer et al., 2010). The sediment at the top of the
deposit has been partially reworked by post-tsunami sedimentary agents (first 17 cm). A. Graphic representation of grain size (mean grain size in μm; standard deviation; and
skewness). B. AMS data (Kmean: mean bulk volume susceptibility in 10−3 SI units; L: magnetic lineation; F: magnetic foliation; T: shape parameter; FS: alignment parameter). C.
Synthetic diagram of the equal-areas, lower hemisphere projections of the principal AMS tensor axes of the samples of the studied section. Mean Kmax plots indicate the main
transport directions. Confidence cones are reported for Kmax and Kmin projections.
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stranded inland on Upolu, as well as 51 turtles, most of which were
subsequently released (Dominey-Howes and Thaman, 2009). Hali-
meda clusters, seaweed, shells, coral debris and fresh coral heads, in
particular Porites spp., and some Pavona heads, along with smaller
fragments of branching corals (Acropora spp.) were also found inland
by various members of the survey team (Dominey-Howes and
Thaman, 2009; Richmond et al., 2011-this issue).

2.4.1. Macropalaeontology
Macrofossil remains are seldom preserved within tsunami de-

posits, probably due to erosion, human or other animal scavenging, or
other natural or anthropogenic processes. In Wellington, New
Zealand, there were historical reports of a whale skeleton found
about 50 m above the high water mark, and whose existence was
tentatively attributed to a tsunami (Goff and Chagué-Goff, 2009),
although unfortunately the whale skeleton was destroyed to make
way for a residential sub-division. Intact fish skeletons were however,
found in a probable 15th century palaeotsunami deposit on the west
coast of the North Island, New Zealand (Cassels, 1979). Shells and
shell hash are the most commonly reported macrofossils in historical
and palaeotsunamis, providing another clue to the origin of the
deposit (e.g. Goff et al., 2000; Nichol et al., 2007).

2.4.2. Micropalaeontology
Diatoms (e.g. Hemphill-Haley, 1996; Chagué-Goff et al., 2002;

Dawson, 2007; Kokociński et al., 2009; Sawai et al., 2009) and
foraminifera (e.g. Dominey-Howes et al., 1998; Hawkes et al., 2007;
Kortekaas and Dawson, 2007; Dahanayake and Kulasena, 2008;Mamo
et al., 2009) or both (e.g. Williams and Hutchinson, 2000; Abrantes et
al., 2005; Nichol et al., 2007; Goff et al., 2010c) are themost commonly
used microfossils in the identification of tsunami deposits.

2.4.2.1. Diatoms. Diatoms are unicellular microscopic algae that
secrete a silt-sized frustule (valve or shell). Benthic diatom assem-
blages provide information on the origin and the sediment source
they are associated with (e.g. Sawai et al., 2009 and references

therein). Their vertical distribution in the tsunami sediments also
provides information about the changes in flow conditions during the
tsunami (e.g. Sawai et al., 2009). Furthermore, they can help pinpoint
the landward extent of seawater inundation, beyond the area of sand
distribution (e.g. Hemphill-Haley, 1996).

The vertical distribution of diatom assemblages can vary from
predominantly unbroken beach and subtidal species near the base to
marine planktonic species in the middle and a mix of freshwater,
brackish, and marine species near the top (Sawai et al., 2009). This is
consistent with changes in current velocities during inundation with
the entrained freshwater, brackish, and marine species settling out
with mud and organic material between waves. Sawai et al. (2009)
found low numbers of broken frustules near the base as a result of
rapid entrainment and deposition, with more breakage towards the
upper surface associated with abrasion in the turbulent current before
deposition, as also observed by Dawson (2007). Similar variations in
diatom assemblage and frustule preservation are reported for
palaeotsunami deposits on Futuna Island, Wallis and Futuna (Goff et
al., 2011-this issue).

Preservation of diatom frustules might be limited, in particular in
tropical climates, as reported by Jankaew et al. (2008), while diatom
valves appear to be better preserved in mid-latitudes (e.g. Hemphill-
Haley, 1996). Faster decay processes might be linked to the higher
temperature in the Tropics, as shown by Kamatani (1982), who
demonstrated a positive relationship between temperature and
chemical dissolution of diatom valves.

2.4.2.2. Foraminifera. Foraminifera are single celled, heterotrophic
protists, with many possessing a mineralised test (shell). Like
diatoms, due to their small size, abundant incidence, high preserva-
tion potential within the sediment record and distinctly diagnostic
shape, they are valuable stratigraphic, palaeoecological and palaeoen-
vironmental tools for statistical and systematic analysis and environ-
mental reconstruction (e.g. Loeblich and Tappan, 1987; Hayward et
al., 1999; Sen Gupta, 1999). Changes in assemblage composition
within a sedimentary sequence are indicative of changes in marine
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environmental conditions and species with restricted environmental
niches are instrumental in palaeogeographic analysis and palaeoen-
vironmental reconstruction.

Information about the composition of foraminifera assemblages
within tsunami deposits might tell us something about the depth of
water from which the sediments were entrained, or their distance of
transport before deposition (Uchida et al., 2010). Information about
the preservation and taphonomy (environmental conditions that
directly affect the preservation of fossilised remains) of individual
tests might reveal something of the nature of flow velocity, turbidity,
abrasion and post depositional environmental processes. Lastly,
dating individual foraminifera tests contained within the tsunami
deposit has the potential (depending on test wall composition and the
dating methods used) to provide robust and very well constrained
dates (and chronologies) for tsunami sediments where other
techniques may prove problematic or are limited by available datable
material (see Mamo et al., 2009 for a review), as long as the tests are
preserved. As for diatoms, preservation of foraminifera tests can be
problematic, as shown by Yawsangratt and al. (in press), who
reported many partly or completely dissolved carbonate foraminifera
tests five years after the 2004 IOT in Thailand.

2.4.2.3. Pollen and other microfossils. Pollen, dinoflagellates, silico-
flagellates, radiolarians, and nannoliths are more rarely used as
proxies (e.g. Chagué-Goff et al., 2002; Dahanayake and Kulasena,
2008; Goff et al., 2010c; Paris et al., 2010), although pollen is
increasingly used as indicator of ecological impact of tsunamis (e.g.
Hughes andMathewes, 2003; Smith et al., 2004) and is also often used
as a biochronological marker (e.g. Goff et al., 2010c). Ostracods
represent another indicator of salinity change and water depth.
Changes in local assemblages, population density, species diversity,
age population structure as well as their taphonomic characteristics
make them robust indicators in studies of both recent and
palaeotsunamis (e.g. Hussain et al., 2010 and see Ruiz et al., 2010
for a review).

2.5. Chemistry

Chemical signatures are ones of the forgotten proxies (Chagué-Goff,
2010). They are only rarely used to help identify historical and
palaeotsunami deposits and they are often omitted from lists of
diagnostic criteria. Most of the chemical signatures provide evidence
of a marine incursion (e.g. saltwater: sodium, chlorine, sulphur; shell
material: calcium, strontium), while others are indicative of a high
energy depositional environment (e.g. titanium, zirconium, in associ-
ationwithheavymineral laminae) (seeChagué-Goff, 2010 for a review).
However, as reportedwith other proxies, theuptake andpreservation of
chemical signatures vary with environmental conditions and the
depositional setting, thus complicating the interpretation.

The usefulness of chemical proxies to help identify historical and
palaeotsunamis has been demonstrated in a number of studies (e.g.
Minoura and Nakaya, 1991; Minoura et al., 1994; Chagué-Goff and
Goff, 1999; Chagué-Goff et al., 2002; Goff et al., 2004b, 2010a, 2010c;
Schlichting and Peterson, 2006; Nichol et al., 2007, 2010). Neverthe-
less, it is still a new tool to be further investigated and refined.

Studies of the chemical signature of modern tsunami deposits
started with the 2004 IOT (e.g. Szczuciński et al., 2005, 2006;
Srinivasalu et al., 2008; Sujatha et al., 2008; McLeod et al., 2010).
Not surprisingly, the 2004 IOT was found to result in soil salinisation
(McLeod et al., 2010 and references therein), and increases in Na, Ka,
Ca, Mg, Cl and SO4 as a result of saltwater inundation (Szczuciński et
al., 2005, 2006; Srinivasalu et al., 2008). This confirmed the
interpretations of earlier work based on the chemical signatures of
palaeotsunami deposits (Chagué-Goff, 2010). Contamination of
tsunami sediments by heavy metals was also reported by Szczuciński
et al. (2005, 2006), Srinivasalu et al. (2008) and Sujatha et al. (2008),

in Thailand and India. Sujatha et al. (2008) recorded mainly fine
sediments with a high proportion of clay, originating from the near-
shore, and attributed the heavy metal contamination to domestic and
sewage waste in the region. Szczuciński et al. (2005, 2006) and
Srinivasalu et al. (2008) on the other hand recorded fine to medium
sandy sediments, in Thailand and India, respectively. Szczuciński et al.
(2005) reported strong positive relationships between the salt
content and bioavailable metal concentrations, and inferred a litho-
and/or anthropogenic origin for the heavy metals. Srinivasalu et al.
(2008) found a strong association between heavy metals and Fe–Mn
oxyhydroxides and attributed the contamination to major industries
in the study area.

Studies carried out in years after the 2004 IOT showed that the
water-soluble salts in surface sediments were strongly reduced a year
after the event, due to dilution and leaching by rainfall, while acid
leachable metalloids and heavy metals did not appear to have been
affected by rain and were still in elevated concentrations when
compared with pre-tsunami sediments (Szczuciński et al., 2007;
Szczuciński, in press). McLeod et al. (2010) investigated the spatial
distribution of salinity over time and reported vertical leaching of salt as
well as horizontal movement by surface waters. The slow leaching was
tentatively attributed to loss of functional drainage and the low relief of
the affected areas (McLeod et al., 2010). Studies by both Szczuciński et
al. (2007) and McLeod et al. (2010) thus suggest that chemical
indicators of saltwater inundation are not always preserved in the
‘tsunami layer’, thus having important implications for palaeotsunami
research. Furthermore, Szczuciński et al. (2007) and Szczuciński (in
press) reported a coarsening of the sandy sediments, as a result of
washingout of thefiner particulates by rain,which is likely to negatively
impact the preservation of chemical signatures in older deposits.

3. Some characteristics of the 2009 South Pacific Tsunami deposits
in Samoa

A regional tsunami was generated by three near-simultaneous
submarine earthquakes (MW 8.1–MW 8.0) along the northern Tongan
Trench on 29 September 2009, causing severe impacts to Samoa,
American Samoa and Tonga (Beavan et al., 2010; Lay et al., 2010), and
also affecting Wallis and Futuna, as well as numerous islands in the
central South Pacific (Lamarche et al., 2010; Okal et al., 2010).

Fieldwork was carried out under the auspices of the UNESCO —

International Oceanographic Commission (IOC) International Post-
Tsunami Survey Team (ITST) between 16 and 24 October 2009, and
results presented below were those gathered on the south and east
coast of Upolu, Samoa. One of the aims of the present study was to
assess the impact of the tsunami on sediment chemistry. Here, we not
only investigated surface sediments, but also the chemistry of the
complete sediment column of the tsunami deposit. This is the first
time that this has been done during an ITST study. Furthermore,
characteristics of microfossil assemblages (foraminifera and diatoms)
were used to gain additional information about the source of the
sediment and the depositional processes. The combination of
chemical and micropalaeontological signatures in recent deposits
provides new information to help understand similar records in
palaeotsunamis. We however sampled only a limited number of fine
grained sediment samples for further analysis and readers are referred
to Richmond et al. (2011-this issue) and Jaffe et al. (2011-this issue) for
more detailed geological data and sedimentological characteristics of
fine on-shore sediment deposits, and Etienne et al. (2011-this issue) for
new findings on boulder deposits associated with the 2009 SPT.

3.1. Methods

3.1.1. Field
Conductivity, temperature and pH of ponded water within the

landward limit of tsunami inundation, a tidal river and seawater near
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the coast were measured in situ between 16 and 24 October 2009 at a
number of sites on the south and east coast of Upolu (Fig. 3) with a TPS
WP-81 pH and conductivity meter.

Samples for grain size, moisture, organic matter content, chemical
and diatom analyses were collected from shallow trenches (S2-2, S2-
4, S2-9, and S2-10) in an area inundated by the tsunami in Satitoa, on
the east coast of Upolu. In addition, three soil samples were collected
in the forest beyond the area of tsunami inundation, as indicated by a
lack of salt-burned vegetation (Fig. 4).

Samples for foraminifera analysis were obtained by digging a
shallow trench (WS09/T14) to expose a cross section of the deposit,
and sampling 1 cm ‘slices’ from the tsunami sand (11 cm thick) and
the underlying soil.

3.1.2. Laboratory analyses
Sediment samples were dried at 105 °C overnight to determine the

moisture content and subsequently ashed at 550 °C for 4 h to
determine the organic matter content (loss on ignition=LOI),
following Santisteban et al. (2004). Representative sub-samples
were ground with a carbide mill and then pressed into pellets for X-
ray Fluorescence analysis. Data were analysed using a Panalytical
PW2400 XDXRF. Grain-size analysis of most samples was determined
by laser diffraction on a Malvern Mastersizer 2000, except for three
samples that were dry sieved using half-phi sieves.

Samples for diatom analysis were prepared following standard
techniques (e.g. Battarbee, 1986) and diatoms identified following
Krammer and Lange-Bertalot (1986, 1988, 1991a, 1991b) and
Witkowski et al. (2001).

Samples for foraminifera analysis were dried at room temperature
(30 °C or less) and picked using an Olympus SZ60 binocular
microscope. 300 specimens were picked from each sample, except
in the lower part of the section, due to lack of material. The picked
sediment was then weighed to determine absolute abundance values.
Counts were converted to individuals per gramme and to percentages
to allow easy comparison between samples.

3.2. Results

3.2.1. Ponded water
The conductivity of ponded water at sites from Safaatoa to Satitoa

(Fig. 3) ranged between 370 μS cm−1 (freshwater) and 21.1 mS cm−1

(brackish) (n=18) (Figs. 5 and 6A). Freshwater (bc. 800 μS cm−1)
was recorded in only two of the ponds, while the water in all other
ponds was slightly to strongly brackish. Only two recordings were

made of seawater, and the conductivity of seawater was found to be
fairly low in Vaovai (29.3 mS cm−1), near the mouth of a tidal river,
which is likely to have resulted in mixing of seawater and freshwater,
but close to the normal range near Safaatoa (44.5 mS cm−1).
Recording started two weeks after the 2009 SPT, and while there
was no rainfall prior to the first sampling date, heavy rainfall fell on
the first sampling date, 15 October.

3.2.2. Sediment

3.2.2.1. Sediment characteristics. In Satitoa, the tsunami deposit
consisted of a poorly sorted light yellow medium calcareous sand
fining upwards to a moderately sorted medium-fine sand, overlain by
a moderately well sorted grey fine sand (Figs. 6B and 7). The contact
between the yellow and grey sands was sharp, but there was no
evidence for it being erosional. The yellow and grey sand sequence
thinned and fined inland to a poorly sorted light yellow medium to
muddy sand, displaying a sharp unconformity with the underlying
orange-brown volcanic soil. Infilling of microtopography was also
observed in places (see Fig. 6C and D). While the tsunami sand was
exposed at the surface near the coast, it was overlain by a thin (1–
3 mm) discontinuous, grey mud cap further inland. The mud cap
became thicker and finer inland, reaching a maximum of 6–8 cm in
shallow, topographic lows (Figs. 4 and 6C). A thick layer of organic
debris (up to 12 cm in topographic lows) was observed overlying the
thinning sand layer close to the forest edge. This in turn was overlain
by the grey mud cap up to 2 cm thick (Fig. 6D). Mud cracks were
observed in most areas, although the mud was still moist where the
mudwas thickest (in depressions). Laminations were also observed in
some trenches near the beach (see Richmond et al., 2011-this issue),
but not in the sites sampled and reported here.

The moisture and organic matter content (LOI) followed the same
trend, being lowest in the basal coarse sand layer (19% moisture and
4% LOI) and highest in the organic debris (77% moisture and 51% LOI;
Fig. 4). Moisture and LOI of the volcanic soil beyond the area of
tsunami inundation were around 41% and 24%, respectively. Similar
moisture and LOI were recorded in soil samples underlying the
tsunami deposit in the topographic lows (S2-9 and S2-10), while they
weremuch lower in the soil nearest the beach (S2-2), where sandwas
mixed with the soil.

3.2.2.2. Sediment chemistry. Chlorine (Cl), sulphur (S), sodium (Na)
and bromine (Br) concentrations exhibited a similar distribution, and
were highest in the organic debris (S2-10), with up to 5.9% Cl, 2.2% S
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Fig. 3. Map of Upolu Island, Samoa, with locations of sampling of ponded water (☆) and sediment sampling (Satitoa). The location of the capital Apia is also shown.
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and 4.2% Na (Fig. 8). They were also high in the mud cap, with
concentrations of up to 1.7% S, 1.6% Cl and 1.6% Na (Figs. 7 and 8),
while they were much lower in the sandy layers (0.04 to 0.1% Cl; 0.07
to 0.3% S). Cl, S, Na and Br distribution thus appeared to be both
dependent on the organic matter content and the influence of
saltwater inundation. These elements are in higher concentration in
seawater than freshwater, and are thus often used as indicators of
salinity in depositional environments (Chagué-Goff, 2010). Salt crusts
(NaCl) were also observed at the surface of many wetlands on the
south coast of Upolu, more than two weeks after the tsunami, despite
the rainfall. It is also interesting to note that salt residues were
reported in a number of areas beyond the landward limit of sediment
deposition, thus providing another indicator of the limit of tsunami
inundation.

The low Cl, Na and S concentrations (b0.02% Cl, b0.2% Na, and
b0.4% S) in the volcanic soil beyond the area of tsunami inundation (S-
BT), despite the high organic content, are a clear indication that no
saltwater flooding occurred and provide background levels of these
elements in non-affected soils. The relatively high Cl and Na

Fig. 4. Locationmap in Satitoa, with stratigraphy, mean grain size, moisture and organic matter (LOI) content of sites sampled. *Mean grain size data for siteWS09/T14 were obtained
from a neighbouring trench (25 m away).
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concentrations (c. 0.8% Cl and Na) in the soil underlying the tsunami
deposit at site S2-9 on the other hand, suggest that some seawater had
leached downward.

Calcium (Ca) and strontium (Sr) concentrations exhibited a strong
positive relationship, and were generally highest in the calcareous
sand (Figs. 7 and 8), followed by mud and organic debris, reflecting

Fig. 6. A. Ponded water and salt-burned vegetation in Poutasi. B. Tsunami deposit consisting of fining-upward sand (yellow and grey) overlain by thin mud cap (site S2-2; see Fig. 4).
C. Tsunami deposit consisting of thin yellow sand overlain by an 8 cm thick mud cap, observed in topographic low (e.g. site S2-9; see Fig. 4). D. Tsunami deposit consisting of thin
yellow sand overlain by thick layer of organic debris and thin mud cap, observed in topographic low near edge of forest (site S2-10; see Fig. 4).

Fig. 7. Stratigraphy, mean grain size, moisture and organic matter (LOI) content, diatom data and chemical composition for trenches S2-2, S2-4 (mud cap only) and S-BT (soil beyond
area of tsunami inundation). Classification of diatom data according to salinity preference. Data for S-BT are presented for each of the three samples and are not depth-dependent.
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the contribution of shell and coral material to the tsunami deposits. Sr
and Ca concentrations on the other handwere one order of magnitude
lower in the S-BT and in the soil underlying the tsunami deposit in a
topographic low (S2-9). Mixing of calcareous sand with the soil near
the beach (S2-2) is reflected in high Sr and Ca concentrations and
higher mean grain size (Fig. 7).

Zinc (Zn) concentrations were higher in the mud cap than in the
sand layer (68–292 mg kg−1 and 3–42 mg kg−1, respectively) (Figs. 7
and 8), and ranged between 210 and 265 mg kg−1 in the soil beyond
the area of tsunami inundation and in topographic lows. Similarly,
lead (Pb) and cadmium (Cd) concentrations in the mud cap samples
were in the same range as in the volcanic soil (≤14 mg kg−1 Pb and
≤20 mg kg−1 Cd; data not shown).

3.2.2.3. Microfossils. Between 208 and 351 diatom frustules were
counted in each sample, except in the soil samples (no diatoms or 38–
53 frustules). When present, diatoms in soil samples, both beyond the
area of tsunami inundation and below the tsunami deposits, were
predominantly benthic freshwater (e.g. Navicula seminulum and
Navicula spp.), with a few euryhaline species (one out of 38 diatoms
in S-BT, or five out of 53 in a topographic low at S2-9). Diatom
assemblages in the sandy component of the tsunami deposit at the
three sites (S2-2, S2-9 and S2-10) were composed entirely of benthic
marine (e.g. Amphora marina, Amphora helenensis, Nitzschia persua-
dens, Navicula ramossina, Fallacia niella) and brackish (e.g. Amphora
coffeaeformis, Amphora delicatissima, Amphora exigua, Fallacia for-
cipata, Nitzschia valdestriata, Nitzschia coarctata) taxa (Figs. 7 and 8).
Few freshwater taxa were found in the sandy layers (b1% of the total
diatom assemblage).

Diatom assemblages in the mud cap and the layer of organic debris
on the other hand, included not only marine and brackish, but also
freshwater (e.g. N. seminulum, Diadesmis contenta, Rhopalodia acumi-
natum, Bacillaria paxillifer) taxa (Figs. 7 and 8), with 4–8% freshwater
species in the mud cap (at either site). The percentage of freshwater
taxa in the layer of organic debris increased from 6% above the sand to

24% near the surface underneath the mud cap (6% freshwater taxa)
(Fig. 8).

Foraminifera assemblages (Plate 1) were recovered from the 12
examined horizons in the small trench, and contained significant
numbers (c. 58%) of specimens often referred to as the ‘larger
foraminifera’ (Hallock, 1985), called as such because of their larger
size (between 0.5 and 20 mm) compared to the majority of
foraminifera species. The remainder of the recovered fauna was
composed of smaller benthic taxa that either live at the sediment/
water interface or are shallow infaunal.

Relative abundance varied throughout the section, with a steady
upward increase in the relative abundance of smaller benthic taxa,
mainly representatives of the genus Quinqueloculina, at the expense of
the ‘larger’ taxa (Fig. 9). The upper and finer part of the section
contained a larger proportion of smaller benthic taxa, ‘Larger’
foraminifera present in the upper part of the deposit (only 5%) were
more diminutive examples of the relevant taxon. The proportion of
‘larger’ foraminifera increased with depth, and overall test sizes of
both larger foraminifera and smaller benthic taxa were also larger.
The absolute abundance of foraminifera tests (tests/gramme dry
weight sediment) ranged from 8.82 (near the base of the section) to
174.63 tests/gramme (towards the top of the section), and was
inversely proportional to grain size (Fig. 9).

The taphonomic grade of foraminifera tests was relatively
consistent throughout the tsunami deposit. Tests of smaller benthic
formswere often broken (with up to 40% of the test missing) but there
was little evidence of any alteration (abrasion and dissolution) of the
test surface. ‘Larger’ taxa, such as the robust tests of Baculogypsina
sphaerulata (Parker and Jones) and Amphistegina lobifera Larsen,
exhibited similar levels of breakage but were also partially abraded,
probably as a result of pre-tsunami taphonomic effects. ‘Larger’
foraminifera all live epiphytically, usually attached tomacroalgae, and
they only detach from this macroalgal substrate upon death,
becoming incorporated into the sediment (e.g. Debenay and Payri,
2010). Thus, all larger foraminifera tests found in the sediment
represent the remains of dead individuals. The taphonomic grade of

Fig. 8. Stratigraphy, mean grain size, moisture and organic matter (LOI) content, diatom data and chemical composition for trenches S2-9 and S2-10. Classification of diatom data
according to salinity preference.
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foraminifera tests recovered from the underlying soil material was
much lower than that of the tests recovered from the tsunami deposit.
Breakage levels were comparable but surface abrasion levels were
much higher, with tests often almost indistinguishable.

3.3. Discussion

Heavy rainfall fell on 15 October 2009, on the first day water
conductivity was recorded, and is likely to have contributed to
dilution and leaching of ponded saltwater, as previously reported by
Szczuciński et al. (2006, 2007) andMcLeod et al. (2010). Nevertheless,
brackish water and salt crusts were found in wetlands, both within
and beyond the landward limit of sediment deposition (see also
Fig. 12 in Richmond et al., 2011-this issue), as had Fritz et al. (2007),
who reported salt crusts 700 m beyond the area of sediment
deposition following the 2006 Java tsunami. Salt-burned vegetation
(grass, shrubs, and trees; see Fig. 6A) observed within two to three

weeks after the 2009 SPT provided evidence for the extent of
saltwater inundation during the tsunami, even beyond the area of
sediment deposition. This is in sharp contrast with the lack of salt-
burned vegetation observed following Tropical Cyclone Yasi in
February 2011 in north Queensland, Australia (Chagué-Goff et al.,
2011), where green grass and other vegetation were found amongst
boulders and within the seaward limit of the debris line (pers.
observation).

This has three implications for palaeotsunami research. First,
although further downward leaching of saltwater as reported by
McLeod et al. (2010) is again likely to occur, studies have shown that
Cl and/or Br relative maxima occurred in palaeotsunami deposits
(Schlichting and Peterson, 2006; Goff et al., 2010a, 2010c; Nichol et al.,
2010). This is probably due to the transformation of Cl and Br to
organohalogens during peat decomposition, and resulting binding with
the organic matter, although they were first deposited as salt (Chagué-
Goff and Fyfe, 1996; Biester et al., 2004), thus allowing their

Plate 1. Foraminifera recovered from the tsunami deposit in Satitoa (site SW09/T14). 1. Baculogypsina sphaerulata (Parker and Jones 1860), WS09/T14 1–2 cm (scale=500 μm);
2.Marginopora vertebralis Quoy and Gaimard 1830, WS09/T14 2–3 cm (scale=500 μm); 3–4. Amphistegina lobifera Larsen 1976, 3 fromWS09/T14 5–6 cm, 4 fromWS09/T14 2–3 cm
(scale for 3=200 μm; scale for 4=100 μm); 5–6. Amphistegina lessonii d'Orbigny 1826, 5 from WS09/T14 2–3 cm, 6 from WS09/T14 5–6 cm (scale for both 5 and 6=200 μm);
7. Peneroplis pertusus (Forskal 1775), WS09/T14 2–3 cm (scale=200 μm); 8. Cymbaloporetta bradyi (Cushman 1915), WS09/T14 0–1 cm (scale=100 μm); 9–10. Ammonia tepida
(Cushman, 1926), 9 from WS09/T14 1–2 cm, 10 from WS09/T14 2–3 cm (scale for both=100 μm); 11. Quinqueloculina subpolygona Parr 1945, WS09/T14 4–5 cm (scale=100 μm)
12. Elphidium reticulosum Cushman 1933, WS09/T14 5–6 cm (scale=100 μm).
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preservation in a suitable depositional environment. Second,whilemost
researchers use the landward limit of sediment to identify the extent of
past tsunamis, the chemical signature can provide a better estimate of
the limit of inundation (Chagué-Goff, 2010), similar to diatoms that
have been found beyond the area of tsunami inundation (Hemphill-
Haley, 1996). The revised limit of inundation of past tsunamis has thus
important implications for tsunami risk assessment. Furthermore,
downward leaching of salt to the underlying soil, as observed at some
of the sites here despite the lack of marine diatoms, and subsequent
preservation with the organic matter, can help identify the limit of
inundation of a tsunami, while bearing in mind the limitations due to
downward leaching. Third, this may provide another proxy to
distinguish between storm and tsunami deposits, with the former
deposits lacking the strongmarine signature, although further research
is required to test this hypothesis.

Preservation of chemical signatures in coarser sediments (such as
sand) is more problematic (e.g. Chagué-Goff et al., 2002; Chagué-Goff,
2010; Nichol et al., 2010), although peaks in Ca, Na, Ba and Sr, mostly
attributed to the occurrence of shell and shell hash, have been
reported in sandy palaeotsunami deposits (e.g. Goff et al., 2004b,
2010c; Nichol et al., 2007, 2010). Similarly, elements associated with
heavy mineral laminae (e.g. titanium (Ti), zirconium (Zr)) are well
preserved in sandy deposits (e.g. Goff et al., 2004b, 2010c; Nichol et
al., 2007), although it is acknowledged that their occurrence is source-
dependent, as inferred in Section 2.3. Sulphur on the other hand is
usually better preserved in organic-rich and fine sediments, due to its
affinity with organic matter (e.g. Chagué-Goff, 2010) or organic
matter requirement for pyrite formation (Chagué-Goff and Goff,
1999).

Heavy metals occurred in higher concentrations in fine sediments
than in the coarser sediments. However, the tsunami does not appear
to have resulted in any contamination of sediments on the southeast
coast of Upolu, unlike previous reports by Szczuciński et al. (2006) in
Thailand, and Srinivasalu et al. (2008) and Sujatha et al. (2008) in
India. This might be due to a number of reasons, such as the lack of
industries in this predominantly tourist region, but also the source
(water depth and distance off-shore) of the sediment deposited on-
shore. It is acknowledged that the different analytical technique used
in this study (XRF) might have resulted in ‘dilution’ of the possible
contamination with the ‘clean’ matrix of the sediment, when
compared to acid leachable concentrations reported by Szczuciński
et al. (2005), Srinivasalu et al. (2008) and Sujatha et al. (2008).
However, the results of this study suggest that, similar to the presence
or absence of heavy mineral laminae in recent, historical and
palaeotsunami deposits, heavy metal (and/or metalloid) proxies are
source-dependent. Heavy metal contamination associated with
palaeotsunami deposits has never been reported from New Zealand
(Chagué-Goff and Goff, 1999; Goff and Chagué-Goff, 1999; Chagué-

Goff et al., 2002; Goff et al., 2004b, 2010a, 2010c; Nichol et al., 2007,
2010), not because heavy metal concentrations were not determined,
but because there was no contamination. It is not surprising in New
Zealand, due to the lack of any industries prior to European settlement
in the early-mid 1800s. It is however acknowledged that some heavy
metal contaminationmight be found in associationwith historical and
palaeotsunami deposits in many other countries, and this can provide
another proxy for palaeotsunami deposit, in conjunction with other
diagnostic criteria. Nevertheless, it might also be related to the depth
and distance offshore from which the tsunami sediments originated.

The foraminifera assemblage recovered from the deposit was
characteristic of a shallow water reef-flat style setting (e.g. Cushman,
1924; Hottinger et al., 1993; Parker, 2009), and was comparable to
those recovered from reef-flat settings as part of previous work in the
region (Cushman, 1924). Communities dominated by larger forami-
nifera are typical of Pacific tropical reef flat settings, where the larger
foraminifera live attached to abundant epiphytes, such as seagrasses
and macroalgae (Debenay and Payri, 2010). This therefore suggests
that the sediment source was from near-shore. There was no evidence
for a deeper water source over the reef crest (greater than 10 m), as
none of the taxa consisted of the distinct forms (such as alveolinids)
that occur in these settings (Ghose, 1977). Entrainment of sediment
must thus have occurred in shallow water, probably no more than a
few hundred metres from the shoreline. Foraminifera provided clear
evidence of sorting in the deposit. Their distribution could be directly
related to test size, with smaller taxa concentrated in the finer grained
upper part of the deposit and larger taxa concentrated in the coarser
base of the deposit. Absolute test abundance was also highest in the
finer grained material in the upper section of the deposit, due to large
numbers of small tests.

There was a clear distinction between the taphonomic grade of
foraminifera tests from the tsunami deposit and those from the
underlying sediment. The higher levels of surface alteration in the soil
layer reflect transport over an extensive period of time. ‘Larger taxa’
have a long residence time (Resig, 2004) due to their large robust test
and, as such, they are able to persist in the sediment over long time
scales, whereas the smaller benthic forms are less able to survive
extended taphonomic effects. As the soil layer at that particular site
(WS09/T14), at close proximity to the present beach, is likely to
represent former beach sands, the larger taxa in the soil represent
tests that have been slowly transported near-shore by wave, tide and
current action.

The fining-upward sequences and associated changes in diatom
assemblages, from marine–brackish to ‘chaotic’ assemblages com-
prising marine, brackish and freshwater taxa, and foraminifera
assemblages, from mostly larger to small benthic taxa, reflect the
changes in flow condition during the tsunami. The lack or scarcity of
freshwater diatoms in tsunami deposits, in particular in the lower

Fig. 9. Stratigraphy, mean grain size, foraminifera distribution and number of foraminifera per gramme dry weight in trenchWS09/T14. *Mean grain size data were obtained from a
neighbouring trench (25 m away). “Larger” foraminifera are those ranging between 0.5 and 20 mm in size, while smaller benthic foraminifera are smaller in size.
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sections of the deposits, has been reported by Sawai et al. (2009) in
tsunami deposits following the 2004 IOT in Thailand. This has been
attributed to strong currents during the tsunami, which only allowed
benthic marine diatoms attached to heavier sandy substrate to settle.
The large number of freshwater diatoms associated with the finer
sediments and organic debris in the upper part of the tsunami deposit
is attributed to their incorporation as the turbulent tsunami currents
reach further inland, eroding, transporting and redepositing terres-
trial taxa picked up in the process (e.g. Dawson, 2007; Sawai et al.,
2009). The association of these mixed assemblages with fine
sediments in the upper part of the tsunami deposit reflects deposition
due to a wanning flow in the final stages of tsunami runup (e.g. Sawai
et al., 2009). This corroborates data obtained using the CM diagram,
(Fig. 2; data from core S2-2), suggesting the change in sediment
transport mechanism from sediment deposited at the base of the
tsunami deposit to that deposited during the final stages of the
tsunami.

Thus, this study illustrates that a combination of proxies, such as
fining-upward sequences with distinctive changes in microfossil
assemblages and a better chemical preservation toward the top
(related to the finer fraction) can help identify palaeotsunami
deposits and could possibly also allow for the identification of
successive tsunami waves, if there were any.

4. Revised ‘toolkit’ of palaeotsunami proxies

The study of modern tsunami deposits during immediate post-
tsunami surveys allows the refinement of the toolkit of proxies for the
identification of palaeotsunami deposits, without the issues related to
preservation due to natural and anthropogenic disturbance, despite
the fact that any disturbance cannot be totally avoided, and rain
cannot be stopped either. Here, we present a revised toolkit, based on
knowledge gained following the 2004 IOT and 2009 SPT (Table 1). We
have not reviewed all studies carried out following the 2004 IOT, also
because we acknowledge that many data gained are site specific. We
have on the other hand focussed on some rarely used proxies and new
proxies. These include new findings related to heavy mineral
assemblages following the 2004 IOT, the new application of
anisotropy of magnetic susceptibility (AMS) in association with
grain size analysis to the study of tsunami deposits following the
2004 IOT, as well as the extension and refinement of the use of
chemical proxies, following both the 2004 IOT and 2009 SPT. Readers
are referred to Sections 2.2 (AMS), 2.3 (Heavy minerals), 2.5
(Chemistry) and 3 (Some characteristics of the 2009 SPT deposits in
Samoa) for further details on these rarely used proxies. Furthermore,
we cannot emphasise enough that although it is not always practical
to study every possible criterion presented in Table 1, also because
somemay not be relevant to the area, and/or are source-dependent, or
are missing due to post-depositional changes, using newer proxies in
conjunction with others that are more commonly used (e.g. grain size
characteristics, stratigraphy, microfossil assemblages) is the key to
success when it comes to positive identification of deposits.
Nevertheless the process of refining the set of diagnostic criteria is
an ongoing process and thus, the present revised toolkit is only
another step towards a better toolkit.

5. Conclusions

Some of the proxies used to identify tsunami and palaeotsunami
deposits were reviewed, including grain size and the macrobiology
of tsunami deposits, with particular emphasis on rarely used proxies,
such as heavy minerals and chemical proxies, as well as an update on
a new proxy, the anisotropy of magnetic susceptibility (AMS),
used following the 2004 IOT and the 2009 SPT. The vertical
distribution of heavy minerals can provide information about the
changes in flow dynamics, but as they are source-dependent, they

may be absent from deposits. AMS can deliver information on the
fabrics of tsunami deposits, a proxy of hydraulic characteristics during
emplacement, as long as AMS data are associated with grain size data.
AMS is sensitive enough to reconstruct the hydrodynamic conditions
that prevailed during the emplacement of sequences recording the
effects of individual tsunami waves. Chemical proxies provide
evidence for saltwater inundation, associated coral and/or shell
material, high-energy flows (heavy minerals, if present), and possible
contamination associated with tsunamis. Nevertheless, like many
other proxies, they are subject to taphonomic issues, which
complicate the interpretation. The combination of grain size charac-
teristics, chemical proxies and microfossil assemblages was used in
the study of the 2009 SPT to provide information about the origin of
the sediment, changes in flow dynamics and depositional processes
during the tsunami.
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