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Abstract

Diatoms found within widespread sand beds deposited by tsunamis provide the
framework for some of the most detailed historical and long-term (centuries to
millennia) earthquake and tsunami reconstructions. In this chapter, we explore how
the salinity preferences, life forms, and valve structures of diatoms are particularly
useful for identifying tsunami sands within a variety of low-energy coastal envi-
ronments around the world. We discuss the highly variable “signature” of diatoms
within tsunami deposits and describe instances where clearly anomalous,
allochthonous marine and brackish diatoms within tsunami deposits help support a
marine incursion. We highlight how the fragmentation and sorting of diatom valves
may provide evidence of high-energy transport during the rapid, turbulent flow of a
tsunami; the potential use of diatoms to estimate tsunami runup beyond the
landward limit of sedimentation; and the challenges in differentiating tsunami from
storm deposits using diatoms.

Keywords: Diatom field and laboratory methods; Diatom paleoecology; Diatom taxonomy; Sub-
duction zone paleoseismology; Tsunami deposits; Tsunami geology.

Introduction: physical and ecological characteristics of
diatoms

Diatoms are a group of unicellular algae (Bacillariophyceae) that secrete micro-
scopic siliceous shells, or frustules, that are resistant to taphonomic degradation
(e.g., dissolution, oxidation) and are often well preserved in sedimentary deposits.
The frustule is composed of two valves with patterns that are unique to each species
and can be observed with a light microscope at high magnification (e.g., 1000x).
Although technically the term “diatom” accurately refers to the complete single-
celled plant, in geological studies, “diatom” is understood to mean the microscopic
siliceous remains (valves).

Diatoms are found in almost all environments where water is present at least part
of the time and there is enough light for photosynthesis (Round et al., 1990; Jones,
2007). There are both planktonic and benthic species, as well as a third group of
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tychoplanktonic species that live part of their life cycle in the water column and part
in the benthos, and which are commonly found in coastal environments. Benthic di-
atoms are further divided into epipsammic taxa that live on or attached to sand; epi-
pelic taxa adapted to living on the surface of muddy substrate; epiphytic taxa that
attach to larger plants; and epilithic taxa that grow on hard substrates such as rocks
or wood.

Diatom valves range from the size of very fine silt to medium sand
(~5—400 pm), with most the size of fine silt to very fine sand (10—70 um). They
are categorized by shape into two basic groups: centric and pennate. The valve
face of centric diatoms is round and symmetrical, whereas in pennate diatoms the
primary (apical) axis of the valve is longer than the secondary (transapical) axis,
resulting in a kind of elongate shape. Within these general categories, there are
wide variations in valve morphologies observed for different genera (e.g., Round
et al., 1990). The planktonic, tychoplanktonic, and benthic groups all include both
centric and pennate taxa.

Individual diatom species possess different tolerances for environmental factors
including pH, nutrients, temperature, and salinity (e.g., Vos and de Wolf, 1993;
Cooper et al., 2010), which make them particularly informative for environmental
studies. “Freshwater” diatoms include halophobous taxa found in fully fresh (0 prac-
tical salinity units (psu)) environments, and oligohalobous (indifferent) taxa that can
tolerate slightly conductive water (~0.2 psu). These are the taxa that thrive in fresh-
water habitats such as lakes, streams, marshes, swamps, and moist terrestrial soils.
Oligohalobous (halophile) taxa can tolerate and may be stimulated by low levels (up
to ~0.2 psu) of salinity and are found in the transition from freshwater marsh to
tidal marsh. “Brackish” or mesohalobous taxa can tolerate salinities within the range
of about ~0.2 psu and 30 psu and are found in areas where salinity levels fluctuate
daily and seasonally such as tidally influenced estuaries, lagoons, and fringing salt-
marshes. “Marine” or polyhalobous taxa are indicative of salinities >30 psu and are
found, for example, in coastal waters, seafloor sediment, and lower beach faces.

Although all diatoms are composed of biogenic silica, valve structures vary widely
from thinly silicified and delicate structures that break or dissolve readily, and are
rarely found in fossil deposits, to relatively thickly silicified valves with sturdy wall
structures that are more resistant to both sediment and abrasion, and therefore are
more likely to be preserved in sediments (Ryves et al., 2001; Flower and Ryves,
2009). Diatom preservation is generally good in temperate environments, where
cool temperatures are favorable to the long-term preservation of diatom valves, and
generally poor for all species in tropical settings, because dissolution of the diatom
valve is accelerated by higher temperatures (Kamatani, 1982). In tropical environ-
ments, diatoms may be found in surface or very recent deposits, but they are not gener-
ally reliable for stratigraphic studies (e.g., Jankaew et al., 2008).

For more in-depth analyses of diatom ecology, biology, and morphology, recom-
mended monographs include Round et al. (1990), Smol and Stoermer (2010), and
Seckbach and Kociolek (2011). Taxonomic references include, among many others,
publications by Hustedt (1930, 1959), Krammer and Lange-Bertalot (1986, 1988,
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1991a, 1991b), Hartley et al. (1996), Witkowski et al. (2000); the Baltic Marine
Biologist series by Snoeijs (1993), Snoeijs and Vilbaste (1994), Snoeijs and Pota-
pova (1995), Snoeijs and Kasperoviciene (1996), Snoeijs and Balashova (1998). On-
line resources for both taxonomy and ecology include Diatoms of North America
(Diatoms.org, 2019); Diatom Flora of Britain and Ireland (naturalhistory.museum-
wales.ac.uk/diatoms/, 2019) and the World Registry of Marine Species (Marinespe-
cies.org, 2019).

Diatoms in tsunami deposits

For the last 3 decades, diatoms have been used for identifying anomalous high-
energy sand, silt, and mud layers deposited by tsunamis in low-energy coastal envi-
ronments (e.g., coastal marshes, lakes, lagoons, fringing freshwater marshes) (Dura
etal., 2016). In tsunami studies, the sensitivity of coastal diatoms to salinity and sub-
strate is particularly valuable as this relationship can be employed to identify
allochthonous diatom assemblages that support a marine provenance of inferred
tsunami deposits, provide information about the specific sediment source of the
deposits, and help define the runup extent of a tsunami (Fig. 14.1; e.g., Hemphill-
Haley, 1996). In addition, the sorting of diatom valves and the condition (preserva-
tion) of the valves within a tsunami deposit can provide information about the mode
of sedimentation (i.e., flow conditions) of a tsunami (e.g., Sawai et al., 2009a; Witter
et al., 2009; Dura et al., 2015; Nelson et al., 2015). In the following sections, we pre-
sent how the physical (size, shape, thickness of valve wall) and ecological (salinity
tolerances, habitat preference) characteristics of diatoms make them particularly
useful in studies of tsunami deposits. We also define useful metrics that can be
employed in diatom-based tsunami studies and highlight advancements in the field
and new capabilities that diatoms have enabled. Finally, we provide recommenda-
tions for fieldwork/data collection and laboratory processing of diatom samples
(Recommendations for investigating a candidate tsunami deposit section), and pro-
vide a standard operating procedure for the preparation of diatom slides (Appendix
3) and the evaluation of diatom valve preservation (Appendix 4).

Allochthonous diatoms in tsunami deposits, indicators for sediment
provenance

Because each coastal site has unique environmental conditions that produce a variety
of sediment and diatom sources, there is no typical diatom “signature” of tsunami
deposits (Appendix ). Diatom assemblages in tsunami deposits may consist pre-
dominantly of offshore or subtidal marine and estuarine taxa (Fig. 14.1; e.g.,
Hemphill-Haley, 1996; Chagué-Goff et al., 2002; Nelson et al., 2008); a chaotic
mixture of marine, brackish, and freshwater taxa sourced from various environments
crossed by the tsunami (e.g., Dawson, 2007; Nanayama et al., 2007; Sawai et al.,
2009a, 2012; Horton et al., 2011; Dura et al., 2015, 2017); or an exclusively
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Examples of marine and brackish-marine coastal diatoms reported from tsunami deposits
at various locations worldwide (see also Appendix Table 1).

freshwater diatom assemblage entrained from environments onshore (Szczucinski
Because the diatom signature of tsunami deposits
is so varied, studies that characterize diatom assemblages within recent tsunami de-
posits, such as those produced by the 1960 Chile (e.g., Garrett et al., 2013; Hong
1998 Papua New Guinea (Dawson, 2007), 2004

et al., 2012; Nelson et al., 2015).

et al., 2017; Dura et al., 2017),
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Indian Ocean (Sawai et al., 2009a), 2009 South Pacific (Chagué-Goff et al., 2011),
2010 Maule Chile (Horton et al., 2011; Garrett et al., 2013; Dura et al., 2017), and
2011 Tohoku (Sawai et al., 2012; Szczucinski et al., 2012; Tanigawa et al., 2018)
earthquakes, are critical for providing analogues that can be used to identify prehis-
toric tsunamis.

When a tsunami transports marine sediment and diatoms into a freshwater envi-
ronment, such as a coastal lake or pond (Minoura et al., 1994; Hutchinson et al.,
2000; Kelsey et al., 2005; Sawai et al., 2008), or a low-salinity marsh (Dawson,
2007; Nanayama et al., 2007; Hemphill-Haley et al., 2019), the allochthonous ma-
rine taxa can be clearly differentiated from the in situ freshwater taxa found in the
underlying and overlying sediment, providing straightforward evidence of a marine
incursion (Figs. 14.2—14.4). Recognizing the presence of allochthonous taxa is
more challenging in tsunami deposits found in saline environments like saltmarshes
or lagoons where there may not be a strong differentiation between taxa found in the
tsunami deposit and surrounding host sediment. In this case, extra diligence is
required to sort out truly allochthonous taxa from taxa found throughout the strati-
graphic record at the site, as in south-central Chile where marine planktonic taxa
significantly increased in tsunami sands, compared to brackish-marine benthic
taxa found throughout the record (Fig. 14.5; Dura et al., 2017; Hong et al., 2017).

In estuarine settings, allochthonous diatoms can help differentiate fluvial flood
deposits from marine incursions (Hemphill-Haley, 1995; Cochran et al., 2005; Sawai
et al., 2009b; Dura et al., 2015, 2017). For example, sole occurrences of freshwater/
soil diatoms in an anomalous sand layer in a Southern California estuary confirmed
that it was emplaced by a terrestrial flood and not a tsunami, even though it showed
some sedimentological characteristics (suspension grading) consistent with a
tsunami deposit (Wilson et al., 2014).

At sites adjacent to the coast where sediment and diatoms may be transported in
part by aeolian processes, suspected allochthonous windblown marine diatoms have
been reported (e.g., Peterson et al., 2011). However, detailed stratigraphic studies
show such instances are surprisingly rare, and are typically represented by isolated
occurrences as compared to the large numbers of allochthonous valves that may be
transported in a single event by water (e.g., Hemphill-Haley and Lewis, 2003;
Nanayama et al., 2007; Hemphill-Haley et al., 2019).

Often, tsunami deposits contain few to no allochthonous marine specimens and
instead contain abundant freshwater taxa entrained by the tsunami as it moves inland
over freshwater environments (Fig. 14.4; Nelson et al., 2015; Witter et al., 2016).
This is a predictable result because diatom concentrations in benthic sandy environ-
ments are relatively low compared to highly productive environments like marshes
and freshwater wetlands (e.g., Hemphill-Haley, 1996; Kokocinski et al., 2009; Sawai
et al., 2009a, 2012; Hong et al., 2017), and recent studies show that denser valves of
marine taxa will fall out of suspension as the tsunami moves inland, resulting in
fewer marine valves with distance from shore (Takashimizu et al., 2012; Tanigawa
et al., 2018).
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Schematic depiction of tsunami inundation and resultant diatom assemblages in a coastal
freshwater lake (core A) and coastal freshwater wetland (cores B and C): (A) before the
tsunami, normal sedimentation prevails in coastal environments. Silts accumulate in the

coastal lake and freshwater peat forms in the coastal wetland. Planktonic and benthic

freshwater diatoms dominate lake sediments, and benthic freshwater diatoms dominate
the freshwater peat; (B) a tsunami breaches the beach ridge bordering the coastal
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The presence of certain diatom species or assemblages that are characteristic of
particular offshore, intertidal, or onshore environments can help estimate the
source, or provenance, of tsunami sediments. Understanding sediment provenance
can provide valuable information about the magnitude, flow direction, and
possibly flow velocity of past tsunamis. Although tsunami deposits often consist
of mixed, “chaotic” assemblages, grouping individual taxa by salinity tolerances
and preferred habitat may help to infer what environments were crossed and
eroded by the tsunami. Various studies have used pertinent diatom taxa to conclude
that sandy tsunami deposits were sourced at least partly from nearshore or offshore
benthos (Appendix 1; Dawson, 2007; Kokocinski et al., 2009; Tanigawa et al.,
2018; Witter et al., 2016; Hemphill-Haley et al., 2019); sandy estuarine shoals
or tidal flats, lacking evidence for offshore material (Hemphill-Haley, 1995;
Shennan et al., 1998; Nelson et al., 2008); or beach or terrestrial areas similarly
lacking taxa indicative of fully marine environments (Horton et al., 2011; Garrett
et al., 2013; Szczucinski et al., 2012; Nelson et al., 2015). Takashimizu et al.
(2012) used diatoms in the 2011 Tohoku Tsunami deposit to show how the pattern
of sediment provenance varied with increasing distance from shore. Within
~?2 km of the coast, the deposit contained a low percentage of allochthonous ma-
rine diatoms (~2%) sourced from intertidal and offshore environments and fresh-
water planktonic diatoms (10%—20%) sourced from a freshwater canal that ran
parallel to the coast and/or a freshwater pond near the study area. Further inland,
there were few to no marine diatoms within the deposit. The diatom species found
within these distal portions of the tsunami deposit were very similar to the taxa in
the underlying rice field soil, suggesting that the sediment was locally sourced and
not transported from the coast (Takashimizu et al., 2012).

Diatoms as indicators of tsunami runup extent

The area a tsunami inundates is greater than the distribution of sandy tsunami de-
posits (Chadha et al., 2005), therefore the extent of paleotsunami sand distribution
may underestimate the inland extent of inundation (Fig. 14.2). Because some dia-
toms are silt- and clay-sized, they may be transported further than coarse sediments
and can help estimate tsunami runup beyond the landward limit of sand deposition.

<

lake and marsh, transporting and depositing anomalous coarse sediment and marine
planktonic and benthic diatoms inland; (C) when the tsunami reaches its inland extent, the
sediment and diatoms transported by the tsunami settle out of suspension, creating a deposit
that generally fines upward and landward, and thins landward. Diatoms may display upward
fining similar to tsunami sediment and an increase in fragmentation of diatom valves.
Allochthonous marine diatoms may extend further inland than the limit of tsunami
sedimentation; (D) after the tsunami, background environmental conditions described in
(A) resume.
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FIGURE 14.3

Prominent occurrences of anomalous marine diatoms in a prehistoric tsunami deposit in
Crescent City, northern California (USA), contrast with in situ freshwater assemblages in
surrounding peat deposits. All diatoms are sparse in the sandy part of the tsunami
deposit, but in the part of the deposit comprised of detrital peat, there are thousands of
reworked freshwater diatoms for every valve of an allochthonous marine species.

Figure modified and reprinted from Hemphill-Haley et al. (2019), with permission from USGS.

Hemphill-Haley (1996) used the distribution of diatoms to show that the inundation
area of the tsunami from the CE 1700 Cascadia subduction-zone earthquake was
larger than the distribution inferred from the coarser grained deposit visible in out-
crops. Epipsammic tidal flat diatoms were found about 1 km farther upstream from
the landward extent mapped in cores and stream channel outcrops. Chagué-Goff
et al. (2015) used the diatom assemblages of the 2010 Maule Chile Tsunami deposit
to trace tsunami inundation beyond the limit of sedimentological evidence. Marine
diatoms could be traced ~ 100 m beyond the extent of sandy deposits left by the
tsunami.

Sorting of diatom valves in tsunami deposits

Upward fining grain size (i.e., normal grading) and an increased fine-fraction to-
ward the top of a tsunami deposit (i.e., suspension grading) are common features
reported in tsunami deposits around the world (see Chapter 11). These vertical
variations in grain size are indicative of sediment settling out of suspension as
a tsunami flow decelerates after reaching its inland extent. Because diatom
valves entrained in tsunami deposits typically range in size from about 10 pm
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FIGURE 14.4

Comparison of photos of diatoms (A) in in situ freshwater peat, and (B) at the top of an
overlying tsunami deposit identified by Witter et al. (2016) on Sedanka Island, Alaska
(USA). (A) Peat underlying tsunami deposit: a pristine in situ freshwater diatom
assemblage with large intact specimens and valves of Aulacoseira sp. connected in
chains (white arrow). (B) Top of tsunami deposit: a rare marine diatom (Delphineis
kippae, black arrow) amid a mix of freshwater diatoms with many broken valves. Chains of
Aulacoseira have been broken apart into individual valves (white arrow).

(fine silt) to 70 um (very fine sand-sized), an upward fining in diatom valves may
also be present (e.g., Hemphill-Haley et al., 2019). Larger, heavily silicified
benthic diatoms settle out of the water column first and are often found in the
lower part of tsunami deposits, while smaller, more finely silicified freshwater
taxa often settle last and are found in the upper part of the deposit or in overlying
debris (Fig. 14.2; e.g., Sawai et al., 2009a; Takashimizu et al., 2012; Dura et al.,
2015). The lifeform of a diatom may also influence its distribution within a
tsunami deposit. Benthic epipsammic diatoms that live attached to sand grains,
although relatively small, may be more common in the lowermost, coarser
grained portions of tsunami deposits, while disc-shaped planktonic diatom
valves, although relatively large, may float longer in the water column due to
their shape and eventually settle in the middle or top of the deposit (e.g., Sawai
et al., 2009a; Hemphill-Haley et al., 2019).

Diatom assemblages within the 2004 Indian Ocean Tsunami deposits at Phra
Thong Island, Thailand, illustrate the potential insight diatoms can provide about
flow conditions during a tsunami (Fig. 14.6; Sawai et al., 2009a). Diatom assem-
blages within the lowermost portion of the deposit were dominated by unbroken
beach and subtidal species that live attached to sand grains (Diplomenora cocco-
neiformis, Delphineis minutissima), consistent with high current velocities in
which only beach and subtidal benthic diatoms attached to sediment can be incor-
porated into the tsunami deposit. Marine plankton (Thalassionema nitzschioides,
Thalassiosira spp., and Coscinodiscus spp.) dominate the middle of the deposit,
consistent with high shear velocity keeping planktonic diatoms in suspension
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(A) Relative abundance of diatoms (showing only those species >5% abundance) for
river bank section T16 collected from Tirla, Chile, showing an increase in marine benthic
and planktonic diatoms in tsunami sands deposited in CE 1960 and 2010. Relative
abundance of diatoms is expressed as a percent of the total count. Triangle symbols on
stratigraphic column show locations of diatom samples. (B) Marine planktonic taxa
significantly increase in tsunami sands, compared to background tidal floodplain
brackish-marine benthic taxa found throughout the record, supporting a marine incursion
at the site.

Figure modified and reprinted from Dura et al. (2017), with permission from Elsevier.
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are more abundant in the bottom of the sand bed, while marine plankton dominate the
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longer, and finally depositing them as the current slows. During the lull in tsunami
waves, smaller freshwater, brackish, and marine species (including some
plankton) settled out of suspension with mud and plant trash and comprise the
top of the deposit. Upward fining of diatom valves within modern tsunami de-
posits was also documented by Chagué-Goff et al. (2011) following the 2009
South Pacific Tsunami deposit in Samoa and by Szczucinski et al. (2012)
following the 2011 Tohoku Tsunami on the Sendai plain, and in inferred paleotsu-
nami deposits in Chile (Dura et al., 2015) and northern California (Hemphill-
Haley et al., 2019).

Preservation of diatom valves in tsunami deposits

The condition of diatom valves within a tsunami deposit may reflect the variable
flow conditions that occur during the entrainment and deposition of sediment and
diatoms during a tsunami event. Diatom preservation in tsunami deposits, in terms
of prevalence of broken versus unbroken valves, has variously been reported as poor,
with evidence for severe fragmentation (Dawson et al., 1996; Smith et al., 2004;
Dawson, 2007), to excellent with high percentages of well-preserved, unbroken
valves (Hemphill-Haley, 1995, 1996; Sawai et al., 2009a; Witter et al., 2009; Horton
et al., 2011). In some cases, preservation is reported as variable (good or poor)
within different layers of a single deposit (Chagué-Goff et al., 2002; Sawai et al.,
2009a, 2012).

The variable preservation of diatom valves in tsunami deposits is the result of
their wide range of resistance to breakage. For example, marine and brackish-
marine epipsammic diatom species (e.g., Rhaphoneis spp., Dimeregramma
spp., Plagiogramma spp., Opephora spp., Delphineis spp., Odontella spp.)
have thickly silicified, structurally sturdy valves that are resistant to breakage,

<
swales at the study site, shows a clear concentration in the upper part of the deposit.
(B) Fragmentation counts suggest that diatom valves are relatively pristine in the tsunami
deposit; however, marine plankton with more finely silicified ( Thalassiosira spp.) or elongate
(Thalassionema spp.) forms that settled in the upper part of the deposits were mostly broken.
(C) Simplified process of deposition of diatoms and sediment during tsunami. (1) Fast
current. Only beach and subtidal species are incorporated with coarse sediment. Because
turbulent current can keep a substantial amount of sand fraction in the water column, mixed
assemblages of many beach/subtidal and marine plankton are suspended. Freshwater
specimens may be included with eroded soil fractions. (2) Current becomes slow. Fine
fractions fall onto the ground. Eroded, floated, and transported specimens are also
incorporated. (3) Suspension stage (calm current) of tsunami. All floated specimens are
allowed to settle down. Many freshwater species incorporated with their substrata (plant trash
and eroded soil fractions).

Figure modified and reprinted from Sawai et al. (2009a), with permission from Elsevier.
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while the majority of other benthic coastal diatom taxa have delicate and/or elon-
gate valves that are susceptible to fracture when transported. Marine planktonic
and tychoplanktonic taxa also vary in their structural capacity to resist breakage,
with some thickly silicified disc-shaped diatoms (e.g., Stephanopyxis spp.,
Coscinodiscus spp., and especially Paralia spp.) more likely to survive transport
than more finely silicified (Thalassiosira spp.) or elongate (e.g., Thalassionema
spp.) planktonic forms.

Selective breakage of diatom valves within recent tsunami deposits (e.g., 2004
Indian Ocean, 2010 Chile, 2011 Tohoku) and prehistoric tsunami deposits is widely
reported. For example, two different studies of diatoms in the 2004 Indian Ocean
Tsunami deposits in Thailand (Kokocinski et al., 2009; Sawai et al., 2009a) reported
high percentages of unbroken subtidal and beach epipsammic taxa with heavily
silicified valves (e.g., Diplomenora cocconeiformis, Eunotogramma marinum, Del-
phineis spp.), especially in the lower parts of the sandy deposits (Fig. 14.6). Marine
plankton with more finely silicified (Thalassiosira spp.) or elongate (Thalassionema
spp.) forms that settled in the upper part of the deposits were mostly broken. Horton
et al. (2011) also reported well-preserved epipsammic benthic taxa (>70% unbro-
ken) in the lower part of the 2010 tsunami deposit at Pichilemu, Chile, with selective
breakage of valves with more delicate or elongate structures (e.g., Tabularia fasci-
culata) throughout the deposit.

Where diatom preservation is discussed, studies of prehistoric tsunami deposits
mostly agree with the kind of selective preservation observed in modern studies. For
example, Dawson and Smith (1997) reported >90% of pennate diatoms broken in
the ~7100-year-old Storegga Slide tsunami deposit, with sturdy centric taxa like
Paralia sulcata better preserved, though abraded. Witter et al. (2009) used the
amount of breakage of elongate taxa like Gyrosigma spp. as one of the diatom-
based criteria for differentiating tsunami from non-tsunami estuarine deposits in
coastal Oregon. A study in Alaska by Nelson et al. (2015) found no allochthonous
marine diatoms within inferred prehistoric tsunami deposits, but documented
distinctly higher percentages of large (>100 um long) freshwater diatom valves
that were broken in the tsunami deposits compared to surrounding peat samples,
showing the utility of the fragmentation metric in supporting deposition by turbulent
flow, even in the absence of marine taxa.

Comparison of diatoms in tsunami and storm-surge deposits

Over the past few decades, numerous studies have considered various physical,
geochemical, and biological criteria that might be used to identify paleotsunami
deposits in the stratigraphic record (e.g., Dominey-Howes et al., 2006; Kortekaas
and Dawson, 2007; Komatsubara et al., 2008; Switzer and Jones, 2008; Chagué-
Goff et al., 2011; Goff et al., 2012). Other studies have emphasized the number
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of criteria in common between tsunami and storm deposits (e.g., Engel and
Briickner, 2011; Shanmugam, 2012). In studies that provide diatom criteria for
tsunami deposition (Appendix Table 2), diatom assemblages in tsunami deposits
are characterized as having high percentages of broken valves as well as an
increased number of allochthonous brackish or marine diatoms. As discussed in
the Preservation of diatom valves in tsunami deposits section, the assumption
that diatoms will be poorly preserved in all tsunami deposits is not valid. And
as noted by Engel and Briickner (2011), and recognized since some of the earliest
studies of diatoms in tsunami deposits (e.g., Hemphill-Haley, 1995; Dawson et al.,
1996), allochthonous estuarine and marine diatoms may be found in either tsunami
or storm deposits, a natural result of diatoms being transported as passive particles
by either process. The presence of allochthonous taxa as indicators of a tsunami
rather than a storm only gains significance when combined with other forms of ev-
idence such as stratigraphic evidence for coseismic land-level change (e.g.,
Hemphill-Haley, 1995; Cochran et al., 2005; Nelson et al., 2008; Dura et al.,
2015), or geographic constraints that would make inundation by storm surges un-
likely (e.g., Nanayama et al., 2007; Ramirez-Herrera et al., 2012; Garrett et al.,
2015; Castillo-Aja et al., 2019). Other criteria listed in Appendix 2 (mixed assem-
blages, low concentrations in coarse deposits) may also be common to tsunami and
storm deposits.

Currently there is a paucity of studies on diatoms in modern storm-surge de-
posits with which to compare with the growing catalog of observations for mod-
ern tsunami deposits. The most widely cited (e.g., in Horton and Sawai, 2010;
Engel and Briickner, 2011; Pilarczyk et al., 2014; Dura et al., 2016) study con-
cerning diatoms in modern storm deposits is Parsons (1998), which documented
the impact of Hurricane Andrew on diatom populations in a saltmarsh pond
located about 5 km inland from the southern Louisiana (USA) coast. The hurri-
cane deposit consisted of a 3-cm-thick layer of mud containing a mix of small
epipelic and epiphytic taxa sourced from marine, brackish, and freshwater envi-
ronments, and showed a marked decrease in the relative abundance of marine
taxa compared to pre- and post-storm sediment. The Parsons (1998) study is a
valuable contribution to diatom and marsh ecology, but it is a poor modern
analogue for comparison with the kinds of marine epipsammic, tychoplanktonic,
or planktonic diatom taxa widely observed in tsunami deposits (e.g., Appendix
Table 1), or for providing diatom criteria that may help to differentiate sandy
paleostorm from paleotsunami overwash deposits (e.g., Witter et al., 2001;
Cochran et al., 2005; Switzer et al., 2005; Ramirez-Herrera et al., 2012).

Recent studies suggest that sediment provenance may be the main criterion that
differentiates diatoms in tsunami deposits from storm deposits (Hemphill-Haley
et al., 2019). In particular is the difference in sediment transport by long-period
tsunami waves that move sediment from areas that are deeper (subtidal) and farther
offshore than erosion by short-period storm surges that mainly entrain sediment
from nearshore and beach environments (Switzer and Jones, 2008; Pilarczyk
et al., 2014). Hemphill-Haley et al. (2019) documented storm and tsunami deposits
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at the same locality that contained different diatom assemblages; the storm deposit
containing mainly poorly-preserved diatoms and fragments consistent with beach
and nearshore deposits, and the tsunami deposit containing well-preserved taxa
indicative of an offshore source.

Recommendations for investigating a candidate tsunami
deposit
Field work and data collection

1. Evaluate the depositional setting and benefits/challenges to recovering good
samples. For mapping of a candidate tsunami deposit, gouge coring may be the
most appropriate method. But for the collection of samples for diatom analysis,
a larger sample extracted by a method that is less likely to compress or
contaminate the sample (e.g., Russian core sampler, or a monolith collected
from a pit or riverbank) is best.

2. At a minimum, collect samples for diatom analysis from two locations at your
site, and from multiple regional sites if possible. The more sampling locations
that tsunami evidence can be correlated in between, the better.

3. Collect monolith or core samples for diatom analysis along coast-perpendicular
and coast-parallel transects that bisect the candidate tsunami or paleotsunami
deposit to establish the presence/absence of allochthonous taxa, the inland
extent of the allochthonous taxa, and how the sorting and fragmentation of
diatom valves may vary spatially.

4. Be sure to collect material above and below a candidate tsunami deposit to
establish a baseline in situ sediment/diatom assemblage to compare to the
proposed allochthonous tsunami sediment/diatom assemblage.

5. To provide baseline data for evaluating sediment provenance of the candidate
tsunami deposit, collect modern (surface) samples of various environments at
your site to help characterize the diatom composition of local sediment sources
and compare to the diatom composition in the deposit.

Laboratory processing and analyses

6. Subsample the candidate tsunami and underlying and overlying sediment
(see Appendix 3 for detailed steps on laboratory procedures for preparing
diatom slides). Sample the deposit at narrow (0.5—1.0 cm) intervals to
evaluate the presence and distribution of allochthonous valves and the
possible sorting and fragmentation of valves. Be sure to subsample sediment
at least 5 cm below and above the candidate tsunami deposit at 1-cm in-
tervals to establish a baseline in situ sediment/diatom assemblage and de-
gree of sorting/fragmentation of diatom valves to compare to the proposed
tsunami deposit.
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7.

10.

The diatom slides should be viewed with a light microscope under high
magnification (500x—1250x) for species level identification and counting. It
may also be informative to scan the slide at lower magnifications
(250x—500x) to check for occurrences of especially large taxa (e.g., large
epipsammon or epiphytes like Campylodicus, Arachnoidiscus) that are diffi-
cult to evaluate at high magnification.

The standard approach in paleoecologic studies is to count at least 300
valves to provide a statistically reliable overview of an assemblage.
However, diatom assemblages in tsunami deposits are unique in that total
numbers may be very low in sandy deposits, in which case 300 valves may
not be present on the entire slide. Conversely, diatoms may be abundant on
the slide but consist mainly of reworked local terrestrial taxa, which will
result in a low probability of documenting rare but significant allochtho-
nous taxa if only the first 300 specimens are counted (Fig. 14.3). Therefore,
in low-abundance samples, all specimens on the complete slide should be
counted. For specimen-rich samples, the first 300 valves should be counted
to establish a background assemblage, followed by multiple additional
traverses of the microscope slide to verify the presence/absence of any
definitive allochthonous taxa. Diatoms tallied in the resulting counts can
then be organized by habitat preferences and lifeform and compared to
counts for the host deposits and any modern analogue samples recovered
from the field.

Incomplete (broken) valves should be counted as follows: (1) for centric di-
atoms, more than one-half of the valve must be present to count as one
specimen; (2) for pennate diatoms with raphes, the broken valve must include
one complete apex as well as the central area to be counted as one specimen;
and (3) for araphid pennate valves, a portion of the valve showing one end
counts as one-half of a specimen.

Finally, as diatom preservation may provide highly useful information in
identifying tsunami deposits, it is imperative to quantify the number of
broken or abraded valves observed during the counts (see Appendix 4). For
this end, pennate diatom taxa should be subdivided by different lengths
(<40 pm, 40—100 pm, >100 pm) as the propensity for fracturing increases
with length. Abrasion or fracturing of centric valves should also be
recorded, but again by individual species to account for the wide range in
valve thickness and structure for the centric diatoms. The results for the
candidate tsunami deposit can then be compared and contrasted with the
surrounding host deposits for any evidence of increased fragmentation to
support emplacement of the deposit by turbulent flow.



Appendix 1: common diatoms reported in tsunami deposits

Table 1 Examples of allochthonous marine and brackish-marine diatoms observed in tsunami deposits in different regions

worldwide.

Diatom taxa

Achnanthes brevipes

Achnanthes
groenlandica

Actinocycllus divisus
Actinocyclus subtilis
Actinocyclus normanii
Actinocyclus octonarius
Actinocyclus spp.

Actinoptychus
marmoreus

Actinoptychus senarius

Actinoptychus
splendens

Actinoptychus sp.
Amphora commutata
Amphora helenensis
Amphora holsatica
Amphora marina
Amphora turgida
Anaulus birostratus

Northeastern
Pacific and Alaska®

Japan and
Kurile Islands®

North Atlantic
and North Sea“

Chile®

Indian
Ocean®

South Pacific and
New Zealand’

Continued
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Table 1 Examples of allochthonous marine and brackish-marine diatoms observed in tsunami deposits in different regions
worldwide.—Continued

Northeastern Japan and North Atlantic Indian South Pacific and
Diatom taxa Pacific and Alaska® | Kurile Islands® | and North Sea® Chile® | Ocean® | New Zealand'
Arachnoidiscus . .
(ehrenbergii) japponica
Asteromphalus .
robustus
Aulacodiscus kittonii .
Auliscus sculpus . .
Bacillaria paxilifer .
Biddulphia pangeroni . .
Campylodiscus sp. .
Catenula adhaerens . .
Ceratoneis turgidus . .
Chaetoceros spp. . . .
(valves and spores)
Cocconeis californica .
Cocconeis costata .
Cocconeis distans .
Cocconeis scutellum . . . . . .
Cocconeis speciosa .
Coscinodiscus . .
marginatus
Coscinodiscus radiatus | ¢ . .
Coscinodiscus sp. . . . . . .
Cyclotella litorallis .
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Cyclotella menghiniana
Cyclotella striata
Delphineis karsenii
Delphineis kippae
Delphineis minutissima
Delphineis surirella
Delphineis surirelloides
Delphineis sp.
Dimeregramma minor

Diplomenora
cocconeiformis

Diploneis cafra
Diploneis bombus
Diploneis decipiens
Diploneis interrupta
Diploneis pseudovalis
Diploneis smithii

Ehrenbergiulva
granulosa

Endictya spp.
Eunogramma marinum
Fallacia cryptolyra
Fallacia niella
Fragilariopsis doliolus

Grammatophora
oceanica

Grammatophora sp.

Continued
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Table 1 Examples of allochthonous marine and brackish-marine diatoms observed in tsunami deposits in different regions
worldwide.—Continued

Northeastern Japan and North Atlantic Indian South Pacific and
Diatom taxa Pacific and Alaska® | Kurile Islands® | and North Sea® Chile® | Ocean® | New Zealand'
Hantzschia virgata . .
Hyalodiscus lentiginous .
Hyalodiscus spp. . .
Hydrosera triquetra .
Lyrella lyra .
Mastogloia smithii . .
Mastogloia sp. .
Navicula digitoradiata .
Navicula peregrina .
Navicula ramosissima .
Navicula salinicola °
Neodenticula seminae .
Nitzschia parvula .
Nitzschia sigma .
Odontella aurita . .
Odontella obtusa .
Opephora marina .
Opephora mutabilis .
Opephora pacifica . .
Opephora sp. .
Paralia sulcata . . . . . .
Petroneis granulata .
Petroneis marina .
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Pinnularia rectangulata
Plagiogramma
pulchellum var.
pygmaea
Plagiogramma
staurophorum

Planothidium
delicatulum

Podosira stelligera
Pseudopodosira kosugii

Pseudostaurosira
perminuta

Rhabdonema arcuatum
Rhabdonema sp.

Rhaphoneis
amphiceros

Rhaphoneis
psammicola

Rhizosolenia hebetata
Rhopalodia musculus
Rhoicosphenia spp.
Skeletonema costatum
Stellarima stellaris
Stephanopyxis spp.
Tabularia fasciculata

Thalassionema
nitzschioides

Thalassiosira decipiens

Continued
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Table 1 Examples of allochthonous marine and brackish-marine diatoms observed in tsunami deposits in different regions

worldwide.—Continued

Diatom taxa

Thalassiosira eccentrica
Thalassiosira lacustris
Thalassiosira lineata
Thalassiosira leptopus

Thalassiosira
nordenskioeldii

Thalassiosira oestrupii
Thalassiosira pacifica
Thalassiosira spp.
Thalassiosira weisflogii
Trachysphenia australis
Triceratium dictyotum
Triceratium favus
Tryblionella coarctata
Tryblionella granulata
Trybliionella levidensis
Tryblionella navicularis
Tryblionella punctata

Northeastern
Pacific and Alaska®

Japan and
Kurile Islands”

North Atlantic
and North Sea®

Chile®

Indian
Ocean®

South Pacific and
New Zealand’

2 Darienzo and Peterson (1990), Hemphill-Haley (1995, 1996), Hemphill-Haley and Lewis (2003), Hemphill-Haley et al. (2019), Hutchinson et al. (2000), Nelson et al.
(2008), Peterson et al. (2011), Williams and Hutchinson (2000), Williams et al. (2005), Witter et al. (2003, 2009, 2016).? liev et al. (2005), Minoura et al. (1994, 2001),
Nanayama et al. (2007), Sawai et al. (2008, 2012), Takashimizu et al. (2012).° Bondevik et al. (2005), Dawson and Smith (1997, 2000), Dawson et al. (1996).9
Chague-Goff et al. (2015), Dura et al. (2015), Garrett et al. (2015), Hong et al. (2017).° Dawson et al. (1996), Kokocinski et al. (2009), Monecke et al. (2008), Sawai
et al. (2009a,b).” Chague-Goff et al. (2002, 2011), Dawson (2007), Goff et al. (2010, 2011), King et al. (2017).
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Appendix 2: published criteria for identifying tsunami
deposits using diatoms

Table 2 Criteria for identifying diatoms in tsunami deposits.

References

Goff et al. (2001, p. 4,
Table 1)

Dominey-Howes et al.
(2006, p. 1097)

Chagué-Goff et al. (2011,
p. 109)

Goff et al. (2012, p. 77)

Engel and Brickner (2011,
p. 68, Table 1)

Criteria

Generally associated with an increase in abundance of
marine to brackish water diatoms, but reworking of
estuarine sediments may simply produce the same
assemblage

Microfossil assemblages of diatoms and foraminifera. May
be pelagic and/or benthic species in shallow water
environments. Tests/frustules may be crushed and broken
in significant percentages

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

(i) preservation of diatoms from a variety of salinity groups
and habitats, typically ranging from fully marine planktonic
types to brackish benthic forms, and often referred to as a
chaotic assemblage; (i) poor preservation of diatom
frustules, with high percentages (typically >75%) of broken
valves, indicating damage during transport; and (jii) low
concentrations of diatoms within tsunami deposits,
particularly for sand-dominated deposits

Both tsunami and storm deposits contain mixtures of
diatoms indicative of an offshore or bayward source, but
tsunami deposits are more likely to contain broken valves
and benthic marine diatoms

Appendix 3: diatom slide preparation and counting

The following diatom sample preparation procedure follows the technique devel-
oped by Dura et al. (2017). Additional references on processing sediment samples
for diatom slides include Battarbee (1986), Hemphill-Haley and Lewis (2003),
and Zong and Sawai (2015).

Materials needed: Small metal spatula, scale, hydrogen peroxide (30% concen-
tration), plastic conical centrifuge tubes (50 mL) with caps, tube rack (suitable for
being submerged), centrifuge, water bath, hot plate, glass slides, coverslips
(22 x 22 mm or 22 x 30 mm), mechanical pipette, Naphrax (or equivalent

mounting solution)
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10.

11.

Sample preparation:

. Subsample about 1 cm® of sediment. Weigh sediment (should be between 0.5

and 1.0 g).

Place subsampled sediment into a 50 mL falcon tube or equivalent conical tube,
and place tubes in a tube rack.

To digest organic matter, add 10—20 mL of 30% H,O, to each tube, and put the
rack into a hot water bath at a temperature of up to ~75 °C. If the organic
content of the sample is very high, additional H;O, may need to be added. The
digestion process may take several days and should be continued until the
reaction subsides and the H,O; in the sample appears clear. If there is a
concern for calcium carbonate in the sample, 5—10 mL of HCI can be added
after the HyO, digestion is complete.

Remove tubes from the hot water bath and top up each tube with deionized (DI)
water so they are filled to 50 mL. Put caps on the tubes.

Centrifuge the tubes at 3500 RPM for 4 min and decant the supernatant liquid.
Repeat the centrifuging process three times. If a centrifuge is not available, the
decanting process can be completed by leaving the samples to settle for at least
12 h before decanting the supernatant three times, as described before.

After the third centrifuge, add DI water up to ~ 15 mL. The samples are now
ready to mount on a glass slide.
Making diatom slides:

. Place glass coverslips on a clean, flat surface (e.g., a steel plate or aluminum foil

taped onto a countertop) and add 100 pL. of DI water to each coverslip.
Carefully document (with labels on the steel plate or on the aluminum foil) the
name of the sample that will be added to the coverslips.

Stir or shake the sample in the centrifuge tube to suspend the sediment and
diatoms, and using a mechanical pipette, transfer a 25—150 pL aliquot of the
suspension to its assigned coverslip. The volume of material transferred will
depend on the concentration of diatom valves in the sediment. Establishing
this may require trial and error. To estimate the proper amount of material to
transfer, a 50 pL aliquot can be added to a clean glass slide with a clean
coverslip dropped on top. Examine the slide under low (40x) magnification to
preview the concentration of diatom valves and adjust the volume for transfer
accordingly.

Allow the coverslips to dry away from dust, on a flat, clean surface. This will
likely take 24 h. To speed up the process, a lamp can be placed above the
coverslips.

Label glass slides with sample names using a glass etcher or a permanent
marker (note: permanent markers may fade over time).

Place 1—2 drops of Naphrax (or Plaurax or Zrax) mountant onto a slide, then
carefully turn a coverslip over (sample side down) onto the mountant.
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12. Place glass slide with coverslip and mountant onto a hot plate. Turn the hot
plate on and slowly bring the mountant to a boil (100—130°C), allowing the
mountant to release its solvent. This may take up to 15 min. Once the bubbling
has significantly slowed and the solvent is out, lift the slide from the hot plate
and gently push down on the coverslip with a toothpick to release any air
bubbles under the coverslip. Put slide aside to cool and check that the label is
still clear.

Appendix 4: assessment of diatom preservation

In addition to counting diatoms at 1000——1250x with an oil immersion lens, dia-
toms can be examined at low magnification (500x) in select samples to look for
possible evidence of high-energy tsunami deposition (e.g., fragmentation of valves
and presence of anomalous marine taxa). For this analysis, only diatoms >40 pum are
considered. At least 100 diatoms should be counted in this analysis. Witter et al.
(2009) describe the following criteria to designate possible paleotsunami deposits
based on entrained diatoms:

1. Severe fragmentation of pennate diatoms >100 um long

2. Relatively high fragmentation of all diatom valves larger than 40 pm, particu-
larly pennate valves >40 pm long

3. Relatively higher frequency of coastal marine planktonic and tychoplanktonic
taxa

4. Relatively high frequency of large (>60—100 pum diameter), benthic epi-
psammic diatoms

5. Relatively high frequency of small (<40 pm long) epipsammic diatoms, + ev-
idence for enhanced preservation
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