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Geochemical approaches in tsunami 
research: current knowledge and challenges
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Abstract 

Over the past decade or so, geochemical techniques have been applied to the study of modern and past tsunamis. 
Seawater incursions and the introduction of marine organic matter can be detected through geochemical analy-
sis, providing strong evidence that an event deposit was formed by saltwater inundation. Furthermore, the marine 
geochemical signature of an event may reveal the full extent of tsunami inundation far more precisely than can be 
obtained from sediment alone. Based mainly on literature published during the last 4 years, this paper summarizes 
the latest advances in and some problems with tsunami geochemical research, and specifically addresses organic 
and inorganic proxies with high preservation potential, geochemical characteristics of invisible tsunami deposits, 
handling of data from core scanners, and offshore environmental impacts. Recent studies have proposed that some 
organic and inorganic geochemical proxies have high preservation potential, and sometimes such evidence can be 
recognized from invisible tsunami deposits. Quantitative assessments of biomarkers are also effective for detecting 
allochthonous materials. Organic and inorganic proxies can be applied both to identify tsunami deposits and to accu-
rately reconstruct tsunami inundation areas; however, there are as yet no universal criteria for accurate reconstruc-
tion of tsunami inundation areas by detecting invisible tsunami deposits using geochemical approaches. For deeper 
understanding of the behavior of geochemical characteristics derived from tsunami events, additional knowledge of 
the geochemical substances associated with modern and paleo-tsunami events is required. Specifically, further work 
is required on assessment of the environmental selectivity of geochemical proxies and refinement of core-scanner 
analysis for both organic and inorganic substances.
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Introduction
Inundations of coastal regions by large tsunamis cause 
severe damage to human life, the coastal environment, 
and the alongshore topography. Tsunamis greatly erode 
the sea bottom, dunes, and terrestrial soil; consequently, 
sediments are widely deposited within the inundation 
area. The redeposited sediment contains crucial informa-
tion on tsunami phenomena, such as the tsunami’s mag-
nitude and age. Although large amounts of information 

are available for modern tsunamis, such as sediment 
characteristics (e.g., distribution, thickness, and grain 
size) and observation data (e.g., flow velocity, water 
depth, and tidal level), knowledge limited to recent tsuna-
mis is insufficient for understanding tsunami phenomena 
because large tsunamis are low-frequency events. Thus, 
research on historical and prehistoric as well as modern 
tsunamis is required.

Tsunami research is interdisciplinary in nature. 
Although primarily based on sedimentology, studies of 
tsunami deposits can also incorporate geological, pale-
ontological, biological, geomorphological, archeologi-
cal, contextual, and geochemical approaches (Goff et al. 
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2012). Several independent lines of evidence may be 
needed to prove a tsunami origin for a deposit.

A geochemical approach was first applied to tsunami 
research by Minoura and Nakaya (1991). They collected 
lake-bottom sediment in which some event sand layers 
were intercalated with mud deposits. They found that 
the concentrations of some water-leachable ions (K+, 
Na+, Ca2+, Mg2+, and Cl−) were increased in event lay-
ers and attributed the increase to seawater incursion by 
historical and prehistoric tsunamis. After Minoura and 
Nakaya (1991), geochemical analyses of historical and 
paleo-tsunami deposits have continued (e.g., Kumagai 
1999; Chagué-Goff and Goff 1999; Chagué-Goff et  al. 
2002). After recent large tsunamis, such as the 2004 
Indian Ocean tsunami, the 2009 South Pacific tsunami, 
the 2010 Maule tsunami, and the 2011 Tohoku-oki tsu-
nami, studies of tsunami deposits dramatically increased 
and geochemical techniques became more widely 
applied. Research has been conducted on the geochemi-
cal characteristics of tsunami deposits (e.g., Srinivasalu 
et al. 2010; Chagué-Goff et al. 2012a, b, 2015; Yoshii et al. 
2013), the temporal variation and preservation potential 
of tsunami deposits (Szczuciński et al. 2007; Chagué-Goff 
et al. 2012b; Shinozaki et al. 2016), the presence of geo-
chemical features beyond the distribution limit of sandy 
tsunami deposits (Goto et  al. 2011; Chagué-Goff et  al. 
2012a, 2015), application of new analytical techniques 
(Cuven et al. 2013; Kuwatani et al. 2014), and the use of 
biomarkers as new geochemical markers (Shinozaki et al. 
2015; Szczuciński et al. 2016; Bellanova et al. 2020a, b).

In recent review papers, Chagué-Goff (2010) summa-
rized the tool kit available for geochemical analysis, and 
Chagué-Goff et  al. (2017) included almost all published 
tsunami geochemical papers worldwide as well as infor-
mation on geochemical markers. Although Chagué-Goff 
et  al. (2017) ably summarized the knowledge and limi-
tations of geochemistry in tsunami research at the time 
of publication, many geochemical papers have been 
published in the ensuing 4 years and further knowledge 
has accumulated. This paper summarizes the current 
knowledge of and problems in geochemical approaches 
to tsunami research, based mainly on papers published 
after Chagué-Goff et al. (2017), and discuss directions for 
future investigation.

Role of geochemistry in tsunami research
The basic concept of tsunami geochemistry is to find 
evidence of tsunami incursions by detecting allochtho-
nous materials that are transported from coastal regions 
(shallow sea areas, beaches, dunes, and coastal land) to 
terrestrial settings, and vice versa, by means of geochem-
ical proxies (Fig.  1). Detection of allochthonous materi-
als using geochemical proxies is widely performed in 

paleoenvironmental and climate research. Variations in 
the amounts of terrestrial organic matter in seafloor sedi-
ment reveal changes in river discharge that are related 
to climate change, for example in the Arctic Ocean (e.g., 
Stein and Fahl 2000) and East Asia (e.g., Zhao et al. 2017). 
Another example, abrupt ocean surface cooling events 
during the Holocene in the North Atlantic, i.e., ice-rafted 
debris events, were identified on the basis of variations 
in the amounts of terrestrial material, which was trans-
ported from land to the ocean by catastrophic discharge, 
present in seafloor sediment (Bond et al. 1997, 2001). To 
identify allochthonous material, it is sometimes neces-
sary to detect different source materials. Naturally, such 
evidence must be preserved on a geological time scale. 
Finding and tracing allochthonous materials is a strength 
of geochemistry, as demonstrated by its application to 
tsunami research.

In onshore tsunami research, geochemistry is regarded 
as a means of identifying tsunami deposits because sea-
water incursion by a tsunami leaves behind geochemi-
cal evidence, for example salt, marine organisms, marine 
carbonates, and allochthonous heavy metals (Fig.  2). 
Geochemistry is focused on both the sedimentary 
deposit and chemical substances, such as seawater com-
ponents and organic materials; therefore, geochemical 
techniques can be applied to identify a tsunami inunda-
tion area that lacks visible tsunami deposits (Goto et al. 
2011; Chagué-Goff et al. 2012a, 2015) (Fig. 2). Although 
a thin, fine-grained tsunami deposit can be recognized if 
it was formed by a recent tsunami, as in the case of the 
2011 Tohoku-oki tsunami (Chagué-Goff et  al. 2012a; 
Szczuciński et  al. 2012; Bellanova et  al. 2020a), in gen-
eral, it is difficult to determine a tsunami inundation limit 
from the existence of a visible tsunami deposit in geologi-
cal layers. Near the inundation limit, tsunami deposits 
tend to be thin and fine-grained because the weakened 
tsunami flow cannot transport coarser particles and large 
amounts of sand; thus, tsunami deposits can be difficult 
to distinguish from underlying and overlying sediment by 
visual observation. Moreover, the presence of sediments 
derived from terrestrial areas can also cause difficulty 
in identifying event deposits. Underestimation of tsu-
nami inundation limits leads to misunderstanding of the 
magnitudes of tsunami-generated earthquakes (Name-
gaya and Satake 2014). Thus, a geochemical approach 
that detects not sediment itself, but seawater incursion, 
facilitates reconstruction of the inundation area more 
accurately than is possible from the distribution of visible 
tsunami deposits.

It should be noted that the geochemical approach is 
only one means of identifying tsunami deposits. Geo-
chemical proxies are not all-round tools; naturally, 
other methods should also be considered, for example 
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sedimentology and paleontology. Such multi-proxy stud-
ies will better ensure accurate identification of tsunami 
deposits. It should also be borne in mind that an absence 
of geochemical characteristics does not necessarily 
indicate that an event deposit is not a tsunami deposit 
(Dominey-Howes et al. 2006).

Current knowledge and problems
As summarized by Chagué-Goff et  al. (2017), previous 
studies described geochemical behavior, including tem-
poral changes, on the basis of modern tsunamis and the 
geochemical characteristics of paleo-tsunami deposits. 
The geochemical behavior of modern tsunamis is also 

Fig. 1  Schematic diagram showing transportation of allochthonous materials. Green squares and blue circles indicate terrestrial and oceanic 
materials, respectively. Catastrophic events (e.g., tsunamis, storms, and flooding) cause transport of allochthonous materials; these materials 
become incorporated into the sedimentary record as event deposits
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of interest for environmental impact assessments (e.g., 
Komai et  al. 2012; Chagué-Goff et  al. 2012b). However, 
when applying a geochemical approach to paleo-tsu-
nami research, such as identifying proxies or accurately 
reconstructing inundation areas, the state of preserva-
tion of geochemical characteristics is crucially important 
(Szczuciński 2020). For such applications, a persistent 
geochemical proxy is necessary. To reveal tsunami his-
tory, geochemical characteristics should be preserved in 
geological deposits on a time scale of 100 to 10,000 years. 
After incursion of a tsunami into a terrestrial area, several 
types of tsunami geochemical characteristics, such as pH, 
electric conductivity, and ions, are preserved in the broad 
inundation area for periods of days to months; however, 
they may be lost with further passage of time, especially 
in tropical and temperate regions. In the case of the 2004 
Indian Ocean tsunami, the levels of water-soluble salts 
in tsunami deposits on land were strongly reduced after 
the rainy season (Szczuciński et al. 2007). The high elec-
tric conductivity resulting from the tsunami was also 
diluted by rainfall (Nakaya et al. 2010). Chandrasekharan 
et al. (2008) reported reduced values of electric conduc-
tivity and pH 6  months after the tsunami, although the 
ground-water was still highly saline. In the case of the 
2011 Tohoku-oki tsunami, high concentrations of water-
leachable ions derived from the tsunami incursion were 
detected a few months after the event, although these 
higher concentrations were no longer present a few years 
later (Chagué-Goff et  al. 2012b; Shinozaki et  al. 2016). 

The rapid dilution of water-soluble materials by mete-
oric water means that these proxies cannot be applied 
to paleo-tsunami deposits. However, some geochemi-
cal substances, for example sulfur (Chagué-Goff et  al. 
2002; Fruergaard et al. 2015) and biomarkers (Alpar et al. 
2012; Ünlü et al. 2012), appear to have high preservation 
potential.

Below, recent studies (published after 2017) are briefly 
summarized. These papers can be categorized into four 
topics: organic and inorganic proxies with high preserva-
tion potential; the geochemical characteristics of invisible 
tsunami deposits; handling of data from core scanners; 
and offshore environmental impacts. Based on these 
categories, current trends in tsunami geochemistry are 
identified.

Organic and inorganic proxies with high preservation 
potential
Studies published after that of Chagué-Goff et al. (2017) 
have described the geochemical characteristics of mod-
ern tsunamis, including several that applied proxies with 
high preservation potential. Two recent studies indicate 
that organic geochemical substances have high preser-
vation potential. Bellanova et  al. (2020b) investigated 
anthropogenic substances (polycyclic aromatic hydro-
carbons, pesticides, and organochlorides) in far-field tsu-
nami deposits in the Kahana Valley, O’ahu, Hawai’i. The 
detection of such compounds in or just below a historical 
tsunami deposit suggests the potential of this approach 
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Fig. 2  Sedimentation and transportation by tsunami inundation. Tsunami deposits are not always deposited at the inundation limit; therefore, the 
inundation limit may be underestimated when considering only visible tsunami deposits. In contrast, geochemical signatures can be detected in 
both visible and invisible tsunami deposits because the signatures are derived from seawater incursion
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to identify tsunami deposits. Bellanova et  al. (2020a) 
documented biomarkers and anthropogenic markers in 
tsunami deposits left by the 2011 Tohoku-oki tsunami 
on the Sendai Plain, Japan, and found that their con-
centrations differed significantly between pre- and post-
tsunami deposits. They concluded that anthropogenic 
markers and biomarkers have the potential to be a valu-
able proxy for tsunami research due to their high source 
specificity and relatively good preservation potential. 
These studies indicated the potential of anthropogenic 
markers and biomarkers for tsunami research, although 
anthropogenic markers may not be applicable to prehis-
toric tsunami deposits.

Bellanova et  al. (2020a, b) revived consideration of 
the preservation potential of biomarkers, as suggested 
by some previous studies (Alpar et  al. 2012; Shinozaki 
et al. 2015); in addition, they further explored quantita-
tive assessment of allochthonous biomarkers. Detec-
tion of aquatic/marine biomarkers has been attempted 
(Alpar et al. 2012; Shinozaki et al. 2015, 2016), with vary-
ing degrees of success; in some cases, aquatic/marine 
biomarkers could not be recognized in known tsunami 
deposits or the underlying layer. Another approach has 
involved comparison of the concentrations of terrigenous 
and aquatic/marine biomarkers (Bellanova et  al. 2020a, 
b). Three ratios, the terrigenous-to-aquatic ratio (TAR), 
the carbon preference index (CPI), and the odd-to-even-
predominance ratio (OEP), were applied to demonstrate 
dominance of terrestrial plants or marine organisms, 
and to ascertain the biogenic or petrogenic origin of 
n-alkanes in sediments (Bellanova et  al. 2020a). In ter-
restrial areas, especially those further inland, it is difficult 
to identify tsunami deposits because the contribution of 
terrigenous organic matter is larger than in sites near the 
coast. Even in such cases, quantitative assessments such 
as those carried out by Bellanova et al. (2020a, b) could 
be used to detect allochthonous organic materials. In the 
future, quantitative assessment of biomarkers could be 
applied to paleo-tsunami research.

Inorganic geochemical proxies also have been stud-
ied in historical and prehistoric tsunami deposits (Judd 
et al. 2017; Moreira et al. 2017; Chagué et al. 2018, 2020; 
Avşar 2019; Watanabe et  al. 2020). Judd et  al. (2017) 
and Chagué et  al. (2018) characterized recent (within 
100  years) tsunami deposits by geochemical proxies. 
Judd et  al. (2017) identified evidence of small historical 
tsunamis in Lyttelton Harbour, New Zealand, using sedi-
mentological, geochemical, and diatom analyses. They 
found that the amounts of certain geochemical markers, 
e.g., normalized Ca, K, Si, and Sr, were increased in some 
levels that also exhibited lower organic-matter content 
and magnetic susceptibility, and variations in diatom 
assemblages. Notably, these characteristics were detected 

despite atypical sedimentary evidence (no sand) or a lack 
of sediment. That study demonstrated that multi-proxy 
evidence, including inorganic geochemistry, can be used 
to distinguish faint or invisible tsunami deposits, and 
these characteristics can be preserved for small tsunamis. 
Chagué et  al. (2018) identified and distinguished sedi-
ment sources based on a combination of the geochemical 
signature and grain-size characteristics. They found that 
deposits from the 1946 and possibly 1960 tsunamis in 
Hawaii are coarse-grained units containing peat and soil 
sediments. The lower unit is characterized by high Mn, 
Fe, Rb, La, and Ce counts, as well as elevated magnetic 
susceptibility. This unit consists of very poorly sorted, 
brown muddy and sandy sediment including sub-angu-
lar gravel clasts of weathered basalt fragments. Because 
this layer does not contain any of the black volcanic sand 
that is present on the beach, they discounted the beach 
as a sediment source. They concluded that the unit could 
be attributed to a flood event, most probably a tropical 
storm. In contrast, the upper unit is composed of fine-
grained volcanic sand and fine silt and is characterized 
by the appearance of As, Ca, and Sr. These characteris-
tics suggest that the unit was derived from a marine or 
estuarine source. In tsunami research, identification of 
sediment sources is challenging (e.g., Morton et al. 2007). 
Distinction of a sediment source based on the combina-
tion of geochemical signatures and grain-size character-
istics, as demonstrated by Chagué et  al. (2018), can be 
applied to other sites.

Other studies have described the geochemical charac-
teristics of older tsunami deposits. Moreira et al. (2017) 
determined the geochemical characteristics of a tsunami 
deposit formed by the 1755 Lisbon tsunami by analyzing 
sediment core samples collected in a lagoon on the south 
coast of Portugal (Costa et al. 2012). The tsunami deposit 
was enriched in bioclasts (exhibiting high Si/Al and Ca/
Ti values) compared to the underlying and overlying mud 
layers. Moreover, geochemical salinity indicators, such 
as Cl and Br, were detected beyond the sandy sedimen-
tological signatures. These results indicate that evidence 
of marine inundation continued beyond the extent of the 
tsunami deposit and was preserved for at least 250 years 
in a lagoonal succession. Avşar (2019) presented geo-
chemical evidence of historical tsunamis in the Eastern 
Mediterranean for the last 700 years detected in the sedi-
mentary sequence of Oludeniz Lagoon, southwest Tur-
key. Three event deposits that were enriched in K, Ti, 
Fe, and Zn but depleted in Ca were attributed to a sud-
den increase in the input of terrigenous sediment to the 
lagoon. This paper is notable for its focus not on seawater 
components, but on terrigenous input. Watanabe et  al. 
(2020) examined modern and paleo-tsunami deposits on 
the Pacific coast of northeast Japan and found that the 
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Na/Ti atomic ratios were markedly higher in two paleo-
tsunami deposits (Jogan, ~ 1080 calibrated age before 
present [cal BP], and Yayoi, ~ 2000  cal BP). They con-
cluded that Na/Ti ratios are a useful proxy for identifying 
tsunami deposits. They also found that geochemical evi-
dence can be preserved over long time scales. Such geo-
chemical evidence may be applicable to paleo-tsunami 
deposits at other sites. Chagué et  al. (2020) compiled a 
7300-year record of long- and short-term environmental 
changes in a coastal wetland in New Zealand by analysis 
of sedimentological, geochemical, diatom, and geochro-
nological data from three sediment cores. They found 
that more than one tsunami had affected the area in the 
last 3000  years, and detected a tsunami geochemical 
signature (Ca and S), but no clear sedimentological sig-
nature, in a sediment core from the middle of the wet-
land. A contemporaneous geochemical marine signature 
was not detected further inland. This paper is notable 
because finding an evidence of seawater inundation in 
the absence of sedimentary deposits is ideal for tsunami 
geochemistry.

As described above, research on application of inor-
ganic geochemical proxies to tsunami deposits has con-
tinued since the review of Chagué-Goff et  al. (2017). 
These recent papers applied proxies that appear to pos-
sess high preservation potential. These proxies may yield 
improved understanding of tsunami-deposit geochemi-
cal characteristics and facilitate identification of paleo-
tsunami deposits and detection of inundation areas 
that lack visible tsunami deposits. Furthermore, inor-
ganic substances have been more commonly analyzed 
than organic substances, because analysis of inorganic 
compounds is much simpler. In particular, organic (bio-
marker) analysis requires time-consuming pre-treatment 
of samples and various specific pieces of equipment, and 
therefore analytical opportunities are more limited. How-
ever, biomarker analysis is a powerful method because it 
allows unambiguous detection of allochthonous materi-
als. Inorganic proxies are sometimes difficult to identify 
in tsunami deposits because they exist in both terrestrial 
and marine environments (although in markedly differ-
ent quantities) and onshore tsunami deposits consist of 
mixtures of terrestrial and oceanic materials. In con-
trast, a strength of organic geochemistry is identification 
of marine compounds that do not exist in the terrestrial 
environment. The presence of marine compounds in 
onshore deposits can be strong evidence for seawater 
incursion.

No previous studies have analyzed both organic and 
inorganic substances in the same core sediment. Detec-
tion of seawater incursion by means of geochemical 
proxies appears to be widely applicable because the 
source materials do not affect the evidence and seawater 

components or marine organisms are always present in 
seawater; however, the behavior of a given proxy is not 
always consistent. The preserved characteristics of tsu-
nami deposits may be affected by local conditions. In the 
future, the environmental selectivity of each geochemical 
proxy should be elucidated on the basis of multiple analy-
ses of single sediment cores.

Geochemical characteristics of invisible tsunami deposits
Non-visible evidence of a tsunami is useful for both re-
estimation of inundation limits and correct reconstruc-
tion of tsunami recurrence intervals. Even if a tsunami 
has occurred, a tsunami deposit may not have been gen-
erated: for example, small tsunamis cannot transport 
large amounts of sediment, and a tsunami cannot leave 
a sandy tsunami deposit if there is no source of sand. 
Detection of such invisible tsunami evidence can allow 
reconstruction of the accurate tsunami history for a spe-
cific area.

Geochemical work has been carried out on invisible 
tsunami deposits for recent tsunamis: the 2011 Tohoku-
oki tsunami (Goto et al. 2011; Chagué-Goff et al. 2012a) 
and the 2010 Maule tsunami (Chagué-Goff et  al. 2015). 
In addition, Watanabe et  al. (2020) carried out inor-
ganic analysis and mentioned the possibility of apply-
ing geochemical proxies (e.g., the Na/Ti ratio) to detect 
muddy tsunami deposits close to the limit of inundation. 
However, detection of geochemical evidence near the 
inundation limit is difficult because the contribution of 
terrestrial materials increases inland.

Although few invisible records from historical and pre-
historic tsunami deposits have been documented, some 
recent studies described the geochemical characteristics 
of historical and prehistoric tsunamis in the absence of 
sedimentary evidence and in areas beyond sandy tsunami 
deposits (Judd et  al. 2017; Moreira et  al. 2017; Chagué 
et  al. 2020). In addition, use of computed tomography 
(CT) images and grain-size analysis allowed identification 
of three historical tsunami deposits in southeastern Hok-
kaido, Japan (Shinozaki et al. 2020). These tsunamis were 
recorded in historical documents but had not previously 
been detected in the geological record. Moreover, one of 
these tsunami deposits had distinctive geochemical char-
acteristics: the concentration of Ca2+, which is a major 
component of seawater, decreased downward through 
a tsunami deposit layer and increased beneath the layer. 
This Ca2+ distribution may have formed because seawa-
ter components can penetrate a sandy tsunami deposit, 
owing to its porosity being higher than that of a muddy 
layer, and thus became concentrated beneath the tsunami 
deposits. This pattern has also been observed in terres-
trial regions (e.g., Chagué-Goff et  al. 2012b; Shinozaki 
et al. 2016). Although it should be noted that Shinozaki 
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et  al. (2020) detected invisible tsunami deposits on the 
basis of CT images and grain-size distribution, not geo-
chemical data, the fact that geochemical trends relevant 
to tsunami deposits were observed mean that such trends 
could be applied to identify invisible tsunami deposits.

However, distinctive geochemical evidence was not 
detected from the other two historical tsunami deposits 
(Shinozaki et  al. 2020). Preservation potential does not 
seem to be not a factor, because evidence was detected 
from the deepest event layer of the three, i.e., from the 
oldest tsunami event. Although the amount of seawa-
ter carried by a tsunami may influence the geochemical 
characteristics, the specific factors involved are unclear. 
Geochemical characteristics, in this case seawater com-
ponents, are considered to be a useful tool in tsunami 
research; however, a good understanding of their behav-
ior based on an accumulation of case studies is required.

Because deposits left by paleo-tsunami events may have 
been affected by disturbance from plant roots or contam-
ination by terrestrial organic matter, which may destroy 
geochemical evidence, improved means of finding invis-
ible evidence effectively are necessary. In the future, these 
proxies could be applied to reveal the detailed distribu-
tion of non-obvious deposits from paleo-tsunami events. 
Continued research may find additional examples of per-
sistent proxies. The important point is that our under-
standing of geochemical characteristics has improved for 
both recent and paleo-tsunami deposits.

Handling of data from core scanners
An X-ray fluorescence (XRF) core scanner can be applied 
to identify tsunami and storm deposits (e.g., Judd et  al. 
2017; Moreira et  al. 2017; Chagué et  al. 2018, 2020; 
Pouzet et  al. 2018; Avşar 2019). Core scanners have the 
advantages that analysis can be performed without sam-
ple destruction and large amounts of data can easily be 
obtained in high resolution (1–2 mm thickness).

Although the XRF core scanner is a markedly useful 
method for sediment cores, factors such as water con-
tent, amount of organic matter, grain-size variation, and 
surface roughness can influence XRF measurements 
(Croudace et al. 2006; Böning et al. 2007; Tjallingii et al. 
2007; Hennekam and de Lange 2012; Chawchai et  al. 
2016). The effects of sample inhomogeneity and surface 
roughness are particularly pronounced for sediment con-
taining abundant particles of medium to coarse sand size 
(Richter et  al. 2006). For example, Jansen et  al. (1998) 
reported that heterogeneities caused by water content, 
porosity, grain-size variation, and surface roughness led 
to bias in the scanner data, which are commonly of the 
order of ~ 200 counts per second (cps), at the 2000 cps 
level. Core samples of tsunami deposits have rough sur-
faces because they commonly contain sand particles, 

shell fragments, and undecomposed plant fragments, 
meaning that the effect of sample inhomogeneity can be 
particularly pronounced. Moreover, lighter elements, for 
example Ca, that emit fluorescence at lower intensities 
with more scatter are more sensitive to sample heteroge-
neity than are heavier elements that emit relatively high 
fluorescence intensities with less scatter (Richter et  al. 
2006; Weltje and Tjallingii 2008; Chawchai et al. 2016). In 
tsunami research, Ca is an important element because it 
is a proxy of seawater or carbonate; therefore, the effect 
of surface roughness on XRF measurements should be 
considered.

If analysis is conducted with a core scanner, the corre-
lation between XRF data from the core scanner and con-
ventional XRF data obtained from analysis of individual 
layers must be assessed. Chagué et  al. (2020) applied 
inductively coupled plasma atomic emission spectrom-
etry (ICP-AES) and ICP mass spectrometry (ICP-MS) to 
analyze several elements in specific layers, in addition to 
performing a high-resolution continuous XRF core scan. 
Although they did not attempt to quantify the core scan 
data based on the ICP-AES and ICP-MS data, nor did 
they attempt to verify those data, their study is valuable 
because comparison of scan data and conventional data 
for individual layers was possible. Although Chagué-Goff 
et  al. (2012a) did not use a core scanner, they reported 
that measurements of water-leachable chloride and sul-
fate obtained with a portable XRF unit were strongly cor-
related with those from ion chromatography. For the case 
of sea-bottom sediment, Hennekam and de Lange (2012) 
compared XRF scanning data with two conventional 
methods, XRF with beads and ICP optical emission spec-
trometry (ICP-OES). The XRF scan data were reasonably 
consistent with those obtained from conventional meth-
ods for most elements, although deviations occurred in 
layers attributed to major paleoceanographic events. The 
deviations appear to have been related to the water con-
tent and distribution. In the future, such comparative 
research on heterogeneous core sediments (including 
sandy tsunami deposits, organic materials, and shell frag-
ments) should be conducted.

Offshore environmental impacts
Research on offshore tsunami deposits is rare because of 
the difficulty in collecting cores and identifying tsunami 
deposits. Even so, some studies were conducted after the 
2004 Indian Ocean tsunami (e.g., Srinivasalu et al. 2010; 
Sakuna et al. 2012) and the 2011 Tohoku-oki event (e.g., 
Ikehara et  al. 2014; Toyofuku et  al. 2014). There have 
been no recent studies (after the review of Chagué-Goff 
et  al. 2017) considering the geochemical characteristics 
of offshore tsunami deposits. However, there has been 
some research on the application of geochemistry to 
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oceanic environments, which can reveal the offshore geo-
chemical behavior of tsunami events. This research can 
help to elucidate the geochemical characteristics of off-
shore tsunami deposits.

Nakamura et al. (2018) reported on the concentrations 
of oil and hydrocarbons in seabed sediments derived 
from tsunami-spilled oil in Kesennuma Bay, northeastern 
Japan. They collected sediment samples at 40 sites from 
2012 to 2014. High concentrations of n-hexane extract, 
total petroleum hydrocarbons, and polycyclic aromatic 
hydrocarbons derived from spilled oil were detected. 
Moreover, they reported that approximately 13% of the 
amount of spilled oil was still present in the sediment 
of Kesennuma Bay in December 2014. Although that 
study focused on marine pollution, rather than tsunami 
research, the distribution of oil-derived hydrocarbons 
can be useful for understanding offshore tsunami depos-
its. Moreover, organic geochemistry may be applicable to 
offshore paleo-tsunami deposits given the high preserva-
tion potential of biomarkers and anthropogenic markers 
(Shinozaki et al. 2015; Bellanova et al. 2020a, b).

Ota et  al. (2019) reported the sedimentary data and 
geochemical properties (total organic carbon, total nitro-
gen, total sulfur, and trace elements) of seafloor sedi-
ment collected in Matsushima Bay, northeastern Japan. 
They compared sediment data obtained before the 2011 
Tohoku-oki tsunami and over a 5-year period after the 
tsunami. They found that the correlation between total 
organic carbon and total nitrogen contents increased 
after the tsunami, suggesting the occurrence of resuspen-
sion and mixing of organic matter in the surface sedi-
ments by the tsunami. The trace-element compositions of 
the sedimentary core samples suggest few or no changes 
in the sediment sources from before to after the tsunami. 
This study is notable because they compared seafloor 
sediments before and after the tsunami event. Moreover, 
they tracked the post-tsunami restoration behavior by 
measuring temporal changes.

Recent offshore research has focused on marine envi-
ronmental changes rather than the characteristics of 
offshore tsunami deposits. As with research on environ-
mental impacts onshore, understanding of marine envi-
ronmental changes caused by tsunami events can be 
applied to identify tsunami deposits within seafloor sedi-
ment. The focus of onshore tsunami research is typically 
within the inundation area because the influence of sea-
water incursion is limited to that area. In contrast, in off-
shore areas, materials of terrestrial origin (particles and 
dissolved materials) transported from the land to the sea 
by backwash can spread in the oceanic area. Therefore, 
coring at several points within a broad area is desirable to 
understand oceanic environmental changes, even though 
such surveys are more difficult than those conducted 

onshore. However, offshore research also has advan-
tages. Surface onshore sediments in coastal areas may be 
lost by land development or cannot be drilled; in addi-
tion, tsunami deposits formed by recent tsunamis may 
be removed as part of remediation. In contrast, humans 
do not generally remove tsunami-derived sediment in 
marine areas because it is not practicable. Although well-
preserved locations with an absence of bioturbation are 
necessary for studies of offshore tsunami deposits, devel-
opment of such offshore research is desirable.

Advances in tsunami geochemistry
Although continued studies of the geochemical char-
acteristics of modern and paleo-tsunami deposits are 
important, other approaches in addition to case studies 
are required to solve the problems in tsunami geochem-
istry described above. This section describes the types 
of research that are required to achieve a deeper under-
standing of tsunami geochemistry.

Suitable proxies for identification of tsunami deposits
To find additional geochemical proxies that are suitable 
for identification of tsunami deposits, it is necessary to 
determine which substances can be preserved for a long 
time (on the order of 100–10,000 years) in the geological 
record. One approach is longitudinal studies that meas-
ure temporal changes of geochemical parameters in 
recent tsunami deposits, relying on organic, inorganic, 
and isotopic geochemistry as well as sedimentological 
features. It is also important to include meteorological 
data, because annual rainfall influences ground-water 
movement. Because meteoric water seriously affects 
the preservation of geochemical characteristics, tempo-
ral changes may differ in different climatic areas. Initial 
selection of study localities should be carried out care-
fully: because the aim of such research is to reveal the 
temporal changes of geochemical as well as sedimento-
logical characteristics, coastal areas with abandoned or 
waste land should be selected.

Another way to find suitable geochemical proxies is 
by carrying out geochemical analyses of paleo-tsunami 
deposits that are confidently identified on the basis of 
other evidence. High-resolution geochemical analysis of 
the paleo-tsunami deposit itself and the underlying and 
overlying soil is recommended. Geochemical evidence is 
sometimes sparse, especially in the case of organic geo-
chemistry, because the contribution of terrestrial organic 
matter is much larger than the marine input (Shinozaki 
et  al. 2015); therefore, evidence may be overlooked if 
analyses are conducted with low stratigraphic resolution. 
For example, Shinozaki et  al. (2020) conducted analy-
ses of water-leachable ions at 0.5-cm sampling intervals 
and proposed that characteristic Ca2+ distribution was 
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associated with tsunami incursion. If the analysis had 
been conducted with low resolution, this pattern might 
have been overlooked. Although appropriate sampling 
intervals depend on, for example, the sample type and 
sedimentation rate, studies that attempt to apply geo-
chemical proxies to unidentified event deposits at low 
resolution risk confusing natural differences in sediment 
composition with the geochemical effects of tsunamis. 
First, proxies with a high preservation potential should 
be sought in modern tsunami deposits; subsequently, 
they can be applied to paleo-tsunami deposits as well 
as the overlying and underlying soil. This procedure will 
ensure that suitable proxies for identification of tsunami 
deposits can be identified.

Infiltration experiments may be effective to understand 
the behavior of geochemical characteristics; specifically, 
the length of time that the influence of tsunami inunda-
tion persists and the kinds of proxies that are preserved. 
In reality, observation of the temporal changes of geo-
chemical characteristics is difficult because tsunami 
events are infrequent, and because tsunami deposits can 
be removed as part of restoration in many situations. 
Therefore, analogue experiments in which several fac-
tors are controlled (e.g., soil type, event deposit type, and 
amount of mixing of seawater and event deposits) are 
effective to understand geochemical characteristics. A 
simple example of an infiltration experiment is as follows 
(Fig. 3): first, standard soil that is similar in composition 
to that of the actual environment is prepared. Fundamen-
tal geochemical data are measured at various soil depths. 
After application of a known amount of sand and seawa-
ter spray, geochemical parameters are regularly measured 

at each depth at suitable time intervals. The results may 
reveal the temporal and spatial behavior of geochemi-
cal substances. Although this is just a simple case, more 
complex experiments could be conducted to assess the 
influence of specific features, such as a mud cap, rainfall, 
disturbance by vegetation, and different soil types. This 
type of study is best carried out in agricultural settings at 
the meter scale, allowing experimentation in the natural 
environment and incorporation of meteorological data.

Accurate reconstruction of inundation limits
Because geochemical characteristics can be detected in 
muddy tsunami deposits beyond the distribution limit of 
sandy tsunami deposits (Goto et  al. 2011; Chagué-Goff 
et al. 2012a), geochemical approaches could be applied to 
reconstruct tsunami inundation limits more accurately. 
Identification of muddy tsunami deposits in the sedimen-
tary record is still difficult, although some recent studies 
have reported invisible tsunami deposits on the basis of 
multi-proxy evidence (Judd et  al. 2017; Shinozaki et  al. 
2020). First, to apply geochemistry to a muddy tsunami 
deposit, modern tsunami deposits and proxies with good 
preservation potential should be considered. Various 
geochemical proxies should be measured to identify the 
geochemical characteristics of muddy tsunami deposits. 
When applying organic geochemical proxies, such as the 
carbon/nitrogen (C/N) ratio and biomarkers, careful ana-
lytical technique is important. Because tsunami depos-
its contain mixtures of terrestrial and marine organic 
matter, the contribution of terrestrial material typi-
cally exceeds the marine contribution (Shinozaki et  al. 
2016), and marine organic matter may be masked by the 

standard soil

 Preparation of soil Add mixture of seawater 
and sand-Soil deposited under normal 

conditions should be used -Samples should be obtained from 
several layers at specific times 
(e.g., 0, 10, and 30 days) to reveal 
temporal changes

-Soil chemical composition 
should be measured as a 
baseline

-Chemical composition of the 
mixture should be measured 
before addition 

Mixture of 
standard 
saltwater and 
sand

Sand layer

Saltwater 
penetration 

Deposition of sand 
and penetration of 
saltwater

Obtain measurements in specific 
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Fig. 3  A simple example of an infiltration experiment. The dark color in c and d indicates penetration of the soil column by saltwater. Black arrows 
in d indicate sampling points
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relatively large terrestrial component. Better results may 
be obtained after pretreating samples, for example by 
picking out plant fragments under a microscope or filter-
ing while avoiding organic contamination.

Geochemistry should be applied to paleo-tsunami 
deposits after further geochemical analyses of modern 
tsunami deposits, such as sampling on transects across 
coastlines and collecting sediment beyond the limit of 
sandy tsunami deposits in selected locations (Fig.  4). In 
high-resolution analysis of the depth distributions of geo-
chemical substances, distinctive values may represent an 
incursion of seawater (Fig. 4). Although such work will be 
difficult, accurate reconstruction of inundation areas will 
support improved estimates of the magnitudes of tsuna-
mis and tsunami-generated earthquakes.

Multidisciplinary research
In the future, multidisciplinary research will be 
required for deeper understanding of the geochemi-
cal behavior of tsunami deposits. Pedology may reveal 
where inundated seawater components become con-
centrated. In general, soil particles that are negatively 
charged bind cations (such as Ca2+, Mg2+, K+, Na+, 
and NH4

+), and the amount of cations they can retain 
(the cation exchange capacity) is greater in clay- and 

organic-rich soil than in sand-rich and organic-poor 
soil (Parfitt et al. 1995; Robertson et al. 1999). Previous 
studies of tsunami deposits have shown that cations 
derived from seawater are concentrated in finer-grained 
and organic-rich layers, not in sandy tsunami deposits 
(Chagué-Goff et al. 2012b; Shinozaki et al. 2016). Biol-
ogy may be able to clarify the influence of bioturbation 
on the preservation potential of substances that may 
serve as tsunami deposit proxies; thus, understanding 
the influence of bioturbation and decomposition is cru-
cial. In addition, information is needed on how specific 
compounds, such as biomarkers and DNA, may be pre-
served. Hydrology may clarify ground-water movement 
in various soil types. Because geochemical characteris-
tics can be diluted by meteoric water (e.g., Szczuciński 
et  al. 2007), knowledge of ground-water movement is 
important for understanding the preservation of geo-
chemical substances.

In tsunami research, geochemistry is one approach 
that can be applied to identify tsunami deposits; how-
ever, input from different research fields is necessary 
to interpret the behavior of geochemical substances. 
Researchers on tsunami geochemistry should seek col-
laborators from other research fields; this is a “royal 
road” to understanding geochemical behavior.

Inundation limit estimated from 
tsunami deposits
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geochemical characteristics
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Fig. 4  Conceptual scheme of the results of a geochemical analysis of core sediments obtained along a transect across a coastline. The inundation 
limit estimated from the distribution of visible (sandy) tsunami deposits is at Core C, whereas the limit is placed further inland (Core D) if 
geochemical characteristics are considered
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Conclusions
To date, the geochemical approach has been an effective 
tool in research on tsunami deposits, especially in iden-
tifying proxies for tsunami deposits. Recent studies have 
gradually increased our knowledge of the geochemical 
characteristics of tsunami deposits, and have also made 
clear that some serious problems exist. Merely conduct-
ing geochemical analyses on tsunami deposits is insuffi-
cient, and the discipline of tsunami geochemistry will be 
hampered the longer these problems are not addressed. 
Conversely, the study of tsunami geochemistry will be 
strengthened if evidence of tsunami inundation by means 
of geochemical proxies and accurate reconstruction of 
tsunami inundation areas can be achieved. Recent studies 
have identified proxies with high preservation potential, 
both organic and inorganic. Moreover, geochemical evi-
dence can sometimes be obtained from invisible tsunami 
deposits. Tsunami geochemistry is a young specialty; 
therefore, it is natural that the field is experiencing some 
issues. It is important to keep addressing these issues in a 
careful manner.

Continuing to describe the geochemical characteristics 
of tsunami deposits is vital. In addition to this fundamen-
tal analysis, investigation of the geochemical behavior 
and preservation potential of more substances is neces-
sary. Both positive and negative results are valuable and 
should be reported. Researchers in related fields may be 
able to add insights, and there may be improvements in 
analytical techniques. Tsunami geochemistry, which is 
a young research field, requires further accumulation of 
knowledge for future development.
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