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A B S T R A C T

Organic geochemical indicators have proven suitable to identify and characterize deposits of recent tsunamis, 
such as the 2011 CE Tōhoku-oki event, providing insights into erosional and transport processes of marine and 
terrestrial sediment inland (inundation) and offshore (backwash). However, lipid biomarkers have rarely been 
applied to historic and paleotsunami archives. We review lipid biomarkers suitable for paleotsunami research 
and present a case study using a targeted multi-compound approach on a geoslicer core from the Maita River 
Valley at Noda (Iwate Prefecture, Japan). At this site four paleotsunami deposits have previously been docu
mented. In the analyzed samples, we quantified homologous series (n-alkanes, n-aldehydes, fatty acids), iso
prenoids (pristane, phytane), terpenoids, diagenetically stable compounds (steranes, hopanes), and evaluated 
diagnostic ratios.

All four paleotsunami sand layers show a coherent marine fingerprint relative to background sediment. This 
fingerprint is expressed by enrichment of short-chain homologues, C27 steranes and reduced C29/C27 sterane 
ratios, low pristane/phytane (≤0.7) with aquatic-sources clustering in the pristane/n-C17 vs phytane/n-C18 cross- 
plot, and lower sterane/hopane ratios. Terrigenous inputs are suppressed (lower long-chain homologues and TAR 
indices), while elevated OEP, CPI, and EOP ratios indicate rapid burial of relatively fresh plant waxes co- 
transported during inundation.

These results demonstrate that lipid biomarkers preserve paleotsunami signatures for millennia and can refine 
source allocation, sediment transport pathways, and complement sedimentological approaches, by character
izing and reconstructing the inundation of paleotsunamis. Such multi-compound lipid biomarker approaches 
enable more robust paleotsunami detection and improve constraints for regional tsunami-hazard assessments.

1. Introduction

Paleotsunami research is an important cornerstone of coastal hazard 
assessment because it extends records of tsunamigenic events beyond 
the instrumental and historical periods. By identifying and character
izing event deposits preserved in Holocene strata, we can constrain 
recurrence intervals and the range of plausible magnitudes for past 

tsunamis. Over the last three decades, contemporary tsunamis, most 
notably the 2004 CE Indian Ocean and 2011 CE Tōhoku-oki events, have 
transformed the research field, refining our understanding of syn- and 
post-tsunami processes, including hydrodynamics, erosion, transport, 
deposition, and preservation (e.g., Goto et al., 2011, 2014; Jagodziński 
et al., 2012; Richmond et al., 2012). Parallel advances in the detection of 
telltale geochemical signatures have improved identification and 
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characterization of tsunami deposits in sedimentary records (e.g., 
Chagué-Goff et al., 2011, 2012; Shinozaki et al., 2015; Szczuciński et al., 
2016; Bellanova et al., 2020, 2021). At the same time, advances in 
tsunami modeling (e.g., Sugawara, 2021) and improvements in hazard 
assessments and coastal defenses by learning from the underestimation 
of recent events (e.g., Goto et al., 2011; Bernard, 2012; Suppasri et al., 
2016), have transformed our ability to reconstruct past tsunamis and 
significantly improved our understanding of tsunami hazards 
worldwide.

Since the 2011 Tōhoku-oki tsunami, a multitude of new approaches 
and methodological tools that complement sedimentological in
vestigations have been developed, such as sediment ancient and envi
ronmental DNA investigations (e.g., Hiraoka et al., 2016; Szczuciński 
et al., 2016; Yap et al., 2021, 2023; Shinozaki et al., 2025) and 
organic marker analyses (e.g., Alpar et al., 2012; Mathes-Schmidt et al., 
2013; Shinozaki et al., 2015; Bellanova et al., 2020). Investigations of 
organic geochemical compounds, both lipid biomarkers (e.g., Shinozaki 
et al., 2015, 2016, 2022; Bellanova et al., 2020, 2021; Konechnaya et al., 
2022) and organic pollutants (e.g., Bellanova et al., 2020, 2021; Frenken 
et al., 2022a, 2022b) from 2011 Tōhoku-oki tsunami deposits were 
fruitful. Biomarkers have proven to be a comprehensive tool providing 
insights into transport processes based on the source specificity of in
dividual lipid compounds (Alpar et al., 2012; Shinozaki et al., 2015, 
2022; Bellanova et al., 2021), providing environmental (e.g., Frenken 
et al., 2022a; Bellanova et al., 2023) and pollution information 
(Mizukawa et al., 2017; Frenken et al., 2022b) on tsunami sediments, 
and allowing detection of ‘invisible’ tsunami deposits beyond the sand 
limit (Bellanova et al., 2021; Shinozaki et al., 2022; Komeiji et al., 
2025). They have helped refine inundation limits where sedimentolog
ical criteria are ambiguous (e.g., Shinozaki et al., 2015, 2022; Bellanova 
et al., 2020, 2021), thus constituting a promising approach for future 
tsunami research (e.g., Shinozaki et al., 2015; Bellanova et al., 2020). 
Nevertheless, organic geochemical markers have predominantly been 
applied to deposits of recent or contemporary tsunami sediments and 
have been used only rarely in studies of known historic or paleotsunami 
deposits (e.g., Alpar et al., 2012; Ünlü et al., 2012; Mathes-Schmidt 
et al., 2013; Bellanova et al., 2023; Komeiji et al., 2025). This study 
aims to compile a database of suitable lipid biomarkers for paleotsunami 
research, review their environmental information value and limitations, 
explore additional diagnostic lipid biomarker proxies and ratios, and 
provide a case study example of their application to paleotsunami de
posits from the Maita River Valley in Noda (Iwate Prefecture, Japan).

2. Biomarker proxies for paleotsunamis: current state of 
knowledge

Traditionally, identification of paleotsunami deposits in coastal 
lowlands depends largely on the presence and distribution of sand 
sheets. While this approach has proven successful for identifying pale
otsunami deposits in the past, it was also affected by shortcomings. 
These include the possibility that sand sheets do not represent the 
maximum inundation extent (e.g., Goto et al., 2011; Chagué-Goff et al., 
2012; Sugawara et al., 2012), the reliance and limitation to visual 
recognition (e.g., Chagué-Goff et al., 2012, 2015; Judd et al., 2017; 
Bellanova et al., 2021), restricted insights into processes by a 
stand-alone proxy (e.g., Kortekaas and Dawson, 2007; Chagué-Goff, 
2010; Chagué-Goff et al., 2017), and uncertainties related to the pres
ervation, recovery potential and post-depositional changes of thin de
posits (e.g., Spiske et al., 2013, 2020; Chagué-Goff et al., 2015, 2017). 
These limitations can lead to misconceptions about the magnitude of 
paleotsunami events and the subsequent underestimation of the hazard 
potential (Goto et al., 2011; Bernard, 2012; Sugawara et al., 2012). This 
is especially true for the Japanese coastline prior to the 2011 Tōhoku-oki 
tsunami, where the hazard assessment was based on the 869 CE Jōgan 
tsunami (e.g., Satake, 2008; Namegaya et al., 2010; Sugawara et al., 
2012). While the 869 CE Jōgan and 2011 Tōhoku-oki tsunamis are 

comparable, they possess notable differences in their sediment distri
bution (Goto et al., 2011; Namegaya and Satake, 2014). This is partially 
a function of erodable/transportable sedimentary material available at 
source areas (e.g., nearshore offshore, beach, dunes, backshore). Studies 
after the 2011 Tōhoku-oki tsunami showed that mud associated with 
deposits commonly reached significantly farther inland than sand, 
implying earlier inundation limits for the Jōgan event were likely 
underestimated (Goto et al., 2011; Chagué-Goff et al., 2012; Sugawara 
et al., 2012; Namegaya and Satake, 2014).

These ‘invisible’ muddy deposits, often visually indistinct from the 
underlying soil or peat, necessitate more sensitive proxies. This has 
driven the development of geochemical fingerprinting to identify 
allochthonous material, even in the absence of clear visual evidence 
(Chagué-Goff, 2010; Chagué-Goff et al., 2011). Among these, organic 
lipid biomarkers have emerged as a particularly powerful tool for 
tracing tsunami deposits in the sedimentary record (Shinozaki et al., 
2015; Bellanova et al., 2020, 2021). Early studies pioneered the appli
cation of lipid biomarkers (e.g., Alpar et al., 2012; Ünlü et al., 2012; 
Mathes-Schmidt et al., 2013), however, the first comprehensive 
biomarker study on modern tsunami deposits by Shinozaki et al. (2015)
influenced the establishment and advancement of this approach for 
tsunami research.

Initial geochemical approaches often rely on bulk proxies, such as 
total organic carbon (TOC) or loss-on-ignition (LOI), C/N ratios, and 
stable carbon (δ13C) and nitrogen (δ15N) isotopes. These are effective for 
distinguishing between bulk terrestrial (C3 plant) and marine (phyto
plankton) organic matter sources (e.g., Chagué-Goff et al., 2012; 
Pilarczyk et al., 2012; Shinozaki et al., 2016). However, molecular lipid 
biomarkers offer greater specificity. The most widely used organic 
compounds in tsunami research are homologous series such as n-al
kanes, fatty acids, or n-aldehydes (Table 1). Long-chained homologues 
of n-alkanes (C26–C35), fatty acids (C22:0–C32:0), and n-aldehydes 
(C24–C32) are derived from terrestrial plant waxes (e.g., Eglinton and 
Hamilton, 1967; Meyers, 1997). In contrast, the short-chain homo
logue counterparts of n-alkanes (C11–C21), fatty acids (C14:0–C18:0), and 
n-aldehydes (C16–C22) are ubiquitous in the environment (algae, bac
teria; e.g., Meyers and Ishiwatari, 1993; Volkman et al., 1998; Meyers, 
2003) but are generally associated with input of marine organic mat
ter (e.g., Meyers, 1997; Budge and Parrish, 1998). Ratios between these 
groups, such as the terrigenous-to-aquatic ratio for n-alkanes (TARALK) 
or fatty acids (TARFA) (Table 1), serve as distinctive and quantitative 
indicators of allochthonous marine input by a tsunami in a terrestrial 
environment (Bellanova et al., 2020; Konechnaya et al., 2022). Occa
sionally, other diagnostic ratios of these homologous lipid biomarker 
classes have been used, including the odd-even predominance (OEPALK, 
EOPALD; Bellanova et al., 2020, 2023), carbon preference index (CPIALK; 
Bellanova et al., 2020, 2023), and aquatic plant proxy (Paq; Gaffney 
et al., 2020).

Sterols are another group of lipid biomarkers applied across different 
tsunami studies (Alpar et al., 2012; Shinozaki et al., 2015; Konechnaya 
et al., 2022, Table 1). C27 sterols (e.g., cholesterol) are characteristic of 
marine fauna (zooplankton), whereas C28 sterols (e.g., brassicasterol) 
trace marine and aquatic phytoplankton (diatoms, haptophytes), and 
C29 sterols (e.g., β-sitosterol, stigmasterol) are dominant in terrestrial 
higher plants (e.g., Volkman, 1986, 2003; Volkman et al., 1998). The 
C29/C27 sterol ratio is a robust proxy for marine vs. terrestrial input 
(Volkman, 1986). Other, more source-specific biomarkers have been 
successfully applied, such as sesquiterpenes (e.g., isolongifolene) used to 
trace organic matter from coastal pine forests (Pinus thunbergii) eroded 
by the 2011 Tōhoku-oki tsunami (Shinozaki et al., 2022). Biomarkers 
with marine source specificity, such as alkenones produced by coccoli
thophores (Komeiji et al., 2025) or marine sterols (e.g., dinosterol; Alpar 
et al., 2012; Shinozaki et al., 2015), have been applied with mixed re
sults. Particularly, alkenones are rarely detected in tsunami deposits due 
to degradation or low concentrations (Shinozaki et al., 2015).

In contrast, steranes and hopanes, the diagenetic products of sterols 
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Table 1 
Biomarker proxies used in tsunami research with typical sources/indications and example references.

Class Specific Compound Source/Indication Examples

n-alkanes short-chain n-alkanes 
C15, C17, C19

ubiquitous in nature from algae and bacteria, general indicator for marine/ 
freshwater aquatic matter input from marine and freshwater sources

Alpar et al. (2012)
Ünlü et al. (2012)
Shinozaki et al. 
(2015, 2022)
Bellanova et al. 
(2021, 2023)
Frenken et al. 
(2022a)
Komeiji et al. 
(2025)

long-chain n-alkanes 
C27, C29, C31

unambiguous indicator of land-derived organic matter, general indicator for 
epicuticular waxes of terrestrial higher plants

Alpar et al. (2012)
Ünlü et al. (2012)
Shinozaki et al. 
(2015, 2022)
Bellanova et al. 
(2021, 2023)
Frenken et al. 
(2022a)

TARALK (terrigenous to aquatic ratio) ratio of long-chain to short-chain n-alkanes quantifying terrestrial vs. aquatic input Bellanova et al. 
(2020, 2023)
Frenken et al. 
(2022a)

OEPALK (odd-even predominance) the odd-over-even predominance of n-alkanes where high values indicate fresh 
higher-plant wax input and low values indicate microbial or degraded OM

Bellanova et al. 
(2020, 2023)

CPIALK (carbon preference index) odd/even index for n-alkanes where high values indicate recent higher-plant waxes 
and low values mature or strongly reworked organic matter

Bellanova et al. 
(2020, 2023)

aquatic plant proxy (Paq) calculated as (nC23 + nC25)/(nC23 + nC25 + nC29 + nC31), high values indicate 
submerged/floating macrophyte input relative to emergent/terrestrial plants

Gaffney et al. 
(2020)

isoprenoids pristane (C19H40), phytane (C20H42) diagenetic products of phytoplanktonic chlorophyll indicating marine primary 
productivity

Alpar et al. (2012)
Ünlü et al. (2012)
Shinozaki et al. 
(2015)

pristane/phytane ratio (pr/ph) indicator of depositional redox conditions Alpar et al. (2012)
Bellanova et al. 
(2023)

pr/n-C17 vs. ph/n-C18 ratio diagnostic ratio indicating with low values fresh organic matter and with high 
values algal/bacterial organic matter and/or biodegradation

Bellanova et al. 
(2023)

C27-, C28- and C29- 
sterol homologues

C27 sterols (cholersterol) indicator of marine faunal organic matter of zooplankton and marine invertebrates Shinozaki et al. 
(2015)
Konechnaya et al. 
(2022)

C28 sterols (brassicasterol) Originating from microalgal (diatoms/haptophytes) sources, indicating marine 
phytoplankton organic matter

Alpar et al. (2012)
Shinozaki et al. 
(2015)

C29 sterols/phytosterols (β-sitosterol, 
stigmasterol)

unambiguous indicator of terrestrial organic matter from higher land plants Shinozaki et al. 
(2022)

C29/C27 sterol ratio ratio of terrestrial (C29) to marine-associated (C27) sterols Konechnaya et al. 
(2022)

other marine sterols (dinosterol) dinosterol is an indicator of marine organic matter input from dinoflagellates Alpar et al. (2012)
Shinozaki et al. 
(2015)

hopanes biohopanes 
∑

C29-C35 immature biohopanes (C29-C35) are linked to a biological synthesis by bacteria or 
plants

Bellanova et al. 
(2023)

TS/TM ratio ratio of C27 18α (H)-trisnorneohopane (TS) to C27 17α (H)-trisnorhopane) (TM) is 
sensitive to the depositional environment and the organic matter source

Bellanova et al. 
(2023)

steranes C27 steranes C27 homologues indicate marine algae/zooplankton sources Bellanova et al. 
(2023)

C28 steranes C28 homologues indicate algae and fungi often from lagoonal environments Bellanova et al. 
(2023)

C29 steranes C29 homologues indicate higher-plant (terrestrial) inputs Bellanova et al. 
(2023)

S/H ratio (sterane/hopane) diagnostic ratio indicating with higher S/H values eukaryotic contribution and with 
lower values bacterial input of organic matter

Bellanova et al. 
(2023)

fatty acids short-chain fatty acids (SCFA C11:0-C18:0) general indicator of aquatic organic matter from algae and bacteria Alpar et al. (2012)
Konechnaya et al. 
(2022)

long-chain fatty acids (LCFA C22:0-C32:0) indicator of land-derived organic matter originating from terrestrial plant waxes Alpar et al. (2012)
polyunsaturated fatty acids (PUFAs) can be specific to certain algal groups and planktic organisms Alpar et al. (2012)
C16:1/C16:0 FA ratio diatom/algal indicator with elevated values reflecting diatom-rich inputs (note: 

ratios often decrease during settling/early diagenesis)
Alpar et al. (2012)
Ünlü et al. (2012)

∑
C16/

∑
C18 FA ratio relative abundance of C16 vs C18 fatty acids reflects algal/diatom/bacterial inputs 

with high values and terrestrial/macrophyte inputs with low values
Alpar et al. (2012)

marine fatty acids & ratios (22:5ω3/20:5ω3; 
20:1 + 22:1; 18:2ω6 & 18:3ω3)

marine fatty acids and ratios reflect plankton (zooplankton) and is useful to 
contrast marine (green algae) to terrestrial-macrophyte inputs

Alpar et al. (2012)
Ünlü et al. (2012)

(continued on next page)
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and bacteriohopanepolyols, respectively, are exceptionally stable (e.g., 
Peters et al., 2005). Their distributions (e.g., C27–C29 steranes) can 
preserve the source information of their precursors long after the orig
inal sterols have degraded (Bellanova et al., 2023). Specifically, the 
sterane/hopane (S/H) ratio increases with eukaryotic contributions 
(lower values indicate bacterial dominance; Gonçalves, 2002; Sepúlveda 
et al., 2009), while the hopane isomer ratio Ts/Tm is sensitive to 
depositional environment and organic-matter source (Table 1; Peters 
and Moldowan, 1993). In combination, these ratios help discriminate 
marine-influenced tsunami layers from terrestrial background units 
(Bellanova et al., 2023). Similarly, isoprenoids like pristane and 
phytane, diagenetic products of chlorophyll, can provide insights into 
both marine incursions and paleo-redox conditions (pr/ph ratio) 
(Table 1; Alpar et al., 2012; Bellanova et al., 2023).

Overall, organic lipid biomarkers have emerged as powerful, source- 
diagnostic tools that complement sedimentological approaches in 
identifying tsunami deposits and reconstructing inundation, transport 
pathways, and sediment provenance. Biomarkers have been over
whelmingly validated on modern tsunami deposits, particularly those 

from the 2011 Tōhoku-oki event (Shinozaki et al., 2015, 2022; 
Bellanova et al., 2020, 2021; Frenken et al., 2022a; Konechnaya et al., 
2022). Despite the rich paleotsunami archive along the Japanese 
coast, the application of lipid biomarkers to paleotsunami records in 
Japan (e.g., Komeiji et al., 2025) remains limited. This is also the case in 
other coastal zones with known paleotsunami records (e.g., Alpar et al., 
2012; Ünlü et al., 2012; Mathes-Schmidt et al., 2013).

3. Case study area and methodology

3.1. Study area

The study area is located in the Maita River Valley (Fig. 1), south of 
Noda Village (Iwate Prefecture) on the northern Sanriku coast (Japan). 
In contrast to the well-studied historic and paleotsunami records of the 
Sendai and Ishinomaki plains (e.g., Minoura and Nakaya, 1991; Minoura 
et al., 2001; Sugawara et al., 2001, 2012, 2013; Sawai, 2007; Sawai 
et al., 2008, 2012, 2015; Shishikura, 2007; Satake, 2008; Namegaya 
et al., 2010), the Sanriku coast exhibits limited written tsunami 

Table 1 (continued )

Class Specific Compound Source/Indication Examples

TARFA (terrigenous to aquatic ratio) ratio of long-chain to short-chain fatty acids reflects input of terrestrial organic 
matter (high values)

Konechnaya et al. 
(2022)

terpenoids sesquiterpenes (isolongifolene/longifolene) indicator used to trace inundation in coastal pine forests (e.g., Pinus thunbergii) Shinozaki et al. 
(2022)

triterpenes (squalene, des-A-lupane) triterpenoids are plant-derived tracing terrestrial vegetation Alpar et al. (2012)
Komeiji et al. 
(2025)

diterpenes (sclareoloxide) diterpenes generally suggest vegetation/resin input, this specific compound is an 
oxidation product of the plant diterpene sclareol

Komeiji et al. 
(2025)

other terpenoids (1-oxaspiro[2.5]octane 
5,5-dimethyl-4-(3-methyl-1, 3-butadienyl)- 
)

spiro-terpenoids tentatively assigned as plant-derived is an emerging marker with 
still-developing source specificity

Komeiji et al. 
(2025)

alkenones alkenones (C37 unsaturated ketones) marine indicator produced by certain marine algae (coccolithophores); 
rarely detected in tsunami deposits due to degradation or low concentrations

Shinozaki et al. 
(2015)
Komeiji et al. 
(2025)

n-aldehydes long-chain aldehydes (C24-C32) indicator for soil erosion and redeposition originating from plant waxes Bellanova et al. 
(2020, 2023)
Frenken et al. 
(2022a)

short-chain aldehydes (C16-C22) indicator for marine/aquatic organic matter from algae or microbial activity Konechnaya et al. 
(2022)

EOPALD (even-to-odd predominance) calculated as (
∑

nC24-nC32)/(
∑

nC23-nC31), the even-over-odd-dominance of n- 
aldehydes (EOPALD) indicates with high values leaf-wax-derived organic matter and 
with low values secondary or diagenetic origin

Frenken et al. 
(2022a)

TARALD (terrigenous to aquatic ratio) calculated as (
∑

nC22-nC24)/(
∑

nC16-nC18), the TARALD indicates with high values 
terrestrial plant-wax inputs relative to aquatic/algal input

Bellanova et al. 
(2023)

bulk proxies total organic carbon (TOC)/loss of ignition 
(LOI)

concentration of organic carbon, both TOC and LOI track organic matter content 
and help to separate different stratigraphies

Shinozaki et al. 
(2016, 2022)
Bellanova et al. 
(2019, 2023)
Frenken et al. 
(2022a)

C/N ratio ratio of carbon to nitrogen distinguishing terrestrial from marine organic matter Chagué-Goff et al. 
(2012)

δ13C stable carbon isotope ratio distinguishing terrestrial C3 plants from marine 
phytoplankton

Chagué-Goff et al. 
(2012)
Pilarczyk et al. 
(2012)
Shinozaki et al. 
(2016)

δ15N stable nitrogen isotope ratio providing information on nitrogen sources and trophic 
levels

Chagué-Goff et al. 
(2012)

novel proxies environmental DNA (eDNA) analysis of genetic material from organisms allows for high-resolution taxonomic 
identification providing environmental information

Szczuciński et al. 
(2016)
Hiraoka et al. 
(2016)
Yap et al. (2021, 
2023)
Shinozaki et al. 
(2025)
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records prior to the 1933 CE Shōwa Sanriku and 1896 CE Meiji Sanriku 
tsunamis (Inoue et al., 2017; Goto et al., 2021) and fewer paleotsunami 
studies. The earliest documented historical tsunami along the Sanriku 
coast is the 1611 CE Keichō Sanriku tsunami, which is described in 
written records (Tetsuka et al., 2021) and is also commemorated by a 
stone tablet in the town center of Miyako city. Historically 
well-documented in written records is the 1896 CE tsunami along the 
Sanriku coastline (e.g., Satake et al., 2017). Furthermore, the oldest 
tsunami monument close to the study area in Noda Village, located at a 
temple, states that a massive tsunami struck Noda Village in 1896 CE, 
causing extensive damage with 138 houses lost, 62 injuries, and 261 
fatalities (Geospatial Information Authority of Japan, 2025). Despite the 
limited written record, up to 12–14 historic and paleotsunami deposits 
during the past 4000 years are known from the Sanriku coast (e.g., Goto 
et al., 2015, 2019; Ishimura and Miyauchi, 2015; Takada et al., 2016; 
Inoue et al., 2017; Ishimura, 2017; Ishizawa et al., 2022). Recurrence 
intervals for tsunamis along the Sanriku coast vary between ~600 years 
(Sawai et al., 2015), ~400 years (Ishizawa et al., 2022), and 350–390 
years (Ishimura, 2017). However, as Inoue et al. (2017) point out, the 
Sanriku coast is disadvantaged for paleotsunami research, with low 

sedimentary potential and a lack of extensive coastal lowlands due to its 
mountainous and river-valley topography. This coastal setting with 
steeply incised ria coastlines can amplify tsunami wave heights and 
channel floodwaters far inland during extreme events (Inoue et al., 
2017).

The Maita area is a narrow valley opening eastwards to the Pacific 
Ocean (Fig. 1). The bed of the Maita River is up to ~5 m wide (Inoue 
et al., 2017) traversing through urban and agricultural areas of rice 
paddies. The present-day beach is composed mainly of gravel and sand 
(Inoue et al., 2017). Prior to the 2011 Tōhoku-oki tsunami, two wave 
breakers were located at ~50 m and ~300 m from the coast, with the 
latter being the elevated tracks of the Sanriku railway (Fig. 1; Inoue 
et al., 2017). The 2011 tsunami impacted the Maita area, reaching up 
to ~720 m inland (Fig. 1; Inoue et al., 2017). Notably, numerical storm 
wave modeling by Inoue et al. (2017) demonstrated that even the 
extreme storm conditions at this site produced a maximum onshore 
inundation of only ~450 m. After the 2011 tsunami, both wave breakers 
were reinforced with concrete, and a third wave breaker was built inland 
of the Sanriku railway tracks.

Inoue et al. (2017) and Ishizawa et al. (2022) studied the 

Fig. 1. Setting of the Maita River Valley (Noda Village, Sanriku coast, Iwate Prefecture, Japan). (A) Index map of Japan showing the study region on NE Honshu (box 
in B). (B) Sanriku coastline and offshore source/rupture areas of major historical tsunamis (modified after Inoue et al., 2017): 869 Jōgan (after Sawai et al., 2012), 
1611 Keichō Sanriku (after Hatori, 2009), 1896 Meiji Sanriku (after Tanioka and Satake, 1996), 1933 Shōwa Sanriku (after Kanamori, 1971), and 2011 Tōhoku-oki 
(outlines after Ozawa et al., 2011). (C) Detailed map of the Maita River Valley and coastal plain showing the 2011 Tōhoku-oki tsunami inundation limit (blue dashed 
line), survey points from Inoue et al. (2017) with the NM-K site marked, the NDY coring size from Ishizawa et al. (2022), and the survey point from this study 
(yellow). (D) Topographic profile A–A′ across the valley from the shoreline inland (data source: GoogleEarthPro), with the locations of the railway and wave breaker 
and the observed inundation limits for the 1896 CE and 2011 CE tsunamis.
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sedimentary tsunami record of the Maita River Valley (Fig. 1). Both 
studies identified four (Inoue et al., 2017) and five tsunami deposits 
(Ishizawa et al., 2022), respectively, with the oldest deposits dating back 
up to ~2700 years.

The well-defined temporal constraints and sedimentological char
acterization of these paleotsunami deposits (Inoue et al., 2017; Ishizawa 
et al., 2022) render the Maita River Valley a suitable study site to apply, 
test, and review lipid biomarkers on some of the few well-studied 
paleotsunami deposits of the Sanriku coastline (e.g., Goto et al., 2015, 
2019; Ishimura and Miyauchi, 2015; Takada et al., 2016; Inoue et al., 
2017; Ishimura, 2017; Ishizawa et al., 2022).

3.2. Field survey, sample collection and description

The field survey took place in February 2018, when the alluvial 
lowland was not used for rice cultivation, but after the 2011 tsunami 
debris and deposits had been removed.

A 68 cm-long handy geoslicer (Nakata and Shimazaki, 1997; Takada 
et al., 2002) was taken ~650 m from the present-day coast, clearly 
beyond the local storm inundation limit at ~450 m (Inoue et al., 2017) 
and 350 m from the landward-most tsunami wave breaker (Fig. 1). The 
site is within 25 m seaward of the NM-K core location of Inoue et al. 
(2017) and within 100 m of the NDY core location of Ishizawa et al. 
(2022), where historic and prehistoric tsunami deposits were recov
ered, described and dated. The sediment core was cleaned, photo
graphed, and described before samples were taken using pre-cleaned 
metal tools.

3.3. Bulk analyses (grain size and TOC)

For grain size analysis via laser diffraction (Laser Diffraction Particle 
Size Analyzer – Beckman Coulter LS 13 320), a total of 18 samples were 
prepared by drying (40 ◦C for 48 h), sieving (<2 mm), pretreated with 
hydrogen peroxide (H2O2, 15%) to remove organic matter, and with 
sodium pyrophosphate (Na4P2O7) to avoid flocculation (Gee and Or, 
2002). Laser diffraction grain-size measurements were performed 
three times in 116 channels from 0.4 to 2000 μm. The results were 
statistically processed using GRADISTAT software version 9.1 (Blott and 
Pye, 2001) using the logarithmic (phi-scale) method of Folk and Ward 
(1957).

For total organic carbon (TOC) determination, ca. 1 g of sample 
material was dried, homogenized, and 100 mg was weighed into a 
quartz boat for analysis. TOC was measured using the liquiTOC II (Ele
mentar Analysesysteme GmbH, Germany) in single-analytical-run 
mode. Calibration was performed before every measurement.

3.4. Extraction and quantification of organic compounds

To analyze and quantify a broad suite of environmentally sensitive 
lipid biomarkers, collected samples were subjected to solid-liquid 
extraction followed by fractionation to maximize detectability in sub
sequent high-resolution GC-MS analyses.

A representative aliquot of 34 to 82 g wet sediment (n = 18) was 
extracted three times using overhead shaking and ultrasonic agitation: 
(1) with 110 mL acetone for 4 h, (2) with 110 mL acetone for 24 h, (3) 
with 110 mL n-hexane for 24 h. The resulting extracts were separated 
from the sediment via centrifugation and combined in a separatory 
funnel. The sample extracts were reduced via rotary evaporation 
(300 mbar), and the aqueous phase was removed through a surplus of n- 
hexane and drying over anhydrous granulated sodium sulfate. Further, 
the extracts were desulphurized with activated copper powder and ul
trasonic agitation.

Before gas chromatography-mass spectrometry, sample extracts 
were fractionated into six portions (B1–B6) by column chromatography 
(Franke et al., 1998). Sequential elution used mixtures of n-pentane, 
dichloromethane (DCM) and methanol (MeOH): (I) n-pentane for 

aliphatic hydrocarbons; (II) n-pentane/DCM 95:5 for monoaromatics; 
(III) n-pentane/DCM 90:10 for diaromatics; (IV) n-pentane/DCM 40:60 
for polyaromatics; (V) DCM for semipolar compounds; and (VI) MeOH 
for polar compounds (Schwarzbauer et al., 2000). The acidic constitu
ents in B6 were methylated with BF3-MeOH following Bellanova et al. 
(2024). Alcohols were then derivatized by acetylation using acetic an
hydride and pyridine. Each sample fraction was spiked with 50 μL of 
internal surrogate standard (5.8 ng/μL fluoracetophenone, 6.28 ng/μL 
d10-benzophenone, and 6.03 ng/μL d34-hexadecane).

For compound identification and quantification, all sample fractions 
were measured by gas chromatography-mass spectrometry (GC-MS). 
Measurements were performed on a quadrupole, GC-MS instrument 
(Thermo Finnigan Trace GC-MS) with helium as carrier gas and equip
ped with a 30 m × 0.25 mm i. d. × 0.25 μm film ZB-5 fused silica 
capillary column (Zebron capillary GC column Chrompack). 1 μL of each 
sample was injected at an initial temperature of 60 ◦C with a splitless 
time of 60 s, a temperature hold of 3 min, followed by a temperature 
ramp of 3 ◦C/min to 310 ◦C and another hold for 20 min. The mass 
spectrometer operated in full-scan mode, achieving a range from 35 to 
500 m/z (mass-to-charge ratio) in positive electron impact ionization 
mode (EI+) with 7 eV.

Identification of individual compounds was achieved, comparing EI 
+ mass spectra with mass spectral databases (NIST, Wiley). Compound 
identification was verified with mass spectral parameters of purchased 
standard reference materials. Organic compound concentrations were 
quantified by integrating characteristic ion chromatograms extracted 
from the total ion current. Response factors were determined using four- 
point linear regression functions derived from external calibration 
measurements. Inaccuracies arising from injection and sample-volume 
variability were corrected using the internal surrogate standard. Limits 
of detection (LoD) were set at signal-to-noise ratios >3, and limits of 
quantification (LOQ) at >10. Since target analytes were not detected in 
blanks (see QA/QC section), blank corrections were not applied.

3.5. Quality assurance and quality control (QA/QC)

In all sampling and analytical processing steps, solely pre-cleaned 
glass or metal tools were used to minimize contamination. Gas chro
matographic analyses tested solvent purity. Anhydrous granulated 
Na2SO4 and hydrochloric acid were cleaned with pure solvents before 
usage. Sample storage temperature below − 20 ◦C until geochemical 
extraction was ensured to avoid microbial alteration of the geochemical 
signature.

Data quality assurance (QA) and quality control (QC) protocols 
included laboratory blanks, duplicate samples, and measurements to 
check for the absence of external contamination. Reference materials for 
the identified compounds were obtained from Sigma-Aldrich to ensure 
accuracy and traceability in quantification, and to account for 
compound-specific gas chromatographic retention times and elution 
orders. While established quality control measures limit analytical 
inaccuracies, natural variations (e.g., TOC content and grain size) need 
to be considered (Frenken et al., 2022a). To reduce adverse effects, 
samples have been homogenized before extraction, and concentrations 
normalized to TOC content.

4. Results and interpretation

4.1. Sedimentological characterization

The 68 cm-long sediment core retrieved from the Maita River Valley 
exhibits seven stratigraphic units (L1–L7), which are interbedded with 
four distinct sand beds (E-I to E-IV; Fig. 2).

4.1.1. Unit L1 (0–5 cm depth)
The uppermost unit consists of a dark brown (Munsell color 2.5 YR 

5/2) silt with abundant plant matter (Fig. 2), reflected in the relatively 
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high organic carbon content (TOC 12%; Table S1). The mean grain size 
(5.97 Φ) corresponds to coarse silt, and the sediment is very poorly 
sorted (2.7 Φ). The grain-size distribution is dominated by silt (60%), 
with sand (26%) and mud (15%) being minor components. The unit is 
bioturbated by roots, and no lamination was observed. This unit rep
resents the contemporary agriculturally disturbed soil of the rice paddy 
field from which the core was retrieved.

4.1.2. Unit L2 (5–16.5 cm depth)
The second unit comprises two sub-layers separated by subtle color 

changes. The upper sub-layer (L2.1; 5–10 cm) is a dark gray (2.5Y 5/2) 
silt with abundant roots. The lower sub-layer (L2.2; 10–16.5 cm) is a 
brownish (7.5 YR 5/2) silt. TOC values decrease from 13.2% in L2.1 to 
7.3% in L2.2, reflecting the lack of roots in the lower section of the unit. 
Mean grain size is a coarse silt (5.59–5.69 Φ) with very poor sorting 
(2.77–2.93 Φ). Silt-sized particles account for ~54–59% of the sediment 
composition, with sand (29–30%) and mud (12–16%) being minor 
components. During fieldwork, a patchy vein of volcanic ash was 
described in the lower parts of the unit (~15 cm; Fig. 2), but it was too 
thin to be sampled separately. This volcanic ash bed corresponds to 
previous stratigraphic descriptions of Inoue et al. (2017), who detected 
and dated a volcanic ash deposit in the upper 20 cm of the Maita 
stratigraphy.

4.1.3. Unit E-I (16.5–20 cm depth)
This unit is composed of a 3–4 cm-thick reddish brown (2.5 YR 5/4) 

sand that fines upward. The contact with the underlying unit is 
erosional, and silt clasts occur at the base of unit E-I. The upper contact 
to unit L2 is sharp and marked by a change in color and grain size. Both 
contacts indicate an abrupt shift in the depositional environment. The 
mean grain size of unit E-I is 2.58 Φ (fine sand) with poor sorting (1.34 
Φ). Sand constitutes 85% of the material, dominated by fine (39%) and 
medium (32%) sand, as well as very fine sand (11%) and coarse sand 
(3%) as minor components. Silt (15%) is a minor component. Visually, 
the sand is dominated by light-colored grains (e.g., quartz and feldspar), 
accompanied by sparse dark heavy mineral grains (e.g., mica, pyroxene, 
magnetite). No marine bioclasts (shell fragments or foraminifera) were 
identified within this layer. Furthermore, the organic carbon content is 
markedly lower (TOC 3.3%) than in adjacent units.

4.1.4. Unit L3 (20–29 cm depth)
The third unit comprises two sub-units, specifically the upper L2.1, a 

dark gray (N4) silt, and the lower L2.2, a brown (2.5 YR 4/2) silt. Mean 
grain size ranges from 4.53 to 4.78 Φ (very coarse silt) with very poor 
sorting (2.80–2.81 Φ). Silt-sized particles account for ~47–49% of the 
sediment composition with equal contributions of sand (45–42%) and a 
minor proportion of mud (7–9%). Furthermore, the unit shows 

Fig. 2. Down-core sedimentological characterization of the sediment core. Left: Core image, stratigraphy/lithology interpretation, Munsell color and stratigraphic 
unit description with the four event layers (E-I to E-IV) being highlighted in blue. Right: Grain size distribution showing mean grain size [Φ], grain size distribution 
[%], and total organic carbon (TOC) [%].
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lamination of organic-rich matter (TOC 8.1-8.3%) and slight mottling.

4.1.5. Unit E-II (29–34 cm depth)
The ~5 cm thick unit E-II is characterized by a reddish brown (5 YR 

5/4) sand intercalated between unit L3 and L4. It exhibits an erosive 
base and contains reworked silt clasts (rip-up). Likewise, the upper 
boundary to unit L3 is sharply defined. Mean grain size (1.96 Φ) cor
responds to medium sand with a very poor sorting (2.68 Φ). The sand is 
comprised mainly of coarse (22%) and very coarse sand (31%), as well 
as medium sand (15%), fine sand (6%) and very fine sand (5%). Silt- 
sized particles (18%) and mud (3%) are minor components. The min
eral composition is consistent with that of E-I, dominated by light 
minerals (quartz, feldspar) with minor dark heavy mineral grains and 
reddish-brown weathered lithic particles. Marine bioclasts are absent in 
unit E-II. TOC values are low (4.7%), reflecting the shift to coarser 
sediment.

4.1.6. Unit L4 (34–43 cm depth)
The 9 cm thick unit L4 is a heterogeneous silt succession character

ized by an internal shift in color and grain size. The uppermost 4 cm- 
thick section L4.1, sharing an erosive contact with unit E-II, is a dark 
purple (2.5P 4/2), very poorly sorted (3.19 Φ), very coarse silt (4.24 Φ). 
The 3 cm-thick middle section L4.2 is a bluish-gray (7.5 PB 4/2), very 
poorly sorted (2.39 Φ) coarse silt (5.84 Φ). The bottom section L4.3 is a 
dark gray (N3), very poorly sorted (2.94 Φ), very coarse silt (4.82 Φ). 
The main components of L4.1 and 4.3 are silt-sized particles (49–53%), 
followed by sand (38–44%), with minor contributions from mud 
(7–9%). Sub-unit L4.2 contrasts slightly with a dominance of silt (68%) 
and smaller contributions of sand (21%) and mud (11%). The TOC 
ranges from 8.4 to 12.0% indicating organic-rich sediments. The lower 
sub-units L4.2 and L4.3 show mottling.

4.1.7. Unit E-III (43–45 cm depth)
This ~2 cm-thick horizon is a brown to reddish (5 YR 5/2) sand with 

an upward-fining trend. Its erosive basal contact truncates into the un
derlying unit L5 and is marked by small silty rip-up clasts. The deposit 
has a mean grain size of 1.04 Φ (coarse sand) and poor sorting (1.73 Φ). 
Sand accounts for 89% of the composition, with coarse and very coarse 
sand fractions making up >60% of the sand, while silt (9%) and mud 
(2%) are minor components. The sand fraction of E-III is mineralogically 
composed of light-colored components (e.g., quartz, feldspar), minor 
heavy minerals and weathered or oxidized minerals. Furthermore, no 
marine bioclasts were identified. TOC is 4.77%, much lower than in the 
surrounding units.

4.1.8. Unit L5 (45–55.5 cm depth)
The ~10.5 cm-thick unit L5 consists of three very dark gray to black 

(N1–N4) peaty silts. Mean grain size ranges between 5.04 and 5.76 Φ 
(coarse silt) with generally very poor sorting (2.34–3.24 Φ). Silt 
(55–65%) is the dominant particle size, followed by sand (24–36%), 
with minor contributions from mud (10–11%). TOC is high (9–14.1%), 
but shows a downward decreasing trend from L5.1 to L5.3.

4.1.9. Unit E-IV (55.5–57 cm depth)
The ~1.5 cm-thick unit E-IV is a light brown (5 YR 7/4) medium sand 

with a mean grain size of 1.88 Φ and very poor sorting (2.44 Φ). Sand 
(80%) is the dominant particle fraction, followed by silt (17%) and a 
minor contribution of mud (3%). The mineralogical composition of E-IV 
is dominated by light-colored grains (quartz, feldspar), with a minor 
component of dark- and brown-colored grains (heavy minerals and 
weathered minerals). No marine bioclasts were detected. The layer has a 
sharp, erosive upper contact. TOC (4.61%) is significantly lower than in 
the overlying and underlying units L5 and L6.

4.1.10. Unit L6 (57–60 cm depth)
Unit L6 is composed of a dark gray to brown (N4 to 10 YR 4/2) peaty 

silt. The mean grain size indicates it is a very coarse to coarse silt 
(4.35–5.16 Φ) with very poor sorting (2.21 Φ). Sand (33–53%) and silt 
(41–59%) are the dominant components of this unit, with minor con
tributions from mud (6–8%). TOC is increasing with depth from 7.5 to 
15.8%.

4.1.11. Unit L7 (60–65 cm depth)
The lowermost unit L7 is a reddish-brown (5R 4/2) peat. It is a very 

poorly sorted (2.23 Φ), very coarse silt (4.14 Φ), composed of very 
coarse sand (1%), coarse sand (5%), medium sand (6%), fine sand 
(21%), very fine sand (24%), very coarse silt (15%), coarse silt (9%), 
medium silt (6%), fine silt (5%), very fine silt (3%), and a minor 
contribution of mud (5%). TOC values are highest (24%), reflecting the 
accumulation of organic matter in this layer. The transition between 
units L6 and L7 is transitional.

4.1.12. Sedimentological interpretation
The observed stratigraphies (L1–L7) represent the low-energy fluvial 

overbank (floodplain) deposits marking the background signature, 
which is consistent with previously organic-rich sediments described 
from Maita and Noda (Inoue et al., 2017; Ishizawa et al., 2022). The four 
intercalated sand beds (E-I to E-IV) contrast with the surrounding 
organic-rich silts and peats in color, texture, and grain size (Fig. 2; Fig. 3; 
Table S1). Each event layer exhibits an erosive basal contact, and some 
show fining-upward grain size trends (E-I and E-III), a pattern commonly 
observed during high-energy inundation events (e.g., Dawson and Shi, 
2000; Morton et al., 2007; Peters and Jaffe, 2010; Goff et al., 2012). 
Moreover, the presence of coarse sand fractions and silty rip-up clasts 
indicates a capacity to erode and entrain material from underlying 
sediments (e.g., Morton et al., 2007; Peters and Jaffe, 2010). The four 
event beds comprise mixed siliciclastic sand with light mineral grains, 
dark lithic/heavy-mineral grains and reddish-brown weathered lithic 
particles. It should be noted that no dedicated mineralogical analysis 
was conducted in this study, and mineralogical descriptions are limited 
to visual observations. Notably, this sediment composition resembles 
modern beach deposits from the Noda coastline, which consist mostly of 
light-colored sand with a minor heavy mineral component (Fig. S1; 
Inoue et al., 2017), suggesting a beach sediment source for the event 
layers.

Importantly, no marine bioclasts (e.g., shell fragments, foraminifera, 
or diatoms) were identified in any of the four event layers (E-I to E-IV). 
This contrasts with the description of the contemporary 2011 Tōhoku- 
oki tsunami deposit at Maita (Noda), in which shell fragments were 
reported by Inoue et al. (2017). However, low abundance or 
non-preservation of marine macro- and micro-bioclasts is a common 
observation in high-energy inundation events including the 2011 
Tōhoku-oki tsunami deposits at the Sendai Plain (e.g., Chagué-Goff 
et al., 2012; Pilarczyk et al., 2012; Szczuciński et al., 2012; Abe et al., 
2020) and paleotsunami deposits (e.g., Goff et al., 2012; Garrett et al., 
2018; Putra et al., 2023). The absence of calcareous bioclasts in the 
event layers does not preclude a marine inundation origin. However, it 
may reflect carbonate dissolution in the organic-rich, mildly acidic peat 
depositional environment over millennial timescales (e.g., Chagué-Goff 
et al., 2012; Hawkes, 2020; Szczuciński, 2020; Putra et al., 2023).

Overall, these properties (e.g., erosive basal contacts, fining-upward 
grain-size trends, rip-up clasts) are consistent with those commonly re
ported for tsunami deposits (e.g., Dawson and Shi, 2000; Morton et al., 
2007; Peters and Jaffe, 2010; Goff et al., 2012), and the number of 
detected layers, their stratigraphic position, and grain size signature 
correspond to those described in the nearby NM-K core by Inoue et al. 
(2017) and the NDY core taken in a forested area adjacent to the rice 
paddies by Ishizawa et al. (2022), supporting a tsunami interpretation 
(Fig. 3). This stratigraphic correlation of the four event layers (E-I to 
E-IV) with recognized paleotsunami deposits from the same valley 
provides provisional chronological control (Fig. 3), based on the 
radiocarbon and tephra dating conducted by Inoue et al. (2017) and 
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Ishizawa et al. (2022). However, because these published sequences 
were obtained from less-disturbed settings (forested sites in Ishizawa 
et al., 2022) or predate major land modification (Inoue et al., 2017), 
and because the present core does not contain clear volcanic tephra 
beds, the age correlation should be considered tentative. Based on this 
correlation the four event layers are approximately placed as follows 
(Fig. 3): E-I (~915/946–770 CE or 809–1015 CE), E-II (200–20 BCE or 
205–566 CE), E-III (360–120 BCE or 176 BCE–166 CE), and E-IV 
(800–435 BCE or 706–426 BCE). The event layer E-I (16.5–20 cm depth) 
may potentially correspond to a known historic event, the 869 CE Jōgan 
tsunami, based on the stratigraphic position below a very thin patchy 
vein of volcanic ash (L2). This volcanic ash may be correlated to either 
the 915 CE Towada eruption and resulting To-a tephra (e.g., Sawai et al., 
2008) or the 946 CE eruption of Changbaishan volcano resulting in the 
B-Tm tephra (e.g., Oppenheimer et al., 2017), both being reported from 
the nearby NM-K sequence (Inoue et al., 2017). Event layers E-II, E-III, 
and E-IV record large undocumented prehistoric paleotsunamis. It must 
be noted that all four event layers (E-I to E-IV) are inferred to represent 
paleotsunami deposits on the basis of their stratigraphic correspondence 
with the NM-K and NDY sequences; however, without direct dating of 
the present core, individual age assignments and specific event corre
lations cannot be confirmed.

Overall, this study's sedimentological observations (grain size, 
texture, erosive contacts, etc.) and interpretation of the four sand layers 
as being of tsunami origin are consistent with previously reported local 
stratigraphies from the Maita River Valley (Inoue et al., 2017; Ishizawa 
et al., 2022) and with the regional context of paleotsunami deposit 
distributions along the Sanriku coast (e.g., Goto et al., 2015, 2019; 
Ishimura and Miyauchi, 2015, 2017; Takada et al., 2016; Inoue et al., 
2017; Ishimura, 2017; Ishizawa et al., 2022). Furthermore, as 
mentioned in Section 3.2, the core was taken beyond the limit of the 
maximum modelled storm inundation, thus suggesting that a storm 
origin can be excluded.

4.2. Sedimentary biomarkers

A diverse suite of lipid biomarkers was identified (Fig. 4) and 
quantified across all sediment samples of the geoslicer from the Maita 
River Valley. The detected compound classes include homologous series 
of n-alkanes, n-aldehydes, and fatty acids, as well as terpenoids, ster
anes, and hopanes (Table S2).

4.2.1. n-Alkanes and isoprenoids
The homologous series of n-alkanes ranging from C11 to C35 were 

detected throughout the sediment core, with both short-chain (C11–C21) 
and long-chain (C25–C35) homologues present in all samples (Fig. 4; 
Fig. 5; Table S2). Total n-alkane concentrations (

∑
n-alkanes in μg/gTOC) 

are distinctively elevated within all four event layers (E-I to E-IV) 
compared to the background sediments (peat and silt) (Fig. 5). This 
increase is driven primarily by a significant rise in short-chain n-alkanes 
(
∑

C11–C21 n-alkanes in μg/gTOC). While these compounds are ubiqui
tous and originate from algae and bacteria, they are also commonly 
associated with marine or aquatic sources (e.g., Volkman et al., 1998). 
Consequently, the terrigenous-to-aquatic ratio (TARALK) drops sharply 
within all four event layers to values < 6.4 (Fig. 5; Table S2). This dis
tinguishes them from the strongly terrestrial-dominated background 
peat and silt layers with average TARALK values ranging from 8.5 to 17.6. 
These suppressed TAR values in the event layers reflect enhanced rela
tive contributions of short-chain n-alkanes derived from marine and 
aquatic sources, consistent with marine inundation during tsunami 
events (Shinozaki et al., 2015; Bellanova et al., 2021).

The odd-even predominance (OEPALK) and carbon preference index 
(CPIALK) values for n-alkanes range from 1.1 to 2.3 and 1.4–3.2, 
respectively, across the sediment profile (Table S2). Both show parallel 
trends (Fig. 5) with notably elevated values in the event layers (OEPALK: 
2.0–2.3; CPIALK: 2.4–3.2) compared to the adjacent background sedi
ments (OEPALK: 1.1–1.6; CPIALK: 1.4–2.4). This suggests that the organic 
matter incorporated in the event deposits is undegraded compared to the 

Fig. 3. Tentative chronostratigraphic correlation of the 68 cm-long sediment core from the Maita River Valley analyzed in this study with nearby published stra
tigraphies and radiocarbon ages from the NM-K site (ca. 25 m distance) after Inoue et al. (2017) and from the NDY site (ca. 100 m distance) after Ishizawa et al. 
(2022). Blue bands indicate the correlation between the four event layers identified in this study and the previously described paleotsunami deposits.
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more microbially degraded organic matter in the background sediments, 
reflecting inputs of relatively fresh higher-plant material entrained 
during tsunami inundation (e.g., Bellanova et al., 2020).

The isoprenoids pristane and phytane, derived from phytol (e.g., 
Rontani and Volkman, 2003), were detected in all samples. The diag
nostic redox indicator of the pristane/phytane (pr/ph) ratio varies 
considerably throughout the core, ranging from 0.2 to 3.3 (Table S2). 
The pr/ph ratio is notably low (≤0.7) in all four event layers, contrasting 
with the higher, more variable values (1.5–3.3) of the background peat 
and silt. Low pr/ph ratios (<1) are indicative of more reducing 
(anoxic/sub-oxic) depositional conditions, while higher values (>3) 
indicate oxic conditions (e.g., Didyk et al., 1978). The reduced pr/ph 
values of the event layers (Fig. 5) are consistent with more reducing 
depositional conditions or enhanced marine phytoplanktonic input 
during tsunami inundation (e.g., Alpar et al., 2012; Bellanova et al., 
2023). Such low pr/ph ratios in event layers can be attributed to the 
entrainment and transport of sub-oxic to anoxic seafloor sediments by 
the tsunami wave. Such marine sediments typically become anoxic 
within the uppermost few centimeters regardless of bottom-water 

oxygen conditions (e.g., Didyk et al., 1978), in which the reductive, 
phytane-forming diagenetic pathway from chlorophyll-derived phytol 
dominates over the oxidative, pristane-forming pathway (Rontani and 
Volkman, 2003; Rontani and Bonin, 2011). Furthermore, the rapid 
burial of transported marine organic debris (e.g., phytoplankton) pro
motes locally reducing conditions post-deposition, as oxygen is rapidly 
consumed during microbial degradation of this organic matter, further 
favoring phytane over pristane formation (e.g., Watanabe et al., 2020).

The cross-plot of pristane/n-C17 versus phytane/n-C18 (Fig. 6) is a 
common proxy for delineating the sources of organic matter and for 
providing information on the depositional redox environment and 
diagenetic modifications, such as biodegradation and thermal maturity 
(Shanmugam, 1985; Hunt, 1996; Peters et al., 2005). The diagnostic 
cross-plot clearly segregates the samples by facies. Notably, the event 
layer (E-I to E-IV) data points are tightly clustered within the field of 
aquatic organic matter. In contrast, the background units occupying a 
broader range within the threshold are indicative of terrigenous organic 
matter. Such variations in pr/n-C17 vs. ph/n-C18 can result from external 
input of oxidized organic matter (Didyk et al., 1978; Goossens et al., 

Fig. 4. Representative GC-MS chromatograms of (A) n-alkanes and isoprenoids (pr, ph) (m/z 57), (B) n-aldehydes (m/z 82), (C) fatty acids or their respective fatty 
acid methyl esters (FAMEs) (m/z 74), terpenoids divided into (D) mono- (m/z 93), (E) di- (m/z 272) and (F) sesquiterpenes (m/z 204), and (G) hopanes (m/z 191) 
and steranes (m/z 217). Additional numbers indicate (1) iso- & anteiso-C13 FA, (2) anteiso-C14 FA, (3) iso- & anteiso-C15 FA, (4) anteiso-C16 FA & palmitoleic acid, (5) 
iso- & anteiso-C17 FA, (6) phytanic acid & oleic acid, (7) iso- & anteiso-C21 FA, (8) iso- & anteiso-C22 FA, (9) iso- & anteiso-C23 FA, (10) iso- & anteiso-C24 FA, (11) iso- 
& anteiso-C25 FA, (12) iso- & anteiso-C26 FA. Numbers (13–22) mark unresolved but quantified peaks in the diterpene chromatogram and (23–28) mark unresolved 
but quantified peaks in the sesquiterpene chromatogram.
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1984; Powell, 1988). However, cross-referencing with the OEPALK and 
CPIALK indicates a fresh/immature input of organic matter (e.g., Scalan 
and Smith, 1970; Marzi et al., 1993; Bush and McInerney, 2013; Thomas 
et al., 2021); therefore, alterations from oxidized organic matter can be 
excluded. The distribution pattern of event deposits is characteristic of 
organic matter from marine or aquatic sources, with minimal biodeg
radation under reducing conditions, consistent with rapid deposition 
and burial during tsunami inundation events. Cross-plot results resonate 
with observations from the isoprenoid pr/ph ratio and n-alkanes (e.g., 
short-chain n-alkanes or TARALK).

4.2.2. n-Aldehydes
The homologous series of n-aldehydes (C16–C32) was identified in all 

samples of the sediment profile (Fig. 4). Total n-aldehyde concentrations 
(
∑

n-aldehydes) range from 15.4 to 72.2 μg/gTOC (Table S2). n-Alde
hydes are generally considered plant-derived biomarkers, particularly 
long-chain congeners (C26–C32), which are introduced into sedimentary 
systems by land-plant waxes (Prahl and Pinto, 1987). The 
medium-chained congeners (C23–C25) are important components of 
plant-based essential oils (Fahlbusch et al., 2003), whereas the envi
ronmental allocation of the short-chain n-aldehydes (C16–C23) is not 
fully resolved (Prahl and Pinto, 1987). However, short-chained n-alde
hydes are tentatively associated with aquatic or microbial sources (c.f., 

Konechnaya et al., 2022). Across the samples from the Maita River 
Valley, the short-chain n-aldehydes show pronounced concentration 
peaks ranging from 632 to 1503 ng/gTOC in event layers (Fig. 7; 
Table S2). These elevated concentrations in the sandy event layers likely 
reflect the input of marine and aquatic organic matter during tsunami 
inundation. This observation is reflected in the balance of long-chain to 
short-chain n-aldehydes and the terrigenous-to-aquatic ratio (TARALD; 
Bellanova et al., 2023). All event layers (E-I to E-IV) display suppressed 
TARALD ratios (0.43, 0.93, 1.06, and 0.95, respectively; Fig. 7) compared 
to the surrounding background peat and silt, ranging between 1.80 and 
3.99, indicating enhanced relative contributions of short-chain n-alde
hydes consistent with marine influence in the event deposits (Table S2).

The identified n-aldehyde distributions show a strong but variable 
even-to-odd predominance (EOPALD), ranging from 1.21 to 3.69 across 
the profile (Table S2), which generally points to the origin of cuticular 
waxes of higher plants, while low values (<1) would indicate input of 
degraded/reworked organic matter (Goodwin and Mercer, 1983; 
Frenken et al., 2022a). Event layers (E-I to E-IV) consistently displayed 
elevated EOPALD values (3.5, 3.3, 3.7, and 3.2, respectively). Substan
tially exceeding the values of the background sediments (1.2–2.4), the 
event deposits are characterized by the input of fresh, unaltered plant 
wax aldehydes during tsunami events. Similarly, the carbon preference 
index for n-aldehydes (CPIALD) follows a parallel trend to the EOPALD, 

Fig. 5. Downcore distribution of n-alkanes and isoprenoids, and their diagnostic ratios. From left to right: core stratigraphy, stratigraphic units and downcore profiles 
of n-alkanes and isoprenoids. Presented are the Σn-alkanes (in μg/gTOC), Σshort-chained (nC11-nC21) n-alkanes (in μg/gTOC), terrigenous-to-aquatic ratio (TARALK), 
odd-even predominance (OEPALK; in blue) and carbon preference index (CPIALK; in orange), and the isoprenoid ratio of pristane/phytane (pr/ph). Blue shades 
indicate the event layers (E-I to E-IV) interpreted as tsunami deposits.
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with event layers exhibiting markedly elevated values (3.6–4.4) 
compared to background sediments (1.3–2.9), further supporting rapid 
deposition of fresh terrestrial organic matter during tsunami inundation.

The high-molecular-weight (HMW) n-aldehyde fraction, which rep
resents the proportion of C24–C32 aldehydes, provides additional in
sights into organic matter sources. Background sediment exhibits HMW 
values ranging from 0.4 to 0.5, reflecting dominant terrestrial higher 
land plant inputs (Eglinton and Hamilton, 1967; Prahl and Pinto, 1987; 
Cranwell, 1991; Jetter et al., 2006). In contrast, the event layers display 
lower HMW values of ~0.3 (Fig. 7; Table S2), suggesting enhanced 
marine and/or aquatic contributions (e.g., Prahl and Pinto, 1987; 
Meyers, 1997, 2003). The distribution of n-aldehydes and their respec
tive ratios provide a complementary dataset indicating a sudden shifts 
from terrigenous environments dominated by higher land plants. This 
reduction in the terrestrial signature within the event deposits resulted 
from marine incursion and the co-transport of marine algal or microbial 
organic matter (e.g., Meyers, 2003; Bianchi and Canuel, 2011).

4.2.3. Fatty acids
Homologous fatty acids (FAs) from C11:0–C32:0 were quantified 

(Fig. 4). The fatty acid data (Fig. 8; Table S2) provide one of the most 
apparent distinctions between the event layers and background sedi
ments. The total FA concentrations (ΣFA in μg/gTOC) are lower in the 
event layers (75.4–95.7 μg/gTOC) compared to the background sedi
ments (109.6–195.5 μg/gTOC), reflecting a similar pattern in composi
tional shifts as n-alkanes and n-aldehydes. These shifts are reflected by 
the distribution of short-chain (C11:0–C18:0) fatty acids (

∑
SCFA), which 

are typically associated with marine and aquatic microorganisms, 
including algae, bacteria, and phytoplankton (e.g., Meyers and 
Ishiwatari, 1993; Meyers, 2003). The ratio of short-chain (C11:0–C18:0) 
to long-chain (C22:0–C30:0) fatty acids (

∑
SCFA/

∑
LCFA) follows the 

same pattern as the distribution of short-chained fatty acids. Both the 
∑

SCFA and 
∑

SCFA/
∑

LCFA show low values (11.6–35.1 μg/gTOC and 
0.04–0.17, respectively) in the background sediments, while they in
crease sharply in the event deposits (45.0–31.6 μg/gTOC and 0.88–3.10, 
respectively). All four event deposits are characterized by a dominance 
of short-chain fatty acids resulting from increased input of allochtho
nous marine organic matter during past tsunamis that inundated inland.

The ratios of LCFA/
∑

FA and the terrigenous-to-aquatic ratio for 

fatty acids (TARFA) show similar patterns (Fig. 8). Both the LCFA/
∑

FA 
and TARFA ratios that are indicators for terrigenous environments 
exhibit high values (0.4–0.7 and 5.2–17.0, respectively) in the back
ground sediments, reflecting input from higher terrestrial land plants (e. 
g., Eglinton and Hamilton, 1967; Eglinton and Eglinton, 2008; Alpar 
et al., 2012). Notably, the TARFA reaches minima (0.2–1.0) in the 
event beds, further reinforcing the interpretation of a primary 
allochthonous aquatic/marine organic matter input (e.g., Meyers, 1997; 
Alpar et al., 2012; Konechnaya et al., 2022).

The higher plant epicuticular wax indicators, the sum of even- 
numbered long-chain fatty acids (

∑
C22:0–C32:0 FA) and the 

∑
C24:0–C32:0 FA/

∑
FA ratio, further distinguished event layers (low 

values of 12–28 μg/gTOC and 0.15–0.32, respectively) from background 
peat units (high values of 48–135 μg/gTOC and 0.47–0.76, respectively) 
(Fig. 8). The reduced relative proportions of terrestrial plant wax- 
derived fatty acids in event deposits reflect dilution by marine organic 
matter and/or a reduction of terrestrial inputs (e.g., Meyers, 1997; 
Eglinton and Eglinton, 2008; Alpar et al., 2012; Konechnaya et al., 
2022). However, the presence of long-chain fatty acids in all event 
layers indicates terrestrial organic matter contributions, likely from 
erosion of coastal soils and vegetation during tsunami inundation (e.g., 
Richmond et al., 2012; Szczuciński et al., 2012; Bellanova et al., 2020).

The ratio of odd-chain C15:0–C17:0 fatty acids to total fatty acids 
([C15:0–C17:0 FA]/

∑
FA) is commonly used as a bacterial (heterotrophic) 

lipid signal in sediments (e.g., Budge and Parrish, 1998; Gardade et al., 
2021). The odd-chain FAs (C15:0 and C17:0) are products of bacterial 
metabolism (e.g., Perry et al., 1979). Generally, higher values suggest 
greater bacterial input, while lower values indicate dilution of 
short-chain fatty acids or an influx of terrestrial long-chain fatty acids 
(Meyers, 1997; Eglinton and Eglinton, 2008). Across the sample set, the 
event layers exhibited elevated (C15:0–C17:0 FA)/

∑
FA values 

(0.14–0.37) compared to background sediments (0.01–0.05), suggesting 
enhanced bacterial contributions or marine bacterial inputs associated 
with tsunami deposition (e.g., Asano et al., 2013, 2020; Somboonna 
et al., 2014; Frenken et al., 2022a; Konechnaya et al., 2022). Event 
layer III displays the highest value (0.37), potentially reflecting addi
tional post-depositional microbial colonization or even greater transport 
of marine sediments rich in bacterial organic matter.

4.2.4. Terpenoids
Terpenoid compounds, including monoterpenes, diterpenes, and 

sesquiterpenes, were analyzed as indicators of specific terrestrial plant 
inputs (e.g., Otto and Wilde, 2001; Peters et al., 2005; Diefendorf et al., 
2014). While a diverse assemblage of terpenoid biomarkers was iden
tified throughout the sediment core (Fig. 4), it is worth noting that not 
all detected diterpene and sesquiterpene peaks could be assigned to 
specific congeners. Furthermore, specific congeners, such as iso
longifolene and longifolene, were not detected, even though they have 
been successfully used as indicators of organic matter from coastal pine 
forests (Pinus thunbergii) eroded by the 2011 tsunami (Shinozaki et al., 
2022). The detected and quantified terpenoids include monoterpenes, 
diterpenes, and sesquiterpenes (Fig. 9; Table S2). These compounds, 
derived primarily from terrestrial vascular plants (Peters et al., 2005; 
Hautevelle et al., 2006) and particularly abundant in coniferous species 
(Otto and Wilde, 2001; Keeling and Bohlmann, 2006; Diefendorf et al., 
2019), provide valuable information on the provenance of terrestrial 
organic matter and erosion of coastal vegetation during tsunamis 
(Bellanova et al., 2021; Konechnaya et al., 2022; Shinozaki et al., 2022).

Monoterpenes, volatile compounds characteristic of living plant tis
sues and fresh plant material, were detected in all samples with total 
concentrations ranging from 2400 to 16,980 ng/gTOC (Table S2). Back
ground sediment units exhibit variable monoterpene concentrations 
(5770–16,980 ng/gTOC), reflecting inputs from local agricultural and 
coastal vegetation. The lower monoterpene concentrations in event 
layers (E-I to E-IV; 2680, 3000, 2400, and 4940 ng/gTOC, respectively; 
Fig. 9) compared to those in background peat and silt may reflect 

Fig. 6. Log-log cross-plot of isoprenoid ratios pr/n-C17 to ph/n-C18 indicating 
depositional environments and biodegradation. Background shading separates 
the terrigenous organic-matter (OM) field (light brown) from the aquatic 
organic-matter field (blue), and the intermediate band denotes mixed sources 
(modified after Shanmugam, 1985; Hunt, 1996). Vectors illustrate typical 
alteration pathways (increasing maturity, oxidation, reduction and biodegra
dation). Data points for event layers are displayed as blue diamonds 
and labeled.
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dilution by marine sediments lacking these highly volatile, plant-derived 
compounds due to poor sedimentary preservation (e.g., Kesselmeier and 
Staudt, 1999; Killops and Killops, 2013; Chetia et al., 2022).

Diterpenes, resinous compounds particularly abundant in coniferous 
trees (Otto and Wilde, 2001; Keeling and Bohlmann, 2006), range from 
50 to 980 ng/gTOC across the core (Table S2). Several background 
sediment units exhibited elevated diterpene concentrations (240–980 
ng/gTOC), suggesting inputs from coastal pine forests lining the hills 
surrounding the narrow Maita River Valley (Fig. 1) and which are 
characteristic of the Sanriku coastline. Similar to the monoterpene dis
tribution, the event layers (E-I to E-IV) showed reduced diterpene con
centrations (70, 50, 270, and 120 ng/gTOC, respectively). However, the 
diterpene signal is not as clearly suppressed as the monoterpenes. The 
lowest diterpene concentrations in event layers E-I and E-II may indicate 
limited erosion of coniferous vegetation during past marine inundations. 
In contrast, the moderate concentration in event layers E-III and E-IV 
suggests some contribution from coastal forests, soils, or potentially the 
destruction of pine-timber-framed housing structures.

Sesquiterpenes, intermediate molecular weight terpenoids, exhibit 
concentrations ranging from 250 to 1650 ng/gTOC throughout the profile 
(Table S2). Background sediments exhibit variable sesquiterpene con
centrations (600–1650 ng/gTOC), with the highest values observed in the 
peat units at the base of the core. Event layers (E-I to E-IV) display 

reduced sesquiterpene concentrations (250, 370, 510, and 370 ng/ 
gTOC). This suggests that the sediment transported by the tsunamis and 
deposited in the event beds was either marine sourced or that erosion of 
coastal soils and plant debris occurred. In contrast, the inter-event 
background sediments, particularly the peaty layers (L6 and L7), 
contain abundant terrestrial organic matter reflected by high TOC 
values. Such peaty background sediments represent a rich source of 
sesquiterpenes, which partially might be eroded during inundation 
events as seen in soil erosion during contemporary tsunamis (e.g., 
Richmond et al., 2012; Szczuciński et al., 2012; Bellanova et al., 2020). 
Generally, the sharp decrease in these plant-derived terpenoids within 
the event layers provides unequivocal evidence of dilution of the in-situ 
terrestrial signal by input of tsunami-derived allochthonous aqua
tic/marine material. In comparison, the presence and variability of 
terpenoid concentrations across all event layers suggest direct, but dif
ferential or limited, erosion and entrainment of coastal soils and vege
tation during the four different tsunamis.

Furthermore, ratios of specific monoterpenes ([pinene + camphene 
+ carene]/

∑
monoterpenes]), monoterpenes to diterpenes (mono

terpene/diterpene), as well as terpenoid-generic compound ratios of 
cadalene and retene (e.g., [retene + cadalene]/retene or higher plant 
parameter – HPP; Hautevelle et al., 2006) were quantified but remained 
inconclusive or less indicative, only showing variations compatible with 

Fig. 7. Downcore distribution of n-aldehydes and their diagnostic ratios. From left to right: core stratigraphy, stratigraphic units and downcore profiles of n-al
dehydes. Presented are the Σshort-chained (nC16-nC23) n-aldehydes (in ng/gTOC), terrigenous-to-aquatic ratio (TARALD), odd-even predominance (EOPALD), carbon 
preference index (CPIALD), and high-molecular-weight ratio of n-aldehydes (HMWALD). Blue shades indicate the event layers (E-I to E-IV) interpreted as 
tsunami deposits.

P. Bellanova et al.                                                                                                                                                                                                                              Quaternary Science Reviews 390 (2026) 110188 

13 



mobilization of coastal forest litter and resinous debris during inunda
tion in individual event layers (e.g., Bellanova et al., 2021; Table S3). As 
terpenoids can be relatively volatile and reactive, they might be affected 
by differential degradation, thus shifting original ratios over time (Otto 
and Wilde, 2001; Peters et al., 2005; Killops and Killops, 2013). 
Therefore, terpenoids should not be used as stand-alone tsunami proxies 
but should be cross-referenced with biomarker proxies indicating low 
degradation, such as OEPALK and CPIALK, EOPALD, and the pristane/n-C17 
versus phytane/n-C18 ratio.

4.2.5. Hopanes and steranes
The diagenetically stable biomarkers, hopanes and steranes, which 

were detected throughout the sediment core (Fig. 4; Table S2), provide 
robust, long-term information on organic matter sources. Due to their 
complex cyclic molecule structure, hopanes and steranes are rarely 
affected by photochemical and microbial degradation (Peters and 
Moldowan, 1993; Suneel et al., 2014), rendering them reliable envi
ronmental indicators (Albaiges and Albrecht, 1979; Jones et al., 1986).

Hopanoids are ubiquitous molecular biomarkers occurring across 
diverse environments, including soils (e.g., Shunthirasingham and 
Simpson, 2006; Peters et al., 2005) and marine and lacustrine sedi
ments (e.g., Ourisson et al., 1987; Peters et al., 2005; Taylor and Harvey, 
2011; Doğrul Selver et al., 2015). Beyond their broad distribution, they 
are best known for their utility as indicators of thermal maturity in pe
troleum source rocks (e.g., Seifert and Moldowan, 1986; Peters et al., 
2005). Petrogenic hopanoids have also been successfully used to trace 
destruction and remobilization associated with tsunami events (e.g., 
Mizukawa et al., 2017; Frenken et al., 2022b). Here, we focus on 
immature biohopanes (C27–C35), a subset derived diagenetically from 
bacteriohopanoid membrane lipids of diverse prokaryotes (e.g., Rohmer 
et al., 1984; Ourisson et al., 1987; Peters et al., 2005)), which have been 
detected as a suitable proxy characterizing the deposits of the 1755 CE 
Lisbon tsunami (Bellanova et al., 2023). The total concentration of 
hopanes (

∑
hopanes) across the samples from the Maita River Valley 

ranges from 0.3 to 3.8 μg/gTOC (Table. S2). Their concentration in 
background sediments, ranging from 0.3 to 1.4 μg/gTOC, reflects 

Fig. 8. Downcore distribution of fatty acids and their diagnostic ratios. From left to right: core stratigraphy, stratigraphic units and downcore profiles of fatty acids. 
Presented are concentration of total fatty acids (

∑
FA in μg/gTOC), the concentration of short-chain (C14:0-C18:0) fatty acids (

∑
SCFA), the ratio of short-chain (C14:0- 

C18:0) fatty acids to long-chain (C22:0-C30:0) fatty acids (ΣSCFA/ΣLCFA), the ratio of long-chain (C22:0-C30:0) fatty acid to total fatty acids (ΣLCFA/ΣFA), the 
terrigenous-to-aquatic ratio of fatty acids (TARFA), the sum of even-numbered long-chain fatty acids (

∑
C22:0-C32:0 FA), the long-chain fatty acid to total fatty acid 

ratio (
∑

C24:0-C32:0 FA/
∑

FA), and the ratio of odd-chain C15:0-C17:0 fatty acids to total fatty acids ([C15:0-C17:0 FA]/
∑

FA). Blue shades indicate the event layers (E-I to 
E-IV) interpreted as tsunami deposits.
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predominantly terrestrial/soil-derived organic matter with compara
tively low bacterial-lipid inputs and stronger oxidation during fluvial to 
estuarine deposition (Ourisson et al., 1987; Peters et al., 2005). Event 
layers displayed notably higher hopane concentrations ranging from 1.8 
to 3.8 μg/gTOC, which is consistent with incorporation of marine, 
bacterially derived organic matter (Ourisson et al., 1987) mobilized and 
emplaced during the high-energy inundation and backwash (e.g., 
Bellanova et al., 2020, 2023; Frenken et al., 2022a). The homohopane 
index (HHI), reflecting depositional environment characteristics and 
organic matter sources (ten Haven et al., 1985; Peters and Moldowan, 
1991; Sinninghe Damsté et al., 1995), ranges from 0.2 to 1.8 across 
the profile (Table S2). Event layers (E-I to E-IV) exhibited elevated HHI 
values (1.3, 1.8, 1.8, and 1.1, respectively; Fig. 10), compared to the 
background sediments (0.2–0.9; Table S2). The interpretation of hopane 
isomer ratios requires caution (Peters and Moldowan, 1991; Peters et al., 

2005), but the elevated values in event layers may reflect contributions 
of marine (Peters and Moldowan, 1991) or reworked sedimentary 
organic matter with different bacterial community compositions 
(Ourisson et al., 1987; Peters et al., 2005; Talbot and Farrimond, 2007) 
or may be modified during diagenetic processes (isomerization or 
transformation; e.g., Sinninghe Damsté et al., 1995) compared to 
autochthonous sediments from the Maita River Valley.

Tetracyclic steranes derive diagenetically from steroids or sterols (de 
Leeuw and Baas, 1986; Peters et al., 2005). In the samples, regular 
steranes (C27–C29) predominate, with a typical distribution 
C29 > C28 > C27. Particularly, the C27 steranes are reported to be 
indicative of marine algal and zooplanktonic sources (Huang and 
Meinschein, 1979; Volkman, 1986; Hudson et al., 2001) and have 
been associated with extreme marine incursions (e.g., Bellanova et al., 
2023). The C27 sterane concentration ranges from 110 to 1650 

Fig. 9. Downcore distribution of terpenoids. From left to right: core stratigraphy, stratigraphic units and downcore profiles of terpenoids. Presented are concen
tration of total monoterpenes (

∑
monoterpenes in ng/gTOC), concentration of total diterpenes (

∑
diterpenes in ng/gTOC), concentration of total sesquiterpenes 

(
∑

sesquiterpenes in ng/gTOC). Blue shades indicate the event layers (E-I to E-IV) interpreted as tsunami deposits.
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ng/gTOC throughout the core (Table S2). Event layers exhibited elevated 
C27 sterane concentrations ranging from 780 to 1650 ng/gTOC compared 
to background sediments (110–560 ng/gTOC; Fig. 10). In particular, 
event layer E-I (16.5–20 cm depth) displays the highest sterane con
centration in this study (1650 ng/gTOC), representing approximately an 
8-fold enrichment relative to adjacent sediments (Fig. 10). Such signif
icant concentration increases in the event layers provide compelling 
evidence for marine organic matter input, likely reflecting transport of 
offshore marine sediments rich in algal-derived steranes during tsunami 
inundation (e.g., Bellanova et al., 2023).

The C29/C27 sterane and C29/(C27+C28) ratios, both distinguish 
terrestrial higher plant (C29) from marine algal (C27) and aquatic (C28) 
organic matter sources (Huang and Meinschein, 1979; Volkman, 1986), 
providing additional discrimination between depositional environments 
(Table S2). Both ratios follow similar patterns (Fig. 10), with lower 
values reaching below unity in the event deposits compared to elevated 
values in the background sediments, indicating that marine-derived C27 
sterane input equals or exceeds terrestrial plant-derived C29 sterane in
puts in the event layers, providing strong evidence for substantial ma
rine organic matter input during tsunami deposition.

This separation is visualized unequivocally in the C27-C28-C29 sterane 
ternary plot (Fig. 11), illustrating the link between sterane proportions 
(in %) and depositional sources (e.g., open marine, terrestrial/land- 

plant, lagoonal; Huang and Meinschein, 1979; Rabbani and Kamali, 
2005). The background lithologies (L1–L7) cluster in the terrestrial 
apex (Fig. 11), driven by C29 sterane dominance (44.3–62.5%). The four 
event layers (E-I to E-IV), however, are displaced significantly towards 
the C27 apex (39.9–44.3%), plotting within the open marine field 
(Fig. 11), providing clear evidence of their allochthonous, 
marine-influenced origin.

The sterane/hopane (S/H) ratio discriminates eukaryotic (algae, 
higher plants) from prokaryotic (bacteria) derived organic matter 
because steranes derive from eukaryotic sterols (Volkman, 2003; Peters 
et al., 2005), whereas hopanes originate from bacterial hopanoids (e.g., 
Ourisson et al., 1987; Peters et al., 2005). The background sediments 
show high S/H values (1.27–4.32), while the event units (E-I to E-IV) 
exhibit systematically lower values (1.1, 1.2, 1.0, and 1.5, respectively; 
Table S2). Elevated background signatures are consistent with terrestrial 
settings characterized by substantial higher sterane input from eukary
otic life and higher land plant input (Gonçalves, 2002; Sepúlveda et al., 
2009). The S/H minima in the event deposits (Fig. 10) may be inter
preted as a relative enrichment of hopane-bearing material during 
inundation, reflecting tsunami-driven erosion and the transport of 
microbially rich organic matter (Frenken et al., 2022a; Bellanova et al., 
2023). Such S/H depressions are consistent with the use of 
sterane-hopane proportions to differentiate eukaryotic vs. bacterial 

Fig. 10. Downcore distribution of steranes and hopanes, and their diagnostic ratios. From left to right: core stratigraphy, stratigraphic units and downcore profiles of 
hopanes and steranes, as well as different ratios. Presented are concentration of hopanes (Σhopanes in μg/gTOC), the homohopane index (HHI), concentrations of ΣC27 
steranes (in ng/gTOC), C29/C27 sterane ratio, C29/(C27+C28) steranes ratio, and the sterane to hopane ratio (S/H). Blue shades indicate the event layers (E-I to E-IV) 
interpreted as tsunami deposits.
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inputs in sediments (e.g., Peters et al., 2005; Bobrovskiy et al., 2024).

Fig. 11. Ternary diagram representing proportions between C27 [%], C28 [%] and C29 [%] steranes. Environmental classification (planktic, open marine, lagoon, 
terrestrial, and land plants) are based on Huang and Meinschein (1979) and updated by Rabbani and Kamali (2005). Background units (L1-L7) are displayed as circles 
and event layers (E-I to E-IV) as diamonds.

Fig. 12. Conceptual source-to-sink pathways of lipid biomarkers for paleotsunami detection in coastal zones. (A) Pre-event setting. Terrigenous sources from C3 & C4 
vegetation supply long-chain fatty acids (LCFA), long-chain n-aldehydes (LC n-ALD), long-chain n-alkanes (LC n-ALK), and terpenoids (e.g., conifer resins). Wildfire 
and volcanism can contribute pyrogenic PAHs. Aquatic and marine sources (algae, phyto-/zooplankton, bacteria) provide short-chain fatty acids (SCFA), short-chain 
n-alkanes (SC n-ALK), steranes (eukaryotic), and hopanes (bacterial/prokaryotic). (B) Tsunami inundation and backwash. The tsunami entrains and mixes marine and 
terrestrial organic matter sources, transporting a composite of terrigenous and marine biomarkers landward and then seaward during backwash. (C) Post-tsunami 
distribution. Resulting deposits show landward-thinning sand sheets and muddy ‘invisible’ tsunami deposits further inland.
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5. Discussion and implications for paleotsunami research

5.1. Lipid biomarker as fingerprints of marine incursion by paleotsunamis

The organic geochemical analysis of the Maita sediment profile re
veals distinct biomarker signatures that unequivocally differentiate the 
terrestrial background units (L1–L7) from the four tsunami event beds 
(E-I to E-IV). Sedimentologically, these event units exhibit sharp 
erosional bases, rip-up clasts, and some fining-upward sequences, 
typical of high-energy sediment transport by tsunamis. The combination 
with lipid biomarkers supports these findings by adding information 
about the source, transport and depositional processes.

5.1.1. Marine vs. terrestrial signatures
The pronounced increase of short-chain n-alkanes (C11–C21) in all 

four event layers corroborates the influx of marine and aquatic organic 
matter transported landward during tsunami inundation. Specific short- 
chain n-alkanes (C15, C17, C19) are ubiquitous in algae and bacteria and 
have been identified as marine indicators in tsunami deposits from the 
2011 Tōhoku-oki event (e.g., Shinozaki et al., 2015; Bellanova et al., 
2020, 2021; Frenken et al., 2022a; Konechnaya et al., 2022, Fig. 12). 
Short-chain n-aldehydes, deriving from aquatic organisms or microbial 
oxidation of unsaturated lipids (e.g., Prahl and Pinto, 1987; Stephanou, 
1989), provide complementary evidence. The event layers exhibit pro
nounced peaks in short-chain n-aldehydes and suppressed TARALD, 
paralleling the marine signature seen in short-chain n-alkanes and the 
corresponding TARALK ratio. The concurrent presence of long-chain 
n-alkanes and n-aldehydes, with high odd-over-even predominance for 
n-alkanes (OEPALK), even-to-odd predominance for n-aldehydes 
(EOPALD), and carbon preference indices (CPIALK, CPIALD) in the event 
layers, indicates co-transport of fresh terrestrial plant material, implying 
rapid burial and limited degradation during the tsunami (s). This dual 
signature, coupling marine input with fresh terrestrial organic matter, is 
characteristic of tsunami deposits where high-energy waves rapidly 
erode and mobilize both offshore marine sediments and coastal soil and 
vegetation within a single inundation and depositional pulse (e.g., 
Shinozaki et al., 2015, 2022; Bellanova et al., 2020, 2021). In addition, 
the pristane/phytane (pr/ph) ratio is a classic redox indicator (Didyk 
et al., 1978; Ten Haven et al., 1987; Powell, 1988) with values < 0.8 
reflecting reducing, often marine depositional environments (e.g., 
Powell, 1988; Peters et al., 2005), whereas values > 3 indicate oxic 
conditions and terrestrial plant input (e.g., Ten Haven et al., 1988). All 
four event layers consistently show pr/ph ratios <0.7, a signature 
commonly associated with organic matter derived from reduced or 
anoxic marine bottom waters or resuspended seafloor sediments (e.g., 
Didyk et al., 1978) and may further reflect potential contribution from 
phytoplanktonic chlorophyll degradation (e.g., Rontani and Bonin, 
2011). Although tsunami waters are oxygenated at the wave surface, 
tsunamis can entrain and redeposit reduced marine sediments and 
associated organic matter (e.g., Ikehara et al., 2021), and rapid burial 
can limit re-oxygenation and favor reducing conditions within the 
tsunami deposit (e.g., Watanabe et al., 2020), consistent with the 
observed low pr/ph ratios. By contrast, background sediments have 
higher pr/ph values in combination with long-chain n-alkanes, indi
cating a stronger terrestrial plant-wax input and comparatively more 
oxic to redox-variable conditions (e.g., Eglinton and Hamilton, 1967; 
Meyers, 2003) common in aerated near-surface soils (e.g., cultivated 
soils; e.g., Maruoka et al., 2015) or exposure prior to burial, rather than 
permanently waterlogged peat, which is generally reducing (e.g., 
Chagué-Goff, 2010; Watanabe et al., 2020).

Notably, the consistent marine biomarker signature documented 
across all four event layers (E-I to E-IV) contrasts with the absence of 
marine bioclasts from these deposits. This dissociation is not unex
pected, as the organic-rich, acidic peat and silt units surrounding the 
event deposits within the Maita River Valley's stratigraphy promote 
dissolution of calcareous tests and shell fragments over long periods of 

time, as reported elsewhere (e.g., Chagué-Goff et al., 2012; Szczuciński, 
2020; Hawkes, 2020; Putra et al., 2023). Yet, this observation illustrates 
a key strength of lipid biomarkers relative to conventional 
bioclast-based proxies in such settings. Organic compounds sourced 
from marine algae, phytoplankton, and marine bioclasts, such as shells 
or foraminifera, can survive in the sediment-geochemical record and 
document marine inundations, even where all macro- and microscopic 
calcareous evidence may have been destroyed by diagenetic dissolution. 
In this sense, the marine lipid biomarker signal constitutes a comple
mentary proxy, partially compensating for the loss of marine bioclasts.

The hopanes and sterane distributions provide particularly robust 
evidence for marine influence. Marine C27 steranes (algae and 
zooplankton) and the C29/C27 sterane ratio (terrestrial vs. marine 
organic matter input), homohopane index (HHI, marine bacterial 
contribution), and sterane/hopane ratio (S/H, eukaryotic vs. prokary
otic ratio) all indicate marine sources dominating the organic matter 
composition of the event layers. Particularly useful is the ternary plot of 
the percentual distribution of steranes (C27, C28, C29) (Fig. 11; Fig. 12), 
which clearly distinguishes the four event deposits as marine sourced. 
This observation aligns with recent findings by Bellanova et al. (2023), 
who demonstrated that steranes and hopanes can preserve source in
formation for historic tsunami events, such as the 1755 CE Lisbon 
tsunami.

The dilution or depletion of distinct terrigenous biomarker proxies 
further elucidates source contributions of the four event deposits. 
Particularly long-chain homologues of n-alkanes (C25–C35), n-aldehydes 
(C26–C32, fatty acids (C22:0–C30:0), and terpenoids (mono-, di-, and ses
quiterpenes) are (volatile) plant metabolites that can signal the input of 
higher plant waxes and specific vegetation types (Eglinton and 
Hamilton, 1967; Otto and Wilde, 2001). These characteristics are 
consistent with terrestrial soil accumulation (e.g., Otto and Wilde, 2001; 
Meyers, 2003; Bellanova et al., 2021; Shinozaki et al., 2022). The event 
layers, however, show a sharp decline in terrigenous input, as indicated 
by low diterpene and sesquiterpene concentrations, low LCFA/ΣFA and 
TARFA ratios, and high ΣSCFA/ΣLCFA values (e.g., Bourbonniere and 
Meyers, 1996; Konechnaya et al., 2022; Shinozaki et al., 2022). 
Reflecting this, are short-chain (C14:0–C18:0) fatty acids or the C15:0–C17:0 
FA)/

∑
FA ratio, which clearly suggest marine sourced organic matter 

being present only in the four event deposits. Furthermore, elevated 
odd-chain bacterial fatty acids (e.g., C15:0–C17:0) in event layers indicate 
bacterial input or growth after deposition, perhaps reflecting selective 
microbial colonization of tsunami deposits (event fauna – Asano et al., 
2013, 2020; Hiraoka et al., 2016). Combined, the declining terrige
nous proxy patterns imply an influx of marine organic matter (Alpar 
et al., 2012; Shinozaki et al., 2015; Konechnaya et al., 2022) and dilu
tion of terrestrial matter, which may be eroded and entrained during 
inundation, thus tracing erosion pathways and sediment provenance (e. 
g., Bellanova et al., 2020; Frenken et al., 2022a; Shinozaki et al., 2022).

5.1.2. Biomarker potential for detecting ‘invisible' tsunami deposits
Detection of silty and muddy tsunami deposits on top of or blending 

into soil stratigraphies beyond the limit of sand, sometimes referred to as 
‘invisible’ deposits, remains challenging even for contemporary events 
(e.g., Goto et al., 2011; Richmond et al., 2012; Chagué-Goff et al., 2012; 
Szczuciński et al., 2012; Bellanova et al., 2021; Shinozaki et al., 2022). It 
has also only been rarely demonstrated for historical or paleotsunami 
deposits (Moreira et al., 2017; Chagué et al., 2020; Komeiji et al., 2025). 
However, organic markers present a potential proxy capable of detecting 
such ‘invisible’ tsunami deposits (e.g., Bellanova et al., 2021; Shinozaki 
et al., 2022; Komeiji et al., 2025) and therefore may be a valuable tool 
to extend reconstructions of inundation distances in paleotsunami 
studies.

The results of this case study illustrate how lipid biomarker proxies 
may also capture (‘invisible’) tsunami mud. Several marine-terrestrial 
ratios show a stepwise, rather than instantaneous, recovery above the 
sandy event beds (at 25–34 cm and 40–45 cm, respectively; e.g., TARALK 
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– Fig. 5; TARALD, CPIALD – Fig. 7; TARFA, LCFA/
∑

FA – Fig. 8; C29/C27 
steranes – Fig. 10). Such observations are consistent with the few de
scriptions of tsunami muds studied beyond sand limits (e.g., 
Chagué-Goff et al., 2012; Bellanova et al., 2021; Shinozaki et al., 2022; 
Komeiji et al., 2025). However, it needs to be noted that our sampling 
strategy and resulting vertical resolution was not targeted to and thus 
does not allow a definitive analysis and distinction of the potential 
‘invisible’ fraction of the tsunami deposits in the Maita River Valley. 
Nonetheless, this shall motivate future high-resolution sampling and 
targeted approaches across lateral transects beyond the sand limit to test 
biomarker detectability of the muddy ‘invisible’ tsunami deposits.

5.1.3. Comparison with modern tsunami deposits and other studies
The detected lipid biomarker patterns from the sediment profile in 

the Maita River Valley exhibit remarkable consistency with findings 
from modern tsunamis, particularly they agree with previous observa
tions of the well-studied 2011 Tōhoku-oki tsunami (Table 1; e.g., 
Shinozaki et al., 2015, 2016; Bellanova et al., 2020, 2021; Frenken et al., 
2022a; Konechnaya et al., 2022; Komeiji et al., 2025). The results 
confirm that biomarkers and diagnostic ratios which previously have 
been applied on modern deposits, such as n-alkanes, isoprenoids, ster
anes, hopanes, n-aldehydes, and fatty acid distributions, effectively 
discriminate paleo-tsunami sediments from background sediments. The 
congruence between modern analogues and the presented paleotsunami 
results validates the temporal robustness of organic geochemical proxies 
and supports their application to ancient event deposits.

The non-detection (concentrations < LOQ) or absence of specific 
lipid biomarkers in an event deposit is circumstantial and does not refute 
the environmental and process information value of the detected com
pounds. Specific singular compounds with high source specificity (e.g., 
isolongifolene, dinosterol; Shinozaki et al., 2022) may be absent from 
deposits, as their presence depends on the local occurrence of their 
biological producers, specific sources, and tsunami hydraulics to 
entrain, transport, and deposit them. Therefore, their absence records 
source or taphonomic constraints, rather than indicating that extreme 
inundation events did not occur. In the example of the Maita River 
Valley, with an open estuarine setting with coniferous vegetation on the 
hillsides but only agricultural or fluvial vegetation in the valley, the 
incorporation of isolongifolene into the studied tsunami deposits was 
not directly expected. This stands in contrast to settings, such as the 
Sendai Plain, where a coastal coniferous forest separates the coastline 
from the inland areas, and the 2011 Tōhoku-oki tsunami flow travelled 
inland across the forest. In such local circumstances, the entrainment 
and preservation of environment specific biomarkers, such as iso
longifolene, serve as exceptionally well-suited markers to trace tsunami 
inundation beyond the limit of sand (e.g., Shinozaki et al., 2022).

Overall, the need for multi-proxy approaches was highlighted by 
Chagué-Goff et al. (2011, 2017) and Bellanova et al. (2019), with the 
latter two studies argued that organic geochemical proxies in particular 
generally provide high source specificity and environmental informa
tion, complementing sedimentological and other geochemical tsunami 
indicators. The results of this study validate this claim, as findings across 
multiple independent compound classes represent one of the first 
comprehensive applications of lipid biomarkers to paleotsunami de
posits and demonstrate their utility and viability as diagnostic tools for 
identifying marine incursions in the sedimentary record, thereby 
providing a reliable signal for paleotsunami deposits.

5.2. Limitations and future perspectives

5.2.1. Preservation of organic signatures
Despite the promising results, several limitations warrant careful 

consideration. Aside from site context and source-specific limitations, 
grain size effects, differential preservation and diagenesis are primary 
concerns when applying organic geochemical proxies to ancient tsunami 
deposits. Preferential adsorption of biomarkers onto fine, organic-rich 

particles and matrix effects can modulate detectability, and prior work 
debated whether missing marine signals reflect non-transport or post- 
depositional loss (e.g., Shinozaki et al., 2015, 2016; Shinozaki, 2021). 
In coastal forests, short-chain n-alkanes and other marine biomarkers 
may be absent from sandy deposits because they bind to fine sediments 
that settle into mud caps rather than sandy deposits (Shinozaki et al., 
2015, 2022). Thus, site-specific factors (e.g., vegetation, hydrody
namics, sediment supply) can control biomarker preservation (e.g., 
Shinozaki et al., 2016, 2022; Chagué, 2020; Shinozaki, 2021; Frenken 
et al., 2022a; Chagué and Shinozaki, 2023). Nonetheless, multiple 
studies show that sandy tsunami deposits can retain diagnostic lipids, 
especially when employing multiple biomarker classes and ratios, and 
integrating stratigraphic and site-specific context (e.g., Bellanova et al., 
2020, 2023; Shinozaki et al., 2022), misinterpretations can be mini
mized. For instance, Frenken et al. (2022a) cautioned that TARALK 
values must be interpreted in the context of local source materials 
because tsunami deposits contain mixtures of eroded marine and 
terrestrial sediments. Normalizing biomarker concentrations to total 
organic carbon (TOC) content mitigates the influence of variable organic 
matter abundance across stratigraphic units and allows for more 
meaningful comparisons between event and background strata (e.g., 
Frenken et al., 2022a; Konechnaya et al., 2022). This normalization is 
essential in paleotsunami contexts where sandy event layers typically 
exhibit lower TOC (~3–5%) than organic-rich background soils or peats 
(~8–24%). The clear separation of event and background signatures, 
even after TOC normalization, confirms that the observed biomarker 
patterns reflect true compositional differences in organic matter sources 
rather than mere grain-size effects (Frenken et al., 2022a). The grain size 
contrast between the fine-grained units (L) and the sandy event units (E) 
is relevant from an organic geochemical perspective, as fine particles 
possess greater specific surface area and thus higher organic matter 
adsorption capacity, resulting in inherently higher absolute biomarker 
concentrations in the background units independently of source differ
ences (e.g., Keil and Hedges, 1993; Frenken et al., 2022a). Frenken et al. 
(2022a) have shown that TOC normalization effectively corrects for this 
grain-size-driven dilution effect and outperforms normalization over the 
fine grain fraction in tsunami-related biomarker studies. Although 
marine-sourced biomarkers preferentially adsorb onto finer particles 
rather than coarse sandy deposits (Shinozaki et al., 2015, 2022), the 
robust marine fingerprint consistently detected across all four event 
layers after TOC normalization confirms that marine organic matter is 
significantly retained within the sandy event units (E) to yield a reliable 
and interpretable proxy signal comparable to previous studies (e.g., 
Bellanova et al., 2020, 2021, 2023; Frenken et al., 2022a). Notably, the 
event layers are not composed of pure sand, as mud content ranges from 
0 to 3% and silt content from 9 to 18% across the four units (Table S1), a 
non-negligible fine-grained fraction that may itself contribute to 
biomarker adsorption and preservation within these otherwise 
sand-dominated layers.

Yet, biomarker preservation may be influenced by compound vola
tility, biodegradation, and sediment reworking. Labile compounds such 
as sterols, terpenoids, and polyunsaturated fatty acids are susceptible to 
microbial degradation (e.g., Keil and Hedges, 1993; Burdige, 2007), 
oxidation (e.g., Rontani, 2001; Marchand and Rontani, 2001; Rontani 
et al., 2007), and thermal alteration (e.g., Peters et al., 2005; Killops 
and Killops, 2013), potentially erasing or distorting source signatures 
(Shinozaki et al., 2016; Chagué-Goff et al., 2017). This may be the 
reason why alkenones were not detected in this study; however, their 
absence more likely reflects a limited contribution from their hapto
phyte algal source than post-depositional degradation, consistent with 
the general scarcity of alkenones reported in tsunami deposits (e.g., 
Rontani et al., 2013; Shinozaki et al., 2015, 2016). Likewise, certain 
terpenes can degrade rapidly (e.g., van Roon et al., 2005a, 2005b; 
Marmulla and Harder, 2014) despite the presence of coastal vegetation. 
Consequently, terpenoids should not be used as stand-alone proxies, and 
their low concentration in the event layers of the Maita River Valley may 
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reflect degradation rather than the absence of terrestrial vegetation. 
However, for this study cross-verification with more stable compounds 
(e.g., n-alkanes and hopanes), and the OEPALK and EOPALD ratios, sug
gests the deposition of fresh material and limited postdepositional 
degradation (Prahl and Pinto, 1987; Thomas et al., 2021; Frenken et al., 
2022a).

A key observation in the context of this case study from the Maita 
River Valley is that biomarker preservation is broadly comparable across 
all four event layers (Inoue et al., 2017; Ishizawa et al., 2022). This is 
evident, particularly for the most diagenetically stable compound clas
ses, including n-alkanes, steranes, and hopanes (Fig. 5; 10), confirming 
that lipid biomarkers, once embedded in the organic-rich peat or silt 
matrix, can be preserved on millennial timescales, when local environ
mental conditions suppress microbial degradation and oxidation (e.g., 
Meyers, 2003; Peters et al., 2005; Burdige, 2007). However, 
compound-class-specific hierarchies of preservation and diagenetic se
quences have been documented in organic-rich sediments (e.g., 
Cranwell, 1981; Meyers and Ishiwatari, 1993; Canuel and Martens, 
1996; Wakeham et al., 1997). This is consistent with the observed 
absence of less stable organic compounds in this case study. Critically, 
the marine biomarker fingerprint remains detectable and interpretable 
in all four event layers, even if marine bioclasts are absent or have 
dissolved over time, confirming that biomarkers provide a robust proxy 
for paleotsunami reconstruction in coastal sedimentary archives.

5.2.2. Multi-compound approach and future perspectives
Given the possible limitations, future research should include sys

tematic multi-compound analyses of biomarkers as presented in this 
case study, as well as continuously review utilizable lipid proxies to gain 
further insights into paleotsunami preservation potential as a function of 
deposit age, lithology, and burial history. The integration with com
plementary proxies can further support the robustness of paleotsunami 
identification. Additional biomarker proxies that could be useful but 
have not been detected and tested in this study include glycerol dialkyl 
glycerol tetraether lipids (GDGTs), such as crenarchaeol and branched 
GDGTs, using the branched and isoprenoid tetraether (BIT) index to 
assess marine versus terrestrial input (e.g., Hopmans et al., 2004; 
Schouten et al., 2013) and their respective ratios. Moreover, long-chain 
n-alcohols or wax esters, and the pyrolysis of lignin phenols (e.g., 
Konechnaya et al., 2022) may also represent promising additions to the 
known biomarker-set for paleotsunami research. Furthermore, inte
grating other organic geochemical analyses can provide a broader pic
ture, such as compound-specific isotope analysis (CSIA). Such analyses 
represent promising but underutilized techniques in tsunami research 
(e.g., Chagué-Goff et al., 2017; Shinozaki, 2021). CSIA on n-alkanes, 
fatty acids, or amino acids can provide additional source discrimination 
by isotopically fingerprinting terrestrial material (C3 vs. C4 plants) and 
contrasting them to marine organic matter (e.g., Alewell et al., 2016; 
Hirave et al., 2020). Integrating CSIA with lipid biomarker distributions 
could enhance source allocation and improve confidence in paleo
tsunami identification, particularly in settings where multiple organic 
matter sources overlap.

Likewise, the utilization of environmental DNA has proven to be a 
powerful analytical tool in paleotsunami research (e.g., Szczuciński 
et al., 2016; Engel et al., 2020; Yap et al., 2021, 2023; Shinozaki 
et al., 2025), and while it is increasingly used, it is still not widely 
adopted across tsunami studies. Coupling lipid biomarkers with eDNA 
analysis can provide high taxonomic resolution of marine organisms (e. 
g., diatoms, foraminifera) preserved in tsunami deposits (e.g., Shinozaki 
et al., 2025) and provide further evidence to differentiate tsunami de
posits from the background or distinguish them from other extreme 
events, such as storms (Somboonna et al., 2014; Switzer et al., 2016; 
Szczuciński et al., 2016; Yap et al., 2021). Storm waves typically 
mobilize sediment from narrower coastal source areas, primarily beach 
and dune material, with limited entrainment of shallow offshore sedi
ment (e.g., Morton and Sallenger Jr, 2003; Morton et al., 2007; 

Watanabe et al., 2021). Tsunami inundation, by contrast, transports 
organic matter from a much wider range of marine source environments, 
including offshore phytoplankton, reduced seafloor sediments, and 
marine-derived organic matter transported far inland (e.g., Shinozaki 
et al., 2015; Bellanova et al., 2020, 2023; Konechnaya et al., 2022). 
These differences in sediment and organic matter source areas may 
produce distinct variations in the biomarker signatures. Particularly, 
short-chain n-alkanes, pr/ph ratios, and marine steranes could be useful 
biomarker proxies potentially indicating lower values in storm deposits 
compared to tsunami event layers. If confirmed through targeted 
comparative studies, specific lipid biomarker criteria could emerge as 
independent proxies for discriminating between tsunami and storm 
deposits, addressing a longstanding challenge in tsunami research (e.g., 
Morton et al., 2007; Goff et al., 2012; Goto et al., 2015).

Finally, the spatial resolution and lateral continuity of biomarker 
signatures, as well as the baseline variability in local organic matter (e. 
g., vegetation changes, land-use changes), must be better constrained 
through future research. Modern examples show that biomarker proxies 
can successfully trace the extent of inland inundation; however, for 
paleotsunamis, this knowledge is limited. The four analyzed event layers 
from Maita show consistent biomarker patterns at the single coring 
location. Additional cores across the river valley, and neighboring sites 
(e.g., Noda) are needed to assess spatial variability and confirm that 
biomarker signatures can trace paleotsunami deposits inland and iden
tify inland inundation beyond the limit of visually recognizable sand 
deposits.

5.3. Methodological implications for paleotsunami research

The Sanriku coastline represents a region with a long paleotsunami 
history linked to its high seismic activity and vulnerability to 
subduction-zone tsunamis (Fig. 1). However, compared to the Sendai 
and Ishinomaki Plains, paleotsunami research on the Sanriku coast has 
received less attention, partly due to the challenging geomorphology 
with narrow valleys, limited coastal lowlands, and steeply incised ria 
coastlines that reduce sedimentary preservation potential (e.g., Naruse 
et al., 2012; Yamada et al., 2014; Goto et al., 2015, 2019; Inoue et al., 
2017; Yokoyama et al., 2021; Ishizawa et al., 2022). Previous studies 
have identified up to 12–14 historical and prehistoric tsunamis over the 
past 4000 years along this coastline, with recurrence intervals estimated 
between 350 and 600 years (e.g., Ishimura and Miyauchi, 2015; Sawai 
et al., 2015; Inoue et al., 2017; Ishimura, 2017; Ishizawa et al., 2022).

The primary contribution of this study to paleotsunami research is of 
methodological nature. Biomarker proxies had been individually 
applied to modern tsunami deposits (primarily the 2011 tsunami de
posits, e.g., Shinozaki et al., 2015, 2016, 2022; Bellanova et al., 2020, 
2021; Konechnaya et al., 2022) and in a few cases on historical tsunami 
deposits (e.g., Alpar et al., 2012; Mathes-Schmidt et al., 2013; Bellanova 
et al., 2023; Komeiji et al., 2025); however, they have never been sys
tematically applied to paleotsunami deposits. Through the review of 
suitable paleotsunami biomarker proxies and by applying them for the 
first time in a multi-compound approach to paleotsunami deposits, this 
study demonstrates that this approach can independently fingerprint 
marine inundation events. It further corroborates tsunami in
terpretations on sediment sources, organic-matter provenance, redox 
conditions, and transport processes over millennial timescales. The 
added value of the Maita River Valley case study lies in the confirmation 
and characterization of the four previously described and chronologi
cally constrained event layers (Inoue et al., 2017; Ishizawa et al., 2022) 
through robust multi-proxy biomarker signals, as a controlled test case 
in which the biomarker approach can be evaluated against an inde
pendently established paleotsunami stratigraphy. Furthermore, the 
successful application of lipid biomarkers to the Maita River Valley 
deposits confirms that biomarker preservation is sufficient for paleo
tsunami research. It also shows that organic geochemistry can offer a 
complementary approach to strengthen paleotsunami interpretations, 
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reliably reconstruct paleotsunami magnitudes, possibly revealing their 
inundation extent beyond the visible sand deposits, and discriminating 
sediment sources and transport processes and pathways. These resulting 
methodological implications are transferable beyond the Japanese 
Sanriku coast. In geomorphologically challenging settings with limited 
coastal lowlands, and reduced sedimentary preservation potential, 
where sand sheets are discontinuous or visually ambiguous, or where 
bioclast preservation is poor, lipid biomarkers may help identify or 
discriminate marine-inundation deposits from terrestrial background 
sediment. For the Sanriku coast specifically, this approach complements 
existing paleotsunami chronologies, and thus this has important impli
cations for seismic hazard assessment, as paleoseismic data inform 
probabilistic models of future tsunami risk (e.g., Annaka et al., 2007; 
Goto et al., 2011; Namegaya and Satake, 2014; Sawai et al., 2015; 
Ishimura, 2017).

6. Conclusions

This study presents a review of lipid biomarkers suitable as paleo
tsunami proxies and their first comprehensive application to paleo
tsunami deposits on the Sanriku coast (Japan). The Sanriku coast is 
characterized by challenging geomorphological conditions and limited 
sedimentary archives, underscoring that organic geochemistry offers 
robust, source-specific, and complementary tools to traditional sedi
mentological methods in tsunami research for identifying and charac
terizing marine incursions over millennial timescales. The combined 
sedimentological systematic lipid biomarker analysis of the sediment 
profile from the Maita River Valley reveals four distinct sand beds (E-I to 
E-IV). These results demonstrate that tsunami event layers can be 
detected and characterized without requiring tightly constrained age 
models, while highlighting that comparison with previously docu
mented chronologies can provide tentative age constrains, suggesting a 
tsunami record comprising four paleotsunami events, including a 
possible correlation with the 869 CE Jōgan tsunami and three older 
paleotsunamis. Each event layer exhibits diagnostic geochemical fin
gerprints collectively indicating (1) increased marine proxies, such as 
elevated short-chain homologues (n-alkanes, n-aldehydes, fatty acids), 
enriched C27 steranes, and higher C15:0–C17:0 FA)/

∑
FA, (2) reduced 

plant-derived terrestrial signatures, such as terrigenous-to-aquatic ratios 
(TARALK, TARALD, TARFA), long-chain homologues (n-alkanes, n-alde
hydes, fatty acids), terpenoids, C29/C27 sterane ratio, and (3) distinctive 
prokaryotic over eukaryotic signatures from sterane/hopane (S/H) dis
tributions or the homohopane index.

Both marine- and terrigenous-derived biomarkers have diagnostic 
values when interpreted in context (Fig. 12). Combining these markers 
allows to unequivocally differentiate the tsunami sand beds from the 
terrestrial background silty units (L1–L7). As environmental and process 
indicators, biomarkers provide information on entrainment, transport, 
and deposition of marine-sourced particle-bound organic matter typical 
of such marine incursions.

A critical strength lies in comprehensive multi-compound ap
proaches, providing robust indicators and proxies, ensuring that marine 
signatures can be detected even when individual biomarker classes are 
compromised by degradation or differential preservation. These findings 
align with and extend previous biomarker studies on modern tsunami 
deposits, validating the temporal applicability of organic geochemical 
fingerprinting across historic and prehistoric events.

Overall, this work highlights the analytical value of organic 
geochemistry in paleotsunami research. By identifying coherent 
biomarker signatures associated with tsunami deposition, we provide a 
framework for future studies to detect and characterize prehistoric 
tsunamis in a variety of coastal depositional settings.
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Ünlü, S., Alpar, B., Altınok, Y., Özer, N., 2012. Rapid coastal changes and tsunami 
impacts at the Patara Harbour (Turkey). In: Proceedings of the International 
Conference on Land–Sea Interactions in the Coastal Zone (LANDSI 2012). Jounieh, 
Lebanon, pp. 411–418.

Oppenheimer, C., Wacker, L., Xu, J., Galván, J.D., Stoffel, M., Guillet, S., Corona, C., 
Sigl, M., Di Cosmo, N., Hajdas, I., Pan, B., Breuker, R., Schneider, L., Esper, J., Fei, J., 
Hammond, J.O.S., Büntgen, U., 2017. Multi-proxy dating the ‘millennium 
eruption’of Changbaishan to late 946 CE. Quat. Sci. Rev. 158, 164–171. https://doi. 
org/10.1016/j.quascirev.2016.12.024.

Otto, A., Wilde, V., 2001. Sesqui-, di-, and triterpenoids as chemosystematic markers in 
extant conifers – a review. Bot. Rev. 67, 141–238. https://doi.org/10.1007/ 
BF02858076.

Ourisson, G., Rohmer, M., Poralla, K., 1987. Prokaryotic hopanoids and other 
polyterpenoid sterol surrogates. Annu. Rev. Microbiol. 41, 301–333. https://doi.org/ 
10.1146/annurev.mi.41.100187.001505.

Ozawa, S., Nishimura, T., Suito, H., Kobayashi, T., Tobita, M., Imakiire, T., 2011. 
Coseismic and postseismic slip of the 2011 magnitude-9 Tohoku-Oki earthquake. 
Nature 475, 373–376. https://doi.org/10.1038/nature10227.

P. Bellanova et al.                                                                                                                                                                                                                              Quaternary Science Reviews 390 (2026) 110188 

23 

https://doi.org/10.1016/j.margeo.2015.05.009
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref61
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref61
https://doi.org/10.1016/j.orggeochem.2005.12.010
https://doi.org/10.1016/j.orggeochem.2005.12.010
https://doi.org/10.1016/B978-0-12-815686-5.00012-2
https://doi.org/10.1016/B978-0-12-815686-5.00012-2
https://doi.org/10.1186/s12864-016-2380-4
https://doi.org/10.5194/bg-17-2169-2020
https://doi.org/10.1016/j.epsl.2004.05.012
https://doi.org/10.1016/0016-7037(79)90257-6
https://doi.org/10.1016/S0304-4203(01)00066-4
https://doi.org/10.1016/S0304-4203(01)00066-4
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref69
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref69
https://doi.org/10.1038/s41598-021-87152-8
https://doi.org/10.1038/s41598-021-87152-8
https://doi.org/10.1186/s40645-017-0158-1
https://doi.org/10.1186/s40645-017-0158-1
https://doi.org/10.1186/s40562-017-0077-4
https://doi.org/10.1186/s40562-017-0077-4
https://doi.org/10.1186/s40645-015-0047-4
https://doi.org/10.1186/s40645-015-0047-4
https://doi.org/10.1016/j.margeo.2017.01.011
https://doi.org/10.1016/j.quascirev.2022.107381
https://doi.org/10.1016/j.sedgeo.2012.07.015
https://doi.org/10.1016/j.sedgeo.2012.07.015
https://doi.org/10.1002/9780470988718.ch4
https://doi.org/10.1016/0025-326X(86)90800-3
https://doi.org/10.1016/0025-326X(86)90800-3
https://doi.org/10.1016/j.margeo.2017.01.002
https://doi.org/10.1016/0031-9201(71)90013-6
https://doi.org/10.1016/0031-9201(71)90013-6
https://doi.org/10.1111/j.1469-8137.2006.01716.x
https://doi.org/10.1016/0009-2541(93)90215-5
https://doi.org/10.1023/A:1006127516791
https://doi.org/10.1023/A:1006127516791
https://doi.org/10.1002/9781118697214
https://doi.org/10.1016/j.margeo.2025.107490
https://doi.org/10.1016/j.margeo.2025.107490
https://doi.org/10.1016/j.margeo.2021.106671
https://doi.org/10.1016/j.sedgeo.2007.01.004
https://doi.org/10.1016/j.sedgeo.2007.01.004
https://doi.org/10.1016/S0146-6380(00)00175-3
https://doi.org/10.1016/S0146-6380(00)00175-3
https://doi.org/10.3389/fmicb.2014.00346
https://doi.org/10.2355/tetsutohagane.TETSU-2014-131
https://doi.org/10.2355/tetsutohagane.TETSU-2014-131
https://doi.org/10.1016/0146-6380(93)90016-5
https://doi.org/10.1127/0372-8854/2013/S-00153
https://doi.org/10.1127/0372-8854/2013/S-00153
https://doi.org/10.1016/S0146-6380(97)00049-1
https://doi.org/10.1016/S0146-6380(97)00049-1
https://doi.org/10.1016/S0146-6380(02)00168-7
https://doi.org/10.1016/0146-6380(93)90100-P
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref96
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref96
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref96
https://doi.org/10.1086/629488
https://doi.org/10.1086/629488
https://doi.org/10.1007/s00244-017-0389-6
https://doi.org/10.1007/s00244-017-0389-6
https://doi.org/10.1016/j.margeo.2017.04.007
https://doi.org/10.1016/j.sedgeo.2007.01.003
https://www.jstor.org/stable/4299198
https://www.jstor.org/stable/4299198
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref102
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref102
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref104
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref104
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref104
https://doi.org/10.1002/2013GL058678
https://doi.org/10.1016/j.sedgeo.2012.08.012
https://doi.org/10.1016/j.sedgeo.2012.08.012
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref171
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref171
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref171
http://refhub.elsevier.com/S0277-3791(26)00397-5/sref171
https://doi.org/10.1016/j.quascirev.2016.12.024
https://doi.org/10.1016/j.quascirev.2016.12.024
https://doi.org/10.1007/BF02858076
https://doi.org/10.1007/BF02858076
https://doi.org/10.1146/annurev.mi.41.100187.001505
https://doi.org/10.1146/annurev.mi.41.100187.001505
https://doi.org/10.1038/nature10227


Perry, G.J., Volkman, J.K., Johns, R.B., Bavor Jr., H.J., 1979. Fatty acids of bacterial 
origin in contemporary marine sediments. Geochem. Cosmochim. Acta 43, 
1715–1725. https://doi.org/10.1016/0016-7037(79)90020-6.

Peters, K.E., Walters, C.C., Moldowan, J.M., 2005. The biomarker guide In: Biomarkers 
and Isotopes in the Environment and Human History, second ed., 1. Cambridge 
University Press, Cambridge. https://doi.org/10.1017/CBO9780511524868. 

Peters, R., Jaffe, B., 2010. Identification of tsunami deposits in the geologic record; 
developing criteria using recent tsunami deposits. In: U.S. Geological Survey Open- 
File Report 2010–1239, iv, p. 28. https://doi.org/10.3133/ofr20101239.

Peters, K.E., Moldowan, J.M., 1991. Effects of source, thermal maturity, and 
biodegradation on the distribution and isomerization of homohopanes in petroleum. 
Org. Geochem. 17, 47–61. https://doi.org/10.1016/0146-6380(91)90039-M.

Peters, K.E., Moldowan, J.M., 1993. The Biomarker Guide: Interpreting Molecular Fossils 
in Petroleum and Ancient Sediments. Prentice Hall, Englewood Cliffs, NJ. 

Pilarczyk, J.E., Horton, B.P., Witter, R.C., Vane, C.H., Chagué-Goff, C., Goff, J., 2012. 
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Sinninghe Damsté, J.S., Van Duin, A.C., Hollander, D., Kohnen, M.E., De Leeuw, J.W., 
1995. Early diagenesis of bacteriohopanepolyol derivatives: formation of fossil 
homohopanoids. Geochem. Cosmochim. Acta 59, 5141–5157. https://doi.org/ 
10.1016/0016-7037(95)00338-X.

Somboonna, N., Wilantho, A., Jankaew, K., Assawamakin, A., Sangsrakru, D., 
Tangphatsornruang, S., Tongsima, S., 2014. Microbial ecology of Thailand tsunami 
and non-tsunami affected terrestrials. PLoS One 9, e94236. https://doi.org/ 
10.1371/journal.pone.0094236.

Spiske, M., Piepenbreier, J., Benavente, C., Bahlburg, H., 2013. Preservation potential of 
tsunami deposits on arid siliciclastic coasts. Earth Sci. Rev. 126, 58–73. https://doi. 
org/10.1016/j.earscirev.2013.07.009.

Spiske, M., Tang, H., Bahlburg, H., 2020. Post-depositional alteration of onshore tsunami 
deposits–implications for the reconstruction of past events. Earth Sci. Rev. 202, 
103068. https://doi.org/10.1016/j.earscirev.2019.103068.

Stephanou, E., 1989. Long-chain n-aldehydes: an overlooked but ubiquitous compound 
class of possible geochemical and environmental significance. Naturwissenschaften 
76, 464–467. https://doi.org/10.1007/BF00366223.

Sugawara, D., 2021. Numerical modeling of tsunami: advances and future challenges 
after the 2011 Tohoku earthquake and tsunami. Earth Sci. Rev. 214, 103498. 
https://doi.org/10.1016/j.earscirev.2020.103498.

Sugawara, D., Goto, K., Imamura, F., Matsumoto, H., Minoura, K., 2012. Assessing the 
magnitude of the 869 Jogan tsunami using sedimentary deposits: prediction and 
consequence of the 2011 Tohoku-oki tsunami. Sediment. Geol. 282, 14–26. https:// 
doi.org/10.1016/j.sedgeo.2012.08.001.

Sugawara, D., Imamura, F., Goto, K., Matsumoto, H., Minoura, K., 2013. The 2011 
Tohoku-oki earthquake tsunami: similarities and differences to the 869 Jogan 
tsunami on the Sendai plain. Pure Appl. Geophys. 170, 831–843. https://doi.org/ 
10.1007/s00024-012-0460-1.

Sugawara, D., Minoura, K., Imamura, F., 2001. Sedimentation due to the A.D. 869 Jōgan 
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