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ARTICLE INFO ABSTRACT

Handling Editor: Claude Hillaire-Marcel Tropical cyclones (TCs) are posing growing threat to coastal populations and property, thereby necessitating
more millennial paleoclimatic reconstructions. This study presents a 3100-year record from Marou Lagoon, Emau

Keywords: Island, Vanuatu. Using coarse anomalies as the main proxy, 36 intense tropical cyclones are identified (~1.2/

Tropical cyclone century). Active TC phases occurred during 1550-1750 CE, 350-750 CE, and the 20th century, contrasting with a

Tsunami

pre-Common Era quiescent period. Comparative analysis with five paleotempestological records across the

;:'EET S;:;icgszonvergence sone tropical South Pacific reveals multidecadal-to-centennial TC variability is dominantly governed by ENSO-driven
ENSO shifts in the South Pacific Convergence Zone (SPCZ). La Nina-like periods cause southwestward SPCZ

displacement and expansion, causing basin-wide enhanced cyclogenesis, while persistent strong El Nino condi-
tions collapse the SPCZ into a zonal structure near French Polynesia, concentrating activity at eastern sites and
suppressing western ones. Weak-to-moderate El Nino states exhibit stochastic dominance. Critically, sedimen-
tological analysis reveals the most prominent event bed represents the cataclysmic Kuwae eruption in mid-15th.
This deposit exhibits a five-stage sequence reflecting eruption progression, providing unprecedented resolution
of eruption dynamics and tsunami impacts that surpass subaerial records. Typical diagnostic features of tsunami
deposits (e.g., hummocky cross-stratification) are absent due to lagoon barrier/reef sheltering, and the hetero-
geneous density and shape of dominant pyroclastic materials (especially pumice) invalidate standard hydraulic
grain-size models. This study demonstrates that sheltered lagoons preserve high-fidelity records of both extreme
TCs and volcanogenic tsunamis. Such archives offer critical insights into regional climatic drivers and geohazard
mechanisms but require environment-specific sedimentological frameworks, particularly where low-density
pyroclastics dominate coarse fractions.

Kuwae volcano

1. Introduction Beyond the temporal limitations of instrumental records, sedimen-
tary archives provide valuable proxies for reconstructing TC activity on

Tropical cyclones (TCs) pose an increasing threat to coastal pop- multidecadal to millennial timescales. Extreme TC-driven waves and
ulations and infrastructure, highlighting the critical need to understand currents deposit coarse-grained sediments within finer-grained, quies-
how climate change influences TC activity on decadal to centennial cent-weather deposits, forming distinct "event beds". Coastal lakes,
timescales. Such insights are essential for assessing future risks to coastal ponds, lagoons, and karst basins are particularly suitable for preserving
communities and infrastructure under evolving climate scenarios. continuous TC records, as event beds deposited below the wave base are
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less susceptible to reworking under normal hydrodynamic conditions.
Since the seminal study of Emery (1969), numerous long-term TC re-
constructions have been developed along the margins of the western
North Atlantic Ocean, the Gulf of Mexico, and the Caribbean Sea (e.g.,
Liu and Fearn, 2000; Donnelly et al., 2001; Donnelly and Woodruff,
2007; Lane et al., 2011; Brandon et al., 2013; Donnelly et al., 2015;
Wallace et al., 2019; Donnelly, 2025) and within the western North
Pacific basin (e.g., Liu et al., 2001; Yu et al., 2009; Yue et al., 2019;
Bramante et al., 2020; Yang et al., 2022; Tan et al., 2023).

Low-lying island nations in the South Pacific face heightened expo-
sure to TCs (Charan et al., 2017), yet continuous prehistoric TC records
from this basin remain sparse. Notable efforts include Toomey et al.
(2013), who reconstructed a 5000-year TC record from a back-reef
lagoon in Tahaa, French Polynesia and linked active TC periods to
insolation variations and the El Nino-Southern Oscillation (ENSO).
Denniston et al. (2015) reported a 2200-year record of extreme rainfall
events associated with TC activity from an Australian cave, suggesting
multi-centennial variations influenced by ENSO. Toomey et al. (2016)
presented a 3000-year TC record from Apu Bay, Tahaa, French Poly-
nesia, correlating its centennial to millennial variability with shifts in
the South Pacific Convergence Zone (SPCZ). Recently, a millennial-scale
sedimentary archive from a coastal sinkhole in Fiji (Li et al., 2025)
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emphasized the dominance of SPCZ displacements in characterizing
centennial TC variability across the western and central South Pacific.
Sedimentary environments on South Pacific volcanic and coral
islands are particularly conducive to multi-centennial and millennial-
scale TC reconstructions. Crucially, these islands experience frequent
TC activity, ensuring a high recurrence of events capable of generating
distinct geological signatures. Furthermore, these islands commonly
contain stable coastal embayments, such as lagoons and sheltered bays,
which act as natural sediment traps preserving storm deposits with
minimal reworking or erosion. Volcanic islands also supply abundant
terrigenous sediments, while adjacent coral reefs contribute substantial
marine carbonate sediments. This readily available and compositionally
distinct sediment supply facilitates the formation of clearly identifiable
storm-induced deposits within finer-grained background sediments.
Due to the tectonic setting at the Pacific and Indo-Australian Plate
boundary, tsunamis induced by volcanic eruptions and earthquakes also
pose substantial risks to South Pacific islands (Goff et al., 2011; Charan
et al.,, 2017). For instance, Vanuatu experiences frequent and intense
seismic events originating from the Vanuatu subduction zone
(Kruger-Knuepfer et al., 1986). Distinguishing tsunami deposits from TC
event beds is essential due to their similarity; physical features, such as
coarse grain composition, grain size, grading, thickness and erosive
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Fig. 1. The study site. (a) A schematic illustrating positions major climate features in the South Pacific basin. The blue-shaded bands show the climatological average
positions of the Intertropical Convergence Zone (ITCZ) and the South Pacific Convergence Zone (SPCZ), the orange (dashed) and red oval (with H inside) represent
the annual positions of the Indo-Pacific Warm Pool (IPWP) and subtropical South Pacific high during neutral ENSO states, purple arrows indicate different tropical
cyclones tracks, numbered dots mark the sites of paleoclimate records in Fig. 5, and the dashed rectangle encloses Vanuatu. (b) An overview of the major islands of
Vanuatu. Colored circles envelope the Efate Group, the Island of Emau, Epi, Tongoa, and Manuro beach (Hong et al., 2018), and the arrow indicates the Kuwae
caldera (image source: USGS). (c) Topographic image of the Island of Emau; the target mark shows the coring location (17°29'17" S, 168°28'30" E, water depth ~9.5
m at the time of coring), and the red line indicates a profiling transection (image source: Google Earth™, 2025).
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lower contacts should be comprehensively employed as criteria for
differentiation (Spiske et al., 2013; Biguenet et al., 2022); however, the
applicability of these approaches can be disputed across different site
settings.

Based on a 3100-year sedimentary core from Marou Lagoon on Emau
(Emao) Island, Vanuatu, this study aims to address the following key
scientific questions: (1) What is the history of intense tropical cyclone
activity in the region over the past 3100 years, and how is it linked to the
ENSO-SPCZ climate system? (2) How can the deposits of a massive
volcanic eruption and its associated tsunami be discriminated and
reconstructed at a high resolution from the sedimentary record? (3) How
can effective event stratigraphic criteria be established in sheltered,
pyroclastic-dominated sedimentary environments?

2. Study site and methodology
2.1. Study site and field methods

The Republic of Vanuatu is an archipelago consisting of several
chains of subaerial and submarine volcanic islands along the Vanuatu
Arc (Fig. 1a). In the central chain lies the Efate Group, extending back to
late Miocene to Holocene (Raos, 2001). The Island of Emau is located to
the northeast of the main island Efate, which features a volcanic cone,
fringing coral reefs and a lagoon in the west (Fig. 1b); the well-preserved
Emau volcano cone (Fig. 1c) is covered with weathered pyroclastic and
is heavily vegetated, and is suggested to be much younger than Efate,
probably just a few thousand years old (Raos, 2001).

The Vanuatu archipelago typically encounters approximately two
TCs annually, most occur from November through April (PACCSAP,
2015). The waves along Efate group coasts are subject to the influence of
the southern trade winds and the SPCZ, travelling predominantly from
the southeast and south, with a relatively stable height of approximately
1.2 m throughout the year (PACCSAP, 2015). Vanuatu has predomi-
nantly semidiurnal tides with a tidal range of approximately 1.2 m
(Bureau of MeteorologyAustralia Government, 2024).

The lagoon, covering approximately 0.25 km?, is separated from the
open sea by a barrier, which rises to about 10 m above the mean sea level
at its highest point and is abundant with biogenic carbonate sands and
gravels. Marou village is located on the barrier and has a population of
300 (Ruehr, 2021). The lagoon (referred to as Marou Lagoon herein-
after) east shore borders the volcano cone (Fig. 1b and c). An inlet cuts
through the barrier at the southwest of the lagoon, with a tidal channel
extending westward into the coral reef to the open sea. The coral reef flat
(~200 m wide) consists of unconsolidated biogenic carbonate sands,
shell fragments and rounded volcanic sands.

After mapping the sub-bottom stratigraphy of Marou Lagoon with an
Edgetech 3100 Chirp sub-bottom profiling system in November 2017,
we collected five incremental core sections using a Livingstone-type
drive rod piston corer from a portable raft. The water-sediment sur-
face was recovered and preserved in the top section.

2.2. Sediment analysis

The core sections were transported to the Woods Hole Oceano-
graphic Institution (WHOI) where they were subsampled at contiguous
1 cm intervals, and two subsamples (~1.5 em® each) were extracted
from each interval. One subsample was dried at 110 °C overnight to
determine its water contents; it was then wet sieved to retain grains
coarser than 63 pm, and residuals were dried at 100 °C to determine the
coarse fraction (>63 pm). The second subsample was dried at 100 °C
overnight and combusted at 550 °C for 1.5 h using the loss-on-ignition
method (Dean, 1974) to estimate the organic carbon content. Coarse
fraction and organic carbon contents were used to match overlaps be-
tween consecutive sections and eliminate redundancies, and the merged
single composite continuous core is designated EMAU.
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2.3. Event bed identification

Only a few event beds are visually distinct due to their coarse-grain
contents and sharp contacts with underlying sediments. More generally,
coarse fraction anomalies derived from coarse fraction analysis were
employed to delineate coarse deposits downcore. Following the meth-
odology of Donnelly et al. (2015), a coarse fraction cutoff was estab-
lished to constitute event beds in EMAU. To highlight coarse fraction
anomalies, decadal variability was smoothed by subtracting an 11-point
moving average baseline, excluding major peaks to avoid over-
shadowing adjacent minor peaks. The number of event beds identified
from coarse fraction anomalies depends on the cutoff threshold applied,
determined through sensitivity analysis.

2.4. Age control

Nine terrestrial plant macrofossils were recovered from the core and
were radiocarbon dated at the National Ocean Science Accelerator Mass
Spectrometer on the WHOI campus. From top surface to 15 cm depth, 9
samples were collected at 1 cm or 5 cm intervals for 21°Pb and 1%’Cs
dating. A probabilistic age-depth model for EMAU was derived from part
of the radioactive dating results with the Bacon software (v2.3.5)
(Blaauw and Christen, 2011). Depth corrections were performed due to
the presence of major event beds thicker than 1 cm.

2.5. Event frequency determination

Using the age-depth model and the identified event beds, we con-
structed a time series and calculated event frequency (events per cen-
tury) following the method of Lane et al. (2011). A 100-year sliding
window was applied to the event data, counting the number of events
within each window to estimate their centennial frequency. This
approach enables comparison with other centennial-scale event records
and paleo-climatological reconstructions.

3. Results
3.1. Coring location and lithofacies of the core

The west-east seismic run (Fig. 1c) indicated that the maximum
water depth (~11 m) was near the steep back-barrier side, and the
bottom sediment thickness is approximately 15 m (Fig. S1). The location
directly facing the inlet was selected as the coring site (Fig. 1), since this
area exhibits the greatest sediment thickness and offers the optimal
preservation potential of event beds.

EMAU core is approximately 350 cm long (Fig. 2¢) and shows various
lithofacies. Predominantly the core features dark tan (Munsell color 10
YR 1/2) and dark grey (Munsell color N1) colored fine sediments.
Although laminations are indiscernible on visual inspection (Fig. 2b),
they are evident on x-ray photographs throughout most of the core
(Fig. 2a). The core is punctuated by multiple event beds, which fall into
two categories.

3.2. Type-I event bed

The most conspicuous feature of EMAU is an extraordinary event bed
(see the green box in Fig. 2a and b; designated as Type-I event bed
hereinafter), corresponding to a major coarse fraction peak ranging from
60 % to 95 % (Fig. 2¢). This bed consists of several vertical-stacking
sublayers (Fig. 3), while no evidence of cross-stratification was
observed. Grain sizes of the coarse contents in sublayers range from very
fine sand to coarse pebble, and these heterogeneous grains are combi-
nations of various pyroclastic and carbonate bioclastic (Table S1),
indicating different sources. The 9 cm thick Sublayer 1 (SL1) is almost
entirely composed of well-sorted glassy volcanic ash (MS1; MS means
microscope); it was either directly produced by the Emau volcano or was
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Fig. 2. Overview of the EMAU core. (a) Radiograph and (b) optical graph, (c) original and (d) depth-corrected coarse grain (>63 pm) and organic carbon fractions,
and (e) age model. Event beds enclosed within the green and red boxes are described in details in Figs. 3 and 4. Event beds thicker than 1 c¢cm in (c) have been
corrected to 1 cm in (d).

Depth (cm)

Fig. 3. Details of the Type-I event bed. (a) and (b) are respectively the radiograph and optical graph of the section enclosed with a green box in Fig. 2; MS1 ~ MS8
show the sieving residues coarser than 63 pm under a 40x microscope; colored asterisks mark the depths at which radiocarbon samples were taken.
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laterally dispersed by the explosive eruption column from a nearby
volcano (e.g., Ambrym, Kuwae, Lopevi, Yasur, etc.). Mixtures of sub-
rounded carbonate and volcanic sands (MS2 and MS7) in SL2 and SL4
resemble surface sediments on nearby coral reef flat. Coarse contents in
SL3 are complicated: MS4 is essentially the same as MS2 and MS7, while
coral fragments (pebble, SL5) are of marine origin, and angular lapillus
(SL3) and sub-rounded pumices (SL6) are terrestrial sediments. SL5 is an
abrupt blend of pumice gravels and clay; the pumices can be terrestrial,
rafted or airborne; the clay color (organic content) shows an upward
darkening (increasing) trend.

Three radiocarbon samples were recovered only a few centimeters
apart in SL2 and SL3 (Fig. 3); in stark contrast, their dating results are
centuries apart (Table S2), suggesting they were transported from
different sources and are probably not contemporary with this event.
The youngest sample of the three and the one just above the event bed,
dating back to 805 yr BP (uncalibrated) and 365 yr BP (both uncali-
brated), respectively, provide lower and upper bounds for the causative
event.

3.3. Type-II event beds

As shown in Fig. 4, Type-II event beds are a few millimeters to
centimeters thick and are usually visually discernible. Light-colored
shell fragments and rounded carbonate sands, and dark tan glassy vol-
canic ash are mixed within dark mud, and there is no evidence of sorting.
Coarse contents are like those in surface samples collected from the
nearby coral reef flat. The background coarse content is generally lower
than 1 %, while coarse fractions in thick beds are over 50 %, and they are
only a few percents in thin beds due to the dilution of the sampling in-
terval. The organic carbon fractions range between 5 % and 50 %, and
significant negative correlation between the coarse and the organic
carbon fractions are only found in major event beds of this type.

4. Discussion
4.1. Tsunami deposit induced by the Kuwae eruption

4.1.1. Kuwae eruption in the Mid-15th

The complex sediment contents and indicated sources, sorting, and
cyclic sedimentary structures suggest the Type-I event bed was pre-
dominantly produced by a tsunami event. The chronological constraints
position the Kuwae eruption in the mid-15th (the Kuwae eruption
hereinafter) as the most probable cause of this event bed.

The Kuwae volcano is located about 70 km north of Emau Island
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-
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(Fig. 1a), and its eruption in the fifteenth century is regarded as one of
the world’s most violent volcanic events since the Holocene, and has
global weather and climate impacts (Briffa et al., 1998; Gao et al., 2006;
Witter and Self, 2007). The eruption commenced with an explosive
pre-climatic phase, which likely lasted for months (Witter and Self,
2007); during this juvenile eruption, ash plumes were blasted several
kilometers into the atmosphere, followed by massive scoria fall (Woods,
1995). After this stage came the climatic phase, which featured
large-scale eruptions of dacite magma and a short-lived sulfur gas
release (Witter and Self, 2007). During this period, the successive col-
lapses of the southeastern and northwestern basins formed the enor-
mous submarine Kuwae caldera (12 x 6 km) between Epi and Tongoa
islands (Fig. 1b), which remains active to this day (Robin et al., 1994).

4.1.2. Kuwae eruption-triggered tsunami event formation

Generally, diverse tsunamigenic processes are associated with vol-
canic activity, making it almost the most widely known and common
mechanism (only second to seismic activity) generating tsunamis (Day,
2015). Source events involved in an explosive eruption range from
submarine volcanic explosions (phreatomagmatic eruption), entry of
pyroclastic flows into the ocean, landslides of volcanic materials, ground
deformations (e.g., caldera subsidence) and earthquakes (Paris et al.,
2014; Day, 2015). Most volcanic tsunami wave trains are dominated by
short-period waves, their impacts are therefore restricted to proximal
due to the wave dispersion during propagation, and large amplitudes are
only observed near source; while those generated by gigantic explosive
eruptions with massive lateral landslides and caldera collapses can
break out of such wave length and period limitation (Day, 2015; Terry
et al., 2022).

Considering the magnitude of Kuwae eruption and its caldera
collapse (Witter and Self, 2007), the resultant tsunami waves probably
had long periods and basin-wide impacts. However, there are currently
few works on paleo-tsunami deposits triggered by the Kuwae eruption
except the excavations on the west coast of Efate (Garanger, 1972) and
extensive evidence from Epi, Tongoa and Efate group (Goff et al., 2008;
see Fig. 1b). Since this tsunami bed has been well preserved deep in the
lagoon, it can probably provide more information about the dynamic
and material supply variations during different stages of Kuwae event
than subaerial deposits.

The formation processes of this bed are inferred according to its
sedimentary structures, compositions and known information of Kuwae
eruption, as follows: Stage I: Ash plumes produced during the pre-
climatic eruption of Kuwae were laterally transported downwind for
hundreds of kilometers, and the accumulation of glassy ashes

Fig. 4. A typical Type-II event bed. (a) and (b) are respectively the radiograph and optical graph of the section enclosed with a red box in Fig. 2. Between 169.5 cm
and 171.5 cm is a typical Type II event bed. (c) shows the sieving residues coarser than 63 pm at 170.5 cm (under a 40x microscope).



Yanan Li et al.

constituted sublayer SL1 in Marou Lagoon. Apart from direct scoria fall
onto islands adjacent to Kuwae vent, porous scoriae were probably
transported by currents and reached farther islands such as Emau. Loose
scoria gradually disintegrated due to active dynamics on reef flats and
settled down, while pumice rafts could float for months. Stage II: During
the climatic eruption period, submarine volcanic explosions and pyro-
clastic flows into the ocean resulted in short-period tsunami waves,
which were probably comparative to the combination of storm surges
and waves when reaching Emau Island due to dispersion. Unconsoli-
dated carbonate and sand-size pyroclastic particles from the coral reef
flat were brought into the lagoon by these moderate waves through the
tidal inlet (SL2). Stage III: Collapse of the Kuwae vent caused a
tremendous tsunami wave train, the highest waves of which ran up and
overtopped the cone foot of Emau volcano and the barrier of Marou
Lagoon from north. Apart from sand-size carbonate and pyroclastic
particles, these gigantic waves scraped coral fragments in deeper parts of
the fore reef, coarser pyroclastic on reef flats, and plant debris on the
cone surface and dumped them into the lagoon basin (SL3). At the same
time, a thick layer of floating pumice poured in and completely covered
the lagoon. Stage IV: Following the largest waves in the train, subse-
quent wave magnitudes waned — including those reflected by Efate Is-
land (likely resembling Stage II characteristics) — ultimately depositing
the SL4. Stage V: It took years for the floating pumice layer to gradually
absorb water and settle down (SL5). During this period, the lagoon was
almost completely deprived of primary production since sunlight was
blocked. As a result, the clay filling in between the pumice rendered
lighter color at the bottom of SL5 due to the lack of organic matter, and
the recovery of primary production accompanying the fall of pumice
induced an upward darkening trend in this sublayer.

Notably, formation of this tsunami event bed spanned several years,
during which storm deposits may also be incorporated. However, SL1
and SL5 both exhibit homogeneous compositions with no evidence of
storm contributions, although they were deposited over extended pe-
riods. SL2-SL4 were formed rapidly and their sieving residues are
coarser than those of storm deposits; even if storm sediments were
incorporated into these sublayers, such inclusions were probably mini-
mal and indistinguishable.

4.1.3. Peculiar tsunami deposit sequence

The tsunami-induced sublayer sequence (SL2-SL5) notably differs
from previous classical models of tsunami depositions due to the sedi-
mentary environments and the nature of coarse sediment. Hummocky
cross-stratifications are regarded as indicators of large storm waves and
tsunamis (Dott and Bourgeois, 1982; Fujiwara and Kamataki, 2007) and
are usually found over sand beds at shallow, wave-dominated, nearshore
marine environments. However, the shelter of the barrier and coral reef,
and the water depth of Marou Lagoon prevent cross-stratifications from
occurring in this event bed. For the same reason, there are no internal
structures that indicate repeated turnover of paleocurrents, which have
been used for tsunami deposit identification (e.g., Fujino et al., 2006).

Normal and inverse grading are often identified in and between
sublayers of tsunami deposits from muddy bay (Fujiwara et al., 2000;
Donato et al., 2009; Moreira et al., 2017). It should be emphasized that
coarse grains involved in such tsunami deposits are commonly compact
silicious particles with similar shapes and densities, which means their
grain sizes can be used as proxies to invert dynamic variables such as
settling velocity and critical shearing stress, and subsequently to esti-
mate tsunami wave sizes (Jaffe and Gelfenbuam, 2007). However, such
implicit conditions are missing from the tsunami bed in EMAU since its
coarse compositions have various densities and shapes. Although the
medium-coarse-medium trend lying in SL2-SL3-SL4 reflects the dynamic
variations of tsunami wave, applying classic empirical models based on
siliciclastic to pumice in SL5 would significantly misestimate the sedi-
ment dynamic properties of porous pyroclastic (Dioguardi et al., 2018)
and lead to wrong conclusions.

Overall, particle size and its derivative concepts such as sorting and

Quaternary Science Reviews 373 (2026) 109733

grading in tsunami deposits are less informative with heterogeneous
lithology. A tsunami model should be constructed with dynamic vari-
ables as the kernel, and it must be incorporated with local geological and
geographical settings to be more versatile in practical applications,
especially in tropical volcano-coral reef environments.

4.1.4. Refining the age-depth model with the Kuwae eruption event

The three samples within the event layer are of exogenous origin,
and their dating results (Table S2), with marked dispersion, all predate
the tsunami occurrence. Therefore, except that the chronologically
youngest specimen among them roughly constrains the lower bound of
the event age, they should be excluded from the age model.

On the other hand, once the event bed is attributed to Kuwae erup-
tion, it can be incorporated into the depth-age model as a control point.
Although the precise dating of Kuwae eruption is controversial,
1450-1458 CE is the acknowledged interval; in this study 1452 CE is
adopted as its climactic phase (Robin et al., 1994; Gao et al., 2006;
Witter and Self, 2007), and an error of 4 years is assigned exercising
caution.

After depth correction, the combined dating results present an
almost-perfect chrono-stratigraphy order, yielding an age-depth model
back to 3100 yr BP (Fig. 2e) and an almost constant deposition rate
(approximately 1 mm/year) in the lagoon. Given the sampling interval
of 1 cm, each sample represents approximately 10 years’ worth of
deposition. The Emau island has undergone minimal agricultural
development, and thus the sedimentation rate in the lagoon is consid-
ered negligibly influenced by anthropogenic activities.

4.2. Local tropical cyclone variability

4.2.1. TC event bed interpretation

During normal weather, fine grains are transported by tides through
the tidal inlet and are accumulated in the Marou Lagoon. The close
passage of intense tropical cyclones brings high winds, extreme surface
waves, and storm surges. Under such violent dynamic conditions, more
marine coarse grains are transported into the lagoon either through the
tidal inlet by increased bottom shear stress or in terms of washover and
settle down in the deeper part of the lagoon. Due to extreme precipita-
tion during storm landfall, terrigenous fines are transported via sheet-
wash into the lagoon from the landward side of the lagoon, while only
minimal amounts of terrestrial coarse grains reach the sampling site due
to the gentle gradient of the landward lakebed, the dense vegetation and
thorough weathering on the volcanic cone. Meanwhile, fine-grained
benthic sediments on the shallow area of the lagoon undergo resus-
pension and lateral transportation; due to their slow settling velocity,
they mantle the previously deposited coarse grains, forming an event
bed.

PAM was rated as one of the most powerful and destructive tropical
cyclones on record of Vanuatu (Charan et al., 2017), making direct
landfall on the Efate group at category 5 in 2015 (Fig. S2). Hong et al.
(2018) investigated PAM-induced deposits from Manuro beach, Efate
Island (Fig. 1a). They found the overwash sediment consists of carbonate
sands, mollusk and coral fragments, and volcanic sediments, yielding an
estimated maximum flow height of 5.29 m mean sea level. It is
reasonable to assume comparable dynamic conditions for our site and to
infer that the upmost event layer in EMAU with similar coarse contents
was induced by PAM. Other Type-II event beds, containing reef-derived
coarse grains and pyroclastic sands (Fig. S3), are therefore interpreted as
TC deposits given their similarities. This interpretation is also under-
pinned by comparisons with TC event beds in previous studies from
similar sedimentary environments (Toomey et al., 2016; Wallace et al.,
2019).

4.2.2. Attribution of modern event beds
Although it has long been challenging to backtrack storm intensity
from event deposits due to the complexity of atmospheric-hydraulic-
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sediment dynamic processes during a storm event, productive attempts
have been made to quantitatively relate event products to TC-induced
hydrodynamics under specific sedimentary environments, or to
roughly constrain the intensity of causative paleostorms by drawing
analogies with modern event deposits (Liu and Fearn, 2000; Elsner et al.,
2008; Woodruff et al., 2008; Brandon et al., 2013; Lin et al., 2014; Terry
and Lau, 2018; Wallace et al., 2019). The analogy performed by Li et al.
(2025) suggests that event beds from a back-reef sinkhole were probably
induced by proximal landfalls of intense TCs (category 3 and above on
the Saffir-Simpson Hurricane Scale; Taylor et al., 2021), which can serve
as a valuable reference considering the similarity between sites.

Due to the presence of dating uncertainties, a more lenient criterion
should be adopted when delimiting the scope of modern events. Four
visually discernible TC event beds are preserved in the EMAU top section
(uncalibrated depth: 0-25 cm), each of which is several centimeters
thick. As previously mentioned, resuspension and lateral transportation
of fine grains are common under TC-induced dynamic conditions, and
their mixing and infilling in TC beds is probably associated with dis-
rupted chronological sequence. Such centimeter-level disturbances
would cause complexities in applying the 3’Cs and 2'°Pb dating results,
and short-term sedimentation rates that may differ markedly from the
overall deposition rate of approximately 1 mm/year. The fact is that
these event beds were rapidly deposited with extremely high sedimen-
tation rates during extreme events. However, the specific activity of
210p, at the top is anomalously low, and the peak of '3”Cs occurs at an
abnormally shallow depth (Fig. S4), both resulting in deposition rates
significantly below average. Such negative deviation would exacerbate
(~0.2 mm/year if 1%’Cs peak is adopted) with depth correction per-
formed. Maintaining a conservative stance, we adopt the radiocarbon-
based age model refined with Kuwae event to roughly constrain the
age ranges of candidate event beds in the top section of EMAU, and to
trace the causative modern TC events.

Instrumental records show that at least 22 tropical cyclones passed
within 150 km of the Marou Lagoon since 1963. Amongst them, six were
above category 3, whose passage likely instigated hydrodynamic con-
ditions severe enough to leave coarse-grained beds (Fig. S2). The age
model dates the upmost event layer between 2006 and 2016 (mean:
2012), supporting the previous attribution to PAM. The second event
bed has relatively minor coarse peak than the ones above and below it; it
is dated between 1969 and 2013 (mean: 1995) and was most likely
generated by the direct landfall of TC IVY (category 3, 2004). Two
stacked event beds can be identified by visual inspection from the third
major peak in grain size, and their age range from 1930 to 2001 (mean:
1962) and from 1830 to 1995 (mean: 1934), respectively. Concerning
that multiple event beds are concentrated in a limited interval, the
dating results are probably slightly older than their actual ages, despite
depth correction. Therefore, we tentatively attribute these two beds to
FRAN (category 4, 1992) and PREMA (category 3, 1993).

4.2.3. TC event frequency and variation

Assuming all Type II event beds are related to TCs, the total intense
TC number was determined after different cutoff thresholds were per-
formed downcore (Fig. S5). An intense TC event bed was defined as a
peak that exceeds the 90th percentile on the cumulative distribution of
the coarse anomaly data over the EMAU record. Under this criterion,
EMAU has captured 36 intense storm events in the past 3100 years, and
the resultant overall average event frequency is approximately 1.2 event
per century (Fig. 5c).

TC event frequency was calculated, and this series reveals substantial
multi-centennial variability, with active TC occurrence characterizing
the twentieth century, 350-750 CE and 1550-1750 CE; in the 1100
years before the common era, only two TC events were captured by
EMAU, marking a prominent long quiescent period.
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4.3. Climate drivers of intense cyclone variability

4.3.1. Divergent attribution of climatic forcing

Multi-centennial active and quiescent TC activity periods are typi-
cally interpreted as climate signals. However, variations in cyclone
occurrence within existing prehistorical TC records across the tropical
South Pacific exhibit ambiguous and sometimes contradictory attribu-
tions, as reviewed below.

Denniston et al. (2015) interpreted the KNI-51 record (Fig. 5a) as a
proxy for cyclone-induced extreme rainfall over the past two millennia.
They attributed long-term shifts in central Australian cyclogenesis to
persistent El Nino or La Nina states in the tropical Pacific. While the
study suggests elevated TC activity between the 9th-15th centuries
supports a La Nina-like mean state during the medieval period,
multi-centennial averages within this interval remain statistically
indistinguishable from long-term background levels, questioning the
robustness of the ’elevated’ designation. Furthermore, the definitive
attribution of an El Nino-like state dominating the 16th-19th centuries
is compromised by pronounced data scarcity during the 17th-18th
centuries and a progressive increase in TC frequency after ~1800 CE.

Toomey et al. (2013) identified two periods of heightened TC ac-
tivity, 5000-3800 yr BP and 2900-500 yr BP, in a lagoon sediment re-
cord from Tahaa, French Polynesia. They argued that ENSO could not
fully explain basin-wide synchronicity in TC activity, proposing instead
that precession-driven insolation changes steepened ocean-atmosphere
thermal gradients, enhancing TC potential intensity in the South Pa-
cific. Their subsequent reconstruction (Toomey et al., 2016) from
nearby Apu Bay, Tahaa, features higher TC occurrence between 2600
and 1500 yr BP (650 BCE-450 CE). This interval overlaps with the
2900-500 yr BP window from their 2013 study and resembles trends in
contemporary composite beach ridge records from northeastern
Australia and KNI-51. They suggest the northward migration and zonal
orientation of the SPCZ during this period, modulated by strong ENSO
events, created conditions favorable for cyclogenesis near French Poly-
nesia. Notably, while this attribution aligns with short instrumental
records (Vincent et al., 2011), it lacks support from long-term SPCZ
reconstructions and diverges from their prior work (Toomey et al.,
2013), further highlighting contentious interpretations of late Holocene
ENSO activity (Cobb et al., 2013).

Li et al. (2025) established a bimillennial cyclone series (BOI;
Fig. 5d) using sediment cores from a Fijian sinkhole. Their comparative
investigation (including RIDGE and TAHAA records) revealed a
basin-wide increase in cyclone frequency during the Little Ice Age (LIA),
with its temporal span synchronous with Australasian temperature re-
constructions (Fig. 5i; PAGES 2k Consortium, 2013). The BOI record also
discloses a quiescent-to-moderate cyclone activity episode during the
austral Medieval Climate Anomaly (MCA). Enabled by a
multi-millennial SPCZ proxy (Hassall, 2017), they propose that SPCZ
displacements modulated by ENSO account for heightened and reduced
cyclone occurrence in the LIA and MCA, respectively. However, chro-
nological limitations preclude examination of the Roman Warm Period
(RWP), and phases characterized by opposing proxy signals remain
unexplored.

4.3.2. Intense cyclone variability driven by SPCZ

The SPCZ extends as a zonal equatorial rainfall band over the Indo-
Pacific Warm Pool (IPWP), with a diagonal axis reaching into the sub-
tropical South Pacific (Brown et al., 2020). Instrumental records and
climate model outputs have revealed that SPCZ position and structure
variations are regulated by ENSO-driven sea surface temperature
anomalies (Basher and Zheng, 1995; Cai et al., 2012; Brown et al.,
2020). During La Nina events, the diagonal axis shifts ~1°-3° poleward
from its climatological position, while moderate El Nino events move it
equatorward. During strong El Nino events, the SPCZ diagonal axis can
be displaced >10° equatorward by the reorganized tropical Pacific
convection and merge with the Intertropical Convergence Zone (ITCZ)
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structed from KNI-51 stalagmites, with dashed lines representing multi-centennial averages (hereinafter referred to as KNI-51; Denniston et al., 2015). Tropical
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2025) and (e) Apu Bay, Tahaa, French Polynesia (hereinafter referred to as TAHAA; Toomey et al., 2016). (f) Sand contents in a core from El Junco Lake, Galapagos
Islands (hereinafter referred to as JUNCO; Conroy et al., 2008). (g) Oxygen isotope and sea surface temperature (SST) derived from the MD982176 (MD-76) marine
sediment core (Stott et al., 2004). (h)Total organic carbon (TOC) and §2H records retrieved from Lake Lanoto’o, Samoa (hereinafter referred to as LANO; Hassall,
2017). (i) Continental-scaled temperature reconstructions of Australasia, modified from PAGES 2k Consortium (2013). Sites of reconstructions a - h are consecutively
numbered 1-8 in Fig. la.
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into a unified zonal convergence belt over the western-central equatorial
Pacific.

Since SPCZ is the main development region (MDR) providing
essential conditions favoring cyclogenesis in the South Pacific (Gray,
1979; Jourdain et al., 2011), its spatial and structural variations
consequently induce shifts in tropical cyclone genesis locations. How-
ever, as established, patterns evident in paleotempestological records
often diverge from the SPCZ variations revealed by instrumental ob-
servations (Vincent et al., 2011; Dowdy et al., 2012) and climate model
outputs (Cai et al., 2012; Evans et al., 2016). This discrepancy arises
because a single site provides only fragmentary information that may
not represent regional characteristics due to the stochastic nature of
cyclogenesis and track. Moreover, each study area possesses a
site-specific sensitivity threshold (Elsner et al., 2008), and varying
sensitivities to storm activity exacerbate this spatial heterogeneity
across sites within the same basin, explaining why previous studies have
proposed diverse attributions of climatic drivers. Wallace et al. (2020)
contend that randomness—not climatic variability—primarily drives TC
frequency variations in Bahamian pseudo-sedimentary records from
synthetic storm simulations. They call for caution in inferring
basin-scale TC patterns or making claims of climatic drivers on basis of a
single record from tropical locales.

It is essential to mitigate the influence of such single sample bias for
extracting basin-wide storm activity characteristics over extended
timescales, particularly when overall frequencies in storm records are
notably low (e.g., 1-2 events/century in EMAU, RIDGE, and TAHAA).
The following strategies contribute to this purpose: (1) conducting cross-
validation using diverse proxies from multiple sites with a reasonable
spatial distribution; (2) focusing on multi-centennial periods of dramatic
climate change, wherein climatic signals become more readily extract-
able; and (3) if possible, enhancing paleotempestological records by
extending their temporal coverage while improving temporal
resolution.

To diagnose climatic drivers, the three thermal oscillations (RWP,
MCA and LIA) constitute the primary focal points. We initially examine
the linkage between the SPCZ and ENSO records during the late Holo-
cene using proxy datasets LANO (Fig. 5h; Hassall, 2017) and JUNCO
(Fig. 5f; Conroy et al., 2008). LANO reveals a persistent southward
displacement of the SPCZ during the LIA, coinciding with La
Nina-dominated conditions in that period. While the ENSO phase
characterization for the MCA remains debated, LANO indicates that the
SPCZ initially fluctuated near its climatological average position in the
early MCA, subsequently migrating northward—consistent with pre-
vailing El Nino-like conditions during this interval. Throughout the
early-to-mid RWP, the SPCZ resided persistently north of its mean po-
sition, corresponding to sustained El Nino-like conditions. By the
mid-RWP, however, the SPCZ commenced southward migration toward
its average position. This shift occurred despite the overall El Nino-like
state, reflecting intermittent intense La Nina events in JUNCO. Notably,
the phase relationship after 500 CE shows LANO slightly lagging
JUNCO, likely attributable to the delayed onset and end of the MCA and
LIA in the Southern Hemisphere (PAGES 2k Consortium, 2013).
Collectively, LANO demonstrates strong correspondence with JUNCO
during the three warm and cold events.

Integrating the EMAU record, we can perform a comparative analysis
consisting of five paleotempestological records derived from multiple
proxies across diverse sedimentary environments (Fig. 5). The original
datasets (KNI-51 and BOI) from Denniston et al. (2015) and Li et al.
(2025) were directly adopted. For comparison, a reprocessed 3000-year
storm frequency series following EMAU methodology was added to the
original coarse fraction data of Toomey et al. (2016) to generate TAHAA,
while a continuous RIDGE sequence was reproduced after Li et al.
(2025). Sites of these records are zonally distributed within the narrow
strip between 10 and 22°S across the central to western tropical South
Pacific, with adjacent sites spaced 1000-2000 km apart (Fig. 1a).

It is intriguing that the patterns identified by Li et al. (2025) across
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three records (RIDGE, BOI and TAHAA) remains valid with the inclusion
of two additional records (KNI-51 and EMAU). Specifically, all five re-
cords exhibit enhanced cyclone activity during the LIA, while the tem-
poral offsets in peak occurrence are probably due to the single sampling
bias. Conversely, during the MCA, these sites demonstrate relatively
quiescent storm activity—at most reaching moderate. During the early
RWP (150 BCE-50 CE), storm activity remained quiescent at four sites
except for TAHAA, which exhibited heightened activity. In contrast,
progressive heightened cyclones occurred across all five sites during the
mid-to-late RWP (50-400 CE).

We tend to use a coherent explanatory framework for how the po-
sitional and structural variations of SPCZ have modulated cyclogenesis
across the South Pacific basin over the past three millennia. The storm
activity recorded at RIDGE, EMAU, and BOI corresponds well with shifts
in the SPCZ, as these sites fall under the western flank of the SPCZ di-
agonal axis under climatological average conditions. Consequently,
SPCZ migration directly influences cyclone occurrence in their vicinity,
consistent with instrumental records. However, the KNI-51 and TAHAA
records warrant particular attention in the subsequent discussion since
they exhibit distinctive features. First, the KNI-51 record, previously
interpreted as reflecting ENSO variability or serving as an ITCZ indica-
tor, exhibits a pattern remarkably similar to the first three records
(especially RIDGE), despite its considerable distance from the SPCZ di-
agonal band. Secondly, the TAHAA record, situated near the SPCZ di-
agonal axis, displays a see-saw pattern with RIDGE and
EMAU-attributable to SPCZ migration as revealed by instrumental re-
cords - only during the early RWP. During the mid-late RWP, MCA and
LIA, its pattern aligns closely with the other records.

During periods of frequent strong La Nina events (e.g., LIA, late
RWP), the SPCZ diagonal band not only shifted southwestward but also
underwent lateral expansion. Concurrently, the zonal branch of the
SPCZ extended southward due to the accumulation of warm water and
expansion of the IPWP (Brown et al., 2020, Fig. 3), enveloping all five
sites within the MDR. Furthermore, enhanced overall tropical cyclone
genesis frequency across the equatorial Pacific, driven by atmospheric
circulation changes (Bramante et al., 2020), resulted in increased storm
activity observed in all records.

Conversely, under persistent, strong El Nino-like conditions (e.g.,
early RWP), the IPWP contracted due to weakened trade winds and
reduced warm water supply, causing the SPCZ diagonal band to shift
equatorward and collapse into a zonal structure. Consequently, the main
body of the SPCZ, located north of French Polynesia (Toomey et al.,
2016; Brown et al., 2020), generated most South Pacific storms, leading
to enhanced storm activity recorded at TAHAA. In contrast, the RIDGE,
EMAU, and BOI sites, now situated far from the SPCZ, experienced
relatively quiescent storm activity. Simultaneously, reduced storm
genesis occurred over the contracted Warm Pool, and the thermal con-
ditions in the Arafura Sea (MD-76; Fig. 5g) north of Cave KNI-51 became
less favorable for storm development.

Under weak-to-moderate El Nino-like conditions (e.g., MCA), sto-
chastic factors began to dominate, as suggested by Wallace et al. (2020).
Moreover, the overall tropical cyclone frequency likely exhibited no
significant change, explaining the moderate-to-quiet levels of storm
activity observed in all records during this interval. Similarly, the
see-saw pattern observed during 400-900 CE, reflects the dominance of
this stochastic rather than climatical signal.

5. Conclusions

This study establishes a 3100-year record of intense tropical cyclone
(TC) activity in the central South Pacific using sediments from Marou
Lagoon, Emau Island, Vanuatu (EMAU core). With coarse anomalies
used as the main proxy and integration of modern analogs (e.g., Cyclone
Pam, 2015), 36 intense tropical cyclones (Categories >3) are identified,
yielding a mean frequency of ~1.2 events/century. Pronounced multi-
centennial variability features active phases during the Little Ice Age
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(1550-1750 CE), 350-750 CE, and the 20th century, contrasting with a
1100-year quiescent period pre-dating the Common Era.

Synchronized examination of five paleotempestological records
(RIDGE, BOI, TAHAA, KNI-51, EMAU) demonstrates that multidecadal-
to-centennial tropical cyclone variability across the South Pacific is
dominantly governed by ENSO-driven shifts in the South Pacific
Convergence Zone (SPCZ). During La Nina-dominated periods (e.g.,
Little Ice Age, late Roman Warm Period), the SPCZ diagonal axis shifted
southwestward and underwent lateral expansion while its zonal branch
extended southward due to Indo-Pacific Warm Pool expansion. This
configuration enveloped all five sites within the main development re-
gion, enhancing cyclone genesis frequency basin-wide. Conversely,
under persistent strong El Nino-like conditions (e.g., early Roman Warm
Period), SPCZ collapse into a contracted zonal structure near French
Polynesia concentrated storm activity at eastern sites (notably TAHAA)
while suppressing the others in western locations—explaining the
observed early-RWP see-saw pattern. During weak-to-moderate El Nino-
like states (e.g., MCA), stochastic factors override climatic drivers,
explaining moderate-to-low TC activity across all records. Critically,
storm signals across all sites during climatically extreme intervals vali-
date SPCZ reorganization as the principal mechanism synchronizing
basin-wide TC activity over the past three millennia.

Sedimentological evidence (complex composition, sorting, and cy-
clic structures) confirms the most conspicuous event bed at Emau Island
records a tsunami event, not a tropical cyclone. Chronological con-
straints robustly link this deposit to the cataclysmic mid-15th century
Kuwae eruption. The tsunami deposit exhibits a five-stage sequence
(SL1-SL5) reflecting the eruption’s progression and providing unprec-
edented resolution of eruption dynamics and tsunami impacts, sur-
passing subaerial records.

Sheltering by the lagoon barrier and reef, combined with water
depth, precluded hummocky cross-stratification and bidirectional flow
structures—features typically diagnostic of tsunami deposits. Further-
more, the heterogeneous density and shape of pyroclastic material
(especially pumice) invalidate standard grain-size-based hydraulic
models, underscoring the need for lithology-specific dynamic modeling
in volcanic-coral reef settings.

This study demonstrates that sheltered tropical lagoons can preserve
high-fidelity, records of both extreme cyclones and volcanogenic multi-
stage tsunamis. Such records offer critical insights into regional climatic
drivers and geohazard mechanisms but necessitate environment-specific
sedimentological frameworks, particularly where low-density pyro-
clastics dominate coarse fractions.
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